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Preface

This dissertation is all about the fascinating topic of syntax. Such a statement
will probably be frowned upon by many computer scientists and program-
mers. Syntax, in particular textual syntax, seems to be a rather unpopular
topic these days. Grammars and parsing are not particularly active research
topics, resulting in a lack of innovation in one of the most foundational topics
of computer science. In fact, textual syntax is so unpopular that people try
to avoid it altogether and attempt to move to development methods without
a textual syntax. However, instead of abandoning textual syntax for its prob-
lems, I suggest we solve those problems and advance the state of the art in
grammars and parsing.

About six years ago I started working with the infrastructure for parsing
programming languages in the program transformation system Stratego/XT.
Stratego/XT employs the grammar formalism SDF and the scannerless gen-
eralized LR parser SGLR, which is the target of the SDF parser generator. The
combination of SDF and SGLR is very easy to use. Indeed, I have been using
the SGLR parser for years without knowing at all how it works! The essential
advantages of scannerless parsing over parsing with a separate scanner are
(1) lexical disambiguation by context, (2) full description of the syntax of a
language in a uniform grammar formalism, and (3) expressive lexical syntax.
These advantages are easy to understand. They were originally motivated by
application to minor issues in parsing existing programming languages, such
as the lexical ambiguity between subrange types versus floating point literals
in Pascal. Although these examples clearly illustrate the advantage of scan-
nerless parsers, the problems with implementing parsers for these languages
are not serious enough to make a strong case for scannerless parsing.

The first time Eelco Visser presented his then latest ideas on the use of
concrete object syntax [Visser 2002], where the syntax of an object language
is embedded in a metalanguage, I was rather skeptical about combining lan-
guages in this way. Slowly, however, I realized the full potential of scannerless
generalized parsing for combining languages. This thesis is largely about ex-
plaining this potential, contributing technical bits and pieces here and there.
Indeed, I consider my work to be an exploration in what we could achieve
once we are liberated from the limitations of conventional parsing techniques.
This explains the title, which is a reference to the beautiful song Exercises in
Free Love by Freddie Mercury1 (various puns intended). The Dutch title is a
pun as well, referring to the almost military operations I usually set up to
finish our papers before a conference deadline.

There is still a lot of work left to do. Reflecting on my work, I feel that one
of the main contributions is that I provide a strong motivation for rethinking

1Exercises in Free Love is a song performed without lyrics as a predecessor to Ensueño
(Dream), from the album Barcelona by Montserrat Caballé and Freddie Mercury.
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the way we work with syntax and languages, and renewing research into
fully automatic parser generation. I wish I discovered earlier that this is what
I wanted to attack (and for example had spent less time implementing a Java
typechecker), but well, I suppose a thesis project is never finished.

Finally, I would like to emphasize that this area ended up being the sub-
ject of my thesis despite Eelco Visser’s supervision. Since Eelco designed the
current revision of SDF and integrated scannerless parsing and generalized
LR parsing, this thesis almost looks like a natural continuation of his work.
Surprisingly, Eelco continuously encouraged me to move beyond parsing and
syntax, but despite his best efforts my work moved closer and closer to pars-
ing issues.
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to other researchers. I feel well-equipped to start working as an independent
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1
Introduction

T H E S I S

The aggregate of modular syntax definition, generalized scannerless parsing
techniques, and parse table composition is the technique for principled com-
bination of multiple textual software languages into a single, composite lan-
guage.

1.1 L A N G U A G E C O M P O S I T I O N I N P R A C T I C E

In modern software development the use of multiple software languages to
constitute a single application is ubiquitous. For example, a web application
could use (1) Java for the main application code (2) SQL to query a database,
(3) HTML to present results in a web browser, (4) CSS to style those web
pages, (5) Javascript to make web pages more interactive, (6) XSLT to trans-
form an XML data format to HTML, (7) an XML vocabulary to respond to
web-service requests, (8) XPath to obtain input from web-service requests, (9)
regular expressions to validate user input, (10) an XML configuration format
for the application server, (11) LDAP search filters for user authentication, (12)
Unix shell commands to invoke external programs, and (13) even the appli-
cation framework and libraries used by the program constitute a language,
though expressed in the syntax and structure of Java. Clearly, the principle
of choosing the most suitable software language for the work at hand has
deeply penetrated modern software development, resulting in a wide range
of domain-specific languages. Many of these languages interact closely. For
example, the Java web application might compose an LDAP or SQL query
based on some user input, pass parameters to an XSLT processor, pass a reg-
ular expression to a regular expression library, append a temporary filename
to a Unix shell command, and generate some XML fragment. The other way
around, the XML configuration file might refer to Java classes and methods to
instruct the application server and application frameworks how to respond to
incoming requests.

However, despite the omnipresent use of combinations of languages, the prin-
ciples and techniques for using languages together are ad-hoc, unfriendly to
programmers, and result in a poor level of integration.

String Embedding The most recognizable example of a lack of integration is
the standard practice of combining a host language (e.g. Java) and some guest
languages (e.g. SQL or regular expressions) by writing the guest language
programs in string literals of the host program. In this approach, the host lan-
guage compiler has no understanding whatsoever of the languages that are
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String userName = getParam("userName");
String password = getParam("password");
String query = "SELECT id FROM users "

+ "WHERE name = ’" + userName + "’ "
+ "AND password = ’" + password + "’";

if (executeQuery(query).size() == 0)
throw new Exception("bad user/password");

Figure 1.1 Vulnerable composition of an SQL query, enabling an injection attack

SELECT id FROM users
WHERE name = ’...’
AND password = ’’ OR ’x’ = ’x’

Figure 1.2 Query constructed by the program of Figure 1.1 if the user enters the
password ’ OR ’x’ = ’x. The where clause is now a tautology.

used in the string literals. This results in a complete lack of static checking
of the syntax and semantics of the embedded guest programs, whereas static
checking of the host program is often considered to be most valuable. Also,
this approach often results in the need for complex escaping of characters
with a special meaning in the host language, in particular if combined with
related escaping rules of the guest language. Furthermore, using large guest
fragments is often awkward if the host language does not support multi-line
string literals or here documents. Finally, but most importantly, the application
might become vulnerable to injection attacks, one of the largest classes of se-
curity problems, where specially crafted user input results in an unexpected
guest program that exposes private information or attacks the functioning of
the application.

To prevent injection attacks in the case of dynamically generated sentences,
such as SQL queries or shell invocations, the main challenge is to ensure that
composing the query with user input is done in a grammatically well-formed
way. For example, if the programmer expects the user of the application to
provide the content of a literal string in an SQL query, then the user of the
application should not be able to craft a query where the user input actually
contains other fragments of the guest language, perhaps to construct a tau-
tology (see Figures 1.1 and 1.2). Similar guarantees that composition of guest
fragments is done in a grammatically well-formed way are actually already
implemented in some metaprogramming systems, but no experiments have
been done to bring these techniques to general-purpose programming.

To check the syntax and semantics of the guest language fragments stati-
cally, the compiler of the host language needs to be aware of the presence of
the guest languages that are used embedded in the program. A guest lan-
guage plugin to the host compiler could provide the information on how to
parse, type-check, and compile the program fragments written in the guest
language. To prevent injection attacks, the guest language plugin can pro-
vide information to the host compiler on how to construct guest language
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JTextArea text = new JTextArea(20,40);
JPanel panel = new JPanel(new BorderLayout(12,12));
panel.setBorder(BorderFactory.createEmptyBorder(15, 15, 15, 15));
panel.add(BorderLayout.NORTH, new JLabel("Please enter your message"));
panel.add(BorderLayout.CENTER, new JScrollPane(text));
JPanel south = new JPanel(new BorderLayout(12,12));
JPanel buttons = new JPanel(new GridLayout(1, 2, 12, 12));
buttons.add(new JButton("Ok"));
buttons.add(new JButton("Cancel"));
south.add(BorderLayout.EAST, buttons);
panel.add(BorderLayout.SOUTH, south);

Figure 1.3 Sequence of statements for composing a user interface with Swing API
methods. The hierarchical structure of the user interface components is not clear.

sentences by composing literal guest language fragments with user input, for
example by escaping special characters in the input and checking the lexical
structure of the input for characters that are not allowed.

API Syntax A different example of poor integration is the insufficient domain-
specific syntax provided by frameworks and libraries. Indeed, most program-
ming languages are designed to allow programmers to implement semantic
domain abstractions but do not support syntactic domain abstraction. Hence,
the programmer using the library is forced to use the generic lexical syntax
and structure of the host language, usually consisting of method invocations,
expression that can be nested, and sequences of statements.

“An API is like declaring a vocabulary, a domain-specific language adds a
grammar which allows to write coherent sentences” — Martin Fowler

Unfortunately, the generic syntax of a general-purpose language is often not
suitable for writing coherent sentences over the vocabulary of an API (see Fig-
ure 1.3). To provide a more convenient syntax, the interface to libraries and
frameworks is sometimes designed in a way that makes the general-purpose
host language look like a domain-specific language (see Figure 1.4). This often
involves runtime metaprogramming, heavily exercising the static or dynamic
features of the type system of the host language, and frequently results in
unusual signatures for functions and methods to provide context to the con-
tinuation of the host program. In many cases, methods return a reference to
their object (this) only to allow the programmer to write a sequence of method
calls. Thus, this approach does not separate the design of the syntactic ab-
straction from its implementation.

While this approach can lead to remarkable results in programming lan-
guages with a generic or liberal syntax, such as Ruby, Haskell, and Lisp, there
are always fundamental limitations to the syntax that can be provided to the
programmer using the library. Not only are the lexical syntax and the struc-
ture of the language limited by the host language, but also the host compiler
or interpreter has no understanding of the ‘language’ defined by the library
or framework interface. Hence, it cannot easily provide the programmer with
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public void testBuysWhenPriceEqualsThreshold() {
mainframe.expects(once())
.method("buy").with(eq(QUANTITY))
.will(returnValue(TICKET));

auditing.expects(once())
.method("bought").with(same(TICKET));

agent.onPriceChange(THRESHOLD);
}

Figure 1.4 Testcase implemented using jMock [Freeman & Pryce 2006], where the
general-purpose language Java is crafted to look like a domain-specific language.
For this test, the mock objects mainframe and auditing are instructed to expect a
method invocation

domain-specific error reports about problems with the syntax or semantics
of programs. Even languages that are designed to support syntactic domain
abstractions, for example using syntax macros, do not allow syntactic exten-
sions without restrictions (Section 2.6.4). Finally, there is usually no separate,
formal definition of the syntax of the domain-specific language.

In some cases, very common design patterns and application libraries are
lifted to the host language level. For example, LINQ and Cω [Meijer & Schulte
2003a, Meijer & Schulte 2003b] lift the area of data-access to the language C#
itself, and the Xtatic language [Xtatic], a follow-up of XDuce [Hosoya & Pierce
2000], extends C# with XML specific support. However, the growth of a lan-
guage with more domain-specific constructs is limited by the general appli-
cation area of the language. Therefore, these is a need for the introduction
of concrete syntax for domain abstractions as a plugin to the host language,
but without restrictions on the embedding and assimilation of the syntax of
the domain-specific language in the host program. The plugin defines (1) the
concrete syntax for using a specific library, (2) in which way the syntax is em-
bedded in the host language, (3) how the concrete syntax translates into host
language code using the library (a program transformation called assimilation),
and (4) could optionally include typing rules for checking the combination of
the host and the guest language.

Effort for Specific Combinations In some cases, specific combinations of lan-
guages are crafted carefully because that combination is particularly useful,
thus making it acceptable to put more effort in providing a well-engineered
combination of these languages to the programmer. We use the term language
conglomerate for programming languages that are in fact mixtures of various
sublanguages. For example, AspectJ has been carefully designed to extend
Java with syntax for aspects, advice, and pointcuts; the SQL-92 standard [ISO
1992] defines an embedding of SQL in host languages such as C; and in re-
search the Meta-AspectJ (MAJ) [Zook et al. 2004] code generation tool has
integrated the syntax of a particular object language, i.e. AspectJ, in a very
user-friendly way in the host language Java.
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class Foo {
pointcut foo() : call(void *0.Ef());

}
$ ajc Foo.java
Foo.java:2 [error] Invalid float literal number
pointcut foo() : call(void *0.Ef());

ˆ

class Foo {
pointcut foo() : call(boolean *.if*());

}
$ ajc Foo.java
Foo.java:2 [error] Syntax error on token "if", invalid allowable

token in pointcut or type pattern

Figure 1.5 Tokenization bugs in the official AspectJ compiler

However, these languages conglomerates are not a principled combination
of their sublanguages. That is, the complete syntax of language conglomer-
ates is usually not formally defined, the grammar is not based on separate
syntax definitions for the sublanguages, and the applied parsing techniques
are ad-hoc, to work around issues in parsing language conglomerates. The
use of ad-hoc parsing methods results in compilers that have surprising bugs.
Also, the limitations of the parsing techniques influence the design of the
languages, which leads to syntax unfriendly to the programmer, e.g. unnec-
essarily reserving keywords globally. Due to the lack of principled techniques
for combining languages, there is a substantial effort for engineering a spe-
cific combination of sublanguages into a language conglomerate. Worse, this
effort can often not be reused for developing a related conglomerate with a
slightly different configuration of sublanguages.

Hence, crafting specific conglomerates does not scale to the full vision of
guest languages as plugins to the host compiler. Third parties (i.e. not the
developer of the host compiler) should be able to offer plugins and the end-
programmer should be able to compose such plugins arbitrarily without do-
ing any difficult metaprogramming or recompilation of the host compiler1.
In particular, for applications in code generation and query embedding, it
is not an option to spend considerable effort to create an implementation
for each element of the cross-product of host and guest languages {Java, C#,
PHP, Perl, . . . }×{SQL, JDOQL, HQL, EJBQL, OQL, LDAP, XML, HTML,
XPath, XQuery, Shell, Java, C#, PHP, Perl, . . . }. Moreover, it is not accept-
able to require implementation effort for every specific subset of extensions
to the host language. Therefore, while specific combinations are interesting
for discovering the requirements for embedded languages, there is a need for
guest languages as true plugins to the host language, rather than engineering
specific combinations of languages again and again.

1Though we want to compose guest languages arbitrarily, some combinations of guest lan-
guages inherently do not work together, comparable to incompatible combinations of libraries,
e.g. the Swing and SWT user interface toolkits.
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1.2 O U T L I N E

In this dissertation, we work towards a set of techniques for introducing guest
languages in a host language without restrictions on the lexical and context-
free syntax of the languages involved. In general, we discuss extensively how
the syntax of language conglomerates can formally be defined and parsed.
We work towards a principled and generic solution to language extension by
studying the applicability of modular syntax definition, scannerless parsing,
generalized parsing algorithms, and program transformations. Where neces-
sary, we extend and improve the existing work in these areas. This disserta-
tion studies a series of compelling state of the art applications of generalized
parsing techniques and program transformation, namely

• parsing and disambiguation of syntax embeddings for adding domain-
specific syntactic abstractions to a general-purpose language [Braven-
boer & Visser 2004 (Chapter 2), Bravenboer et al. 2006],

• concrete object syntax for metaprogramming [Batory et al. 1998, Visser
2002, Bravenboer et al. 2005 (Chapter 3)],

• replacing the fragile and vulnerable practice of embedding languages in
string literals [Bravenboer et al. 2007 (Chapter 4)],

• and formal definition of the syntax of language conglomerates, e.g. As-
pectJ [Bravenboer et al. 2006 (Chapter 5)].

Concerning parsing of language conglomerates, these studies have resulted in
considerable more insight in the applications of scannerless parsing and the
generalized LR parsing algorithm. Also, the need for programmer-friendly
syntax has resulted in novel disambiguation methods for embedded guest
languages, relieving end-programmers from the need to indicate the syntactic
category of guest language fragments.

The applications we have studied require syntax embeddings to act as true
plugins, which can be selected and combined by the end-programmer. The
need for a more dynamic configuration of the combination of host and guest
languages has resulted in the development of parse table components. Finally,
since all this work depends heavily on syntax definitions, solid grammar en-
gineering practices are most important. We improve these practices by intro-
ducing a method for recovering and comparing precedence rules of operators
from grammars.

Chapters

In Chapter 2 we present the MetaBorg method for introducing concrete syn-
tax for object-oriented libraries and frameworks. This method consists of the
embedding of a domain-specific syntax in the general-purpose programming
language and an unrestricted program transformation to translate the ex-
tended language to the basic host language. The program transformation,
called an assimilation, replaces the domain-specific syntax with uses of the
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library, which still provides the semantic domain abstraction. This chapter
discusses in detail why modular syntax definition and scannerless parsing is
important in this application area.

In Chapter 3 we describe an approach to resolving ambiguities that arise
when a guest language is embedded in a host language. In particular for
metaprogramming, where small program fragments of an object language are
quoted, ambiguities are ubiquitous. The approach presented in this chap-
ter makes the existing work on metaprogramming with concrete object syn-
tax [Visser 2002] more programmer-friendly without requiring additional im-
plementation effort for embedding a specific object language. In this chapter,
we propose to use a generic extension of the type system of the host language
to disambiguate quoted code fragments, thus allowing a more lightweight
syntax. As such, it is a generalization of the same programmer-friendly con-
crete object syntax approach of Meta-AspectJ [Zook et al. 2004].

In Chapter 4 we present the StringBorg method for preventing injection
attacks by embedding the syntax of guest languages in a host language. The
embedded syntax is translated into invocations of a generated library that
guarantees that the sentences are constructed in a grammatically well-formed
way. The contribution of this application is that it prevents injection attacks
by construction, rather than detecting injection attacks at runtime. To make the
syntax of the embedded guest languages as programmer-friendly as possi-
ble, we introduce a lightweight disambiguation technique for concrete object
syntax. This approach does not depend on the type system of the host lan-
guage, hence it can be applied to dynamically typed languages, such as PHP.
StringBorg is the culmination of genericity: guest language plugins can not
only be combined arbitrarily, but can also be used for any host language. For
example, a plugin for SQL can be used for PHP as well as Java.

In Chapter 5 we extensively discuss the issues with the parsers of the two
main compilers for AspectJ. In particular, we discuss the use of lexical states
to tokenize language conglomerates. To improve on the situation that the full
syntax of AspectJ is ill-defined, we present a formal definition of the complete
syntax of AspectJ. From this formal syntax definition a scannerless general-
ized LR parser can be generated. To handle the various AspectJ keyword
policies, we introduce grammar mixins, which are in general useful if the same
sublanguage can appear in multiple contexts of a conglomerate.

In Chapter 6 we present an algorithm for composing separately compiled
parse table components in a very efficient way just before parsing source files
written using a combination of languages corresponding to these components.
The parse table composition algorithm allows the syntax of guest language to
be deployed as truly separate plugins, which can be combined with the host
language and other guest languages efficiently. This solves the problem of
having to generate a compound parser from scratch for every particular com-
bination of language extensions. The generation of parse tables for language
combinations is expensive, which is a particular problem when the composi-
tion configuration (i.e. the set of language extensions) is not fixed.
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In Chapter 7 we take a side-path into grammar engineering. All our ap-
plications and techniques depend heavily on having high-quality grammars
available for the guest and host languages. These grammars have to be de-
fined in the same modular syntax definition formalism, targeting a scanner-
less generalized LR parser. To make the vision of this dissertation reality,
we need solid practices for developing, reverse engineering, and maintain-
ing grammars. In this chapter we solve the particular problem of recovering
precedence rules of operators from legacy YACC or SDF grammars and com-
paring the rules of different grammars to each other. This work enabled the
development of a high quality PHP grammar, which we have used for our
case studies.

1.3 O R I G I N O F C H A P T E R S

Except for our latest work (Chapter 6), all chapters are directly based on peer-
reviewed publications at programming languages and software engineering
conferences and workshops. Since all chapters are directly based on papers
that have been published independently, they can also be read independent
of each other. While all papers have distinct core contributions, there is some
redundancy in the introduction of background material, motivation, and ex-
amples. This redundancy has not been eliminated to make it possible to read
the extended and revised papers independently.

• Chapter 2 is a slightly updated version of the OOPSLA 2004 paper Con-
crete Syntax for Objects – Domain-Specific Language Embedding and Assimi-
lation without Restrictions. [Bravenboer & Visser 2004]

• Chapter 3 is an updated and extended version of the GPCE 2005 pa-
per Generalized Type-Based Disambiguation of Meta Programs with Concrete
Object Syntax [Bravenboer et al. 2005].

• Chapter 4 is an extended version of the GPCE 2007 paper Preventing
Injection Attacks with Syntax Embedding – A Host and Guest Language Inde-
pendent Approach [Bravenboer et al. 2007].

• Chapter 5 is a revision of the OOPSLA 2006 paper Declarative, Formal,
and Extensible Syntax Definition for AspectJ – A Case for Scannerless Gener-
alized LR Parsing [Bravenboer et al. 2006].

• Chapter 6, our latest work, is an unpublished paper Parse Table Composi-
tion – Separate Compilation and Binary Extensibility of Grammars

• Chapter 7 is an extended version of the LDTA 2007 paper Grammar
Engineering Support for Precedence Rule Recovery and Compatibility Check-
ing [Bouwers et al. 2007].
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2
Concrete Syntax for Objects

A B S T R A C T

Application programmer’s interfaces give access to domain knowledge en-
capsulated in class libraries without providing the appropriate notation for
expressing domain composition. Since object-oriented languages are designed
for extensibility and reuse, the language constructs are often sufficient for ex-
pressing domain abstractions at the semantic level. However, they do not pro-
vide the right abstractions at the syntactic level. In this chapter we describe
MetaBorg, a method for providing concrete syntax for domain abstractions to
application programmers. The method consists of embedding domain-specific
languages in a general purpose host language and assimilating the embedded
domain code into the surrounding host code. Instead of extending the imple-
mentation of the host language, the assimilation phase implements domain
abstractions in terms of existing APIs leaving the host language undisturbed.
Indeed, MetaBorg can be considered a method for promoting APIs to the lan-
guage level. The method is supported by proven and available technology,
i.e. the syntax definition formalism SDF and the program transformation lan-
guage and toolset Stratego/XT. We illustrate the method with applications in
three domains: code generation, XML generation, and user interface construc-
tion.

2.1 I N T R O D U C T I O N

Class libraries encapsulate knowledge about the domain for which the library
is written. The application programmer’s interface to a library is the means
for programmers to access that knowledge. However, the generic language
of method invocation provided by object-oriented languages does often not
provide the right notation for expressing domain-specific composition. Gen-
eral purpose languages, particularly object-oriented languages, are designed
for extensibility and reuse. That is, language concepts such as objects, inter-
faces, inheritance, and polymorphism support the construction of class hier-
archies with reusable implementations that can easily be extended with vari-
ants. Thus, OO languages provide the flexibility to develop and evolve APIs
according to growing insight into a domain.

Although these facilities are often sufficient for expressing domain abstrac-
tions at the semantic level, they do not provide the right abstractions at the
syntactic level. This is obvious when considering the domain of arithmetic
or logical operations. Most modern languages provide infix operators using
the well-known notation from mathematics. Programmers complain when
they have to program in a language where arithmetic operations are made
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available in the same syntax as other procedures. Consider writing e1 + e2

as add(e1, e2) or even x := e1; x.add(e2). However, when programming in
other domains such as code generation, document processing, or graphical
user interface construction, programmers are forced to express their designs
using the generic notation of method invocation rather than a more appropri-
ate domain notation. Thus programmers have to write code such as

JPanel panel = new JPanel(new BorderLayout(12,12));
panel.setBorder(BorderFactory.createEmptyBorder(15,15,15,15));

in order to construct a user interface, rather than using a more compositional
syntax reflecting the nice hierarchical structure of user interface components
in the Swing library. Building in syntactic support for such domains in a
general purpose language is not feasible, however, because of the different
speeds at which languages and domain abstractions develop. A language
should strive for stability, while libraries can be more volatile.

In this chapter we describe MetaBorg1, a method for providing concrete syn-
tax for domain abstractions to application programmers. The method consists
of embedding domain-specific languages in a general purpose host language
and assimilating the embedded domain code into the surrounding host code.
Instead of extending the implementation of the host language, the assimila-
tion phase implements domain abstractions in terms of existing APIs leav-
ing the host language undisturbed. Indeed, MetaBorg can be considered a
method for promoting APIs to the language level [Mernik et al. 2005].

For example, to improve the construction of user-interfaces in Java, we
have designed a little Swing user interface Language (Swul) that makes the compo-
sitional structure of the Swing components visible in application programs.
Using our method we have embedded this language in Java, such that it is
directly available to application programmers. They can now write within their
Java programs expressions such as

JPanel panel = panel of border layout {
north = label "Welcome"

center = scrollpane of
input : textarea {
rows = 20
columns = 40

}

south = panel of border layout {
east = button for ExitAction

}
};

in order to implement a user interface consisting of a panel with border lay-
out, containing a label, a text area, and another panel with a button. Such a
program is assimilated into the surrounding Java code by translating it to the
sequence of Swing method calls that one would write by hand.

1MetaBorg provides generic technology for allowing a host language (collective) to
incorporate and assimilate external domains (cultures) in order to strengthen itself.
The ease of implementing embeddings makes resistance futile.
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Our work stands in a long line of approaches to add syntactic extensibility
to programming languages [Leavenworth 1966, Weise & Crew 1993, Cardelli
et al. 1994, Shalit 1996, Batory et al. 1998, Brabrand & Schwartzbach 2002,
Begel & Graham 2004]. Although our work has many commonalities with
other approaches, it is distinguished by its generality, i.e. the lack of restric-
tions on either the syntax or the semantics of embedding and assimilation. In
addition, implementation of embeddings is high-level and concise; definition
and embedding of Swul required only 100 lines of syntax definition and 170

lines of assimilation rules. Our method has the following characteristics:

Syntactic Embedded code fragments are checked syntactically at compile-time.
This is in contrast with approaches to compose program fragments us-
ing string literals.

No restrictions on syntax definition Our maxim is that it should be possible to de-
sign a notation that is fitting for the domain without placing artificial
restrictions on the syntax to be used. This means that both lexical and
context-free syntax should be definable. Furthermore, all aspects of the
embedding, including quotation symbols, if any, should be adaptable.
Only the full class of context-free grammars allows such natural syntax
definition. This is in contrast to languages with user-definable oper-
ators [Hudak 1996], overloading of (a fixed set of) operators, syntax
macros [Leavenworth 1966], or grammar formalisms supporting only
a subset, such as LL or LALR, of the context-free grammars [Cardelli
et al. 1994, Batory et al. 1998]. The only proviso we make is that host
and embedded language have a context-free syntax.

Not restricted to a single host language The method is not specific to a particular host
language [Batory et al. 1998], but can be used to embed any language in
any host language.

Interaction with host language Embedded code fragments should be able to refer
to artifacts in the host program and vice versa. This is in contrast to
approaches based on a separate domain-specific language from which
code is generated [Smaragdakis & Batory 2000, Mernik et al. 2005].

Combination of extensions It should be possible to combine multiple domain nota-
tions, in contrast to hard-wired language extensions.

No restrictions on assimilation The translation of embedded fragments to the host
language should not be limited to a simple homomorphism or other
fixed translation order [Brabrand & Schwartzbach 2002], but should
allow use of context-sensitive information, global analysis, and multi-
stage transformations.

As a consequence of these characteristics we do not require that language
extensions are implemented within programs in the host language [Cardelli
et al. 1994], since such approaches lead to restrictions in many of the areas
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mentioned above. We also do not expect language design and implementa-
tion skills from the average application programmer. Instead we opt for a
separation of roles between the metaprogrammer defining the language em-
bedding and assimilation, and the application programmer using a domain
notation. However, our techniques are sufficiently high-level that a knowl-
edgeable programmer can use them to create new embeddings. That is, the
method is based on SDF2 [Visser 1997b, van den Brand et al. 2002], a syn-
tax definition formalism used to define embeddings, and Stratego/XT [Visser
2004, de Jonge et al. 2001] a language and toolset for program transformation
used to implement assimilation. These tools are mature and freely available
from [SDF Website] and [Stratego Website], respectively. The applications of
MetaBorg developed in this chapter are available at http://www.metaborg.org.

Organization In Section 2.2 we examine the practice of object-oriented pro-
gramming in three domains: code generation, document generation, and
graphical user interface construction. For each of these domains we show how
the readability of programs improves dramatically by employing domain-
specific concrete syntax. In particular, we show how to generate Java pro-
grams and XML documents in Java. Furthermore, we describe the domain-
specific Swing user interface Language (Swul), which provides a nice compositional
language for user interface composition in Java. In Section 2.3 we explain
how concrete syntax embeddings and the corresponding assimilations are re-
alized using the MetaBorg method and illustrate this by the implementation
of embeddings for the three applications from Section 2.2. In Section 2.4 we
give an overview of the syntax definition formalism SDF2. In Section 2.6 we
discuss the relation with competing approaches such as user-definable oper-
ators, syntax macros, application generators, and domain-specific languages.
We discuss future work in Section 2.7, and conclude in Section 2.8.

2.2 C O N C R E T E S Y N TA X F O R O B J E C T S

In this section we examine three application domains that suffer from the
misalignment between language notation and the domain: code generation,
XML document generation, and graphical user interface construction. For
each of these domains we discuss the methods that are used for programming
in these domains using an object-oriented language and we show how our
concrete syntax method dramatically improves the readability and writability
of applications in these domains. For all examples in this chapter we use Java
as the host language, but the techniques are equally well applicable to other
languages.

2.2.1 Code Generation

A code generator automates the production of boilerplate code by translating a
compact high-level specification of a problem into full blown code. Typical ap-
plications include the generation of data types for the representation of abstract
syntax trees, the generation of XML data binding [Bourret 2007] code for convert-
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ing XML to a specific data type, and the generation of object-relational binding
code for connecting an object-oriented program to a database system. Nu-
merous tools are available for these purposes; LLBLGen [Bouma] is an object-
relational binding generator; ApiGen [de Jong & Olivier 2004] and JTB [Tao
et al.] are abstract syntax tree generators, JAXB [JAXB Website] and Cas-
tor [Castor Website] are XML data binding tools, to name but a few.

The implementation of a code generator requires an internal representation
of program code and an interface for accessing this representation in order to
compose and transform code fragments. Ideally, generators use a structured
representation of programs, i.e. a data structure to represent abstract syntax
trees. Such a representation makes it easy to compose, analyze, and transform
fragments. For example, the XML data binding tool JAXB uses a full abstract
syntax tree in its code generator. However, in practice, many generators are
string-based, meaning that code is generated by directly printing strings to
a file, or by representing fragments as strings and composing those. For ex-
ample and ironically, the abstract syntax tree generators ApiGen [de Jong &
Olivier 2004] and JTB [Tao et al.] are text-based code generators. Castor [Cas-
tor Website] is an example of a hybrid approach which uses a combination of
an abstract syntax tree for the global structure and text for method bodies.

Neither implementations using a data structure, nor using string literals
are satisfactory. The advantage of using string literals or text templates is that
one can use concrete syntax, i.e. the fragments are readable as program code,
and it is trivial to implement in a general purpose language. The approach is
illustrated by the Castor example in Figure 2.1, which builds up a string rep-
resentation of a program fragment. However, the disadvantages far outweigh
the advantages. Escaping to the host language in order to insert a fragment of
code computed elsewhere is cumbersome. The syntax of the generated code
is not checked. No further manipulation of the code is possible. And run-
time overhead is incurred for parsing, analysis, compilation or interpretation
if code is to be executed.

The advantage of using a data structure is that the generated code is struc-
tured and is amenable to further processing. Type correctness of the generator
often entails syntactic correctness of the generated program. It is also easy to
implement in a general purpose object-oriented language. The approach re-
quires the creation of a class hierarchy which can be substantial for a real
language. Code generators such as ApiGen and JTB can be used for that pur-
pose. However, composition of code fragments is done via calls to the code
API, leading to very verbose metaprograms. It is usually hard to understand
the structure of the generated code when inspecting such metaprograms.

The MetaBorg method combines the best of both worlds. Code fragments
are written using the concrete syntax of the programming language, but the
implementation is based on an API for code representation. This is illustrated
in Figure 2.2 with a fragment of a Java program generating a Java program,
corresponding to the example in Figure 2.1. The generator uses ATerms [van
den Brand et al. 2000] for the representation of generated code. Instead of
using constructors from the ATerm class hierarchy to create a code fragment,
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String x = "propertyChangeListeners";
jsc.add("if (");
jsc.append(x);
jsc.append(" == null) return;");
jsc.add("PropertyChangeEvent event = new ");
jsc.append("PropertyChangeEvent");
jsc.append("(this, f, v1, v2);");
jsc.add("");
jsc.add("for (int i = 0; i < ");
jsc.append(x);
jsc.append(".size(); i++) {");
jsc.indent();
jsc.add("((PropertyChangeListener) ");
jsc.append(x);
jsc.append(".elementAt(i)).");
jsc.append("propertyChange(event);");
jsc.unindent();
jsc.add("}");

Figure 2.1 Code generation in Castor.

ATerm x = id |[ propertyChangeListeners ]|;

ATerm stm = bstm |[ {
if(x == null) return;
PropertyChangeEvent event = new PropertyChangeEvent(this, f, v1, v1);
for(int c=0; c < x.size(); c++) {

((PropertyChangeListener) x.elementAt(c)).propertyChange(event);
}

}
]|;

Figure 2.2 Code generation with concrete syntax.

it is written as a regular piece of Java code. The code fragments are distin-
guished from the surrounding code by the delimiters |[ and ]|. The delimiters
are not fixed in MetaBorg and can even be left out when appropriate. The bstm

and id tags are used to indicate that the fragments are of syntactic category
statement and identifier respectively. A fragment does not need to be closed, but
can incorporate code fragments generated elsewhere. For example, in Fig-
ure 2.2 the identifier assigned to variable x is used in the fragment assigned
to the variable stm .

Metaprograms with embedded object-program fragments are translated to
pure Java programs in which code construction is expressed directly in terms
of calls to the code representation API. This tool also guarantees that the code
fragments are syntactically correct. The type system of the host language and
a properly defined underlying API will then guarantee that compositions are
syntactically correct as well.

Note that MetaBorg is not restricted to Java in Java. The same method can
be used to embed other languages in Java (e.g. to generate C# code), or to use
a different host language (e.g. to generate Java code with a C# program). The
realization of these embeddings will be discussed in Section 2.3.
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out.startDocument();
out.startElement("", "html", "html", noAttrs);
out.startElement("", "body", "body", noAttrs);
out.startElement("", "p", "p", noAttrs);
out.characters(text.toCharArray(), 0, text.length());
out.endElement("", "p", "p");
out.endElement("", "body", "body");
out.endElement("", "html", "html");
out.endDocument();

Figure 2.3 Composition of an XML document in Cocoon.

out.write doc %>
<html>

<body>
<p><% text :: cdata %></p>

</body>
</html>

<%;

Figure 2.4 Composition of an XML document with concrete syntax with underlying
SAX ContentHandler invocations.

2.2.2 XML Document Generation

XML is used on a large scale for the exchange of data between programs. This
requires programs to read and write XML documents and to convert internal
data to XML and back. Applications that generate XML documents by fill-
ing in templates suffer from the lack of support for XML syntax in general
purpose programming languages. The problems are similar to that in code
generation. Text-based solutions cannot guarantee that the produced text is
well-formed XML. Typical examples are server-side scripting languages such
as JSP and ASP .NET, which support the embedding of a programming lan-
guage in XML or HTML. Further manipulation of the document after genera-
tion is impossible. A typical example of post generation transformation is the
addition of statistics to a generated web page. Many web page generators just
put this information outside the HTML tags, which is of course invalid, but is
accepted by web browsers if the page does not claim to be well-formed XML.

Other solutions are based on data structures. In libraries such as W3C DOM,
JDOM, and XOM, documents are represented by instances of classes cor-
responding to the generic structure of XML, e.g. Document, Element, and
Attribute. Thus document construction is achieved with the constructors of
these classes. Alternatively, construction can be achieved with events emitted
to a SAX ContentHandler, which can be an XML serializer or a DOM construc-
tor, as illustrated in Figure 2.3 with a code fragment from Cocoon [Cocoon
Website]. By using these APIs the code is guaranteed to produce well-formed
XML as long as the library does its job properly. However, these solutions
result in sequences of method invocations that are hard to read.

The MetaBorg solution is the same as in the case of code generation. There
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parse-java-xml

assimilate-sax

Java

XML

Java

Figure 2.5 A program with embedded concrete syntax (e.g. for XML) is translated
to a pure Java program.

is a good notation for this domain, i.e. XML itself. With the MetaBorg method
we make this notation available to the application programmer, while keeping
the properties of APIs for structured representation of documents. Figure 2.4
shows a statement in a Java program with an embedded XML document. The
symbols %> and <% are used to delimit the embedded XML from the surround-
ing code. Within the document is a reference to a document fragment defined
earlier in the program, using the <% and %> antiquotation delimiters. The
assimilation process (Figure 2.5) transforms a Java program with embedded
XML to a pure Java program with calls to a SAX ContentHandler.

The big difference between the embedding of XML and the embedding of
a programming language is that the lexical structure of XML is completely
different from that of, say, Java. This makes the parsing problem more com-
plicated.

2.2.3 Graphical User Interface Construction

In the cases of code and XML generation a domain notation is readily available
to improve the readability of application programs. However, there are many
other domains with APIs representing a ‘language’ in the sense of a coherent
set of concepts and composition facilities, but without a concrete notation.
Programming in these domains can also be improved by employing domain-
specific notation, which should then first be designed. Consider for example
the construction of graphical user interfaces in Java.

Graphical user interfaces can be generated with a visual tool or can be writ-
ten by hand. A handwritten user interface typically instantiates GUI compo-
nents such as buttons and textfields and arranges these components in panels
by using fixed positioning or a layout manager that allows the user interface
to adapt itself to changes in the size of the window. Despite catalogs of design
patterns for developing graphical user interfaces, this code is still one of the
most unwieldy parts of a program (Figure 2.6). A handwritten user interface
takes quite a few lines of code and the resulting code is difficult to understand
and maintain.

There are a few proposals for languages specifically geared towards user in-
terfaces, e.g. Mozilla’s XUL, W3C’s XForms and Microsoft’s XAML, but these
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JTextArea text = new JTextArea(20,40);
JPanel panel = new JPanel(new BorderLayout(12,12));
panel.setBorder(BorderFactory.createEmptyBorder(15, 15, 15, 15));
panel.add(BorderLayout.NORTH, new JLabel("Please enter your message"));
panel.add(BorderLayout.CENTER, new JScrollPane(text));
JPanel south = new JPanel(new BorderLayout(12,12));
JPanel buttons = new JPanel(new GridLayout(1, 2, 12, 12));
buttons.add(new JButton("Ok"));
buttons.add(new JButton("Cancel"));
south.add(BorderLayout.EAST, buttons);
panel.add(BorderLayout.SOUTH, south);

Figure 2.6 Sequence of statements for composing a user interface with Swing API
methods

JPanel panel = panel of border layout {
hgap = 12
vgap = 12
north = label "Please enter your message"
center = scrollpane of textarea {

rows = 20
columns = 40

}
south = panel of border layout {

east = panel of grid layout {
hgap = 12
vgap = 12
row = {
button "Ok"
button "Cancel"

}
}

}
};

Figure 2.7 SWUL implementation for composing the same user interface as Fig-
ure 2.6

solutions do not integrate well with the host language. They abstract from a
GUI toolkit, which is not always an advantage, and restrict the way the GUI
can interact with the host language. XUL clones for Java, such as SwiXml and
Luxor, use reflection and a convention for the location of methods (or Action

fields) to invoke code in the host language. Although this works reasonably
well, it limits the way the host language is able to interact with the GUI code.
For example, a model-view-controller design, where the GUI components are
directly updated from their (Swing) models, is not possible with these toolk-
its. Furthermore, the XML formatted GUI specifications are interpreted, not
checked statically for internal consistency or correct interaction with code in
the host language.

Using the MetaBorg method we have developed a solution that provides
domain-specific notation for the construction of user interfaces and integrates
well with the rest of the program written in the host language. Expressions
in the Swing User Interface Language (Swul) correspond to components of a Swing

Chapter 2. Concrete Syntax for Objects 17



user interface. The language encourages the compositional construction of
complex components, in contrast to the assembly language spaghetti style
used with direct calls to Swing. Thus, subcomponents are subexpressions,
and do not have to be added afterwards. Attributes of components are named,
avoiding the need to continuously look up the order of method parameters.
The declaration of the layout style is combined with the instantiation of the
subcomponents. Embedded in Java, the Swul language can be used directly
to program user interfaces. Swul expressions can refer to elements such as
variables and methods from other parts of the program. For example, host
language names and expressions can be used to set the value of a layout
attribute or to pass an event handler.

The example in Figure 2.7 illustrates the use of Swul, creating in a single
Java assignment (be it multiline) the same user interface implemented directly
using Swing methods in Figure 2.6. Although the Swul solution uses more
lines, the difference in number of non-space characters (507 vs 243) indicates
that the Swul solution is significantly more concise.

2.2.4 Other Applications

We have discussed three application domains in which concrete domain no-
tation improves programs. The same approach can be applied to many other
domains, including embedded query languages such as XPath and SQL. Un-
fortunately, queries in these languages are usually embedded in string literals.
They are often even composed at runtime by concatenating strings. In this
case the SQL statements and XPath queries cannot be checked syntactically
at compile time. This might result in runtime errors or, even worse, security
problems. If a value from the host language is embedded in an SQL query
by string concatenation, then there is no guarantee that the string actually is
of the syntactic category expected at this point in the SQL statement. This
results in a security issue that is rather easy to exploit by entering SQL con-
structs where plain strings are expected. To prevent this, the embedded string
has to be escaped. A missing escape will immediately pose a security threat.
This is a general problem of runtime composition of code fragments by string
concatenation. XML applications that use string concatenation might be a se-
curity risk as well. In such applications proper escaping is required at many
different places in the code. This task can be automated by applying our lan-
guage embedding tools. We discuss the StringBorg method for preventing
injection attacks using syntax embedding in Chapter 4.

Another example of a little language that is often embedded in string liter-
als is the language of regular expressions used for pattern matching of char-
acter sequences. A regular expression is encoded in a string literal which
is interpreted or compiled at runtime to a matcher. The clarity of a regular
expression is reduced by requiring special characters to be escaped. C# re-
duces the number of characters that have to be escaped by adding verbatim
strings to the language, where only double quotes have to be escaped. Just
as in all string literal based embeddings the regular expression is not checked
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syntactically at compile-time.
The difference with the other examples is that the libraries operating on

these languages usually only accept textual input. This makes a structured
representation of the query more annoying than advantageous. Yet, the Meta-
Borg method can still be used by assimilating the embedded code fragments
to the corresponding string operations. This will make the embedding of
meta values safer and easier, and the embedding will guarantee the syntactic
correctness of the embedded expressions. To this end the MetaBorg tools
support the representation of embedded fragments in a full parse tree, which
can be yielded to a string.

2.3 R E A L I Z I N G C O N C R E T E S Y N TA X

Introducing domain-specific notation in a host language requires (1) an embed-
ding of the domain-specific language in the host language and (2) assimilation of
the embedded domain fragments into the surrounding host code. In this sec-
tion we describe the method of embedding and assimilation from the point
of view of the metaprogrammer creating the embedding. We illustrate the
method with several examples. In the next sections the technology behind the
method will be discussed.

2.3.1 Embedding and Assimilation

The architecture of the MetaBorg method is illustrated by the diagram in Fig-
ure 2.8. The embedding of domain notation in a host language requires a
syntax definition for the host language, a syntax definition for the embedded
language, and a syntax definition for the combination of the two languages,
embedding the latter in the former. A parser then uses this combined syntax
definition to parse programs in the extended language. Next, an assimilator
applies a set of rules to assimilate the embedded domain fragments, reducing
the program to the pure host language.

The diagram also illustrates the roles of programmer, metaprogrammer,
and MetaBorg tooling. An application programmer using the domain ex-
tension uses the combination of parser and assimilator for the extension as a
single tool, which could even be integrated with the compiler. Thus, program-
ming in the extended language is no different than programming in the host
language, except for the additional expressivity that is available. The metapro-
grammer implementing a domain extension needs to provide the syntax def-
initions for host and domain language, the syntax for the embedding and the
assimilation rules. Generally, the syntax definition for the host language can
be reused from a library of syntax definitions. The syntax definition of the
domain language can be reused as well, if the domain language is an existing
language that is already used on its own. If the host API is a shared target
between several domain notations, then a set of generic assimilation rules can
be used. This is typically the case for metaprogramming domains where a
standard API for abstract syntax trees is used. Finally, syntax definitions and
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Figure 2.8 Architecture of embedding and assimilation framework.

module Java-Tuple
imports Generic-Java
exports

context-free syntax
"(" Expr "," Expr ")" -> Expr {cons("NewTuple")}
"(" Type "," Type ")" -> Type {cons("TupleType")}

Figure 2.9 Syntax definition of Java with tuples.

module Java-Tuple-Assimilate
imports Generic-Java
rules

AssimilateTuple :
expr |[ (e1, e2) ]| -> expr |[ Tuple.construct(e1, e2) ]|

AssimilateTuple :
type |[ (t1, t2) ]| -> type |[ Tuple<t1, t2> ]|

Figure 2.10 Rewrite rules for assimilation of tuples in Java

assimilation rules are processed by the generic tools provided in the Strat-
ego/XT toolset [Stratego Website, Visser 2004]; MetaBorg can be considered
as a particular pattern of usage of these tools.

To make these concepts more concrete we will illustrate the method with
several examples. Before diving into the interesting aspects, we look at a very
simple example, i.e. the extension of Java 1.5 with concrete syntax for tuples.

Tuples are instances of a class Tuple<A, B>, which is parameterized with
the type of the first and second item of the tuple. We define an extension
of Java providing the notation (x,y) for the construction and declaration
of tuples. Thus, (Integer, String) is a type expression and corresponds to
the type Tuple<Integer, String>. The expression (1, "foo") is an instance of
Tuple<Integer, String>, where the first item in the tuple is the integer 1 and
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the second is the String "foo".
To realize this extension all we need is the syntax definition in Figure 2.9

and the assimilation rules in Figure 2.10. The syntax definition in Figure 2.9
defines the language Java-Tuple, which extends Java with syntax for tuple
expressions and tuple types. The extension of the Java language is achieved
by a simple import of the syntax definition of Java. Thus, it is not necessary to
create a copy of that syntax definition and add the rules for tuples to it. The
Java-Tuple syntax module is written in SDF, which is the syntax definition
formalism employed by MetaBorg. A syntax definition mainly consists of
productions of the form s1 ... sn -> s0 {cons("c")}, declaring that a phrase
of type s0 can be formed by concatenating phrases of types s1 . . . sn. The
constructor c is a name for the production that is used in the construction of
abstract syntax trees. The features of SDF that enable concise modular syntax
definition will be explained in Section 2.4.

Assimilation of the language extension is achieved by translating the new
language constructs to the base language. For example, the Java-Tuple decla-
ration

(Integer, String) t = (1, "Hello world!");

is translated into the Java declaration

Tuple<Integer, String> t = Tuple.construct(1, "Hello world!");

This translation is achieved by the rewrite rules in Figure 2.10. The assimilation
into the host language is implemented in the Stratego program transformation
language. Rewrite rules play a central role in Stratego. A labeled rewrite
rule L: p1 -> p2 rewrites a program fragment matching the pattern p1 to the
program fragment p2, where the metavariables in p2 are instantiated with the
corresponding fragments found when matching p1. In the first rewrite rule
of Figure 2.10, e1 and e2 are metavariables denoting Java expressions. In the
second, t1 and t2 are metavariables denoting Java types. Thus, the first rule
replaces a tuple expression (e1, e2) with a call to the construct method of
the Tuple class, passing the expressions e1 and e2 2.

Note that the Stratego rewrite rules use concrete syntax as well. That is, the
rules are transformations on Java programs and thus use the syntax of Java to
indicate code fragments. However, the rules are implemented as transformations
on abstract syntax trees. This is achieved by the same method as applied to
Java programs [Visser 2002].

2.3.2 Java with Swul

Next we examine a serious example, i.e. the embedding of Swul, the Swing
user interface Language, into Java. Plain Java code using the Swing API is a kind
of assembly language in which intermediate results are bound to variables to

2We use the static factory method construct rather than the constructor of the Tuple class to
work around the lack of inference of type arguments for constructors in Java 5 and 6. See also
http://gafter.blogspot.com/2007/07/constructor-type-inference.html
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module Java-Swul
imports Java-Prefixed Swul-Prefixed
exports

context-free syntax
SwulComponent -> JavaExpr {cons("ToExpr")}
SwulLayout -> JavaExpr {cons("ToExpr")}

JavaExpr -> SwulBorder {cons("FromExpr")}
JavaExpr -> SwulComponent {cons("FromExpr")}

Figure 2.11 Syntax definition of Java with Swul; concrete syntax for user interface
construction with Swing

be used elsewhere. This is illustrated in Figure 2.7. We have custom designed
Swul in order to provide a compositional syntax for the construction of user
interfaces with Swing in Java. Swul is just a more attractive notation for the
same code. The assimilation of embedded Swul produces the sequence of
statements that one would normally write by hand.

Embedding

Swul is defined as a separate language with its own syntax definition in SDF
module Swul, introducing productions such as

"panel" "of" Layout -> Component {cons("Panel")}
"border" "layout" "{" LayoutProp* "}" -> Layout {cons("BorderLayout")}

to define syntax for Swing concepts such as panels and layout schemes.
The embedding of the language in Java is achieved by creating a new SDF

module Java-Swul (Figure 2.11) that imports the syntax of Java and the syn-
tax of Swul. The actual imported modules are prefixed wrappers of the real
syntax definition, a feature of SDF further explained below.

Combining the two syntax definitions by importing them in a new module
does not actually achieve the embedding of the syntax of Swul into Java. The
languages are strictly separated from each other since the productions of Java
do not refer to nonterminals of Swul and vice versa. The embedding of Swul in
Java is achieved by adding productions to the combined syntax definition that
allow Swul expressions to be used as Java expressions and vice versa. These
productions just connect the languages at the desired location. Note that the
embedding of the language is completely user-definable with an ordinary SDF
module.

The kind of connection between the languages is indicated by specific con-
structor names. Productions that allow Swul constructs to be used as Java
expressions use the constructor ToExpr. Similarly, productions that allow Java
expressions to be used in Swul use the constructor FromExpr. Thus, in the
embedding defined above, the ToExpr productions declare that Swul component
and layout expressions can be used as Java expressions. The FromExpr produc-
tions declare that Java expressions can be used as Swul border or component
expressions. Note that no special quotation symbols are needed to inject Swul

expressions into Java expressions or vice versa.
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module Java-Prefixed
imports Java
[ ImportDec => JavaImportDec

CompilationUnit => JavaCompilationUnit
TypeDec => JavaTypeDec
...
Expr => JavaExpr ]

Figure 2.12 Syntax definition that prefixes all Java nonterminals with the name of
the language.

Another point to note about the embedding is the import of the modules
Java-Prefixed and Swul-Prefixed instead of Java and Swul. The -Prefixed SDF
modules are (generated) SDF modules that import the actual syntax and re-
name all nonterminals in this imported definition by prefixing them with the
name of the language. An example of such a module is shown in Figure 2.12.
Note that these renamings do not require an actual copy of the definitions,
but rather an import with a set of renamings applied.

These renamings are necessary to keep the two languages strictly sepa-
rated, except for the explicitly defined connections. For example, both lan-
guages might define an Id or Expr nonterminal. If these syntax definitions
are just imported directly, then there will be just one Id or Expr nonterminal.
Productions using these nonterminals will then refer to the productions for
these nonterminals from both languages. This embedding is not explicit and
should therefore be prevented. By making the nonterminal names unique for
both languages, undesired embedding is avoided3.

Assimilation

Assimilation is again achieved via rewrite rules implemented in Stratego. The
rewrite rules transform Swul expressions to Java expressions. These rules
express the knowledge of the Swing API captured in the language by trans-
lating each Swul construct to the appropriate sequence of Swing method calls.
Figure 2.13 illustrates this for some of the Swul constructs. Note again that
although these examples are all written in concrete syntax, the actual repre-
sentation that is being transformed is a structured abstract syntax tree. The
Swul and Java code fragments are all syntactically checked when compiling
the generator.

Most of the rewrite rules have a where clause. The Stratego construct <s>
t => p applies the rewriting s to the expression t and matches the result of
applying s to t to the pattern p. In the examples the patterns are simple
variables. In this case, <s> t => x is comparable to an ordinary assignment of
s applied to t to the variable x. The rewrite rules use metavariables in the code
fragments. That is, ps*, c, x, e and bstm* are Stratego variables, used directly
in the Java code fragment. These variables are bound to abstract syntax trees

3In Chapter 5 we improve the method of renaming nonterminals by introducing grammar
mixins.
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Swulc-Component :
swul |[ scrollpane of c ]| -> expr |[ new JScrollPane(e) ]|
where <Swulc-Component> c => e

Swulc-Component :
swul |[ textarea {ps*} ]| ->
expr |[ {|JTextArea x = new JTextArea(); bstm* |x|} ]|
where new => x

; <map(Swulc-SetProp(|x))> ps* => bstm*

Swulc-AddComponent(|x) :
swul |[ north = c ]| -> bstm |[ x.add(BorderLayout.NORTH, e); ]|
where <Swulc-Component> c => e

Swulc-Layout :
swul |[ grid layout {ps*} ]| -> expr |[ new GridLayout(i,j) ]|
where <nr-of-rows> ps* => i

; <nr-of-columns> ps* => j

Swulc-SetProp(|x) :
swul |[ border = b ]| -> bstm |[ x.setBorder(e); ]|
where <Swulc-Border> b => e

Swulc-Component :
swul |[ x: c ]| -> expr |[ {| t x = e; | x |} ]|
where <java-type-of> c => t

; <Swulc-Component> c => e

Figure 2.13 Some of the rewrite rules for assimilation of GUI abstractions using
Swing API

and are not matched literally as Java variables. The Stratego primitive new

(used in the where clauses) generates a new unique identifier.
Most rewrite rules in Figure 2.13 are straightforward translations from

Swul constructs to corresponding Swing API invocations. For example, the
rewrite rule for a scrollpane directly translates into a constructor call of the
JScrollPane class. Some constructs in Swul provide even more abstraction
than an alternative syntax. For example, the rewrite rule for the grid layout

calculates the number of rows and columns. The rewrite rule for the Swul

construct x : c, the last rule in the figure, shows another abstraction; if pos-
sible, it determines the type of the component and declares a variable x of this
type with the initial value c. This inline declaration is very useful since Swul

does not cover the full Swing API, but just the most common constructs. If
unusual things have to be configured for a component, then this can be done
later without ruining the compositional definition of the user interface.

The transformation makes use of a convenience extension of Java with ex-
pression blocks, which are removed by a separate transformation. In fact
the compositional nature of Swul (and other extensions) is based on this ex-
tension. Constructing Java objects is composable in Java itself as long as all
required operations can be performed by invoking a single method or con-
structor. As soon as further method calls are required there is a problem in
composing objects without binding them to intermediate variables. The ex-
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context-free syntax
Stm -> JavaStm {cons("ToStm")}

JavaId "." "write" "%>" Content "<%" ";" -> Stm {cons("Write")}
JavaId "." "write" "doc" "%>" Document "<%" ";" -> Stm {cons("Write")}

"<%" JavaStm "%>" -> Content {cons("FromStm")}
"<%" JavaExpr "%>" -> DoubleQuotedPart {cons("FromExpr")}
"<%" JavaExpr "::" "cdata" "%>" -> Content {cons("TextFromExpr")}

Figure 2.14 Syntax definition of Java with XML

tension of Java with expression blocks solves this problem introducing two
expression: {| bstm* | e |} and {| e | bstm* |}. An expression block is
thus a list of block-level statements followed by an expression or the other
way around. The expression is the value of the expression block. In the first
case the statements are lifted to the block-level statements before the context
expression. In the second case they will be lifted to block-level statements
after the context expression. The syntax of this extension is defined by two
SDF production rules and the constructs are translated into ordinary Java by
a small Stratego program4.

The expression block extension makes the definition of assimilation, and
code generators in general, much simpler. For example, the declaration of
a textarea{ps*} is translated to a declaration of a new variable x of type
JTextArea, which is instantiated to a new JTextArea. The instantiation of the
properties of the textarea is achieved with additional statements, which are
executed after creating the textarea. The context in which the textarea was
placed receives as value the variable x. Thus a linear sequence of statements
building the components of the user interface is realized.

2.3.3 Java with XML

Our next example is the embedding of XML in Java. The application of this
embedding was illustrated in Figure 2.4.

Embedding

Some of the production rules of the syntax embedding are shown in Figure
2.14. These production rules are somewhat different from usual embeddings,
since the embedded XML syntax is translated to the SAX API. XML construc-
tion in SAX is not done using expressions and objects, but by invoking meth-
ods of the ContentHandler interface. Typically, the methods of a ContentHandler

are invoked to report parsing events of an XML parser as callbacks to an ap-

4Kats [Kats 2007] observed that this transformation is not always possible to implement by
trivially lifting the statement to the first surrounding statement level, for example if the expression
block is used in a loop condition. The work of Kats proposes a new kind of open compiler based
on mixing Java source and bytecode, which makes expression blocks trivial to implement as a
language extension by leveraging the greater flexibility of Java bytecode.
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plication. However, any code can use the ContentHandler interface to report
the content of an XML document.

The embedding extends Java with syntax for writing XML content to a
ContentHandler. The ContentHandler instance is specified by a Java identifier.
The ToStm and Write constructors are used to represent the switch from Java
to XML. The Write constructor has two arguments: a Java identifier of the
ContentHandler and the XML content to write to it.

In addition to the embedding of XML in Java, we also define production
rules for escaping from XML back to Java. First, the escape from XML content
to Java is represented by the FromStm constructor. This escape consists of a Java
statement, which might be surprising, since an escape to the host language
usually is an expression. However, the SAX ContentHandler produces XML con-
tent by statements, not by expressions. Second, the embedding defines an
escape from XML attribute values (DoubleQuotedPart) to Java. Third, the em-
bedding defines a more specific anti-quotation for character data, using the
constructor TextFromExpr. The result of the Java expression must be a String,
which is emitted to the ContentHandler.

Assimilation

Most of the Stratego rewrite rules for the assimilation of the embedded XML
fragments into Java are shown in Figure 2.15. For a single XML construct
the resulting code fragments are now larger than in the previous examples.
Hence, the XML syntax of this embedding is a major abstraction from the
API interface provided by SAX. In this assimilation, the left-hand side of the
rewrite rules are not written in concrete XML syntax, but rather in abstract
syntax. The left-hand side patterns are so small that using concrete syntax
would only be confusing. This illustrates that programs using concrete syntax
can fall-back to the assimilated notation in the host language (in this case
abstract syntax for XML) when this is more appropriate.

Figure 2.15 shows the rewrite rules for XML documents, elements, text
and character data escapes to Java. The translation of Document 5 and Text 32

is straightforward. The translation of an Element 13 is somewhat more in-
volved, since the list of attributes has to be assimilated into an instance of the
AttributesImpl class. Character data escapes to Java are translated using ex-
pression blocks 26, as discussed before. This translation to an expression block
is necessary because we need the value (bound to y) at multiple locations; for
calculating the length of the string and for translating it into a character array
that is passed to the ContentHandler. Note that the rules use several metavari-
ables: x, y, bstm1*, bstm2*, and e*. Also, the translation of an XML element
uses a special construct inside a string literal: "˜n". The ˜ construct denotes
an escape to the host language, which is Stratego in this case. Anti-quotation
and metavariables inside such lexical constructs are a unique feature of SDF
and SGLR. This is possible by preserving the structure of lexemes, which will
be discussed in more detail in Section 2.4.
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1 explode-write :
2 ToStm(Write(Id(x), c)) -> bstm |[ { bstm* } ]|
3 where <content-to-stm(|x)> c => bstm*
4

5 content-to-stm(|x) :
6 Document(c) -> bstm* |[
7 x.startDocument();
8 bstm1*
9 x.endDocument();

10 ]|
11 where <content-to-stms(|x)> c => bstm1*
12

13 content-to-stm(|x) :
14 Element(Name(None(), n), atts, kids) -> bstm* |[
15 org.xml.sax.helpers.AttributesImpl y
16 = new org.xml.sax.helpers.AttributesImpl();
17 bstm1*
18 x.startElement("", "˜n", "˜n", y);
19 bstm2*
20 x.endElement("", "˜n", "˜n");
21 ]|
22 where <map(content-to-stms(|x))> kids => bstm2*
23 ; new => y
24 ; <map(attr-to-stm(|y))> atts => bstm1*
25

26 content-to-stm(|x) :
27 TextFromExpr(e) -> bstm |[
28 x.characters({| String y = e; | y.toCharArray() |},0,y.length());
29 ]|
30 where new => y
31

32 content-to-stm(|x) :
33 Text(s) -> bstm* |[ x.characters(new char[]{e*}, 0, i); ]|
34 where <explode-string> s => cs
35 ; <length; int-to-string> cs => i
36 ; <map(escape-char)> cs => e*

Figure 2.15 Rewrite rules for assimilation of XML to SAX ContentHandler invoca-
tions.

2.3.4 Java with Java

Lastly, we return to our first example in Section 2.2: Java embedded in Java.
This combined language is called JavaJava. JavaJava is a language for Java
metaprogramming, i.e. Java programs that generate or manipulate Java pro-
grams. The embedding and assimilation of JavaJava are defined with the
MetaBorg method. The implementation involves the definition of an embed-
ding of Java in Java, and an assimilation of the embedded Java fragments into
the host language.

Embedding

A selected number of productions from the embedding of Java in Java are
shown in Figure 2.16. The complete embedding is much larger, since the Java
syntax definition contains many nonterminals. For each nonterminal that is
to be quoted or anti-quoted in JavaJava, productions have to be defined in the
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context-free syntax
"|[" Expr "]|" -> JavaExpr {cons("ToExpr")}

"expr" "|[" Expr "]|" -> JavaExpr {cons("ToExpr")}

"type" "|[" Type "]|" -> JavaExpr {cons("ToExpr")}
"bstm*" "|[" BlockStm* "]|" -> JavaExpr {cons("ToExpr")}

"˜" JavaExpr -> Expr {cons("FromExpr")}
"˜*" JavaExpr -> {Expr ","}* {cons("FromExpr")}
"˜*" JavaExpr -> {VarInit ","}* {cons("FromExpr")}
"˜*" JavaExpr -> {FormalParam ","}* {cons("FromExpr")}
"˜*" JavaExpr -> ClassBodyDec* {cons("FromExpr")}

variables
"e" [0-9]* -> Expr {prefer}
"t" [0-9]* -> Type {prefer}
"e" [0-9]* "*" -> {Expr ","}* {prefer}
"e" [0-9]* "*" -> {VarInit ","}* {prefer}
"bstm" [0-9]* "*" -> BlockStm* {prefer}
[ij] [0-9]* -> DeciLiteral {prefer}
[xyz] [0-9]* -> Id {prefer}

Figure 2.16 Syntax definition of Java with Java

combined syntax definition. The JavaJava syntax definition applies some of
the more advanced features in SDF for combining the syntax of the embedded
language and the host language.

The first two productions show that the declaration of nonterminals of con-
crete syntax fragments is optional. To this end, there is a production rule for
embedding Java expressions using just the quotation symbols |[ and ]| and
there is a production with an explicit declaration expr of the nonterminal.
The embedding of BlockStm* shows that lists of nonterminals, in this case
BlockStm, can be embedded as well. The tags expr, type, and bstm* are neces-
sary for disambiguation. In Chapter 3 we will discuss a method for avoiding
these tags by employing a disambiguating type-checker. In Chapter 4 we use
an alternative, more lightweight method of runtime disambiguation.

The escapes to the meta level use the ˜ symbol in this embedding. That
is, meta Java expressions can be included by using only a ˜ before the meta
expression. The ˜* escape can be used to escape to a Java expression that
produces a list of a certain nonterminal, even if they are separated by to-
kens. The ˜* escape is defined by an SDF production rule that produces a list
nonterminal (the right-hand side of the production rules). For example, the
escape for {Expr ","}* is used in method invocations, which take a number
of expressions separated by commas. In the argument list of a method in
concrete syntax it is possible to escape to the meta level using foo(˜*args),
but even foo("bar",˜arg,˜*args) and foo(˜*args1,˜*args2) are allowed. All
these escape are defined by a single production rule in the embedding of Java
in Java. No additional SDF productions are required, since productions that
produce list symbols are desugared to a set of more basic productions that
are sufficient to handle all these combinations.

28



JavaJava also provides metavariables, which is an even more compact meth-
od for embedding variables from the meta language in embedded code frag-
ments. The SDF syntax definition formalism has been designed for applica-
tion in metaprogramming and therefore it has the built-in notion of metavari-
ables. Metavariables are defined in a variables section. This section consists
of SDF productions that define a special meaning for certain identifiers. For
example, the first production in the variables section of Figure 2.16 defines
that the identifier e is a metavariable denoting a Java expression. Some other
metavariables in JavaJava are e* for lists of expressions separated by commas
and x, y, and z for identifiers.

Assimilation

The MetaBorg examples of Java with Swul and Java with XML apply assim-
ilations that are specific to the host language and the embedded language.
The assimilation cannot be reused for different embedded languages since
the assimilator rewrites specific constructs of the embedded language to the
host language. Such a specific assimilator can incorporate domain-specific
knowledge, which adds a level of abstraction to the syntactic embedding. For
example, the Swul assimilator calculates the number of rows and columns of
a GridLayout.

However, for some applications it is possible to implement a generic as-
similation of an arbitrary embedded language to an API in the host lan-
guage. Hence, the assimilation can be reused for the embedding of any lan-
guage in the host language. For instance, generic assimilation is possible
for assimilating embedded languages in metaprogramming. Metaprogram-
ming frameworks often follow a certain standard procedure for representing
a subject program in a class hierarchy. Examples of such frameworks are JJ-
Forester [Kuipers & Visser 2001], ApiGen [de Jong & Olivier 2004], Java Tree
Builder [Tao et al.] with JavaCC [JavaCC Website], and SableCC [Gagnon
& Hendren 1998]. For a specific metaprogramming framework the mapping
from a language definition to a class structure is fixed or at least reproducible.
This fixed translation scheme can be used for the implementation of a generic
assimilator. Similarly, a generic assimilator is also possible if the target API
itself is generic. This is the case if the embedded language is to be represented
using a generic class hierarchy for trees, such as ATerms [van den Brand et al.
2000] or XML.

The generic assimilation from an embedded language to the construction
of a generic tree representation can be implemented particularly well in a
language that supports generic programming. To illustrate the implemen-
tation of a generic assimilation we have implemented an assimilation from
the embedded Java code in the JavaJava language to the ATerm library. A
generic assimilation requires generic programming. Stratego allows generic
term construction and deconstruction using the # operator. A term foo(bar(),

fred()) can be deconstructed into the constructor of the term, foo, and a list
of children to which the construct is applied, bar() and fred(). The pattern
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AssimilateAppl(rec) :
fun#([t*]){} -> expr |[ _factory.makeAppl(e, e*) ]|
where <AssimilateAFun> (fun, <length> t*) => e

; <map(rec)> t* => e*

AssimilateAFun :
(fun, arity) -> expr |[ _factory.makeAFun("˜fun", i, false) ]|
where <int-to-string> arity => i

AssimilateMetaVar :
meta-var(x) -> expr |[ x ]|

AssimilateInt :
i -> expr |[ _factory.makeInt(j) ]|
where <int-to-string> i => j

AssimilateString :
s -> expr |[ _factory.makeAppl(_factory.makeAFun("˜s", 0, true)) ]|
where <is-string> s

Figure 2.17 Generic assimilation of abstract syntax trees in Java with ATerms

fun#([t*]) binds the constructor name to the variable fun and the list of chil-
dren to the variable t*.

The generic assimilation of ATerms to Java is implemented by the Strat-
ego rewrite rules shown in Figure 2.17. The rewrite rules AssimilateAppl and
AssimilateAFun handle ATerm constructor applications and use generic term
deconstruction. The right-hand sides of the rewrite rules are Java expressions.
For the construction of ATerms in the resulting Java code, methods defined
in the ATermFactory interface of the ATerm library are invoked. The rules
AssimilateInt and AssimilateString handle the ATerm integer and string con-
structs. The AssimilateMetaVar rule rewrites metavariables to real Java vari-
ables.

This generic assimilation can be applied to all embedded languages in the
host language Java. Hence, an embedding of a different subject language only
needs to define the combined syntax definition.

API specific assimilations for the same JavaJava language can be imple-
mented as well. For example, an assimilator could target the class hierarchy
for Java abstract syntax trees in Eclipse.

2.4 S Y N TA X D E F I N I T I O N

The embedding of languages poses some challenges on syntax definition
and parser technique. MetaBorg employs the syntax definition formalism
SDF [Visser 1997b] and SGLR [Visser 1997a, van den Brand et al. 2002], a
Scannerless Generalized LR parser.

In the previous section we described several MetaBorg embeddings. So far,
we have not revealed how these combined languages are actually parsed and
what the features of the syntax definition formalism SDF are. Full insight
in why SDF is the appropriate syntax definition formalism for defining lan-
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guage embeddings requires more detailed knowledge of SDF. In this section,
the SDF syntax definition formalism is introduced and we show how it is
applied to achieve concrete syntax for objects. Several features of the syntax
definition formalism allow the concise definition of the syntax of embeddings.
Two features of this parsing technology are essential for defining the syntax
of language embeddings: the GLR algorithm [Tomita 1985, Rekers 1992] and
scannerless parsing [Salomon & Cormack 1989]. These features are combined
in SGLR [Visser 1997a, van den Brand et al. 2002].

2.4.1 SDF Overview

The SDF syntax definition formalism supports concise and natural expression
of the syntax of context-free languages. SDF integrates lexical and context-
free syntax in a single formalism. The complete syntax of a language is thus
defined in a single definition. SDF supports the entire class of context-free
grammars. SDF does therefore not restrict the grammars to a subclass of the
context-free grammars, such as LL or LALR. SDF syntax definitions can be
split into modules, and SDF modules can be reused in different syntax defi-
nitions. Disambiguation of grammars is not done by grammar hacking, but
by applying special purpose disambiguation facilities in SDF, such as priori-
ties, reject productions, and follow restrictions. To illustrate the key features
we explain a syntax definition of expressions. For more documentation and
examples we refer to [SDF Website, Visser 1997b].

Context-Free and Lexical Syntax

Syntax is defined in syntax sections, which are either context-free or lexical. The
difference between these two kinds of syntax sections is that in lexical syn-
tax no layout is allowed between symbols. In context-free syntax sections
layout is allowed between the symbols of a production. The term context-free
syntax should not be confused with the expressiveness of the production rules.
The expressiveness of the lexical and context-free syntax sections is not differ-
ent: lexical syntax is not restricted to a regular grammar. In fact, lexical and
context-free syntax are even translated into a single core syntax definition
formalism [Visser 1997b].

Lexical syntax sections are used to define constructs such as identifiers,
layout, comments, and literals. Layout is a special nonterminal in SDF named
LAYOUT. A symbol for this nonterminal is inserted between the symbols of pro-
ductions in a context-free syntax section to allow layout between the symbols
there. The following lexical syntax section defines layout (LAYOUT), identifiers
(Id), and integer constants (IntConst).
lexical syntax

[A-Za-z][A-Za-z0-9]* -> Id
[0-9]+ -> IntConst
[\r\n\t\ ] -> LAYOUT

These lexical sorts can be used in a context-free syntax section to define the
more complex constructs of a language. The context-free syntax of the ex-
ample language consists of variables, integer literals, arithmetic operations,
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method invocations and conditional expressions. Note that the definition of
expressions is concise, without the hurdles of introducing additional nonter-
minals to handle priority and associativity of operators.

context-free syntax
Id -> Exp {cons("Var")}
IntConst -> Exp {cons("Int")}

Exp "+" Exp -> Exp {cons("Plus")}
Exp "-" Exp -> Exp {cons("Min")}
Exp "*" Exp -> Exp {cons("Mul")}
Exp "/" Exp -> Exp {cons("Div")}

Exp "." Id "(" {Exp ","}* ")" -> Exp {cons("Call")}
"if" Exp "then" Exp "else" Exp -> Exp {cons("If")}

The productions are annotated with a constructor name (cons("...")). These
constructor names are used to construct an abstract syntax tree from the parse
tree that results from parsing an input text. We use the ATerm format [van
den Brand et al. 2000] for the representation of parse and abstract syntax trees.
The ATerm format is somewhat comparable to XML, but is more structured.
It supports lists, tuples, integers, string literals, and of course constructor ap-
plications. For example, the input 4 + l.get(5) is represented by the ATerm:

Plus(Int("4"), Call(Var("l"), "get", [Int("5")]))

Disambiguation

SDF supports the full class of context-free grammars, including ambiguous
grammars. The implementation of SGLR is able to produce a parse forest
of all possible parse trees, but obviously we would like to define what parse
trees are preferred over others. For the purpose of disambiguation SDF al-
lows separate disambiguation filters instead of hacking the syntax definition
itself into a non-ambiguous form. Separate priority definitions, follow restric-
tions, reject, avoid, and prefer filters can be used to disambiguate a syntax
definition [van den Brand et al. 2002].

The syntax definition above is highly ambiguous for several reasons. First
of all there is an associativity problem for the binary operators. The input 1 + 2

+ 3 can be parsed as either

Plus(..., Plus(...,...)) or Plus(Plus(..., ...), ...)

Since there is more than one possible interpretation, parsing the input will
result in a parse forest. The ambiguous phrases are represented by amb nodes
in the parse tree. Production rules in SDF can be annotated with right, left,
assoc or non-assoc to define the associativity of an operator. In this case the +

operator is left associative, therefore the new production rule is:

Exp "+" Exp -> Exp {left, cons("Plus")}

Another problem is the priority of operators. The input 1 + 2 * 3 can be parsed
as

Plus(..., Mul(..., ...)) or Mul(Plus(..., ...), ...)
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A related problem is the input 4 + x.get(). Although it might seem apparent
that the method get must be invoked on the variable x, this is not the only
possible parse. The input can be parsed as

Plus(..., Call(..., ..., ...)) or Call(Plus(..., ...), ..., ...)

These ambiguities can be solved by defining priorities of production rules.
Priorities in SDF are defined relatively and not by defining priority levels. The
priority of * is usually higher then the priority of + and the priority of the
method call is higher than all operators in our example language. Since such
priorities are not properties of a single production, there is a separate section
in an SDF module for defining priorities. Production rules in priority defini-
tions can also be grouped, which means that their priority is equal. In this
case the associativity of such a group should be defined. If - and + are in the
same priority group, then the associativity of the group determines how for
example the input 1 - 2 + 3 is parsed. The resulting priority definition is:

context-free priorities
Exp "." Id "(" {Exp ","}* ")" -> Exp

> {left:
Exp "/" Exp -> Exp
Exp "*" Exp -> Exp

}
> {left:

Exp "+" Exp -> Exp
Exp "-" Exp -> Exp

}

These priorities solve all ambiguity problems in the example. There is still one
problem left, but it is not an ambiguity problem in this example. The syntax
definition is too liberal: identifiers are not recognized in a greedy way, which
means that the input if 1 then aelse b is valid. Also, the syntax definition
does not forbid if 1 thena else b, since the restriction that keywords cannot
be immediately followed by an identifier character has not been expressed.
The syntax definition must exclude these two input texts by recognizing iden-
tifiers and integer literals in a greedy way and by disallowing a keyword to
be followed by an identifier character. The longest match policy is implicit in
most parser generators, especially in those with a separate scanner. In SDF a
longest match restriction can be defined in the syntax definition itself by using
a follow restriction. A follow restriction A -/- CC forbids that the nonterminal A
is followed by a character from the character class CC.

lexical restrictions
Id -/- [A-Za-z0-9]
IntConst -/- [0-9]
"if" "then" "else" -/- [A-Za-z0-9]

2.4.2 The Importance of Modularity

Modularity is essential for the definition of the syntax of language embed-
dings. To make the embedding of the syntax of a language A in a host lan-
guage B concise and maintainable, it must be possible to develop the syntax
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definitions of language A and B independently from each other. Modularity
in the definition of language embeddings becomes even more important if
more than one language needs to be embedded. For example, XML and SQL,
XPath and XML, Java and XML. Defining these embeddings in a single syntax
definition is unacceptable from the point of view of clarity, maintenance, and
reusability.

Most syntax definition techniques that are used in practice are limited to
some subset of the context-free grammars, since they target a parser generator
that applies a certain restricted parsing algorithm. This is illustrated by the
fact that most syntax definition languages are coupled with a parser genera-
tor implementation. Depending on the parsing algorithm that the generated
parser is using, the syntax definition is restricted to a certain subclass of the
context-free grammars, such as LALR for YACC, CUP and SableCC, or LL for
ANTLR and JavaCC. Restricting syntax definitions to some proper subclass of
context-free grammars is to a certain extent acceptable for generating parsers
from monolithic syntax definitions of single programming languages, but it is
not for combining programming languages, for example in the embedding of
languages in host languages.

An interesting formal result is that there is no proper subclass of the context-
free grammars that is closed under union. As a consequence, grammar lan-
guages that are restricted to some proper subset of the context-free languages
cannot be modular since the combination of two, for example LR, syntax def-
initions is not guaranteed to be in this subset. Therefore, SDF supports the
full class of context-free grammars.

Supporting the full class of context-free grammars in a syntax definition
formalism introduces some challenges to the applied parsing technology. Par-
sers and parser generators that allow the full class of context-free grammars
apply Generalized LR (GLR) [Tomita 1985, Rekers 1992] or Earley [Earley
1970] parsing. The GLR parsing algorithm maintains multiple LR parsing
states in parallel. At phrases where the parser cannot choose from multiple
production rules to apply, it forks the current parser. The forked parsers meet
again if a token in the input is to be parsed with the same nonterminal.

The modularity features of SDF are comprehensive. Since using modular
syntax definition in SDF introduces not a single awkwardness, defining syn-
tax definitions in a modular way is even encouraged. Renamings make the
combination and isolation of syntax definitions very flexible as explained in
Section 2.3.2. SDF is modular to the core.

2.4.3 The Importance of Scannerless Parsing

Most parsers apply a separate scanner for lexical analysis. The purpose of
this lexical analysis phase is to break up the input into tokens, such as iden-
tifiers, numbers, layout, and specific keywords (e.g. if, switch, try, catch).
That is, the lexical analysis phase decides what kind of token a lexeme is.
A separate lexical analysis phase allows the parser to operate on the list of
lexemes, ignoring their actual contents. The lexical syntax of a language is
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usually specified by regular expressions. The scanner applies finite automata
to recognize the tokens specified by these regular expressions.

Context of Tokens Scanners that do not interact with the parser cannot con-
sider the context of a sequence of characters in the decision which token a
sequence represents. This is essentially the reason for having reserved key-
words, which cannot be used as identifiers in the language. The separate
lexical analyzer is also the reason for not allowing nested block comments
(/* /* */ */) and for disallowing a -- b to be parsed as a - (-b). Thus, the
lexical analyzer decides what token a list of characters represents, without
considering the context of the tokens in the input stream.

This may be reasonable for parsing inputs written in a single language,
in particular since this language can be designed with these restrictions in
mind. Yet, it is more problematic when the input consists of a combination of
languages. By not considering the context of a sequence of characters in the
input stream, it is impossible to assign it different tokens, since this ultimately
depends on the context of the lexeme. As regards embedded languages, the
scanner cannot assign different token types to the same lexeme in embedded
code and in host code. This is a serious problem if the lexical syntax of the
embedded language is entirely different from the lexical syntax of the host
language. It is not a problem if the embedded language is the same language
as the host language (for example Java embedded in Java), since the lexical
syntax is in this case not different in the embedded code fragments. However,
embedding XML in Java is more challenging, since the lexical syntax of XML is
completely different from Java. In this case the lexical analyzer must consider
the context of a sequence of characters before deciding what kind of token it
is.

Preserve Structure of Lexemes A scanner usually passes lexemes as an un-
structured atomic value to the parser. The internal structure of the tokens
is thus not preserved. This is a pity since tokens such as floating point and
String literals can have quite a complex structure. The string literal "Hello\r\n
world!" will typically result in the token "\"Hello\\r\\n world!\"". The se-
mantic tools that operates on parse (or abstract syntax) trees must analyze the
structure of the tokens again to determine its meaning. However, preservation
of the structure of a lexeme is essential if it must be possible to escape to the
metalanguage inside a token. We have already seen such escapes in our exam-
ples, namely the escape in XML attribute values and Java string literals (see
Section 2.3.3). Parsing with a separate scanner does not support such struc-
tured lexemes, since lexemes are passed as a plain sequence of characters to
the parser. In scannerless parsing the structure of lexemes can be preserved. For
example, in our Java tools the string literal above is represented as:

String([
Chars("Hello"), NamedEscape(114), NamedEscape(110), Chars(" world!")

])

The preservation of lexical structure is mostly a matter of convenience if pars-
ing inputs of single programming languages. However, for the embedding
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of a language in a host language, the preservation of lexical structure is ex-
tremely useful, if not a requirement. For example, the following XML attribute
contains an escape to the meta level inside an XML attribute:

<a href="http://www.<% s %>.org">Stratego/XT</a>

In scannerless parsing the structure of the attribute value can be preserved.
In the embedding of XML in Java, the attribute is represented as:

Attribute(
QName(None, "href")

, DoubleQuoted([
Literal("http://www.")

, Literal(FromExpr(ExprName(Id("s"))))
, Literal(".org")
])

)

Note that preserving the structure of lexical syntax is related to the context
of tokens. The content of a string literal is in a sense an embedded language.
Scanning string literals could result in separate tokens of the lexical syntax
of this language. This requires the scanner to know about the context of a
sequence of characters. After all, the lexical syntax of this ‘embedded’ string
literal language is completely different from the lexical syntax of the host
language.

Solutions Of course these problems can all be solved in hand-written scan-
ners. Such a scanner can interact with the parser in arbitrary ways. However,
writing efficient parsers and scanners by hand that can handle ambiguous
input streams is very difficult. Writing scanners and parsers by hand is in
general not an option if languages need to be combined.

The solution is to discard the separate lexical analysis phase completely.
The parser directly operates on the characters of the input. In syntax defi-
nitions for scannerless parsers the lexical syntax and context-free syntax can
be specified in a single syntax definition formalism. Hence, the full syntax of
a language is specified in a single definition. All information regarding the
disambiguation can be in the same syntax definition and there are no implicit
disambiguation rules based on the parser technology that is applied. Since the
parser operates on individual characters the context-free analysis of the parser
can be used to determine the types of individual characters. Thus, the context
of the character is taken into account. If a certain token is not expected at a
certain location in the input, then it will not be considered. Parsing without a
separate scanner is called scannerless, a term that was coined in [Salomon &
Cormack 1989]. This solution combined with the GLR algorithm is known as
Scannerless Generalized LR parsing [Visser 1997a]. The parser generator for
SDF (pgen) generates a parse table for a Scannerless Generalized LR parser
(sglr). The implementation is available at [ASF+SDF MetaEnv, SDF Website].
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2.5 P R E V I O U S W O R K

SDF [Heering et al. 1989] was originally designed for use as a general syn-
tax definition formalism. However, through its implementation it was closely
tied to the algebraic specification formalism ASF+SDF [van Deursen et al.
1996], which is supported by the ASF+SDF Meta-Environment [van den Brand
et al. 2001]. Redesign and reimplementation as SDF2 [Visser 1997b, van den
Brand et al. 2002] has made the language available for use outside the Meta-
Environment. SDF2 is also distributed as part of the Stratego/XT bundle
of program transformation tools [Visser 2004, de Jonge et al. 2001]. Syntax
definition in SDF2 is limited to context-free grammars. This is a limitation for
languages with context-sensitive syntax such as that of Haskell (offside rule).
However, in the setting of embedded concrete syntax, in which small frag-
ments are used and not all context is always available, any parsing technique
will have a hard time. The combination of SDF with ASF was the first to use
SDF for the definition of embedded syntax.

Stratego [Visser et al. 1998, Visser 2004, Stratego Website] is a language for
the implementation of program transformation based on rewrite rules under
control of programmable rewriting strategies. Rewrite rules transform first-
order terms. In [Visser 2002] an extension of Stratego with concrete syntax
for the program fragments manipulated by its rewrite rules is introduced.
The paper presents a single generic assimilation transformation, mapping term
representations of abstract syntax trees into Stratego terms, similar to the as-
similation of Java programs to ATerms in Section 2.3.4. The paper also gives
an outline of a general architecture for extension of an arbitrary host language
with concrete syntax.

In [Fischer & Visser 2004] the approach is extended to Prolog as a metalan-
guage, mainly to provide concrete syntax for the schemas of the AutoBayes
program synthesis engine. Since Prolog is also a term-based language the
assimilation is defined in a similar generic way.

The contributions of this chapter are the extension of the approach to an
object-oriented host language, the targeting of specific APIs by the assimila-
tion transformation, and the specific extensions of Java for code generation,
XML generation, and user interface construction. The design of Swul and its
embedding in Java is a nice by-product of this project.

2.6 R E L AT E D W O R K

There have been many other approaches to make programming languages
syntactically extensible. We give an overview of such approaches and discuss
their relation to MetaBorg.

2.6.1 Extensible Syntax

The extensible syntax [Cardelli et al. 1994] applied in the implementation of
F<: [Cardelli 1993] was the first step into incremental syntax definition by
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extending and restricting a small core language. The definition of syntax ex-
tensions and the assimilation into the host language are in the source code of
the host language. Syntax extensions can be local (syntax ... in ... end)
or defined at top-level. The syntax can be defined incrementally by updating,
extending, or adding production rules to an existing grammar. The syntax ex-
tensions include a rewriting to the host language by constructor applications
or action definitions that rewrite the syntax directly to the target language.

The implementation of extensible syntax is based on LL parsing, which
makes the syntax definition cumbersome and not modular, since the class of
LL grammars is not closed under union and concatenation. It would be in-
teresting to develop a comparable inline extensible syntax mechanism based
on the more powerful parsing technique of scannerless generalized LR pars-
ing, which was not mature enough when extensible syntax was developed.
The latest work in this direction is the extensible generalized LR parser Dyp-
gen [Onzon 2007] for Objective Caml. Dypgen supports extensible syntax, but
the lexical syntax of the base language cannot be extended. Also, modifying
the syntax triggers a reconstruction of the full parse table. Chapter 6 addresses
this issue using parse table composition. Integration of parse table composition in
a runtime extensible parser is future work.

Although the implementation of user-definable syntax in this work is very
flexible (despite the LL parsing), we do not believe that there is a need for
defining ad-hoc syntax extensions so powerful. Rather, in practice syntax ex-
tensions are carefully designed in a separate role. Developing appropriate
domain-specific syntax extensions of a host language is thus a separate role
and does not necessarily need to be performed in the host language. The im-
plementation can be provided in separate tools. The additional advantage of
these separate tools is that the metaprogrammer can choose the most appro-
priate programming language for implementing an assimilation. The Meta-
Borg method aids the implementation of these tools by providing powerful
and generic tools for parsing and assimilation into the host language.

2.6.2 Harmonia’s Blender

Blender [Begel & Graham 2004], developed in the Harmonia project, targets
parsing inputs that cannot be designed to be non-ambiguous. Begel and Gra-
ham [Begel & Graham 2004] thoroughly analyze the problems in handling
ambiguous inputs, especially embedded languages. Blender generates from
Flex- and Bison-like definitions a lexical analyzer, parse tables and class defi-
nitions for representing abstract syntax trees in C++.

Blender applies GLR parsing with an incremental lexical analyzer that is
forked together with the LR parsers in the GLR algorithm. The scanner is
thus not completely separated from the parser, but parsing is not scanner-
less. If multiple lexical types can be assigned to a token, then the scanner
reports all possible interpretations to the parser. For each interpretation of
a token a parser and scanner is forked. This approach was also used by the
implementation of SDF before the introduction of scannerless parsing [Heer-
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ing et al. 1989]. The approach was abandoned because of huge numbers of
forks and the increased complexity of the algorithm when trying to reduce
the number of forks. In addition, the use of context-free grammars instead of
regular grammars greatly increases expressivity, allowing nested comments
and anti-quotation within lexical syntax, for example.

GLR parsing where the scanner is forked together with LR parsers should
solve most issues with using a separate scanner. We have not been able to
investigate whether this is really a performance improvement over Scanner-
less Generalized LR parsing, since no benchmarks are provided and Blender
is not available for download. The main argument for not using scannerless
parsing in the Harmonia project is to facilitate interactive environments using
incremental parsing. In our view parse trees of scannerless parsing can be
persisted as well and be reused to reparse just the edited parts. Begel and
Graham suggest this as well and remark that the size of the parse trees might
be a problem. However, the efficient ATerm format [van den Brand et al. 2000]
has already proven to be successful in reducing the size of parse trees through
maximal sharing.

Syntax definitions of Blender are modular, thus languages can be devel-
oped and maintained independently. Unfortunately, the syntax definition for-
malism used in Blender is much less concise than SDF. The lexical analyzer
applies longest match and order-based matching. Although this is appropri-
ate for most programming languages, we believe that implicit disambiguation
by the parser should be avoided. Order-based selection is especially prob-
lematic if the lexical syntax is defined in several modules, as is typically the
case when defining the syntax of an embedded language. The built-in pref-
erence for the longest match and tokens defined first, requires insight in the
algorithms applied by the lexical analyzer generator. This makes debugging
of the syntax definition more complex and requires studying traces of the
parser. The declarative disambiguation methods of SDF allow the complete
definition of the syntax of a language, independent from the tools applied to
the definition.

2.6.3 Jakarta Tool Suite (JTS)

The Jakarta Tool Suite (JTS) [Batory et al. 1998] is a set of tools for extending
Java with domain specific constructs. The main tools of JTS are Jak, which
allows metaprogramming for Java in Java using the Java concrete syntax, and
Bali, a frontend of JavaCC [JavaCC Website]. JTS targets the implementation
of component-based generators, called GenVoca generators.

The Jak language of JTS supports the generation of Java programs by us-
ing the concrete syntax of Java in Java. Code fragments are embedded in
tree constructors (for example exp{...}exp). From these fragments it is pos-
sible to escape to the meta language by an escape such as $exp(...). The
Jak language is comparable to our JavaJava language, but since our embed-
ding is entirely user-definable and easy to extend, JavaJava supports a wider
range of quotations (tree constructors) and anti-quotations (escapes). In Java-
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Java the explicit declaration of nonterminals in tree constructors and escapes
is not required if the nonterminal of code fragments can be determined by
the parser. This makes code fragments much more concise. We would like
to remove even more nonterminal declarations by disambiguating the code
fragments in an extended type checker for Java. This future work is discussed
later. In addition to anti-quotations, JavaJava also supports metavariables which
is a very compact embedding of variables from the meta language in the gen-
erated code fragments. Both solutions guarantee the syntactic correctness of
the code fragments and construct an abstract syntax tree representation of the
generated code.

Jak also features a matching facility. We have not implemented this yet
in JavaJava, because there is no easy mapping of match statements to exist-
ing APIs or language constructs in Java. The Tom pattern matching com-
piler [Moreau et al. 2003] could be used to implement support for patterns in
concrete syntax.

JTS Bali is a tool for generating tools for extensions of Java. Bali is a front-
end of JavaCC. Bali generates abstract syntax tree definitions and a parser by
passing a grammar to JavaCC. Relying on JavaCC parsing technology intro-
duces a lot of problems. Syntax definitions are much less concise compared
to SDF and even to other available parser tools. JavaCC is an LL(k) parser
generator, which implies that grammars are not composable and have to be
manipulated to solve ambiguities. This parsing technology is appropriate for
parsing languages that are designed not to be ambiguous, but in a toolkit
for defining language extensions it is a major issue, as has been discussed in
Section 2.4.

Bali composes grammars by combining the lexical and grammar rules. This
merging is not guaranteed to succeed since LL(k) grammars are not compos-
able. Bali uses heuristics to combine lexical rules such that the best results
are produced in the common cases. Lexical scanners prefer the longest match
and select rules that apply by order. Therefore, keyword rules are put before
the more general rules, such as for identifiers. This implies that keywords
for the embedded language may cancel use of those keywords as identifiers
in the host language. The syntax definition and parsing techniques of SDF
are much easier to use and can be applied for arbitrary embeddings. Because
of the parser technology which Bali relies on, Bali will not be able to handle
syntactic extensions that have an entirely different lexical syntax. SDF has no
problem such embeddings, as discussed in Section 2.4.

2.6.4 Syntax Macros

Syntax macros [Leavenworth 1966] define syntactic abstractions over code
fragments. Syntax macros usually operate on abstract syntax tree representa-
tions of programs. A syntax macro accepts abstract syntax tree arguments and
generates a new abstract syntax tree that replaces the syntax macro invoca-
tion. To ensure the production of syntactically correct programs, the resulting
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abstract syntax tree of a syntax macro invocation must be of the same type as
the macro invocation.

In all implementations of syntax macros, a macro invocation must start
with a unique macro delimiter, which is usually an identifier consisting of
letters. This identifier indicates the syntax macro that is invoked. Such a
macro delimiter is required since the syntax of macro invocations is defined
in the input file itself. Some syntax macro implementations allow overloading
of these identifiers to refer to different syntax macro definitions using the
same identifier. The fixed syntax for a macro invocation is in many cases
acceptable. The fixed syntax for invocations can even result in attractive, data-
like, programs (called a Very Domain-Specific Language, VDSL, in [Brabrand
& Schwartzbach 2002]).

However, the fixed invocation syntax of syntax macros is a limited exten-
sion of the syntax of the host language. The embedding of a domain-specific
language in MetaBorg can be an arbitrary context-free language. The expres-
sivity of our extensions is illustrated by the embedding of Java, XML, a tuple
syntax, and Swul. MetaBorg also allows an embedded language to use an en-
tirely different lexical syntax, which is not the case for syntax macros, where
lexical analysis of the macros is performed by the scanner of the base lan-
guage. In particular, this feature of MetaBorg is illustrated by the embedding
of XML in Java.

The main difference between syntax macro systems is the expressiveness
of argument definitions. The most limited systems only allow a fixed num-
ber of arguments, usually with a syntax comparable to procedure calls. The
most expressive systems are MS2 [Weise & Crew 1993], which allows regu-
lar languages, and Dylan [Shalit 1996] and Metamorphic Syntax Macros [Brabrand
& Schwartzbach 2002], which allow context-free languages. The nontermi-
nals appearing in actual arguments of macros in Dylan, are not represented
as abstract syntax trees, but as a list of tokens. In [Brabrand & Schwartzbach
2002] the user-defined nonterminals are represented as an abstract syntax tree.
These user-defined nonterminals are however required to have a fixed asso-
ciated nonterminal in the host language. The MetaBorg method releases this
restriction by completely separating the assimilation into the host language
from the syntax definition of language extensions.

Implementations of syntax macros also differ in the expressivity of the
rewriting to the base language in the syntax macro definitions, called assimila-
tion in MetaBorg. Usually a syntax macro definition consists of the definition
of the invocation syntax, which is some language over terminals and nonter-
minals of the host language. The arguments of the syntax macro can be used
in the definition of code to be produced by a macro invocation. In [Leav-
enworth 1966] conditional syntax macros were already proposed, which in-
creases the expressivity of the rewriting language. In the programmable syn-
tax macros of MS2 [Weise & Crew 1993] the macro language is a small exten-
sion of the host programming language. This extension is targeted at rewrit-
ing syntactic extensions to the base language. C++ templates are well-known to
be Turing complete, but this expressivity is not based on rewriting trees, but
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on constant folding.
The Java Syntactic Extender (JSE) [Bachrach & Playford 2001] macro system

is mainly inspired by Dylan. The expressiveness of the syntax that can be
introduced is limited. As in most macro systems, a macro identifier is required
in invocations and the parser used by JSE is not extensible. Rather, a source
file is parsed by a fixed parser to a ‘skeleton syntax tree’ (SST). The SST is a
lexical representation of a Java source file, but it is somewhat more structured
than a plain sequence of tokens. JSE macros are implemented in Java and
operate on the SST, i.e. lexical syntax. Hence, the source code fragments
that are manipulated by JSE are not syntactically structured and JSE does
not guarantee that the fragments are syntactically correct. Processing of the
input arguments is done by pattern matching, or by arbitrary procedural code.
Therefore, JSE supports any syntax extensions that can be represented in the
SST, but it is not possible to introduce syntax that does not conform to the
lexical syntax of Java. To improve error reporting, JSE tries to maintain the
original source code location in the generated code. The source location will
be lost if arbitrary manipulations of the SST are performed.

For a more extensive survey of the properties of various systems supporting
syntax macros, see [Brabrand & Schwartzbach 2002].

2.6.5 Lexical Macros

Lexical macro languages, such as CPP [CPP Manual] and M4 [GNU M4 Web-
site], replace characters or tokens in an input file by a sequence of tokens
defined in the macro definition. Macro definitions consist of an identifier of
the macro, a fixed number of arguments, and a sequence of characters and
references to the arguments of the macro. Lexical macros provide abbrevia-
tions at the lexical level of a language. Lexical macro languages do not have
any knowledge of the structure of the input file and the context of a macro in-
vocation. This may be considered an advantage, since these macro languages
can thus be used for input files of arbitrary languages. On the other hand
this is an disadvantage since the macro language cannot use language specific
knowledge to make the substitution more reliable. Since the lexical syntax
must identify parts of the input that form a macro invocation, the invocation
syntax is not liberal enough to allow the extension of languages with domain-
specific notations. Using lexical macros is error-prone since the result of the
macros can interfere with the context of the invocation and is thus parsed en-
tirely differently than might be expected. Lexical macros are therefore usually
loaded with parentheses to enforce correct parsing.

2.6.6 Metafront

Metafront [Brabrand et al. 2003] was designed as a more general solution to
the parsing issues experienced in metamorphic syntax macros [Brabrand &
Schwartzbach 2002]. Metafront applies a novel parsing algorithm: specificity
parsing. Metafront extends the formalism of context-free grammars with a
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separate set of regular terminal languages. The lexical syntax of a language
is thus still defined separately from the context-free syntax, but there is not
a separate scanner and parser tool. However, Metafront is not a scannerless
parser in the sense of not tokenizing the input stream at all. It uses a separate
scanner for tokenizing the input file. If at a certain point in the input stream
multiple options out of the set of terminal languages are available, then the
most specific one is chosen. Specificity parsing thus has a built-in preference
for the longest token. Specificity parsing in Metafront does not return to
a choicepoint in the input stream; it immediately commits the choice for a
certain token. Left recursion is not allowed in syntax definitions to ensure
termination. Metafront adds a form of lookahead called attractors to solve
ambiguities if there is not a most specific token. An attractor specifies after
how many successful tokens for a certain production this alternative must be
chosen. Attractors are also used to reject certain alternatives.

Because of the attractor disambiguation construct, syntax definitions in
Metafront are less concise then syntax definitions in SDF2. Left recursion has
to be removed, which is unfortunate. However, Metafront syntax definitions
are indeed modular, unlike other parser generators that do not use Earley or
GLR. The main goal of Metafront is not to sacrifice performance when there
is a need for extensible syntax definitions. Since the current implementation
is a prototype that interprets language definitions, it is difficult to determine
whether specificity parsing will in practice have significantly better perfor-
mance than Scannerless Generalized LR parsing.

Metafront also features a transformation language. Metafront transforma-
tions are guaranteed to terminate and will transform syntactically correct in-
put to syntactically correct output. It is unclear to us why termination guar-
antees are important in this context. Guaranteeing termination sacrifices the
expressivity and abstraction facilities of the transformation language and we
prefer a more expressive language over termination guarantees. In the Strat-
ego/XT project we have developed many complex transformations, in partic-
ular program optimizations. Testing transformations has in practice proven
to be sufficient to see whether a transformation terminates or not. It would be
interesting to separate Metafront in a parsing and transformation component
and experiment with the performance of specificity parsing.

2.7 F U T U R E W O R K

2.7.1 Application Domains

There are many opportunities for applying MetaBorg to create domain-specific
extensions of Java and other host languages. We summarize some of our ideas
to give more insight into the scope of concrete syntax for objects.

In linguistic reflection a program can generate new programs at runtime and
execute these generated programs as part of its own execution [Kirby et al.
1998]. Linguistic reflective programs are program generators and as such
the generator is concerned with the syntactic and semantic correctness of the

Chapter 2. Concrete Syntax for Objects 43



generated programs. In [Kirby et al. 1998] programs are generated by con-
structing a textual representation in strings, which is unclear and error-prone.
The authors suggest as further work to generate code using an abstract syn-
tax and place the challenge to have the generator code look as the generated
language would normally be written. Our solution for embedding languages
using MetaBorg makes this possible by embedding a concrete syntax for the
abstract syntax of a programming language.

Linguistic reflection tools targeting a specific platform might even target
standardized abstract syntax trees such as the CodeDOM of .NET. These ab-
stract syntax trees can then be accepted directly by a compiler or interpreter,
which makes an expensive and error-prone intermediate textual form unnec-
essary. It might even be possible to directly compile embedded fragments to
Java bytecode or the .NET Intermediate Language5, for example by defining
a concrete syntax for the objects used by an existing byte code construction
library, such as the Byte Code Engineering Library (BCEL) [BCEL Website].

JJTraveler [Visser 2001] is a visitor combinator framework for Java. Visitor
combinators can be used to compose a tree traversal rewriting functionality
from basic visitor combinators. The set of basic combinators of JJTraveler is in-
spired by the strategy primitives of Stratego, a strategic program transforma-
tion language where rewriting rules are applied according to user-definable
rewriting strategies. However, JJTraveler visitor construction is somewhat ver-
bose compared to the concise notation for strategies in Stratego. In essence
JJTraveler provides classes for all strategy operators of Stratego. The embed-
ding of concrete syntax for these strategy operators would be an interesting
application of MetaBorg.

Doug Lea’s java.util.concurrent library introduces useful abstractions for con-
current programming. This library provides utility classes for concurrent pro-
gramming developed in [Lea 2000]. Other programming languages already
have these abstractions over the low-level facilities for concurrent program-
ming as built-in constructs. Domain-specific notations for these abstractions
can be developed with MetaBorg as an extension of the Java language.

XQuery is a query language developed by the W3C. It enjoys wide support
by researchers and the industry. JSR 225 aims at standardizing an API for
evaluating XQuery operations. XQueries are however even less attractive for
inclusion in String literals than XPath and SQL statements since the queries
tend to be larger and span multiple lines. Obviously, this language needs to
be embedded in Java to make static syntactic verification possible and embed-
ding of values from the host language easier and more secure.

2.7.2 Open Compilers

Open compilers can improve the integration of MetaBorg based embedded
languages in the compilation process. Assimilators can be arbitrarily complex
and in some cases they will need to have more detailed semantic information

5Indeed, the new open compiler approach of Kats [Kats 2007] is based on embedding bytecode
syntax in Java to facilitate code generation and the implementation of language extensions.
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on the input program than a structured representation of the input program
in an abstract syntax tree provides. We already experience some problems
where assimilators needed to know the type of expressions.

Improved integration of the assimilators in the compiler will provide the
required information to the assimilator and will improve the analysis that can
be performed on programs with a reasonable amount of work. Application
of assimilators in different phases of an open compiler (e.g. parsing, semantic
analysis, and translation to intermediate code) will improve error reporting
since the aspects of assimilation into the host language can be implemented
separately for each phase by extending components of the open compiler.

A useful experiment of extending the components of an open compiler is
delayed disambiguation in the input programs. In many cases the embedding
of a language requires disambiguation because the fragments of the embed-
ded language can be parsed as more than one nonterminal. In the embedding
of Java in Java this disambiguation is performed by optionally prefixing the
fragments with exp and bstm to indicate the nonterminal of the fragment. In
the embedding of XML in Java the nonterminal of anti-quotations has to be
defined since the anti-quotation might refer to character data as well as con-
tent. When this explicit disambiguation is required is not always clear and
excessive use of disambiguations makes the code less concise.

An interesting solution to this problem is to solve the ambiguities by means
of interaction with a type-checker. From a fragment such as Expr e = expr |[

1 + 2 ]| it is easy to see that there is unnecessary duplication of type dec-
larations. If the type-checker of the host language can be extended, then
during type-checking the appropriate alternative from a set of ambiguous ab-
stract syntax trees can be chosen. By preserving the ambiguities until the type
checking phase they can be handled at this point. This requires the parser to
be able to report all possible parses, which SGLR supports. In Chapter 3 we
discuss the method of a disambiguating type-checker in detail.

2.8 C O N C L U S I O N S

Programming language design these days often is about selecting candidates
for tasteful inclusion in the core language. Design patterns and application
libraries are among the candidates for assimilation into the host language.
Extending existing programming languages with new features that used to
be provided by libraries has several advantages. The core language can pro-
vide an attractive syntax for these features, and tools such as type-checkers,
refactoring tools, IDEs and debuggers will (need to) have built-in knowledge
of the extensions.

Cω (first called Xen [Meijer & Schulte 2003b, Meijer & Schulte 2003a]) lifts
the area of data-access to the language level. To this end, it makes the type
system of the host language more general and extends the language of ‘object
literals’ with an alternative XML syntax. Cω provides languages features for
iterating, collecting, filtering, and applying functions over data structures. The
Xtatic language [Xtatic], a follow-up of XDuce [Hosoya & Pierce 2000], extends
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an existing programming language with XML specific support as well, but
uses a translation into the host language, which is C#.

However, the growth of a language with more domain-specific constructs
is limited by the general application area of the language. Extensions of the
language can potentially be applied in all code written in this language. There-
fore very domain-specific notation will never be accepted to the core language
itself. The kitchen sink is only interesting for kitchen related applications.
Hence, language extensions tend to abstract over control-flow rather than over
data. A domain-specific concrete syntax for objects will usually not be lifted
to the host language, since objects are much more application specific than
routines.

Syntax macros take domain-specific extension to the other extreme by al-
lowing the programmer to extend the host language within the program itself.
This is a very lightweight extension of the language, but is restricted by a host
of technical problems. Our MetaBorg method is somewhere in between de-
signing a new language and ad-hoc extensions with syntax macros. Since
extensions need to be defined carefully by a domain expert, domain-specific
notations are introduced in a separate role. To conclude, MetaBorg is more
flexible than Cω in that it does not target a specific domain and MetaBorg
allows arbitrary extensions, as opposed to syntax macros. We expect that ex-
tensions will be implemented in MetaBorg or similar toolkits before they are
assimilated into the host language for good. For those extensions that will
never make it there, MetaBorg provides the way to still make them available
to application programmers.
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3
Generalized Type-Based Disambiguation of
Concrete Object Syntax

A B S T R A C T

In metaprogramming with concrete object syntax, object-level programs are
composed from fragments written in concrete syntax. The use of small pro-
gram fragments in such quotations and the use of meta-level expressions
within these fragments (anti-quotation) often leads to ambiguities. This prob-
lem is usually solved through explicit disambiguation, resulting in consider-
able syntactic overhead. A few systems manage to reduce this overhead by
using type information during parsing. Since this is hard to achieve with tra-
ditional parsing technology, these systems provide specific combinations of
meta and object languages, and their implementations are difficult to reuse.

In this chapter, we generalize these approaches and present a language in-
dependent method for introducing concrete object syntax without requiring ex-
plicit disambiguation. The method uses scannerless generalized LR parsing
to parse meta programs with embedded object-level fragments, which pro-
duces a forest of all possible parses. This forest is reduced to a tree by a
disambiguating type-checker for the metalanguage. To validate our method
we have developed embeddings of several object languages in Java, including
AspectJ and Java itself.

3.1 I N T R O D U C T I O N

Meta-level programs analyze, transform, and generate object-level programs. It is
commonly agreed that such program manipulations are best carried out on a
structured representation of the object program in order to achieve composi-
tionality of transformations and to guarantee well-formedness of the resulting
program. Furthermore, structured representations support type safety and
hygiene more easily. However, the notation for structured representations is
usually verbose and rather different from the notations of the language under
consideration, rendering it impractical as a syntax for object programs. Using
the concrete syntax of the object language as a notation for this structured
representation provides the best of both worlds. The metaprogram can be
written using the concise, well-known syntax of the object language, while
the underlying representation is still structured.

Syntactically checked concrete object syntax is now available in many meta-
programming systems. Syntax macro systems such as <bigwig> [Brabrand &
Schwartzbach 2002], code generators such as Jak (JTS/AHEAD) [Batory et al.
1998] and Meta-AspectJ (MAJ) [Zook et al. 2004], and program transformation
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systems such as ASF+SDF [van Deursen et al. 1996], DMS [Baxter et al. 2004],
Stratego/XT [Visser 2002] and TXL [Cordy et al. 1991] all provide concrete
object syntax. Some of these systems are designed for a specific object lan-
guage, others are configurable for different object languages. In [Visser 2002]
we presented a general architecture for introducing concrete syntax for any
object language in any metalanguage. The approach employs modular syntax
definition in SDF and Scannerless Generalized LR (SGLR) parsing for defin-
ing the syntax and parsing the combined meta and object language [Visser
1997b, van den Brand et al. 2002].

A remaining problem of concrete object syntax is that the syntax of the
combined meta and object languages is usually highly ambiguous if the ob-
ject language is embedded using a single pair of quotation and anti-quotation
symbols. Most systems solve this by using a different quotation and anti-
quotation symbol for each nonterminal of the object language, leading to con-
siderable syntactic clutter and requiring the metaprogrammer to be intimately
familiar with the syntactic structure of the object language. Because of the ir-
regularity of the embedding, the set of syntactic categories that can be quoted
and unquoted is usually limited. Moreover, in a language with manifest typ-
ing that already requires programmers to declare the types of all variables,
the disambiguation of quotations feels redundant. For example, consider the
following fragment written in Jak (part of the JTS/AHEAD Tool Suite [Batory
et al. 1998]):

Stmt stm2 = stm{ if($exp(e1)) { $stm(stm1); }; }stm;

Here a statement stm2 is constructed from an expression e1 and a statement
stm1. The syntactic categories of the quotation stm{...}stm and the antiquo-
tations $exp(e1) and $stm(stm1) within it are explicitly indicated using the
identifiers stm and exp.

Meta-AspectJ (MAJ) [Zook et al. 2004], an extension of Java for the gen-
eration of AspectJ programs, reduces the need for different quotation and
anti-quotation symbols by means of a context-sensitive parser, taking vari-
able declarations into account during parsing. For example, in MAJ the Jak
fragment above can be written as follows:

Stmt stm2 = ‘[ if(#e1) { #stm1 } ]

The syntactic categories of the fragment and the variables are inferred from
the explicit declaration of their types in the program. Thus, MAJ requires
from the programmer less knowledge of the embedding and the syntactic de-
tails of the object language. However, the implementation of MAJ is specific
to the embedding of AspectJ in Java, and is not easily reusable for embed-
dings of other languages, due to a number of limitations. First, the scanner
for meta and object language is the same, which precludes embedding of lan-
guages with a different lexical syntax. Second, it is not possible to extend
the metalanguage with concrete object syntax for multiple languages, since the
implementations of context-sensitive parsing do not compose. Finally, the im-
plementation of parsing and type-checking is tangled, which leads to complex
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Figure 3.1 Architecture of generalized type-based disambiguation.

and hard to maintain code that has limitations that might surprise users. For
example, MAJ cannot always handle overloaded methods that are invoked
with quoted arguments.

In this chapter, we describe an extension of our general architecture for con-
crete object syntax with type-based disambiguation that allows embeddings
with minimal syntactic overhead. The main characteristic of our approach
is that ambiguities are preserved by the parser and are solved in a separate
phase by an extension of a type-checker that operates on an abstract syn-
tax forest. This separation of phases is illustrated in Figure 3.1. As a result,
language embedding and assimilation (expansion of embedded object code
to the metalanguage) can remain compositional. Therefore, it is easy to add
new object languages and to combine object language embeddings. Since am-
biguities are solved after assimilation, the implementation of disambiguation
for a metalanguage is object language independent. However, we require that the
representation of object programs in the metalanguage is typed and that dis-
tinct syntactic categories have a different type in this representation (see Sec-
tion 3.4.4 and 3.5.2). Disambiguation is achieved by a natural and orthogonal
extension of the type system. By separating the issue of disambiguation from
the type-checker, we can handle ambiguities in complex typing situations for
free, hence reducing the number of exceptions and heuristics. Also, the ap-
proach is not restricted to a single metalanguage. Disambiguation is implemented
as an extension of the type checker of the metalanguage, so the method is
restricted to statically typed metalanguages, and not applicable to untyped
languages. Furthermore, the method is particularly suitable (and desirable)
for languages that use manifest typing (e.g. C, Java, C#). We have no experi-
ence with metalanguages using type inference.

We proceed as follows. In the next section we recapitulate the embedding
and assimilation of an object language in a metalanguage. In Section 3.3 we
examine the ambiguities caused by such embeddings and previous solutions
used for them. In Section 3.4 we present a generalized type-based disam-
biguation method for concrete object syntax. In Section 3.5 we describe our
experience with the method in a generic disambiguation implementation for
Java as a metalanguage with embeddings of AspectJ and Java itself. In Sec-
tion 3.6 we discuss previous, related, and future work.
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37 module JavaJava
38 imports Java-15-Prefixed Java-15
39 exports
40 context-free syntax
41 "|[" Expr "]|" -> MetaExpr {cons("ToMetaExpr")}
42 "#[" MetaExpr "]" -> Expr {cons("FromMetaExpr")}

Figure 3.2 Syntax definition for simple embedding of Java expressions in Java

3.2 M E TA P R O G R A M M I N G W I T H C O N C R E T E O B J E C T S Y N TA X

In this section, we recapitulate the general method for adding support for
concrete object syntax to a metalanguage, which was presented in [Visser
2002, Bravenboer & Visser 2004 (Chapter 2)]. Introduction of concrete object
syntax in a metalanguage requires (1) embedding the syntax of the object
language in the meta language and (2) assimilation of the embedded object
code fragments to the metalanguage, expressed in terms of the underlying
structured representation. The generality of the approach is based on syntax
definition in the modular syntax definition formalism SDF for defining the
embedding and the transformation language Stratego for the assimilation.
We illustrate the approach with the introduction of concrete syntax for Java in
Java.

3.2.1 Embedding

The embedding of an object language in a metalanguage requires the combi-
nation of syntax definitions for both languages. From this combined syntax
definition a parser is generated, which is used to parse metaprograms that use
concrete object syntax. Thus, the embedding of Java in Java is achieved by the
module in Figure 3.2. The module imports 38 the Java syntax twice; once as the
metalanguage (Java-15-prefixed) and once as the object language (Java-15).
To avoid confusion between the two languages (or language roles in this case),
the module Java-15-prefixed prefixes the nonterminals of the metalanguage
with ‘Meta’ by renaming them in its import declaration of Java-15.

Next, to actually integrate the meta and object language, the combination
of these syntax definitions is extended with productions that determine the
possible transitions from the metalanguage to the object language (quotation)
and vice versa (anti-quotation). A quotation quotes a fragment of an object-
level program and embeds it in a meta-level program. The first production 41

in Figure 3.2 defines that an object-level Expr between |[ and ]| can be used as
a meta-level MetaExpr. The cons annotation in the production declares the con-
structor to be used in the abstract syntax tree. The following Java statement
illustrates the quotation of a Java method call:

Expression x = |[ resultSet.getInt(4) ]|

The meaning of this statement is Java code for the construction of the abstract
syntax tree corresponding to the quoted fragment.
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An anti-quotation is an escape from a quotation to the meta-level, to splice
in pieces of object code computed elsewhere. The second production 42 in
Figure 3.2 declares that a MetaExpr between #[ and ] can be used as an object-
level Expr. For example, in the following quotation the method argument is
an expression foreignkey that is determined from some domain specification:

Expression x = |[ resultSet.getInt(#[ foreignkey ]) ]|;

3.2.2 Assimilation

Assimilation transforms a program with embedded object code to a pure
meta-level program by translating the embedded fragments to code in the
metalanguage that constructs the underlying abstract syntax tree representa-
tion. For example, in our Java in Java embedding we use the Eclipse JDT Core
DOM [JDT Website] for representing the object programs. Hence, the Java
constructs must be translated to invocations of the methods in this API. The
following Stratego rewrite rules illustrate the assimilation for some Java lan-
guage constructs. The first rule translates a return statement, the second rule
a method invocation. The Stratego rewrite rules use concrete object syntax as
well.

Assimilate(rec) :
|[ return; ]| -> |[ _ast.newReturnStatement() ]|

Assimilate(rec) :
|[ e.y(e*) ]| ->
|[ {| MethodInvocation x = _ast.newMethodInvocation();

x.setName(˜e:<AssimilateId(rec)> y);
x.setExpression(˜e:<rec> e);
bstm*

| x |}
]|
where <newname> "inv" => x

; <AssimilateArgs(rec | x)> e* => bstm*

In the assimilation rules we use a small extension {|stmt*|expr|} of Java,
called an eblock, that allows the inclusion of statements in expressions. The
value of an eblock is the expression. In the assimilation rules, the italic
identifiers (e.g. e, y, and e*) indicate meta-level variables, a convention we
use in all the code examples. ˜e: denotes an anti-quotation where the result
is a Java expression. <s> p applies the rewriting s to the pattern p. s => p

matches the result of s to p. newname creates a fresh, unique, name, which
guarantees hygiene in the assimilation. AssimilateArgs is a helper strategy
that assimilates a list of expressions to arguments of the method invocation.

As an example, consider the result of assimilating the last example above,
which illustrates the advantage of concrete syntax.

MethodInvocation inv = _ast.newMethodInvocation();
inv.setName(_ast.newSimpleName("getInt"));
inv.setExpression(_ast.newSimpleName("resultSet"));
List<Expression> args = inv.arguments();
args.add(foreignkey);
Expression x = inv;
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1 "|[" CompilationUnit "]|" -> MetaExpr {cons("ToMetaExpr")}
2 "|[" TypeDec "]|" -> MetaExpr {cons("ToMetaExpr")}
3 "|[" BlockStm "]|" -> MetaExpr {cons("ToMetaExpr")}
4 "|[" BlockStm* "]|" -> MetaExpr {cons("ToMetaExpr")}

5 "#[" MetaExpr "]"-> ID {cons("FromMetaExpr")}
6 "#[" MetaExpr "]"-> Expr {cons("FromMetaExpr")}

Figure 3.3 Syntax definition for embedding of Java in Java

In the examples of this chapter, the assimilation is embedding specific, since
the mapping of the object language to an existing API is inherently embed-
ding specific. However, if there is a fixed correspondence between the syntax
definition and the API, then the assimilation can be generic. This is typi-
cally the case if the API is generated from the syntax definition using an API
generator such as ApiGen [van den Brand et al. 2005].

3.3 A M B I G U I T Y I N C O N C R E T E O B J E C T S Y N TA X

In this section we discuss how ambiguities can arise when using concrete
object syntax. Also, we discuss how these ambiguities are handled in related
work.

3.3.1 Causes of Ambiguity

Lexical State If a separate lexical analysis phase is used to parse a metapro-
gram, then ambiguities will arise if the lexical syntax of the object language
is different from the metalanguage. The set of tokens of both languages can-
not just be combined, since the tokens of both languages are only allowed
in certain contexts of the source file. For example, pointcut is a keyword in
embedded AspectJ, but should not be in the surrounding Java code.

Quotation Ambiguous quotations can occur if the same quotation symbols
are used for different nonterminals of the object language. If the object code
fragment in the quotation can be parsed with both nonterminals, then the
quotation itself is ambiguous as well. For example, consider the SDF pro-
ductions 1 and 2 in Figure 3.3 that define a quotation for a compilation unit
and a type declaration. With these two quotation rules, the fragment |[ class

Foo { } ]| is ambiguous, since the quoted Java fragment can be parsed as a
compilation unit as well as a type declaration. Note that not all quotations are
ambiguous: if the object code includes a package declaration or imports, then
it cannot be parsed as a type declaration. A similar ambiguity issue occurs if
the embedding allows quotation of lists of nonterminals as well as single non-
terminals. For example, consider the SDF productions 3 and 4 in Figure 3.3
for quoting block statements. A quotation containing a single statement is
now ambiguous, since it can be parsed using both production rules.
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Anti-Quotation Similar ambiguity problems occur when using the same anti-
quotation symbols for different nonterminals of the object language. For ex-
ample, consider the anti-quotations 5 and 6 in Figure 3.3 for identifiers and
expressions. The anti-quotation in |[ #[a] + 3 ]| is ambiguous, since #[a] can
represent an identifier as well as a complete expression.

3.3.2 Solutions

Lexical State Most systems use a separate scanner. The consequence is that
the lexical analysis must consider lexical states and will often assume fixed
quotation symbols to determine the current state. Alternatively, the scanner
can interact with the parser to support a more general determination of the
lexical state. Some other systems just take the union of the lexical syntax,
hence forbidding reserved keywords of the object language in the metalan-
guage. MAJ also reserves several keywords to work around lexical ambigu-
ities (e.g. pointcut is a meta keyword) and some of these keywords are not
even part of the object language (e.g. VarDec and args). ASF+SDF and Strat-
ego both use scannerless parsing for parsing meta programs. Lexical ambiguities
are not an issue in scannerless parsing, since they inherently only occur if a
separate scanner is used.

Explicit Typing Ambiguous quotations and anti-quotations can be solved by
requiring explicit disambiguation by using different quotation symbols. For
example, JTS uses different quotations for the class example: prg{...}prg for
compilation units and cls{...}cls for class declarations. Stratego uses the
same solution, but the disambiguated versions of the quotations are optional:
if there is no ambiguity, then the general quotation symbols can be used. For
example, |[ package foo; class Foo {} ]| is not ambiguous (it is a compilation
unit), but a plain class declaration requires an explicit disambiguation, e.g.
compilation-unit |[ class Foo {} ]|.

JTS solves ambiguities between quotations of a single nonterminal and a
list of nonterminals in two different ways. First, there are specific quotations
for lists, for example xlst{...}xlst for the arguments of a method call. Sec-
ond, some nonterminals only have a single quotation instead of two, where
this single quotation always represents a list. In Stratego, list quotations are
explicitly disambiguated, e.g. bstm* |[ x = 5; ]|.

Context-sensitive Parsing MAJ uses context-sensitive parsing to solve am-
biguous quotations and anti-quotations, by using type information at parse-
time to infer the type of the quotation or anti-quotation to be parsed. Con-
cerning list quotations, if infer is used, MAJ uses a single element if possible
and an array if it must be a list. If the type of the variable is declared, then
this type is considered. For example, the quotation in the statement Stmt[]

stms = ‘[ x = 4; ]; will be parsed to the construction of an array instead of
a single statement. Hence, explicit disambiguation of the quotation itself is
not necessary. Unfortunately, MAJ does not implement full support for the
type system of Java and uses common interfaces for conceptually different
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disambiguation.

AST classes to work around issues in the quotation inference. Section 3.5.2
discusses these problems in more detail.

Grammar Specialization ASF+SDF is a system with first order types. It trans-
lates this type system to a context-free grammar, thus parsers can be generated
that accept only type correct metaprograms. As a result, neither quoting of
object fragments, nor anti-quoting of metavariables, nor explicit typing is nec-
essary in ASF+SDF. However, the type system is limited to first order types
only. Remaining ambiguities are currently solved by using heuristic disam-
biguation filters, such as injection count. In [Vinju 2005] a type-based solution
for these ambiguities is presented, where grammar generation is no longer
necessary.

3.4 G E N E R A L I Z E D T Y P E - B A S E D D I S A M B I G U AT I O N

In summary, quotation and anti-quotation can be used to introduce concrete
syntax for object-level program fragments, but need some form of disam-
biguation. Explicit disambiguation methods introduce syntactic clutter that
obscures metaprograms. Reduction of this syntactic clutter can be achieved
by using type information for disambiguation. While MAJ does a great job at
achieving this for the specific embedding of AspectJ in Java, its implementa-
tion is hard to generalize to other object languages and to the combination of
multiple object languages, because of the poor compositionality of its context-
sensitive parsing algorithm.

In this section, we introduce an alternative approach that generalizes eas-
ily to arbitrary object languages. Indeed it is generic in the embedded object
language and can easily be transposed to other metalanguages, considering
the restrictions on the type system, as mentioned in the introduction. We il-
lustrate the method with the embedding of Java in Java, but stress that the
architecture and implementation is object language independent. The basic
idea of the approach is to perform type-based disambiguation of an abstract syntax for-
est after assimilation. The architecture of our method is illustrated in Figure 3.4.
In the rest of this section we describe the elements of the pipeline.
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3.4.1 Syntax Definition and Parsing

The first stage of the pipeline consists of parsing the metaprogram with a
parser generated from the combined syntax definition. This phase preserves
all the ambiguities in the metaprogram, by employing generalized LR pars-
ing. The result is a parse forest, that is, a compact representation of all possible
parses of the program. At points where multiple parses are possible the forest
contains ambiguity nodes consisting of a set of all alternative parse trees, or in
fact forests, since ambiguities can be nested. As a technical note, we actually
consider abstract syntax forests, that is parse forests with irrelevant information
such as whitespace, comments, and literals removed. For example, the Java
assignment statement dec = |[ class Foo {} ]|; is parsed to the following ab-
stract syntax forest in term notation (where we have elided some details of
the structure of class declarations having to do with modifiers and such):

Assign(
ExprName(Id("dec"))

, 1> ToMetaExpr(CompilationUnit(... ClassDec(... Id("Foo") ...) ...))
2> ToMetaExpr(ClassDec(... Id("Foo") ...))
3> ToMetaExpr([ ClassDec(... Id("Foo") ...) ])
4> ToMetaExpr(ClassDecStm(ClassDec(... Id("Foo") ...)))
5> ToMetaExpr([ ClassDecStm(ClassDec(... Id("Foo") ...)) ])

)

In this forest it is clear that the right-hand side of the assignment is ambiguous
and has five alternative parses. We use the notation 1>...n> to indicate the
alternatives of an ambiguity node. The five alternatives are a compilation
unit containing a class declaration, a class declaration on its own, a singleton
list of a class body declaration declaring a member class (see Section 3.3.1
for a discussion of ambiguities caused by lists), a block statement of a class
declaration local to a method, and a singleton list of the same block statement.
The ToMetaExpr constructor represents a transition from the metalanguage to
the object language (see Figure 3.3). To make the running example a bit more
concise, we leave out the alternatives of the block statements (4 and 5). The
first three alternatives are sufficient to illustrate all the issues.

3.4.2 Assimilation

The second stage in the pipeline is assimilation, i.e., the translation of the
embedded language fragments to their implementation in the metalanguage
as described in Section 3.2.2. The only difference is that assimilation now
transforms a forest instead of a tree. If the assimilation rules are compositional
(i.e. the transformed fragments are small) there is no interference between
regular assimilation rules and ambiguities, that is, ambiguities are preserved
during assimilation. Thus, after assimilation, the abstract syntax forest only
contains metalanguage constructs and ambiguity nodes. For example, the
following code fragment shows the intermediate result after assimilation of
the example above to the Eclipse JDT Core DOM (again some details have
been elided).
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1> {| CompilationUnit cu0 = _ast.newCompilationUnit();
List<AbstractTypeDeclaration> args1 = cu0.types();
args1.add(
{| TypeDeclaration class0 = _ast.newTypeDeclaration();

class0.setName(_ast.newSimpleName("Foo"));
...

| class0 |});
...

| cu0 |}
2> {| TypeDeclaration class1 = _ast.newTypeDeclaration();

class1.setName(_ast.newSimpleName("Foo"));
...

| class1 |}
3> {| List<BodyDeclaration> decs0 = new ArrayList<BodyDeclaration>();

decs0.add(
{| TypeDeclaration class2 = _ast.newTypeDeclaration();

class2.setName(_ast.newSimpleName("Foo"));
...

| class2 |});
...

| decs0 |}

3.4.3 Type-Based Disambiguation

In the final stage of processing the metaprogram, ambiguities are resolved.
The disambiguation operates on an abstract syntax forest of the metalanguage
without any traces of the object language. Thus, the disambiguation phase
does not have to be aware of quotations and anti-quotations, or of their con-
tents. The disambiguation is implemented as an extension of a type-checker
for the metalanguage that analyses the abstract syntax forest and eliminates
the alternatives that are not type correct. The algorithm for disambiguation is
sketched in Figure 3.5. From within the type-checker the disambiguate function
is invoked for every node node in the abstract syntax forest after typing it.

The disambiguate function distinguishes three cases, which we discuss in
reverse order. If the node node is not ambiguous it is just returned. If one of
the sub-nodes of node is ambiguous, its alternatives are lifted to the current
node by lift-ambiguity. Its definition states that if n is equal to some ambiguity
node within a context c[.], the context is distributed over the ambiguity (We
give an example of distribution of an assignment shortly). Finally, if the node
node is directly ambiguous or after lifting the ambiguities from its sub-nodes,
the resolve function is used to resolve the ambiguity.

The resolve function takes an ambiguous node and removes from it all al-
ternatives that are not type correct. This may result in an empty set of alter-
natives (#node’ = 0), which indicates a type error, a singleton set (#node’ = 1),
which indicates that the ambiguity is solved, or a set with more than one al-
ternative (#node’ > 1). In the latter case, if the ambiguity involves a statement
or declaration no more context information can be used to select the intended
alternative, hence it is reported as an ambiguity error. Otherwise, in the case
of an expression, the ambiguity is allowed to be lifted into its parent level,
where it may be resolved due to context information.
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function disambiguate(node) =
1 if node is ambiguous then
2 return resolve(node)
3 else if node has ambiguous child then
4 return resolve(lift-ambiguity(node))
5 else
6 return node

function resolve(node) =
1 node’ B remove from node all alternatives which are not type correct
2 if #node’ = 0 then
3 report type error
4 else if #node’ = 1 then
5 return node’
6 else if #node’ > 1 then
7 if node’ contains a meta statement or declaration then
8 report ambiguity error
9 else

10 return node’

function lift-ambiguity(node)
1 if node = c[ 1> node1 2> node2 . . . j> nodej ] then
2 return 1> c[node1] 2> c[node2] . . . j> c[nodej]

Figure 3.5 Algorithm for type-based resolution of ambiguities

To illustrate the lifting and elimination of ambiguities, consider the ambi-
guity between the compilation unit, type declaration and list of body decla-
rations in the assimilated example. If this ambiguous expression occurs in an
assignment, i.e.

dec = 1> CompilationUnit 2> TypeDeclaration 3> List<BodyDeclaration>

then the ambiguity will be lifted out of the assignment (for brevity, the actual
expression has been replaced by its type). This will result in a new ambiguity
node with three alternatives for this assignment, i.e.

1> dec = CompilationUnit 2> dec = TypeDeclaration 3> dec = List<BodyDeclaration>

Depending on the type of the variable dec, two of these assignments will
most likely be eliminated. For example, if the variable has type TypeDeclara-
tion, then the CompilationUnit and List<BodyDeclaration> assignments will be elim-
inated, since these assignments cannot be typed. Note that this mechanism
requires variables to be declared with a reasonably specific type. That is, if
the variable dec has type Object then all the assignments can be typed and an
ambiguity error will be reported.

Similarly, ambiguities are lifted out of method invocations: For example,

f(1> CompilationUnit 2> TypeDeclaration 3> List<BodyDeclaration>)
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is lifted to

1> f(CompilationUnit) 2> f(TypeDeclaration) 3> f(List<BodyDeclaration>)

If f is just defined for one of these types, then just one of the invocations can
be typed. Thus, the other invocations will be eliminated. On the other hand,
if f is overloaded or defined for a supertype of two or more of the types, then
the ambiguity will be preserved. It might be eliminated later, if the result
types of f are different. If this is not the case, then an ambiguity will be
reported, similar to an ambiguous method invocation in plain Java.

3.4.4 Explicit Disambiguation

For cases that are inherently ambiguous or just unclear, explicit disambigua-
tion can be used. Most systems introduce special symbols for this purpose,
but due to our integration in the type-checker one may use casting to inform
the type-checker that something should a have certain type. The implementa-
tion of the explicit disambiguation comes for free, since incorrect casts cannot
be type-checked. Thus, these alternatives will be eliminated. For example, in
our running example a cast to a compilation unit (CompilationUnit) |[ public

class Foo {} ]| will cause the alternatives to be eliminated. In this way, any
object language construct can be disambiguated, not only the ones that the
developer of the embedding happens to support.

However, there is a situation where not even casting will help. Our method
requires that the underlying structured representation of the object language
is typed and that distinct syntactic categories in the object language have a
different type in this representation. For example, if the structured represen-
tation is a universal data format such as XML or ATerms, then our method
will not be able to disambiguate the concrete object syntax, since the different
syntactic categories are not represented by different types in the metalan-
guage. Fortunately, a sufficiently typed representation is preferable anyway,
since it would otherwise be possible to construct invalid abstract syntax trees.
Note that similar problems occur in a dynamically typed languages. As men-
tioned in the introduction, our method is most suitable for statically typed
languages.

3.5 E X P E R I E N C E

To exercise the general applicability of our method to the embedding of dif-
ferent object languages, we implemented two large embeddings. Small frag-
ments of the first application have already been presented in several exam-
ples: the embedding of Java in Java using assimilation to the Eclipse JDT Core
DOM. We call this embedding JavaJava. The second application embeds As-
pectJ in Java and mimics the object language specific implementation of MAJ.
Although AspectJ is a superset of Java, these two applications are quite dif-
ferent, since the embedding of AspectJ assimilates to the MAJ abstract syntax
tree. The applications substantiate our claims, but also give some interesting
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insights in the limitations and the relation to object language specific imple-
mentations.

3.5.1 JavaJava

The implementation of JavaJava consists of a syntax definition (small fragment
presented in Figure 3.3) and a set of assimilation rules that translate Java 5.0
abstract syntax tree constructs to the Eclipse JDT Core DOM [JDT Website]
(examples have been shown in Section 3.2.2).

The mapping from the syntax definition to the Eclipse DOM is natural,
since both are based on the Java Language Specification. Furthermore, the
DOM is well-designed and uses distinct classes to represent distinct syntactic
categories. Because of this, our type-based disambiguation works quite well
for JavaJava.

An interesting issue is the type of containers used in the DOM. The DOM
uses unparameterized standard Java collections, as opposed to arrays, or type
specific containers. So although the DOM itself can represent parameterized
types in an object program, the DOM implementation itself does not use pa-
rameterized types. Our disambiguating type-checker would benefit from pa-
rameterized collections, by harvesting the additional type information about
the elements of a collection (e.g. List<Expression>). Fortunately, parameter-
ized types and unparameterized types can be freely mixed, i.e. we can still use
parameterized types in metaprograms. However, we prefer a more precisely
typed DOM, such that unchecked conversions or explicit casts can be avoided.
Note that this shows that a sufficiently typed representation is important for
our method.

3.5.2 Meta-AspectJ

We developed the embedding of AspectJ in Java to compare our general-
ized and staged disambiguation solution to a specific implementation, namely
MAJ. For this, we also had to study the behaviour of MAJ in more detail. Our
syntactic embedding is based on a modular AspectJ and Java syntax definition
in SDF and exactly mimics the syntax of MAJ. The syntactic embedding was
very easy to implement using SDF: basically we just have to combine the ex-
isting syntax definitions in a new module. The syntax definition also supports
the explicit disambiguations of MAJ, but these are not really necessary, since
casts can be used in our embedding method. For the underlying structured
representation we use the MAJ AST.

We learned that our generalized implementation of disambiguation in a
separate type-checker has the advantage that it is much easier to implement
support for more advanced Java constructs. For example, our implementa-
tion fully supports disambiguation of quotations in method invocations by
performing complete method overload resolution, which MAJ does not. So,
given the following overloaded method declarations:

Stmt foo(CompilationUnit cu) { ... }
JavaExpr foo(ClassDec dec) { ... }
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our implementation can disambiguate invocations of the foo method that take
quoted AspectJ code as an argument:

Stmt stmt = foo(‘[ class MyClass {} ]);
JavaExpr expr = foo(‘[ class MyClass {} ]);

On the other hand, MAJ as an object language specific implementation
provides some additional, object language specific, functionality that is not
available in our generalized implementation. For instance, MAJ supports the
conversion of Java (meta-level) values to AspectJ (object-level) expressions.
For example, an array can be used as a variable initializer without convert-
ing it to the object-level by hand. Unfortunately, this conversion cannot be
handled in a generic way, since it is not applicable to all object languages.
However, for the specific embedding of Java in Java this could be added to the
type-checker (see future work).

We have not implemented the infer feature of MAJ, which supports infer-
ring the type of a local variable declaration. Hence, the types of all variables
should be declared in our implementation. The infer feature itself is not hard
to implement, but we would have to introduce heuristics to disambiguate am-
biguous expressions, since no type is declared for the variable. MAJ applies
such heuristics, for example by choosing a ClassDec if the type of the variable
is infer, even if a MajCompilationUnit would also be possible. To work around
incorrect choices, similar abstract syntax tree classes implement a common
interface. For example, ClassDec and MajCompilationUnit implement the com-
mon interface CompUnit. This is a nice example of the problem mentioned in
Section 3.4.4: distinct syntactic categories share a common interface. Thus, the
declaration CompUnit c = ‘[class Foo {}]; will result in an ambiguity error in
our approach.

3.6 D I S C U S S I O N

3.6.1 Previous Work

We use the modular syntax definition formalism SDF [Visser 1997b], with in-
tegrated lexical and context-free syntax and declarative syntactic disambigua-
tion constructs. It is implemented using scannerless generalized LR pars-
ing [Visser 1997b, van den Brand et al. 2002]. SDF is developed in the context
of the ASF+SDF Meta-Environment [van Deursen et al. 1996], but is used in
several other projects such as ELAN [van den Brand & Ringeissen 2000]. Our
Stratego/XT [Visser 2004] program transformation system uses SDF for pars-
ing, in particular of metaprograms with concrete object syntax [Visser 2002].
Stratego is not statically type-checked. Therefore, it employs quoting with
explicit typing, where necessary.

The ASF+SDF Meta-Environment is a metaprogramming system based on
term rewriting. It uses grammar specialization to resolve ambiguities caused
by object language fragments. To let the type system of ASF+SDF deal with
parametric polymorphism, in [Vinju 2005] a separate disambiguating type-
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checker replaces the grammar generation scheme. The solution of [Vinju 2005]
instantiates the framework described in this chapter for ASF+SDF.

Section 3.2 describes previous work on hosting arbitrary object languages
in any host language [Bravenboer & Visser 2004 (Chapter 2)], which gen-
eralizes the approach taken for Stratego [Visser 2002] to any general purpose
programming language. In the examples of [Bravenboer & Visser 2004 (Chap-
ter 2)], Java was used as the host language and we also embedded Java as the
object language in Java. However, explicit disambiguation was required and
an untyped underlying representation was used. The contribution of gen-
eralized type-based disambiguation is the introduction of a disambiguating
type-checker to remove the need for explicit typing. Moreover, the implemen-
tation is generic in the embedded object language. Thus, we obtain a similar
notation as found in ASF+SDF, but can handle more than simple first order
type systems, and use no disambiguation heuristics.

3.6.2 Related Work

The subject of embedding the syntax of object languages into host languages
has a long history. The following discussion is meant to position our work
more precisely.

Early work on syntactic embeddings revolves around the concept of syn-
tax macros [Leavenworth 1966]. They allow a user to dynamically extend
a general purpose programming language with syntactic abstractions. These
abstractions are defined in programs themselves. Implementations of this idea
have been limited to certain subclasses of grammars, like LL(1) and LALR, as
an argument of a fixed macro invocation syntax. Thus, these approaches can
not be transferred to our setting of hosting arbitrary object languages.

The work of Aasa [Aasa et al. 1988] in ML is strongly related to our setting.
By merging the parsing and type-checking phases for ML, and using a gen-
eralized parsing algorithm, this system can cope with arbitrary context-free
object languages. It uses a fixed set of quotation and anti-quotation symbols
that allow explicit typing to let the user disambiguate in case the type system
cannot decide. As opposed to this solution, our approach completely disen-
tangles parsing from type-checking, and allows user defined quotation and
anti-quotation symbols.

DMS [Baxter et al. 2004] and TXL [Cordy et al. 1991] are specialized meta-
programming environments similar to ASF+SDF and Stratego/XT. In DMS
the user can define AST patterns using concrete syntax, which are quoted
and guarded by explicit type declarations. TXL has an intuitive syntax with
keywords that limit the scope of object code fragments, instead of quoting
symbols that surround every code fragment. Each code fragment, and each
first occurrence of a meta variable is explicitly annotated by a type in TXL.

The Jakarta Tool Suite (JTS) [Batory et al. 1998] and the Java Syntax Exten-
der (JSE) [Bachrach & Playford 2001] are Java based solutions for metapro-
gramming and extensible syntax. Our framework, consisting of scannerless
generalized LR parsing and type-based disambiguation, is more general than
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the parsing techniques used by these systems. JTS uses explicit quotation
and explicit typing, which can be avoided with our framework. Maya [Baker
& Hsieh 2002] uses extensible LALR for providing extensible syntax. Multi-
dispatch is used to allow multiple implementations of new syntax, where the
alternatives have access to the types of the arguments. Unfortunately, a sep-
arate scanner and LALR limit the syntactic flexibility. MAJ [Zook et al. 2004]
obtains type-based disambiguation for the embedding AspectJ in Java, using
context-sensitive parsing. We contribute by disentangling the parser from the
type-checker, resulting in an architecture that can handle any context-free ob-
ject language. Our architecture stays closer to the original Java type system,
in order to limit unexpected behavior.

Camlp4 [de Rauglaudre 2003] is a preprocessor for OCaml for the imple-
mentation of syntax extensions using an extensible top down recursive de-
scent parser. New language constructs are translated to OCaml code by syn-
tax expanders that are associated to the syntax extensions. Camlp4 provides
quotations and anti-quotations to allow the generation of OCaml code using
concrete syntax. The contents of quotations is passed as a string to a quota-
tion expander, which can then process the string in arbitrary ways. A default
quotation expander can be defined, but all other quotations have to be typed
explicitly. The same holds for syntactically ambiguous anti-quotations. As
opposed to Maya, the syntax and quotation expanders cannot use type infor-
mation to decide what code to produce.

The method of disambiguation we use is an instance of a more general
language design pattern called “disambiguation filters” [Klint & Visser 1994].
Although there are lightweight methods for filtering ambiguities that are very
close to the syntactic level [van den Brand et al. 2002], disambiguation filters
can generally not be expressed using context-free parsing. For example, any
parser for the C language will use an extra symbol table to disambiguate C
programs. Either more computational power is merged in parsers, or sepa-
rate disambiguation filters are implemented on sets of parse forests [van den
Brand et al. 2003]. We prefer the latter approach, because it untangles parsing
from abstract syntax tree processing.

The problem of disambiguating embedded object languages is different
from disambiguation issues in type-checkers, such as resolution of overloaded
methods and operators. First, disambiguation in type-checkers can be done
locally, based on the types of the arguments of the expression. Hence, lifting
of the ambiguity, an essential part of our algorithm, is not used in such type-
checkers. Second, in our approach large fragments of the program can be
ambiguous and are represented in completely different ways. For typical
ambiguities in programming languages, such as overloaded operators, the
alternatives can conveniently be expressed in a single tree.

3.6.3 Future Work

We are considering to widen the scope of the framework in two directions.
First, we would like to experiment with languages that have other kinds of
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type systems, such as languages with type inferencing and languages with
union types. Second, the assimilation of an embedded domain-specific lan-
guage (beyond object languages) often requires more complex transforma-
tions of the metaprogram and the object fragments. Applying type-based
disambiguation after assimilation is a problem in this case. Extending the
type-checker of the host language with object language specific functionality
is one of the options to investigate for this purpose. Also, the disambiguating
type-checker might be interesting for other applications than disambiguation
of embedded concrete object syntax. For example, it could be used for the re-
classification of ambiguous names, or even to perform overloading resolution.

Object Language Specific Conversions

Many programming languages define conversions between types that can be
applied in assignments, function calls, etc. For example, Java defines several
narrowing, widening, boxing and unboxing conversions. In a certain way,
quotations can be used to perform additional, object language specific con-
versions. For example, an identifier can be converted to an expression by just
quoting it. Similarly, a type declaration can be converted to a compilation
unit.

String s = ...;
Expression e = |[ #[x] ]|;
TypeDeclaration classdec = ...;
CompilationUnit cu = |[ #[classdec] ]|

To the user of the metalanguage it might be confusing that no actual object
language syntax is involved in these assignments, bot the direct assignments e
= s or cu = classdec are not type correct. Furthermore, it is natural to be able
to use a list of identifiers as a list of expressions. In our generic framework,
we do not support such object language specific features. Unfortunately, im-
plementing such conversion by hand in the metaprogram takes quite some
code and makes to code generator less clear.

These object language specific features could be supported in our frame-
work by extending the type-checker of the metalanguage to support such
conversions. Thus, the object language specific conversions are added to the
built-in conversions of the metalanguage. The conversions could be derived
automatically from a syntax definition of the object language, thus making
this feature object language independent. Every nonterminal that can pro-
duce another nonterminal without any additional syntax is a candidate for an
object language specific conversion.

3.7 C O N C L U S I O N

We have extended an existing generic architecture for implementing concrete
object syntax. The application of a disambiguating type-checker, that is sep-
arate from a generalized parser, is key for providing single quotation and
anti-quotation operators without explicit typing. This approach differs from
other approaches due to this separation of concerns, which results in object
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language independence. It can still handle complex configurations such as
Java embedded in Java.

We have validated our design by means of two different realistic embed-
dings of object languages into Java, and comparing the results to existing
systems for meta programming. The instances of our framework consist of
meta programming languages that use manifest typing (i.e. Java), combined
with object languages that have a well-typed meta representation (e.g., Eclipse
JDT Core DOM).

We explicitly do not provide heuristics to automate or infer types, such that
the architecture’s behavior remains fully declarative and is guaranteed to be
compatible with the type system of the metaprogramming language.
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4
Preventing Injection Attacks with Syntax
Embeddings

A B S T R A C T

Software written in one language often needs to construct sentences in an-
other language, such as SQL queries, XML output, or shell command invoca-
tions. This is almost always done using unhygienic string manipulation, the con-
catenation of constants and client-supplied strings. A client can then supply
specially crafted input that causes the constructed sentence to be interpreted
in an unintended way, leading to an injection attack. We describe a more natural
style of programming that yields code that is impervious to injections by con-
struction. Our approach embeds the grammars of the guest languages (e.g. SQL)
into that of the host language (e.g. Java) and automatically generates code that
maps the embedded language to constructs in the host language that recon-
struct the embedded sentences, adding escaping functions where appropriate.
This approach is generic, meaning that it can be applied with relative ease to
any combination of host and guest languages.

4.1 I N T R O D U C T I O N

In this chapter we propose using syntax embedding to prevent injection vulnera-
bilities in a language-independent way. Injections form a very common class
of security vulnerabilities [Halfond et al. 2006]. Software written in one lan-
guage often needs to construct sentences in another language, such as SQL,
XQuery, or XPath queries, XML output, or shell command invocations. This is
almost always done using unhygienic string manipulation, whereby constant and
client-supplied strings are concatenated to form the sentence. Consider for ex-
ample the following piece of server-side Java code that authenticates a remote
HTTP user against a database, where getParam() returns a string supplied by
the user, for instance through a form field:

String userName = getParam("userName");
String password = getParam("password");
String query = "SELECT id FROM users "

+ "WHERE name = ’" + userName + "’ "
+ "AND password = ’" + password + "’";

if (executeQuery(query).size() == 0)
throw new Exception("bad user/password");

On testing, this code may appear to work correctly, but it is vulnerable to a
widely known security flaw. For instance, if the user specifies as the password
the string ’ OR ’x’ = ’x, then the constructed SQL query will be

SELECT id FROM users WHERE name = ’...’ AND password = ’’ OR ’x’ = ’x’
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The condition in the WHERE-clause is now a tautology. Hence, the password
check will always succeed and the user will be granted access, which is an
example of an injection attack. The essence of the attack [Su & Wassermann
2006] is that the programmer intended the variable password to serve as an
SQL string literal, but a specially crafted value like the one above causes it to
be parsed as something else.

Injection attacks are one of the largest classes of security problems, possibly
surpassing even buffer overflows1. SQL-constructing code is more likely to
be vulnerable than not [Halfond & Orso 2005]. But injection attacks occur
in many contexts other than SQL query construction in Java, as Figure 4.1
shows. SQL injections happen in any host language that dynamically computes
SQL queries, such as PHP. Other guest languages are equally vulnerabl. For
example, programs that build XPath or LDAP queries have the same problem.
Likewise, many CGI scripts call the Unix shell with user-supplied data in an
unhygienic way that allows arbitrary commands to be executed on the server.
They also often send unhygienically constructed HTML to the client, enabling
cross-site scripting (XSS) attacks that cause inappropriate content to be presented
to a user, or malicious JavaScript code to be executed.

Injections can be prevented by escaping external input. For SQL string liter-
als, this means that occurrences of the ’-character must be doubled. Thus, the
query construction above would become ... + escapeSQLStr(password) + ..., where
escapeSQLStr performs the expected escaping. However, it is easy to forget to
do so, and neither the compiler nor the runtime system can flag the omission
of escape calls. There have been a number of proposals to detect unhygieni-
cally constructed sentences at runtime (e.g. [Su & Wassermann 2006, Halfond
& Orso 2005, Huang et al. 2004]) or using static analysis (e.g. [Livshits & Lam
2005, Xie & Aiken 2006]).

A better solution, from a security perspective, is to use an API to build the
sentence. Such an API can ensure that injections are impossible by construction
(e.g. [McClure & Krüger 2005]). For instance, the query above could be ex-
pressed using some imaginary SQL-constructing API: SQL query = new Select(...,
new Eq(new Var(”password”), new Str(password))). The constructor for string literals
Str then takes care of escaping. Furthermore, the type system ensures well-
formedness of the sentence. But this style of programming is unattractive. It
is inconvenient because it creates a cognitive gap between the programmer
and the syntax provided by the guest language, which is after all a domain-
specific language (DSL) designed to make certain kinds of tasks easier to ex-
press. Also, such APIs may not be available and may differ for each language.
Finally, documentation and examples are expressed in terms of the concrete
syntax of the DSL, not an API.

The approach that we propose in this chapter is to combine the security
of using an API with the conceptual ease of string manipulation. We do this
by embedding the syntax of the guest languages into the syntax of the host

1A scan of 168 SecurityFocus vulnerability reports updated in the period April 10–14, 2006

revealed at least 53 injection vulnerabilities: 24 SQL injections, 28 HTML injections, and 1 shell
injection. By contrast, there were at least 30 buffer overflows and other memory-related problems.
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$username = $_GET[’username’];

$q = "SELECT * FROM users WHERE username = ’" . $username . "’";

executeSQL($q);

SQL in PHP: SQL injection

String e = "/users[@name=’" + name + "’ and " +

"@password=’" + password + "’]";

factory.newXPath().evaluate(e, doc);

XPath in Java: XPath injection

$command = "svn cat \"file name\" -r" . $rev;

system($command);

Shell calls in PHP: command injection

String topic = getParam("topic");

String query = "SELECT body FROM comments WHERE topic = ’" + topic + "’";

ResultSet results = executeQuery(query);

foreach (String body : results)

println("<tr><td>" + body + "</td></tr>");

XML and SQL in Java: XSS vulnerability

Figure 4.1 Examples of unhygienic sentence construction

language, a technique pioneered by metaprogramming [Batory et al. 1998,
Zook et al. 2004, Visser 2002, Bravenboer et al. 2005 (Chapter 3)]. For instance,
the SQL-in-Java example above becomes

SQL q = <| SELECT id FROM users
WHERE name = ${userName} AND password = ${password} |>;

if (executeQuery(q.toString()).size() == 0) ...

That is, the syntax of SQL is embedded directly into the syntax of Java ex-
pressions, using the quotation <|...|> to construct SQL code. Likewise, the
antiquotation ${...} embeds Java expressions into SQL to allow composition of
SQL code. A preprocessor called an assimilator translates code written in this
combined language into plain Java code that calls an API generated from the
grammar of the guest language.

Of course, the idea of embedding a language is not new. For instance, the
SQL-92 standard [ISO 1992] already defines an embedding of SQL in host
languages such as C. However, these solutions have always been specific to
a combination of guest and host languages, requiring considerable work to
support other combinations. Examples of other combinations are SQL in a
different host language, XPath, SQL, LDAP, and Shell together in the same
host language, or XPath together with a scripting language in Java. The core
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$username = $_GET[’username’];

$q = <| SELECT * FROM users WHERE username = ${$username} |>;

executeSQL($q->toString());

SQL in PHP injection

XPath e = {- /users[@name=${name} and @password=${password}] -};

factory.newXPath().evaluate(e.toString(), doc);

XPath in Java injection

$command = <| svn cat "file name" -r${$rev} |>;

system($command->toString());

Shell calls in PHP injection

String topic = getParam("topic");

SQL query = <| SELECT body FROM comments WHERE topic = ${topic} |>;

ResultSet results = executeQuery(query.toString());

foreach (String body : results)

println(<tr><td>${body}</td></tr>.toString());

XML and SQL in Java injection

Figure 4.2 Examples of hygienic sentence construction

contribution of this chapter is that we show that modular, scannerless pars-
ing formalisms allow such embeddings to be created generically. That is, by
specifying the grammar of a guest language, we can embed this language
in all supported host languages; and by specifying the grammar of a new
host language along with an API generator, the new host immediately allows
embedding of all guest languages.

Figure 4.2 shows examples of hygienic, secure code corresponding to the
unhygienic, insecure examples in Figure 4.1. Since we have grammars for
guest languages such as SQL, XPath, and shell, and host languages such as
Java and PHP, any combination of embeddings becomes immediately avail-
able: e.g. SQL in Java, SQL in PHP, XPath in Java, shell in PHP, LDAP in PHP,
XML and SQL in Java, SQL and LDAP in PHP, and so on.

Contributions The contributions of this chapter are as follows.

• We describe a comprehensive solution to injection attacks that prevents
them by construction. This style of programming is also more convenient
than both string manipulation and high-level APIs. Preventing injection
attacks by construction is a fundamentally more secure approach than
detecting injections at runtime, as the latter is still vulnerable to denial-of-
service attacks based on second-order injections.
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• The approach is generic in that it can easily be adapted to new host and
guest languages. Like a resourceable and retargetable compiler architec-
ture, it takes effort Θ(N + M) rather than Θ(N ×M) to support N guest
languages in M host languages. This is in contrast to previous work on
injections, which addresses specific language combinations (e.g. [Mc-
Clure & Krüger 2005, Cook & Rai 2005, Gould et al. 2004b, Gould et al.
2004a, Halfond & Orso 2005, Halfond et al. 2006]).

• This genericity is accomplished through a novel application of language
embedding [Bravenboer & Visser 2004 (Chapter 2)], which is in turn
enabled by modular, scannerless parsing. Genericity is further reached
by automatically generating the underlying APIs from the context-free
grammars of the guest languages. Finally, the assimilator that trans-
lates guest language fragments into API calls is fully generic and can
be applied to every host language and arbitrary combinations of guest
languages. As a result, no metaprogramming is required for adding a new
guest language to the system.

• The well-formedness of constructed guest language sentences can be
ensured at runtime and the well-formedness of the guest fragments is
ensured statically.

• Antiquotations in metaprogramming can easily lead to ambiguities. For
instance, in an SQL quotation <| SELECT id FROM names ${where} |>, the
antiquote ${where} can have several syntactic sorts (such as a WHERE-
or ORDER BY-clause). Usually, the programmer is required to explic-
itly disambiguate such antiquotations. We present a novel technique
for dealing with ambiguity that relieves the programmer from this bur-
den. This technique makes the previous work in metaprogramming on
embedding languages usable for programmers.

We have implemented this approach in a prototype called StringBorg (after the
MetaBorg method [Bravenboer & Visser 2004 (Chapter 2)]), which is available
as open source software at http://www.stringborg.org. StringBorg is imple-
mented using Stratego/XT [Visser 2004], which provides the Stratego language
for implementing program transformations, and a collection of tools (XT) for
the development of transformation systems, based on the modular syntax
definition formalism SDF [Visser 1997b].

4.2 A P P R O A C H

In the previous section we saw how injection attacks are made possible by
composition of sentences using string concatenation. In this section we intro-
duce the design and implementation of the StringBorg approach.
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Figure 4.3 Overview of the StringBorg approach

4.2.1 Overview

The core problem underlying injection attacks is that a sentence (e.g. an SQL
query) is parsed after its construction to a structure that does not correspond
to the intended grammatical structure [Su & Wassermann 2006]. Unfortunately,
in code using unhygienic string concatenation, the intended structure is im-
plicit. Hence, the structure of the resulting query cannot easily be compared
to the intended structure. The solution is to make the grammatical struc-
ture explicit so that any resulting sentence can be guaranteed to conform to
it. StringBorg accomplishes this by parsing the guest language fragments
as a pre-processing step and generating code to construct the sentences in a
structured way. This ensures well-formedness of the resulting sentence and
automatic escaping of antiquoted strings. StringBorg constructs sentences
structurally according to the productions of the context-free grammar of the
guest language.

Figure 4.3 provides an overview of StringBorg. The syntax of the guest lan-
guage (e.g. SQL, Shell) is embedded in the syntax of the host language (e.g. Java,
PHP). The programmer uses this combined syntax for writing programs. The
assimilator uses the combined syntax definition to parse source files and trans-
forms the embedded guest code to invocations of an API that manages the
composition, escaping, and serialization of the guest code sentences. The API
is produced fully automatically using an API generator that given a grammar
of a guest language and an optional escaping definition produces an API in
a specified host language. The generated API prevents injection attacks by
always checking lexical values against the syntax for the lexical category as de-
fined in the syntax definition. The generated API also automatically applies
escaping rules to strings that are spliced into guest code using an antiquota-
tion.
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module SQL
exports
context-free syntax 1

"SELECT" Id* "FROM" Id Where? -> Query
"WHERE" Expr -> Where
Expr "=" Expr -> Expr {left}
String -> Expr
Id -> Expr

lexical syntax 2

[A-Za-z]+ -> Id
[A-Za-z0-9\ \"\-\;] -> Char
"’" ("’’" | Char)* "’" -> String

Figure 4.4 Syntax definition for subset of SQL

Language Independence StringBorg combines the convenience of string con-
catenation and concrete syntax with the safety of an API. The main contribu-
tion of StringBorg is its genericity in the guest and host languages. That is, it
is not restricted to a specific combination of a guest and host language. The
language independence is not just methodological, rather the implementation of
(1) support for a guest language is independent of the supported host languages,
(2) the generator is easily retargetable to different host languages, and (3) the
assimilator is generic in the guest language and almost generic in the host
language. The grey boxes in Figure 4.3 indicate syntax definitions necessary
to add support for a new host or guest language. The grey ellipses indicate
code templates that need to be written to add support for a new host lan-
guage to the assimilator and generator. These tools are written in the Stratego
program transformation language [Visser 2004]. We will review the language
independence of StringBorg in more detail in Section 4.2.5.

4.2.2 Syntax Embedding and Parsing

Throughout this chapter, we will use a small subset of SQL to illustrate String-
Borg, but we stress that neither the approach nor the implementation are
specific to SQL. StringBorg uses the modular syntax definition formalism
SDF [Visser 1997b] to define the syntax of host and guest languages. Figure 4.4
shows the SDF grammar for our subset of SQL2. The SDF module defines the
context-free syntax (at point 1) of simple queries and expressions consisting
of string literals, identifiers and equality comparisons. Furthermore, it de-
fines the lexical syntax 2 of string literals. A syntax definition mainly consists
of productions of the form s1 . . . sn -> s0, declaring that a phrase of the syntac-
tic category s0 can be formed by concatenating phrases of categories s1 . . .
sn. Note that SDF definitions are similar to EBNF with the distinction that
(1) productions are written left-to-right with the ‘generating’ nonterminal on
the right-hand side, and (2) both lexical and context-free syntax are defined in
the same formalism.

2The prototype provides a complete syntax definition for SQL.
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module SQL-Java
imports Java SQL3

exports
context-free syntax
"<|" Query "|>" -> Expr[[Java]] {quote("SQL")} 4

"<|" Expr "|>" -> Expr[[Java]] {quote("SQL")} 5

"${" Expr[[Java]] "}" -> Expr {antiquote} 6

"${" Expr[[Java]] "}" -> String {antiquote} 7

Figure 4.5 Syntax embedding of SQL in Java

String topic = getParam("topic");

SQL e = <| topic = ${topic} |>;

SQL q = <| SELECT body FROM comments WHERE ${e} |>

Figure 4.6 Composing SQL queries in Java

The use of concrete syntax for a guest language requires the embedding of
the guest language in the syntax of the host language. Figure 4.5 illustrates
how this is achieved in SDF. First, the syntax definition for SQL-Java imports
the syntax definitions of Java and SQL 3. Next, it adds new productions for
quotations, i.e. for using the guest language syntax in the host language, and
antiquotations, i.e. to escape from the guest language to the host language. In
this case, the module defines quotations for SQL queries 4 and expressions 5

and antiquotations for SQL expressions 6 and strings 7. Note that Expr is
the nonterminal for SQL expressions imported from the module SQL, while
Expr[[Java]] is the nonterminal for Java expressions imported from Java.

Figure 4.6 shows how quotations and antiquotation are used to compose
guest sentences at runtime. The first quotation of an SQL expression uses an
antiquotation to splice a Java String into the expression. At this point, the Java
String will be escaped using the escaping rules for SQL. The SQL expression
itself is spliced into the final SQL query. In this way, guest sentences can be
composed at runtime not just by inserting string values, but also by using
antiquotations for arbitrary syntactic categories of the guest language.

Parsing

Parsing source files that use a combination of a host language and various
guest languages is a challenge for many parsing techniques. In our approach,
the parser is generated fully automatically from the combined syntax defini-
tion, in this case the module in Figure 4.5. The problem with most mainstream
parsing techniques is that grammars cannot easily be composed. Grammars
for LR or LL parser generators cannot be composed in general, since LR and
LL grammars are not closed under composition [Hopcroft et al. 2006]. Fur-
thermore, lexical analyzers do not compose, since the lexical analysis of com-
binations of languages requires the recognition of a different lexical syntax for
different locations of a source file, i.e. the lexical syntax is context-sensitive.
For example, a guest language often has different keywords, operators, and
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literals than the host language. Lexical analyzers are usually generated from
a definition of a set of tokens, which cannot be unified into a single set of
tokens for analyzing a combination of languages.

StringBorg is based on the SDF syntax definition formalism, which is im-
plemented using scannerless generalized LR parsing. The parser is scannerless, which
means that no separate lexical analyzer is used. (The lexical and context-free
sections of SDF modules are desugared into a single context-free grammar.)
In this way, the differences in lexical syntax between the host and guest lan-
guages, such as different keywords, operators, and literals, become a non-
issue. The parser is based on the generalized LR (GLR) algorithm, which sup-
ports the full class of context-free grammars, which is closed under compo-
sition. Since SDF has a feature rich module system, we can embed languages
in other languages in a very natural way. For an extensive discussion of the
issues involved in parsing syntactic language embeddings we refer to [Braven-
boer & Visser 2004 (Chapter 2), Bravenboer et al. 2006 (Chapter 5)].

Ambiguities

In applications of syntactic embeddings, ambiguities are an ubiquitous prob-
lem. For example, the antiquotation ${topic} in Figure 4.6 can be interpreted as
an SQL expression as well as an SQL string, because the same antiquotation
syntax is used for both syntactic categories of the guest language, i.e. there is
no way to syntactically distinguish the two antiquotations. In many applica-
tions, these ambiguities need to be resolved, either by requiring the program-
mer to tag the quotations and antiquotations [Batory et al. 1998, Visser 2002]
with their syntactic category (e.g., $str{topic}), or by using a disambiguating
type-checker to select the intended derivation [Zook et al. 2004, Bravenboer
et al. 2005 (Chapter 3)]. Both solutions are rather unappealing for StringBorg.
Tagging requires the programmer to be intimately familiar with the gram-
mar of the guest language, which seriously affects the usability. A specially
crafted disambiguating type-checker would require substantial work for every
host language and would only be possible for statically typed languages.

Fortunately, for well-formedness of guest sentences in StringBorg, there is
no need to know the exact syntactic category of all values. It is sufficient
to verify that the value of an antiquotation actually syntactically ‘fits’ in the
quotation into which it is spliced. StringBorg employs generalized LR parsing
to preserve the ambiguities by letting the generalized LR parser produce all
alternative derivations (i.e. a parse forest). In this way, the programmer does
not have to tag quotations and antiquotations and also the approach is easy
to implement for arbitrary host languages. In the next section we discuss how
the ambiguities are efficiently represented at runtime by objects that can have
multiple types, corresponding to the possible syntactic categories.

4.2.3 API Generation

StringBorg generates for a specific guest language an API that covers all as-
pects of constructing guest language strings. The API that is generated for a
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1 public final class L {
2 private String string, Set symbols;
3 private L(String string, Set symbols) {...}
4

5 for each context-free production p : s1 . . . sn -> s0 :
6 public static L p(L arg1, . . . , L argn) {
7 for each argi where si is a lexical category :
8 if argi.symbols = {string} then
9 argi B escape si(argi)

10 if !match(dfa(si), argi) then
11 throw exception
12

13 if ∀1≤i≤n: si ∈ argi.symbols then
14 syms B {s0}
15 else
16 syms B ∅
17 pp B unparse arg1, . . . , argn
18 return new L(pp, syms)
19 }
20

21 for each lexical category si:
22 public static L literal si(String s) {
23 return new L(s, {si})
24 }
25

26 private static L escape si(String s) {
27 pp B escape s according to the escaping definition
28 return new L(pp, {si})
29 }
30

31 public static L ambiguity(L arg1, . . . , L argm) {
32 pp B

⋃m
i=1 {argi.string | argi.symbols , ∅}

33 syms B
⋃m

i=1 argi.symbols
34 return if |pp| = 1 then new L(pp, syms) else new L(””, ∅)
35 }
36

37 public static L lift(arg) {
38 if arg is of type L then
39 return arg
40 else
41 return new L(arg, {string})
42 }
43 }

Figure 4.7 API generation for Java-like languages
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guest language is responsible for preventing injection attacks. That is, even
without using the syntax embedding and assimilator, the use of the API guar-
antees that injection attacks cannot occur. The generated APIs have no run-
time dependencies, support ambiguities, and provide support for unparsing,
escaping, and checking of lexical values. The generator of the StringBorg
prototype comes with back-ends for PHP and Java. Figure 4.7 outlines in
pseudocode the API that is generated for Java-like languages from the syntax
definition of a guest language, for example from the SQL syntax definition
of Figure 4.4. The API generation for other languages such as PHP follows
a substantially similar structure and is straightforward to implement. In the
pseudocode italic for each loops are evaluated at generation-time to generate
code for each production or symbol of a grammar.

For a guest language L, a class L is generated, whose instances (objects)
represent sentences of L. Each object has two private fields 2: its string rep-
resentation and a set of syntactic symbols. The class has no public construc-
tors 3; instances of L can only be created via static factory methods. For each
context-free production of the grammar, there is a corresponding static factory
method 6 that constructs an L object. The formal parameters of this method
correspond to the list of symbols s1 . . . sn in the left-hand side of the SDF pro-
duction. For example, for the production Expr ”=” Expr -> Expr the method public
static SQL newEquality(SQL arg1, SQL arg2) is generated. newEquality is a symbolic
name we use in the examples. The actual names of the factory methods are
cryptographic hashes of the productions. Literals used in the left-hand side
of the production, such as ”=”, are not passed to the factory methods.

The factory methods first apply automatic escaping to lexical values 9 (Sec-
tion 4.2.3) and check if the resulting strings match the syntax of the lexical
categories 10, using deterministic finite-state automata (DFA). For each lexical
category, an automaton is generated from the regular grammar for this cate-
gory in the syntax definition. The automata are constructed using the BRICS
Automaton package [Møller 2005]. For example, this check will result in an
error if a string with a newline is spliced into an SQL query, since SQL strings
do not allow newlines and SQL does not provide escaping for newlines. The
escaping rules are configurable in StringBorg, for example the MySQL dialect
uses different escaping rules that do support newlines.

Next, the factory methods check if all the arguments of the methods have
the required symbol in their set of symbols 14. This set of symbols represents
the possible syntactic categories of the L instance. For example, the factory
method for an SQL Query checks that the last argument has the symbol Where?.
If one of the arguments does not contain the required symbol, then the result-
ing L instance will have an empty set of symbols, which means that it is
invalid. Note that this can only happen in antiquotations, since the syntactic
correctness of a literal guest code fragment implies that all arguments will
have the appropriate syntactic category in their set of symbols. If this would
not be the case, then a parse error would have occurred. The construction
of an L instance with an empty set of symbols does not raise an exception
because of the requirement to support ambiguities (see Section 4.2.3). For the
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same reason, L instances have a set of symbols, instead of just a single one.
Finally, the factory methods reconstruct the sentences of the guest language

based on their arguments 17. The generator analyzes the syntax definition of
the guest language to generate the implementation of unparsing in the factory
methods. The unparsers insert minimal whitespace between the symbols.
Note that the actual construction of the string is hidden in the API and can be
optimized by lazy unparsing to create only a single string, after the required
interpretation has been determined.

Literals and Escaping

Strings that are used to construct guest sentences can originate literally from
guest code templates or can be spliced in using an antiquotation. These two
cases have to be handled differently, because literal strings are already es-
caped, whereas spliced strings are not. For literal strings, the generated API
contains methods 22 to construct an L instance of symbol s for each lexical
category s. Antiquoted strings are first lifted 37 to an L instance with a sym-
bol that indicates that this is an unescaped string. Such an L instance is later
used as an argument of a factory method, where it will be escaped according
to the escaping rules of the lexical category. The escaping rules that need to
be applied depend on the lexical category, so the strings are not immediately
escaped in the lift method. In both cases, the L instances are checked by the
factory methods using an DFA for the lexical category, whether they are lit-
eral or antiquoted strings. Lexical L instances are never used directly, but are
only used to construct other L instances. If they are used directly, then an
exception will be thrown, because this error could be a vulnerability.

The implementation of escaping 26 cannot be derived from the syntax defi-
nition, which defines the syntax of the escapes, but not the corresponding char-
acters. Hand-written code for escaping strings is not an option, since prefer-
ably the escaping should be host language independent: if escaping functions
have to be implemented for every particular combination of a guest and host
language, then more effort than Θ(N + M) is required to support N guest lan-
guages in M host languages. To make the implementation generic, the API
generator accepts an escaping definition, written in a small domain-specific
language. Figure 4.8 shows two examples of escaping definitions. For SQL
string literals single quotes have to be escaped using a single quote. For ex-
ample, for the string ’ OR 1=1 the escapeString method produces the safe String
’’’ OR 1=1’. For XML attribute values within double quotes, several charac-
ters have to be replaced with an entity reference. The conversion for XML
attribute values does not define a prefix and suffix because this embedding
uses antiquotation inside double-quoted attribute values (string interpolation).
The escape rules are optional in the configuration file, so plain conversions
from host strings to lexical values can be defined as well.

Ambiguities

The API supports ambiguities in quotations and antiquotations by unifying
the alternative representations to a single L instance. This is possible in String-
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conversion string -> String {
prefix "\’";
suffix "\’";
escape {

[\’] -> "\’\’";
}

}

conversion string -> DoubleQuotedString {
escape {

[\<] -> "&lt;";
[\&] -> "&amp;";
[\"] -> "&quot;";

}
}

Figure 4.8 SQL string and XML attribute value escaping definitions

Borg because it does not matter syntactically which alternative is intended (i.e.
they represent the same string). The generated method ambiguity 31 takes an
arbitrary number of L arguments and composes them into a single L instance.
The symbol set of the resulting L instance is the union of all the symbols of the
alternatives 33. The string of the new L instance can be the string of an arbi-
trary well-formed L instance (they are all the same), but to make this precise, we
still test the cardinality 34 of the set of strings 32. Note that some alternatives
may have no symbols at all, which means that they are not well-formed. The
filtering that needs to be performed in ambiguity is the reason for not throw-
ing an exception earlier: to enable filtering of the alternatives, it is necessary
to temporarily allow L instances that do not have any valid syntactic cate-
gory. The toString method throws an exception when applied to such invalid
L instances to guarantee that they are not used to produce a guest sentence.

Retargetable API Generation

The generator has been designed to be retargetable to different host languages
by separating the implementation in a generic front-end, which produces an
abstract representation of an API, and a host language specific back-end. For
each host language, code templates need to be provided for generating au-
tomata, escaping, and pretty-printing. For the Java and PHP back-ends the
templates amount to 420 and 400 lines of code, respectively.

To make the implementation of a new back-end as lightweight as possi-
ble, the generator back-ends produces parse trees of the host API, which can
be unparsed to a source API without the need for a pretty-printer for the
host language. In this way, only a syntax definition of the host language is
required.

Programmer Protection

In injection attacks, the user of the system is the person the systems needs be
protected against. Yet, if an API is present, but programmers still use strings
to ‘quickly’ compose a sentence, then a potential enemy is the laziness of the
programmer. In the case of the generative Java APIs, the constructor of the
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L class is private, ensuring that it is not possible to create valid L instances
from raw Java strings without the appropriate checks. Also, the L class is final
to disallow subclassing. This level of safety is not available in all languages.
Another issue is that access to the string-based API for evaluating guest sen-
tences is usually still available. The detection of classical string-based use of
such a library does not require complex static analysis. Arguments to the li-
brary interface should get the string value of the guest program directly from
the API, for example executeQuery(q.toString()), where q is an instance of L.

4.2.4 Assimilation

The embedding of guest language syntax in the host language syntax enables
parsing of sources using the combined syntax. The next step is to transform
the quoted fragments to calls to the APIs for the guest languages. This trans-
formation is called assimilation, as it assimilates the guest language into the
host language [Bravenboer & Visser 2004 (Chapter 2)]. As an example of this
transformation, Figure 4.9 shows a simple SQL quotation in Java and PHP, a
sketch of the parse tree, and the result of assimilation. The sketch of the parse
tree in Figure 4.9 presents the productions (see Figure 4.4) in italic using sym-
bolic names. The argument of quote is an SQL fragment. The arguments of
antiquotes are pieces of literal Java code. The example leaves out many details
of the real parse tree format, which is a complete description of how the pro-
ductions of the syntax definition are applied to produce the original source
program, including literals, layout and comments. The result of assimilation
is a one-to-one mapping from the parse tree to invocations of factory methods
in the generated API. It illustrates an ambiguity and the lifting of antiquoted
strings to SQL.

The assimilator operates on the full parse tree of the source program. Thus,
the assimilator is layout preserving and like the API generator does not re-
quire a pretty-printer for the host language. The assimilator is fully generic
in the guest language, i.e. there is no guest language specific code at all. This is
possible because all the information about the guest language is already in
the parse tree and the mapping from the syntax definition to the API is fixed,
since the API is generated. This makes it easy to map the quoted guest code
to the factory methods, which correspond directly to production applications.

In the actual APIs generated by StringBorg, the names of the factory meth-
ods are cryptographic hashes of the productions instead of symbolic names
such as newStringExpr. This ensures the uniqueness of method names. Fig-
ure 4.5 shows that the productions for quotations are annotated with the name
of the guest language. The assimilator uses this information to invoke meth-
ods of the appropriate factory, i.e. SQL in this example. Hence, by design the
assimilator can deal with combinations of guest languages in a single source file.

Similar to the API generator, the assimilator is split in a front-end and a host
language specific back-end. The front-end assimilates the embedded guest
code to an abstract language that describes the factory method invocations,
ambiguities, quotations, and antiquotations in a way that makes it trivial for
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SQL e = <| topic = ${topic} |>;

⇒ (parsing)

LocalVarDecStm(
...

, VarDec(
Id("e")

, quote(
Equality(
IdExpr(Id("topic"))

, amb([
StringExpr(antiquote(ExprName("topic")))

, antiquote(ExprName("topic"))
])

))))

⇒ (assimilation)

SQL e = SQL.newEquality(
SQL.newIdExpr(SQL.newId(SQL.literalId("topic")))

, SQL.ambiguity(
SQL.newStringExpr(

SQL.lift(topic)
)

, SQL.lift(topic)
)

)

$e = <| topic = ${$topic} |>;

⇒ (parsing)

Assign(
Var("e")

, quote(
Equality(
IdExpr(Id("topic"))

, amb([
StringExpr(
antiquote(Var("topic"))

)
, antiquote(Var("topic"))
])

)))

⇒ (assimilation)

$e = SQL::newEquality(
SQL::newIdExpr(SQL::newId(SQL::literalId("topic")))

, SQL::ambiguity(
SQL::newStringExpr(

SQL::lift($topic)
)

, SQL::lift($topic)
)

)

Figure 4.9 Assimilation of SQL in Java and SQL in PHP
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the back-end to generate host language specific code. Hence, the assimilator
is easy to retarget (for Java only 48 lines of code, for PHP 44).

4.2.5 Summary of Language Independence

The genericity of our approach is important for making the method viable
for practical use. Our goal is to make it possible to have a market of guest
language embeddings that can be used in any host language and can be com-
bined by users without any metaprogramming experience, just like programmers can
already combine arbitrary libraries in a single program. StringBorg is even
more generic: the implementation of a guest language is available to all sup-
ported host languages. To summarize the effort required to implement sup-
port for new guest and host languages:

• For adding a new guest language, no metaprogramming is required. No
pretty-printer for the guest language is necessary. The assimilator is not
modified to deal with a new guest language. To add support for a new
guest language, one must only define its syntax, configure the escaping
of literals, and define the quotation and antiquotations, all in a host
language independent way.

• For adding a new host language, a syntax definition for the language is
required. For the API generator and assimilator, only simple code tem-
plates need to be provided to their back-ends. No pretty-printer for the
host language is necessary.

• For a combination of guest languages in a host language, no additional work
is required. From the generic embeddings of the guest languages a
parser can be generated fully automatically. The assimilator is designed
to handle multiple embedded guest languages and the API generator
does not need to be applied to combinations of guest languages: it is
applied to their individual syntax definitions.

4.3 D I S C U S S I O N

We have implemented StringBorg back-ends for the host languages Java and
PHP and experimented with several (combinations of) guest languages: SQL,
XPath, Shell, and XML. Our method guarantees by construction that injection
attacks cannot occur, assuming, of course, that the API generator is correct.
For evaluation, the usability of our method is more important: how difficult is
it to rewrite an existing application to use StringBorg? We extracted use-cases
of the patterns in which SQL queries and HTML responses are typically con-
structed from a number of web applications available from gotocode.com. Both
sentences that are constructed all at once (i.e. in a single string-concatenating
expression) and sentences that are constructed dynamically are fully sup-
ported. Thanks to the user-friendly support for ambiguities in StringBorg,
the programmer does not need to learn disambiguation tags for quotations
and antiquotations.
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4.3.1 Static versus dynamic type-checking

The StringBorg-generated API we have presented checks dynamically if guest
sentences are composed correctly. However, we have also implemented a Java
back-end that performs these checks statically by using the Java type system. In
this back-end every syntactic category of the guest language is represented by
its own class and these are used as the return and parameter types of factory
methods. Static type-checking has two major disadvantages for usability: (1)
the programmer has to know all these syntactic categories and their mapping
to types of the host language and (2) no ambiguities are allowed, which makes
the syntax embedding more difficult to use. Obviously, the advantage is that
static checking provides more static guarantees, but it is important to observe
that this is not a security advantage. That is, both the statically and dynami-
cally typed back-ends guarantee statically that an injection attack cannot occur.
The dynamic or static type-checking only checks for programming errors, not
for problems with input provided by the user. The generated APIs will never
throw an ‘injection attack exception’; the exceptions that can occur are either
related to illegal characters in the input (e.g. the newline in SQL) or program-
ming errors. The last category of exceptions does not depend on particular
inputs, but only on execution paths, which are easier to detect using testing.

4.3.2 Prevented classes of injection attacks

A wide range of injection attack techniques are in use. Halfond et al. have
proposed a classification of SQL injection attacks [Halfond et al. 2006]. For
example, attacks can be classified by injection mechanism or the intent of the
attack. We now discuss how our method deals with the classes of injection
attacks identified by Halfond et al.

Injection through user input is the mechanism of using specially crafted user in-
put to construct a query that has a different parse tree than originally
intended. StringBorg prevents these attacks by checking the syntax of
lexical values and automatic escaping of all strings.

Injection through cookies differs from injection through user input by exploiting
input from cookies, which are sometimes naively assumed to be con-
trolled by a web application. StringBorg checks and escapes all strings,
irrespective of their origin, thus disabling this injection mechanism as
well.

Injection through server variables employs yet another origin of strings, such as HTTP
headers. Similar to attacks through cookies, these attacks are prevented
since StringBorg escapes all strings.

Second-order injection attacks indirectly perform the attack by first introducing a
malicious input in the system (e.g. a database), which is used later as
the input of an affected query. Again, these attacks are prevented since
StringBorg checks and escapes all strings, whether they originate directly
from the user or not.
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Tautology based attacks use an injection mechanism to craft a query where the
condition always evaluates to true. StringBorg prevents the mechanisms
of injection attacks from being applied, which implies that crafting tau-
tologies is impossible.

Union query attacks are related to tautologies, but allow access to different tables
than the ones originally involved in the query. Similar to tautology
attacks, StringBorg prevents the mechanisms that are used.

Piggy-backed queries are malicious queries added to be executed in addition to the
original query, for example by terminating an SQL query statement us-
ing a semicolon and adding a malicious one. Again, StringBorg prevents
the mechanisms that are used.

Illegal query attacks are used to trigger syntax, type or logical errors. This of-
ten results in an error report that reveals information about possible
exploits. StringBorg only throws an exception if an input string contains
invalid characters that could not be escaped. StringBorg disables the
construction of syntactically invalid queries.

Thanks to the prevention of injections, methods for triggering type and
logical errors are disabled as well. The only exception is an embed-
ding that allows conversion of input strings to table and column names
(which is not the case in our embeddings). It is advisable to disallow this
conversion and only allow literal table and column names. In general,
allowing users to input identifiers can introduce a plenitude of options
for manipulating the intended semantics of the constructed guest sen-
tence (see also semantic injection attacks).

Inference attacks are related to illegal query attacks. They can be applied if a
site is protected not to show error messages. By observing the success
or failure of queries, the setup of the database can indirectly still be ex-
amined. The prevention of inference attacks does not differ from illegal
query attacks.

Stored procedure attacks are a class of all known attacks applied to stored proce-
dures. If stored procedures compose queries based on user input, then
the same method for structured construction should be applied.

Alternate encoding attacks avoid detection and prevention of an attack by con-
cealing the actual query in a different syntax or character encoding,
which tricks the detection and prevention techniques into interpreting
the query in a different way than the actual processor of the guest lan-
guage does. In all known embeddings, StringBorg prevents encoding at-
tacks since the encoding itself is escaped and lexical strings are checked
syntactically.

However, due to the genericity of our method, it is not guaranteed that
encoding attacks are prevented for all guest languages. For example,
Java features Unicode escapes that can be used for any input character,
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not just in string literals. If Java were used as a guest language, then
Java’s Unicode escapes can be used to terminate a string literal and in-
ject code. This is currently not caught by our lexical checking, since
the DFA does not unescape the Unicode escape. The fundamental rea-
son for this problem is that the current set of definitions does not fully
specify the language. The unicode escapes are basically a different sur-
face language. The syntactic meaning of such unicode escapes is not
formally defined in the syntax definition. This can be solved in several
ways. (1) The escape sequence can be escaped. We do this in all of
our embeddings, but this makes the escaping rules important for secu-
rity, which was not the case until now. (2) Unescaping rules could be
defined next to escape rules and applied before escaping and checking
strings. (3) The syntax definition of the guest language can be restricted
not to support Unicode escape sequences at all. (4) The syntax definition
formalism could be extended to support lexical escape sequences.
The use of unexpected character encodings (not escape sequences) is
another mechanism to hide an attack. For example, PostgreSQL was
recently affected by an injection problem with multibyte character en-
codings 3. This issue is host language specific and depends on the way
strings are handled by the string data types that are used. This is beyond
the scope of prevention techniques that check the syntax of queries.

Semantic injection attacks are a theoretical class of attacks that go beyond the cur-
rent syntactic injection attacks by crafting a guest sentence that syntac-
tically has the intended structure, but semantically has an unintended
meaning. This theoretic class of attacks has not been mentioned in ex-
isting classifications due to the restricted expressiveness of the query
languages that are studied. An example of such an attack could be the
unintended capturing of a variable name, which is a well-known issue in
metaprogramming. This attack vector becomes relevant for embeddings
of languages that feature variable bindings, for example an embedding
of JavaScript in Java.
StringBorg does not protect against semantic injection attacks, since the
protection is based on syntax definitions. Similar to prevention of illegal
query attacks, the embedding of a guest language can be restricted to
only allow the conversion of strings to literals and not to identifiers. This
guarantees that variable capture attacks are not possible. In general, al-
lowing users to input identifiers can introduce a plenitude of options for
manipulating the intended semantics of the constructed guest sentence.
Moreover, it is usually unnatural to allow users to specify identifiers,
since identifiers and variable bindings are not something the user is
aware of, i.e. it is not the kind of variability in a query to leave to the
user to specify.
The current formal definition of the essence of command injection at-
tacks [Su & Wassermann 2006] is restricted to syntactic injection attacks,

3http://cve.mitre.org/cgi-bin/cvename.cgi?name=CVE-2006-2314
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which illustrates that the scope of injection attacks is still unclear. The
lack of a precise definition of an injection attack makes it impossible
to formally prove that injection attacks cannot occur at all. In practice,
many factors are involved that can defeat theoretic soundness proofs.

4.3.3 External queries

Some applications use queries that are not composed and executed directly in
source code, but rather stored in files or written to a database and executed
later. The safety of our method is based on the fact that injection attacks
are impossible by construction. To make this work, all queries executed by
a system have to be constructed, in one way or another, in a structured way.
This applies to external queries as well. If the external queries are constructed
by the program itself, then our method can be used: there is no need to
directly execute a query after constructing it. If other tools are involved in
the construction of the queries (potentially used by attackers), then the same
structured way of query composition has to be used in these tools.

If the external query is complete (i.e. is not composed further), then it can
just be executed as is. If the query needs to be composed further, then it
needs to be converted to an L instance, the representation used by the API.
The query could be parsed at runtime, but this has some runtime overhead,
and complicates the portability of the method to other host languages, since
a parser written in this host language has to be available for every guest
language. Fortunately, parsing is not necessary, since StringBorg APIs are ba-
sically wrapper classes for producing strings. Hence, it is sufficient to have a
typed representation of the external query string. To support importing guest
code fragments from strings, an API could provide unsafe methods, which con-
vert strings to the representation used by the API. For example, a conditional
expression of a query could be constructed, unparsed to a string, stored in a
database, and loaded later as a conditional expression, without parsing it.

SQL c = <| name = $str{s} |>;

String s = c.toString();

SQL c1 = SQL.unsafeExpr(s);

SQL q = <| SELECT * FROM users WHERE ${c1}; |>;

Clearly, the unsafe methods could be abused by a programmer and should
only be used for strings for which it is absolutely guaranteed that they have
been constructed in a safe way. Currently, the StringBorg API generator does
not generate unsafe methods.

4.3.4 Generalized parsing techniques

Syntactic limitations StringBorg relies heavily on modular syntax definition
and parser generation, implemented by SDF and scannerless generalized LR
parsing. This requires the syntax of the host as well as the guest language to
be expressible in a context-free grammar. Unfortunately, some languages do
not have such a context-free grammar. For example, SDF does not support
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languages with an indentation rule (Haskell, Python). A potential solution
to the problem of indentation rules is to parse these programs using an am-
biguous grammar or add basic features for context-sensitive languages to the
parser. The StringBorg assimilator already supports ambiguous syntax defi-
nition for the host language.

Error reporting For generalized parsing techniques to be accepted in pro-
duction compilers, the quality of error messages is most important. The cur-
rent error reporting of scannerless generalized LR parsing is rather Spartan;
the parser only gives the line and column numbers where parsing fails. Re-
search on error reporting of scannerless and generalized LR parsers is neces-
sary to make generalized parsing techniques applicable in production envi-
ronments.

Efficient parser composition In the StringBorg prototype, a parser needs to
be generated for every combination of host and guest languages. Parser gen-
eration is too expensive to do as part of the compilation of the program that
uses this combination of languages, so parsers are currently generated sep-
arately. This is not difficult to do, yet it has some impact on the ‘plugin
experience’ of StringBorg. To improve this, we expect to present parse table
plugins in future work, which enables efficient composition of scannerless
generalized LR parsers. Chapter 6 on parse table composition is an important step
in this direction.

4.3.5 Disambiguation design space

In applications of syntactic embeddings, ambiguities are an ubiquitous prob-
lem. For example, the antiquotation in SELECT * FROM users ${e} could refer to
an SQL where, group-by, having, or order-by clause. The underlying problem
of this ambiguity is that the same antiquotation syntax (in this case ${...}) is
used for several syntactic sorts of the guest language. Similarly, a quotation
can represent multiple syntactic sorts if the same quotation syntax is used for
all of them. For example, an SQL quotation <| Name |> could be intended as a
‘select item’ (e.g. SELECT Name FROM), but it could also be a ‘row constructor’
(e.g. WHERE Name = ’Foo’).

The most common solution for resolving ambiguities is to disambiguate
explicitly by using different quotation and antiquotation symbols for distinct
syntactic sorts (e.g. [Batory et al. 1998, Visser 2002]). Usually, this has to be
done by the programmer by explicitly tagging the quotations and antiquo-
tations with the intended sort of their content. This is rather unappealing,
since it requires the programmer to be very familiar with the structure of the
grammar of the guest language and the quotations used for its syntactic sorts.
Another solution is to restrict the number of quotations and antiquotations
to avoid ambiguities. For example, if the quotations and antiquotations of
SQL are restricted to statements, conditional expressions, and literals, then
ambiguities do not arise, because these sorts syntactically exclude each other.
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In this paper, we have used runtime disambiguation of ambiguities. How-
ever, for the Java back-end with static type-checking this is not possible, since
the exact type of a sentence needs to be known at compile-time. In this al-
ternative implementation, we have used quotations and antiquotations with-
out tags for the most common language constructs. But, explicit tagging is
used for the less common constructs, or for constructs that are inherently am-
biguous, such as the antiquotation of the optional where clause of a query
expression. In the static back-end, this solution has been chosen mostly for
pragmatic reasons, since more user-friendly solutions to the problem of am-
biguities are already available, which we will discuss next. In the following
example of the generation of a query with an optional order-by clause, more
explicit disambiguation is necessary than usual:

Option<OrderByClause> e; Stm stm;
if (...)
e = ORDER BY? <| ORDER BY User |>;

else
e = ORDER BY? <| |>;

stm = <| SELECT * FROM users ORDER BY? ${e}; |>;

The first and the second quotations need to be explicitly disambiguated us-
ing the syntax ORDER BY? to indicate that the content of the quotation is an
optional order-by clause. Clearly, the second quotation is ambiguous because
all optional clauses can be produced by the empty string. The first quotation
distinguishes the optional order-by clause from a plain, non-optional order-by
clause. The antiquotation, which is ambiguous with all other optional clauses
of a query, is disambiguated using the same ORDER BY? syntax.

Type-based disambiguation

The type system of the host language can be used to disambiguate the em-
bedded code fragments. In the order-by example, the type of the variable
e already indicates that the type of the right-hand side of both assignments
should be optional order-by clauses. Similarly, the type of e indicates that the
antiquotation ${e} in the quoted query refers to an optional order-by. This
method of type-based disambiguation is supported by Meta-AspectJ [Zook
et al. 2004], a language for generating AspectJ programs using quotes and
antiquotes, and has later been generalized [Bravenboer et al. 2005 (Chapter
3)] by employing generalized LR parsing. The main idea of the generalized
approach is to preserve the ambiguities by letting the generalized LR parser
produce all alternatives (i.e. a parse forest), followed by a disambiguating
type-checker that operates on a forest of host programs. This generalized ap-
proach is guest language independent, but obviously it is not host language
independent, since it requires a specially crafted host type-checker. The dis-
ambiguating type-checker we have developed for Java can immediately be
applied to the Java applications of StringBorg, but using this approach has
great influence on the required infrastructure per host language and is only
applicable to statically typed languages.
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4.4 R E L AT E D W O R K

Injection attacks have attracted a great deal of attention in recent years, and
consequently there has been a substantial amount of research in developing
techniques to counter them. Our approach differs from the work discussed
below in either or both of two ways:

• It is generic over a large number of host and guest languages, rather
than being tied to a specific combination such as SQL in Java.

• It prevents injections by construction rather than detecting them in existing
code.

We emphasize that the present work does not obviate the need for static
or dynamic analysis techniques, as they enable existing programs written in
a traditional style to be secured. The present approach, on the other hand,
provides a fundamentally safer way to develop new programs that need to
construct guest language sentences.

4.4.1 Explicit escaping and filtering

The standard response to injection attacks is to tell developers to either dili-
gently escape all user-supplied strings, or to filter out malicious inputs. Filter-
ing can be done by rejecting known bad inputs, an approach that is unlikely
to capture all bad inputs (see e.g. [Maor & Shulman 2004]); or by accepting
only those inputs that match a very specific “good” pattern, e.g., that contain
only certain safe characters. The latter approach has the disadvantage that it
may unduly restrict users, e.g., by not allowing user names with apostrophes
such as O’Brien). Both escaping and filtering suffers from the fundamental flaw
that they require developers to never forget to insert the appropriate code. As
with buffer overflows, relying on programmers to “get it right” every time is
a recipe for disaster.

4.4.2 APIs

SQL DOM [McClure & Krüger 2005] makes SQL safe by hiding the SQL query
construction behind an API that ensures that string literals are properly es-
caped by construction. However, SQL DOM goes beyond the API that we
generate from the SQL grammar: it is not merely a “static” API to build SQL
abstract syntax trees, but rather is generated from a specific database schema.
Thus, it can statically ensure that all queries are well-typed with respect to
that database schema. Clearly, this is a valuable property. It is important to
note, however, that whether a query is ill-typed is in most cases not deter-
mined by user input. If a query produced by some code path is well-typed
with respect to its schema for some input, then it is likely to be well-typed
for all inputs. This is not the case for the hygiene of string concatenation: a
concatenation that produces correct results for some inputs may very well fail
for others, namely those that contain unescaped characters.
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A somewhat similar approach is Safe Query Objects [Cook & Rai 2005],
which allows queries to be defined in plain Java expressions, which are com-
piled using OpenJava into the necessary JDO calls. This can be viewed as
embedding a convenient syntax for queries, namely Java expressions, into a
host language, which happens to be Java also; the assimilation is the trans-
lation into JDO calls. Like SQL DOM, HaskellDB [Leijen & Meijer 1999],
provides type safety with respect to the database schema. This API can also
ensure proper escaping. These approaches have the downside of introducing
a cognitive distance from the SQL language, and are specific to a particular
host language and a domain of guest languages (namely query languages).

4.4.3 LINQ

Syntactic hygiene is an important aspect of Haskell Server Pages [Meijer &
van Velzen 2001], Cω [Bierman et al. 2005] and its successor LINQ. All three
provide XML literals, enabling XML output generation in a sound way. The
fact that the latter two provide XML literals and an SQL-like query syntax to
languages such as Visual Basic illustrates the desire to have embedded syntax
for output and query generation. Similar to Safe Query Objects in OpenJava,
LINQ allows host expressions to be converted implicitly to an expression tree
that can be processed in arbitrary ways. LINQ is not extensible, however, in
that it is not possible to plug in the syntax of other guest languages.

4.4.4 Static analysis techniques

JDBC Checker [Gould et al. 2004b, Gould et al. 2004a] statically checks that
SQL queries built through string concatenation in Java are type-correct. It
does so by building a model of the ways in which the query can be built
through data-flow analysis, and then comparing that against the database
schema. While this work did not address injection attacks, it should be possi-
ble to extend this approach to either discover those sites where escape func-
tions should be called, or modifying the code to add those calls automatically.
A tool that uses static analysis to find various kinds of injections is described
in [Huang et al. 2004]. Xie and Aiken [Xie & Aiken 2006] developed an inter-
procedural static analysis algorithm for PHP and apply it to SQL injections.

Livshits and Lam [Livshits & Lam 2005] describe a general approach that
allows unsafe code to be identified through a specification of code patterns
for the sources of “tainted” data, consuming functions such as executeQuery
(“sinks”) which must not be reached by tainted data, and propagators of
tainted data (e.g., string concatenation functions). However, the fact that
tainted data can flow from a source to a sink is only a security problem if
the data is not validated, so user inspection may be necessary to determine
whether an injection is in fact possible.

All static analysis approaches require a substantial effort to apply them to
a different host language, due to, e.g., the complexity in implementing the
precise data flow semantics of the language.
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4.4.5 Runtime detection techniques

AMNESIA [Halfond & Orso 2005] statically builds an automaton correspond-
ing with the ways in which query strings can be constructed. Nodes in the
automaton are terminals in the language, and special nodes representing ex-
ternal user input. At runtime, each full SQL query is matched against the
automaton. In the case of an injection, the query will almost certainly not
be accepted by the automaton as additional terminals are present that do not
occur in the automaton. In general, any approach that attempts to check for
injections in string concatenating code cannot be both sound and complete
due to the undecidability of string analysis [Christensen et al. 2003], but the
scenarios under which AMNESIA reports a false negative are unlikely to oc-
cur in real code.

Any approach involving static analysis takes considerable effort to port to
another host language. For instance, JDBC Checker and AMNESIA use the
Java String Analysis library [Christensen et al. 2003] to track string concate-
nations. Implementing such a library for a different language would be a
non-trivial undertaking, much more difficult than writing an SDF grammar
and API generator rules for the language.

WASP [Halfond et al. 2006] prevents SQL injections by keeping track for
each character in a string whether it is “trusted” (e.g., originates from a con-
stant in the source). If SQL tokens containing untrusted characters contain
unsafe characters (such as a ’), the query is rejected. While WASP is very
effective at preventing injections, it is not trivial to port the taint-tracking im-
plementation to other host languages.

SqlCheck prevents injection attacks by wrapping user input in special mark-
ers, e.g., (|s|). (A similar approach is described in [Buehrer et al. 2005].) The
grammar of the guest language is then augmented by accepting the markers
around certain symbols in the grammar, e.g, so that it accepts (|’s’|)’ in SQL
wherever string literals are accepted. An injection attack would then fail to
parse since in, e.g., ... WHERE password = (|” OR ’x’ = ’x’|) there is no production
that allows an arbitrary condition inside the markers. The markers are as-
sumed to be special strings that the client cannot produce. If the client can do
so, an injection is still possible.

The weakness in SqlCheck is its assumption that the client will not be able
to produce the magic marker symbols. The paper argues that by choosing the
markers as sufficiently long random strings, the chance of a malicious client
guessing the markers can be minimised. However, it is tenuous to assume that
markers will not be leaked: for instance, web applications have an unfortunate
tendency to “echo” SQL queries to the user if an error occurs. Thus, it may be
quite easy for the user to trick the web application into revealing its markers.

A more fundamental problem of runtime approaches such as AMNESIA,
WASP and SqlCheck is that, at runtime, they can only flag errors and prevent
them from escalating into a full security compromise. But since there is no
way to dynamically recover from the error condition, a denial-of-service attack
is still possible. Consider for example the XSS-attack in Figure 4.1, where a
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string containing XML injections is inserted in a database and subsequently
presented to each user. In this case, if the XML injection is first detected dur-
ing page generation, no user will be able to view the page anymore, receiving
a server error instead. So in the case of higher-order attacks, it is not enough
to detect injections: they must not be possible at all. In the hygienic approach,
the malicious string will be escaped according to the XML syntax and will
trigger neither an error nor a security problem.

4.4.6 SQL-specific techniques

The SQL-92 standard [ISO 1992] defines embeddings for various host lan-
guages, but the implementation of these embeddings is highly specific to each
host language. Its equivalent of antiquotations is syntactically heavy, requir-
ing “shared variables” between the host and guest to be declared explicitly.
Queries cannot be constructed dynamically (at least not hygienically), which
may explain why this approach is not widely used.

Prepared statements allow an SQL query to be constructed safely. A pre-
pared statement contains placeholders (or dynamic parameter specifications) that are
replaced hygienically by the SQL query processor; e.g., SELECT * FROM users
WHERE name = ? has a single placeholder. Placeholders are an inconvenient
antiquotation mechanism, since the programmer must ensure that the argu-
ments in the SQL processor call match up with the placeholders, which may
be tricky in dynamically generated queries with a variable number of place-
holders. In addition, programmers frequently abuse prepared statements and
compute the prepared statement unhygienically, rather than passing a con-
stant.

The use of stored procedures prevents injection attacks, provided that the
stored procedure is called in a safe way [Anley 2002a]. Unfortunately, as
with prepared statements, stored procedures are sometimes called in an un-
hygienic way, negating the approach [Anley 2002b].

4.4.7 MetaBorg

The method presented in this chapter is an extended application of our pre-
vious work on concrete object syntax, or MetaBorg [Bravenboer & Visser 2004

(Chapter 2)], which makes the use of libraries more convenient by provid-
ing an embedded domain-specific syntax for using them. For MetaBorg, we
motivated the use of the scannerless generalized LR algorithm for parsing
embedded domain-specific languages and the Stratego program transforma-
tion language for assimilation of the embedded code to the host language.
Compared to this earlier work, the StringBorg method presented in this chap-
ter is more generic, thanks to the independence of the support for guest and
host languages. Also, the usability of embeddings has been improved con-
siderably by supporting ambiguities, which makes the method applicable for
use by programmers without metaprogramming experience. For StringBorg,
the assimilation does not translate to an existing API, but to the StringBorg
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API generated by the system itself. This makes the assimilation generic for
all embedded guest languages. In that sense, this chapter describes “iden-
tity assimilations”: the embedded guest language and its underlying API are
simply used to reconstruct the embedded guest sentences as host language
strings, but in such a way that well-formedness is guaranteed. The existence
of this identity mapping is what makes the system generic and easy to extend
with new guest languages. The StringBorg API is generated automatically
from the grammar of the guest language and covers all aspects of generating
strings for the guest language.

4.5 C O N C L U S I O N

As noted in the introduction, injection attacks are one of the largest classes of
security problems, possibly surpassing even buffer overflows. Modern pro-
gramming languages already defend against the latter; the work presented
here protects against the former. The main advantage over previous ap-
proaches is that it makes injections impossible by construction, and that it
is generic — it is not necessary to produce APIs and assimilators for each
element of the cross-product of host and guest languages {Java, C#, PHP,
Perl, . . . } × {SQL, JDOQL, HQL, EJBQL, OQL, XML, HTML, XPath, XQuery,
Shell, . . . }, but only to perform a relatively small amount of work for each
host and guest language.

Since different languages are good for different things, it is important to
help programmers plug them together. In the case of dynamically generated
sentences such as SQL queries or shell invocations, the main challenge is to
ensure that this plugging happens in a grammatically well-formed way. In-
deed, given the interest in technologies such as LINQ, it appears clear that
there is a great deal of enthusiasm for embedding languages such as SQL and
XML. However, such embeddings are generally done in a rather ad hoc way. It
would be a good thing if the languages of the future supported modularity
“out of the box”. Modular syntax definition makes it possible to accomplish
this goal in an efficient and principled way.
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5
Declarative, Formal, and Extensible
Syntax Definition for AspectJ

A B S T R A C T

Aspect-Oriented Programming (AOP) is attracting attention from both re-
search and industry, as illustrated by the ever-growing popularity of AspectJ,
the de facto standard AOP extension of Java. From a compiler construction
perspective, AspectJ is interesting as it is a typical example of a compositional
language, i.e. a language composed of a number of separate languages with dif-
ferent syntactic styles: in addition to plain Java, AspectJ includes a language
for defining pointcuts and one for defining advices. Language composition
represents a non-trivial challenge for conventional parsing techniques. First,
combining several languages with different lexical syntax leads to consider-
able complexity in the lexical states to be processed. Second, as new language
features for AOP are being explored, many research proposals are concerned
with further extending the AspectJ language, resulting in a need for an extensible
syntax definition.

This chapter shows how scannerless parsing elegantly addresses the issues
encountered by conventional techniques when parsing AspectJ. We present
the design of a modular, extensible, and formal definition of the lexical and
context-free aspects of the AspectJ syntax in the Syntax Definition Formalism
SDF, which is implemented by a scannerless, generalized LR parser (SGLR).
We introduce grammar mixins as a novel application of SDF’s modularity fea-
tures, which allows the declarative definition of different keyword policies
and combination of extensions. We illustrate the modular extensibility of our
definition with syntax extensions taken from current research on aspect lan-
guages. Finally, benchmarks show the reasonable performance of scannerless
generalized LR parsing for this grammar.

5.1 I N T R O D U C T I O N

“A language that is used will be changed” to paraphrase Lehman’s first law of soft-
ware evolution [Lehman 1980]. Lehman’s laws of software evolution apply to
programming languages as they apply to other software systems. While the
rate of change is high in the early years of a language, even standardized lan-
guages are subject to change. The Java language alone provides good exam-
ples of a variety of language evolution scenarios. Language designers do not
get it right the first time around (e.g. enumerations and generics). Program-
ming patterns emerge that are so common that they can be supported directly
by the language (annotations, foreach, crosscutting concerns). The environ-
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ment in which the language is used changes and poses new requirements
(e.g. JSP for programming dynamic webpages). Finally, modern languages
tend to become conglomerates of languages with different styles (e.g. LINQ,
E4X, and the embedding of XML in XJ).

The risks of software evolution, such as reduced maintainability, under-
standability, and extensibility, apply to language evolution as well. While
experiments are conducted with the implementation, the actual language def-
inition diverges from the documented specification, and it becomes harder
to understand what the language is. With the growing complexity of a lan-
guage, further improvements and extensions become harder and harder to
make. These risks especially apply to language conglomerates, where in-
teractions between language components with different styles become very
complex.

AspectJ [Kiczales et al. 2001], the de facto standard aspect-oriented program-
ming language, provides a good case in point. While the official ajc com-
piler for AspectJ extends the mainstream Eclipse compiler for Java and has a
large user base, the aspect-oriented paradigm is still actively being researched;
there are many proposals for further improvements and extensions (e.g. [Ma-
suhara & Kawauchi 2003, Sakurai et al. 2004, Bodden & Stolz, Tanter et al.
2006, Allan et al. 2005, Ongkingco et al. 2006, Harbulot & Gurd 2006]). The
AspectBench Compiler abc [Avgustinov et al. 2005] provides an alternative
implementation that is geared to experimentation with and development of
new aspect-oriented language features.

AspectJ adds support to Java for modularization of crosscutting concerns,
which are specified as separate aspects. Aspects contain advice to modify the
program flow at certain points, called join points. AspectJ extends Java with
a sub-language for expressing pointcuts, i.e. predicates over the execution of a
program that determine when the aspect should apply, and advices, i.e. method
bodies implementing the action that the aspect should undertake. The point-
cut language has a syntax that is quite different from the base language. This
complicates the parsing of AspectJ, since its lexical syntax is context-sensitive.
This is a problem for scanners, which are oblivious to context. The parsers of
the ajc and abc compilers choose different solutions for these problems. The
abc parser uses a stateful scanner [Hendren et al. 2004], while the ajc compiler
uses a handwritten parser for parsing pointcut expressions. For both parsers
the result is an operational, rather than declarative, implementation of the As-
pectJ syntax, in particular the lexical syntax, for which the correctness and
completeness are hard to verify, and that is difficult to modify and extend.

In this chapter, we present a declarative, formal, and extensible syntax def-
inition of AspectJ. The syntax definition is formal and declarative in the sense that
all aspects of the language are defined by means of grammar rules. The syn-
tax definition is modular and extensible in the sense that the definition consists
of a series of modules that define the syntax of the ‘component’ languages
separately. AspectJ is defined as an extension to a syntax definition of Java 5,
which can and has been further extended with experimental aspect features.

We proceed as follows. First we give brief introductions to concepts of
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parsing (Section 5.2) and aspect-oriented programming (Section 5.3). To ex-
plain the contribution of our approach we examine in Section 5.4 the issues
that must be addressed in a parser for AspectJ and discuss how the parser
implementations of ajc (Section 5.5) and abc (Section 5.6), two state-of-the-art
compilers for AspectJ, solve these issues. In Section 5.8 we present the design
of a syntax definition for AspectJ that defines its lexical as well as context-free
syntax, overcoming these issues. Our AspectJ syntax definition is based on
the syntax definition formalism SDF2 [Visser 1997b] and its implementation
with scannerless generalized LR parsing (SGLR) [Visser 1997a, van den Brand
et al. 2002]. The combination of scannerless [Salomon & Cormack 1989, Sa-
lomon & Cormack 1995] and generalized LR [Tomita 1985] parsing supports
the full class of context-free grammars and integrates the scanner and parser.
Due to these foundations, the definition elegantly deals with the extension
and embedding of the Java language, the problems of context-sensitive lexical
syntax, and the different keyword policies of ajc and abc. For the latter we
introduce grammar mixins, a novel application of SDF’s modularity features.

In Section 5.9 we examine the extensibility of ajc and abc and we show
how grammar mixins can be used to create and combine extensions of the
declarative syntax definition. In Section 5.10 we discuss the performance of
our implementation. While LALR parsing with a separate scanner is guar-
anteed to be linear in the length of the input, the theoretical complexity of
generalized LR parsing depends on the grammar [Rekers 1992]. However,
obtaining a LALR grammar is often a non-trivial task and context-sensitive
lexical syntax further complicates matters. The benchmark compares the per-
formance of the parser generated from our syntax definition to ajc, abc, and
ANTLR. We conclude with a discussion of previous, related, and future work.
In particular, we analyze why SGLR is not yet in widespread use, and discuss
research issues to be addressed to change this.

The contributions of this chapter are:

• An in-depth analysis of the intricacies of parsing AspectJ and how this
is achieved in mainstream compilers, compromising extensibility;

• A declarative and formal definition of the context-free and lexical syntax
of AspectJ;

• A modular formalization of keyword policies as applied by the ajc and
abc AspectJ compilers;

• An account of the application of scannerless parsing to elegantly deal
with context-sensitive lexical syntax;

• A demonstration of the extensibility of our AspectJ syntax definition;

• A mixin-like mechanism for combining syntactic extensions and instan-
tiating sub-languages for use in different contexts;

• A case study showing the applicability of scannerless generalized LR
parsing to complex programming languages.
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Figure 5.1 Simplified parse tree for a Java statement

Availability The AspectJ syntax definition and parser are available as part of
AspectJ-front, which is open source (LGPL) and available at http://aspectj.

syntax-definition.org.

5.2 S C A N N I N G A N D PA R S I N G

In this section we review the basic concepts of the conventional parser archi-
tecture using a separate scanner for tokenization and compare it to scannerless
parsing, in which the parser reads characters directly. A parser transforms a
list of characters (the program text) into a structured representation (a parse
tree). For example, Figure 5.1 shows a (simplified) parse tree for the Java
statement if (chars[count] == ’\n’) line++;. Parse trees are a better rep-
resentation for language processing tools such as compilers than plain text
strings.

5.2.1 Tokenization or Scanning

Conventional parsers divide the work between the proper parser, which rec-
ognizes the tree structure in a text, and a tokenizer or scanner, which divides
the list of characters that make up the program text into a list of tokens. For
example, the Java statement

if (chars[count] == ’\n’) line++;

is divided into tokens as follows

if  ( chars [ count ]  ==  ’\n’ )  line ++ ;

Figure 5.2 illustrates the collaboration between scanner and parser. The parser
building a parse tree requests tokens from the scanner, which reads characters
from the input string.
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Figure 5.2 A scanner-based parser uses a scanner to partition the input string into
tokens, which become the leafs of parse trees.

The reason for the division is the use of different techniques for the im-
plementation of tokenization and parsing. Tokens can be recognized using a
deterministic finite automaton (DFA), while parsers for recursive structures
need a pushdown automaton, i.e. a stack. Furthermore, tokenization reduces
the number of items the parser has to consider; long sequences of charac-
ters are reduced to a single token, and whitespace and comments are usually
ignored by the parser.

5.2.2 Scanner and Parser Generators

Scanners and parsers can be generated from formal definitions of the lexical
and context-free syntax of a language. Scanners are generated from regular
expressions describing the tokens of the language and parsers are generated
from context-free grammars (BNF). Conventional parser generators such as
YACC, Bison, and CUP accept only a restricted class of context-free grammars
such as LL, LR, or LALR. The advantage is that the complexity of parsers for
such grammars is linear in the size of the input. Furthermore, grammars
in these classes are not ambiguous; only one interpretation for any string is
possible. The fact that a grammar does not belong in a certain class shows
up as conflicts in the parse table. For example, in the case of LR parsing,
shift-reduce and reduce-reduce conflicts indicate that the parser cannot make
a decision about how to proceed based on the provided lookahead informa-
tion. Solving such conflicts requires rewriting the grammar and sometimes
changing the syntax of the language. Also, restricted classes of context-free
grammars are not closed under composition.
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5.2.3 Lexical Context

The uniform tokenization of the input string by means of regular expressions
can be problematic, since the scanner does not consider the context in which
a token occurs. This means that a particular sequence of characters is inter-
preted as the same token everywhere in the program text. For syntactically
simple languages that have been designed with this restriction in mind this
is not a problem. However, modern languages tend to become combinations
of ‘domain-specific’ languages, each providing syntax appropriate for its do-
main. Because of the limitations of the ascii character set, the same characters
may play different roles in these languages.

One solution that is employed is the use of lexical state; the scanner operates
in different modes depending on the context. This requires state switching
when entering and leaving a context, and may require interaction between
the scanner and the parser.

5.2.4 Programmatic Parsers

Another solution to bypass the restrictions posed by scanner and parser gen-
erators is the use of programmatic ‘handwritten’ parsers, usually according
to the recursive descent (topdown parsing) approach. The advantage is that it
is easy to escape the rigor of the parsing algorithm and customize it where
necessary. Possible customizations are to drive tokenization from the parser
to deal with lexical context or to provide customized error handling. A disad-
vantage of programmatic parsers is that a parser does not provide a declara-
tive specification of the language; conversely, a formal grammar can serve as
both documentation and implementation. Also, parser implementations are
usually much larger in terms of lines of code, with all the implications for
maintainability.

5.2.5 Scannerless Generalized LR Parsing

A scannerless parser does not make use of a separate scanner to tokenize the
input [Salomon & Cormack 1995]; the parser directly reads the characters of
the input string. Instead of a separate specification of lexical and context-free
syntax as is customary in scanner-based parsing, a single grammar is used
that defines all aspects of the language. Although there is no conceptual dif-
ference with scanner-based parsing, scannerless parsing is not in common
use because it does not work with conventional parser generators. A gram-
mar that describes the lexical as well as the context-free syntax of a language
does not usually fit in the grammar classes supported by parser generators.
The problem is that these algorithms need to make a decision on the first
(few) token(s) in the input. In the case of scannerless parsing a decision may
only be made after reading an unbounded number of characters. This prob-
lem is solved by the use of Generalized LR (GLR) parsing. GLR parsers use a
parse table generated by a normal LR parser table generator, e.g. LALR(1)
or SLR(1). At points in the input where the parser encounters a shift-reduce
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or reduce-reduce conflict, there are multiple possible continuations. In that
case a GLR parser simulates the execution of all possible LR parses in paral-
lel. Scannerless GLR (SGLR) parsing adds a few disambiguation techniques
to GLR parsing to make it suitable for scannerless parsing [Visser 1997a, Vis-
ser 1997b, van den Brand et al. 2002]. Follow restrictions define longest match
disambiguation and reject productions express reserved word policies.

An advantage of SGLR parsing is that it deals naturally with the problem of
lexical context. Rather than parsing a lexical entity in isolation, as is done with
regular expressions, the parsing context acts naturally as lexical state. Thus,
the same sequence of characters can be interpreted differently in different
parts of a program.

In the following sections we closely examine the differences between scanner-
based and scannerless parsing, by studying state-of-the-art implementations
of parsers for AspectJ. In Section 5.4 we analyze the properties of the parsers
of the ajc and abc compilers for AspectJ. In Section 5.8 we discuss a syntax
definition for AspectJ using the declarative syntax definition formalism SDF2.

5.3 A Q U I C K I N T R O D U C T I O N T O A S P E C T J

To understand the examples and issues we discuss in this chapter, it is impor-
tant to be somewhat familiar with the syntactic structure of an AspectJ program.
This section briefly discusses the various constructs of AspectJ. (In this chap-
ter we focus on the pointcut-advice mechanism of AspectJ.) Knowledge of
their semantics is not necessary. For a more extensive account of the AspectJ
language we refer to [AspectJ].

Figure 5.3 shows an AspectJ aspect for caching executions of the calc

method of Fibonacci objects. It shows the concise syntax for defining point-
cuts, an around advice, and how this is mixed with normal Java code (AspectJ
keywords are in emphasized bold).

Aspect Declarations

Aspects can be declared, similar to Java classes, either as top-level entities
or nested in Java classes 8. An aspect declaration consists of a number of
pointcut declarations and advices, as well as standard Java members (e.g. the
cache field 9).

Pointcuts

A pointcut is the specification of a pattern of join points of interest to a given
aspect. Join points here are events in the dynamic execution of a program,
e.g. a method call or an access to an object field. As such, the pointcut lan-
guage of AspectJ is really a separate domain-specific language for identifying join
points.

A pointcut is specified using a number of pointcut designators. Primitive
pointcut designators refer to different kinds of operations in the execution
of a program. For instance, execution refers to the execution of a method 11

— which method(s) is specified by giving a method pattern as explained below.
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public aspect Caching { 8

private Map<Integer, Integer> cache = 9

new HashMap<Integer, Integer>();

pointcut cached(int value): 10

execution(* Fib.calc(int)) && args(value); 11

int around(int value): cached(value) { 12

if(cache.containsKey(value)) {
return cache.get(value);

}
else {

int result = proceed(value); 13

cache.put(value, result);
return result;

}
}

}

Figure 5.3 A sample caching aspect in AspectJ

Furthermore, some pointcut designators are used either to further restrict a
pointcut, or to bind some values to pointcut formal parameters. In Figure 5.3,
the pointcut is given a name (a named pointcut) and exposes one parameter of
type int 10, which is bound via the args pointcut designator to the value of
the argument to calc method executions 11.

Advice

Advice are pieces of code to execute when an associated pointcut matches.
This piece of code, which is similar to a Java method body, can be executed
before, after, or around the intercepted join point based on the advice kind. Since
the caching aspect may actually replace the execution of calc, it is declared
to be of the around kind 12. As a consequence, its return type (int) must be
specified. The caching advice is associated to the cached named pointcut, and it is
parameterized by the value of the argument to calc. Within an around advice
body, calling proceed results in the intercepted join point to be executed 13.

Patterns

Fundamental to the pointcut language of AspectJ are patterns. A name pattern is
used to denote names (method names, field names, type names) in a declara-
tive fashion, using wildcards such as * and ?. A type pattern is used to denote
types, e.g. int matches the primitive type int, while A+ matches object type A

and all its subtypes (+). A method pattern as in the execution pointcut designator
in 11 identifies matching method signatures: a return type pattern (* in 11), a
declaring type pattern (Fib in 11), a name pattern (calc in 11), and then type
patterns for the parameters (int in 11).
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5.4 I S S U E S I N PA R S I N G A S P E C T J

In this section we give an overview of some of the challenges of parsing As-
pectJ. The overview is based on an analysis of the AspectJ language and a
review of the source of the scanner and parser of the two major AspectJ im-
plementations: the official AspectJ compiler ajc, and the abc compiler from
the AspectBench Compiler project [Avgustinov et al. 2005]. The scanner and
the parser of abc have partially been documented in [Hendren et al. 2004].
The purpose of this overview is to show that the parsers of the major imple-
mentations of AspectJ are not based on a declarative and complete definition
of the language, which leads to minor differences between the two compilers
and a lack of clarity about the exact language that each recognizes, as well as
parsers that are not easy to maintain and extend.

The main source of the issues in parsing AspectJ is the difference between
the lexical syntax of different parts of an AspectJ source file. Conventionally,
parsers use a separate scanner (or lexer) for lexical analysis that breaks up the
input character stream into a list of tokens, such as identifiers, literals, layout,
and specific keywords such as class, public, and try. Usually this tokeniza-
tion is applied uniformly to the text of a program, so at every offset in the
input, all the same tokens of the language can be recognized by the scanner.
However, this does not apply to AspectJ, which is in fact more like a mix-
ture of three languages. Regular Java code, aspect declarations, and pointcut
expressions each have a different lexical syntax.

For example, in Java, get* is an identifier followed by a multiplication
operator, while in a pointcut expression it represents an identifier pattern that
matches any identifier with prefix get. In the first case, the scanner should
produce the tokens get *, while in the second case a single token get* would
be expected. Similarly, the + in the pointcut call(Foo+.new()) is not an addi-
tion operator, but a subtype pattern that matches any subclass of Foo. To com-
plicate matters, Java code can also occur within a pointcut definition. For
instance, the if(...) pointcut designator takes as an argument a plain Java
expression.

The languages involved in AspectJ also have different keywords. Depending
on the AspectJ implementation, these keywords might be reserved or not. For
ajc, most keywords are not reserved, since at most places they are explicitly
allowed as identifiers in the grammar. For example, aspect is a keyword, but
it is allowed as the name of a local variable. Similarly, around is not allowed
as the name of a method in an aspect declaration, but it is in regular Java
code. On the other hand, around is allowed as the name of a local variable
in regular Java as well as in aspect declarations. The abc compiler uses a
different keyword policy. For example, before is a keyword in the context of an
aspect declaration, but is an identifier in Java code and in pointcut expressions.
In both compilers, pointcut expression keywords, such as execution and get,
are allowed as elements of a pointcut name pattern, e.g. Foo.execution is a
valid name pattern, and so is get*.

Hence, an AspectJ compiler needs to consider the context of a sequence of
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characters to decide what kind of token they represent. Next, we discuss in
detail how abc and ajc parse AspectJ.

5.5 T H E A J C S C A N N E R A N D PA R S E R

The official AspectJ compiler1, ajc, extends the Eclipse compiler for Java,
which is developed as part of the Eclipse Java Development Tools (JDT) [JDT
Website]. The parser of ajc roughly consists of three components:

1. The scanner of ajc is a small extension of the regular Java scanner of the
JDT. The JDT scanner and the extension in ajc are both written by hand.
The scanner extension does nothing more than adding some keywords
to the scanner.

2. The parser of ajc is generated from a grammar using the Jikes parser
generator (these days also known as LPG, LALR Parser Generator). The
grammar is a modified version of the JDT grammar for regular Java. It
does not actually define the syntax of pointcut expressions: these are
only scanned and parsed separately.

The handwritten part of the JDT parser for constructing ASTs is ex-
tended as well. The original Java code has to be modified at some places,
mostly for making the parser more flexible and extensible by introduc-
ing factory methods. Presumably, this could be merged with the JDT
parser itself.

3. A handwritten recursive descent pattern parser is invoked to parse the
pointcut expressions of AspectJ after the source file has been scanned
and parsed by the previous components. Except for the if pointcut
designator, the pattern parser works directly on the result of the ajc

scanner, since the ajc parser parses pointcuts as a list of tokens.

5.5.1 Parsing Pointcuts

The most interesting part of the ajc parser is the handling of pointcuts.

Scanner

The ajc scanner is applied uniformly to the input program, which means that
the same set of tokens is allowed at all offsets in the input. Note that the ajc

scanner does not add tokens to the JDT scanner, except for some keywords, so
the pointcuts are tokenized as any other part of the source file. For example,
the pointcut of the caching aspect in Figure 5.3 is scanned to the following list
of tokens:

execution ( * Fib . calc ( int ) ) && args ( value )

This sequence of tokens is a correct tokenization of this pointcut, but our
previous example of the simple name pattern get* is actually not scanned

1Our study is based on ajc version 1.5.0.
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as the single token get*, but as the tokenization you would expect in the
context of a regular Java expression: an identifier followed by a multiplication
operator, i.e. the scanner produces the tokenization get *.

Still, this does not look very harmful, but actually scanning pointcuts and
Java code uniformly can lead to very strange tokenizations. For example,
consider the (somewhat artificial) pointcut call(* *1.Function+.apply(..)).
For this pointcut the correct tokenization according to the lexical syntax of
pointcuts is:

call ( * *1 . Function + . apply ( .. ) )

However, the ajc scanner produces the following list of tokens for this point-
cut:

call ( * * 1.F unction + . apply ( . . ) )

Perhaps surprisingly, Function has been split up and the F is now part of
the token 1.F, which is a floating-point literal where the F is a floating-point
suffix. Of course, a floating-point literal is not allowed at all in this context
in the source file. As we will show later, the pattern parser needs to work
around this incorrect tokenization.

Unfortunately, things can get even worse. Although rather uncommon, the
first alpha-numerical character after the * in a simple name pattern can be a
number (in fact, this is also the case in the previous floating-point example).
The token that starts after the * will always be scanned as a number by the JDT
scanner, and the same will happen in the ajc scanner. The JDT scanner checks
the structure of integer and floating-point literals by hand and immediately
stops parsing if it finds a token that should be a floating-point or integer literal
according to the Java lexical syntax, but is invalid because certain parts of the
literal are missing. This can result in error messages about invalid literals,
while in this context there can never actually be a literal.

For example, scanning the pointcut call(void *0.Ef()) reports an “Invalid
float literal number” because the scanner wants to recognize 0.E as floating-point
literal, but the actual exponent number is missing after the exponent indica-
tor E. As another example, scanning the pointcut call(void Foo.*0X()) fails
with the error message “Invalid hex literal number”, since 0X indicates the start
of a hexadecimal floating-point or integer literal, but the actual numeral is
missing.

Parser

The ajc parser operates on the sequence of tokens provided by the scanner.
Unfortunately, for pointcuts the parser cannot do anything useful with this
tokenization, since it is not even close to the real lexical syntax of pointcuts
in many cases. In a handwritten parser it might be possible to work around
the incorrect tokenization, but the ajc parser is generated from a grammar
using the Jikes parser generator. In a grammar workarounds for incorrect
tokenizations are possible as well (as we will see later for parameterized types)
but for pointcuts this would be extraordinarily difficult, if not impossible.
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PointcutDeclaration ::=
PcHeader FormalParamListopt ’)’ ’:’ PseudoTokens ’;’

DeclareDeclaration ::=
DeclareAnnoHeader PseudoTokensNoColon ’:’ Anno ’;’

PseudoToken ::=
’(’ | ’)’ | ’.’ | ’*’ | Literal | ’new’
| JavaIdentifier | ’if’ ’(’ Expression ’)’ | ...

ColonPseudoToken ::= ’:’

PseudoTokens ::=
one or more PseudoToken or ColonPseudoToken

PseudoTokensNoColon ::=
one or more PseudoToken

Figure 5.4 Pseudo tokens in the ajc grammar for AspectJ

For these reasons, the parser processes pointcuts just as a list of tokens
called pseudo tokens that are parsed separately by the handwritten pattern parser.
In this way, the main parser basically just skips pointcuts and forwards the
output of the scanner (with a twist for the if pointcut) to the pattern parser. It
is essential that the parser can find the end of the pointcut without parsing the
pointcut. Fortunately, this is more or less the case in AspectJ, since pointcuts
cannot contain semicolons, colons, and curly braces, except for the expression
argument of the if pointcut designator, which we will discuss later.

The handling of pointcuts using pseudo tokens is illustrated in Figure 5.4:
the first production defines pointcut declarations, where the pointcut, recog-
nized as a sequence of pseudo tokens, starts after the colon and is terminated
by the semicolon. The second production for inter-type annotation declara-
tions uses a somewhat smaller set of pseudo tokens, since it is terminated by a
colon instead of a semicolon. Most of the Java tokens, except for curly braces,
semicolons, and colons, but including keywords, literals, etc., are defined to
be pseudo tokens.

The if pointcut designator is a special case, since it takes a Java expression
as an argument. Of course, the pattern parser should not reimplement the
parsing of Java expressions. Also, Java expressions could break the assump-
tion that pointcuts do not contain colons, semicolons, and curly braces. For
these reasons, the if pointcut designator is parsed by ajc parser as a special
kind of pseudo token, where the expression argument is not a list of tokens,
but a real expression node (see Figure 5.4).

Interestingly, this special pseudo token for the if pointcut designator re-
serves the if keyword in pointcuts, while all other Java keywords are allowed
in name patterns. Hence, the method pattern boolean *.if*(..) is not al-
lowed in ajc 2.

2This turned out to be a known problem, see bug 61535 in ajc’s Bugzilla: https://bugs.

eclipse.org/bugs/show_bug.cgi?id=61535, which has been opened in May 2004.
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Pattern Parser

Finally, the handwritten pattern parser is applied to pointcuts, which have
been parsed as a sequence of pseudo tokens by the parser. The pattern parser
takes a fair amount of code, since the pointcut language of AspectJ is quite
rich. Most of the code for parsing pointcuts is rather straightforward, though
cumbersome to implement by hand. The most complex code handles the
parsing of name patterns. Since the tokenization performed by the ajc scan-
ner is not correct, the pattern parser cannot just consume the tokens. Instead,
it needs to consider all the possible cases of incorrect tokenizations. For ex-
ample, the pointcuts call(* *1.foo(..)) and call(* *1.f oo(..)) are both
tokenized in the same way by the ajc scanner:

call ( * * 1.f oo ( . . ) ) ;

However, the token sequences for these two pointcuts cannot be handled in
the same way, since the second one is incorrect, so a parse error needs to be
reported. Therefore, the pattern parser checks if tokens are adjacent or not:

while(true) {
tok = tokenSource.peek();
if(previous != null) {
if(!isAdjacent(previous, tok))
break;

}
...

}

The need for this adjacency check follows naturally from the fact that the
pattern parser has to redo the scanning at some parts of the pointcut and a
single AspectJ pointcut token can span multiple Java tokens, in particular in
name patterns.

The special if pseudo tokens do not have to be parsed anymore. For this
purpose, the IToken interface, of which PseudoToken and IfPseudoToken are
implementations, is extended with a method maybeGetParsedPointcut that imme-
diately returns the pointcut object. This method is invoked from the pattern
parser:

public Pointcut parseSinglePointcut() {
IToken t = tokenSource.peek();
Pointcut p = t.maybeGetParsedPointcut();
if(p != null) {

tokenSource.next();
return p;

}
String kind = parseIdentifier();
... // continue parsing the pointcut

}

5.5.2 Parameterized Types

Incorrect tokenization problems are not unique to AspectJ. Even in regular
Java 5, a parser that applies a scanner uniformly to an input program has to
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TypeArgs ::= ’<’ TypeArgList1

TypeArgList -> TypeArg
TypeArgList ::= TypeArgList ’,’ TypeArg
TypeArgList1 -> TypeArg1
TypeArgList1 ::= TypeArgList ’,’ TypeArg1
TypeArgList2 -> TypeArg2
TypeArgList2 ::= TypeArgList ’,’ TypeArg2
TypeArgList3 -> TypeArg3
TypeArgList3 ::= TypeArgList ’,’ TypeArg3

TypeArg ::= RefType
TypeArg1 -> RefType1
TypeArg2 -> RefType2
TypeArg3 -> RefType3

RefType1 ::= RefType ’>’
RefType1 ::= ClassOrInterface ’<’ TypeArgList2
RefType2 ::= RefType ’>>’
RefType2 ::= ClassOrInterface ’<’ TypeArgList3
RefType3 ::= RefType ’>>>’

Figure 5.5 Production rules for parameterized types in the ajc grammar, working
around incorrect tokenizations of parameterized types

deal with incorrect tokenizations, namely of parameterized types. For exam-
ple, the parameterized type List<List<List<String>>> is tokenized by the ajc

scanner as:

List < List < List < String >>>

where >>> is the unsigned right shift operator 3. Because of this, the grammar
cannot just define type arguments as a list of comma-separated types between
’<’ and ’>’, since in some cases the final > will not actually be a separate
token.

This tokenization problem has to be dealt with in two places: in the ajc

grammar and in the handwritten pattern parser. For the ajc grammar, Fig-
ure 5.5 shows the production rules for type arguments. Clearly, this is much
more involved than it should be 4. For the pattern parser, incorrect tokeniza-
tions of >> and >>> are fixed by splitting the tokens during parsing when the
expected token is a single >. Figure 5.6 show the code for this. The eat method
is used in the pattern parser to check if the next token is equal to a specified,
expected token. If a shift operator is encountered, but a > is expected, then
the token is split and the remainder of the token is stored in the variable
pendingRightArrows, since the remainder is now the next token.

5.5.3 Pseudo Keywords

For compatibility with existing Java code, ajc does not reserve all the key-
words introduced by AspectJ. Yet, the scanner of ajc does add keywords to the

3In C++ this is not allowed: a space is required between the angle brackets.
4This workaround is documented in the GJ specification [Bracha et al. 1998].
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private void eat(String expected) {
IToken next = nextToken();
if(next.getString() != expectedValue) {
if(expected.equals(">") && next.getString().startsWith(">")) {

pendingRightArrows = substring from 1 of next;
return;

}
throw parse error

}
}

private IToken pendingRightArrows;
private IToken nextToken() {
if(pendingRightArrows != null) {

IToken ret = pendingRightArrows;
pendingRightArrows = null;
return ret;

}
else {
return tokenSource.next();

}
}

Figure 5.6 Splitting shift operators in the ajc pattern parser to work around incor-
rect tokenizations of parameterized types

lexical syntax of Java (aspect, pointcut, privileged, before, after, around, and
declare), which usually implies that these keywords cannot be used as iden-
tifiers since the scanner will report these tokens as keywords. However, in its
grammar, ajc introduces JavaIdentifier, a new non-terminal for identifiers,
for which these keywords are explicitly allowed:

JavaIdentifier -> ’Identifier’
JavaIdentifier -> AjSimpleName

AjSimpleName -> ’around’
AjSimpleName -> AjSimpleNameNoAround
AjSimpleNameNoAround -> ’aspect’ or ’privileged’ or

’pointcut’ or ’before’ or ’after’ or ’declare’

This extended identifier replaces the original Identifier, which can no longer
be one of the AspectJ keywords, at most places in the grammar. For example,
the following productions allow the AspectJ keywords as the name of a class,
method, local variable, and field.
ClassHeaderName1 ::= Modifiersopt ’class’ JavaIdentifier
MethodHeaderName ::= Modifiersopt Type JavaIdentifier ’(’
VariableDeclaratorId ::= JavaIdentifier Dimsopt

However, the extended identifier is not allowed everywhere. In particular,
it cannot be the first identifier of a type name, which means that it is not
allowed as a simple type name, and cannot be the first identifier of a qualified
type name, which could refer to a top-level package or an enclosing class. For
example, the first import declaration is not allowed, but the second one is 5:

5This is related to ajc bug 37069 at https://bugs.eclipse.org/bugs/show_bug.cgi?id=

37069
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import privileged.*;
import org.privileged.*;

If keywords would be allowed as simple type names, the grammar would
no longer be LALR(1). The keywords as type names introduce shift-reduce
and reduce-reduce conflicts. Hence, a qualified name is defined to be an
Identifier, followed by one or more JavaIdentifiers:

ClassOrInterface ::= Name
SingleTypeImportDeclarationName ::= ’import’ Name
Name -> SimpleName or QualifiedName
SimpleName -> ’Identifier’
QualifiedName ::= Name ’.’ JavaIdentifier

Pointcuts

The names of the primitive AspectJ pointcut designators, such as get, set,
call, etc., are not declared as keywords. The scanner does not have any
knowledge about pointcuts, so the names are parsed as identifiers, unless
the pointcut designator was already a keyword, such as if. As we have seen
earlier, the name if is still accidentally a reserved keyword, but the names
of the other pointcut designators are not, so they can be used in pointcut ex-
pressions, for example in name patterns. However, a named pointcut with
the same name as a primitive pointcut designator cannot be used (though
surprisingly, it can be declared without warnings).

Around Advice Declarations

Around advice declarations introduce another complication. Whereas after
and before advice declarations immediately start with the keywords after or
before, around advice declarations start with a declaration of the return type.
This introduces a shift-reduce conflict between an around advice declaration
and a method declaration. For this reason, ajc does not allow methods named
around in aspect declarations. Of course, it would not be acceptable to disallow
the name around for all methods, including the ones in regular Java classes, so
this restriction should only apply to aspect declarations (advice cannot occur
in class declarations). Therefore, the ajc grammar needs to duplicate all the
productions (19) from an aspect declaration down to a method declaration,
where finally the name of a method is restricted to a JavaIdNoAround:
JavaIdNoAround -> ’Identifier’
JavaIdNoAround -> AjSimpleNameNoAround
MethodHeaderNameNoAround ::=
Modifiersopt TypeParameters Type JavaIdNoAround ’(’

5.6 T H E A B C S C A N N E R A N D PA R S E R

The parser of abc6 is based on Polyglot [Nystrom et al. 2003], which provides
PPG, a parser generator for extensible grammars based on the LALR CUP
parser generator. PPG acts as a front-end for CUP, by adding some exten-
sibility and modularity features, which we will discuss later in Section 5.9.

6Our study is based on abc version 1.1.0, which supports ajc 1.2.1 with some minor differences
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Figure 5.7 Lexical state transitions in the abc scanner

Polyglot’s scanner for Java is implemented using the JFlex scanner generator.
Polyglot does not feature an extensible scanner, so the abc compiler imple-
ments its own scanner for AspectJ, which takes an approach radically differ-
ent from ajc. The abc scanner and parser can parse the entire source file in
a single continuous parse. So, the Java, aspect, and pointcut language are
defined in a single JFlex specification and CUP grammar. The abc scanner is
designed to immediately produce the correct tokenization, so there is no need
to fix incorrect tokenizations later. Also, the scanner does not interact with
the parser.

5.6.1 Managing Lexical State

The abc scanner performs a rudimentary form of context-free parsing to rec-
ognize the global structure of the source file while scanning. The scanner
keeps track of the current state (or context), by using a set of state transition
rules that have been determined by a detailed analysis of the possible state
switches in AspectJ. The lexical states and the transitions between them are
illustrated in Figure 5.7. Some transitions have additional conditions, which
we will explain later. Maintaining lexical state is not uncommon. It is widely
used for scanning string literals and it is a standard feature of JFlex. Every
lexical state has its own set of lexical rules, which means that a sequence of
characters can be scanned as a different token in different states.

Pointcut Declarations

A simple example of such a state transition rule, is that a pointcut state is
entered after the pointcut keyword and exited after a ";" in pointcut context.
For this example, the pointcut keyword and the semicolon indicates the start
and end of a pointcut declaration, respectively. The exit of the pointcut state
after a pointcut declaration is implemented in the flex specification by return-
ing to the previous state (which is maintained on a stack) whenever the ";"

token is encountered in the pointcut state (POINTCUT):

<POINTCUT> {
";" {

Chapter 5. Syntax Definition for AspectJ 109



returnToPrevState();
return op(sym.SEMICOLON);

}
}

For reasons of extensibility, keywords and their corresponding actions for en-
tering lexical states are not specified in the flex specification, but are initialized
from the Java code by means of a Java interface LexerAction whose instances
can be registered with the scanner. LexerActions are always attached to key-
words and can change the lexical state when the keyword has been scanned.
For example, the following Java statement adds the keyword pointcut, which
starts the pointcut declaration, to the scanner and specifies that the new lexical
state after this keyword is pointcut.

lexer.addAspectJKeyword("pointcut",
new LexerAction_c(new Integer(sym.POINTCUT),
new Integer(lexer.pointcut_state())));

In this way, keywords are registered per lexical state in a HashMap. Initially, key-
words are always scanned as identifiers and depending on the current lexical
state, the identifier is turned into a keyword by a lexer action. As a side ef-
fect, the lexer action can modify the lexical state of the scanner. Figure 5.8
shows a fragment of the Java class LexerAction c and the invocation of the
lexer actions from the flex specification after an Identifier has been scanned.
Note that keywords are automatically reserved in this way, since the identifier
is always be turned in a keyword if there is a lexer action for it. Note that this
design choice for reserved keywords is different from the pseudo keyword
policy used by ajc.

If Pointcut Designator

The pointcut lexer action and the lexical rule for ; look rather concise, but un-
fortunately, most rules are more complex than this. For instance, the if(..)

pointcut designator takes a Java expression as argument, which has the same
lexical syntax as Java code in Java context, so the lexical state should be
changed for the argument of the if(..). Entering the lexical state is not
very difficult: a lexer action for the if keyword can perform this state transi-
tion. The following Java statement adds the pointcut keyword if to the scan-
ner and specifies that the new lexical state after this keyword is the special
POINTCUTIFEXPR state:

lexer.addPointcutKeyword("if",
new LexerAction_c(new Integer(sym.PC_IF),
new Integer(lexer.pointcutifexpr_state())));

However, for recognizing the end of the if(..) pointcut designator, the scan-
ner needs to find the closing parenthesis. Of course, a Java expression can
contain parentheses as well. It would be incorrect to leave the special lex-
ical state at the first closing parenthesis. Thus, the scanner needs to find
the closing parenthesis that corresponds to the opening parenthesis after the
if. For this purpose, the abc scanner maintains a variable parenLevel that is
used to balance the parentheses. If a ")" is encountered, the parenLevel is
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<YYINITIAL,ASPECTJ,POINTCUTIFEXPR,POINTCUT> {
{Identifier} {

LexerAction la;
switch(yystate()) {
case YYINITIAL:
la = javaKeywords.get(yytext());
break;

case ASPECTJ:
la = aspectJKeywords.get(yytext());
break;

...
}

if(la != null)
return key(la.getToken(this));

return id();
}

}

class LexerAction_c implements LexerAction {
public Integer token;
public Integer nextState;

public int getToken(AbcLexer lexer) {
if(nextState != null)

lexer.enterLexerState(nextState.intValue());
return token.intValue();

}
}

Figure 5.8 Lexer actions in the abc scanner

decremented and the new parenLevel is compared to the parenLevel of the if

pointcut, for which the initial parenLevel has been saved in the entry on the
nestingStack:

<YYINITIAL,ASPECTJ,POINTCUTIFEXPR> {
"(" {

parenLevel++;
return op(sym.LPAREN);

}
")" {

parenLevel--;
if((yystate() == POINTCUTIFEXPR)

&& (parenLevel == nestingStack.peek().parenLevel))
returnToPrevState();

return op(sym.RPAREN);
}

}

Per-clause

There are more places where pointcuts can occur in an AspectJ program: as-
pect declarations optionally take a per-clause, which is used to control the in-
stantiation of aspects. For example, declaring:

aspect Foo perthis(pc) { ... }
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entails that a new aspect instance of Foo is created for every this where the
pointcut pc matches. Finding out the end of the pointcut of a per-clause
is a bit more difficult than for normal pointcuts. The scanner again needs
to find the matching closing parenthesis, but it also needs to know if it is
actually scanning the pointcut of a per-clause or not. Instead of a new lexical
state for per-clause pointcuts, the abc scanner uses a global boolean variable
inPerPointcut. This variable is set to true by a lexer action for all per-clause
keywords (perthis, percflow, etc.):

class PerClauseLexerAction_c extends LexerAction_c {
...
public int getToken(AbcLexer lexer) {
lexer.setInPerPointcut(true);
return super.getToken(lexer);

}
}

For a closing parenthesis in the pointcut lexical state, the scanner now needs
to check if it is currently scanning a per-clause pointcut and if the closing
parenthesis occurs at the same parenthesis level as the opening parenthesis
that preceded the pointcut:

<POINTCUT> {
")" {

parenLevel--;
if(inPerPointcut &&

parenLevel == nestingStack.peek().parenLevel) {
returnToPrevState();
inPerPointcut = false;

}
return op(sym.RPAREN);

}}

Class Keyword

While the end of a lexical state is detected in the flex specification by a lexical
rule for a token, the start of a context is declared in the lexer action of a
keyword. In most cases, the start of a new lexical state is clearly indicated
by a keyword. However, the class keyword does not unambiguously indicate
the start of the Java lexical state for a class declaration, since it may also be
used in class literals (e.g. Foo.class). To distinguish a class literal from a class
declaration, the abc scanner maintains a special variable lastTokenWasDot. All
tokens, except for the dot, set this variable to false. The rule for the class token
can now determine whether it appears in a class literal or a class declaration
and change the scanner state accordingly.

lexer.addGlobalKeyword("class",
new LexerAction_c(new Integer(sym.CLASS)) {

public int getToken(AbcLexer lexer) {
if(!lexer.getLastTokenWasDot())
lexer.enterLexerState(aspectj or java);

return token.intValue();
}

});
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It is interesting to observe the consequences for the scanner if a keyword no
longer unambiguously indicates the next lexical state. In this case, the scanner
needs to be updated for all tokens to maintain the lastTokenWasDot variable.

5.6.2 Parser

Thanks to the rudimentary context-free parsing in the scanner, the AspectJ
grammar of abc is a clean modular extension of the basic Java grammar, im-
plemented in PPG and based on the existing Polyglot grammar for Java. The
grammar defines the entire AspectJ language, including pointcuts and name
patterns, which is not the case in ajc.

Name Patterns

There is one interesting language construct for which some undesirable pro-
duction rules have to be defined: name patterns. The grammar explicitly
allows the reserved keywords of the pointcut lexical state as simple name
pattern to allow name patterns such as Foo.get. Without explicitly allow-
ing keywords, this would be forbidden, since get is a reserved keyword for
pointcuts in abc and will therefore not be parsed as an identifier. The CUP
production rules for this are:

simple_name_pattern ::=
PC_MULT | IDENTIFIERPATTERN | IDENTIFIER
| aspectj_reserved_identifier ;

aspectj_reserved_identifier ::=
ASPECT | ... | PC_GET | ... | PC_SET ... ;

This is somewhat unfortunate, because the keywords for pointcuts are hence
defined in the grammar, as well as in the Java code, namely for adding lexer
actions to the scanner. Extensions of AspectJ implemented in abc that intro-
duce new pointcut keywords have to extend the aspectj reserved identifier

production as well. Extensions may easily forget to do this and thereby re-
serve their keywords in name patterns. This extensibility issue will be dis-
cussed in more detail in Section 5.9.

Ideally, the abc scanner should enter a new lexical state for name patterns,
since the lexical syntax of name patterns differs from pointcuts (i.e. the set of
keywords is different). However, this will be more difficult to implement than
the existing lexical states, since name patterns are not very explicitly delimited
by certain tokens 7.

Parameterized Types

Although abc does not support AspectJ 5.0 and parameterized types, it is
interesting to take a look at how the scanning problems for parameterized
types would be solved in a similar setup of the scanner and parser. Currently,
an extension of Polyglot for Java 5.0 is under development at McGill. In

7Indeed, very recently bug 72 has been created in the abc bugzilla, which proposes to intro-
duce a lexer state for name patterns. See: http://abc.comlab.ox.ac.uk/cgi-bin/bugzilla/

show_bug.cgi?id=72
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reference_type_1 ::= reference_type GT
| class_or_interface LT type_argument_list_2;

reference_type_2 ::= reference_type RSHIFT
| class_or_interface LT type_argument_list_3;

reference_type_3 ::= reference_type:a URSHIFT;

wildcard ::= QUESTION;
wildcard_1 ::= QUESTION GT;
wildcard_2 ::= QUESTION RSHIFT;
wildcard_3 ::= QUESTION URSHIFT;

Figure 5.9 Grammar production rules for parameterized types in Polyglot.

contrast to the approach of the abc compiler, the scanner of this extension
does not always produce the correct tokenization for regular Java. Instead, the
grammar works around the incorrect tokenization of parameterized types by
encoding this in the definition of type arguments and reference types. To
illustrate this workaround for incorrect tokenization, some production rules
of this grammar are shown in Figure 5.9 (lots of details have been eluded).
To resolve this issue a different lexical state should be used for types, since
their lexical syntax is different from expressions. However, types will be very
difficult to identify by a scanner in the input file, so this approach is rather
unlikely to work.

Unfortunately, this grammar is now difficult to extend for reference types,
since there are a large number of production rules involved, which encode the
syntax of reference types in a rather tricky way.

5.7 S U M M A RY A N D D I S C U S S I O N

We have discussed two approaches to parsing AspectJ. The ajc compiler uses
a single scanner, but separate parsers (for ‘regular’ code and for pointcut
expressions). The abc compiler uses a single parser with a stateful scanner.
Based on our analysis we can make the following observations. Many rules
on the syntax of AspectJ are only operationally defined in the implementa-
tion of the scanner and parser. As a consequence neither implementation
provides a declarative formalization of the syntax of AspectJ, although the
LALR grammar of abc [Hendren et al. 2004] is a step in the right direction.
The ajc parser has undocumented implementation quirks because of the scan-
ner implemented in and for plain Java. The abc parser improves over this by
using a scanner with lexical states. The abc parser is also more predictable,
but managing the lexical state in the parser is tricky and duplicates code and
development effort. It is difficult to reason about the correctness and com-
pleteness of the context switching rules of the abc scanner. For example, the
use of the global variable inPerPointcut happens to work correctly in case an
anonymous class is used with aspect members in a per-pointcut, but a slight
change or extension of the language may render this implementation invalid.
Choices for introducing lexical states are guided by the complexity of deter-
mining this lexical state in the scanner. For example, a separate lexical state
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for name patterns might be more appropriate. In conclusion, although the
implementation techniques used in the parsers of ajc and abc are effective for
parsing AspectJ, their implementations have several drawbacks.

5.8 A D E C L A R AT I V E S Y N TA X D E F I N I T I O N F O R A S P E C T J

In the previous sections, we have presented a range of implementation is-
sues in parsing AspectJ, and the solutions for these in the two major AspectJ
compilers, i.e. ajc and abc. As a consequence of these issues, the syntax of
the language that is supported by these compilers is not clearly defined. We
conclude that the grammar formalisms and parsing techniques that are used
are not suitable for the specification of the AspectJ language. A complete and
declarative definition of the syntax of the AspectJ language is lacking.

In this section, we present a definition of the syntax of AspectJ that is
declarative, modular, and extensible. Our AspectJ syntax definition is based
on the syntax definition formalism SDF and its implementation with scan-
nerless generalized LR parsing. Thanks to these foundations, the definition
elegantly deals with the extension and embedding of the Java language, the
problems of context-sensitive lexical syntax, and the different keyword poli-
cies of the ajc and abc compilers. Indeed, the modularity of SDF allows us to
define three variants of the AspectJ language:

• Ajf, which is the most liberal definition, where only real ambiguities are
resolved, for example by reserving keywords at very specific locations.

• Ajc, which adds restrictions to the language to be more compatible with
the official AspectJ compiler. The additional restrictions are mostly re-
lated to shift-reduce problems in the LALR parser of ajc.

• Abc, which reserves keywords in a context-sensitive way, thus defining
the language supported by the abc compiler.

The AspectJ syntax definition modularly extends our syntax definition for
Java 5

8. Also, the Ajf, Ajc, and Abc variants are all modular extensions of the
basic AspectJ definition. Moreover, in Section 5.9 we will show that our syntax
definition can easily be extended with new aspect features. In Section 5.10 we
present benchmark results, which show that these techniques yield a parser
that performs linear in the size of the input with an acceptable constant factor,
at least for specification, research and prototyping purposes.

The core observation underlying the syntax definition is that AspectJ is a
combination of languages, namely Java, aspects, and pointcuts. From this
viewpoint, this work applies and extends previous work on combining lan-
guages for the purpose of domain-specific language embedding [Bravenboer
& Visser 2004 (Chapter 2)] and metaprogramming with concrete object syn-
tax [Bravenboer et al. 2005 (Chapter 3)] (see Section 5.11.1).

8Available at http://java.syntax-definition.org
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5.8.1 Integrating Lexical and Context-Free Syntax

SDF integrates the definition of lexical and context-free syntax in a single for-
malism, thus supporting the complete description of the syntax of a language
in a single definition. In this way, the lexical syntax of AspectJ can be in-
tegrated in the context-free syntax of AspectJ, which automatically leads to
context-sensitive lexical syntax. Parsing of languages defined in SDF is imple-
mented by the scannerless generalized LR parser SGLR [Visser 1997a], which
operates on individual characters instead of tokens. Thus, recognizing the
lexical constructs in a source file is actually the same thing as parsing. This
solves most of the issues in parsing AspectJ.

Lexical syntax can be disambiguated in a declarative, explicit way, as op-
posed to the implicit, built-in heuristics of lexical analysis tools, such as a
longest-match policy and a preference for keywords. Without explicit spec-
ification, keywords are not reserved and, for example, are perfectly valid as
identifiers. Instead, keywords can be reserved explicitly by defining reject pro-
ductions.

Java

Figure 5.10 illustrates the basic ideas of SDF with sample modules and pro-
ductions from the Java syntax definition. Of course, the real syntax definition
is much larger and spread over more modules. Note that the arguments of
an SDF production are at the left and the resulting symbol is at the right, so
an SDF production s1 . . . sn -> s0 defines that an element of nonterminal s0
can be produced by concatenating elements from nonterminals s1 . . . sn, in
that order. The modules of Figure 5.10 illustrate that modules have names 14

and can import other modules 15. The module Java defines the composition
of compilation units 16 from package declarations, import declarations, and
type declarations. Note the use of optional (?) and iterated (*,+) nontermi-
nals. The module Expressions defines expression names 17 (local variables,
fields, etc), addition of expressions 18, which is declared to be left associative,
and method invocation 19. The production rule for method invocations uses
{s lit}*, which is concise notation for a list of s separated by lit. The module
Identifiers shows how lexical syntax is defined in the same syntax definition
as the context-free syntax. To define lexical nonterminals such as identifiers SDF
provides character classes to indicate sets of characters 20. The Identifiers

module also defines a longest-match policy for identifiers, by declaring that
identifiers cannot directly be followed by one of the identifier characters 21.
Another difference with respect to other formalisms is that there may be mul-
tiple productions for the same nonterminal. This naturally leads to modular
syntax definitions in which syntax can be composed by importing modules.

Aspects

Similar to the syntax definition of Java, SDF can be used to define modules
for the languages of aspects, pointcut expressions, and patterns. Figure 5.11

presents a few productions for aspect declarations in AspectJ. The first two
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module Java 14

imports Statements Expressions Identifiers 15

exports
context-free syntax

PackageDec? ImportDec* TypeDec+ -> CompilationUnit 16

module Statements
exports
context-free syntax

"for" "(" FormalParam ":" Expr ")" Stm -> Stm
"while" "(" Expr ")" Stm -> Stm

module Expressions
exports
context-free syntax

ExprName -> Expr 17

Expr "+" Expr -> Expr {left} 18

MethodSpec "(" {Expr ","}* ")" -> Expr 19

MethodName -> MethodSpec
Expr "." TypeArgs? Id -> MethodSpec

module Identifiers
exports
lexical syntax

[A-Za-z\_\$][A-Za-z0-9\_\$]* -> Id 20

lexical restrictions
Id -/- [a-zA-Z0-9\_\$] 21

Figure 5.10 Fragment of syntax definition for Java

productions define aspect declarations 22 and aspect declaration headers 23.
Both productions use nonterminals from Java, for example Id, TypeParams

(generics), and Interfaces. The aspect header may have a per-clause, which
can be used to control the instantiation scheme of an aspect. For instance, a
perthis clause 24 specifies that one aspect instance is created for each currently
executing object (this) in the join points matched by the pointcut expression
given as a parameter. The per-clause pertypewithin 25, which has been added
to the language in AspectJ 5, is used to create a new aspect instance for each
type that matches the given type pattern. This is the only per-clause that does
not take a pointcut expression as an argument.

Advice declarations 26 are mainly based on an advice specifier and a point-
cut expression, where an advice specifier can be a before 27, after 28, or around 29

advice. Note that most of the productions again refer to Java constructs, for
example ResultType and Param (an abbreviation of FormalParam).

Pointcuts

The AspectJ pointcut language is a language for concisely describing a set
of join points. Pointcut expressions consist of applications of pointcut des-
ignators, which can be primitive or user-defined. Also, pointcut expressions
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module AspectDeclaration
exports
context-free syntax
AspectDecHead AspectBody -> AspectDec 22

AspectMod* "aspect" Id TypeParams? Super?
Interfaces? PerClause? -> AspectDecHead 23

"perthis" "(" PointcutExpr ")" -> PerClause 24

"pertypewithin" "(" TypePattern ")" -> PerClause 25

AdviceMod* AdviceSpec Throws? ":" PointcutExpr
MethodBody -> AdviceDec 26

"before" "(" {Param ","}* ")" -> AdviceSpec 27

"after" "(" {Param ","}* ")" ExitStatus? -> AdviceSpec 28

ResultType "around" "(" {Param ","}* ")" -> AdviceSpec 29

"returning" "(" Param ")" -> ExitStatus 30

Figure 5.11 Fragment of syntax definition for aspects and advice

module PointcutExpression
exports
context-free syntax
"call "(" MethodConstrPattern ")" -> PointcutExpr 31

"get" "(" FieldPattern ")" -> PointcutExpr 32

"this" "(" TypeIdStar ")" -> PointcutExpr 33

"cflow" "(" PointcutExpr ")" -> PointcutExpr 34

"if" "(" Expr ")" -> PointcutExpr 35

PointcutName "(" {TypeIdStar ","}* ")" -> PointcutExpr 36

Id -> PointcutName

Figure 5.12 Fragment of syntax definition for AspectJ pointcut expressions.

can be composed using boolean operators. Figure 5.12 shows some of the
primitive pointcuts of AspectJ. The call 31 and get 32 pointcut designators
take patterns of methods, constructors, or fields as arguments. The this 33

pointcut designator cannot be used with arbitrary type patterns. Instead, the
argument must be a Type, an Id or a wildcard. The if 35 pointcut designator,
which we have discussed before, takes a boolean Java expression as an argu-
ment. Finally, Figure 5.12 defines the syntax for user-defined pointcuts 36 in
pointcut expressions, which have been declared somewhere in the program
using a pointcut declaration.

Patterns

The AspectJ pattern language plays an important role: as we have already
seen, most of the pointcut designators operate on patterns. Figure 5.13 shows
some productions for the syntax of the pattern language. Name patterns are
used to pick out names in a program. A name pattern is a composition of
identifier patterns 44, which are used for matching identifiers (i.e. names with-
out a dot) by adding a * wildcard to the set of identifier characters. The ..

wildcard 37 can be used to include names from inner types, subpackages, etc.
Almost every pointcut uses type patterns, which are used for selecting types.
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module Pattern
exports
context-free syntax

IdPattern -> NamePattern
NamePattern "." IdPattern -> NamePattern
NamePattern ".." IdPattern -> NamePattern 37

PrimType -> TypePattern 38

TypeDecSpecPattern -> TypePattern
TypeDecSpecPattern TypeParamsPattern -> TypePattern 39

NamePattern -> TypeDecSpecPattern 40

NamePattern "+" -> TypeDecSpecPattern 41

FieldModPattern TypePatttern ClassMemberNamePattern
-> FieldPatttern 42

MethodModPattern TypePattern ClassMemberNamePattern
"(" {FormalPattern ","}* ")" ThrowsPattern? -> MethodPattern 43

lexical syntax
[a-zA-Z\_\$\*][a-zA-Z0-9\_\$\*]* -> IdPattern 44

Figure 5.13 Fragment of syntax definition for AspectJ patterns

Any name pattern is a type pattern 40, but type patterns can also be used to
match subtypes 41, primitive types 38, parameterized types 39, etc.

Method 43 and field patterns 42 combine name patterns, type patterns, modifier
patterns, throw patterns and patterns for formal parameter into complete sig-
nature patterns that are used to match methods and fields by their signatures.

5.8.2 Composing AspectJ

We have now illustrated how the syntax of the sublanguages of AspectJ (Java,
aspects, pointcuts, and patterns) can be defined as separate SDF modules.
Next, we need to compose these modules into a syntax definition for AspectJ
itself. In SDF, we can combine two syntax definitions by creating a new mod-
ule that imports the main modules of the languages that need to be combined.
The ease with which syntax definitions can be composed, is due to the two
main features of the underlying parser: scannerless parsing and the use of the
generalized LR algorithm.

First, in a setting with a separate scanner such a combination would cause
conflicts as has extensively been discussed in Section 5.4. However, in the
scannerless SDF setting this does not pose a problem. Since lexical analysis
is integrated with parsing, context-sensitive lexical analysis comes for free.
For example, when parsing 1+1 as a Java expression the + will be seen as
an addition operator 18, but when parsing Foo+ in the context of a pointcut
expression, then the + will be interpreted as a subtype pattern 41.

Second, if LL, LR, or LALR grammars are used, then the combination of
one or more languages is not guaranteed to be in the same subset, since these
subsets of the context-free languages are not closed under composition. In-
deed, if we combine method declarations from Java and advice declarations
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module AspectJ 45

imports
Java AspectDeclaration PointcutExpression Pattern 46

exports
context-free syntax
AspectDec -> TypeDec 47

ClassBodyDec -> AspectBodyDec 48

AspectDec -> ClassMemberDec 49

PointcutDec -> ClassMemberDec 50

Figure 5.14 SDF module combining Java, pointcut, and aspect declarations.

from aspects, then shift-reduce conflicts pop up since this combination is no
longer LALR, as has been discussed in Section 5.5.3. Since SDF is imple-
mented using generalized LR parsing, SDF supports the full class of context-
free grammars, which is closed under composition. Hence, new combinations
of languages will stay inside the same class of context-free grammars.

Nevertheless, in some cases there will be ambiguities in the new combina-
tion of languages where there are actually two or more possible derivations
for the same input. These ambiguities can be solved in a declarative way us-
ing one of the SDF disambiguation filters [van den Brand et al. 2002], such
as reject, priorities, prefer, and associativity. Section 5.9 presents examples of
this in AspectJ extensions. However, this is not the case for AspectJ. For exam-
ple, the around advice problem is not a real ambiguity: the syntax of around
advice and method declarations are similar for the first few arguments, but
the colon and the pointcut expression distinguishes the around advice syntac-
tically from method declarations.

AspectJ

Figure 5.14 illustrates how the languages can be combined by importing 46

the modules of Java, aspects, pointcuts, and patterns 9. In this way, most of
the integration happens automatically: the productions for pointcut expres-
sions already refer to patterns and aspect declarations already refer to point-
cut expressions and patterns. By importing all modules, the symbols and
productions of these modules will be combined, and as a result the pointcut
expressions will automatically be available to the aspect declarations.

The integration of the languages can be extended and refined by adding
more productions that connect the different sublanguages to each other. For
instance, aspect declarations (AspectDec) are Java type declarations, since they
can be used at the top-level of a source file 47 (see also the production rule for
compilation units 16). Furthermore, aspect declarations 49 and pointcut decla-
rations 50 can occur inside a class, i.e. as members of a Java class declaration.

Just as aspects and pointcuts can be defined in regular Java code, the dec-
larations of aspects can contain Java members such as constructors, initial-
izers, fields, and method declarations. Thus, Java class body declarations

9The actual composition in the full definition is somewhat different, to make the definition
more customizable. We will discuss this later.
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(ClassBodyDec, i.e. elements of a Java class body) are allowed as aspect body
declarations 48.

5.8.3 Disambiguation and Restrictions

We have not yet defined any reserved keywords or other restrictions for the
syntax that we have presented. Next, we explain how the syntax definition
can be extended in a modular way to impose additional restrictions on the
language, such as different reserved keyword policies and requirements for
being compatible with the language accepted by an LALR grammar. First,
we discuss how keywords can be reserved in SDF. Next, we discuss the real
ambiguities of the language that we have presented so far. The resulting
syntax definition, which is the most liberal AspectJ syntax definition without
ambiguities, is called Ajf. After that, we extend the restriction to achieve the
Ajc and Abc variants, which are designed to be compatible with the AspectJ
language as supported by the ajc and abc compilers, respectively.

Reserving Keywords

Scannerless parsing does not require a syntax definition to reserve keywords.
Depending on the context, the same token can for example be interpreted as
a keyword or as an identifier. However, in some cases a keyword is inherently
ambiguous if it is not reserved. For example, the Java expressions this and
null would be ambiguous with the identifiers this and null if they would not
be reserved. In SDF reserved keywords are defined using reject productions [Vis-
ser 1997a], which are productions annotated with the reject keyword. The
following two SDF productions illustrate this mechanism:

"abstract" | "assert" | ... | "while" -> Keyword
Keyword -> Id {reject}

The first production defines keywords and the second rejects these keywords
as identifiers. Reject productions employ the capability of generalized LR
parsers to produce all possible derivations. In case of a keyword, there will
be two possible derivations: one using the real production for identifiers and
one using the reject production. If the reject production is applicable, then all
possible parses that produce the same nonterminal (in this case Id) are elim-
inated. In this way, the parse that uses the production for the real identifier
is disallowed. Thus, in SDF reserved keywords are defined per nonterminal: in
the example above, the keywords are only reserved for the Id nonterminal. If
other identifier-like nonterminals would exist in Java (which is not the case),
then keywords would not be reserved for that nonterminal. Because there is
just a single identifier nonterminal for regular Java, this feature does not add
much over a mechanism for global keywords, but the feature is most useful
if languages are being combined: it can be used for defining context-sensitive
keywords.
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Ajf

One of the few ambiguities in the syntax definition are the applications of
user-defined 36 and primitive pointcut designators. For example, the pointcut
expression this(Foo) can be parsed as the primitive pointcut this, but it can
also parsed as a user-defined pointcut with the same name. To resolve this
ambiguity, Ajf rejects the names of primitive pointcuts as the name of a user-
defined pointcut, which is similar to the behaviour of ajc and abc. To make
the names of primitive pointcuts available to extensions and the other variants
of AspectJ, we introduce a new nonterminal: PrimPointcutName. These names
are rejected as the name of a used-defined pointcut.

"adviceexecution" | "args" | "call" | ...
| "within" | "withincode" -> PrimPointcutName

PrimPointcutName -> PointcutName {reject}

Another ambiguity that needs to be resolved by reserving keywords occurs in
type patterns. Type patterns are composed of name and identifier patterns,
but we have not imposed any restrictions on these name patterns, which im-
plies that a name pattern can just as well be one of the built-in types int,
float, void, etc. We do not want to reject these types as identifier patterns in
general, since there is actually no ambiguity there. To resolve this ambiguity
more precisely, we can disallow keywords only for the name patterns that are
used as type patterns, i.e. TypeDecSpecPatterns 40.

Keyword -> TypeDecSpecPattern {reject}

The final ambiguity is a bit more surprising. The ajc compiler does not
reserve keywords in patterns, not even the regular Java keywords (except
for the bug with the if pseudo token). For example, the method pattern *

try(String) is accepted by ajc. Of course, this is not very useful since there
can never be a method with this name, but for now we follow this decision. As
a result of this, the identifier pattern new is allowed for the name of a method
in a method pattern. Surprisingly, the constructor pattern *Handler+.new()

can now also be parsed as a method pattern by splitting the *Handler identi-
fier pattern after any of its characters. The part before the split then serves as a
type pattern for the return type of the method. For example, one of the results
of parsing are the method patterns * Handler+.new() and *H andler+.new().
The reason for this is that SDF does not by default apply a longest-match
policy. Of course, this split is not desirable, so to disallow this, we define a
longest-match policy specifically for identifier patterns using a follow restric-
tion, which forbids derivations where an identifier pattern is followed by a
character that can occur in a pattern.

IdPattern -/- [a-zA-Z0-9\_\$\*]

Ajc Compatibility

In Section 5.5.3 we have discussed the pseudo keyword policy of ajc in detail.
Basically, the pseudo keywords of AspectJ are only reserved for a few specific
language constructs. This can concisely be expressed using reject productions,
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which allow the definition of reserved keywords per nonterminal. Similar to
the PrimPointcutName we introduced earlier, a new nonterminal for pseudo
keywords can be used. For all the language constructs that cannot be pseudo
keywords, a reject production is defined. For example:

"aspect" | "pointcut" | "privileged" | "before"
| "after" | "around" | "declare" -> PseudoKeyword

PseudoKeyword -> TypeName {reject}
PseudoKeyword -> PackageOrTypeName {reject}

The first production handles the case where a typename is a single identifier
(e.g. aspect). The second case rejects pseudo keywords as the first identifier of
the qualifier of a typename (i.e. a package- or typename), which corresponds
to the behavior of ajc, where pseudo keywords are not allowed as the first
identifier of a typename. Finally, to be more compatible with ajc, Ajc could
produce parse errors for incorrect floating-point literals in name patterns by
defining the syntax of incorrect floating-point literals and the name patterns
that contain them. These patterns can then be rejected as name patterns. If
this behaviour were required, then this might be useful, but for now we leave
this as an ‘incompatibility’.

Abc Compatibility

While extending the syntax definition for compatibility with ajc was relatively
easy, extending the definition (as we have presented it until now) to become
compatible with abc is substantially more difficult, if undertaken without the
appropriate solutions. First, we discuss how a relatively easy restriction of abc
can be enforced. This leads to the explanation why other restrictions are im-
possible to solve concisely in the current setup. For this, and for the definition
of AspectJ extensions, we present a novel method of combining languages
using grammar mixins. Grammar mixins then arise as the key mechanism for
composing the languages involved in AspectJ. After discussing grammar mix-
ins, we return to the Abc compatibility.

Keywords and Name Patterns In Section 5.6 we have discussed that the abc

compiler reserves a different set of keywords per lexical state. For example, in
the lexical state of a pointcut, abc reserves all the names of primitive pointcut
designators. To support these keywords (such as the rather common get and
set) in identifier patterns, they are explicitly allowed by the grammar of abc

(Section 5.6.2). In SDF, this is not an issue: keywords are reserved per nonter-
minal, so keywords that have been reserved for identifiers are still allowed as
identifier patterns. As opposed to ajc, abc does not allow regular Java key-
words as identifier patterns, so the previous example of the method pattern
* try(String) results in a syntax error. In our Abc compatible variant, this is
handled by rejecting plain Java keywords as identifier patterns:

Keyword -> IdPattern {reject}

However, it is not obvious how the context-sensitive keywords of abc could be
defined. For example, consider the following candidate for making primitive
pointcut names keywords:
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PrimPointcutName -> Keyword

Unfortunately, adding this production reserves keywords in every context, not
just in pointcuts. The previous reject production for IdPattern illustrates why
this is the case: we only have a single keyword nonterminal and in this way
we cannot have context-specific sets of keywords. Moreover, we have just a
single identifier nonterminal (Id), but an identifier can occur in every context,
and for every context we need to reserve a different set of keywords. Since
we cannot refer to an identifier in a specific context, it is impossible to define
reserved keywords for it. Grammar mixins are a solution for this, but are
more generally useful than just for defining reserved keywords.

5.8.4 Grammar Mixins

In the context of object-oriented programming, mixins are abstract subclasses
that can be applied to different superclasses (i.e. are parameterized in their
superclass) and in this way can form a family of related classes [Bracha &
Cook 1990]. In the context of grammars, grammar mixins are syntax defini-
tions that are parameterized with the context in which they should be used.
The key observation that leads to the use of mixins for defining AspectJ is that
the language uses multiple instances of Java, which are mixed with the new
language constructs of AspectJ. For example, a Java expression in the context
of an if pointcut is different from a Java expression in an advice declaration
or in a regular Java class. Similarly, an identifier in the context of a pointcut is
different from an identifier in an aspect body declaration. Therefore, it should
be possible to handle them as separate units, which would make it possible
to customize them separately.

Therefore, the Java language should be reusable in the definition of a new
language, where the Java syntax effectively becomes part of the new syntax
definition, i.e. if syntax definition A1 imports B and C using mixin compo-
sition, then the syntax of B and C should effectively become part of A1. A
different language A2 should be able to compose itself with B or C and mod-
ify this new composition without affecting the other combination of A1, B,
and C.

Grammar mixins provide a more flexible way of composing languages
compared to the plain import mechanisms of SDF that we have been using
until now. Using grammar mixins, Java can be mixed with pointcuts, name
patterns, and aspects and each of these combinations is again a unit for com-
position. Also, it is possible to extend, customize, or restrict the Java language
only for some specific combination. In particular, SDF grammar mixins flour-
ish because the syntax definitions that are subject to mixin compositions are
complete: the lexical as well as the context-free syntax is being composed
and can both be customized for a specific composition. In the next section we
will show how grammar mixins can be used to their full potential to combine
AspectJ language extensions by unifying mixin compositions.

SDF Implementation For the implementation of grammar mixins we make
use of a combination of existing SDF features whose applicability to syntax
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module JavaMix[Ctx] 51

imports Java 52

[ CompilationUnit => CompilationUnit[[Ctx]] 53

TypeDec => TypeDec[[Ctx]]
...
FieldAccess => FieldAccess[[Ctx]]
MethodSpec => MethodSpec[[Ctx]]
Expr => Expr[[Ctx]] ]

Figure 5.15 SDF grammar mixin for Java.

module AspectJ[JavaCtx AspectCtx PointcutCtx PatternCtx]
imports
JavaMix[JavaCtx] 54

JavaMix[AspectCtx]
JavaMix[PointcutCtx]
JavaMix[PatternCtx]
aspect/Declaration[AspectCtx JavaCtx] 55

pattern/Main[PatternCtx] 56

pointcut/Expression[PointcutCtx JavaCtx] 57

Figure 5.16 Main module of grammar mixin-based AspectJ

definition had not been fully explored previously: parameterized modules
and parameterized symbols. Figure 5.15 shows the SDF implementation of
the mixin module for Java. An SDF grammar mixin is an SDF module that
has a formal parameter 51 that identifies a particular mixin composition. By
convention this parameter is called Ctx (for context) and the module name
has the suffix Mix. This grammar mixin module imports the real syntax def-
inition 52 and applies a renaming 53 to all the nonterminals of the grammar,
which places these nonterminals in the given Ctx by using a parameterized
nonterminal. The list of renamings covers all the nonterminals of the lan-
guage, which can be a very long list that is tedious to maintain. Therefore, we
provide a tool gen-sdf-mix that generates a grammar mixin module given an
SDF syntax definition. The grammar mixin is never modified by hand, so it
can be regenerated automatically.

All grammar mixins that are imported using the same symbol for Ctx are
subjected to mixin composition. In a way, the import statement of SDF and
Ctx symbol are the mixin composition operators of grammar mixins. For
grammar mixins, composition means that the grammars of the syntax defini-
tions involved in a composition are fully automatically combined, based on
the normal SDF grammar composition semantics (which are also applied to
plain imports).

5.8.5 AspectJ in the Mix

Now we have revealed the actual design of the syntax definition, we need to
revise the presentation of the AspectJ syntax. Figure 5.16 shows the imports of
the main module of the syntax definition. The Ajf, Ajc, and Abc variants im-
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AspectDec -> TypeDec[[JavaCtx]] (see 47)
ClassBodyDec[[AspectCtx]] -> AspectBodyDec (see 48)
AspectDec -> ClassMemberDec[[JavaCtx]] (see 49)
PointcutDec -> ClassMemberDec[[JavaCtx]] (see 50)

"before" "(" {Param[[AspectCtx]] ","}* ")" -> AdviceSpec (see 27)
"if" "(" Expr[[JavaCtx]] ")" -> PointcutExpr (see 35)
PrimType[[PatternCtx]] -> TypePattern (see 38)

Figure 5.17 AspectJ productions updated to grammar mixins. The numbers refer
to the productions mentioned earlier.

port this module and the variant specific modules. The AspectJ module itself
has four contexts parameters, to make the mixin composition configurable for
AspectJ extensions. AspectJ imports the grammar mixin JavaMix four times,
once for every context. This makes all the nonterminals of Java available to
AspectJ in these four contexts. The choice of the four contexts is somewhat
arbitrary. For example, it might be a good idea to introduce an additional
context for advice. Fortunately, this is very easy to do by just importing an-
other instance of the Java grammar mixin with a symbol for that context. Our
syntax definition has one context more than the abc scanner has lexical states:
abc does not place patterns in a separate context.

Next, the modules for the sublanguages are imported, passing the required
contexts as parameters to the modules. For example, pointcut expressions 57

need to know their own context, but also the context of regular Java expres-
sions.

The imports of JavaMix and the sublanguage modules automatically com-
pose all mixin compositions, but we still need to make some interactions ex-
plicit, like we did earlier in Figure 5.14. However, this time the productions
also connect nonterminals from different contexts (mixin compositions). Fig-
ure 5.17 shows some of the production rules that we have discussed earlier,
but this time using the context parameters. For example, aspect declarations
are type declarations in the JavaCtx 47, but all the arguments of the aspect dec-
laration will be in the context of aspects, so an aspect declaration changes the
context from JavaCtx to AspectCtx in this case. The second production 48 de-
fines that regular Java class body declarations from the aspect context can be
used as aspect body declarations. The productions for aspect 49 and pointcut
declarations 50 make these constructs available as class members in the regular
Java context. Advice specifiers 27 use Java’s formal parameters from the aspect
context. The if pointcut expression takes an expression from the regular Java
context as an argument. For Abc compatibility, we will later define reserved
keywords per context. By using the expression from the Java context, aspect and
pointcut-specific keywords will be allowed in this Java expression. Finally, the
type pattern for primitive types 38 now uses a primitive type from the pattern
context.

Note that the choice of the context of a symbol is completely up to the
language designer: for every production argument we can choose the most
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appropriate context. The choice of the context switches (lexical state transi-
tions) is not influenced by the complexity of recognizing the context during
lexical analysis. In the next section we show that this enables language de-
signers to improve their language designs.

5.8.6 Abc Compatibility Revised

Thanks to the grammar mixins, we can now declare a different set of re-
served keywords for each context. The AspectJ grammar now has four non-
terminals for identifiers: Id[[JavaCtx]], Id[[AspectCtx]], Id[[PointcutCtx]], and
Id[[PatternCtx]]. Similarly, there are four nonterminals for keywords. Thus,
the syntax definition can now reject a different set of reserved keywords for
each specific context. The reject production is in fact already defined in the
Java modules imported by the AspectJ definition, so we only need to extend
the existing set of keywords. For the Java context, abc introduces three new
keywords:

"privileged" | "aspect" | "pointcut" -> Keyword[[JavaCtx]]

For the aspect context, abc introduces a series of new keywords. Also, every
keyword from the Java context is a keyword in aspect context.

"after" | ... |"proceed" -> Keyword[[AspectCtx]]
Keyword[[JavaCtx]] -> Keyword[[AspectCtx]]

However, proceed is now a reserved keyword in aspect declarations, so it is
no longer allowed as the name of a method invocation, which now rejects the
special proceed call for invoking the original operation in an around advice.
To reintroduce the proceed call, we need to allow it explicitly as a method
specifier in the aspect context (note that an advice context would be useful
here, though that would not be compatible with abc, which is the whole point
of this exercise).

"proceed" -> MethodSpec[[AspectCtx]]

In the context of pointcuts, abc reserves the Java keywords, primitive pointcut
names, and some additional keywords from the context of aspects.

Keyword[[JavaCtx]] -> Keyword[[PointcutCtx]]
PrimPointcutName -> Keyword[[PointcutCtx]]
"error" | ... | "warning" -> Keyword[[PointcutCtx]]

Finally, we still need to define keywords for the context of patterns, since our
syntax definition uses a separate context for that. In abc, these two states are
merged, so defining pattern keywords is easy:

Keyword[[PointcutCtx]] -> Keyword[[PatternCtx]]
Keyword[[PatternCtx]] -> IdPattern {reject}

We have now defined the keyword policy of abc in a declarative way as a
modular extension of the basic syntax definition.
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5.9 A S P E C T J S Y N TA X E X T E N S I O N S

In the last few years, there has been a lot of research on extensions of AspectJ.
For experimenting with aspect-oriented language features, an extensible compiler
for AspectJ is most useful. One of the goals of the abc project is to facilitate this
research by providing such an extensible compiler. The previous sections have
highlighted a few challenges for the definition of the syntax of AspectJ and the
implementation of an AspectJ parser. The result of this complexity is that the
parsers of ajc and abc are more complex than usual, since the requirements
imposed on the parser by the language do not match the conventional parsing
techniques too well.

This section demonstrates these limitations through several existing exten-
sions and their issues. We compare the implementation of the syntax of the
extensions in abc to the definition of the syntax in SDF, based on the syntax
definition for AspectJ that we presented in the previous section. We would
like to emphasize that this discussion is all about the syntax of the extensions,
and not about the other compiler phases. Our modular and declarative ap-
proach for the definition of the syntax of AspectJ does not suddenly make
the complete implementation of AspectJ extensions trivial, since a lot of work is
going on in later compiler phases.

5.9.1 Issues in Extensibility

The abc compiler is based on Polyglot [Nystrom et al. 2003], which provides
PPG, a parser generator for extensible grammars based on CUP, a LALR
parser generator. The extensibility features of PPG are based on manipula-
tion of grammars, with features such as drop a symbol, override productions
of a symbol, and extend the productions of a symbol. This way of extending
a grammar works in practice for most of the language extensions that have
been implemented for abc until now. Unfortunately this is not a truly modu-
lar mechanism, since LALR grammars do not compose, which means that the
user of PPG has to make sure that the composed grammar stays in the LALR
subclass of context-free grammars. For example, we have discussed the prob-
lem of around advice and method declarations with the name around. The abc

compiler overcomes some of these issues by reserving keywords.
PPG does not feature an extensible scanner, so the abc compiler implements

its own, stateful scanner as we have discussed in detail. This works fine for the
basic AspectJ language, but it is inherently not modular. The rules for switch-
ing from context are based on knowledge of the entire language that is being
scanned, which breaks down if the language is extended in an unexpected
way. The abc scanner allows extensions to add keywords to specific states of
the scanner. In this way, it is relatively easy to add keywords, but it is difficult
to add operators and it is much more difficult to add new scanner states. For
example, suppose that AspectJ did not define an if(...) pointcut. It would
have been non-trivial to extend the scanner to handle this pointcut, since it
requires the introduction of a new lexical state that affects several aspects of
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module HelloWorld[JavaCtx AspectCtx PointcutCtx]
exports
context-free syntax

"cast" "(" TypePattern ")" -> PointcutExpr 58

"global"":" ClassNamePattern ":" PointcutExpr ";" -> PointcutDec 59

"cflowlevel" "(" IntLiteral[[JavaCtx]] "," PointcutExpr ")"
-> PointcutExpr 60

lexical syntax
"cast" -> Keyword[[PointcutCtx]]
"cflowlevel" -> Keyword[[PointcutCtx]]
"global" -> Keyword[[JavaCtx]]
"global" -> Keyword[[AspectCtx]]

Figure 5.18 Syntax of some abc extensions implemented in SDF

the scanner. In these situations, the scanner has to be copied and modified,
which is undesirable for maintenance and composition of extensions.

The modular syntax definition we have presented solves many of these
issues, since the definition itself can be extended in a modular way as well.
Context or lexical state management is not based on rudimentary context-
free parsing in the scanner, but fully integrated in the parser by the use of
scannerless parsing. Moreover, contexts can be unified by mixin composition
and ambiguities can be resolved in a modular way.

5.9.2 Simple Extensions

First, we discuss some small AspectJ extensions that are part of the EAJ (Ex-
tended AspectJ) extension of abc. The SDF implementation of the extensions
is shown in Figure 5.18. Similar to the way Java is extended, the AspectJ syn-
tax definition can be extended by creating a new module that imports AspectJ
and adds new constructs.

Cast and Global Pointcuts

The cast pointcut designator 58 can be used to select points in the program
where an implicit or explicit cast is performed. This is a very simple pointcut
designator, yet this simple example already introduces a problem the imple-
menter of the extension should be aware of. The keyword cast is reserved in
the context of a pointcut, which means that it is no longer allowed as part of a
name pattern (see Section 5.6.2). To resolve this, the keyword should be added
to the simple name patterns explicitly, which has not been done for this extension
in the abc implementation. The same problem occurs in the implementation
of global pointcuts 59 (a mechanism for globally restricting some aspects by
extending their pointcut definitions). In our syntax definition this is not an
issue, since the keywords are reserved per nonterminal.
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module AspectJMix[Ctx]
imports AspectJ
[ AspectDec => AspectDec[[Ctx]]
AspectBodyDec => AspectBodyDec[[Ctx]]
...
TypePattern => TypePattern[[Ctx]]
PointcutExpr => PointcutExpr[[Ctx]] ]

Figure 5.19 Grammar Mixin for AspectJ

CFlow Level

The cflowlevel 10 pointcut designator is an extension used to select join points
based on the level of recursion. The cflowlevel pointcut designator takes
two arguments: a number for the recursion level and a pointcut. However,
the lexical state for pointcuts in abc does not allow integer literals. To avoid
the need for a new lexical state or other complex solutions, the syntax of
the cflowlevel construct was changed to a string literal, which is supported
in the pointcut lexical state 11. Unfortunately, in this case the syntax of the
extension was designed to fit the existing lexical states of the scanner. In the
SDF implementation of this extension referring to an integer literal is not a
problem.

5.9.3 Open Modules

Open modules were proposed by Aldrich [Aldrich 2005] to solve the coupling
issues that arise between aspects and the code they advise. It provides an en-
capsulation construct that allows an implementation to limit the set of points
to which external advice applies. Recently, an abc extension was proposed
that extends open modules to full AspectJ ([Aldrich 2005] deals with a small
functional language) and defines appropriate notions of module composi-
tion [Ongkingco et al. 2006]. The normal form of open modules as proposed
in [Ongkingco et al. 2006] is as follows:

module ModuleName {
class class name pattern
friend list of friendly aspects
expose : pointcut defining exposed join points

}

A module declaration applies to a set of classes as specified in the class part.
It states that aspects can only advise join points matched by the pointcut
specified in the expose part. Friendly aspects, listed in the friend part, have un-
restricted access to the join points occurring within classes of the module. The
exact syntax is more elaborate for notational convenience, and also includes
constructs for restricting or opening modules upon composition.

The parsing of open modules requires a new lexical state. This need falls
out of the designed extensibility of abc, as highlighted in Section 5.6. As a

10Available at http://www.cs.manchester.ac.uk/cnc/projects/loopsaj/cflowlevel/
11See http://abc.comlab.ox.ac.uk/archives/dev/2005-Aug/0003.html
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module OpenModule[JavaCtx]
exports
context-free syntax

ModDec+ -> CompilationUnit[[JavaCtx]]
Root? "module" Id "{" ModMember* "}" -> ModDec
"class" ClassNamePattern ";" -> ModMember
"friend" {AspectName ","}+ ";" -> ModMember
"open" {Module ","}+ ";" -> ModMember
"constrain" {Module ","}+ ";" -> ModMember
Private? "expose" ToClause? ":" PointcutExpr ";" -> ModMember
Private? "advertise" ToClause? ":" PointcutExpr ";" -> ModMember
"to" ClassNamePattern -> ToClause

lexical syntax
"root" | "module" -> Keyword[[JavaCtx]]
"module" | ... | "advertise" -> Keyword

Figure 5.20 SDF module extending AspectJ with open modules.

consequence the full scanner has to be copied and modified. Although just
15 lines of code had to be modified in the copy, this introduces a maintenance
problem: copying the scanner implies that the developer of the extension has
to keep the extension in sync with the main scanner of abc, which is bound
evolve, for example to introduce support for AspectJ 5.

Conversely, SDF allows the syntax of open modules to be concisely and
modularly expressed, as illustrated in Figure 5.20. A new context can be
introduced in a modular way. The implementation is based on the AspectJ
grammar mixin module of Figure 5.19.

5.9.4 Context-Aware Aspects

We now consider the AspectJ syntax extensions for the pointcut restrictors
proposed in [Tanter et al. 2006] for context-aware aspects. Context-aware aspects
are aspects whose pointcuts can depend on external context definitions, and
whose advices may be parameterized with context information. Contexts are
stateful, parameterized objects: they are specified by implementing a context
class with a method that determines whether the context is active or not at a
given point in time; context activation can be based on any criteria, like the
current control flow of the application, some application-specific condition, or
input from environment sensors. A context is an object that may hold relevant
state information (such as the value obtained from a given sensor).

Context-aware aspects [Tanter et al. 2006] propose a number of general-
purpose and domain- or application-specific pointcut restrictors for restrict-
ing the applicability of an aspect based on some context-related condition.
These pointcut restrictors are explained using an AspectJ extended syntax,
although only a framework-based implementation is provided, based on the
Reflex AOP kernel [Tanter & Noyé 2005].
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Syntax of Context-Aware Aspects

The inContext pointcut restrictor is similar to an if pointcut designator, re-
stricting the applicability of an aspect (e.g. Discount) to the application cur-
rently being in a certain context (e.g. PromotionCtx):

pointcut amount():
execution(double Item.getPrice()) && inContext(PromotionCtx);

Also, context-aware aspects provide a mechanism to expose state associated
to the context (e.g. a discount rate) as a pointcut parameter, subsequently it
can be used in the advice. In the following example, the rate property of the
PromotionCtx is exposed in the pointcut and subsequently used in the advice
to compute the associated discount.

aspect Discount {
pointcut amount(double rate):
execution(* ShoppingCart.getAmount())

&& inContext(PromotionCtx(rate));

double around(double rate): amount(rate) {
return proceed() * (1 - rate);

}
}

Context activation can be parameterized in order to foster reuse of contexts.
For instance, a stock overload context can be parameterized with the ratio of
stock overflow required to be considered active. In the following example, the
amount pointcut matches only if the stock overload factor is superior to 80%
when the rest of the pointcut matches.

pointcut amount():
execution(* ShoppingCart.getAmount())

&& inContext(StockOverloadCtx[.80]);

An important characteristic of the approach presented in [Tanter et al. 2006]
is the possibility to extend the set of pointcut restrictors, either general pur-
pose or domain/application specific. Hence the set of context restrictors is
open-ended. An example of a general-purpose restrictor is one that makes it
possible to refer to past contexts, such as the context at creation time of an ob-
ject. For instance, the createdInCtx restrictor in the next example refers to the
context in which the currently-executing object was created. The amount point-
cut matches if the current shopping cart was created in a promotional context,
independently of whether the promotion context is still active at check-out
time.

pointcut amount():
execution(* ShoppingCart.getAmount()) && createdInCtx(PromotionCtx);

An example of application-specific restrictor is putInCartInCtx, which refers
to the context at the time an item was put in the shopping cart:

pointcut amount():
execution(* Item.getPrice()) && putInCartInCtx(PromotionCtx);
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module CtxAspect
exports
context-free syntax

"inContext" "(" ActualCtx ")" -> PointcutExpr
"createdInCtx" "(" ActualCtx ")" -> PointcutExpr
TypeName[[JavaCtx]] ACParams? ACValues? -> ActualCtx
"[" {Expr[[JavaCtx]] ","}+ "]" -> ACParams
"(" {CtxId[[JavaCtx]] ","}+ ")" -> ACValues

lexical syntax
"inContext" | "createdInCtx" -> Keyword[[PointcutCtx]]

module EShopCtxAspect
imports CtxAspect
exports
context-free syntax
"putInCartInCtx" "(" ActualCtx ")" -> PointcutExpr

lexical syntax
"putInCartInCtx" -> Keyword[[PointcutCtx]]

Figure 5.21 Two SDF modules for context-aware aspects: (top) general-purpose
pointcut restrictors; (bottom) application-specific extension for the EShop.

Parsing Context-Aware Aspects

Extending AspectJ with the two general-purpose context restrictors inContext

and createdInCtx can be defined in a CtxAspect SDF module (Figure 5.21

(top)). The context-free syntax section defines the new syntax: a context re-
strictor followed by the actual context definition; a context is a Java type name,
with optional parameters and values (for state exposure). The lexical syntax
section specifies that the new pointcut restrictors have to be considered as
keywords in a pointcut context.

Figure 5.21 (bottom) shows a modular syntactic extension for context-aware
aspects with the definition of the putInCartInCtx application-specific restric-
tor. Interestingly, it is not necessary to redefine the syntax for parameters
and values in the new syntax extension definition (ActualCtx is visible from
EShopCtxAspect).

5.10 P E R F O R M A N C E

Deriving a production quality (i.e. efficient and with language-specific error
reporting) parser from a declarative, possibly ambiguous, syntax definition is
one of the open problems in research on parsing techniques. In particular,
the area of scannerless parsing is relatively new and the number of imple-
mentations is very limited (i.e. about 2). This work does not improve the
performance, error reporting or error recovery of these parsers in any way:
besides the arguments for a declarative specification of AspectJ, it only pro-
vides a strong motivation for continued research on unconventional parsing
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Figure 5.22 Benchmark of parsing Java source files. Top to bottom: sglr/ajc,
sglr/java, and abc
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Figure 5.23 Benchmark of parsing Java source files. Top to bottom: ANTLR, ajc,
and the trend lines of all the benchmarked parsers in a single graph

Chapter 5. Syntax Definition for AspectJ 135



techniques. Although our current objectives are not to replace every single
parser in a production compiler by a scannerless generalized LR parser, it is
good to get an impression of the current state of a scannerless generalized LR
parser compared to parsers used in existing compilers.

In order to evaluate the applicability of our approach beyond specification
purposes, we have performed some benchmarks to estimate the efficiency of
scannerless generalized LR parsing. It has been shown that although O(n3)
in the worst case (with n the length of the input), generalized LR performs
much better on grammars that are near-LR [Rekers 1992], and that the cost
of scannerless parsing is linear in the length of the input, although with an
important constant factor [Salomon & Cormack 1989]. There is little knowl-
edge of how the integration of scannerless and generalized LR parsing per-
forms. We hereby compare the cost of the SGLR parser with that of abc, ajc,
and ANTLR [Parr] (an LL(k) parser generator) when parsing both a massive
amount of Java code and the AspectJ testsuite of abc.

5.10.1 Benchmark Setup

The test machine is an Intel Pentium 4 3.2GHz CPU with 1GB memory, run-
ning SUSE 9.0. The abc, ajc, and ANTLR parsers use the Sun JDK 5.0. SGLR
3.15 is invoked with heuristic filters and cycle detection disabled. For all
parsers, we only measure the actual parse time: this includes the construction
of the parse tree, but no semantic analysis and I/O costs. In all benchmarks,
the same source file is parsed 15 times and the first 10 parses are ignored to
avoid start-up overhead (class loading and JIT compilation for Java, parse ta-
ble loading for SGLR). For ANTLR we use version 3.0b3 and a recent Java 1.5
grammar written by Terence Parr.

5.10.2 Benchmark Results

Figure 5.23 shows the results of the Java benchmark: parsing of the source
files of the Azureus Bittorrent client and Tomcat 5.5.12. This figure shows that
parsing with all parsers is linear in the size of the input, illustrated by the
trend lines (calculated using least-squares). SGLR parsing with the AspectJ
grammar is about 4% slower than parsing with the Java grammar. The con-
stant factor of parsing with abc is about 40% of the factor of SGLR. Clearly, the
performance of ajc is superior to all the other parsers. The performance of the
ANTLR Java parser is more or less between the abc and ajc parsers, but this
is a plain Java parser. The creation of ANTLR parsers has been heavily opti-
mized in this benchmark after noticing the substantial setup cost of ANTLR3

parsers. The absolute times are all fractions of second, which is only a very
small portion of the total amount of time required for compiling an AspectJ
program, since the most expensive tasks are in semantic analysis and actual
weaving of aspects.

Figure 5.24 shows the results for parsing aspect code from the testsuite
of abc. Note that the scales are different, since aspect sources are typically
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smaller. Again, the parse time is linear in the size of the input, but the con-
stant factor of abc is about 60% of the factor of SGLR. The performance of
SGLR compared to ajc has improved as well. For both Java parsers, parsing
source files close to 0 bytes is relatively expensive. The reason for this is JIT
compilation, which still introduces start-up overhead after parsing the same
file 10 times before the actual benchmark. At first, we ignored just the first
two parses, which had a dramatic impact on the performance. Overall, the
parse time is always smaller than 0.06 second, so the absolute differences are
extraordinarily small for these tiny source files. We would have to bench-
mark larger aspect sources (which do not exist yet) to get more insight in the
performance of parsing aspects and pointcuts.

As a matter of fact, a typical project consists of a lot of Java code with
a few AspectJ aspects, so the Java benchmark is particularly relevant. To
conclude, the absolute and relative performance of scannerless generalized
LR parsing is promising for the considered grammars (Java and AspectJ). The
fact that the parsers are implemented in Java versus C is not relevant, since
the most important question is whether SGLR is fast enough in absolute time.
Nevertheless, since there is virtually no competition in the area of scannerless
parsing at present, there is ample opportunity for research on making the
performance of scannerless parsing even more competitive.

5.10.3 Testing

The compatibility of the Ajc syntax definition is tested heavily by applying
the generated parser to all the valid source files of the testsuite of ajc 1.5.0.
Testing invalid sources requires the examination of the full ajc testsuite to
find out if tests should fail because of semantic or syntactic problems. This is
a considerable effort, but will be very useful future work. The results of the
testsuite are available from the web page mentioned in the introduction.

5.11 D I S C U S S I O N

5.11.1 Previous Work

Although SDF has a long history [Heering et al. 1989], a more recent redesign
and reimplementation as SDF2 [Visser 1997b, van den Brand et al. 2002] has
made the language available for use outside of the algebraic specification for-
malism ASF+SDF. This redesign introduced the combination of scannerless
and generalized LR parsing [Visser 1997a].

In [Bravenboer & Visser 2004 (Chapter 2)] we motivated the use of SGLR
for parsing embedded domain-specific languages. This method, called Meta-
Borg, focuses on creating new language combinations, where it is important to
support combinations of languages with a different lexical syntax. In [Braven-
boer et al. 2005 (Chapter 3)] we presented the introduction of concrete object
syntax for AspectJ in Java as a reimplementation of the code generation tool
Meta-AspectJ [Zook et al. 2004]. In that project, we used the AspectJ syntax
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Figure 5.24 Benchmark of parsing AspectJ source files. Top to bottom: ajc, abc,
sglr/ajc
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definition of this chapter, but the design and benefits of the grammar were
not discussed.

Compared to this earlier work, we have discussed the design of the syn-
tax definition of AspectJ, which poses a challenge to parser generators. We
discussed in detail how complex differences in lexical syntax of the involved
languages can concisely be defined in SDF, and how this is related to a state-
ful lexer. The syntax definition for AspectJ provides a compelling example of
the application of scannerless parsing to an existing language, where all of
the following features of SDF prove their value: modular syntax definition,
rejects for keywords, scannerless parsing, generalized LR parsing, parameter-
ized symbols, and parameterized modules. Grammar mixins are a surpris-
ingly useful application of parameterized modules and non-terminals. Also,
we presented a solution for implementing context-sensitive keywords in SDF.

5.11.2 Related Work

Using a scannerless parser for AspectJ has not been proposed or even men-
tioned before in the literature. Concerning AspectJ implementations, we have
discussed the abc and ajc scanners and parsers at length.

The advantage of separate scanners is their foundation on finite automata,
which allows fast implementations. However, this characteristic also implies
obliviousness to context, while processing languages such as AspectJ requires
introducing context-sensitivity into scanners. There are essentially two op-
tions to make scanners context-sensitive. First, the scanner may interact with
the parser to retrieve the context of a token. This is not very difficult to
implement in a handwritten parser, but parser generators based on this ap-
proach are rare, and as far as we know none have been used to parse AspectJ.
Blender [Begel & Graham 2004] uses GLR parsing with an incremental lexical
analyzer that is forked together with the LR parsers in the GLR algorithm.
A similar approach was also used by the implementation of SDF before the
introduction of scannerless parsing [Heering et al. 1989]. Second, lexical anal-
ysis may be extended with a rudimentary form of context-free parsing to
recognize the global structure of the source file while scanning by means of
lexical states, without interaction with the parser. This approach is used in the
abc scanner and parser for AspectJ.

DURA-LexYt [Blasband 2001] supports lexical analysis with multiple inter-
pretations of the input. As opposed to scannerless parsing, a separate scanner
with support for backtracking is used. In this way, choosing the correct lexical
interpretation can be controlled by the parser without the need for managing
lexical states in the scanner. DURA provides several levels of lexical back-
tracking to facilitate typical scenarios of tokenization (e.g. a single or multiple
divisions into tokens), whereas scannerless parsing requires this to defined
explicitly. Lexical backtracking can be used for context-sensitive lexical anal-
ysis, but does not facilitate context-specific reserved keywords. DURA-LexYt
does not support inherent ambiguities: the parser always returns a single
parse tree, which might also not be the one desired. More experience with
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lexical backtracking is required to get insight in the performance compared to
scannerless parsing.

JTS Bali [Batory et al. 1998] is a tool for generating parsers for extensions of
Java. It supports composition of lexical syntax based on heuristics such that
the best results are produced in the common cases. For example, keyword
rules are put before the more general rules, such as for identifiers. This means
that it cannot handle lexical state and it not suitable for defining AspectJ-like
extensions of Java.

Parsing techniques with higher-order (parameterization) features, such as
parser combinators in higher-order functional languages [Hutton 1992], allow
reuse and abstraction over grammars, but do not support unanticipated reuse
of a grammar. Grammar mixins, on the other hand, are modules based on
unparameterized grammars (e.g. Java) that make this grammar reusable and
allow unanticipated modification of the grammar in every context.

5.11.3 Future Work

Grammar Mixins

In this chapter we have applied grammar mixins and explained their func-
tionality only in an informal way. In future work, we plan to make the no-
tion of grammar mixins more formal. In particular, the semantics of mixin
composition of grammars that already use mixins itself needs to be defined
more precisely. Also, grammar mixins should be integrated in a syntax def-
inition formalism. Currently, an external tool is used to generate grammar
mixin modules, which is not desirable. Furthermore, a notion of interfaces for
grammar mixins would be useful to separate the implementation of a mixin
from its interface. Finally, multiple instantiations of a grammar mixin for a
relatively large language, such as Java or AspectJ has a major impact on the
performance of the parser generator, which could again be solved by integra-
tion of grammar mixins in the syntax definition formalism. Chapter 6 presents
a first ingredient of this solution: parse table composition. Parse table composition
enables separate compilation of grammars involved in a language conglom-
erate. The grammar of Java is compiled to a parse table component that can
be instantiated multiple times in an efficient way. In this way, we avoid the
application of the parser generator to all the separate instantiations.

Improvements to SDF and SGLR

As we have shown in this chapter, SDF provides a declarative approach to
solving complex parsing problems. Yet, the formalism and tools are not in
widespread use. What may be the reason for this (other than publicity) and
what improvements can be made?

Rule Syntax SDF’s reverse grammar production rules may make developers
accustomed to BNF style rules uncomfortable. It might make sense to provide
a version of SDF using such a conventional style.
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Performance The benchmarks showed that the performance of the SGLR
parser is a constant factor slower than the abc parser, which should be ac-
ceptable for use at least in research projects. However, there is good hope that
the performance of SGLR can be much improved. There are alternative GLR
implementations (e.g. [Aycock & Horspool 1999, McPeak & Necula 2004])
and alternative algorithms such as right-nulled GLR [Scott & Johnstone 2006]
with better performance than SGLR. However, these techniques have not yet
been extended to scannerless parsing, while scannerlessness is essential in our
syntax definition for AspectJ. Even after these techniques are adopted, there
remains a theoretical performance gap between GLR and LALR, since the
complexity of GLR depends on the grammar. Therefore, it would be useful to
develop profiling tools that help grammar developers to detect performance
bottlenecks in grammars.

Error Reporting The current error reporting of SGLR is rather Spartan; it
gives the line and column numbers where parsing fails. This may be im-
proved using a technique along the lines of the Merr tool that generates error
reporting for LR parsers from examples [Jeffery 2003]. This requires an adap-
tion of the techniques where the set of parsing states at the failure point is
interpreted.

Analyzing Ambiguities The disadvantage of LR-like parser generators is that
the grammar developer is confronted with shift-reduce and reduce-reduce
conflicts. However, this is also their advantage; the developer is forced to
develop an unambiguous grammar. When using GLR there is no need to
confront the developer, however, the conflicts are still there to inspect. It
would be useful to develop heuristics that can be used to inspect the conflicts
in the parse table and use these to point the developer to problematic parts in
the grammar.

Platform A more mundane, not so scientific reason for lack of adoption may
be the platform. The SDF parser generator and the SGLR parser are imple-
mented in C and the distribution is Unix/Linux style. Furthermore, parse
trees and abstract syntax trees are represented using ATerms, which requires
linking with the ATerm library. Retargeting the SDF/SGLR implementation
to other platforms, such as Java, may help adoption.

Applications of the AspectJ Syntax Definition

With respect to the AspectJ syntax definition itself, there are a number of
applications to consider.

AspectJ Specification For widespread acceptance of aspect-oriented languages,
a complete specification of the syntax and semantics of the language is im-
portant. In particular, concerns about modifying the semantics of the host
language could be reduced by at least having a complete specification of the
syntax of the language. If there is enough interest in the specification of the
syntax and semantics of the AspectJ language, then we would like to work
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with the AspectJ developers to make the current syntax definition even more
compatible with ajc and make it the basis of such a specification.

As one of the first applications, the abc team has used our syntax definition
of AspectJ in a definition of the semantics of static pointcuts, defined as a set
of rewrite rules from AspectJ pointcuts to Datalog [Avgustinov et al. 2007].

Connecting to the AspectBench Compiler Considering the extensibility goals
of abc, our modular and extensible definition of AspectJ would be most useful
as part of the front-end of abc. Also, we have shown that pseudo keywords
do not require a handwritten parser, so the abc compiler could be made more
compatible with syntax accepted by ajc.

Multi-language AOP We are currently working on integrating the MetaBorg
approach [Bravenboer & Visser 2004 (Chapter 2)] and the Reflex AOP kernel
project [Tanter & Noyé 2005] for multi-language AOP. The current AspectJ
syntax definition can be used to support AspectJ in Reflex, allowing AspectJ
extensions to be prototyped conveniently.

5.12 C O N C L U S I O N

We have presented the design of a modular syntax definition for the complete
syntax of AspectJ, i.e. integrating the formalization of the lexical and the
context-free syntax of the language. In addition, we have shown that scanner-
less parsing in combination with an expressive module system can elegantly
deal with the context-sensitive lexical syntax of AspectJ. The result is a syn-
tax definition that achieves a new level of extensibility for AspectJ, which is
useful for research on aspect-oriented programming extensions. The perfor-
mance of the scannerless generalized LR parser for this grammar turns out to
be linear with an acceptable constant factor, which opens up possibilities for
the integration of our solution in extensible compilers for AspectJ.

Furthermore, our work on syntax definition for AspectJ provides guide-
lines for approaching the current trend to design programming languages
that are in fact mixtures of various sublanguages, for example for the integra-
tion of search capabilities or concrete object syntax (e.g. LINQ, E4X, XQuery,
Cω). The convention of separating the parsing process into a scanner and a
parser does not apply to such languages, requiring language designers and
implementers to reconsider the parsing techniques to use.

With the syntax definition for AspectJ, we have shown that scannerless gen-
eralized LR parsing is not just useful for reverse engineering, meta program-
ming, interactive environments, language prototyping, and natural language
processing, but that scannerless generalized LR may at some point be used
in compilers for modern general-purpose languages. AspectJ makes a strong
case for the use of scannerless parsing to provide concise, declarative specifi-
cation and implementation of the next-generation of programming languages.

This result provides a strong motivation for addressing the barriers to a
wider adoption of scannerless generalized LR parsing that we observed in the
previous section.
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6
Parse Table Composition

A B S T R A C T

Composition of context-free languages is useful in a wide range of scenar-
ios, including program transformation and generation with concrete object
syntax, language extension, domain-specific language embedding, and the
definition of the syntax of language conglomerates such as AspectJ. The gen-
eration of parse tables for language combinations is expensive, which is a
particular problem when the composition configuration is not fixed, as is for
example the case in the instantiation of a template engine for a new target
language. In this chapter we introduce an algorithm for parse table composi-
tion to support separate compilation of grammars. While the worst-case time
complexity of parse table composition is exponential (like the complexity of
parse table generation itself), for realistic language combination scenarios in-
volving grammars for real languages, our parse table composition algorithm
is an order of magnitude faster than computation of the parse table for the
combined grammars, making online language composition feasible.

6.1 I N T R O D U C T I O N

Consider the following task: ‘In Java, write a method implementing a web
service that fetches data from a database, processes it in some way, and then
sends the data as XML to the client.’ This task involves three languages,
i.e. Java, SQL, and XML. However, the SQL and XML code is not treated as
code by a typical mainstream development environment. Instead, SQL and
XML code fragments are generally composed using string composition with
all the associated problems, such as a lack of syntactic and other static checks
at compile-time, and vulnerabilities to injection attacks. This situation is not
restricted to this particular combination, but holds for any combination of
general-purpose (host) language (e.g. Java, C#, C, C++, Haskell) and special-
purpose (guest) language (e.g. SQL, HQL, Shell, regular expressions, XPath,
XQuery, LDAP).

The situation can be improved by making the host language syntactically
and semantically aware of the guest languages. This type of language composi-
tion has many applications including program transformation and generation
with concrete object syntax, language extension, domain-specific language
embedding, and the definition of the syntax of language conglomerates such
as AspectJ (Section 6.2 provides an extensive motivation). Given the combi-
natorial problem of possible language combinations, and the fact that new
(special-purpose) languages are introduced regularly, it is not feasible to ex-
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pect language developers (vendors) to build in support for each and every
special purpose language.

Extensible compilers promise to make languages and their tools open to
these types of extensions. The state-of-the-art in extensible compilers is rep-
resented by tools and frameworks such as Polyglot [Nystrom et al. 2003],
MetaBorg [Bravenboer & Visser 2004 (Chapter 2)], Silver [van Wyk et al.
2007], and JastAdd [Ekman & Hedin 2004]. These tools focus on source-level
extensibility, i.e. creating a language extension by extending the source code
of the base compiler and compiling the source code of the extension together
with the source code of the base compiler to build a binary compiler that sup-
ports the base language with this particular extension. Despite the advances
in code reuse techniques applied or introduced by these extensible compiler
frameworks, language extension is still a fairly heavyweight process and has
not reached the state where language extensions can be deployed as separate
plugins that can be added to the programming environment by an end user.

One of the challenges in realizing binary extensible compilers is binary ex-
tensibility of the syntax of the host language. Even if an extensible compiler
framework supports the implementation of independently extensible [Szyperski
1996, Odersky & Zenger 2005] language extensions for later phases of the
compiler (e.g. type-checking), then still a compound parser needs to be gener-
ated for every particular combination of language extensions. The generation
of parse tables for language combinations is expensive, which is a particular
problem when the composition configuration (i.e. the set of language exten-
sions) is not fixed, and a parser needs to be generated at run-time (of the
compiler).

In this chapter we introduce an algorithm for parse table composition to
support separate compilation of grammars. As a result, an extensible compiler
can be deployed using a parse table component for the base language. Plugins
for language extensions provide a parse table component generated for the
language extension only. A parser for a particular combination of languages
is generated from the parse table components on the fly. While the worst-
time complexity of parse table composition is exponential (like the complexity
of parse table generation itself), for realistic language combination scenarios
involving grammars for real languages, our parse table composition algorithm
is an order of magnitude faster than computation of the parse table for the
combined grammars, making online language composition feasible.

Contributions The technical contributions of this work are:

• The idea of parse table composition as symmetric composition of parse
tables as opposed to incrementally adding productions, as done in work
on incremental parser generation [Horspool 1990, Heering et al. 1990,
Cardelli et al. 1994]

• A formal foundation for parse table modification based on automata

• An efficient algorithm for partial reapplication of NFA to DFA conver-
sion, the key idea of parse table composition
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• An efficient algorithm for SLR follow sets based on Digraph extended
with optimizations for the characteristics of first and follow sets

6.2 M O T I VAT I O N

In this section we motivate the need for parse table composition by consider-
ing a number of typical usage scenarios of language combination and analyz-
ing their implementation requirements. These scenarios have in common that
they require a combination of languages and that this combination is not fixed.

6.2.1 Program Transformation and Generation

The first type of application where language combination plays a promi-
nent role is metaprogramming. Metaprograms are programs that manipu-
late programs as data, to transform existing programs or generate new ones.
It is good practice to apply such manipulations on a structured representa-
tion of a program. For example, the Stratego program transformation lan-
guage [Bravenboer et al. 2008] uses terms for the representation of abstract
syntax trees and term rewriting for program transformation. The following
Stratego rewrite rule, which lifts conditional expressions from return state-
ments, uses terms to represent fragments of Java programs:

LiftConditionalFromReturn :
Return(Some(Cond(e1, e2, e3))) ->
If(e1, Return(Some(e2)), Return(Some(e3)))

The downside of the use of terms (and similar structured representations)
is that the program fragments become very hard to read and write when
they become larger. The mental gap between the abstract representation of
program fragments and the object language syntax can be reduced by using
the concrete syntax of the object language [Visser 2002]. The following Stratego
rewrite rule uses concrete syntax to implement the exact same transformation
as the rule above:

LiftConditionalFromReturn :
|[ return e1 ? e2 : e3; ]| -> |[ if(e1) return e2; else return e3; ]|

While the program fragments are written in concrete syntax (text), the rule
is interpreted as (translated to) a rewrite rule operating on terms, i.e. the
abstract representation.

Template engines

Concrete syntax for program fragments is used heavily in template engines
such as Velocity and StringTemplate, which are popular tools for program
generation. Code generation with these tools is text-based, that is, program
fragments are considered as character strings, rather than (abstract) syntax
trees. As a consequence, templates are not checked syntactically, and there
is no structured representation of the generated program to apply further
transformations to. Exceptions include MetaAspectJ [Zook et al. 2004], which
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extends Java with syntactically checked templates for generation of AspectJ
code, and Repleo [Arnoldus et al. 2007], which uses the grammar of the target
language to create a grammar of a template language.

Analysis

Mainstream template engines are text-based because the implementation of
an engine supporting concrete syntax and a structured representation requires
a parser for the template language and each target language. That is, the
implementation of concrete object syntax requires the extension of the meta-
language (e.g. Stratego, Velocity) with the syntax of the object language (e.g.
Java, XML) for arbitrary combinations of object languages. Often it is nec-
essary to support multiple languages in a single application of the metalan-
guage. For example, in the case of a code generator for a DSL, the grammars
of the DSL itself and the grammars of the target languages (e.g. Java, SQL
and XML) need to be available to produce the parser for this combination
of languages. Fixing the meta-programming language to a particular set of
languages reduces its scope.

Stratego, ASF+SDF [van den Brand et al. 2001] and Repleo provide a solu-
tion to parsing combinations of a metalanguage and object languages generic
in the object language, based on the modular syntax definition formalism
SDF [Visser 1997b]. Grammars for a particular combination of object language
embeddings are compiled together with the grammar of the metalanguage
into a parse table. The modularity features of SDF naturally allow the combi-
nation of arbitrary context-free languages in this way. Unfortunately, creating
a parser for a different (but maybe overlapping) combination of embeddings
requires (1) creating a new SDF module, (2) importing the involved extensions,
and (3) generating a completely new parse table, i.e. without reusing the parse
tables for the separate embedded languages. This entails that the instantia-
tion of the metalanguage for a specific object language cannot be deployed
as a separately compiled plugin. Rather, the parse tables of all the necessary
combinations of the embeddings need to be deployed.

Deploying support for a specific object language as a single parse table
for parsing the specific combination of this object language and the meta-
language not only introduces a composition problem, but also hinders the
evolution of the metalanguage. For example, it frequently leads to problems
with the evolution of Stratego if extensions for a particular embedding are not
updated when the Stratego language evolves. Indeed, the language embed-
dings should only depend on an interface of the metalanguage, not a particular
implementation or revision.

6.2.2 Language Extension and Embedding

Another class of language combinations is that of language extension and
embedding. The basic language extension scenario is the addition of new
language constructs that provide some syntactic abstraction not previously
available in the language, at least not with the same syntactic conciseness. A
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JPanel panel = panel of border layout {
north = label "Please enter your message"
center = scrollpane of textarea {

rows = 20
columns = 40

}
south = panel of border layout {

east = panel of grid layout {
row = {
button "Ok"
button "Cancel"

}
}

}
};

Figure 6.1 Java variable declaration with initialization expression in Swing User
interface Language (SWUL) to construct UI component

typical example is the addition of the for-each loop to Java 1.4, an extension
that was added to the base language in Java 5. Characteristic of this type of
extension is that the extension is relatively small in comparison to the base
language (a few productions added) and that the lexical syntax of the base
language is adopted in the extension.

Domain-specific Languages Embedding

A more disruptive type of language extension is the embedding of domain-
specific languages in general-purpose languages, as implemented in approaches
such as MetaBorg [Bravenboer & Visser 2004 (Chapter 2)] and Silver [van Wyk
et al. 2007]. As an example consider the MetaBorg example program fragment
in Figure 6.1. The fragment is a Java variable declaration with as initializer an
expression in the Swing User interface Language (Swul). The language pro-
vides a better notation than the usual series of statements needed to compose
a user interface with Swing components, by following the hierarchical struc-
ture of components (e.g. create a panel consisting of label and a textarea).
The embedding is realized by a syntactic extension of Java, along with an
assimilation transformation mapping the extension to the base language.

Query and Script Embedding

A crossover between program generation and DSL embedding is the embed-
ding of query and script languages in general-purpose languages. Many
domain-specific languages are implemented by an interpreter (query/script
engine) accessed through an API. Internally, the interpreter may use a struc-
tured representation for the interpreted programs, but the API often just pro-
vides a string based interface. This may be for convenience, to reduce the
mental gap between concrete and abstract syntax, or the engine may run in
a different process or even a different machine, requiring serialization of the
query. Typical examples are SQL database queries, shell scripts, regular ex-
pressions, and XPath queries. The following Java fragment illustrates how a
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query is composed from user input and passed to a database engine.

String query = "SELECT id FROM users "
+ "WHERE name = ’" + userName + "’ "
+ "AND password = ’" + password + "’";

if (executeQuery(query).size() == 0) ...

The generation of queries using string composition has several problems. First
of all, the syntactic correctness of the query cannot be determined at compile-
time and is only detected at run-time, during testing in the best case, or in
production in the worst-case. Secondly, meta-characters of the host language
(e.g. double quotes) need to be escaped, which can become particularly con-
voluted if the query languages has similar escape characters (e.g. regular
expressions in Java string literals). But most importantly, the approach is vul-
nerable to injection attacks; user input that subverts the intended meaning of
the query to gain access to restricted data. For example, passing the string
’ OR ’x’ = ’x as userName to the query above turns the condition into a tau-
tology, resulting in unintended access. Thus, user input should be rewritten
to escape meta-characters such as the quote above. While database access
APIs (e.g. JDBC) and object-relational mapping frameworks (e.g. Hibernate)
provide a mechanism for passing parameters to SQL (HQL) queries that is
safe for injection attacks, the use of this mechanism is not enforced, and most
other query/script engines do not provide such mechanisms.

In the StringBorg approach [Bravenboer et al. 2007 (Chapter 4)] these prob-
lems are solved by embedding the syntax of the query language in the syntax
of the host language and automating the escaping of user input strings. For
example, the query above is written as follows with StringBorg:

SQL q = <| SELECT id FROM users
WHERE name = ${userName} AND password = ${password} |>;

if (executeQuery(q.toString()).size() == 0) ...

For this example, the host language Java is extended with the syntax of SQL
with queries as Java expressions of type SQL. A query is quoted between <|

and |> and may escape to the host language using the ${...} anti-quotation.
The quotation mechanism ensures that only syntactically correct queries can
be constructed, no character escaping is needed, and that string values passed
as parameters via anti-quotation are properly escaped. A simple analysis then
suffices to determine that only properly constructed query strings are passed
to the query engine. The StringBorg method does not just work for SQL
in Java, but can be applied to any combination of host language and guest
languages.

Analysis

Embedding of domain-specific languages can be applied to any combinations
of host and guest languages; it is not unreasonable for a compilation unit to
use several DSLs. An important requirement in this type of extension is that
the syntax of the embedded language is accurately described. In particular,
the lexical syntax of the embedded language is often different from the lexical
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syntax of the host language, which requires a technique that supports com-
position of lexical syntax. The state-of-the-art for realization of embeddings
of complete languages (i.e. modular syntax definition and scannerless gen-
eralized LR parsing), relies on offline computation of a parse table for each
combination of languages. This technology supports extensible compilers, in
the sense that a compiler for the extended language can be defined without
touching the implementation of the base compiler. However, it does not sup-
port binary extensibility, where a compiler can be extended by plugging in a
separately developed and deployed language component. Hence, while the
implementation of StringBorg is entirely generic in the object language and
support for an object language is not specific to a particular metalanguage, it
is still necessary to build a parse table for each combination of host and guest
languages. Making the StringBorg approach really effective requires the sepa-
rate deployment of syntax embedding plugins such that query engine vendors
can provide a language extension with their product that does not require the
compiler (or programming environment) to be rebuilt, and that allows users
to combine components from different vendors. The perspective is that of
DSL embeddings separately deployed as plugins to an open compiler. In or-
der to use such embeddings, users should not have to recompile/rebuild the
compiler for each combination of embeddings. Realization of this perspec-
tive requires binary extensibility of syntax and assimilation. The parse table
composition mechanism introduced in this chapter provides the former.

6.2.3 Language Conglomerates

The language combinations in the previous scenarios are rather asymmetric;
one language is the host (or meta) language, the other languages are the guest
(or object) languages embedded in the former. Language conglomerates are lan-
guages that consist of a combination of several more or less ‘equal’ languages.
An example is AspectJ, the aspect-oriented extension of Java, which intro-
duces the concepts of aspect, pointcut, and advice to the language. Unlike
the extensions discussed above, the extensions are not about domain-specific
notation, and unlike more traditional language extension, the new concepts
(especially pointcuts) syntactically diverge from the ‘host’ language. For ex-
ample, the following pointcut definition uses a pointcut expression to indicate
a set of join points.

pointcut cached(int value):
execution(* Calc+.get*(int)) && args(value);

The syntactic structure and interpretation of pointcut expressions is com-
pletely different from regular Java expressions and symbols such as * and
+ have different roles. Also, depending on the context, different sets of iden-
tifiers should be considered as keywords (e.g. execution in a pointcut expres-
sion, but not in regular Java code).
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Figure 6.2 Architecture of parse table composition for a base language Gbase with
extensions/embeddings G1 and G2

Analysis

In [Bravenboer et al. 2006 (Chapter 5)] we describe the challenges AspectJ
poses to traditional parsing techniques and how grammar mixins and scanner-
less generalized LR parsing can solve these challenges. In particular, we de-
scribe how the languages that make up AspectJ can be described as separate
language components, composed into the full language using a mixin-like
mechanism [Bracha & Cook 1990], which makes it possible to make multiple
instantiations of a language component, for example, to make different sets of
identifiers into keywords. Again, the composition is applied to the grammars
for the language components, not to their parse tables. In the case of AspectJ
that uses 5 instantiations of the base Java grammar, this results in a consid-
erable cost for the parser generator (excessive memory consumption and one
minute in the benchmark of Section 6.8). Separately compiling the Java gram-
mar and then combining the AspectJ parse table using different instantiations
of this single Java parse table component turns out to be much cheaper.

6.2.4 Requirements

In this section we have discussed several scenarios for combining languages.
There is a considerable body of work on extensible compilers, addressing the
implementation of language combination (e.g. MetaBorg [Bravenboer & Vis-
ser 2004 (Chapter 2)], Polyglot [Nystrom et al. 2003], Silver [van Wyk et al.
2007], JastAdd [Ekman & Hedin 2004]). The focus of this work is on opti-
mizing the work of the compiler developer through source-level extensibility;
that is, to create an implementation of an extended compiler by touching
as little as possible the code of the base compiler. However, each exten-
sion (or combination of extensions) results in a different compiler. In this
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work, syntactic extensibility is mostly based on the monolithic scenario dis-
cussed so far, where often less sophisticated parsing technologies are used
than SDF/SGLR [Bravenboer et al. 2006 (Chapter 5)]. To support scenarios
which require more dynamic configurations of language combinations, it is
desirable to support binary extensibility. That is, extensibility that does not re-
quire rebuilding the compiler. This would make it possible to deploy a single
version of the compiler, which users can then extend by plugging in separately
deployed language components, where potentially each compilation unit uses
a different combination of extensions.

To solve the syntactic aspect of this goal we have developed parse table com-
position, a mechanism for combining parse tables, rather than grammars. Fig-
ure 6.2 illustrates the workflow. At generation-time, grammars are compiled
separately into parse table components. At run-time of a compiler, the parse table
for the base language Tbase is combined with a series of parse tables based on
a user-selection of the desired extensions, e.g both T1 and T2. This results in
a single parse table T3 that is used by the parser to parse a source program.
The main contribution is that composing a series of parse table components
can be performed very efficiently, making the user of the compiler unaware of
the parse table composition. Soon, the user will be familiar with the idea of
a parser that parses a source file according to a series of parse table compo-
nents, rather than a single one. After the parser generator has been applied to
the individual components, linking the components typically just requires a
minimal reconstruction of the parse table. This is a classical partial evaluation
argument: as opposed to applying the full parser generation to the grammars
Gbase, G1, and G2, the parser generation has already been partially applied.

6.3 G R A M M A R S A N D PA R S I N G

In this section we define the notions and notations for context-free grammars.
Also, we review the basic concepts of the LR parsing algorithm and the gen-
eration of LR(0) and GLR parse tables.

6.3.1 Context-free Grammars

A context-free grammar G is a tuple 〈Σ, N, P〉, with Σ a set of terminal sym-
bols, N a set of nonterminal symbols, and P a set of productions of the form
A → α, where we use the following notation: V for the set of symbols N ∪ Σ;
A, B, C for variables ranging over N; X, Y, Z for variables ranging over V; a, b
for variables ranging over Σ; v, w, x for variables ranging over Σ∗; and α, β, γ

for variables ranging over V∗. The context-free grammar G1 = 〈Σ, N, P〉 will be
used throughout this chapter, where

Σ = {+, N}
N = {E, T}
P = {E→ E + T, E→ T, T → N}

(G1)
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The relation ⇒ on V∗ defines the derivation of strings by applying produc-
tions, thus defining the language of a grammar in a generative way. For a
grammar G we say that αAβ ⇒ αγβ if A → γ ∈ P(G). A series of zero or more
derivation steps from α to β is denoted by α ⇒∗ β. The relation ⇒rm on V∗

defines rightmost derivations, i.e. where only the rightmost nonterminal is
replaced. We say that αAw ⇒rm αγw if A → γ ∈ P(G). If A ⇒∗rm α then we say
that α is a right-sentential form for A.

6.3.2 LR Parsing

We define an LR(0) parse table to be a tuple 〈Q, Σ, N, start, action, goto, accept〉
with Q a set of states, Σ a set of terminal symbols, N a set of nonterminal
symbols, start ∈ Q, action a function Q× Σ → action where action is either shift q
or reduce A → α, goto a function Q× N → Q, and finally accept ⊆ Q, where we
use the following additional notation: q for variables ranging over Q; and S
for variables ranging over P(Q).

An LR parser [Knuth 1965, Aho & Johnson 1974, Aho et al. 1986] is a transi-
tion system with as configuration a stack of states and symbols qoX1q1X2q2 . . .
Xnqn and an input string v of terminals. The next configuration of the parser
is determined by reading the next terminal a from the input v and peeking the
state qn at the top of the stack. The entry action(qn, a) indicates how to change
the configuration. The entries of the action table are shift or reduce actions,
which introduce state transitions that are recorded on the stack. A shift ac-
tion removes the terminal a from the input, which corresponds to a step of
one symbol in the right-hand sides of a set of productions that is currently
expected. A reduce action of a production A → X1 . . . Xk removes 2k elements
from the stack resulting in state qn−k being on top of stack. Next, the reduce
action pushes A and the new current state on the stack, which is determined
by the entry goto(qn−k, A).

Informally, a handle is the location in a string where a production can be
applied in the reverse of a rightmost derivation, i.e. reducing a number of
symbols to a nonterminal. Formally, a handle of a right-sentential form αγw
for S (i.e. S ⇒∗rm αγw) is a production A → γ in the position following α such
that S⇒∗rm αAw⇒rm αγw. In the configuration of an LR parser, handles always
appear on top of the stack. The symbols on the stack of an LR parser are
always a prefix of a right-sentential form of a grammar. The set of possible
prefixes on the stack is called the viable prefixes. A viable prefix is a prefix
of a right-sentential form, where the prefix does not include any symbols
after the rightmost handle of the right-sentential form. We do not discuss
the LR parsing algorithm in further detail, since we are only interested in the
generation of the action and goto tables.

6.3.3 Generating LR Parse Tables

The action and goto table of an LR parser are based on a deterministic finite
automaton (DFA) that recognizes the viable prefixes for a grammar. The DFA
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Figure 6.3 LR(0) DFA for grammar G1

for recognizing the viable prefixes for grammar G1 is shown in Figure 6.3. Ev-
ery state of the DFA is associated to a set of items, where an item [A → α • β]
is a production with a dot (•) at some position of the right-hand side of a
production. An item indicates the progress in possibly reaching a configu-
ration where the top of the stack consists of αβ. If the parser is in a state q
where [A → α • β] ∈ q then the α portion of the item is currently on top of
the stack, implying that a string derivable from α has been recognized and
a string derivable from β is predicted. For example, the item [E → E + • T]
represents that the parser has just recognized a string derivable from E +. We
say that an item [A→ α • Xβ] predicts the symbol X.

To deal with increasingly larger classes of grammars, various types of LR
parse tables exist, e.g. LR(0), SLR, LALR, and LR(1). The LR(0), SLR, and
LALR parse tables all have the same underlying DFA, but use increasingly
more precise conditions on the application of reduce actions. We will return
to SLR and LALR in Section 6.6. Figure 6.4 shows the standard algorithm for
the generation of LR(0) parse tables. Because LR(0), SLR, and LALR parse
tables have the same DFA the functions closure, move, and generate-dfa are the
same for all these parse tables. The function generate-tbl is specific to LR(0).
The main function generate-tbl first calls generate-dfa to construct a DFA. The
function generate-dfa collects states as sets of items in Q and edges between the
states in δ. The start state is based on an initial item for the start production.
For each set of items, the function generate-dfa determines the outgoing edges
by applying the function move to all the predicted symbols of an item set. The
function move computes the kernel of items for the next state q′ based on the
items of the current state q by shifting the • over the predicted symbol X.
Every kernel is extended to a closure using the function closure, which adds
the initial items of all the predicted symbols to the item set.

The LR(0) specific generate-tbl procedure initializes the action and goto ta-
bles based on the set of item sets. Edges labelled with a terminal become
shift actions. Edges labelled with a nonterminal are entries of the goto table.
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function generate-tbl(A, G) =
1 〈Q, δ, start〉 B generate-dfa(A, G)
2 for each q→X q′ ∈ δ
3 if X ∈ Σ(G) then action(q, X) B shift q′
4 if X ∈ N(G) then goto(q, X) B q′
5 for each q ∈ Q
6 if [A→ α • eof] ∈ q then accept B accept∪ {q}
7 for each [A→ α • ] ∈ q
8 for each a ∈ Σ(G)
9 action(q, a) B reduce A→ α

10 return 〈Q, Σ(G), N(G), start, action, goto, accept〉

function generate-dfa(A, G) =
1 start B closure({[S′ → •A eof]})
2 Q B {start}
3 δ B ∅
4 repeat until Q and δ do not change
5 for each q ∈ Q
6 for each X ∈ {Y | [B→ α •Yβ] ∈ q}
7 q′ B closure(move(q, X))
8 Q B Q ∪ {q′}
9 δ B δ ∪ {q→X q′}

10 return 〈Q, δ, start〉

function move(q, X) =
1 return { [A→ αX • β] | [A→ α • Xβ] ∈ q}

function closure(q) =
1 repeat until q does not change
2 for each [A→ α • Bβ] ∈ q
3 q B q ∪ { [B→ •γ] | B→ γ ∈ P(G)}
4 return q

Figure 6.4 LR(0) parse table generation for grammar G

Finally, if there is a final item, then for all terminal symbols the action is a
reduce of this production.

Dealing with Parse Table Conflicts

LR(0) parsers require every state to have a deterministic action for every next
terminal in the input stream. There are not many languages that can be parsed
using an LR(0) parser, yet we focus on LR(0) parse tables for now. The first
reason is that the most important solution for avoiding conflicts is restrict-
ing the application of reduce actions, e.g. using the SLR algorithm. These
methods are orthogonal to the generation and composition of the LR(0) DFA.
We discuss SLR tables in Section 6.6. The second reason is that we target a
generalized LR parser [Tomita 1985, Rekers 1992], which already supports ar-
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Figure 6.5 LR(0) ε-NFA for grammar G1

bitrary context-free grammars by allowing a set of actions for every terminal.
The alternative actions are performed pseudo-parallel, and the continuation
of the parsing process will determine which action was correct. Our parse
table composition method can also be applied to target deterministic parsers,
but the composition of deterministic parse tables might result in new conflicts,
which have to be reported or resolved.

6.4 L R PA R S E R G E N E R AT I O N : A D I F F E R E N T P E R S P E C T I V E

The LR(0) parse table generation algorithm is very non-modular due to use
of the closure function, which requires all productions of a nonterminal to be
known at parse table generation time. If only a subset of the full grammar
is known, then there is not much the algorithm of Figure 6.4 can do. To see
a glimpse of a possible solution for separate compilation of grammars, we
discuss a less common variation of the LR(0) algorithm in this section. This
variation first constructs a non-deterministic finite automaton (NFA) with ε-
transitions (ε-NFA) and converts the ε-NFA into an LR(0) DFA in a sepa-
rate step using the standard subset construction algorithm [Grune & Jacobs
1990, Johnstone & Scott 2002]. The ingredients of this algorithm and the cor-
respondence to the one discussed previously naturally lead to the solution to
the modularity problem of LR(0) parse table generation.

6.4.1 Generating LR(0) ε-NFA

An ε-NFA [Hopcroft et al. 2006] is an NFA that allows transitions on ε, the
empty string. Using ε-transitions an ε-NFA can make a transition without
reading an input symbol. An ε-NFA A is a tuple 〈Q, Σ, δ〉 with Q a set of
states, Σ a set of symbols, and δ a transition function Q× (Σ ∪ {ε}) → P(Q),
where we use the following notation: q for variables ranging over Q; S for
variables ranging over P(Q), but ranging over QD for a different automaton
D; X for variables ranging over Σ; and q0 →X q1 for q1 ∈ δ(q0, X).
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function generate-nfa(G) =
1 Q B {•A | A ∈ N(G)}
2 for each A→ α ∈ P(G)
3 q B {[A→ •α]}
4 Q B Q ∪ {q}
5 δ B δ ∪ {•A→ε q}
6 repeat until Q and δ do not change
7 for each q = {[A→ α • Xβ]} ∈ Q
8 q′ B {[A→ αX • β]}
9 Q B Q ∪ {q′}

10 δ B δ ∪ {q→X q′}
11 for each q = {[A→ α • Bγ]} ∈ Q
12 δ B δ ∪ {q→ε •B}
13 return 〈Q, Σ(G) ∪ N(G), δ〉

Figure 6.6 LR(0) ε-NFA generation for grammar G

Figure 6.5 shows the LR(0) ε-NFA for the example grammar G1 (observe
the similarity to a syntax diagram). For every nonterminal A of the grammar,
there is a station state denoted by •A. All other states contain just a single LR
item. The station states have ε-transitions to all the initial items of their pro-
ductions. If an item predicts a nonterminal A, then there are two transitions:
an ε-transition to the station state of A and a transition to the item resulting
from shifting the dot over A. For an item that predicts a terminal, there is just
a single transition to the next item.

Figure 6.6 shows the algorithm for generating the LR(0) ε-NFA for a gram-
mar G. Note that states are singleton sets of an item or just a dot before
a nonterminal (the station states). The ε-NFA of a grammar G accepts the
same language as the DFA generated by the algorithm of Figure 6.4, i.e. the
language of viable prefixes.

6.4.2 Eliminating ε-Transitions

The ε-NFA can be turned into a deterministic automaton by eliminating the ε-
transitions using the subset construction algorithm [Hopcroft et al. 2006, Aho
et al. 1986], well-known from automata theory and lexical analysis. Figure 6.7
shows the algorithm for converting an ε-NFA to a DFA. The function ε-closure
extends a given set of states S to include all the states reachable through ε-
transitions. The function move determines the states reachable from a set of
states S through transitions on the argument X. The function labels is a utility
function that returns the symbols (which does not include ε) for which there
are transitions from the states of S. The main function ε-subset-construction
drives the construction of the DFA by considering the current DFA states
and for every state S ⊆ QE determine the new subsets of states reachable by
transitions from states in S.

Applying ε-subset-construction to the ε-NFA of Figure 6.5 results in the DFA
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function ε-subset-construction(A, 〈QE, Σ, δE〉) =
1 QD B {ε-closure({•A}, δE)}
2 δD B ∅
3 repeat until QD and δD do not change
4 for each S ∈ QD
5 for each X ∈ labels(S, δE)
6 S′ B ε-closure(move(S, X, δE), δE)
7 QD B QD ∪ {S′}
8 δD B δD ∪ {S→X S′}
9 return 〈QD, Σ, δD〉

function ε-closure(S, δ) =
1 repeat until S does not change
2 S B S ∪ {q1 | q0 ∈ S, q0 →ε q1 ∈ δ}
3 return S

function labels(S, δ) =
1 return {X | q0 ∈ S, q0 →X q1 ∈ δ}

function move(S, X, δ) =
1 return {q1 | q0 ∈ S, q0 →X q1 ∈ δ}

Figure 6.7 Subset construction algorithm from ε-NFA E to DFA D

of Figure 6.3. This is far from accidental because the algorithm for LR(0)
DFA generation of Figure 6.4 has all the elements of the generation of an ε-
NFA followed by subset construction. The ε-closure function corresponds to
the function closure, because ε-NFA states whose item predicts a nonterminal
have ε-transitions to the productions of this nonterminal via the station state
of the nonterminal. The first move function constructs the kernel of the next
state by moving the dot, whereas the new move function constructs the kernel
by following the transitions of the NFA. Incidentally, these transitions exactly
correspond to moving the dot, see line 8 of Figure 6.6. Finally, the main driver
function generate-dfa is basically equivalent to the function ε-subset-construction.
Note that most textbooks call the closure function from the move function, but
to emphasize the similarity we moved this call to the callee of move.

6.5 C O M P O S I T I O N O F L R ( 0 ) PA R S E TA B L E S

We discussed the ε-NFA variation of the LR(0) parse table generation algo-
rithm to introduce the ingredients of parse table composition. Obviously,
LR(0) ε-NFA’s are much easier to compose than LR(0) DFA’s. A naive solu-
tion to composing parse tables would be to only construct ε-NFA’s for every
grammar at parse table generation-time and at composition-time merge all
the station states of the ε-NFA’s and run the subset construction algorithm.
Unfortunately, this will not be very efficient because the subset construction
aspect of LR(0) parse table generation is the expensive part of the algorithm.
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The ε-NFA’s are in fact not much more than a different representation of a
grammar, comparable to a syntax diagram.

The key to an efficient solution is to apply the DFA conversion to the in-
dividual parse table components at generation-time, but also preserve the
ε-transitions as metadata in the resulting automaton, which we refer to as
an ε-DFA. The ε-transitions of the ε-DFA can be ignored as long as the au-
tomaton is not modified, hence the name ε-DFA, though there is no such
thing as a deterministic automaton with ε-transitions in automata theory. The
ε-transitions provide the information necessary for reconstructing a correct
DFA using subset construction if states (corresponding to new productions)
are added to the ε-DFA. In this way the DFA is computed per component, but
the subset construction can be rerun partially where necessary. The amount
of subset reconstruction can be reduced by making use of information on the
nonterminals that overlap between parse table components. Also, due to the
subset construction applied to each component, many states are already part
of the set of ε-NFA states that corresponds to a DFA state. These states do not
have to be added to a subset again.

Figure 6.8a shows the ε-DFA for grammar G1, generated from the ε-NFA
of Figure 6.5. The composition algorithm is oblivious to the set of items (a
subset) that resulted in a DFA state, therefore the states of the automaton no
longer contain LR item sets. The E and T arrows indicate the closures of the
station states for these nonterminals. The two dashed ε-transitions correspond
to ε-transitions of the ε-NFA. The ε-DFA does not contain the ε-transition that
would result in a self-edge on the station state E. Intuitively, an ε-transition
from q0 to q1 expresses that station state q1 is supposed to be closed in q0 (i.e.
the subset of q0 is a superset of the subset of q1) as long as the automaton
is not changed, which makes self-edges useless since every state is closed in
itself.

Figure 6.8b combines the ε-DFA of 6.8a with a second ε-DFA to form an
automaton where the ε-transitions become relevant, thus being an ε-NFA.
The parse table component adds variables to the tiny expression language of
grammar G1 based on the following grammar and its automaton.

Σ = {Id} N = {T} P = {T → Id} (G2)

T r8 r9
Id

The combined automaton connects station states of the same nonterminal
originating from different parse table components by ε-transitions, in this case
the two station states q6 and r8 for T (bold). Intuitively, these transitions ex-
press that the two states should always be part of ε-closures (subsets) together.
In a combination of the original ε-NFA’s, the station state of T would have ε-
transitions to all the initial items that now constitute the station states q6 and
r8.

Figure 6.8c is the result of applying the subset reconstruction to Figure 6.8b,
resulting in a deterministic automaton (ignoring the irrelevant ε-edges). State
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q1 is extended to s1 by including r8 because there is a new path from q1 to r8
over ε-transitions, i.e. r8 enters the ε-closure of q1. As a result of this extended
subset, s1 now has a transition on Id to s8. Similarly, state q3 is extended to s3.
Finally, station states q6 and r8 are merged into the single state s6 because of
the cycle of ε-transitions. Observe that five of the nine states from Figure 6.8b
are not affected because their ε-closures have not changed.

6.5.1 Generating LR(0) Parse Tables Components

The visualizations of automata only show the states, station states and the
transitions. However, LR parse tables also have reduce and accept actions
and distinguish transitions over terminals (shift actions) from nonterminals
(gotos). To completely capture parse tables, we define an LR(0) parse table
component T to be a tuple

〈Q, Σ, N, δ, δε, station, predict, reduce, P, accept〉

with Q a set of states, Σ a set of terminal symbols, N a set of nonterminal
symbols, δ a transition function Q × (Σ ∪ N) → Q, δε a transition function
Q → P(Q) (visualized by dashed edges), station the function N → Q (visual-
ized using arrows into the automaton labelled with a nonterminal), predict a
function Q → P(N), reduce a function Q → P(P), P a set of productions of the
form A → α, and finally accept ⊆ Q. Note that the δ function of a component
returns a single state for a symbol, hence it corresponds to a deterministic
automaton. The ε-transitions are captured in a separate function δε. For nota-
tional convenience we do not explicitly restrict the range of the δε function to
station states in this definition. Parse table components do not have a specific
start nonterminal, instead the station function is used to map all nonterminals
to a station state. For the special start nonterminal, the station function will
return the start state. We say that a station state q is closed in a state q′ if the
subset that was used to the construct q′ includes q.

Figure 6.9 shows the algorithm for generating a parse table component,
which is very similar to the subset construction algorithm of Figure 6.7. First,
an ε-NFA is generated 1 for the grammar G. For every nonterminal A the ε-
closure (defined in Figure 6.7) of its station state is added to the set of states
QD

2 of the ε-DFA, thus capturing the closure of the initial items of all produc-
tions of A. Next, for every state, the nonterminals 8 predicted by the items of
this subset are determined. Note that the predicted nonterminals of a state
correspond to the ε-transitions to station states, or equivalently the transi-
tions on nonterminal symbols from this state. The implementation could also
preserve the full set of items, which can be used as another source of the
predicted symbols. The set of predicted symbols of a state (predict) is not nec-
essary for a naive implementation of composition, but it will help to improve
the performance as we will discuss later. The ε-transitions 9 of a state are de-
termined based on the predicted nonterminals, but it could also be based on
δE. The self-edges are removed by subtracting the state itself. To drive the
construction of the complete DFA, the next states 10 are determined by follow-
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function generate-xtbl(G) =
1 〈QE, Σ, δE〉 B generate-nfa(G)
2 for each A ∈ N(G)
3 S B ε-closure({•A}, δE)
4 QD B QD ∪ {S}
5 station(A) B S
6 repeat until QD and δD do not change
7 for each S ∈ Q
8 predict(S) B {A | q ∈ S, q→ε {•A} ∈ δE}
9 δε

D(S) B {station(A) | A ∈ predict(S)} − {S}
10 for each X ∈ labels(S, δE)
11 S′ B ε-closure(move(S, X, δE), δE)
12 QD B QD ∪ {S′}
13 δD B δD ∪ {S→X S′}
14 reduce(S) B {A→ α | [A→ α • ] ∈ S}
15 if [A→ α • eof] ∈ S
16 accept B accept∪ {S}
17 return 〈QD, Σ(G), N(G), δD, δε

D, station, predict, reduce, P(G), accept〉

Figure 6.9 LR(0) parse table component generation for grammar G

ing the transitions of the ε-NFA using the move function for all labels of this
subset (see Figure 6.7). Finally, the reduce actions 14 of a state are all the pro-
ductions for which there is an item with the dot at the last position. If there is
an item that predicts the special eof terminal 15 that is part of an augmented
production, then the state becomes an accepting state. Note that this defini-
tion requires the items of a subset to be known to determine accepting states
and reduce actions, but this can easily be avoided by extending the ε-NFA
with reduce actions and accepting states.

6.5.2 Composing LR(0) Parse Table Components

We first present a high-level version of the composition algorithm that does
not take much advantage of the subset construction that has been applied
to the individual parse table components. The algorithm is not intended to
be implemented in this way, similar to the algorithms for parse table gener-
ation. In all cases the fixpoint approach is very inefficient and needs to be
replaced by a worklist algorithm. Also, efficient data structures need to be
chosen to represent subsets and transitions. Figure 6.10 shows the high-level
algorithm for parse table composition. Again, the algorithm is a variation of
subset construction. First, the combine-xtbl function is invoked to combine the
components (resulting in Figure 6.8b of the example). The δε functions of the
individual components are collected into a transition function δε+

E
2. To merge

the station states this transition function δε+
E is extended to connect the station

states of the same nonterminal in different components 4. Finally, the rela-
tions station, predict, and reduce, and the set accept are combined. The domain
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function compose-xtbl(T0, . . . , Tk) =
1 〈NE, δE, δε+

E , stationsE, predictE, reduceE, acceptE〉 B combine-xtbl(T0, . . . , Tk)
2 for each A ∈ NE
3 S B ε-closure(stationsE(A)}, δε+

E )
4 QD B QD ∪ {S}
5 station(A) B S
6 repeat until QD and δD do not change
7 for each S ∈ QD
8 predict(S) B

⋃{predictE(q) | q ∈ S}
9 δε

D(S) B {station(A) | A ∈ predict(S)} − {S}
10 for each X ∈ labels(S, δE)
11 S′ B ε-closure(move(S, X, δE), δε+

E )
12 QD B QD ∪ {S′}
13 δD B δD ∪ {S→X S′}
14 reduce(S) B

⋃{reduceE(q) | q ∈ S}
15 if (acceptE ∩ S) , ∅
16 accept B accept∪ {S}
17 return 〈QD,

⋃k
i=0 Σi, NE, δD, δε

D, station, predict, reduce,
⋃k

i=0 Pi, accept〉

function combine-xtbl(T0, . . . , Tk) =
1 NE B

⋃k
i=0 N(Ti)

2 δε+
E B

⋃k
i=0 δε(Ti)

3 δE B
⋃k

i=0 δ(Ti)
4 for each A ∈ NE
5 for 0 ≤ i ≤ k
6 for 0 ≤ j ≤ k, j , i
7 if A ∈ N(Ti) ∧ A ∈ N(Tj)
8 δε+

E B δε+
E ∪ {station(Ti, A)→ station(Tj, A)}

9 stationsE B
⋃k

i=0 station(Ti)
10 predictE B

⋃k
i=0 predict(Ti)

11 reduceE B
⋃k

i=0 reduce(Ti)
12 acceptE B

⋃k
i=0 accept(Ti)

13 return 〈NE, δE, δε+
E , stationsE, predictE, reduceE, acceptE〉

Figure 6.10 LR(0) parse table component composition

of the relations predict and reduce are states, which are unique in the combined
automaton. Thus, the combined functions predictE and reduceE have the same
type signature as the functions of the individual components. However, the
domain of station functions for individual components might overlap, hence
the new function stationsE is a function of N → P(Q).

Back to the compose-xtbl function, we now initialize the subset reconstruc-
tion by creating the station states 2 of the new parse table. The new station
states are determined for every nonterminal by taking the ε-closure of the sta-
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tion states of all the components (stationsE) over δε+
E . The creation of the station

states initializes the fixpoint operation on QD and δD
6. The fixpoint loop is

very similar to the fixpoint loop of parse table component generation (Fig-
ure 6.9). If the table is going to be subject to further composition, then the
predict 8 and δε

D
9 functions can be computed similar to the generation of com-

ponents. For final parse tables this is not necessary. Next, the transitions to
other states are determined using the move function 11 and the transition func-
tion δE. Similar to plain LR(0) parse table generation the result of the move
function is called a kernel (but it is a set of states, not a set of items). The ker-
nel is turned into an ε-closure using the extended set of ε-transitions, i.e. δε+

E .
Finally, the reduce actions are simply collected 14 and if any of the involved
states is an accept state, then the composed state will be an accept state 15.

This algorithm performs complete subset reconstruction, since it does not
take into account that many station states are already closed in subsets. Also,
it does not use the set of predicted nonterminals in any way. The correctness
of the algorithm is easy to see by comparison to the ε-NFA approach to LR(0)
parser generation. Subset construction can be applied partially to an automa-
ton, so extending a deterministic automaton with new states and transitions
and applying subset construction subsequently is not different from applying
subset construction to an extension of the original ε-NFA.

6.5.3 Optimization

In worst case, subset construction applied to a NFA can result in an expo-
nential number of states in the resulting DFA. There is nothing that can be
done about the number of states that have to be created in subset reconstruc-
tion, except for creating these states as efficiently as possible. As stated by
research on subset construction [Leslie 1995, van Noord 2000], it is important
to choose the appropriate algorithms and data structures. For example, the
fixpoint iteration should be replaced, checking for the existence of a subset
of states in Q must be efficient (we use uniquely represented treaps for sub-
sets), and the kernel for a transition on a symbol X from a subset must be
determined efficiently. In our implementation we have applied some of the
basic optimizations, but have focused on optimizations specific to parse table
composition. The performance of parse table composition mostly depends on
(1) the number of ε-closure invocations and (2) the cardinality of the resulting
ε-closures.

Avoiding Closure Calls

In the plain subset construction algorithm closure calls are inevitable for every
subset. However, subset construction has already been applied to the parse
table components. If we know in advance that for a given kernel a closure
call will not add any station states to the closure that are not already closed
in the states of the kernel, then we can omit the ε-closure call. For a kernel
move(S, X, δE) it is not necessary to compute the ε-closure if none of the states
in the kernel predict a nonterminal that occurs in more than one parse table
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component, called an overlapping nonterminal. If predicted nonterminals are
not overlapping, then the ε-transitions from the states in this kernel only refer
to station states that have no new ε-transitions added by combine-xtbl 4. Hence,
the ε-closure of the kernel would only add station states that are already
closed in this kernel. Note that new station states cannot be found indirectly
through ε-transitions either, because ∀q0 → q1 ∈ δε(Ti) : predict(q0) ⊇ predict(q1).
Thus, the kernel would have predicted the nonterminal of this station state as
well.

To reduce the number of overlapping nonterminals it is useful to avoid
unintentional overlap of nonterminals by supporting external and internal
symbols. This is discussed in Section 6.7.2.

Reduce State Rewriting

If a closure ε-closure(move(S, X, δE), δε+
E ) is a single state q, then q can be added

directly to the states of the composed parse table without any updating of its
actions and transitions. This is clear for the reduce and accept actions of a
state, but the transitions from q also involve other states, which might not be
single-state closures. Therefore, we need to choose the names of new states
strategically. The state resulting from the closure of any single-state kernel
(i.e. ε-closure({q}) is always given the same name as q. In this way, there is
no need for updating transitions from single-state closures. This optimization
makes it very useful to restrict the number of states in a closure aggressively.
If the closure is restricted to a single state, then the compose algorithm only
needs to traverse the transitions to continue composing states.

Reduce Closure Cardinality

Even if a kernel predicts one or more overlapping symbols (thus requiring an
ε-closure call) it is not necessarily the case that any station states need to be
added to the kernel. For example, if two parse table components T0 and T1
having an overlapping symbol E are composed and two states q0 ∈ Q(T0) and
q1 ∈ Q(T1) predicting E are both in a kernel, then the two station states for E are
already closed in this kernel. To get an efficient ε-closure implementation the
closures could be pre-computed per state using a transitive closure algorithm,
but this example illustrates that the subset in which a state occurs will make
many station states unnecessary. Note that for a state q in table T not all
station states of T are irrelevant. Station states of T might become reachable
through ε-transitions by a path through a different component.

A first approximation of the station states that need to be added to a kernel
S to form a closure is the set of states that enter the ε-closure because of the
ε-transitions added by combine-xtbl 4

Sapprox = ε–closure(S, δε+
E )− ε–closure(S,

⋃
δε

i )

However, another complication compared to an ordinary transitive closure
is that the station states have been transitively closed already inside their
components. Therefore, we are not interested in all states that enter the ε-
closure, since many station states in Sapprox are already closed in other station
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states of Sapprox. Thus, the minimal set of states that need to be added to a
kernel to form a closure is the set of station states that (1) are not closed in
the states of the kernel (Sapprox) and are not already closed by another state in
Sapprox:

Smin = {q0 | q0 ∈ Sapprox,@q1 ∈ Sapprox : q1 → q0 ∈
⋃

δε
i }

The essence of the problem is expressed by the predict graph, which is a
subgraph of the combined graph shown in Figure 6.8b restricted to the ε-
transitions and station states. Every δε

i transition function induces an acyclic,
transitively closed graph, but these two properties are destroyed in the graph
induced by δε+

E . We distinguish the existing ε-transitions and the new tran-
sitions introduced by combine-xtbl 4 in intra-component and inter-component
edges, respectively.

Figure 6.11 shows the optimized ε-closure algorithm, which is based on a
traversal of the predict graph. For a given kernel S, the procedure mark first
marks the states that are already closed in the kernel. If a state q1 in the subset
is a station state, then the station state itself 3 and all the other reachable station
states in the same component are marked 4. Note that the graph induced by
ε-transitions of a component is transitively closed, thus there are direct edges
to all the reachable station states (intra-edges). For a state q1 of the subset S that
is not a station state, we mark all the station states that are closed in this non-
station state q1

7. Note that q1 itself is not present in the predict graph. The
station states are marked with a source state, rather than a color, to indicate
which state is responsible for collecting states in this part of the graph. If the
later traversal of the predict graph encounters a state with a source different
from the one that initiated the current traversal, then the traversal is stopped.
The source marker is just used to make the intuition of the algorithm more
clear, i.e. a coloring scheme could be used as well.

Next, the function ε-closure initiates traversals of the predict graph by invok-
ing the visit function for all the involved station states. The visit function tra-
verses the predict graph, collecting 10 only the states reached directly through
inter-component edges, thus avoiding station states that are already closed in
an earlier discovered station state. For every state, the intra-component edges
are visited first, and mark states BLACK as already visited. The visit function
stops traversing the graph if it encounters a node with a different source (but
continues if the source is NULL), thus avoiding states that are already closed
in other station states.

6.6 E X T E N S I O N T O S L R

For many languages, the LR(0) parse table generation algorithm results in
states where the parser can perform a shift as well as a reduce action. If the
parser generator targets a deterministic parser, then the parser generation fails
at this point, or applies heuristics to resolve the conflict and issues a warning.
To support a bigger class of languages, the SLR (Simple LR) algorithm [DeRe-
mer 1971] extends LR(0) by guarding the application of a reduce action for a
production A → α by examining the next terminal in the input stream. An
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procedure visit(v, src)
1 color[v] B BLACK

2 result[v] B ∅
3 for each w ∈ intra–edges[v]
4 if (source[w] = src ∨ source[w] = NULL) ∧ color[w] = WHITE
5 visit(w, src)
6 result[v] B result[v] ∪ result[w]
7 for each w ∈ inter–edges[v]
8 if source[w] = NULL ∧ color[w] = WHITE

9 visit(w, src)
10 result[v] B {w} ∪ result[v] ∪ result[w]

procedure mark(S, δε)
1 for each q1 ∈ S
2 if q1 is station state
3 source[q1] B q1
4 for each q2 ∈ intra-edges[q1]
5 source[q2] B q1
6 else
7 for each q2 ∈ δε(q1)
8 source[q2] B q2
9 for each q3 ∈ intra-edges[q2]

10 source[q3] B q2

function ε-closure(S, δε) =
1 color[*] := WHITE

2 result[*] := NULL

3 source[*] := NULL

4 result B S
5 mark(S, δε)
6 for each q ∈ S
7 if q is station state
8 maybe-visit(q)
9 else

10 for each qA ∈ δε(q)
11 maybe-visit(qA)
12 return result

13 local procedure maybe-visit(q) =
14 if source[q] = q ∧ color[q] = WHITE

15 visit(q, q)
16 result B result ∪ result[q]

Figure 6.11 Optimized ε-closure implementation
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nullable(X1 . . . Xn) = {X1, . . . , Xn} ⊆ nullable (R3)

A→ α ∈ P(G), nullable(α)
A ∈ nullable

(R4)

first(t) = {t} (R5)

A→ αXβ ∈ P(G), nullable(α)
first(A) ⊇ first(X)

(R6)

A→ αBβXγ ∈ P(G), nullable(β)
follow(B) ⊇ first(X)

(R7)

A→ αBβ ∈ P(G), nullable(β)
follow(A) ⊇ follow(B)

(R8)

Figure 6.12 Rules for computing nullable nonterminals, the first set of a symbol,
and the follow set of a nonterminal.

SLR parse table generator determines the set of terminals that can follow the
nonterminal A and a reduce action is only applied if the next terminal in the
input stream is in this set. If this is not the case, then there is no derivation
possible with A → α applied at this point of the input, so performing the
reduce action is useless.

If using a deterministic parser, then the main reason for restricting the
application of reduce actions (e.g. using SLR or LALR) is to support a larger
class of grammars. For a GLR parser this is not necessary: a GLR parser
can perform both actions of a shift/reduce conflict and the continuation of
the parsing process will determine which action was correct. Thus, the GLR
algorithm applied to (possibly non-deterministic) LR(0) parse tables already
supports the full class of context-free grammars. However, for GLR it is still
useful to reduce the number of conflicts to improve performance of the parser
by avoiding the unnecessary application of reduce actions [Johnstone et al.
2006].

The SLR algorithm determines the follow set of nonterminals by analyzing
the productions of the grammar. Unfortunately, the follow set of a nontermi-
nal can (and usually will) change if new productions are added to a grammar.
Thus, the calculation of the follow set of a nonterminal requires a global anal-
ysis of the grammar. Even if a nonterminal occurs in only a single parse
table component, its follow set cannot be calculated before composition-time.
For this reason, we do not guard reduce actions in parse table components
by their actual follow set, but by a symbolic reference to the follow set of a
nonterminal. The actual follow sets are calculated at composition-time.

The rules of Figure 6.12 define the set follow(A) of terminals that can directly
follow A. The follow set of a nonterminal is determined using two other
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properties of symbols, namely the set of terminals first(X) that can begin a
string derived from X, and the set nullable of nonterminals that can derive the
empty string. The first, follow, and nullable sets all require a global analysis
of the grammar.

6.6.1 Nullable Nonterminals

The set nullable plays a significant role in the calculation of the first and the fol-
low sets because it determines the dependencies between the first and follow
sets of symbols. For example, Equation R8 adds a dependency of the follow(A)
on follow(B) on the condition that all symbols of β are nullable. It would be
useful if the dependencies between the first and follow sets would be known
at generation-time, but this would impose the unacceptable restriction that the
nullable property of a nonterminal cannot be different across parse table com-
ponents. Hence, we cannot avoid recalculating the nullable nonterminals at
composition-time and change the dependencies between the first and follow
sets accordingly.

The set nullable is usually calculated using a fixpoint algorithm, where pro-
ductions are examined until the set no longer changes in an iteration. Such a
fixpoint algorithm performs unnecessary computations, but whereas we can
avoid a fixpoint algorithm for first and follow sets, the nullable relation is not
a graph but a hypergraph. The time spent on calculating the nullable non-
terminals at composition-time is negligible (see Figure 6.14), so we decided
to avoid the complexity of an efficient algorithm on hypergraphs and stick to
the plain fixpoint algorithm.

The set of productions that have to be considered at composition-time can
be reduced substantially at generation-time. If a nonterminal is nullable in
some component, then it will always be nullable in a composition. Therefore,
the parser generator can split the nonterminals into two sets, known and not
known to be nullable. To examine if nonterminals not known to be nullable
have become nullable in a composition, we store a nullable relation in the
parse table component. For every production A → α where A is not known
to be nullable and α does not contain a terminal, we store the relation β → A,
where β = {B | B ∈ α, B < nullable}. As an additional optimization, the relation
could be stored in quasi-topological order to improve the performance of the
composition-time fixpoint algorithm.

6.6.2 First and Follow Sets

The specification of first and follow sets of Figure 6.12 translates directly
into a fixpoint algorithm, as is suggested by most compiler textbooks. How-
ever, benchmarks have shown that these algorithms are too slow for use at
composition-time. To find a more efficient algorithm, we observe that the
calculation of first and follow sets can be expressed as a transitive closure
problem. The specification of Figure 6.12 introduces a superset relation over
the first and follow sets of symbols. For the first set of symbols, Equation R6

170



defines that first(A) has a superset relation with first(X). This relation induces a
graph, which we call the first graph. Similarly, Equation R8 introduces a super-
set relation over the follow sets of nonterminals, thus defining a follow graph.
The first and follow graphs are typically sparse and can contain cycles.

Since the relations introduced by the specification of Figure 6.12 are all
local to a production, the parser generator can determine the edges of the first
and follow graphs for every parse table component. However, the nullable
conditions of Equations R6, R7, and R8 are not all known to be valid or not
until composition-time. Therefore, the parse table components use two kinds
of edges for the first and follow graphs: edges that are known at generation-
time and possible edges. The possible edges are only used in the composed first
and follow graphs if a set of symbols attached to the possible edge is nullable
in the composition. For example, Equation R8 will introduce an edge A→ B if
all symbols of β are nullable in the composition. If β contains a terminal, then
β can never be nullable, so the generator does not produce possible edges in
this case. Also, nonterminals that are already known to be nullable can be
removed from the condition.

6.6.3 Algorithm

The main complication in the calculation of first and follow sets is the pres-
ence of cycles in the first and follow graphs. If these were acyclic graphs,
then we could just traverse the graph, calculating the first or follow sets for
every node by unifying the sets of their successors. Unfortunately, applying
the same method during the depth-first traversal of a cyclic graphs will result
in incorrect results for the strongly connected components. All the nodes of
a strongly connected component should have the same first and follow sets,
which will not be the case in a straightforward depth-first traversal. Alter-
natively, we could apply a transitive closure graph algorithm to the first and
follow graphs and calculate the first and follow sets based on the resulting
transitively closed edges (successor sets), but it is more efficient to combine
the traversal of the graph with set computations to calculate the first and
follow sets directly. This is the essence of the Digraph algorithm [DeRemer
& Pennello 1979], which was originally used for the calculation of LALR(1)
lookahead sets. Digraph modifies a transitive closure algorithm based on
Tarjan’s strongly connected components algorithm [Tarjan 1972, Eve & Kurki-
Suonio 1966] to compute lookahead sets instead of successor sets. The use
of an efficient transitive closure algorithm results in a great reduction of set
computations compared to a naive fixpoint algorithm for first and follow sets.

The Digraph algorithm deals with cycles in dependency graphs by identify-
ing the strongly connected components introduced by cycles, and calculating
the lookahead sets over the collapsed acyclic graph induced by the strongly
connected components and their edges. However, it does not actually con-
struct the collapsed graph, rather it directly applies the set computations dur-
ing the discovery of components. In our work, we have adapted the Digraph
algorithm to be more efficient for typical first and follow graphs. Figure 6.13
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procedure closure(G) =
1 for v ∈ V(G)
2 color[v] B WHITE

3 time B 1
4 stack B empty
5 for v ∈ V(G)
6 if color[v] = WHITE

7 visit(v)

procedure visit(v) =
1 var originalStack B stack
2 color[v] B GRAY

3 d[v] B time
4 root[v] B d[v]
5 time B time + 1
6 result[v] B init[v]
7 for w ∈ Adj(v)
8 if color[w] = WHITE

9 visit(w)
10 result[v] B result[v] ∪ result[w]
11 else
12 unless backward(v, w) ∨ forward(v, w)
13 result[v] B result[v] ∪ result[w]
14 if color[w] , BLUE

15 if root[w] < root[v]
16 root[v] B root[w]
17

18 if root[v] = d[v]
19 color[v] B BLUE

20 while stack , originalStack
21 w B pop(stack)
22 result[w] B result[v]
23 color[w] B BLUE

24 else
25 color[v] B BLACK

26 push(stack, v)

function backward(v, w) =
1 return color[w] = GRAY

function forward(v, w) =
1 return color[w] ∈ {BLUE, BLACK} ∧ d[v] < d[w]

Figure 6.13 Optimized transitive closure algorithm for computing first and follow
sets, based on Tarjan’s strongly connected component algorithm and the Digraph
LALR lookahead set algorithm
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shows the adapted transitive closure algorithm we use for calculating first and
follow sets.

The basis of the Tarjan’s strongly connected component algorithm (and
hence the Digraph algorithm) is a depth-first traversal. During the traversal,
the algorithm determines if the current node v is the root of a strongly con-
nected component, i.e. if it is the first node of a component discovered during
the traversal of the graph. This root node is important because the computed
set (fist, follow, lookahead, successor, etc.) is correct for this root node, while
the result for the other nodes of the component might be incorrect. To update
these possibly incorrect results, the traversal collects the nodes that constitute
a strongly component on a stack. Once the root of a component has been
identified, the nodes of the component are popped from the stack and their
results are updated to the value of the root node.

We observed that first and follow graphs typically contain only a few cycles,
i.e. there are many trivial components and just a few non-trivial components.
Therefore, it is very useful to optimize the algorithm for trivial components.
In the original strongly connected components and Digraph algorithms the
trivial components still use stack operations for collecting the nodes that con-
stitute a component. However, because we always know that the node that
is currently being visited is a member of the component, we can reduce the
stack operations by not pushing the current node on the stack until we know
that it is a member of a non-trivial component. In this way, the stack is only
used if there actually is a non-trivial component.

Line by Line

To make the algorithm more clear, we use a different presentation than usual
by applying an explicit coloring scheme. All nodes are initially white and
become gray if they are being visited. The color blue is used to indicate a
node that is part of a component that has completely been visited. The color
black indicates a node has been visited, but the component of the node has
not yet been visited completely.

The main function closure initializes the color of all the nodes to WHITE 2 and
sets the stack for collecting nodes of a component to empty 4. Next, closure
visits every node of the graph 7, if the node has not been visited already. The
function visit first records the original stack 1 to remember which nodes to pop
from the stack if the component will be finished after visiting this node. The
color of v is initialized to GRAY 2, and the discovery time of the node v is set
to the current time 3. For now, the visit function assumes that the root of the
component of the node v is v itself. To identify the root, we use the discovery
time rather than the node itself to avoid an unnecessary indirection if the
discovery time of two candidate roots needs to be compared. To set the initial
values of the special character class nodes (for computing first sets) and first
set nodes (for computing follow sets), the result value of the current node is
initialized to a specified value init[v]. For most nodes this will be the empty
set. Next, we visit the adjacent nodes 9 if they have not been visited already
(i.e. their color is still WHITE). After visiting the node w, the result is added to
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current node v 10. Note that the edge from v to w corresponds to a tree edge in
depth-first traversal terminology.

If node w was already visited 11, then this is either a back, forward, or cross
edge. We apply an optimization that there is no need for set computations for
forward and backward edges 12. An edge is a backward edge if the color of
the node w is GRAY. An edge is a forward edge if the color of w is BLUE or BLACK

and the visit time of v is smaller than the visit time of w. Forward edges can
be ignored because there always exists a different path to w through which
the result of w was already included in the result of v. Backward edges can be
ignored because including the backward edge will not add anything to the
result of the root of the component of v. The result of the other nodes of the
component are irrelevant because they will be updated later with the result of
the root.

Next, we reconsider if v is indeed a root of the current component. If
w is not in a finished component 14, and the candidate root of w has been
discovered before the current candidate root of v 15, then the root of w is a
better candidate root. Therefore, we update the root of v to the root of w 16.

After visiting the adjacent nodes, we check if the root of v is still v itself 18.
If this is the case, then we have discovered the root of a component and we
can finish the entire component. Usually, this will just be a trivial component,
i.e. consisting solely of v. In this case, the original stack will immediately
be equal to the current stack. However, if this is a non-trivial component.
then the function visit unwinds the stack to its original value 20 and updates
the results of all the nodes that are popped from the stack to the result of
v 22. Also, all nodes are marked BLUE to indicate that this component has been
visited completely 23.

On the other hand, if the root of v is not v itself, then there is a different
node that is currently being visited (i.e. its color is GRAY) that will turn out to
be the root. Therefore, we mark v BLACK 25 and push v on the stack 26 so that
its result can be updated later. Thus, only nodes that are part of a non-trivial
component are pushed on the stack.

Resources Both the stack operation optimization for trivial components and
the optimization for avoiding set operations for backward and forward edges
are based on Nuutila’s series of optimizations for strongly connected compo-
nent transitive closure algorithms [Nuutila 1995]. Several more optimizations
are described in Nuutila’s work, but these mostly optimize the set computa-
tions for non-trivial components, which is not that useful for first and follow
graphs. Proofs of the correctness of Tarjan’s strongly connected component
algorithm, the Digraph algorithm, and its optimizations can be found in the
cited literature.

6.7 E X T E N S I O N S F O R L E X I C A L A N A LY S I S

Before syntax analysis, a lexical analyzer splits the input stream of characters
into a sequence of tokens that correspond to the terminals of a context-free
grammar. The reason for the division of work is the use of different techniques
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for the implementation of lexical analysis and syntax analysis. The lexical
syntax of a language is usually specified using a set of regular expressions,
which can be recognized by a deterministic finite automaton, whereas syntax
analysis requires a pushdown automaton.

Until now we have ignored the composition of the lexical syntax definition,
but any solution for extensible syntax needs to consider the lexical analysis
phase as well. Unfortunately, if different languages are used together in the
same source file, then the finite automata-based implementation techniques
for lexical syntax get more problematic because finite automata are oblivious
to context. The lexical syntax of the involved languages is usually differ-
ent, i.e. they have a different set of tokens. For example, the languages can
have different reserved keywords, literals, operators, and use different layout
(whitespace and comments). In this way, the lexical syntax depends on the
context in the source file and cannot be split into a single sequence of tokens
without considering this context.

A possible solution is to ignore this problem and just unify the lexical syn-
tax of the involved languages, resulting in a lexical analyzer that recognizes
all tokens in every context. This will result in lexical ambiguities if no addi-
tional precedence rules are considered for tokens. On the other hand, if such
precedence rules are applied, then the composition will often not have the
desired effect, for example by reserving keywords globally while they were
intended to be specific to one of the involved languages (see [Bravenboer &
Visser 2004 (Chapter 2)] for an extensive discussion). Another solution is to
require all the involved languages to use some subset of the same lexical syn-
tax. This is rather restrictive, but for some applications it is still acceptable,
for example in languages that want to allow users to extend the syntax with
some minor sugar only.

Similar context problems already occur in lexical analyzers for ‘single’ pro-
gramming languages, for example to use a different set of tokens in the con-
text of string literals, here documents, or regular expressions. These language
constructs are in fact different sublanguages of the programming language,
leading to a language conglomerate. This is usually solved using a state-
ful lexical analyzer, which recognizes a different set of tokens in every context
and switches the state of analyzer if it encounters certain tokens. As discussed
extensively in [Bravenboer et al. 2006 (Chapter 5)], the transitions between the
lexical states are based on a careful analysis of the complete language. If new
tokens are added by composition with other components, then the transitions
might no longer be correct.

6.7.1 Scannerless Parsing

A scannerless parser [Salomon & Cormack 1989] directly applies syntax anal-
ysis to the characters of the input stream, i.e. there is no separate lexical an-
alyzer. Instead of a separate specification of lexical and context-free syntax, a
single grammar is used that defines all aspects of the language. The terminals
of these grammars are character classes. As argued in [Bravenboer & Visser
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2004 (Chapter 2), Bravenboer et al. 2006 (Chapter 5)], scannerless parsers
elegantly deal with lexical context issues in syntax embeddings and exten-
sions. Rather than parsing a lexical entity in isolation, as is done with regular
expressions, the parsing context acts naturally as lexical state. Therefore, the
target parser of our prototype is a scannerless parser. Scannerless parsing
has been integrated with GLR parsing in the implementation of SDF [Visser
1997b], adding a few disambiguation techniques to GLR parsing to define
typical restrictions and disambiguations on the lexical syntax of a language.
Therefore, SDF grammars and the scannerless GLR parser have a few unusual
features, which we need to support in our parse table components.

Follow(1) Restrictions

To define a preference for the longest match of what would normally consti-
tute a token in lexical syntax, follow restrictions can be defined for nontermi-
nals. For example, nonterminals for identifiers typically have the restriction
that they cannot be followed by a character that is allowed as an identifier. A
follow restriction A � cc specifies that there can be no derivation where the
application of a production A → α is directly followed by a character from
the character class cc. In an SLR parse table, follow restrictions are trivial to
implement by subtracting the character class of the restriction from the follow
set that guards the application of a reduce action.

In parse table components the follow sets of nonterminals are not yet
known, so they cannot be subtracted. Therefore, we store this information
separately and subtract the restriction after computing the follow set at composition-
time. In this way, follow restrictions can also be applied to the reduce actions
of different parse table components, though it might also be useful to apply
the restrictions only internally.

Follow(1+) Restrictions

The scannerless parser we target also supports follow restrictions of more
than a single character lookahead. Because follow(1+) restrictions involve
multiple characters, they cannot be applied to the follow sets of reduce ac-
tions. Therefore, follow(1+) restrictions are an attribute of the reduce action
and are checked separately by the parser. Unfortunately, the application to
the reduce actions is somewhat involved: a reduce action of the production
A → α with follow set cc0 that is runtime restricted by A � cc1 � cc2 � . . . � ccn
needs to be split in two reduce actions: one with follow set cc0 − cc1 and one
with the follow set cc1 and the runtime restriction cc2 � . . . � ccn.

The splitting of reduce actions is the only reason a closure of a single state
needs to be modified by the composer. Follow(1+) restrictions are rather un-
common, so it might be useful to avoid this overhead by changing the way
reduce action with follow(1+) restrictions are represented in the parse table.

Reserved Keywords

The scannerless parser allows the definition of reserved keywords for spe-
cific nonterminals using reject productions [Visser 1997b]. A reject production
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A → α {reject} declares that A ⇒∗ β is invalid if also α ⇒∗ β. Reject pro-
duction are just normal productions with a special status; therefore the parse
table composition algorithm automatically supports composition of parse ta-
ble components involving reject productions. Hence, parse table composition
also supports component specific reserved keywords.

6.7.2 Context-Specific Layout

Grammars for scannerless parsers define the syntax of a language completely
down to the character level, including whitespace and comments. To keep
the production rules concise the SDF grammar language (which targets the
same scannerless parser we target) automatically inserts the nonterminal for
optional layout between the symbols of a production. Unfortunately, the lay-
out nonterminal that is used is a global nonterminal, which makes it difficult
to have a different syntax for layout in different contexts. However, for many
syntax embedding applications this feature is essential. For example, in a
concrete object syntax embedding of Java in Stratego we want the whitespace
and comments of Java in the quotations of Java code, but the layout of Strat-
ego outside the quotations. The layout of one language can even conflict with
the syntax of a different language. For example, Java uses // as end-of-line
comments, but in XPath // is part of a path expression. Clearly, in embedding
of XPath in Java, the Java end-of-line comment should not be layout in the
context of an XPath expression.

For this reason, our parser generator supports making nonterminals inter-
nal to a parse table component. The set of productions for this nonterminal
is not extended and other parse table components cannot refer to the nonter-
minal. Thus, the layout of the Java concrete object syntax embedding can be
internal, avoiding overlap with the layout of the host language Stratego. In-
cidentally, parse table components that use this feature can also be composed
much more efficiently. The runtime of the composer mostly depends on the
number of overlapping symbols and their number of occurrences. Layout is
used everywhere in a grammar, so if the layout nonterminals overlap between
two parse table components, more LR states will need to be extended and
result in closures of more than a single state.

6.8 E VA L U AT I O N

In the worst case scenario an LR(0) automaton can change drastically if it is
combined with another LR(0) automaton. The composition with an automa-
ton for just a single production can introduce an exponential number of new
states [Horspool 1990]. Parse table composition cannot cirumvent this worst
case. Fortunately, grammars of typical programming languages do not ex-
hibit this behaviour. To evaluate our method, we measured how parse table
composition performs in typical applications. We have applied an extensive
benchmark to the applications that motivated this work. For these applica-
tions, parse table components correspond to languages that form a natural
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sublanguage. These languages do not change the structure of the language
invasively but hook into the base language at some points.

We compare the performance of our prototype implementation1 to the SDF
parser generator (sdf2-bundle-2.4pre212034) that targets the same scannerless
GLR parser. SDF grammars are compiled by first normalizing the high-level
features to a core language and next applying the parser generator. Our parser
generator accepts the same core language as input. The prototype consists
of two main tools: one for generating parse table components and one for
composing them. As opposed to the SDF parser generator, the generator of
our prototype has not been heavily optimized because its performance is not
relevant to the performance of runtime parse table composition. We have im-
plemented a generator and composer for scannerless generalized LR SLR parse
tables. This affects the performance of the composer: grammars have more
productions, more symbols, and layout occurs between many symbols. Also,
handling of reduce actions is more complicated due to follow restrictions.

Figure 6.14 presents the results for a series of Stratego concrete object syn-
tax embeddings, StringBorg grammars, and AspectJ. For Stratego and String-
Borg, the number of overlapping symbols is very limited and there are many
single-state closures. Depending on the application, different comparisons of
the timings are useful. For runtime parse table composition, we need to com-
pare the performance to generation of the full automaton. The total composi-
tion time (col. 16) is only about 2% to 16% of the SDF parse table generation
time (col. 4). The performance benefit increases even more if we include the
required normalization (col. 3) (SDF does not support separate normaliza-
tion). For larger grammars (e.g. involving Java) the performance benefit is
bigger.

The AspectJ composition is clearly different from the other embeddings.
This composition is not intended to be used at runtime, but serves as an ex-
ample that separate compilation of grammars is a major benefit if multiple
instance of the same grammar occur in a composition. The total time to gen-
erate a parse table from source using parse table composition (col. 10 + 11 + 16)
is only 7% of the time used by the SDF parser generator.

6.9 R E L AT E D W O R K

Modular Grammar Formalism

There are a number of parser generators that support splitting a grammar into
multiple files, e.g. Rats! [Grimm 2006], JTS [Batory et al. 1998], PPG [Nys-
trom et al. 2003], and SDF [Visser 1997b]. They vary in the expressiveness
of their modularity features, their support for the extension of lexical syntax,
and the parsing algorithm that is employed. Many tools ignore the intricate
lexical aspects of syntax extensions, whereas some apply scannerless pars-
ing or context-aware scanning [van Wyk & Schwerdfeger 2007]. However,
except for a few research prototypes discussed next, these parser generators

1available at www.strategoxt.org/ParseTableComposition
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all generate a parser by first collecting all the sources, essentially resulting in
whole-program compilation.

Extensible Parsing Algorithms

For almost every single parsing algorithm extensible variants have already
been proposed. What distinguishes our work from all the existing work is
the idea of separately compiled parse table components and a solid foun-
dation on finite automata for combining these parse table components. The
close relation of our principles to the LR parser generation algorithm makes
our method easy to comprehend and optimize. All other methods focus on
adding productions to an existing parse table, motivated by applications such
as interactive grammar development. However, for the application in extensi-
ble compilers we do not need incremental but compositional parser generation.
In this way, a language extension can be compiled, checked, and deployed
independently of the base language in which it will be used. Next, we discuss
a few of the most related approaches.

Horspool’s [Horspool 1990] method for incremental generation of LR parsers
is most related to our parse table composition method. Horspool presents
methods for adding and deleting productions from LR(0), SLR, as well as
LALR(1) parse tables. The work is motivated by the need for efficient gram-
mar debugging and interactive grammar development, where it is natural to
focus on addition and deletion of productions instead of parse table compo-
nents. Interactive grammar development requires the (possibly incomplete)
grammar to be able to parse inputs all the time, which somewhat complicates
the method. For SLR follow sets Horspool uses an incremental transitive clo-
sure algorithm based on a matrix representation of the first and follow rela-
tions. In our experience, the matrix is very sparse, therefore we use Digraph.
This could be done incrementally as well, but due to the very limited amount
of time spend on the follow sets, it is hard to make a substantial difference.

IPG [Heering et al. 1990] is a lazy and incremental parser generator tar-
geting a GLR parser using LR(0) parse tables. This work was motivated by
interactive meta programming environments. The parse table is generated
by need during the parsing process. IPG can deal with modifications of the
grammar as a result of the addition or deletion of rules by resetting states so
that they will be reconstructed using the lazy parser generator. Rekers [Rekers
1992] also proposed a method for generating a single parse table for a set of
languages and restricting the parse table for parsing specific languages. This
method is not applicable to our applications, since the syntax extensions are
not a fixed set and typically provided by other parties.

Dypgen [Onzon 2007] is a GLR parser generator focusing on scoped mod-
ification of the grammar from its semantic actions. On modification of the
grammar it generates a new LR(0) automaton.

Earley [Earley 1970] parsers work directly on the productions of a context-
free grammar at parse-time. Because of this the Earley algorithm is relatively
easy to extend to an extensible parser [Tratt 2005, Kolbly 2002]. Due to the
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lack of a generation phase, Earley parsers are less efficient than GLR parsers
for programming languages that are close to LR.

Maya [Baker & Hsieh 2002] uses LALR for providing extensible syntax but
regenerates the automaton from scratch for every extension.

Cardelli’s [Cardelli et al. 1994] extensible syntax uses an extensible LL(1)
parser. Camlp4 [de Rauglaudre 2003] is a preprocessor for OCaml for the
implementation of syntax extensions using an extensible top down recursive
descent parser.

Automata Theory and Applications

The egrep pattern matching tool uses a DFA for efficient matching in combina-
tion with lazy state construction to avoid the initial overhead of constructing
a DFA. egrep determines the transitions of the DFA only when they are ac-
tually needed at runtime. Conceptually, this is related to lazy parse table
construction in IPG. It might be an interesting experiment to apply our subset
reconstruction in such a lazy way.

Essentially, parse table composition is a DFA maintenance problem. While
there has been a lot of work in the maintenance of transitive closures, we have
have not been able to find existing work on DFA maintenance.
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7
Precedence Rule Recovery and
Compatibility Checking

A B S T R A C T

A wide range of parser generators are used to generate parsers for program-
ming languages. The grammar formalisms that come with parser generators
provide different approaches for defining operator precedence. Some genera-
tors (e.g. YACC) support precedence declarations, others require the grammar
to be unambiguous, thus encoding the precedence rules. Even if the grammar
formalism provides precedence rules, a particular grammar might not use it.
The result is a collection of grammar variants implementing the same lan-
guage. For the C language, the GNU Compiler uses YACC with precedence
rules, the C-Transformers project uses SDF without priorities, while the SDF
library does use priorities. For PHP, Zend uses YACC with precedence rules,
whereas the PHP-front package uses SDF with priority and associativity dec-
larations.

The variance between grammars raises the question whether the prece-
dence rules of one grammar are compatible with those of another. This is
usually not obvious, since some languages have complex precedence rules.
Also, for some parser generators the semantics of precedence rules is defined
operationally, which makes it hard to reason about their effect on the de-
fined language. We present a method and tool for comparing the precedence
rules of different grammars and parser generators. Although it is undecidable
whether two grammars define the same language, this tool provides support
for comparing and recovering precedence rules, which is especially useful for
reliable migration of a grammar from one grammar formalism to another. We
evaluate our method by the application to non-trivial mainstream program-
ming languages, such as PHP and C.

7.1 I N T R O D U C T I O N

Defining the syntax of a programming language using a context-free gram-
mar is one of the most established practices in the software industry and
computer science. For various reasons a wide range of parser generators are
used to generate parsers from context-free grammars. For almost every main-
stream programming language there exists a series of parser generators, not
only featuring different parsing algorithms, but also different grammar for-
malisms. These grammar formalisms often provide methods for declaring
the precedence of operators, since the notions of priority and associativity are
pervasive in the definition of the syntax of programming languages.
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As early as 1975 Aho and Johnson recognized [Aho et al. 1975] that for
many languages the most natural grammar is not accepted by the parser gen-
erators that are used in practice, since the grammar does not fall in the class of
context-free grammars for which the parser generator can produce an efficient
parser. Aho and Johnson proposed to define the syntax of a programming lan-
guages as an ambiguous grammar combined with disambiguation rules that
tell the parser how to resolve a parsing action conflict, a method that was im-
plemented in the now still dominant YACC parser generator [Johnson 1975].
Unfortunately, most of the work on separate precedence declarations has been
guided by the underlying parsing technique and not by an analysis of the
requirements and fundamentals of precedence declarations. Indeed, parser
generators only support precedence rules that can efficiently be implemented
in the parser. This is understandable from a practical point of view, yet the
result is that little is known about the actual requirements for separate prece-
dence declarations. Indeed, the semantics of separate precedence declarations
is apparently so ill-defined that it is still not used in language specifications.
Rather, language specifications prefer to encode precedence rules in the pro-
ductions of the grammar. Sadly, it is difficult to disagree with this approach,
since an encoding in productions is still the most precise, formal, and parsing
technology independent way of defining precedences!

In this chapter, we argue that precedence rules need to be liberated from
the idiosyncrasies of specific parser generators. The reasons for this are
closely related to the efforts to work towards an engineering discipline for
grammarware [Klint et al. 2005, Lämmel & Verhoef 2001, Sellink & Verhoef
2000, Lämmel 2001a]. Liberating grammars from concrete parser generators
is not a new idea [Kort et al. 2002], however precedence rules have never been
studied fundamentally outside of the context of specific parsing technologies
or parser generators. Indeed, there is currently, for example, no solid method-
ology to

• recover precedence rules from ‘legacy’ grammar formalisms. For exam-
ple, for PHP there is no language specification, only a YACC grammar.
Due to the conflict resolution semantics of YACC precedence declara-
tions, the exact precedence rules of PHP are currently very difficult to
determine.

• compare the precedence rules of two grammars, whether they are de-
fined in the same grammar formalism or not. For example, for the C
language, the GNU Compiler uses YACC with precedence rules, the C-
Transformers project [Borghi et al. 2006] uses SDF [Visser 1997b] without
priorities, while the SDF library does use priorities. For PHP, Zend uses
YACC with precedence rules, whereas PHP-front uses SDF with prior-
ity and associativity declarations. However, there is no way to check
that the precedence rules of one grammar are compatible with those of
another.

• reliably migrate a grammar from one grammar formalism to another in-
cluding its precedence rules. This does not necessarily have to be done
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completely automatic, but at least there can be support for recovering
precedence rules and generating precedence declarations in the new for-
malism.

In this chapter we present a method and its implementation for recovering
precedence rules from grammars. Our method is based on a core formalism
for defining precedence rules, which is independent of specific parser gener-
ators. Based on this formalism and the recovery of precedence rules, we can
compare precedence rules of different grammars, defined in different gram-
mar formalism, and using different precedence declaration mechanisms. We
have implemented support for recovering precedence rules from YACC [John-
son 1975] and SDF [Heering et al. 1989, Visser 1997b] (parser generators using
different parsing algorithms) and present the details of an algorithm to check
precedence rules against LR parsers.

Although it is in general undecidable whether two grammars define the
same language, this tool provides support for comparing and recovering prece-
dence rules, which is especially useful for reliable migration of a grammar
from one grammar formalism to another. Also, the method can be used to an-
alyze the precedence rules of a language, for example to determine if they can
be defined using a certain grammar formalism specific precedence declara-
tion mechanism. We evaluate our method by the application to the non-trivial
mainstream programming languages C and PHP. For both languages we com-
pare the precedence rules of three grammars defined in SDF or YACC. The
evaluation was most successful and revealed several differences and bugs in
the precedence rules of the grammars. The YACC and SDF implementations
of the method that we present are implemented in Stratego/XT [Visser 2004]
and available as open source software as part of the Stratego/XT Grammar
Engineering Tools1.

Contributions The contributions of this chapter are:

• A core formalism for precedence rules.

• A novel method for recovering precedence rules from grammars

• A method for checking the compatibility of precedence rules across
grammars

• Implementations of the recovery method for YACC and SDF and an
evaluation for non-trivial programming languages C and PHP.

Organization In Section 7.2 we introduce notations for context-free gram-
mars and tree patterns. In Section 7.3 we introduce a running example and
explain the precedence mechanisms of YACC and SDF. Section 7.4 is the body
of the chapter, where we present our precedence rule recovery method. Sec-
tion 7.5 discusses compatibility checking. In Section 7.6 we present our eval-
uation, and we conclude with a discussion of related work.

1http://www.strategoxt.org/GrammarEngineeringTools
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7.2 G R A M M A R S A N D T R E E PAT T E R N S

In this section we define the notions and notations for context-free grammars
and tree patterns as we will use them in this chapter.

7.2.1 Context-Free Grammars

A context-free grammar G is a tuple (Σ, N, P), with Σ a set of terminals, N a set
of non-terminals, and P a set of productions of the form A→ α, where we use
the following notation: V for N ∪Σ; A, B, C for variables ranging over N; X, Y, Z
for variables ranging over V; a, b for variables ranging over Σ; v, w, x for vari-
ables ranging over Σ∗; and α, β, γ for variables ranging over V∗. Context-free
grammars are usually written in some concrete grammar formalism. Fig-
ure 7.1 gives examples of grammars for the same language in different gram-
mar formalisms. The underlying structure is that of context-free grammars
just defined. The augmentation of grammars with precedence mechanisms
will be discussed in the next section.

7.2.2 Parse Trees

The family of valid parse trees TG over a grammar G is a mapping from V to
a set of trees, and is defined inductively as follows:

• if a is a terminal symbol, then a ∈ TG(a)

• if A0 → X1...Xn is a production in G, and ti ∈ TG(Xi) for 1 ≤ i ≤ n, then
〈A0 → t1...tn〉 ∈ TG(A0).

For example, the tree 〈E → 〈E → 〈T → 〈F → NUM〉〉〉+ 〈T → 〈F → NUM〉〉〉 is a
parse tree for the addition of two numbers according to the left-most grammar
in Figure 7.1.

7.2.3 Parse Tree Patterns

The family TPG of parse tree patterns (or tree patterns for short) over a grammar
G, is a mapping from grammar symbols in V to sets of parse trees over G
extended with non-terminals as trees, which we define inductively as follows:

• if X is a terminal or non-terminal symbol in V, then X ∈ TPG(X)

• if A0 → X1...Xn is a production in G, and ti ∈ TPG(Xi) for 1 ≤ i ≤ n, then
〈A0 → t1...tn〉 ∈ TPG(A0).

A parse tree pattern p denotes a set of parse trees, namely the set obtained
by replacing each non-terminal A in p by the elements of TG(A). Basically, a
parse tree pattern corresponds to the derivation tree for a sentential form. For
example, the tree pattern 〈E → 〈E → 〈T → F〉〉+ T〉 denotes the set of trees for
summation expressions where the first summand is a ‘factor’. We denote a
tree pattern with root A ∈ N and yield α by 〈A{ α〉
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%token NUM

E: E ’+’ T
| T
T: T ’*’ F
| F
F: NUM

%token NUM
%left ’+’
%left ’*’

E: NUM
| E ’+’ E
| E ’*’ E

context-free syntax
E "+" E -> E
E "*" E -> E
NUM -> E

context-free priorities
E "*" E -> E {left}

> E "+" E -> E {left}
lexical syntax
[0-9] -> NUM

context-free syntax
E "+" E -> E {left}
T -> E
T "*" T -> T {left}
F -> T
NUM -> F

lexical syntax
[0-9] -> NUM

Figure 7.1 Grammars for a small arithmetic expressions language. Left to right:
YACC using encoded precedence (YACC1), YACC using precedence declarations
(YACC2), SDF using precedence declarations (SDF1), SDF using a mixture of en-
coding and precedence declarations (SDF2).

We use the notation 〈A ∼ B → t∗〉 to denote an injection chain from a tree
pattern with root A to a node with non-terminal B and leaves t∗. Formally,
〈A ∼ B→ t∗〉 is the subset of TPG(A) such that

• if A → B is a production in G, and 〈B → t∗〉 ∈ TPG(B), then 〈A → 〈B →
t∗〉〉 ∈ 〈A ∼ B→ t∗〉

• if A → C is a production in G, and 〈C ∼ B → t∗〉 ∈ TPG(C), then 〈A →
〈C ∼ B→ t∗〉〉 ∈ 〈A ∼ B→ t∗〉

For example, the expression 〈E → 〈E ∼ F → NUM〉+ T〉 abbreviates the injec-
tion chain in the tree pattern 〈E→ 〈E→ 〈T → 〈F → NUM〉〉〉+ T〉.

Finally, to define the notion of precedence, we will need one-level tree patterns,
which we define as follows:

• if A→ αBγ and B→ β are productions, then 〈A→ α〈B→ β〉γ〉 ∈ TP1
G(A)

• if A → αBγ is a production and 〈B ∼ C → β〉 ∈ TPG(B) then 〈A → α〈B ∼
C → β〉γ〉 ∈ TP1

G(A)

That is, one-level tree patterns are productions with a single subtree, with
possibly an injection chain from the root production to the child production.
Observe that TP1

G(A) ⊆ TPG(A). The tree pattern 〈E → E + 〈T → T ∗ F〉〉 is
one-level, and so is 〈E → 〈E → 〈T → T ∗ F〉〉+ T〉. However, 〈E → 〈E → 〈T →
T ∗ F〉〉+ 〈T → T ∗ F〉〉 is not a one-level tree pattern, since it has two non-chain
subtrees.

7.3 P R E C E D E N C E M E C H A N I S M S

In this chapter we focus on two grammar formalisms, their parser generators,
and their precedence mechanisms. The first is YACC (Yet Another Compiler-
Compiler) and the second is SDF (Syntax Definition Formalism). The parser
targeted by the SDF parser generator has a different name: SGLR (Scannerless
Generalized LR). Considering the combination of SDF and YACC is interest-
ing for three reasons. First, the two grammar formalisms provide very dif-
ferent precedence declaration mechanisms. Second, the grammar formalisms
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are implemented using different parsing techniques. Third, the conversion
from YACC to SDF is a very common use case. We introduce the basics of the
YACC and SDF precedence declaration mechanisms with a few grammars for
a small arithmetic language, see Figure 7.1.

7.3.1 YACC

YACC [Johnson 1975] is the classic parser generator. It accepts grammars of
the LALR(1) class of context-free grammars with optionally additional disam-
biguation rules. For our YACC-based tools we use Bison, the GNU version
of YACC, however, we will refer to our use of Bison as YACC (on most sys-
tems yacc is actually an alias of bison). The first and the second grammar
of Figure 7.1 are YACC grammars. The first grammar encodes the prece-
dence rules of the arithmetic language in the productions of the grammar.
The operators + and * are left-associative, since the grammar does not al-
low an occurrence of + at the right-hand side of a +. The operator * takes
precedence over the operator +, since it is not possible at all to have a +

at left or right-hand side of a *. The second grammar uses separate YACC
precedence declarations [Aho et al. 1975]. Without disambiguation rules (and
implicit conflict resultion), this grammar is ambiguous, e.g 1 + 2 * 3 has
two different parse trees: 〈E → 〈E → 〈E → 1〉 + 〈E → 2〉〉 ∗ 〈E → 3〉〉 and
〈E→ 〈E→ 1〉+ 〈E→ 〈E→ 2〉 ∗ 〈E→ 3〉〉〉 are both elements of TG(E).

As disambiguation rules, YACC allows declarations of the precedence of
operators, which can be %left, %right, or %nonassoc. After the associativity
comes a list of tokens. All tokens on the same line have the same precedence.
The relative precedence of the operators is defined by the order of the prece-
dence declarations. The operators in the first precedence declaration have
lower precedence than the next. The semantics of the precedence declarations
of YACC are defined in terms of parser generation. YACC produces an LALR
parse table in which the action has to be deterministic for each state and looka-
head. If there are multiple possible actions, then this results in shift/reduce
or reduce/reduce conflicts. The precedence declarations are used by YACC to
select the appropriate action if there is a conflict between two actions. If there
is no precedence declaration for the involved tokens, then YACC will resolve
the conflict by preferring a shift over a reduce. For a reduce/reduce conflict,
YACC resolves the conflict by selecting the reduce of the first production in
the input grammar. Later we will see in more detail what the consequence of
this is for the precedence rules.

The main weakness of precedence declarations of YACC is that it is not
really a precedence declaration mechanism, i.e. YACC has no notion of prece-
dence of operators. Precedence declarations are a mechanism to resolve con-
flicts in the parse table, which can be used to implement operator precedence.
Unfortunately, this requires understanding of LALR parsing and the way
YACC generates a parser.
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7.3.2 SDF

SDF [Heering et al. 1989, Visser 1997b] is a feature rich grammar formalism
that integrates lexical and context-free syntax. SDF supports arbitrary context-
free grammars, so grammars are not restricted to subclasses of context-free
grammar, such as LL or LALR. The SDF parser generator generates a parse
table for a scannerless generalized LR parser. For disambiguation, SDF sup-
ports various disambiguation filters [Visser 1997b, van den Brand et al. 2002],
some of which are used to define precedence rules. The third grammar of Fig-
ure 7.1 uses the precedence declarations of SDF2. Similar to the second YACC
grammar, the productions of this grammar define an ambiguous language. A
separate definition of priorities is used to define that * takes precedence over +.
Also, both operators are defined to be left associative by using the associativ-
ity attribute left.

The semantic of SDF priorities is well-defined in terms of the grammar, as
opposed to operationally in the parser generator. SDF applies the transitive
closure to the declared priority relation over productions (which introduces
some limitations). Priority declarations generate a set conflicts(G) of tree pat-
terns of the form 〈A → α〈B → β〉γ〉. Note that this pattern has the same
form as patterns from the set of one-level tree patterns, excluding injection
chains. If A → αBγ > B → β is in the closure of the priority relation, then
〈A → α〈B → β〉γ〉 ∈ conflicts(G). The generated parser will never create a parse
tree that matches one of the tree patterns in conflicts(G).

The fourth grammar of Figure 7.1 illustrates that encoding precedence in
productions is possible in all grammar formalisms, even if they provide sep-
arate precedence declarations. To make the example a bit more interesting,
this grammar defines the priority of operators in productions, but uses asso-
ciativity definitions for individual operators.

7.4 P R E C E D E N C E R U L E R E C O V E RY

In previous sections, we have argued that there is a need for methods and
tools for determining the precedence rules of a grammar. In this section,
we present such a method for recovering the precedence rules as encoded in
productions or defined using separate precedence declarations.

7.4.1 A Core Formalism for Precedence Rules

The recovered precedence rules need to be expressed in a certain formalism.
To liberate the precedence rules from the idiosyncrasies of specific grammar
formalisms, we need a formalization that is independent of specific parsing
techniques. The formalism for precedence rules does not need to be concise
or notationally convenient. Rather, it serves as a core representation of prece-
dence rules of programming languages.

2SDF uses a reversed notation for production rules. We will only use this notation in verbatim
examples of SDF. All other productions are written in conventional A→ α notation.
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〈T → 〈T ∼ E→ E + T〉 * F〉
〈T → T * 〈F ∼ T → T * F〉〉
〈T → T * 〈F ∼ E→ E + T〉〉
〈E→ E + 〈T ∼ E→ E + T〉〉

〈E→ 〈E→ E + E〉 * E〉
〈E→ E * 〈E→ E * E〉〉
〈E→ E * 〈E→ E + E〉〉
〈E→ E + 〈E→ E + E〉〉

〈E→ 〈E→ E + E〉 * E〉
〈E→ E * 〈E→ E * E〉〉
〈E→ E * 〈E→ E + E〉〉
〈E→ E + 〈E→ E + E〉〉

〈T → 〈T ∼ E→ E+ E〉 *T〉
〈T → T * 〈T → T * T〉〉
〈T → T * 〈T ∼ E→ E +E〉〉
〈E→ E + 〈E→ E + E〉〉

Figure 7.2 Precedence rules for grammar of Figure 7.1. First row: YACC1, YACC2,
second row: SDF1, SDF2

Inspired by previous work on SDF conflict sets defined by priorities [Heer-
ing et al. 1989, Visser 1997b], we use parse tree patterns to define precedence
rules. Parse tree patterns denote a set of parse trees. Thus, a parse tree pat-
tern can be used to define a set of invalid parse trees. For example, for the
grammar SDF1 in Figure 7.1 the tree pattern 〈E → 〈E → E + E〉 * E〉 denotes a
set of invalid parse trees according to the precedence rules of this grammar.
However, the precedence rules for a grammar G cannot just be defined as a
subset of TPG . The reason for this is that for grammars that encode prece-
dence in productions, there will be no tree patterns that denote invalid parse
trees. Such grammars have a series of expression non-terminals that are only
allowed at specific places. For example, in grammar YACC1 of Figure 7.1, the
expression E is not allowed at the right-hand side of the operator + in the
production E → E + T. Nevertheless, we are interested in precedence rules
over such grammars. Therefore, we define the set of precedence rules for
G = (Σ, N, P) to be a subset of TP G−→(NE), where G−→(NE) is an extended context-

free grammar of the grammar G where NE ⊆ N and G−→(NE) = (Σ, N, P′) where
P′ = P ∪ {A → B|A ∈ NE, B ∈ NE, A , B}. For example, for the grammar YACC1
in Figure 7.1, YACC−−−→1({E, T, F}) contains the injections E→ F, T → E, F → E, and
F → T in addition to the productions of YACC1.

Based on this definition we can now introduce the precedence rules for
the grammars of Figure 7.1 that are presented in Figure 7.2. First, note that
an injection chain 〈A → α〈B ∼ C → β〉γ〉 is used when the symbol C of the
nested production is not equal to the symbol B at the place where the nested
production is used. Second, note that for the grammar YACC1 the tree pattern
〈T ∼ E → E + T〉 is not actually valid. This is exactly where YACC−−−→1 comes in,
since the injection T → E is present in YACC−−−→1.

There is no relation defined between the tree patterns that are members of
the precedence rule set, e.g we do not take the transitive closure of a prece-
dence relation over productions. If a precedence declaration for operators
needs to be transitively closed for a language, then this should be expressed
by having all combinations in the set. A precedence rule set is not by defini-
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tion required to be minimal. This means that some tree patterns can define
precedence rules that are already implied by other tree patterns.

Precedence rules defined by tree patterns are closely related to the set of
conflicts conflicts(G) defined by SDF priority and associativity declarations.
One important difference is that the set of conflicts of SDF is transitively
closed, since it is defined by a priority relation that is a strict partial order-
ing between productions. Another difference is that we do not restrict the tree
patterns used in the precedence rule sets to trees of two productions. As men-
tioned before, we do not assume anything about (the feasibility of) a concise
notation for the set of tree patterns.

7.4.2 Tree Pattern Generation

We recover precedence rules from grammars by generating a set of tree pat-
terns involving expression productions and checking if a parse is possible
that will result in a parse tree matching the tree patterns. By default, we
generate the set of one-level tree patterns TP1

G−→
(NE) for a grammar G with

P restricted to P = {A → α ∈ P|A ∈ NE}, i.e a set of tree patterns involv-
ing two productions for all combinations of expression productions. For ex-
ample, the set of one-level tree patterns for two productions E → E + E and
E → & E is 〈E → & 〈E → & E〉〉, 〈E → 〈E → & E〉 + E〉 , 〈E → 〈E → E + E〉 + E〉 ,
〈E → & 〈E → E + E〉〉 , 〈E → E + 〈E → & E〉〉 , 〈E → E + 〈E → E + E〉〉. One-level
tree patterns are sufficient to express the precedence rules of most operator
languages. Indeed, our case studies in Section 7.6 are based on one-level tree
patterns. However, some languages require precedence rules that include 3

or more productions. For this, the precedence recovery tool supports config-
uration of the number of levels that is to be generated.

Next, the question is how to check if a grammar allows a parse that matches
a tree pattern. If the pattern is accepted, then there are valid parse trees for
this pattern. If not, then it denotes invalid parse trees and it will be an element
of the resulting precedence rule set. Clearly, checking tree patterns is parser
generator specific, since we need intimate knowledge about the semantics of
the grammar formalism that is used by the parser generator. Based on the
requirements for our case studies and our practical needs, we implemented
the validation of tree patterns for YACC and SDF. However, the algorithm and
the approach that is used can easily be ported to different (Generalized) LR
parser generators.

7.4.3 Precedence Rule Recovery: YACC

For YACC, the precedence rules are difficult to determine from the grammar
directly, since the semantics of precedence declarations in YACC is defined
operationally. The precedence declarations are used to resolve conflicts dur-
ing parser generation, which means that precedence rules are only applied
if there is actually a conflict. Also, YACC applies implicit conflict resolution
mechanisms, i.e. preference for a shift over a reduce, and preference for a
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reduce of the first production in the grammar. Furthermore, grammars can
encode the precedence rules in productions and combine this with prece-
dence declarations, an issue that is not YACC specific. Hence, checking the
grammar for possible matches of tree patterns is complex and requires intimate
knowledge of YACC parser generation and conflict resolution. A much more
general solution is to validate tree patterns against the parse table generated by
YACC. Of course, a parser generated by YACC can not parse tree patterns. To
check if a tree pattern is valid, we simulate the parsing of a sentential form
that results in a parse tree matching the tree pattern. If this is possible, then
the tree pattern is valid, otherwise it is invalid.

A shift reduce parser is a transition system with as configuration a stack
and an input string. The configuration is changed by shift and reduce actions.
A shift action moves a symbol from the input to the stack, which corresponds
to a step of one symbol in the right-hand sides of a set of productions that is
currently expected. A reduce removes a number of elements from the stack
and replaces them by a single element, which corresponds to the application
of a grammar production. In an LR parser [Knuth 1965], the information on
the actions to perform is stored in an action table. Both a shift and a reduce
introduce state transitions, which are recorded on the stack and are based
on information in the action and goto table. After popping elements from the
stack in a reduce, the goto entries of the state on top of the stack are consulted
to find the new state to push on the stack.

To recognize tree patterns, we change the input of the LR parser to a string
of tree patterns and symbols. The tree patterns are translated into LR actions
and all changes in the configuration of the parser are checked against the
actions that are allowed to derive a parse tree that matches the tree pattern.
Figure 7.3 lists the transition rules that implement the modified LR parser
for recognizing tree patterns. The configuration of the parser, denoted by
| stack | input |, is rewritten by the transition rules. The stack grows to the
right, the input grows to the left. The variable e ranges over all possible input
symbols, which is the set N ∪ Σ ∪ TP G−→

(NE) ∪ R(P) ∪ −→R (N). Hence, the input
of the parser consists of a sequence of non-terminals, terminals, tree patterns,
and two special elements for representing reduces. R(A → α) represents a
reduction of the production A→ α.

−→R (A) represents a reduction of any chain
production B → C, until B is A. The function head finds the first non-reduce
element in its list of arguments.

Equation R1 defines a shift of a terminal a. This definition is not different
from a shift in a normal LR parser. A terminal is removed from the input
and a new state is pushed on the stack. Equation R2 defines the unfolding of
a tree pattern 〈A → α〉. This transition rule does not exist for an LR parser,
since the normal input is a sequence of terminals. The unfolding of a tree
pattern involves adding α and a reduce of 〈A→ α〉 to the input. The reduction
is denoted by R(A → α). Equation R3 defines the unfolding of a tree pattern
〈A ∼ B→ α〉. After the unfolding of 〈B→ α〉, a reduce

−→R (A) for arbitrary chain
productions is inserted. Thanks to the unfolding of productions, the input of
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action(sm, a) = shift(sm+1)
| s0 . . . sm | a, ei . . . en | ⇒ | s0 . . . sm, sm+1 | ei . . . en |

(R1)

| s0 . . . sm | 〈A→ α〉 . . . en | ⇒ | s0 . . . sm | α,R(A→ α) . . . en |
(R2)

| s0 . . . sm | 〈A ∼ B→ α〉 . . . en | ⇒ | s0 . . . sm | 〈B→ α〉,−→R (A) . . . en |
(R3)

goto(sm, A) = sm+1

| s0 . . . sm | A, ei . . . en | ⇒ | s0 . . . sm, sm+1 | ei . . . en |
(R4)

action(sm+k, head(ei . . . en)) = reduce(A→ X1 . . . Xk)
| s0 . . . sm . . . sm+k | R(A→ X1 . . . Xk), ei . . . en | ⇒ | s0 . . . sm | A, ei . . . en |

(R5)

action(sm+1, head(ei . . . en)) = reduce(A→ B)

| s0 . . . sm, sm+1 |
−→R (A), ei . . . en | ⇒ | s0 . . . sm | A, ei . . . en |

(R6)

action(sm+1, head(ei . . . en)) = reduce(B→ C), B , A

| s0 . . . sm, sm+1 |
−→R (A), ei . . . en | ⇒ | s0 . . . sm | B,

−→R (A), ei . . . en |
(R7)

Figure 7.3 Transition rules for checking tree patterns for a YACC parser

the system can now contain non-terminals. This is the reason for a separate
transition rule R4 for performing a goto, which is usually considered to be
a part of the reduce action. The goto transition rule removes a non-terminal
from the input and pushes a new state on the stack, determined by the goto
function. The reason why this works is that we can assume that the non-
terminal A is productive, which means that there will always be a production
for A that will finally reduce to state sm, which would lead to exactly the same
goto.

Equation R5 defines a reduce action. The transition system only allows
reduces if a reduce is explicitly identified in the input. This method of checked
reduces is used to enforce the structure of the tree pattern on the parser, i.e.
it is not possible to recognize the leafs of the tree pattern with a parse tree
that has a different internal structure. The definition of the reduce action
reuses the separate transition rule of goto by inserting a non-terminal in front
of the list. The equations R6 and R7 define the reduction of chain productions,
which is allowed if there is an

−→R (A) in front of the input. If the reduce is
applied for A → B then

−→R (A) is removed from the input and A is added. If
the chain production does not produce A, then more chain productions might
be necessary. Therefore, the

−→R (A) is preserved and B is pushed in front of the
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unfold
goto
shift

unfold
goto
shift
goto

reduce
goto

reduce
goto

accept

| 0 | 〈E→ E + 〈E→ E * E〉〉 |
| 0 | E, +, 〈E→ E * E〉, R(+) |
| 0, 3 | +, 〈E→ E * E〉, R(+) |
| 0, 3, 5 | 〈E→ E * E〉, R(+) |
| 0, 3, 5 | E, *, E, R(*), R(+) |
| 0, 3, 5, 7 | *, E, R(*), R(+) |
| 0, 3, 5, 7, 6 | E, R(*), R(+) |
| 0, 3, 5, 7, 6, 8 | R(*), R(+) |
| 0, 3, 5 | E, R(+) |
| 0, 3, 5, 7 | R(+) |
| 0 | E |
| 3, 0 | |

unfold
unfold

goto
shift
goto
error

| 0 | 〈E→ 〈E→ E + E〉 * E〉 |
| 0 | 〈E→ E + E〉, *, E, R(*) |
| 0 | E, +, E, R(+), *, E, R(*) |
| 0, 3 | +, E, R(+), *, E, R(*) |
| 0, 3, 5 | E, R(+), *, E, R(*) |
| 0, 3, 5, 7 | R(+), *, E, R(*) |

Figure 7.4 LR configuration sequences for a valid and invalid tree pattern

input to trigger a goto.
Using the extended LR parser that operates on tree patterns, the parsing

of an actual input of the form of a tree pattern is simulated in detail. To
illustrate the validation of tree patterns, Figure 7.4 shows the configuration of
a parser generated from grammar YACC2 (Figure 7.1) for every application of
a transition rule. The R(*) and R(+) inputs are abbreviations for the complete
productions of these operators. The tree pattern on the left is valid. The tree
pattern on the right is invalid, since in the last configuration the lookahead is
the terminal *. For this lookahead, a reduce of the + operator is not allowed,
since that would give the + operator precedence over *. Thus, parsing fails
and the tree pattern is invalid.

By working on the parse table generated by YACC, the recovery supports
all precedence rules of a YACC grammar: encoded in productions, defined
using precedence declarations, and even implicit conflict resolution. Indeed,
if we remove the precedence declarations from YACC2, then the precedence
rule recovery returns 〈E → 〈E → E * E〉 * E〉, 〈E → 〈E → E + E〉 * E〉, 〈E → 〈E →
E * E〉 + E〉, 〈E → 〈E → E + E〉 + E〉, which illustrates that YACC prefers a shift
over a reduce.

Bison has a detailed report function that provides information about the
generated LR parse table, item sets, shifts, gotos, reduces, and conflicts. We
parse this output to get a representation of the parse table. The tree pattern
parser is implemented in Stratego. The transition rules of Figure 7.3 directly
correspond to rewrite rules in the Stratego implementation, which are applied
using a rewriting strategy. The configurations of the parser can be inspected,
which was used to produce the examples of configuration sequences of Fig-
ure 7.4. The implementation of the transition system takes 55 lines of code.

7.4.4 Precedence Rule Recovery: SDF

For recovering precedence rules from SDF grammars, an analysis of the gram-
mar would be feasible, since the precedence declarations of SDF are not op-
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erationally defined in terms of parser generation. Yet, supporting a mixture
of encoded and separately defined precedence declarations can still be rather
involved. Based on the success of the approach that we used for recovering
YACC precedence rules, we chose the same method for SDF grammars. Thus,
precedence rules are recovered by checking generated tree patterns up to a
certain level against the parse table generated from an SDF grammar.

We cannot reuse the transition system (a modified LR parser) that we de-
fined for checking tree patterns against YACC parse tables, since SDF is im-
plemented using a scannerless generalized LR parser, called SGLR. Because
the parser uses the generalized LR algorithm, there will be cases where mul-
tiple actions are possible in some configuration, for example a shift as well as
a reduce action. To handle the alternatives, the GLR configuration needs to be
forked, where in the end one of the alternatives has to succeed to make a tree
pattern valid. Furthermore, the scannerless generalized LR parser generator
uses a different method for applying precedence declarations to the parse ta-
ble. Whereas YACC uses precedence declarations to resolve conflicts between
shift and reduce actions, SDF effectively prunes the goto table of a parse table.
SGLR refines the goto table from gotos based on symbols to gotos based on
productions, i.e the goto table is now a table of states and productions instead
of states and symbols [Visser 1997b]. This slightly complicates the definition
of the transition system, since the system applies gotos that are not intro-
duced by a reduce, but by a non-terminal in the tree pattern. For this reason,
we distinguish such a goto from a goto induced by a reduce. In the case of a
goto caused by a non-terminal in the input, we consider all possible gotos for
this non-terminal. We determine the set of possible states where the parser
can goto from the current configuration and fork the GLR configuration to
check all alternatives. Our method supports ambiguous grammars, which is
illustrated by the case studies of Section 7.6, where two ambiguous grammars
for C are compared.

The implementation of the precedence recovery tool for SDF is a very basic
and somewhat naive GLR parser. However, for the size of tree patterns this
is not an issue at all. Again, the checker is implemented in Stratego using
rewrite rules that rewrite the GLR configuration.

7.5 P R E C E D E N C E C O M PAT I B I L I T Y

Comparing the language defined by two grammars is undecidable, but this
does not mean that nothing can be said about the compatibility of two gram-
mars. Static analysis tools, such as our precedence rule recovery tool, can be
used to extract information from different grammars and compare the results,
even if they are written in different grammar formalisms.

While the precedence rules are represented in a grammar formalism inde-
pendent formalism, this does not imply that precedence rules can be com-
pared directly in a useful way after recovering them from two different gram-
mars. Grammars usually have different naming conventions, different names
for lexical symbols, and often also have a different structure at some points.
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The recovered precedence rules can still be compared by first applying gram-
mar transformations to the precedence rules to achieve a common represen-
tation. After this, the comparison of precedence rules is a simple set compar-
ison.

7.5.1 Grammar Transformation

Precedence rule recovery usually results in rather big sets of tree patterns.
Trying to transform this huge set of tree patterns to a common representation
is usually not a good idea. To avoid working with this large set of precedences,
it is a good idea to first extract the productions from the precedence rules and
compare and transform the set of productions in order to find the required
set of grammar transformations that achieves a common representation. Also,
this is the most convenient way to identify language extensions that are only
present in one of the two grammars.

The relationship between two grammars is something that has to be custom
defined for a particular combination of grammars. Typically, one of the gram-
mar transformations that needs to be applied to the precedence rules is the
renaming of all expression symbols to a single expression symbol. Note that
it is essential that this renaming is applied to the precedence rules and not
to the original grammar, since that would most likely change the precedence
rules of the language or even make it impossible to generate a parser.

Similar to the renaming of expression symbols, injections caused by the
application of chain productions are no longer useful. To achieve a common
representation, all injection chain nodes 〈B ∼ C → β〉 are transformed to 〈C →
β〉

In the comparison of a YACC grammar and an SDF grammar a common
issue is that the YACC precedence rules use names for the operators of the
language (e.g. ANDAND instead of &&). This is usually a straightforward renam-
ing where the lexical specification can be consulted if necessary.

Another common difference between grammars are different factorizations.
For example, the first grammar might have a single assignment production
using a nonterminal AssignmentOperator and separate productions for the var-
ious assignment operators (e.g. =, *=, +=), whereas the second grammar might
have separate productions for all these assignments. Such structural differ-
ences between the grammars can be solved by inlining the alternatives of
the AssignmentOperator. The grammar transformations can be implemented
generically, which we have indeed done for our case studies.

7.6 E VA L U AT I O N

We have evaluated the method for precedence rule recovery and compatibility
checking by applying the implementation for YACC and SDF to a set of gram-
mars for the C and PHP languages. Both languages have a large number of
operators and non-obvious precedence rules. The size and complexity of the
languages makes this compatibility check a good benchmark for our method.
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The case studies of C and PHP are motivated by practical problems we
experience. For C99, there are two high quality SDF grammars available.
Currently, it is difficult to choose between these grammars, since it is unclear
if both are standard compliant and if there are any differences in the language
they define. To compare the grammars, a method and tool for determining
the precedence rules is most useful. For PHP, we experienced the problem
that the precedence rules are not very well defined. PHP has many operators
(many more than C or Java) and the operators are also a bit unusual. For
example, PHP features a unary operator with very low precedence. There is
no specification of PHP, so the parser of the official PHP distribution defines
the syntax of PHP. This parser is generated from a YACC grammar, and as
we have argued the precedence rules are difficult to determine from a YACC
grammar without having intimate knowledge of the parser generator.

7.6.1 C99

We have compared three grammars for C99:

• The C compiler of the the GNU Compiler Collection uses a parser gen-
erated from a YACC grammar3. The YACC grammar uses a mixture of
precedence declarations and encoding of priorities in productions.

• The Transformers project provides a C99 SDF grammar [Borghi et al.
2006]. This grammar is a direct translation of the standard to SDF 4. The
grammar does not use SDF precedence declarations. Instead, it uses an
encoding of precedence in productions as specified by the standard. The
grammar is designed to be ambiguous where the C syntax is ambiguous.

• The SDF Library provides an ANSI C SDF grammar 5. Unlike C-Trans-
formers, this grammar uses SDF precedence declarations. The grammar
is designed to be ambiguous.

The precedence tools reported various differences between the grammars.
All the reports have been verified as being real differences, i.e there were no
false positives. Examples of the reported differences are:

〈E→ sizeof 〈E→ (TypeName ) E〉〉
A cast as an argument of sizeof is forbidden in GCC and C-Transformers,
which is correct, but it is allowed in the SDF Library, which is a bug.

〈E→ ++ 〈E→ (TypeName ) E〉〉 〈E→ -- 〈E→ (TypeName ) E〉〉
GCC and SDF Library allow a cast as an argument of ++ and --. The C-
Transformers do not, which corresponds to the standard. The standard
defines ++ and -- separate from unary operators, while GCC and the
SDF Library ignore this difference.

3In GCC 4.1 the Bison-generated C parser has been replaced with a hand-written recursive-
decent parser. We use the Bison grammar for GCC 4.03.

4We used revision 1611 of the transformers-c-tools package. The one bug we found has been
fixed in revision 1613.

5We used revision 20649 of the sdf-library package for our evaluation.
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E→ sizeof(TypeName)
Though not a precedence problem, our tools reported this missing pro-
duction in the SDF library grammar. This means that some sizeof ex-
pressions that should be parsed ambiguously are currently unambigu-
ous.

〈E→ E ? E : 〈E→ E = E〉〉
This tree pattern of an assignment in the else branch of the condi-
tional is forbidden in GCC and the SDF Library, but is allowed in C-
Transformers. This is a bug in C-Transformers: the else branch of the
conditional operator uses the wrong non-terminal

〈E→ 〈E→ E ? E : E〉 = E〉 〈E→ 〈E→ (TypeName ) E〉 = E〉
A conditional or a cast in the left-hand side of an assignment is allowed
by GCC and the SDF Library. For GCC this is a legacy feature that now
produces a semantic error. C-Transformers forbids this, which is correct.
The same issue holds for many more binary operators (||, &&, |, ˆ,

&, !=, ==, >=, <=, >, <, <<, >>, -, +, %, /, *). The C standard only
supports unary operators in the left-hand side of an assignment.

7.6.2 PHP 5

We compared three grammars for PHP:

• The official PHP distribution comes with a YACC grammar for PHP,
as part of the Zend engine. The grammar makes heavy use of YACC
precedence declarations 6.

• The open source PHP compiler PHC comes with a YACC grammar that
has been forked from the PHP distribution 7.

• PHP-front provides a syntax definition for PHP 4.0 and 5.0 in SDF.

For PHP YACC versus PHC YACC the precedence tool reported several
major bugs in the PHC YACC grammar: several operator precedences have
been inverted since the fork of the grammar. For example, in PHC the ||, OR,
and XOR operators had precedence over respectively &&, AND, and AND. This issue
was reported by our tools as a missing precedence rule 〈E→ 〈E→ E ||E〉 && E〉
in PHC. For each precedence rule in PHC that was not in PHP, there was
a corresponding rule in PHC that was not in PHP. For example, the rule
corresponding to the previous pattern is 〈E→ E || 〈E→ E && E〉〉.

For PHP versus the PHP-front SDF grammar we expected many differences
in the precedence rules. We were already aware of various issues in the prece-
dence of operators of the PHP-front grammar. Actually, the uncertainty about
the exact precedence rules of PHP was the primary motivation to develop this

6We used PHP 5.2.0 for our evaluation.
7We used PHC 0.1.7 for our evaluation. All bugs have been fixed by the developers of PHC

after our reports.
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method of precedence rule recovery. One of the questions that we want to
answer in this project is whether the PHP precedence rules can actually be
expressed in SDF. The PHP operators are a bit unusual since PHP has very
weak as well as very strong binding unary operators. The transitive closure of
priorities in SDF results in various cases where we could not find a solution
by hand. In future work, we plan to analyse precedence rule sets to extract
characteristics and hopefully determine automatically whether these prece-
dence rules can be expressed using grammar formalism specific precedence
declaration mechanisms, in this case SDF priorities.

7.7 R E L AT E D W O R K

7.7.1 Grammar Engineering Vision

Several researchers have suggested that there is a strong need for proper foun-
dations and practices for grammar engineering [Lämmel & Verhoef 2001, Klint
et al. 2005, Sellink & Verhoef 2000, Lämmel 2001a]. In particular, [Klint et al.
2005] presents an extensive research agenda for grammar engineering. Our
method for recovery and compatibility checking of precedence rules is highly
related to several of the presented research challenges, such as maintain-
ing consistency between the incarnations of conceptually the same grammar.
Also, our precedence rules help to abstract from the idiosyncratic precedence
mechanisms provided by the various parser generators in use. Our prece-
dence rule recovery method is very useful in the semi-automatic grammar
recovery process [Lämmel & Verhoef 2001] from language references and ex-
isting compilers. In particular, more automation of grammar recovery is now
possible, since precedence declarations can be checked during the life-time of
a grammar.

7.7.2 Grammar Engineering Tools

The Grammar Deployment Kit (GDK) [Kort et al. 2002] targets the process of
producing a working parser from a specification. An important goal is parser
generator independence. The GDK provides tools to generate parser genera-
tor specific grammars from a universal grammar formalisms, called LLL. The
GDK does not provide more advanced grammar analysis tools, such as our
precedence recovery tool. Parser generator independence can be increased
by our representation of precedence rules, for which there is no comparable
concept available in the GDK. Sellink and Verhoef [Sellink & Verhoef 2000]
present the vision and implementation of a set of tools for grammar reengi-
neering, such as assessment (metrics) and conversion tools. BNF2SDF auto-
matically improves the resulting grammar by using EBNF list notations, but
does not consider precedence rules. Early versions of Stratego/XT provided
a similar tool yacc2sdf [de Jonge & Monajemi 2001]. Our precedence recov-
ery for YACC should be integrated in such a tool. Lämmel [Lämmel 2001a]
discusses a formal approach to grammar transformation based on a concise
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set of primitives and combinators for refactoring, extension, and restriction
of grammars. This work does not consider grammars that use separate dis-
ambiguation mechanisms. Also, the authors define some equivalency notions
for grammars. Comparing precedence rules is a very restricted form of struc-
tural equivalence, which is much easier than comparing grammars in general.
Schatborn [Schatborn 2005] presents a feature rich grammar transformation
language for SDF, providing modules, functions, variables, types, and pat-
terns to facilitate the development of grammar independent grammar trans-
formations, based on a detailed case study of the transformation from ANSI
C from YACC to SDF. Advanced grammar analysis tools, such as our prece-
dence recovery, would be valuable in combination with such a language.

7.7.3 Grammar Testing

Lämmel [Lämmel 2001b] contributes grammar coverage analysis techniques,
combined with test set generation, applied to grammar recovery. Checking
the correct implementation of precedences could be implemented using test
set generation accompanied by code coverage requirements. Our method just
exercises the parsing of operators using sentential forms, ignoring the actual
values of the expression. Also, tests need a description of the expected re-
sult, which is usually parser specific (not just parser generator specific, like
our method). Our method does not actually run the parser, which makes it
easier in practice to test expressions in isolation. In this way, we also have
very precise control over the correct behaviour of the parser, which makes a
comparison to the result of the parser unnecessary.

7.7.4 Pretty-Printing

The ASF+SDF Meta-Environment provides a tool restorebrackets that inserts
parenthesis where necessary according to priorities defined in a grammar.
Stratego/XT’s sdf2parenthesize is similar to the tool restorebrackets. How-
ever, both tools only support precedence rules defined using SDF priorities
and associativity. As a result, they fail to insert parenthesis for grammars that
encode precedence rules in grammar productions. Compared to this earlier
work, our new method identifies all conflicts between operators, not just those
that are specified using precedence declarations.

7.8 C O N C L U S I O N

We have presented a method for recovering precedence rules from grammars.
We have presented the algorithm for YACC and implemented the method in
tools for YACC and SDF. As far as we know, this is the first effort to develop
methods and tools for reliably assisting grammar developers with the recov-
ery of precedence rules, migration of grammars with precedence rules, and
compatibility checking of grammars. Although there are many open issues
and opportunities for further research, the evaluation of our current proto-
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types has already clearly demonstrated the value of the tools that we have
presented.
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8
Conclusion

In this dissertation we have studied techniques for the principled combination
of multiple textual software languages into a single, composite language. The
applications we have studied motivate the need for composing languages, e.g
for syntactic abstraction, syntactic checking of metaprograms with concrete
object syntax, and the prevention of injection attacks. We have extensively
evaluated the application of modular syntax definition, scannerless parsing,
generalized parsing, and parse table composition for composing languages.

Our case studies provide strong evidence that the aggregate of these tech-
niques is the technique for the principled combination of languages into a
single, composite language. First, using these techniques we have been able
to formally define the syntax of a series of composite languages, in particu-
lar AspectJ, a complex, existing language conglomerate for which no formal
syntax definition was available. Second, we have explained in detail how em-
ploying scannerless and generalized parsing techniques elegantly deals with
the issues in parsing such combinations of languages, in particular context-
sensitive lexical syntax. Third, we have shown for various applications that
we can avoid the need to spend considerable effort on crafting specific com-
binations of languages. The resulting genercity of these applications is due
to techniques that allow the syntax of a composite language to be defined as
the principled combination of its sub-languages. Fourth, we have introduced
and evaluated parse table composition as a technique that enables the sep-
arate compilation and deployment of language extensions. This allows the
separate deployment of syntax embeddings as plugins to a compiler. Hence,
end-programmers can select syntax embeddings for use in their source pro-
grams, but do not have to wait for the parse table to be compiled from scratch.

Next, we summarize the contributions of this dissertation. We refer to the
individual chapters for a more detailed account of our contributions.

MetaBorg

We present the MetaBorg method for introducing domain-specific syn-
tactic abstractions for existing class libraries in a general-purpose lan-
guage. The method is distinguished by its generality, i.e. the lack of
restrictions on either the syntax or the semantics of embedding and as-
similation.

StringBorg

We introduce the StringBorg method for preventing injection attacks by
embedding the syntax of guest languages in a host language. Because
of the combination of generative programming and a principled and

203



generic approach to syntax embedding, it takes effort Θ(N + M) rather
than Θ(N ×M) to support N guest languages in M host languages.

Syntax Definition for Language Conglomerates

We provide an in-depth analysis of the intricacies of parsing AspectJ, a
prototypical example of a language conglomerate. To improve upon the
lack of a formal definition of the AspectJ syntax and the issues with ex-
isting parsers, we have formally defined the full syntax of AspectJ. This
is also a case study showing the applicability of scannerless generalized
LR parsing to complex programming languages.

Motivating Scannerless Parsing

For various applications, we have given an account of the application
of scannerless parsing to elegantly deal with context-sensitive lexical
syntax. This has resulted in significantly more insight in the applications
of scannerless parsing.

Grammar Mixins

We introduce a mixin-like mechanism for combining syntactic exten-
sions and instantiating sub-languages for use in different contexts. Gram-
mar mixins are applied in all our applications of syntax embeddings.

Parse Table Composition

We introduce the idea of parse table composition as symmetric compo-
sition of parse tables, thus enabling the separate compilation and de-
ployment of syntax embeddings. Parse table composition has a formal
foundation in finite automata, i.e. the algorithm partially reapplies the
conversion of an NFA to a DFA.

Generalized Type-based Disambiguation

We introduced a generic method for disambiguation of concrete object
syntax embeddings. By leveraging the type system of the host language
the method removes the need for explicit tagging of quotations and an-
tiquotations in metaprogramming with concrete object syntax. The dis-
ambiguation method is generic in the embedded object language.

Lightweight Disambiguation

For StringBorg we introduced a more lightweight disambiguation method
that is also applicable in dynamically typed languages. Similar to type-
based disambiguation this method preserves ambiguities in the parsing
phase. However, the ambiguities are not resolved statically, rather the
method only checks at run-time if antiquoted values syntactically fit in
the object language fragment.

Precedence Rule Recovery and Migration

We define a core formalism for specifying precedence rules of expres-
sion languages and describe a novel method for recovering precedence
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rules from grammars. The recovered specification of precedence rules
can be used to check whether grammars have compatible precedence
rules or to migrate grammars to a different grammar formalism. Our
precedence rule migration method supported the development of a for-
mal and declarative definition of the PHP syntax.

8.1 F U T U R E W O R K

Our applications of modular syntax definition and scannerless generalized
parsing are a strong motivation for continued (or renewed) research into fully
automatic parser generation. For example, for our solution to preventing in-
jection attacks to become mainstream, it is crucial for the generated parsers
to feature production quality, language-specific error reporting, error recov-
ery, and acceptable performance. Surprisingly, deriving a production quality
parser from a declarative, possibly ambiguous, syntax definition is still one
of the open problems in research on parsing techniques. Perhaps, one of the
reasons is that the main application of parser generators has been compilers
for single programming languages that are designed to be parsed using algo-
rithms that can easily be implemented by hand. Considering the user-base of
compilers, it is worth the effort to spend considerable time on handcrafting
such a compiler. For these use cases, there is no strong argument for using
parser generators, in particular because the generated parsers usually do not
have a better user experience 1.

However, crafting a parser for specific combinations of a host language
and its extensions does not scale to the full vision of applications such as
StringBorg. As a result, there is a strong motivation for renewed research into
bringing the user experience of fully automatic generated parsers closer, or
possibly beyond, the user experience of handcrafted parsers.

8.1.1 Scannerless Generalized LR Parser User Experience

Error Reporting and Recovery

Scannerless and generalized LR parsing have attractive properties for parsing
language conglomerates, yet they introduce complications in error reporting
and recovery. Due to the forking LR parsers of the generalized LR algorithm,
it is not immediately obvious how existing techniques for error reporting and
recovery of LR parsers can be applied.

Scannerless parsing introduces another challenge for error reporting, since
errors are usually reported in terms of tokens in conventional scanner-based
parsers. Scannerless parsers have no notion of tokens, i.e. they operate on
individual characters and nonterminals. Currently, the implementation of
SGLR reports errors in terms of characters, without any knowledge about
sequences of characters the user might experience as a token. The parser does

1Surprisingly, PHP users accept the very poor error reports of the generated PHP parser. The
parser reports errors in terms of symbolic names for tokens, e.g. ”parse error: unexpected T ECHO
in foo.php on line 2”, where figuring out the definition of T ECHO is left as an exercise to the user.
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not even report expected characters. Moreover, reporting expected tokens
is usually more informative than reporting expected characters. While the
ideal situation would be to have an error reporting strategy that is completely
based on a grammar, error messages may improve considerably by providing
language-specific examples [Jeffery 2003].

The current implementation of SGLR does not perform any error recovery.
Declarative mechanisms are needed to specify strategies for error recovery. In
practice, grammars are often extended to handle syntactic errors and grace-
fully continue parsing to report as many errors as possible. If languages are
being extended, these error recovery rules might become invalid and might
conflict with the language extensions. Preferably, error recovery should be
fully automatic [Charles 1991], but again example-based approach might be a
valuable edition.

Valkering [Valkering 2007] has done early experiments with applying error
reporting and recovery techniques for LR parsers to scannerless generalized
LR parsers.

Performance

The performance of scannerless generalized LR parsers is one of the most fre-
quently asked questions. Indeed, the performance of scannerless generalized
LR parsers has an air of mystery about it. One of the reasons is that there is
no definite answer: the performance of the generalized LR algorithm depends
heavily on the grammar. It has been shown that although O(n3) in the worst
case (with n the length of the input), generalized LR performs much better on
grammars that are near-LR [Rekers 1992]. Our benchmark of the scannerless
generalized LR parser applied to the AspectJ syntax definition shows that the
performance of the SGLR parser for this parse table is linear and a constant
factor slower than the abc parser. However, for production quality parsers
this constant factor is still not acceptable. Fortunately, there is good hope that
the performance of SGLR can be much improved. There are alternative GLR
implementations (e.g. [Aycock & Horspool 1999, McPeak & Necula 2004]) and
alternative algorithms such as right nulled generalized LR [Scott & Johnstone
2006] with better performance than SGLR. However, these techniques have
not yet been extended to scannerless parsing, while scannerlessness is essen-
tial for our applications.

The performance of parsing lexical syntax might improve substantially
with a parser that operates in three modes: generalized LR for non-deterministic
parts of the grammar, LR for deterministic parts, and finite automata for lexi-
cal syntax that has a regular grammar. The hybrid of generalized LR and LR
already proved to be successful for the Elkhound generalized LR parser [Mc-
Peak & Necula 2004].

To evaluate the performance of scannerless generalized LR parsing, the
implementation should be benchmarked extensively using a range of domain-
specific and mainstream programming languages. This benchmark should
include an evaluation of parse table formats (i.e. SLR, LALR, and LR(1)).
Johnstone et al. conclude that the performance benefit of LR(1) tables over
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LALR or SLR is minor in the context of generalized LR parsers [Johnstone
et al. 2004]. Rekers concluded LALR tables are not useful in generalized LR
parsers either [Rekers 1992]. However, it is unclear whether these results
apply to scannerless generalized LR parsers as well.

Even after all these techniques are adopted, there remains a theoretical
performance gap between generalized LR and LALR, since the complexity of
GLR depends on the grammar. Therefore, it would be useful to develop pro-
filing tools that help grammar developers to detect performance bottlenecks
in grammars.

8.1.2 Syntax Definition for Real Life Programming Languages

Many mainstream programming languages have one or more syntactic fea-
tures that cannot be defined in the current version of the SDF syntax defini-
tion formalism. For the future development of new programming methods
based on syntax embeddings, it is crucial that grammar formalisms actually
support the syntactic features that are used by programming languages and
domain-specific languages, since the applications of syntax embeddings re-
quire the syntax of the host as well as the guest languages to be expressible
in a grammar formalism.

Unicode Support

The current implementation of the SDF syntax definition formalism only sup-
ports characters from the ASCII character set, which is a major limitation for
applications involving languages such as Java, C#, and XML. The scannerless
generalized LR parser implementation should be extended to support Uni-
code, which is not entirely trivial due to the integration of the scanner in the
parser. Research is necessary to determine if techniques for lexical analysis of
inputs of large character sets are applicable to scannerless parsers.

Lexical Translations

Some programming languages (e.g. Java) support Unicode escape sequences
for arbitrary characters in the input. Before lexical analysis the Unicode es-
cape sequences are translated to their corresponding Unicode character. The
SDF syntax definition for Java that is used in the implementation of our ex-
amples and prototypes only supports Unicode escape sequences in string lit-
erals, since the SDF syntax formalism has no facilities to define such lexical
translations. Preprocessing the input of the parser is a poor workaround, be-
cause lexical translations could be context-sensitive when parsing language
conglomerates.

Context-Sensitive Syntax

Unfortunately, some languages do not have a context-free grammar. Many
languages have slightly context-sensitive language constructs, such as here doc-
uments (e.g. shell, PHP), or an indentation rule (e.g. Haskell, Python). SDF
does not fully support the definition of the syntax of such languages. A po-
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tential solution to the problem of indentation rules is to parse these programs
using an ambiguous grammar or add basic features for context-sensitive lan-
guages to the parser.

Precedence Mechanisms

As illustrated in Chapter 7 some programming languages have rather com-
plex precedence rules. While precedence rule recovery is a solution for the
migration of grammars from one grammar formalism to another, we explic-
itly do not claim that our precedence rule sets are better than existing prece-
dence declaration mechanism, such as an encoding of the precedence rules
in nonterminals. However, our precise definition of precedence rules could
be used to evaluate the requirements for precedence declaration mechanisms
in grammar formalisms. Also, grammar engineering support should be de-
veloped to find a suitable encoding of the precedence rules of a grammar in
nonterminals. In particular, this is necessary if a grammar formalism has no
precedence mechanism that corresponds to our precedence rules.

8.1.3 Module Systems for Grammar Formalisms

Unfortunately, there are not many parser generators that support a module
system as part of their input grammar formalism. Due to the limited sup-
port for module systems, there is a major lack of insight in the design space
of modularity features that are needed in a grammar formalism. For exam-
ple, grammar mixins proved to be very useful in our applications of syntax
embeddings, while grammar mixins are not supported by the SDF module
system. We have contributed two important ingredients for a revision of the
module system and its implementation (i.e. grammar mixins and parse table
composition), but we have not yet designed a new module system that inte-
grates them in the grammar formalism. Currently, an external tool is used to
generate SDF grammar mixin modules.

For the case studies of Chapter 6 syntax definitions are compiled to parse
table components without any specification of the external components they
depend on. All symbols are assumed to be possibly overlapping, i.e. they
are all public and can be extended by other components. Furthermore, when
compiling a syntax definition to a parse table component there is no check
whether symbols are defined in other components at all. This might result
in error messages about undefined symbols at composition (linking) time.
Clearly, there is a need for the introduction of grammar interfaces in the module
system of the grammar formalism. The use of grammar interfaces can also
make sure that symbols do not accidentally overlap, e.g. by making all non-
public symbols internal. Thus, introducing grammar interfaces in a module
system separates the implementation of the syntax of a language from its
interface.

Parse table composition has been developed for application at parse time,
but the composition algorithm could also be applied by the parser generator
itself. For example, if a single parse table component uses a grammar mixin
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in multiple contexts, then it might be useful to compile the grammar mixin
separately first.

8.1.4 Grammar Engineering

To make the applications presented in this dissertation work in practice, gram-
mars need to become a software artifact with solid engineering practices and
supporting tools. For example, reliable methods are necessary to migrate a
grammar from one grammar formalism to another. Unfortunately, tool sup-
port for semi-automatic grammar migration is currently restricted to ad-hoc
tools. In Chapter 7 we presented grammar engineering support for the re-
liable migration of precedence rules, which was one of the major obstacles
we encountered in our case studies. However, more work is necessary in this
direction. For example, there should be tool support for deriving an encoding
of precedence rules in different expression nonterminals from a set of prece-
dence rules. Also, a complete semi-automatic migration tool from a lexical
analyzer specification (e.g. flex) and grammar (e.g. yacc) to an SDF syntax
definition would be most useful.

Also, grammar engineering support is necessary for testing, profiling, and
analyzing grammars. The advantage of LR-like parser generators is that the
developer is forced to develop an unambiguous grammar, i.e. the existence
of an LR grammar is a proof that the grammar is unambiguous. In general,
it is not possible to prove this for arbitrary context-free grammars. Hence,
grammars developed for a generalized LR parser generator can always turn
out to be ambiguous in some obscure, unexpected cases. To minimize this
risk, it is important to develop grammar analysis and testing tools. A first
step in this direction is the SDF unit testing tool parse-unit, which is part of
Stratego/XT [Stratego Website].

8.1.5 Composition of Assimilations

In this dissertation we mostly focus on the issues in defining the syntax of
combinations of languages and parsing syntax embeddings. For the assimi-
lation of language extensions, some of our applications (such as StringBorg,
Chapter 4) use generic assimilations, which have the attractive property that
they can be applied to programs with multiple guest language embeddings
without any additional effort for specific combinations of embeddings.

However, MetaBorg assimilations can also be specific to a certain syntax
embedding (e.g. the assimilation of Swul, Section 2.3.2) and the transforma-
tion these assimilations apply to the source program is not restricted in any
way. Such assimilations can usually still be combined with assimilations of
other language embeddings, but often some metaprogramming effort and un-
derstanding of the individual assimilations is required to compose them. This
effort for specific combinations of language extensions is not desirable, since
the end-programmer should be able to select language extensions he wants to use
in his programs. Therefore, composing the assimilations of a configuration of
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language extensions should be fully automatic. Nevertheless, some language
extensions are inherently not compatible with each other. In such cases, the
end-programmer should get a clear error report instead of incorrectly assimi-
lated programs. Obviously, checking the compatibility of language extensions
should work for arbitrary extensions, not just the extensions the developer of
the extension is aware of.

Designing a more high-level domain-specific transformation language might
be a solution for this. This domain-specific language would need to support
typical assimilation scenarios at a higher level of abstraction, which might en-
able a composition tool to analyze whether assimilations can be composed.
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[Lämmel 2001a] Lämmel, R. (2001a). Grammar Adaptation. In Formal Methods
Europe (FME) 2001, volume 2021 of LNCS, (pp. 550–570). Springer. (Cited on
pages 184 and 199.)
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Samenvatting

H O O F D S T U K 2 : C O N C R E T E S Y N TA X V O O R O B J E C T E N

Interfaces voor applicatieprogrammeurs (APIs) bieden toegang tot domein-
kennis die geëncapsuleerd is in klassebibliotheken. Ze bieden echter vaak
geen optimale notatie om programma’s samen te stellen voor dit domein. Om-
dat object-georiënteerde talen zijn ontworpen voor uitbreidbaarheid en her-
gebruik, zijn de taalconstructies vaak voldoende voor het uitdrukken van do-
meinabstracties op een semantisch niveau. Op een syntactisch niveau bieden
deze talen desalniettemin niet de juiste abstractie. In dit hoofdstuk beschrijven
we MetaBorg, een methode voor het bieden van concrete syntax (syntaxis) voor
domeinabstracties aan applicatieprogrammeurs. De methode bestaat uit het
embedden van een domein-specifieke taal in een algemene programmeertaal en
het assimileren van de geëmbedde code in de omringende hostcode. In plaats
van het uitbreiden van de implementatie van de hosttaal implementeert de
assimilatiefase de domeinabstracties in termen van bestaande APIs, waardoor
de hosttaal verder ongemoeid wordt gelaten. MetaBorg kan zo gezien worden
als een methode om APIs naar het niveau van de taal te promoveren. De me-
thode wordt ondersteund door bestaande en bewezen technologie, namelijk
het grammaticaformalisme SDF en de programmatransformatietaal en tools
van Stratego/XT. We illustreren de methode met toepassingen in drie ver-
schillende domeinen: code generatie, XML generatie, en het implementeren
van gebruikersinterfaces.

H O O F D S T U K 3 : T Y P E - G E B A S E E R D E D I S A M B I G U AT I E

Bij metaprogrammeren met concrete objectsyntax worden programma’s van
de objecttaal samengesteld uit fragmenten die geschreven zijn in de concre-
te syntax van de objecttaal. Het gebruik van kleine programmafragmenten
in zulke quotes en het gebruik van metaexpressies in deze fragmenten (anti-
quotes) leidt vaak tot syntactische ambiguı̈teiten. Dit probleem wordt meestal
opgelost door de programmeur de fragmenten expliciet te laten disambigu-
eren, wat zorgt voor aanzienlijke syntactische overhead. Enkele systemen
vermijden dit door typeinformatie te gebruiken tijdens het parseren (ontleden).
Doordat dit lastig te realiseren is met traditionele parseertechnieken zijn deze
systemen specifiek voor een combinatie van één meta- en één objecttaal. Ook
zijn de implementaties van deze systemen niet herbruikbaar.

In dit hoofdstuk generaliseren we deze aanpak en presenteren een taalon-
afhankelijke methode voor het introduceren van concrete objectsyntax zonder
expliciete disambiguatie te vereisen. De methode maakt gebruik van het ge-
neralized LR algoritme voor het parseren van metaprogramma’s met concrete
objectsyntax. Dit resulteert in een woud van alle mogelijke manieren waarop
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het programma te parseren is. Dit woud wordt gereduceerd tot een enkele
boom door een disambiguerende typechecker voor de metataal. Ter validatie
hebben we diverse objecttalen opgenomen in Java, waaronder AspectJ en Java
zelf.

H O O F D S T U K 4 : P R E V E N T I E VA N I N J E C T I E A A N VA L L E N

Software geschreven in een bepaalde programmeertaal moet vaak zinnen con-
strueren in een andere programmeertaal, bijvoorbeeld SQL-zoekacties, XML-
documenten, of Shellcommando’s. Dit wordt vrijwel altijd gedaan met on-
hygiënische stringmanipulatie, waarbij constante strings en gebruikersinvoer
samengevoegd worden. Een gebruiker kan in deze situatie een kwaadaar-
dige string invoeren die ervoor zorgt dat de uiteindelijk gegenereerde zin
geı̈nterpreteerd wordt op een door de programmeur onbedoelde wijze. Dit is
een injectieaanval.

Wij presenteren in dit hoofdstuk een meer natuurlijke stijl van program-
meren die code oplevert die ongevoelig is voor injectieaanvallen. Onze aan-
pak garandeert door de manier waarop zinnen geconstrueerd worden dat de
uiteindelijk gegenereerde zin altijd overeenkomt met de zinnen die de pro-
grammeur bedoelde te genereren. Voor onze aanpak embedden we een gast-
taal (bijvoorbeeld SQL) in een hosttaal (bijvoorbeeld Java) en genereren uit
de geëmbedde fragmenten van de gasttaal automatisch code die deze omzet
naar code in de hosttaal die deze zinnen veilig construeert. Waar nodig wor-
den automatisch functies aangeroepen die karakters met een voor de hosttaal
speciale betekenis omzetten. Onze methode is generiek doordat het relatief
eenvoudig toegepast kan worden op willekeurige combinaties van host- en
gasttalen.

H O O F D S T U K 5 : G R A M M AT I C A VA N A S P E C T J

Aspect-georiënteerd programmeren (AOP) geniet belangstelling vanuit zowel
de academische wereld als de industrie. Dit wordt geı̈llustreerd door de als-
maar groeiende populariteit van AspectJ, de standaard AOP uitbreiding van
Java. Vanuit het perspectief van compilerbouw is AspectJ interessant omdat
het een typisch voorbeeld is van een taalagglomeraat, een taal die bestaat
uit een aantal subtalen met ieder een verschillende syntax. Naast Java be-
vat AspectJ namelijk ook talen voor het definiëren van patronen, pointcuts, en
advice. Dergelijke samenstelling van talen is een uitdaging voor conventio-
nele parseertechnieken. Het samenvoegen van twee of meer talen met een
verschillende lexicale syntax zorgt voor nogal wat complexiteit in de lexicale
toestanden waarmee scanners vaak werken. Ook is er nog steeds actief on-
derzoek naar nieuwe taaleigenschappen voor AOP. Dergelijke voorstellen zijn
vaak uitbreidingen van AspectJ, waardoor er behoefte is aan een uitbreidbare
grammatica van AspectJ.

In dit hoofdstuk laten we zien hoe parseren zonder een scanner (scanner-
less parsing) elegant deze problemen met het gebruik van conventionele par-
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seertechnieken voor AspectJ oplost. We presenteren het ontwerp van een
modulaire, uitbreidbare, en formele definitie van zowel de lexicale als de
context-vrije syntax van AspectJ in het grammaticaformalisme SDF. Parsers
die gegenereerd worden uit SDF grammatica’s maken gebruik van het scan-
nerless generalized LR algoritme. Verder introduceren we grammar mixins, een
nieuwe toepassing van het SDF modulesysteem. Grammar mixins maken het
mogelijk om de verschillende keyword policies (beleid voor gereserveerde woorden)
van AspectJ-compilers declaratief te beschrijven. We illustreren de modulaire
uitbreidbaarheid van onze definitie met syntactische uitbreidingen die voor-
gesteld zijn in recent onderzoek naar aspecttalen. Tot slot laten benchmarks
zien dat de snelheid van de scannerless generalized LR parser acceptabel is
voor deze grammatica.

H O O F D S T U K 6 : S A M E N S T E L L E N VA N PA R S E E RTA B E L L E N

Modulesystemen, gescheiden compilatie, het afleveren van binaire componen-
ten, en dynamisch linken zijn algemeen geaccepteerd in programmeertalen
en systemen. De syntax van een taal is daarentegen meestal niet modulair
gedefiniëerd, kan niet gescheiden gecompileerd worden, kan niet eenvoudig
gecombineerd worden met de syntax van andere talen, en kan niet afgeleverd
worden als een component die later gecombineerd wordt met andere compo-
nenten. Grammaticaformalismen die wel modules ondersteunen compileren
uiteindelijk toch alle modules gezamenlijk.

De huidige uitbreidbare compilers zijn ontworpen om uitgebreid te wor-
den op het niveau van hun broncode. De gebruiker moet hierdoor de compi-
ler compileren voor elke specifieke configuratie van uitbreidingen. Voor elke
combinatie moet hiervoor ook een samengestelde parser gegenereerd worden.
Het genereren van een parser is echter duur, wat vooral een probleem is wan-
neer de combinaties niet vastliggen en de gebruiker zelf taaluitbreidingen kan
kiezen.

In dit hoofdstuk introduceren we een algoritme voor het samenstellen van
parseertabellen. Dit algoritme ondersteunt het gescheiden compileren van
grammatica’s naar parseertabelcomponenten. Parseertabelcomponenten kunnen
efficiënt samengesteld (gelinkt) worden juist voordat de tabellen gebruikt wor-
den voor het parseren. De complexiteit van het samenstellen van parseerta-
bellen is in het slechtste geval exponentieel (zoals ook de complexiteit van
parseertabelgeneratie), maar voor realistische scenario’s van het combineren
van talen is ons algoritme substantieel sneller dan het berekenen van een par-
seertabel uit de gecombineerde grammatica’s.

H O O F D S T U K 7 : A F L E I D E N VA N G R O E P E R I N G S R E G E L S

Er zijn veel verschillende parsergeneratoren in gebruik. De grammaticaforma-
lismen van deze parsergeneratoren bieden verschillende methoden voor het
definiëren van groeperingsregels (precedence rules). Sommige generatoren (zo-
als bijvoorbeeld YACC) ondersteunen declaratie van groeperingsregels, ter-
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wijl andere generatoren vereisen dat groeperingsregels afgedwongen worden
door de productieregels van de grammatica. Zelfs wanneer een grammatica-
formalisme declaraties voor groeperingsregels ondersteunt, zou een specifie-
ke grammatica deze taalconstructie kunnen negeren en de groeperingsregels
toch in de productieregels verwerken.

Het resultaat is een verzameling varianten van grammatica’s die allemaal
dezelfde taal definiëren. Voor de taal C gebruikt de GNU Compiler de parser-
generator YACC met groeperingsregeldeclaraties, het C-Transformers project
gebruikt SDF zonder prioriteiten, terwijl de C-grammatica van de SDF bibli-
otheek deze prioriteiten wel gebruikt. Voor PHP gebruikt Zend YACC met
groeperingsregeldeclaraties, terwijl het PHP-front pakket SDF met prioriteit-
en associativiteitdeclaraties gebruikt. Deze variatie in grammatica’s roept de
vraag op of de groeperingsregels van de ene grammatica wel overeenkomen
met die van de andere. In het algemeen is dit vaak niet direct duidelijk, om-
dat sommige talen zeer complexe groeperingsregels hebben. Voor sommige
parsergeneratoren is de semantiek van groeperingsregeldeclaraties ook lou-
ter operationeel gedefiniëerd, waardoor het lastig is om te redeneren over het
effect van deze declaraties op de gedefiniëerde taal.

In dit hoofdstuk presenteren we een methode en een tool voor het verge-
lijken van groeperingsregels van verschillende grammatica’s en parsergenera-
toren. Alhoewel de vraag of twee grammatica’s dezelfde taal definiëren onbe-
slisbaar is, ondersteunt onze methode het vergelijken en afleiden van groepe-
ringsregels. Dit is in het bijzonder nuttig voor het betrouwbaar migreren van
een grammatica naar een ander grammaticaformalisme. We evalueren onze
methode door deze toe te passen op enkele niet-triviale programmeertalen,
namelijk PHP en C.
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