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This work presents several new approa
hes to the 
onstru
tion of extensiblelanguages, and is the �rst system to 
ombine lo
al, dynami
ally extensible
ontext-free syntax with the expressive power of meta-level pro
edures. Theunifying theme of our system is that meaning should be 
omputed relative tolo
al 
ontext.We show how this theme is manifest in an implementation of a S
hemema
ro system whi
h a
hieves hygieni
 ma
ro expansion without rewriting.Additionally, our S
heme ma
ro system makes available 
ompile-time meta-obje
ts for additional power in writing ma
ros; ma
ros that pattern mat
h on
ompile-time types for optimization at ma
ro-pro
essing time are one example.This approa
h is 
urrently in use in our RS
heme implementation of S
heme.We also show the how this approa
h is applied to languages with 
onven-tional syntax, using Java as an example. We present a dynami
ally extensibleparser based on the Earley parsing algorithm. This approa
h is pra
ti
al as
iv



well as 
exible; a straightforward implementation in C parses a 600-line (2777token) �le in about 44ms on an 866MHz Pentium III.We also des
ribe a language extension framework that makes possiblean extensible variant of Java, in whi
h new syntax 
an be supplied by the
asual programmer with only limited knowledge of the underlying 
ompilerimplementation or approa
h. This �nally makes available to Java program-mers the easy a

ess to stru
tured ma
ro fa
ilities that Lisp programmers�nd so powerful. Finally, we demonstrate this framework by 
onstru
ting adeterministi
 �nite automaton language extension to Java.

v



Contents
Abstra
t iv
Chapter 1 Introdu
tion 11.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11.1.1 Our Contribution . . . . . . . . . . . . . . . . . . . . . 21.2 Modularity, Reusability, and Extensibility . . . . . . . . . . . 31.3 Syntax-Dire
ted Translation . . . . . . . . . . . . . . . . . . . 71.4 Summary of Basi
 Approa
h . . . . . . . . . . . . . . . . . . . 81.5 S
ope of Work . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
Chapter 2 Ma
ro Systems 102.1 Introdu
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102.2 Ba
kground . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112.2.1 C Ma
ros . . . . . . . . . . . . . . . . . . . . . . . . . 122.2.2 Lisp Ma
ros . . . . . . . . . . . . . . . . . . . . . . . . 202.2.3 S
heme Ma
ros . . . . . . . . . . . . . . . . . . . . . . 252.2.4 Systems Related to Ma
ros . . . . . . . . . . . . . . . . 272.3 A Taxonomy of S
heme Ma
ros . . . . . . . . . . . . . . . . . 292.3.1 Call-by-name Inline Pro
edures . . . . . . . . . . . . . 29

vi



2.3.2 Advertent Capture . . . . . . . . . . . . . . . . . . . . 302.3.3 Expli
it Intentional Capture . . . . . . . . . . . . . . . 312.4 Our Contribution . . . . . . . . . . . . . . . . . . . . . . . . . 322.4.1 RS
heme Ma
ros . . . . . . . . . . . . . . . . . . . . . 322.4.2 Type Re
e
tive Ma
ros . . . . . . . . . . . . . . . . . . 332.5 Our Implementation . . . . . . . . . . . . . . . . . . . . . . . 332.5.1 Operation . . . . . . . . . . . . . . . . . . . . . . . . . 342.5.2 Re
e
tion Operators . . . . . . . . . . . . . . . . . . . 46
Chapter 3 Extensible Parsing 503.1 Introdu
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 503.2 Ba
kground . . . . . . . . . . . . . . . . . . . . . . . . . . . . 533.2.1 What We Would Like to Do . . . . . . . . . . . . . . . 533.2.2 Granularity of Grammar Changes . . . . . . . . . . . . 543.2.3 Appli
ations of Our Approa
h . . . . . . . . . . . . . . 543.2.4 Limitations . . . . . . . . . . . . . . . . . . . . . . . . 553.3 Contour Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . 563.3.1 Major Styles of Environment Passing . . . . . . . . . . 563.3.2 General Me
hanism . . . . . . . . . . . . . . . . . . . . 573.4 Implementing Contour Sensitivity . . . . . . . . . . . . . . . . 583.4.1 Frequent Grammar Changes . . . . . . . . . . . . . . . 583.4.2 Simple Interpretation . . . . . . . . . . . . . . . . . . . 603.5 Implementation of Continuation Passing Parser . . . . . . . . 613.5.1 General Des
ription . . . . . . . . . . . . . . . . . . . . 613.5.2 Representation of Rules . . . . . . . . . . . . . . . . . 623.5.3 Dynami
 Rule Compilation . . . . . . . . . . . . . . . 65

vii



3.5.4 Major Styles in Terms of Me
hanism . . . . . . . . . . 653.5.5 Examples . . . . . . . . . . . . . . . . . . . . . . . . . 673.5.6 Performan
e . . . . . . . . . . . . . . . . . . . . . . . . 71
Chapter 4 Extensible Earley Parsing 724.1 Introdu
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 724.2 Des
ription of Earley Parsing . . . . . . . . . . . . . . . . . . 724.2.1 States . . . . . . . . . . . . . . . . . . . . . . . . . . . 744.2.2 State Sets . . . . . . . . . . . . . . . . . . . . . . . . . 744.2.3 Initial Conditions . . . . . . . . . . . . . . . . . . . . . 754.2.4 Pro
essing . . . . . . . . . . . . . . . . . . . . . . . . . 754.2.5 Predi
tion . . . . . . . . . . . . . . . . . . . . . . . . . 774.2.6 S
anning . . . . . . . . . . . . . . . . . . . . . . . . . . 784.2.7 Completion . . . . . . . . . . . . . . . . . . . . . . . . 794.2.8 Relationship to Tomita Parsing . . . . . . . . . . . . . 804.3 Advantages to the Earley Approa
h . . . . . . . . . . . . . . . 814.3.1 Flexibility . . . . . . . . . . . . . . . . . . . . . . . . . 814.3.2 Extensibility . . . . . . . . . . . . . . . . . . . . . . . . 824.3.3 Understandability . . . . . . . . . . . . . . . . . . . . . 844.3.4 Complexity . . . . . . . . . . . . . . . . . . . . . . . . 854.4 Drawba
ks to the Earley Approa
h . . . . . . . . . . . . . . . 854.4.1 Expressiveness . . . . . . . . . . . . . . . . . . . . . . . 854.4.2 Performan
e . . . . . . . . . . . . . . . . . . . . . . . . 864.5 Extensibility . . . . . . . . . . . . . . . . . . . . . . . . . . . . 874.5.1 S
ope Issues . . . . . . . . . . . . . . . . . . . . . . . . 874.6 Our Implementation . . . . . . . . . . . . . . . . . . . . . . . 89

viii



4.6.1 Details . . . . . . . . . . . . . . . . . . . . . . . . . . . 894.6.2 Meta-syntax . . . . . . . . . . . . . . . . . . . . . . . . 904.6.3 Meaning Computation . . . . . . . . . . . . . . . . . . 924.6.4 Performan
e . . . . . . . . . . . . . . . . . . . . . . . . 954.7 Literal Equivalen
e . . . . . . . . . . . . . . . . . . . . . . . . 974.8 Improvements to Basi
 Earley . . . . . . . . . . . . . . . . . . 1014.8.1 Con
i
t resolution . . . . . . . . . . . . . . . . . . . . 1014.8.2 Pruning states using FIRST . . . . . . . . . . . . . . . 1024.8.3 Approximating FIRST . . . . . . . . . . . . . . . . . . 102
Chapter 5 Compiler Extension Framework 1045.1 Capabilities of Extension Framework . . . . . . . . . . . . . . 1045.1.1 De
larative, Pattern-Based Transformation . . . . . . . 1055.1.2 Pattern Mat
hing Synthesized Attributes . . . . . . . . 1055.1.3 Pro
edural Code-Produ
tion Me
hanisms . . . . . . . . 1065.2 Elements of an Extension Framework . . . . . . . . . . . . . . 1065.3 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . 1075.3.1 Meta-language . . . . . . . . . . . . . . . . . . . . . . 1075.3.2 Syntax Evaluation . . . . . . . . . . . . . . . . . . . . 1095.3.3 Re
ursive Compilation . . . . . . . . . . . . . . . . . . 1105.3.4 Pattern Variables . . . . . . . . . . . . . . . . . . . . . 1115.3.5 Lo
al Grammar Changes . . . . . . . . . . . . . . . . . 1145.3.6 In-line Computation . . . . . . . . . . . . . . . . . . . 1165.4 De
larative Transformations . . . . . . . . . . . . . . . . . . . 1165.5 Synthesized Attributes . . . . . . . . . . . . . . . . . . . . . . 1175.6 Pro
edural Code Produ
tion . . . . . . . . . . . . . . . . . . . 119

ix



5.6.1 Token Sequen
es . . . . . . . . . . . . . . . . . . . . . 1195.6.2 Compilation . . . . . . . . . . . . . . . . . . . . . . . . 1195.6.3 Environments and Syntax . . . . . . . . . . . . . . . . 1195.6.4 Re
e
tion . . . . . . . . . . . . . . . . . . . . . . . . . 1205.7 Modular Syntax . . . . . . . . . . . . . . . . . . . . . . . . . . 1205.8 Full Meta-syntax . . . . . . . . . . . . . . . . . . . . . . . . . 1215.8.1 Syntax De
larations . . . . . . . . . . . . . . . . . . . 1235.8.2 Syntax Rules . . . . . . . . . . . . . . . . . . . . . . . 1245.8.3 Syntax Pattern Elements . . . . . . . . . . . . . . . . . 1245.8.4 A
tions . . . . . . . . . . . . . . . . . . . . . . . . . . 1275.8.5 Lo
al Variables . . . . . . . . . . . . . . . . . . . . . . 1325.8.6 Inline A
tions . . . . . . . . . . . . . . . . . . . . . . . 1325.8.7 Example . . . . . . . . . . . . . . . . . . . . . . . . . . 1335.9 Issues and Future Work . . . . . . . . . . . . . . . . . . . . . 1355.9.1 Substitution Conforman
e . . . . . . . . . . . . . . . . 1355.9.2 Translation Re
ursion . . . . . . . . . . . . . . . . . . 1365.9.3 Meta-syntax S
ope . . . . . . . . . . . . . . . . . . . . 1375.9.4 Syntax Module Templates . . . . . . . . . . . . . . . . 137
Chapter 6 An Appli
ation of an Extensible Language 1386.1 Introdu
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1386.2 Implementation Approa
h . . . . . . . . . . . . . . . . . . . . 1406.2.1 De
laring the Extension . . . . . . . . . . . . . . . . . 1416.2.2 Building the Final Meaning . . . . . . . . . . . . . . . 1426.2.3 De
laring the State-Keeping Variable . . . . . . . . . . 1456.2.4 De
laring the Java Class's Entry Method . . . . . . . . 146

x



6.2.5 De
laring the Java Class's A

essor Methods . . . . . . 1476.2.6 States Within an Automaton . . . . . . . . . . . . . . 1476.2.7 Building the State Swit
her . . . . . . . . . . . . . . . 1516.2.8 De
laring transitions . . . . . . . . . . . . . . . . . . . 1526.2.9 Symboli
 State Names . . . . . . . . . . . . . . . . . . 1536.3 Example Use of the DFA Extension . . . . . . . . . . . . . . . 1556.3.1 Sample Extended-Java File . . . . . . . . . . . . . . . 1556.3.2 Generated 
lass de�nition . . . . . . . . . . . . . . . . 1556.3.3 Generated pro
ess() method . . . . . . . . . . . . . . . 157
Chapter 7 Final Words 1597.1 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . 1597.1.1 Synta
ti
 Exposures . . . . . . . . . . . . . . . . . . . 1597.1.2 Term Rewriting . . . . . . . . . . . . . . . . . . . . . . 1597.1.3 Hygieni
 Ma
ro Expansion . . . . . . . . . . . . . . . . 1607.1.4 Reusable Generative Programming . . . . . . . . . . . 1617.1.5 Adaptable Grammars . . . . . . . . . . . . . . . . . . . 1617.1.6 Open Compilers and MOPs . . . . . . . . . . . . . . . 1627.2 Limitations and Future Work . . . . . . . . . . . . . . . . . . 1657.2.1 Meta-Obje
t Proto
ol . . . . . . . . . . . . . . . . . . 1657.2.2 Error Reporting . . . . . . . . . . . . . . . . . . . . . . 1657.2.3 Synthesized Attributes . . . . . . . . . . . . . . . . . . 1667.3 Con
lusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
Bibliography 171
Vita 177

xi



Chapter 1
Introdu
tion

The advantages of extensible languages have long been realized by the Lisp
ommunity. The ability to easily adjust the language to �t the appli
ation,rather than to always adjust the appli
ation to �t the language, is at the heartof what Lisp programmers 
onsider the deep power of Lisp [17, 33℄. In thiswork, we show how that power 
an be made more a

essible and powerfuleven in S
heme, as well as available to programmers in languages with 
on-ventional syntax su
h as Java. The tree-stru
tured transformations of Lispma
ros integrated with an extensible parser allow the 
on
epts to be uni�ed.In addition, a well-stru
tured 
ompiler meta-obje
t proto
ol exposes relevantaspe
ts of the 
ompilation pro
ess and provides powerful programmable hooksfor extending the language to �t the appli
ation.
1.1 Motivation
This work is motivated by the fa
t that mu
h existing work in extensiblelanguages is either insuÆ
iently expressive in the kinds of extensions that

1



are permitted (i.e., fun
tion libraries) or expressed at the wrong level or inthe wrong ways (e.g., purely pro
edural transformations operating over textstrings).That is, we are primarily motivated by:
� Ease of language implementation
� Ease of language extension
� Ease of re-engineering language implementation (e.g., to 
hange perfor-man
e tradeo�s to deal with new te
hnologies or new usage patterns)

We re
ognize the following themes:
� Extensible languages should have extensible 
ompilers.
� Meaning should be expressed naturally through 
ontext, espe
ially through
ontour sensitive 
ontexts, whi
h preserve lexi
al s
oping throughouttransformation.
� An extensible 
ompiler should have a friendly interfa
e and be integratedwith languages using 
onventional grammars.
� Obje
ts used during the front-end pro
essing of a program should berei�ed, and be the domain obje
ts of meta-programming.

1.1.1 Our ContributionWith these themes and motivations in mind, in this work we des
ribe anapproa
h that provides:
� Context-lo
al and dynami
ally modi�able 
on
rete syntax,2



� Full 
ontext-free synta
ti
 power, and
� A means for de�ning pro
edural meta-level 
ode for arbitrary 
omputa-tion at 
ompile-time.

Furthermore, we illustrate this approa
h in a system with Java as a baselanguage.
1.2 Modularity, Reusability, and Extensibility
The primary means of 
reating large and 
omplex software systems has beenby building relatively simple program modules, and 
omposing those modulesinto larger, more 
omplex software systems. The pro
ess for developing thelarge software system 
an then be de
omposed into the development of smallerprogram modules. Smaller program modules are easier to understand, develop,and test, and well-
onstru
ted modules 
an be reused to build other softwareappli
ations.A re�ned use of modularization is for program layering. Program lay-ering arranges modules into layers whose role is to transform the program
on
epts at a higher level of abstra
tion to those at a lower level of abstra
-tion. A layer is then extending the language below the layer, 
reating a new(possibly superset) language.Figure 1.1 shows how we draw the relationship between the languageL0 below the layer, the module layer, and the language 
reated by the layer,L1. Layering is a powerful stru
turing tool, and has been used in systemsfrom the Basi
 Linear Algebra Subroutines to the 7-layered OSI proto
ol sta
k
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