GRAMMAR-DRIVEN GENERATION OF DOMAINSPECIFIC LANGUAGE
TESTING TOOLSUSING ASPECTS

by
HUI WU

JEFF GRAY, COMMITTEE CHAIR
BARRETTR. BRYANT
MARJAN MERNIK
MIKHAIL AUGUSTON
CHENGCUIZHANG
BRIAN TOONE

A DISSERTATION
Submitted to the graduate faculty of The University of Alabama at Birmingham,
in partial fulfilment of the requirements for the degree of
Doctor of Philosophy
BIRMINGHAM, ALABAMA

2007



Copyright by
Hui Wu
2007



GRAMMAR-DRIVEN GENERATION OF DOMAINSPECIFIC LANGUAGE
TESTING TOOLSUSING ASPECTS
HUI WU
COMPUTER AND INFORMATION SCIENCES
ABSTRACT

Domainspecific languages (DSLs) assist a software developer (cussT)l in
writing a program using idioms that are similar to the abstractions found in a specific
problem domain. @sting ool support forDSLs is lacking when compared to the
capabilities provided for standard gengralpose languages (GPLs), such as Java and
C++. Forexanple, support fodebuggingand unit testingx program written in a DSL is
often nonexistent. Tle lack of a debugger and unit test engine at the proper abstraction
level limits anendu ser 6s abil ity to discogram Thsnd | 0«
dissertatiordescribes a grammadriven technique to build debugging and unit testing
tool generation frameworbky adaptations texisting DSL grammarsThis approach
leverages existing GPL testing tools to indirectly exercise theuence r 0 sanddtestb u g
intentions atthe DSL level. The adaptations tadDSL grammarsrepresentthe hooks
needed to interface with a supporting infrastructure constructed for an Integrated
Development Environment DE) that assists imlebuggingand unit testinga program
written in a DSL. The contribution represents a coordinated approach to bring essential
software tools (e.g.debuggersand test ewgjineg to different types of DSLs (e.g.,
imperative, declarative, and hybrid). This approach hides from theussrd the
acddental complexities associated with expanding the focus of a language environment

to include testing toolduring the testing tool geration process, crosscutting concerns



were observed in representations @SL grammars. Toaddress these particular
crosscutting concerns,an investigation into the principles of aspegented
programming applied to grammaitsas been conducteddA domainspecific aspect
language, called AspectG, has been designed and implemented, which is focused within
the domain of langage specificationThis dissertation dlines the challenges and issues

that exist whendesigning aspect languages that assist in modularizing crosscutting
concerns in grammar3he research described in the dissertatafdresses a lorigrm

goal of empwering endusers with development tools for particular DSL problem

domains at the proper level of abstraction without depending oeceisGGPL.



DEDICATION

This work is dedicated to my wifehenxiai It is your love that keeps ng@ing, and it is
your sacrificethat makes this and all thing possible
My grandmotheri It is your wishand prayerthat malemy dream ome true
My parentsWenbin Farong, and Xiajiang, and mybrother, Bo1
It is your love thahas helped me grow

Mei Li and Selby Moodyfor their unconditional love and support



ACKNOWLEDGEMENTS

| would like to express my deepest gratitude to my advisorJE&f.Gray, who
gave menumerousopportunities profounderudition inspirationaladvice, and prepared
me withknowledye, courage andenduranceo fight through one of the moshallerging
periodsof my life, yet one of my most memorable tisrees well | am grateful forthe
encouragemerdgnd compassion that loéferedin leading me along the right track, letting
me experience nevirontiers, andallowing me to complete this work. Hierspectives on
teachingandresearchhave been inspirationall thank him for the trust and confidence
that he has had in me.

| would like to genuinely thank DiMarjan Mernik whosecallaborationswith
UAB were a startingand turningpoint of this research workl am thankful for his
expertse, advice consisteng, and supportAs one of my committee memberse Wwas
central in directing me tthe area oDomainSpecific Languaged$lis academiaesearch
attitude and relationships witliellow students andesearchersare models that shall
follow.

| also appreciate the contributions raly other committee member®r. Barrett
Bryant helped my understanding of programming languames taight me theskills
needed to complete this workly discussions wittDr. Mikhail Augustonhelped me to

look at the issues of debugger implementatiom a totally different angle, which made

Vi



it more challenging and interesting Dr. ChengcuiZhang andDr. Brian Tooneg |
appreciate your great discussions on my work on variolsiocrs.

To my fellow comradesFei Cao,Wei Zhao,Song Zhouy Yuehua Lin,Shihhsi
Liu, Suman Roychoudhury, Faizan Jav&hbert Tairas Yonghui Chen Ying Sun,
Francisco Hernande/ing Liu, Zhijie Guan, Xin ChenHaisong Li,Jing Zhang,and
Carl Wu, I cherish ouffriendshipandwonderfultime togetler. Thank you for your help
encouragementind supporduring the past yeargspecially during the difficult times
when | haddoubtsabout my éture

This dissertatiomesearchwould not have beecompletedhad it not been for the
support from the Computer and Information Sciences Department. Mrs. Janet Tatum, Mrs.
Kathy Baier, Mr. Fran Fabrizio, Dr. Anthony Skjellum, Dr. Warremek Dr. Kevin
Reilly, Dr. Alan SpragueandMr. Bruce Williams,| amgratefulfor your care and help

Most importantly | thank God for giving méis opportunityto experiencehis
wonderful journey

| acknowledge financial support fronBM. The work preented in this

dissertation was supported in part by BB Innovation Grant

vii



TABLE OF CONTENTS

Page

Y = 1S 3 1 ¥ X O SRR lii
3 =3 [ A I [ TS V.
ACKNOWLEDGEMENTS... ...ttt ceeete e ee e e e e e e e e e e e e emmmraaeaaaaaaeaaeaaeeeeaannns Vi
LIST OF TABLES.. ..ottt enes s Xii
LIST OF FIGURES..... ..ottt ceeee st e e e e e e e s emesae e s e e e e e e aaaaaaaaeeeesammmnaeeas Xiii
LIST OF ABBREVIATIONS. ... ..ottt eeee s ennsss e eeeeeeaaaaaeas XVi

CHAPTER

1 INTRODUCTION ...coiiiiiiiiiiee et eeee e eeeas 1
1.1 TheBenditsof DomainSpecific Languages............ccccuvvvvririmemniiinennnnne. 2

1.2 The Challenges of DSL Implementation...............ccccceeeivcmeeeeevvvvnnnnnnnnn. 4

1.3 The Needor EndtUserDSL TestingTOOIS..........uuuuiiiiiiiiiiiiiiieeeiieeeeeeeeeenn 6

14 Research Objectiveend Contributions..............cccovviiiiiieee e, 8.

ST O ) =T V1 SRR 12

2 BACKGROUND ......cciiiiiii e eeee st eeemass s eeeeeeaaeaeeeeennn 14
2.1 Eclipse Plugin Based Software D&OpPMENt.............evvveiviieiiiiieeeiinnnnne. 14

2.1.1 Eclipse Debuggingerspective............ccoovviiiiiiieeeie e 15

2.1.2 Eclipse JUnit TeStEYSPECHIVE.........cuuvviiiiiiiiiiiiieeeiiiiieeeeee e 17

2.2 Program Transformatiowith theDesign Maintenance System.............. 19

2.3 Categorie®f DomainSpecific Languages...........cooovvviiiiiiiieenn e 20

2.3.1 ImperativeDomainSpecific Languages............ccccccveeiieeieeeneeeennns 20

2.3.2 DeclarativeDomainSpecific Languages.........cccccoeeeeeveiiiiicceeeenn. 22

2.3.3 Hybrid DomainSpecific Languages.........cccoeeeeeeiiiiiiieeeieeeeeeeeeee 25

24 AspectOriented Programming (AOPR)........ooovvviiiiiiiiiiicmeeeeeeecivn 28

25 SyntaxDirected Translation...........ccoooeeiiiiiiiiieeen e 30

3 DSL DEBUGGING FRAMEWORK (DDF)......uuutiiiiiiiiiiiiiiiiiiieeeeeieeeeneeeaeeens 33

viii



TABLE OF CONTENTS (Continued)

Page

CHAPTER
3.1 DDF ArchiteCture OVEIVIEW.......ccceeeeeeeiiiiiiiiiieeee e e e e e e 33
3.2 Source Code MapPPiNg.........uuuuuumiiiiieeeeeeernnnireaaaeeeeeeeeeeesaneeiaaaaeaeaaaaees 37
3.3 Debugging Methods Mapping.........cccccuuuiiiimiiimeeiiiiieii e 40
3.4 Debugging Results Mapping......ccccoeiiiieeeiiiiiiieeeie e e 44
3.41 Debugging Results Mapping ProCess........cccccccvveiiiiieaneeieneneenn. 44
3.4.2 Debugging Results Mapping Example.............cccccvvvvvieeeeeee 45
3.4.3 Crosscutting Grammar CONCELNS............uuururimmerimemeieeernnnnneeeen! 46
3.5 Hlustrative EXamples.......cccooiiiiiiieeeeieeee e 47
3.5.1 Generation of atmperativeDSL Debugger............ccccccvvvvvvvvveenn 47
3.5.2 Generation of declarativeDSL Debugger............cceeeeeeevvvvvvieenn... 51
3.5.3 Generation of &lybrid DSL Debugger............ccuuvviiiieiiiiieeciiinnee. 59
3.6 Case Study Evaluation..............ccceieiiiiiiceceiiieee e eveeeen e 62
3.6.1 Generalization of DDF USAge.........ccooeeiiiiiiiiiiccciieeeeeeeeeeeees 63
3.7 Rdated Work in the Area of DomaiBpecific Language Debuggers......67
371 KNEPEIA ...ttt 68
3.7.2 JSROAD ..ottt 69
3.7.3 ANTLR StUAIO ...eiieiiiiiiiiiiiieee e eeee e 70
374 TIDE 71
3.8 SUMMAIY e 72
4 DSL UNIT TESTINGFRAMEWORK (DUTF)......uuuiiiiiiiiiiiieeieeeseeeereeeeeeeeeees 75
4.1 DUTF Architecture OVEIVIEW. ..........ccevuuuuunnnniimmeeeeeeenennnnnnnneeeeeeeennnenn d D
4.2 SoUrce Code MaPPiNG.......uuuuuieiieieieeeeeeeeriieese e e e e e e e e e e e e e e e e e ieeer e e e e e eeaaaaes 79
4.3 Test CaseS MaAPPING.....ccuiiieiiiaaaiiiii i e e 79
4.4 Testing Results Mapping........ccoeoiiiiiiiiiieieeee e eeeer e e 83
4.5 [uStrative EXamPIES......uuuiiiiiiiiiiiieee e 85
45.1 Generation of atmperativeDSL Unit Test Engine....................... 85
4.5.2 Generation of ®eclarativeDSL Unit Test Engine............cc......... 88
45.3 Generatio of aHybrid DSL Unit Test Engine................ccocovunnnn.ld 91
4.6 Case Study Evaluation.............ccocuuiiiiimmmniiiiiiee e Q2
4.6.1 Generalization of DUF USAge..........cccovvriiiiiieiiiieemeeeeie e, 92
4.7 Related Worlof DomainSpecific Language Unit Test Engines............ 96
A.7.1 ASFHSDE...cuiiiiiiiiiiiiie e 97
A.7.2 JST oo ee e et an——— it ittt ittt aaaaaaaas 97
A.7.3 LIS A e ————————————— 98
4.7.4 SMArTOOIS oo 29
4.7.5 Other Related Testing TOOIS  ...ooooeiiiiiiiiiiee e 100
4.8 SUMIMAIY it e et e et e e annme e e e e e aa e e e ena s 100



TABLE OF CONTENTS (Continued)

Page
CHAPTER
5 ASPECTG: WEAVING ASPECTS INTO DSL GRAMMARS.................... 102
5.1 AspectGDesign Challenges..........ooooiiiiiiiiiiiiiieee e 102
5.2 ASPECIG OVEIMBW......ciiieieeeeeiieeeiieeiieeee e e e e e e eeeeeeeeeeeaaasansmmmeeeeeeeesennrnnnnns 104
5.3 Weaving at the Generated GPL Code Level........cccccoeviviiiieecnnnnnnnnn. 107
5.4 Weaving at the DSL Grammar Level................ovvviiceeeeeeiiin, 110
5.4.1 ASpectG SpecCifiCation...........ccuuvuriiiiiiiieemiiiiieiieeeere e e 114
5.4.2 AspectGImplementation...........cccoeeeeeeeeeiiiieeeiiiiee e 118
5.5 Hlustrative EXamMPIB........couiiiiiiiiiiiiiii e 12
5.6 Related Workn the Areaof AspectOrientedGrammars....................... 128
5.6.1 ASPECILISA . ... 129
5.6.2 ASPECIASK ... .ot —————————————— 129
5.7 SUMMAIY e 130
6 FUTURE WORK ... eeee st eeens st eeeaaaaaaaeaeen 133
6.1 DSL Profiler PlatfOrm.............uueuuiiiiis i ereeen e 133
6.2 Application of Different IDE Platforms and GPLs...............cccvvviinneee.. 135
6.3 Adaptation of DDF and DUTF tAddress more CompteDSLSs.............. 136
6.4 Debugging Behavior through Event Grammars..........ccccoeeeeeeeeeeernnnnns 137
6.5 Extendingthe Role ofAspect iINGrammarsS........cccccceeeeeeeeiiiiiiccceeeeeeennn. 138
7 CONCLUSIONS. ...ttt ettt e e s s rmmme e e e e e e e e e e 140
LIST OF REFERENCES.......ooi oo eeee s 143
APPENDIX

A DOMAIN-SPECIFIC LANGUAGE GRAMMAR SPECIFICATIONS..152

A.1 Robot DSL Grammar Specification..............ooooecvieemne i 153
A.2 FDL Grammar SpecifiCatiOn............cceeeeiiiiiiiicccee e 154
A.3 SWUL Grammar SpecCifiCation..........ccoeeviviiiiiiiccee e 156
A.4  Hybrid Robot DSL Grammar Specification.............cccccvvvvvvueeee.. 158
B ASPECTJ CODE FOROSFANTLR GRAMMAR WEAVING ............ 160



TABLE OF CONTENTS (Continued)

Page
CHAPTER
C ASPECTG GRAMMAR SPECIFICATION.....ccouiiiiiiiiiii e 163
D PARLANSE TRANSFORMATION FUNCTIONSOR ASPECTG...... 166
D.1 After Weaving FUNCHON..........c..uuuiiiiiiiiiiiieeeiiiiiieeee e e 167
D.2 Middle Weaving FUNCHON..........cccuuiiiiiiiiiiieeeiiiiieeeee e 169

Xi



LIST OF TABLES

Table Page
3-1 Generality AnalySISTDDF .........cccuiiiiiiiiiiii e 64
3-2 JDB, GDB, and Cordbg Basic Debugging Commands Comparison............ 66
3-3 The DDF Adaptation for JDB, GDB, and Cordhg.............ceuvvvviiiieenciiiriinnee. 67
4-1  Generality ANalySISODUTE.......coiiiiiiiiiiiieee e 93
4-2  JUnit and NUnit Basic Unit Test Actions CompariSon............ccccuvvvvemennnnnnns 95
5-1 Usage AnalySior ASPECEG........cccuuuuiiiiiiiiiiiieeeiiiiiiii et e e e e e e e e e e 131

Xii



LIST OF FIGURES

Figure Page
1-1 The Need for DSL TeSting TOOLS...........uuuiiiiiiiiiiiieeniiiiiiiie e 6
1-2 Matrix of DSL Tools and Language CategOrieS. .......uuuuurrrrrirrrieeeirrrereeereeeeeess 8
2-1 Screenshot of the Eclipse Debug Perspective............cccuuuuvvieemniiivinninnnnenee. 17
2-2  Screenshot of the JUnit Eclipse PINg...........ccccuuiiiiiiiiiieeeiiiiiiieieeeeeeeeee e 19
2-3  Robot DSL Sample COde..........ccooiiiiiiiiiiieeeiie e 22
2-4  CarFeatures Specified in FDL and List of Possible Car Configuratians......24
2-5 Robot Language Syntax Specification in BNF Format..............ccoovvvveeeennn. 25
2-6  SWUL SamPIe COU.....ccoiiiiiiiiiiiieree et eeeea e e e e e 27
2-7  HyDBHAd RODOIDSL. ....ceiiiiiiiiiiiiiie e 28
3-1 DSL Debugging Framework (DDE).........cccccuiiiiiiiiiieeeiiiiiiiieeeeeeee e 35
3-2 Debugger Generation OVEIVIEW...........ccooiuuuueriirmerasaaiiiibbbeeeeeee e eeeseeeeeeeees 36
3-3  Robot DSL Source Code MappPiNg.........ueeeeeeiiiiiiiiieeeieeeeeeeeeeee e e e ssimmme e 38
3-4 Part of Robot DSL Grammar SpecificatiQn...........ccccceeeeiiiieeceiiiieeeeeeee 39
3-5 Part of SWUL Grammar SPecCifiCation.............uuuuuereeeiimemiiiiiriieiiieeeeeeeeeeeeeeeas: 40
3-6 Mapping of Debugging Actions between DSL and GPL...........ccccccvvvvvieeee... 41
3-7 DSL Debugging Step Over Algorithm.......ccooeiiieie e e 42
3-8 Debugging Result Mapping for thRIT Production of the Robot Grammar..46
3-9 stepinto  function INDSLDebugTarget ..o 49

Xiii



3-10

3-11

3-12

3-13

3-14

3-15

3-16

4-2

4-3

4-4

4-5

4-7

4-8

4-10

5-5

5-6

Screenshot of DebuggirSession on Robot Language............ccoeeeeeeveeeennnn. 51

Screenshot of Debugging Session on Car Program.............ccceevvceeeevennns 53
Action and Goto table of Robot Language-pRrsing..........ccooevvvviiiiiiiicenennn. 56
Screenshot of Debugging Session on Robot BNFE.............coovvieeen, 57
Screenshot of another Version of Dgding Session on Robot BNE............ 58
Screenshot of Debugging Session on SWUL Program............cceceeevveeennn. 60
Screenshot of Debugging Session on Hybrid Robot Program................... 62
DSL Unit Testing Framework (DUTE).......coooriiiiiieeee e 77
DSL Unit Test Engine Generation PrOCESS...........cvvvvvvviviiimmmeeeeeeeeeeeennennnnnnns 78
Robot Language Test Caddapping.........cccuuuuurrrmrmmreeiieeeirireeeeeeeeeeeeeeeeeeeeeeame 81
FDL TeSt CaseMapPing.........oooiouiiiiiiiiiiiimeeiiiiiieeee e e ee e e e s seeessseeeeeeeeeeeaeess 83
Screenshot of Unit Testing Session on Robot Language.............cccvvvveeenn. 86
Correct and Incorrect Knight Methods...............uuuiiiiiiieeciiiiiiiiieeeee e 87
handleDoubleClick Methodin TestResultView  Class...........cccvveeeeen. 88
Screenshot of Unit Testirguccessession orCar FDL..............cceeeeiiiiierieeenees 89
Screenshot of Unit Testirfeggilure Session orCar FDL...........cccooeeeevvvviieiieeenn. 90
Comparison ofuhit and NUNItASSertion USage.............evvveeeeeiiiieesrvneeeeennn. 96
Robot DSL Specification in ANTLR ........ouuiiiiiiiiiiie s e e e e e eneas 105
Part ofRobot DSL Specification with Addition&ebug Information.............. 106
PostANTLR Processing (Aspectd APProach)..........ccuuvvvveeeeveeesivvvvvnneeeeeeen. 107
Fragment of DSL Line Maping Aspect in ASPEeCt...........cceveeeveeeveiieenrenenne. 108
Fragment of DSL Last Line Trackin@spect in Aspectd..........cccceevvvvvvvvnnueeee. 109
Sters to Weave Debugging Aspects into ANTLR Grammat....................... 112

Xiv



5-7 PreANTLR Processing (DMS Approach)...........cccevvveiiiiiimnnn i, 113

5-8 AspectG PoINtCUt MOAEL...........uuueiiiiiii e 115
5-9 GeneralizedAlgorithmfor AspectGWeaving..........ccccuvvviiiiiiiiieesiiiniiineeeeee 119
5-10 Partofafter functionin PARLANSE.............ooo i, 121
5-11 DSL Line Number Counter Aspect in ASPECLG..........cvvviiiiiiiiiiieaniiieeeeenn. 12
5-12 Low-level Rule Transformation Generated from AspectG.................cce.e 124
5-13 Applied Weavingo f Aftéro TransformatiorRuleonthe Robot Grammar....125
5-14 GPLLine Number Counter goect in ASPECIGi.........eeveviiiiiiiiiiiiieeneiieeeeenn. 126
5-15 Low-level Rule Transformation Generated from AspectG.................cceee 127
5-16 Applied Weavingo f Midilleo TransformatiorRuleonthe Robot Grammar..128
6-1 DSL Profiler Framework (DPF)........ccccuuuuiiiiiiiiiieeieeeiiiiiiiiee e 135

XV



ANTLR

AOP

AOSD

API

ASF

AST

BNF

CupP

DDF

DMS

DOM

DPF

DSAL

DSLs

DTTS

DUTF

EUSES

FDL

GAL

LIST OF ABBREVIATIONS
Another Tool for Languge Recognition
AspectOrientedProgramming
AspectOriented Software Development
Application Program Interface
Algebrac Specification Formalism
Abstract Syntax Tree
Backu$ Naur Form
Constructor of Useful Parsers
DSL Debuging Framework
Design Maintenance System
Document Object Model
DSL Profiling Framework
DomainSpecific Aspect anguage
DomainSpecific Languages
DSL Testing Tool Studio
DSL Unit Tesing Framework
EndUsers Shaping Effective Software Consortium
Feature Description Language

Graphics Adaptor Language

XVi



GDB GNU Project Debugger

GPAL GeneralPurpose ApectLanguage

GPLs GeneralPurpose Languages

IDE Integraed Development Enviranent

JPDA Java Platform Debugger Architecture

JPM Join Point Model

JTS Jakarta Tool Suite

LISA Language Implementation Systensbd on Attribute Grammars

OoOoP ObjectOriented Programming

PARLANSE Parallel Language for Symbolic Expression

PDE Plug-in Development Environment

PTE Program TansformatiorEngine

RSL Rule Specification Language

SDF Syntax Definition Formalism

SDK Software Development Kit

SQL Structured Query Language

SSCLI Shared Source Commdmnguage Infrastructure

SST Surface Syntax Tree

SWUL Swing User Interfacedanguage

TDD TestDriven Development

TIDE ToolBus Integrated Debugging Environment

VHDL Very High Speed Integrated Circuit HardwaresPription
Language

Xvii



WYSIWT What You See Is What You Test
XP Extreme Programming

YACC Yet Another CompileiCompiler

Xvili



CHAPTER 1

INTRODUCTION

The advancement of engser programming tools has empowered those who are
not traditional programmers with an ability to create their own software solutions
[Sutcliffe and Mehandjiev, 2004TThose experts, who have a strong understanding of a
problem domain, but no formal computer programming training, can write software
applications to solve a specifiteed in their daily work tasks. The ability to create a
software solution is no longer the privilege of a computer sciehtiat some cases,
training in traditional programming is not necessary (e.g., one of the most widely
available eneuser programmingnvironments is the spreadshf@tirnett et al, 2005]
which can be programmed by scriptsttiige arithmetic and statistical formulas of a
specific domain instead of using traditional programming languageepts[Burnett et
al., 2003). It has been estimated that only a small fraction of software developers are
actually professional developers (e.g., in thaited States, Scaffidet al estimate that
there are approximately 2.75 million professional developers out of an estimated 80
million enduser programmeriScaffidi et al, 2005), with the vast majority of enrdser
developers building applications using tools such as spreadsheets, query systems, or

interactive scripting wasites.



Enduser programme are more likely to introduce software errors than
professional programmers because they lack software development training and proper
tool supporf{Harrison, 2005] As observed in many industry studies, individuaraples
of software errors have cost the economy millions of dollars in recent [¢¢iEEsrath,
2003; Schmitt, 2005]According to a 2002 study, it was estimated that softwaharési
collectively contribute to aar $60 billion in unreported losses per ygbassey, 2002;
Crissey, 2004]Withou the availability of standard software development tools, itred f
products of endiser programming can be dangerdttarrison, 2005] The proper
programming toolge.g., editor, copiler, test engine, and debugger) are needed for end
users to ensure the integrity of the products they develop. With a large poolasemd
developers, and the rising cost of software failures, it is imperative thaisemnsl are
provided with tools that allow them to detect and find software errors abstraetion

level that is familiar to them.

1.1  The Benefits of DomainSpecific Languages

To assist endisers in describing solutions to their work tasks, Dorsgiacific
Languages@SLs) [Wile and Ramming 1999] have been promoted as an approach to
remove the dependence on traditional GenBrajpose Languages (GPLs), such as Java
and C++A DSL i s a, Aprogramming | anguage or e
offers, through appropriate notations aiubtractions, expressive power focused on, and
usually restricted t ovanZeurgetralt 20@0uADSkisgpr ob |l e
programming language tailored toward the specific needs of a particutégmrdomain

to ease the development of software solutions for that doiveanDeurseret al, 2000;



Mernik et al, 2005] DSLs are oft enngde glkestleyblO85; vans |

Deursen and Klint, 1998ihat are designed to solve problems in particular domains.
DSLs hide the lower level programmg language details such as complex data
structures, complicated algorithms, and tedious GPL syntax from DSL programmers.
DSLs have also been shown to assist in software maintenance wherebgeenaan
directly use the DSLs to make required routine moatibns[Bentley, 1986] The intent
of DSLs is to assist endlsers in writing more concise, descriptive, and platform
independent mgrams. This is enabled becaute domain knowledge is specified at the
appropriate level of abstraction, which is independent of the implementation platform
[van Deursen and Klint, 1998The goal of providing suitable programming abstractions
for endusers is also a key principle of intentional prograng [Simonyi et al, 2006]
Modifications to DSL programs are easier to make and can bestool@ and validated
by domain experts whare not familiar with a GPL, ado not know how to program in a
GPL. The empirical evidence suggests that the use of DSLs increases flexibility,
productivity, reliability, and usabilityKieburtz et al, 19%; Wile, 2004; Merniket al,
2005] so that DSLs can shorten the application development time and reduce the
development cost significantly

DSLs describe problems at a level familiar to domain experts. Without dealing
with generated GPL code, domain elg can concentrate their time and effort on
utilizing their domain knowledge to develop solutions without concern for how to
express, interpret, and solve the problem in an unfamiliar notation. The declarative and

concise nature of some of DSLs makesntheasy to understand by eliminating the

t



abstraction leaks common in representing domain concepts using lower level language
abstractions (e.g., GPLs).

Some of the more popular DSLs include the language used in the Unix make
utility [Oram and Talbott, 19914nd the language used to specify grammars in parser
generators like YACC(Yet Another CompilertCompile)) [Johnson 1975. Other
examples include the Very High Speed Integrated Circuit Hardware Description
Language (VHDL)[VASG, 2007] which is a DSL to model a digital hardware system;
Structured Query Language (SQL) is a DSL to access and manipulatesea{&voff
and Weinberg, 2002]Graphics Adaptor Language (GAL) is a DSL to specify video
device drivers[Thibault et al, 1999} CSoundsis a DSL used to create audio files
[CSounds, 2007]and Mawl is a DSL to specify forbased services in a dewvice

independent mnneqAtkins et al, 1999]

12  The Challenge of DSL Implementation

There is a distinction between the amkr programmers that use a DSL and the
language designers who specify the DSL and implement the required tools (e.g., the DSL
compiler). The design and implementation of a DSL can be challenging and expensive.
The development of DSLs requires knowled§@regramming language implementation,
as well as domain knowledge. Building a test engine and debugger for each DSL from
scratch can be time consuming, efpoone, and costly. It is difficult to build new testing
tools for each new language of interestldor each supported platform because each
| anguage tool depends heavily on the unde

lower level native code functionalifiRosenberg, 1996]The goal of this dissertation is to



show how the cost of developing DSL tools can be minimized by an automatedayra
driven tol generation approach that extends a popular Integrated Development
Environment (IDE).

Mernik et al have categorized various DSL implementation patterns as:
interpreter, compiler/application generator, -precessor, embedding, extensible
compiler/interpeter, commercial ofthe-shelf, and hybrid[Mernik et al, 2005] The
majority of the DSL implementation patterns translate a single DSL construct into several
constructs in a target GPL. The most popular strategy for implementing a DSL, which is
also adopted in thidissertatn, is a preprocessor serving as a compiler and application
generator that performs a soutoesource transformation (i.e., the DSL source code is
translated into the source code of an existing @®é&rnik et al, 2005). Trarslating a
DSL to an existing GPL is a popular impientation approach because the ulyitey
tools of the converted GPL can be used to obtain an executable application. It is very
convenient to express new DSL constructs in terms of GRkteats, and the well
developed GPL tools can be reused (e.g., dempdebugger, unit test engine, and
profiler). The highefevel abstractios of a particular domaiarebuilt into thetranslator
that synthesizes a DSL program into a GPL program. The technique to implement such
DSL translators can vary. In this dissertatithie preprocessor implementation pattern is
chosen where a DSL is translated using a sydiacied approach by the translators
rather than a complete compiler, which introduces new maintenance issues (egg., if th
language definition changes, the translator has to be modified accorpiagl{peursen

and Klint,1998).



13 The Need for EndUser DSL Testing Tools

Although direct reuse of the existing GPL tools offers several benefits, a specific
GPL tool does not provide the proper abstractions that are needed-byezadvho often
lack knowledgeabout the underlying GPL (i.e., a GPL may be difficult to understand by
those not trained as programmers because the conceptual solution expressed in a GPL is
not close enough to the specific problem domaiplease see Figure-1). Usually,
domain expertslescribe a problem at the DSL level where the DSL applications are
translated into GPL code so that the actual computations or tasks can be performed. Even
though some DSL programming tools can be generated (e.g., editor, parser, and
visualizer),the DSL development environments available to domain experts are limited
(e.g., lack of DSL testing tool support). Domain experts prefer to develop their DSL
applications at the DSL level during the different software development phases instead of

being faced to test and debug their applications at the generated GPL level.

a
Editor
>
Compiler

Domain Experts program at Domain Experts deal
DSL level m— N with translated GPL
Visualizer
Translater Debugger %
>
DSL translated into
General Purpose Language (GPL) Integrated Development Domain Experts deal
Environment (IDE) with DSL

Figure 1. The Need for DSL Testing Tools



Even if the @main expert has knowledge about the underlying GPL, one line of
DSL code may be translated intozéas of lines of GPL code, which makes it even more
difficult for an enduser to debug and test the translated program at the GPL\Wéwedt
al., 2007] An gproach that hides the underlying use of the GPL tools offers a level of
transparency that can ren®uvhe accidental complexities that cause the abstraction
mismatch between the DSL and GRluch an approach is advocated by Van Wyk and
Johnson, who argue for the need to perform analysis at the DSL level, not at the GPL
level [Van Wyk and Johnson, 20Q7Although techniques for constructing DSL tools
(e.g., editor and compiler) have been developed over the years, support for debuggers and
test engines for DSLs have not been investigated deeplydiBsisrtatiordescribes how
automated tool generation che used to overcome the lack of testing tool support for
enduser application programmers. As Robert Floyd noted in his Turing Award speech,
there is no need for a shiny new language unless it supports the programming methods
and paradigm used by programrs[Floyd, 1979] The same comment can apply to DSL
tools; i.e., if sufficient tools needed by an amkr programmer are not available, then the
utility of a new DSL is gminished.

Among the DSL implementation approaches, the lower level GPL can be
considered a base machine and the higher abstraction provided by the DSL represents a
virtual machine for the particular domain. If the virtual machine is cetejyl transparent,
any state or sequence of states obtained by the base machine can be realized also in the
virtual machine. If the virtual machine exhibits loss of transparency, there exists a subset
of states obtained by the base machine that cann@&pbbesented in the virtual machine

[Parnas and Siewiorek, 197%h many cases, including ppgocessor implementation of



DSLs, loss of transparency can be considered a desired property (i.e., it is often not
necessary or desirable for the DSL to have atoreme mapping of all of the features
available in a GPL). To edize the djectives of grammadriven generation of DSL tools,

all of the specified tool behaviors of the virtual machine are made available through a
mapping to the base machine. The mapping transformation from the virtual machine to
the base machine & essential part of the approach. The program behavior of a specific
tool is dependent on the translation process from the DSL to a GPL, which is modeled as
one line of the DSL code mapped to an interval with a first and last line of the GPL code,

as dfined in the DSL grammar specification.

14  Research Objectives and Contributions

This dissertationintroducesa DSL tool frameworkthat can automatically
generate various testing tools (e.g., debuggers, test engines, and profilers) fortdifferen
categories of DSLs (e.g., imperative, declarative, and hydfidure 12 illustratesa
research matrix along the vertical direction (representing the various DSL testing tools)
and the horizontal direction (representing the classes of DSL langudgesyported).

The vertical direction of Figure-2 corresponds to the vector representing the
various testing tools applied to the same type of DSL. The testing tools that have been
generated from the grammdriven approach include several DSL debuggerd unit
test engines. As discussed at the end ofiltkgertation future work includes generation

of profilers for DSLs.
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Figurel-2. Matrix of DSL Tools and Language Categories

A debugger enables programmers to inspect and discover the errors in their
programsduring program execution. Zellweger categesi debuggers into two classes:
expected behavior Bagger and truthful behavior debuggetellweger, 1984] An
expected behavior debugger hides thagpam optimization and transformation from the
programmera n d fi aesperaly exactly as it would for an-optimized version of
t he same [Zplwepg,r1®840 A tr ut hf ul behavior deb
optimizations have changed the program portion under consideration or it admits that it
canot give a c[oeliweger 1984fAs safegorizedebffuguston, 1995]
the behavioral models of higher level debugging mechanisms can be specified (e.qg.,
debugging queries, patxpressions, assertion checkers, and event tracers) to generate
new categories of debuggers (e.g., algorithmic debuggers, declarative debuggers, and
eventbased debuggerfAuguston, 1998. The work described in thislissertation
represents expected behavior debuggers that perform typical debugging tasks on DSL

programs (e.g., set a break point, stop at the break point, display variable values, and step
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through the program), which enabla better understanding of the 4time behavior of a
DSL program.

A unit test engine is a development tool used to determine the correctness of a set
of modules (e.g., classes, methods, or functions) by executing source code against
specified test caseBach unit test case is tested separately in an automated fashion using
a test engine. The test results help a programmer identify and fix the errors in their
program. To provide tool support consistent with accepted software engineering practice,
a DSL unt test engine provides endisers the ability to discover the existence of software
errors, and DSL debuggers can further help@sets to locate the errors in the DSL code.

A profilerisametgpr ogr am t hat gathers informat.
pefformance measurements by recording and computing overmenevent traces from
hardware (e.g., timer triggers) or software (e.g., function call and OS scheduling)
[Auguston, 1998]After execution of a program, a profiler displays summary information
of recorded event traces and their corresponding occurrences in the program. A DSL
profiler is helpful to @ermine performance bottlenecks during the execution of a DSL.

The contributionsdescribed in thisdissertationcan be summarized by the
following two objectives:

Assist in generation of DSL testing tools using a generative fraawork

Even though the individual tools can be implemented separately for each
DSL category, the core reselarocmtribution concerns the investigation into a
generalized method that enables construction of a matrix of DSL testing tools
as a type of software factofgreenfieldet al, 2005] The matrix of tools and

langua@s can be considered agaaily of systems that is a domaspecific
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produd-line architecture, where a set of different products with common
characteristicsadapt to a set of distinct featurgSlements and Northrop,
2002] The automation provided by generative programnii@zarnecki and
Eisenecker, 2000pffers an extensible mechanism as darahtive to manual
tool constructionby transforming higher level specifications to lower level
equivalent program applicationghis approaclalsoconforms to the software
development paradigm of stepise refinement on language tool construction
[Batory et al, 2004] To realze this generative approachetDSL Déugger
Framework (DDF) and DSL Unit Test Framework (DUTRave been
implemented, which reuse the existing testing support in Eclipse and Java.
Raise AspectOriented (AO) concepts to a higher level of abstraction:
Aspects for language specification and gramar weaving

As aby-product of this reearchan aspect languadgdescribedn Chapter 5)
can weave crosscutting tool concerns directly into a DSL graraman aid
toward the rapid generation of new DSL testing to@&apter 5 ao
discusses the detas of theinvestigation into aspedriented programming
[Kiczaleset al, 1997]to assist in modularizing the DSL tool concerns (e.g.,
debugging and testing) from a base grammlhough there have been other
efforts that explore AO on different sofire artifacts at various lifecycle
stages (e.g., source code and models), the work described in this dissertation
represent®ne ofthe firstoccurrences in the research literature of an actual

aspectoriented weaver that is focused on language &patton and
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grammar weaving, rather than topics that are applicable to traditional
programming language source code.

The research described in thissertatioroffers three ky contributions. The first
cortribution provides an initial step toward empoimg enduser developers with
traditional software engineering testing capabilities at the DSL level. To accomplish this
objective, a grammaidriven DSL tool frameworkhas been developeithat generates
testing tools (e.g., debugger and testing engine)naatioally from DSL grammar
specifications. The base DSL grammars are transformed to generate the hooks needed to
interface with a supporting pleg infrastructure written for an IDE. The second
contribution is a presentation of techniques for testing gefaligging a diverse set of
DSLs. Different types of DSLs have different language characteristics that require
specific features. The third contribution is the exploration of a technique for better
separation of concerns in Grammware[Klint et al, 2005} which comprises gimmmars
and all grammadependent stivare (e.g., lexer, parsed key benefit is the ability to
explore numerous scenarios by considering crosscutting grammar concerns as aspects

that can be used to generate DSlitgstools.

1.5 Overview

The remaindepf this dissertation is structured as follows: Chaptantéduces
the necessary background information to provide the reader with a bettestandmg
of other sections of thaissertation The first part addressézlipseplug-in development
which is used to build the froreéndof the framework. Aprogram transformationngine

is used to build the bae&nd ofthe framework which performgheactual transformation
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on the grammar fileThe last part of Chapter 2 introducestegories of DSLs inctling
examples ofifferent types of DSL#hathave been used duringghlesearch.

Chapters &and 4begin by describing aoverviewof thearchitectureof DDF and
DUTF. These chapters also provide details aboutrtidementation of DDF and DUTF
including the construction of thedifferent components, the algorithmsvolved
experimentation results, and generalized usage of the DDF and DRifié: related
software engineeringracticesare also discussed in thds® chaptes. Each of these two
chapters pvide experimental evaluatioof the contribution and offer a discs®n of the
importance of considering software enginegifactors while developing tooter DSLs

Chapter5 introducesan investigation of aspects applied to grammars to enable
better gparation of concerns during the testing tool generation prodéss chapter
begins by describing aswverviewof thegrammar weavingrocessThe rest of Chaptes
details theimplementation of AspectGncluding theweaving process the algorithms
involved, and experimentation result©ther relatedapproaches to aspeatiented
grammar weavingrediscussed in this chapter, such as AspectLISA andodsBE.

Chapter 6 describes several existing limitations that sasva focus of future
extensions of this work. Chapter affers a concluding summary of the research
contributions Appendix A provides the specification of the DSLs presented in this
dissertation;Appendix B provides the Aspect] code fibre postANTLR grammar
weaving approach; Appendix @rovides the specification of AspectG in ANTLR
notation and Appendix D provides the PARLANSE transformation functions for

AspectG implementation
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CHAPTER 2

BACKGROUND

This thesispresents research that unitée tdescriptive power provided by the
Eclipse debugging perspective (Section.D.land the JUnit testing engine (Section
2.1.2), in conjunction with the invasive modification capabilities of a mature program
transfomation system (Section2). To providethe necessary background of the basic
tools and techniques mentioned throughout diesertation this background chapter
offers a brief description ofhese concepts and toolfhis chapteralso includes the
description othree different types of DSLie Section 23, whichare used as case studies
throughout the remaining chapters of thisserétion. A survey of software engineering
technique and practices used in this researalte also outlinede.g., AspectOriented

Programming (AOP) in Section 2.4deyntaxdirecedtranslation in Setion 2.5.

2.1  Eclipse Plugin Based Software Development

Eclipse is an opesource development platform for constructing customized
Integrated Development Environments (IDEs) that can be used to create diverse
applicatons [Eclipse, 2007] A key characteristic oEclipse is the ability to serve as a
tool integration platform that offers numerous extension points for software feature

customizations through a phig architecture. As a tool integration framework, Eclipse
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has been defined a-o-pligéhingsiotd (extension pomts)@afd pl ac
thingsto-plugi n ( e x t [Gansnia and Beck, 2003An Eclipse plugn has the
ability to integrate with other plugs to extend functionality. New functionality and
features are implemented as layered phgy One plugn can extend the functionality of
anothermplug-in by implementing the interface defined by the extension point of the other.
Developers can provide new functionality to Eclipse by extending several existing
extension points, and at the same time provide further development opportunities for
othess by publicizing newxdension points.

Eclipse is capable of integrating new functionality from different developers
while preserving a seamless user interface and consistent user experience. The Eclipse
Plugin Development Environment (PDE) offers a pofuemplatfiorm to develop and

integrate different language tools that support DSL developfgehipse, 2007]

2.1.1 Eclipse Debugging Perspective

To assist in construction of new debugger interfaces, the Eclipse Software
Development Kit (SDK) provides the debugging perspective, which is a framework f
building and integrating debuggers. As shown in FigwE Zhe debug perspective
defines a set of interfaces that model common debugging artifacts (e.g., threads, variables,
and breakpoints) and debugging navigation actions (e.g., stepping, suspssslingng,
and teminating) [Wright and FreemaiBenson, 2004]The debug perspectiva@ppears
when programmerselectthe debugging mode for program executiodthough the
debugging perspective does not provide a specific implementation of a debugger, it does

offer a basic debugger user interface that can be adapted and extended with features
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specific to a particular language. The debugging perspective consasiangfuage editor,
a variableview, and a debugger viewThe Eclipse debugger perspective consista of
console view in ainitial layoutthatis designed to perform basietmiggingfunctionson
the source code in theiéar.

The language editor is thegoe where the targeted souroede reside The
breakpoints and program pointer appear on the left frame of the editor. A breakpoint is
the location where a programmer wants the program to stop during the exegution.
program pointer is the curreakecuton point of the running program. The variable view
is in the upperight corner ofthe IDE and displays the local variable values. The
debugger view is in thepperleft cornerof the IDE and shows the current execution
status of the running program such tareads and function nam@se top part of the
debugger view lists different debugging actions that progrars carinvoke Depenthg
on the current program behavior and lpggome debugging actionsiay not be
applicableandwill appearas disabled ithe debugging interfac&he editors, views, and
perspectives can be modifieextended and rearranged according @douses specific
need. The basic debugger user interface listens to the events from the debug model
interface and updates the contentsoading to the inforration from the debug events.

Chapter 3 describes an extension to the Eclipse debugging perspective to integrate
with an interactive debugging framework that assists in debugginageapn written in a

DSL.
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Figure2-1. Screenshot of the Eclipse Debug Perspective

2.12 Eclipse JUnit Test Perspective

Unit testing is a testingpproach[Zhu et al, 1997]that isolates the individual
units of program source code and validates the correctnesscbfunit againstits
requirementgUnit Testing, 2007] JUnit is a popular unit testing tool for construngi
automated Java test cases that are easy to write, composable, and [Sblaie®007]
JUnit is not only a standlone tool but also is adaptedthe Eclipseplug-in development
environmentA JUnit plugin for Eclipse provides a framework for automating functional
unit testing on Java programsth integrated JUnit suppordUnit generates a skeleton of
uni t test code according to the testeros
specify the expected value, the tested variable, the tested module of the source code, and
the test methoaf the test cases. JUnit provides a set of rich testing methods (e.g.,
assertEquals , assertNotNull , assertFalse , andassertSame ) and reports
the results (shown in Figu2z2) as: the total number of passed or failed test cases; the
true expected value armirrent expected value of the failed test cases; the name and
location of the passed and failed test cases; and the total execution time of all the test
cases. The test results can be traced back to the source code locations of the tested

program. The testases are displayed in a hierarchical tree structure that defines the
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relationship among test cas@sere are several benefits that JUnit offers in terms of test
automation andeuse that are provided by a common fixture that encapsulates all testing.
Asnot ed i n t he J Ulnitalsodrovices abenmdn attudtuoerto, all tésts
that progranmers carset up a test fixture, run some code against tharéx checkest
results, and then clean up the fixture. This means that each test will tura vireésh
fixture and the results of one test canot
goal of maximizing the value of the te3{gUnit, 2007] A collection of related test cases
is calleda test suite When e of the test cases faikhe entire test suitss declared a
failure. Template nethods are used tseparateand parameterizehe fixture (e.g.,set up
and tear dowp which make JUnit testaseseasy to writeln each test case, assertion
predicates assess the expected outcome against the actual outcome after executing a
program unit.The results of the tests are reported to programmers in either a graphical
summary or plain text.

In its curent form, JUnit is focused solely on Java and is not applicable to general
testing of DSL programs. I8hapter 4we describe how our mapping framork enables

unit testing of DSL programs using JUnit as the uryiteglunit test engine.
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Figure2-2. Screenshot of the JUnit Eclipse Ring

2.2 Program Transformation with the Design Maintenance System
A program transformation engine facilitatese titransformation of asource
program into a nevprogramrepresentationin some cases, the original behavior of the
source program nesdo be preserved (e.g., code refactoring and code optimization).
Typically, a program transformation is based on tramsédion rules that specify garn
matching on ambstract syntax tre@ST). A transformation rule also defines the rewrite
action needed for those parts of the AST
The Design Maintenance System (DMS) is a transéion and reengineering
toolkit devdoped by Semantic DesigfBaxter et al, 2004] In addition to DMS, there
are many dter popudr program transformation systems (e.g., ASF+$RR den Brand
et al, 2002] StrategdVisser, 2001] and TXL [Cordy, 2006). DMS is a commercially
available product anprovideslower leveltransfamation functions such as parsing, AST
generation and manipulation, pretty printing, powerful pattern matching, and source

translation capabilities. DMS also provides -pomstructed domains for \seral dozen
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GPLs (e.g., Java, C++, and Object Pasd¢alpMS, a language domain wtains a lexer,
parser, and pretty printer, as well as additional language tools such as type analysis tools.
In addition to the available parsers, the underlying rewriting engine of DMS
offers the machinery needed to perform invasisoftware transformations on legacy code
[ABmann, 2003] DSL languagealevdopers (not the actual enbers) can create a new
language domain using the soutoesource transformation functionalities of DMS. For
the purpose otheresearch presented in tldssertation DMS is used as the underlying
trarsformation engine tsupport the implementation of an aspect language for grammars
(called AspectG) to weave crosscuttitegstingtool concerns into DSL grammars. In
Chapter5, we describespects applied to grammars in order to generate newtBSing

tools.

2.3  Categoriesof Domain-Specific Languages

To demonstrate the generality of the approach described in the dissertation, three
different categories of DSLs were consider&tie horizontal direction of Figuré-2
focuses on facilitating the construction of the same so&weol (e.g., debuggand unit
test enging acrossthese threedifferent categories of DSLs (e.g., imperative DSL,
declarative DSL, and hybrid DSL). This sabction introduceshe definitions and

specific differences among the categories of DSLs desttitroughout tis disserétion.

2.3.1 Imperative Domain-Specific Languages
An imperative programming language is based on the von Neumann concept that

is centered on assignment expressions and control flow statdi®@ebésta, 200, which



21

allows a program to change the content of cells in memory. In an imperative language,
the state change of vable values is a central feature of interest. Therefore, for
imperative languages, testing tools are designed around capabilities to examine the value
of variables at rurtime.

For the purpose of thisesearcha simple imperative language for representing
robot control was adopted from previous case stupds et al, 2004; Mernik and
Gu me r ,. A 8ifiplke ahguage like the Robot DSL is used so that the discussion is not
hindered by the complexities of the DSL itself. In tHissertation the Robot laguage
has been extended by adding edefined function definibns and function calls. This
extension is useful to demonstrate 8tep Into  functionality of the DSL Debugging
Framework (DDF). The Robot DSL consists of four primitive moves that control robot
movement: up, down, right, and left. Users can define otheves (e.g., knight). Every
move increases or decreases the position of the robot along the x or y coordinate.
Additional Robot DSL statements are: initial statement, set statement, and print statement.
Figure 23 represents sample code written in the RADSL i lines 15 to 19 define
knight; l'ine 21 sets the robotds initial
forces <5, 6> as the robotds new current
position. The completeRobot language gramam written in ANTLR is containedin

Apperdix A.1.
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é

15 knight:

16 position(+0,+1);
17 position(+0,+1);
18 position(+1,+0);
19 knight:

20 é

21 Init position(0,0);
22 left;

23 down;

24 knight;

25 Set position(5,6);
26 up;

27 rig ht;

28 Print position;

é

Figure2-3. Robot DSL Sample Code

2.3.2 Declarative DomainSpecific Languages

A declarative programming language is based on declarations that state the
relationship between inputs and outputs. Declarative programs consistlafations
rather than assignment or control flow statements. démarativesemantics have a
precise interpretation that is closer to the problem domain. Such programs do not state
how to solve a problem, but rather describe the essencgroblem and let the language
environment determine how to obtain a re¢8kbesta, 200. Instead of assessing the
value of individual variables, a declarative DSL testing tool needs to evaluate the
relationships between each declaration, which are represented as data structures with
symbolic logic.

As an example of a declarative DSL, the Featurscbgtion Language (FDL) is
used in thidissertationto specify the legal configuration of an automobile product line
[van Deursen and Klint, 2002TThe FDL is a textual language that describes a feature
diagram [Czarnecki and Eisenecker, 2000Jwhich represents a hierarchical

decomposition of domain features arranged by composition rules (e.g., mandatory,



23

alternative, oroptional). FDL can be used to analyze all possible features in the
development of families of related systems.

The upper partof Figure 24 is an example specification written in FDL to
describe a simple car. According to the first featur€aa consistsof four mandatory
features:carbody , Transmission , Engine , andHorsepower . As shown at the
end of feature 1, featuneullsTrailer is an optional feature (i.e., a car can either
have gpul | sTrailer  or not). If the first character of a feature is a lowescasaracter,
the feature represents a primitive that is atomic and cannot be expanded further (e.g., the
carbody feature). If the first character of a feature is an uppercase character, the feature
is composite, which may consist of other composite or ipvien features (e.g., the
Transmission feature consists of two primitive featuresitomatic  andmanual ).

In feature 2 of Figure -2, the oneof composition logic operator states that
Transmission  can be eitheautomatic or manual , but not both. In featur, the
noreof composition logic operator specifies that Eregine can be eitheelectric

or gasoline , or both. In constraint 1, all cars are required to hgvellaTrailer

In constraint 2, onlyhighPower cars are associated with thellsTrailer feature

The combination of constraints 1 and 2 imply that all cars in this product line must be
highPower . The lower part of Figure 24 enumerates all of the possible legal
configurations that result from theafares defined on thapper parof the figure The

completeFDL grammamwritten in ANTLR iscontainedn Appendix A2.
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Car features in FDL

feature 1: Car: all (carbody, Transmission, Engine,
Horsepower, opt(pullsTrailer))

feature 2: Transmission: oneof (automatic, manual)

feature 3: Engine:  moreof (electric, gasoline)

feature 4: Horsepower: oneof (lowPower, mediumPower, hig hPower)
constraint 1: include pullsTrailer

constraint 2: pullsTrailer requires highPower

All possible car configurations

=

: (carbody, pullsTrailer, manual, highPower, gasoline, electric)

N

: (carbody, pullsTrailer, manual, highPower, electric)

w

: (carbody, pullsTrailer, manual, highPower, gasoline)
4: (carbody, pullsTrailer, automatic, highPower, gasoline, ele ctric)
5: (carbody, pullsTrailer, automatic, highPower, electric)

6: (carbody, pullsTrailer, automatic, highPower, gasoline)

Figure 2-4. Car Features Specified in FDL and List of Possible Car Configurations
(adapted fronfvan Deursen and Klint, 200R]

As another example, Backusaur Form (BNF) is a declarative DSL for formally
describing the syntax of a languagsing acontextfree grammaifAho et al, 2007]
BNF is a widely used grammar notation to verify the instances ofgadge, to analyze
the language features, and to generate the lexer and, marséner language tools. The
syntax specification of the Robot language in Bh#tationis shownin Figure 2-5,
where the uppercase symbols represent-taoninals and the lowercase symbols
represent terminals. Contefxee productions are specified using terminals and- non
terminals in this Robot BNF (e.gSTART ::= begin COMMANDS end ). This

grammaris a slight simplification of the ot language described in Sectiof.2.
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1 START ::=

2 begin

3 COMMANDS
4 end

5 ;

6 COMMANDS :: =

7 COMMAND
8 COMMANDS
9 | epsilon

10 ;

11 COMMAND :: =

12 left

13 |right

14 Jup

15 |down

Figure2-5. Robot Language Syntax Specification in BNF Format

2.3.3 Hybrid Domain-Specific Languages

Bravenboer and Visser have invgstied the concrete syntax for languages that
assimilate embedded DSL code into the surrounding GPL code to provide the appropriate
notation for expressing domain composit[@ravenboer and Visser, 2004Tonversely,
some DSLs embed GPL code within the DSL program. We call such examples hybrid
DSLs. The linguistic exnsion provided by the GPL is used frequently in many DSLs
and is named the piggyback DSL design patf&minellis, 2001; Merniket al, 2005]

The piggyback pattern is widely adopted in DSLs for tools like parser generators, such as
Yet Another CompileiCompiler (YACC) [Johnson, 193], Bison [Bison 2007]
ANother Tool for Language Recognition (ANTLRNTLR, 2007]or the Constructor of
Useful Parsers (CUREUP, 2007]

The semantic actions in the grammar specification used by a parser generator are
descibed in GPL code (e.g., Java and C++), which are surrounded by DfSkruazis
corresponding to the grammar of the language. For the hybrid DSL cdmss stescribed
in this paper, we apply our framework to two different types of hybrid DSLs. One case is

when the GPL notation is considered the host language and the D@hedded in the
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surrounding GPL code; the opposite case is when the DSL is the hgisade and the

GPL is embedded in the surrounding DSL code. To supportisedprogramming, DSL
debugyers should be able to debug hybrid DSLs by switching language modes between
two different language domains.

When developing graphical user interfaces for Java, traditional Sayget al,
2002]user interface code is intertwined together so that it is hard to determinguhle a
structure of the end result of the visual representation. Fi2uéres an example of a
hybrid DSL called the Swing Usémterface Language (SWUL), which was first
introduced as an example DSL by Bravenboer and VjBsavenboer and Visser, 2004]
SWUL is a hybrid DSL that assists in constructing a Java Swingniseface in a more
comprehensive and structured way. The SWUL program is embedded into a Java
programand assimilated into the surrounding Java code through translation into pure
Java Swing code. Ideally, programmers should be able to debug through'thec®de
between two different language notations (e.g., Java and SWUL) rather than the
generated Java code. SWUL provides syntax for a block module that can describe the
user interface and add concrete syntax into the whole DSL program. Aaraple,lines
6 to 18 of Figure2-6 show SWUL code surrounded by Java code. In this specific case,
the SWUL code spéiies a JFrame layout containing one JLabel in the middie Q)
and two JButtondifie 11 to 14). As this example illustratesGBL that has an dmedded
DSL provides an ability to remove the accidental complexities of library usEue

completeSWUL grammamvritten in ANTLR iscontainedn Appendix A3.
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1 import javax.swing.*;

2 import java.awt.*;

3

4 public class WelcomeSwing {

5 public static void main(String[] ps) {

6 JFrame frame = frame {

7 title = "Welcome!"

8 content = panel of border layout {
9 center = label { text = "Hello World" }
10 south = panel of grid layout {
11 row = { button {

12 text = "cancel" }
13 button {

14 text = "ok" }
15 }

16 }

17 }

18 j

19 frame.pack();

20 frame.setVisible(true);

21 }

22}

Figure2-6. SWUL Sample Cod¢SWUL code in italics)

Figure2-7 is another example of a hybrid DSL that represents an exterfsioa o
Robot DSL from Section 2.B. The original Robot DSL does not provide native
constructs to handle 1/0O operation, usgerface, and random number generation. A
hybrid version of the Robot DSL provides syntax for a block module that can add Java
codefragments into the DSL program, which can be used to implement the functionality
not provided in the original language. As an example, line 13 of FRydrentroduces a
new random move that requests from the user the boundaries for a random number
generabr that produces random coordinatésnes 13 to 27 represent the method
definition of the random move (lines 14 to 26 specify the semanticanofom as
written in Java). Line 35 is the code in the main part of the DSL that calls random. A
hybrid DSL& ahlity to escape to a GPL provides a simple language extension
mechanism. DSL design idten an iterative process guided by user feedback. Frequent

escape t@ GPL may suggest that a new construct should be added in the next version of
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the DSL tosupport a commonly needed featufidhe completeHybrid Robot DSL

grammawritten in ANTLR iscontainedn Appendix A4.

é

13 r andom:

14 {

15 String answer;

16 int max;

17 JOptionPane myGUI = new JOptionPane();

18 Random rand =new  Random();

19 answer = myGUI.showlnputDialog("Please enter f{
20 max = Integer.parselnt(answer);

21 X = rand.nextInt(max);

22 answer = myGUI.showlnputDialog("Please enter f{
23 max = Integer.p arselnt(answer);

24 y = rand.nextInt(max);

25 myGUl.showMessageDialog(null, "Generated Position(" + x +"," + y+")");
26 }

27 r andom:

28 é

29 Init position(0,0)

30 left

31 down;

32 knight ;

33 Set position(5,6)

34 up;

35 ra ndom;

é

Figure2-7. Hybrid RobotDSL (Java code in italics)

2.4  AspectOriented Programming (AOP)

Programmers often encount@situation where identical or simildnnctionalty
isspread oveaen appl i cat iamis difficultcta rdodulatzea Ehe nature of
certainbusinesgprocesses and reaforld problens may force some concern dimensions
to bescattered acrosdifferent modules and tangled within a single module, hampering
the proper separation of concenidijkstra, 1976] Even tlough the ObjeeOriented
Programming (OOP) paradigm supports modularization an@usability through
encapsulabn, inheritance, and polymorphisra new language construct needed for
identifying, encapsulating, and manipulatitige separatiorof concerns to complement
traditional programming languageCapturingscattered and tangled code is miadzed

as aspets, which are concerns of interest that apecified in a singléocation that is
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modularized AspectOriented Programming AQOP) assists software engineersn
modularizing and decomposirggosscutting concernsnto a more manageable fashion,
which has bee shown to improve the comprehensibility, changeability, and
maintainability of the whole sbfiare system.

AOP techniques for generplrpose programming languages have been
developede.g., AspectJKiczaleset al, 2001] [AspectC#, 2007]and[AspectC, 2007)
These languages represg@neralpurpose aspedanguages (GPA4) applied to GPL
domains (e.g., Java, C#, and C). A GPAL is an asp@duagethat providesgeneral
constructs that improve modularization of a broad range of crosscutting concerns
bounded within a specific GPICrosscutting concerns enger not aly in GPL source
code, but also in various representations of software artifacts (e.g., niGogy<t al,
2001] nonfunctional software requiremen{®uclos et al., 2002] and programming
languag@ grammargWu et al, 2004). However,mostresearch and delpment efforts
have beerdevoted tovard bringing AOP supporto programming languages, rather than
artfacts from other phases of software developmaudt recently, the research tremab
shiftedtowardsdescribing specific crosscutting concerns (ergdel evolution, language
extension, and tool generatjoimat provide language constructs tailored to the particular
representation of such concermnsuch languages are called domspecific aspect
languages (DSALs)A DSAL that addresses tool generaticoncerns observed in
language grammars is described in Chapter 5

There are three main language componentstgpical aspeebriented language
join points, pointcuts, and advicé join point indicates the location in the program

where a specificcrosgutting concernsappears This location can be eithex static
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location of aparticularsegment of source code, or it candmynamic progranexecution
point. A pointcut is a set of join points and is specified by designtitatsredeclarative
keywords indicahg characteristics that identify the essence of a set of common join
points Advice is a set obehaviorthat is attached to speciffoin points. Advice can be
attached to poicutswith specificbehaviorthat representnethods or operains written

in a GPL nadtion.

2.5  Syntax-Directed Translation

Popular parser and lexer generators (e.g., ANTLR, CUP, and YACC) aid
programming language designers in constructing new programming languages by
translating a language specification into aelexand parsefParr, 2007] These tools
provide an etensible framewrk and allow walking and manipulating ASTs for building
language compilers based on various technologies (e.g., Visitor P&gmmaet al,
1995] and program transformation). Symdxected translation is a gramraarented
compiing technigue where an inpoutput mapping is based on a contgge grammar
that speffies the syntactic structure of the inpato et al, 2007] Embedded within the
right-side of each grammar production is a set of semantic rules for computation
associated with the grammar symbols appearing in that production.

A DSL grammar is often defined using a standard language specification notation,
such as BNF. Based on the DSL grammar written in Bleifiguage design ta®kan
generate the language lexer goarserfor a DSL. Alsq by modifying thesemantic

specificationof a DSL6 EBNF definition, the additional mapping information of the
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translation from the DSL code to the generated GPL code can be generated by the syntax
directed transtion proces®f themodified parser

Throughout this dissertation, ANTLRANTLR, 2007] is used as the language
construction tool to define the various DSLs that are discussed. ANTLR is a parser
generator that provides a framework for constructing various programming language
related tools (e.g.,recognizers, compilers, and translators) from grammatical
specifications. The ANTLR specification language is based on EBNF notation and
enables syntadirected generation of a lexer and parser. The tokens comprising the
lexical part of the grammar for ¢hnew language are defined using named regular
expressions. The parser representing the syntax and semantic parts of the language
specification is defined as a subclass of the grammar specification and encapsulates
semantic rules within each grammar prathht The semantic actions within each
production rule are written in a GPL (e.g., Java, C#, C++, or Python).

The Eclipse PDE provides a platform for creatiegnew domairspecific
language environment, which allowse developer to extend the baseafuesthat are
suitablefor a particulatD SL t hr o u g h -ifcextensipgnanedchanisig/ithia the
Eclipse platform, msscutting concerns emerged from DSL testing tool generation
process A program transformation approach to implementaspectoriented weaver
assists in modularizing crosscutting conceatsthe language grammar level. The
framework developed to support the resedrabbeen implemented as Eclipse ping
(i.e., the DSL debugging framework discussed in Chaptandthe DSL unit testing

framework discussed in Chapte). All of the DSL debuggers and unit test engines
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presented in this dissertatisreredeveloped in Eclipselheaspect language discussed in

Chapter 5s developed sing a program transformation enginee( DMYS).
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CHAPTER 3

DSL DEBUGGING FRAMEWORK (DDF)

This chaptepresents a technique to build a debugging tool generatiomrairi
from existing DSL grammars. It utilizes existing GPL debuggersagpldg-in sotware
development environment to simulateethendu s er 6 s debugging
augmentation of original DSL grammal®oksaregenerated to interface with the IDE.
Five case studies presented in this chapter illustrate how the DSL debuggers are
generagd by DDF. This chapteniroduces an approach tren provide delgging tool
suppot for DSLs at ahigher abstraction level. In addition, to demonstrate timefiie of
this approach, experimental evaluation is discussed, including generality analysis and
experimental results.tAhe end of this chapter, related work and a concluding discussion

are also presented.

3.1 DDF Architecture Overview

The DSL Debugging Framework (DDF) provides a gramdraren technique for
reusing an existing GPL debugger in conjunction with the demgymterface available
in Eclipse. An illustrative overview of the DDF is shown in Figusg. A key technique
of the DDF is a mapping process that records the correspondemeeb the DSL and

the generated GPL. The ANTLR translator generates GPL ewbmapping information
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from the DSL source. The DDF requires mapping information that depends on both the
source language (DSL) and the target language (GPL). The mapping components
comprise the source code mapping, debugging methods mapping, and debeggliisg
mapping components (middle of FigurelB The results from these first two mapping
processes areaterpreted into the GPL debugger server as debugging commands, along
with parameters provided to the translated GPL code. Important informduabnist
captured in the mapping are: (1) the representation of the sewaidanguage; (2) a
function that defines how values in the DSL are represented on the target GPL, and (3) a
specification that states how such values should be displayed to thesendn the de
bugging perspectivilRyu and Ramsey, 2005Thesource code mapping componeses

the generated mappimgformation to determine which line of the DSL code is mapped to
the corresponding segment of GPL code. Source code mappicgtexithe location of

the GPL code segment corresponding to a single line of code in the DSteligging
methods mapping cgunentreceivestheenrd ser 6 s debugging -comman
bugger perspective at the DSL level to determine what type of debugging commands
need to be issued to a commdme debugger at the GPL level. The semantic actions
associated with the debuggese syntaxdirected translation and additional semantic

functions in the grammar specification to generate the mappimigriation.
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DSL Debugging Variable View
8 :
DSL

Debugging Actions
End-User \‘ DSL Level
)
GPL Level
ANTLR  Rs
Translator § Debugging

Results Mapping

GPL Source Code Debugging
Mapping Methods Mapping

GPL Debugging
Commands

Re-interpreter GPL Debugging Sever

Figure 31. DSL Debugging Framework (DDF)

The GPL debugging server responds to the dgihggcommands sent from the
re-interpreter component. The debug result at the GPL level is sent back to the Eclipse
debugging perspective by tldebugging results mapping componesiich is a wrapper
interface to convert the GPL debugging result mesdsages into a form to be displayed
at the DSL level. Because the messages from the GPL debugger are ceimmand
outputs, which know nothing of the DSL or the Eclipse debug perspective, it is necessary
to remap the results to the ender perspective. As &sult, the DDF enables the end
user to interact directly with the debugging perspective at the DSL level.

Figure 32 illustrates the Robot DSL debugger generation process. In Figlire 3
with the mapping generator embedded inside the grammar, the lexearaed generated
by ANTLR (step 1) takes the Robot DSL as input (step 2). ANTLR not only translates

the Robot DSL program into the corresponding Robot.java, but also generates the
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Mapping.java file (step 3). The mapping file represents a data structtinetords all of
the mapping information about which line of the Robot DSL code is mapped to the
corresponding segment of Robot.java code. It indicates the location of the Robot.java
code segment. Interestingly, the mapping information crosscuts the grammsuch a

way that an aspect emerges within the grammar definition (please see Chiytares)

al., 2006].
Robot DSL Robot.java and Mapping.java
1 begin public class Robot
2 left public static voi d main(String[] args) {
3 down i
4 up Jimove left
5  right X%l
6 end time=time+1;
limove down
y=y-1
time=time+1;
}
)
Lexer,
Parser
inport java.util.Arraylist;
EE— public class Mapping {
Generated Lexer, and Parser RIGERIUER Gl T
public Mappi ng(){
- by ANTLR mappi ng=new ArrayLi st ();
. mappi ng. add(new Map(1, "Robot.]java",2,8));
Robot DSL Grammar In ANTLR Notation appl ng. add(new Map(2, " Robot .| ava®. 40, 14)):
[
) }
.| | Variables
Debugging View
View |
) (6
== Mapping
Component
DSL L
Editor

Java Command Line Debugger

Robot DSL Debugging Perspective in Eclipse

Figure 32. Debugger Generation Overview

The mapping component interacts and bridges the differences between the Eclipse
debugger platform and th&DB (Java Debuggeristep 4). There are two rowtdp
mapping proceses involved (step 5 and step 6) between the Robot DSL debugging
perspective in Eclipse adDB. A user issues debugging commands from Eclipse that are

interpreted into a series 3DB commands against the Robot.java code. Based on the pre
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defined déugging maping knowledge, the mapping component determines the

sequence of debugging commands that need to be issued)@Bla¢ the GPL level.

3.2  Source Code Mapping

As a sideeffect of the sourcéo-source translation process of the DSL-pre
proaessor, the source code mapping information is generated when a DSL source file is
translated into an equivalent GPL representation. The translation rules are defined in the
DSL grammar. During the translation process, the base grammar of the DSL is
augmengéd with additional semantic actions that generate the source code mapping
needed to create the DSL debugger. The mapping contains the following information,
which is stored in a vector: (1) the DSL line number; (2) the translated GPL file name;
(3) the lire number of the first line of the corresponding code segment in GPL; (4) the
line number of the last line of the corresponding code segment in GPL; (5) the function
name of the cuent DSL line loetion, and (6) the statement type at the current DSL line
location. The statement types can foactiondefinition , functioncall , or
none.

A functiondefinition consists offunctionhead , functionbody ,
andfunctionend , where:functionhead is the beginning of a function (lingon
the left side of Figure-3 is thef unctionhead of knight); functionbody is the
actual definition of a function (line4 to 6 on the left side of Figure-3 represent the
functionbody of knight); functionend is the end of a function (line 7 on the left
side of Figure 38 is thefunctionend  of knight). A functioncall is the name of

the function leing called from another location of a program. The statement type for a
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built-in method of a Robot program is set tmne. For example, the mapping
information at Robot DSL line 13 in Figure33is {13, "Robot.java”, 20, 21, "main",

"none"}. This vector indicates that line 13 of the Robot DSL is translated into lines 20 to
21linRbb ot . j ava, designating the fASet position
For each line of the Robot DSL codegeté is corresponding mapping information
specified in the same format. Although the examples presented in this section are tied to
Java and the simple Robot DSL, the source code mapping and interaction with the GPL
debugger and debug platform can be sdpdrérom any specific DSL and GPL. The

Eclipse debugger perspective is independent of any GPL. Thus, the DDF can be used

with any GPL that has an existingaigger.

é é

3 knight: 6 public static void move_knight(){

4  pos i tion(+0,+1); 7 X=Xx+0;

5 pos i tion(+0,+1); 8 y=y+1;

6 pos i tion(+1,+0); 9 X=x+0;

7 kn ight 10 y=y+1;

8 é 11 X=X+1;

9 Init pos i tion(0,0); 12 y=y+0;}

10 left; 13 public stat ic void main(String[] args) {

11 down; 14 x=0;

12 knight; 15 y=0;

13 Set pos i tion(5,6); é

14 up; 18 move_knight();

15 right; é

16 Print position; 20 x=5;

é 21 y=6;
é
26 System.out.printin("x coordinate="+x+""+
27 "y coordinate=" +y);}
é

a) Robot DSL b) Generated Java

Figure 33. Robot DSL Source Codedyping

Variable mapping implicitly exists within the DSL compiler specified during the
syntaxdirect translation in the semantics specification. Figuei8 part of the Robot

DSL grammar specification that specifies the semantic actions taken on thetimp
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position  variable. This part of the grammar translates line 4 of the Robot DSL in
Figure 33a into lines 7 and 8 of generated Robot.java in FigeBb.3The Robot DSL
variableposition  is mapped tox andy variables in Robot.java. The trslation of the
position variable represents a ot@many variable mapping, where one DSL
variable is mapped to two or more GPL variables. These forward (i.e., from DSL to GPL)

variable mappings are used implicitly by the DDF for generating thed@Buggers.

Functionbody
:(VARIABLES LPAREN op1:0OP func_numl :NUMBER COMMA 0p2:0P func_num2:NUMBER RPAREN
{ funcall="functionbody";
dsllinenumber=dsllinenumber+1;

fileio. print(" x=x"+opl.getText()+func_numl.getText()+";");
gplbeginline=file io.getLinenumber();

fileio. print(" y=y"+op2.getText()+func_num2.getText()+";");
fileio.print(" time=time+1;");

gplendline=fileio.getLinenumber();

filemap.print("mapping.add(new

Map("+dsllinenumber+", \ "Robot.java \","+gplbeginline+","+gplendline+","+
"\ "+funcname+" \"™ +""+" \ "™+funcall+" \ "))

Figure 34. Part of Robot DSL Grammar Specification

Figure 35 is part of the SWUL grammar specification that specifies the semantic
actions taken on JFrame variable assignments. Thiangaa fragment translates one
SWUL st at e dgreameé frarfiei =.freame; o ) into 4 Ilines of
WelcomeSwing.java statements (e.g., lines 7, 9, 10, and 11) as indicated in Figure 3
The SWUL variableframe is mapped to the frame variables in éaneSwing.java.

The complete DSL grammar specifications are available at Appenglix A
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5  JFRAME IDENTIFIER ASSIGN IDENTIFIER LCURLY
6

7 fileio.print("jFrame_0 = new JFrame();");

8 jframename="jFrame_0";

9 fileio.print("JFram e frame="+jframename+";");
10 fileio.print(" frame.setSize(200,150);");

11 fileio.print(" frame.setVisible(true);");

12 }

13 frame RCURLY SEMI

14 )

15 ;

Figure 35. Part of SWUL Grammar Specification

3.3  Debugging Methods Mappirg

The traditional debugging activities of a GPL include setting or clearing a-break
point, stepping over, stepping into, terminating a debug session, and resuming execution
[Rosenberg, 1996]These debug actions are also suitable forusmits debugging a DSL
program. All of the debugging mapping knowledge is-gefined within the algrithms
in the DDF. These algorithms are designed in a general manner to work with most cases
of the different types of DSLs defined in Chapter 2 (i.e., imperative, declarative, and
hybrid). However, several minor adjustments to algorithms may be needed in some
cases, such as particular features within declarative DSLs. The quantitadsigeneent
of such adaptation is presented in Section 3.6. The specifics dethgging methods
mapping are illustrated in Figure63 with the type of mappings named in the first
column, the DSL debugging actions specified in column two, and the respective GPL
debugging etions in column three.

In Figure 36, the second row indicates that DSL line numiédris mapped to a
segment of BL code from line numbean_ito m_j, as shown in column 3. Among the

debugging actionsstep is the most useful and complicated action. Except foStee
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actions, the remaining GPL debugging actions have

straightforward mappings (i.ethe same debugging action requested on finieof the

DSL is mapped to the same action on hmei of the generated GPL).

Mapping DSL GPL
Line Number: Line Number:
n_1 m_1
n_2 m_2
Source Code n_. m_.
n_i maps to n_i p M_i
mitom_j n_i+1 m_i+1
n_.. m_...
n_j . m_j
n_j+1 m_j+1
n_... m_...
Breakpoint Set brea kpoint at n_i Set breakpoint at mi
Step Over Step over line at n_i Step Over algorithm
Step Into Step into line at n_i Step Into algorithm
Terminate Terminate at line n_i Terminate a tline mi
Resume Resume at line n_i Resume at line mi

Figure 36. Mapping of Debugging Actions between DSL and GPL

Because there is an abstraction mismatch between the DSL and the generated

GPL code, the step debugging actions cannot be mappedydilMtten an endiser

steps through the DSL code to examine the values of DSL variables, the underlying GPL

debugger acts differently to simulate the step through debugging action at the DSL level.

During a stepping action within the DDF, the DSL debug@iep Over

algorithm is

invoked (see Figure-3). This algorithm requires information about the function types

and function names that were generated from the DSL grammar. This algorithm is

responsible for matching theniguage abstraction gap between tHelL.and GPL at the
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source code level. Engsers can perform &tep Over action at either the main
function level or within individual function definitions. 8tep Into  action may also
be performed at the function call level if a corresponding function itlefinexists. The

Step Into  action is disabled if the current fction call has no function definition.

1 if  (function name equals Amai no) {

2 if  (dsl_line_number < last line number of DSL code) {

3 set breakpoint at gpl_line_number corresponding to d sl_line_number+1
4 call  cont()

5 }

6 else {

7 call  cont()

8 step over last line of DSL code, debugging session terminated

9

10 current dsl_line_number increased by one;

11 }

12 else {

13 get function_type from mapping information base

14 if (f unction_type equals  "functionbody") {

15 current dsl_line_number increased by one

16 for all the statements corresponding to this one line of DSL code {
17 call  step()

18

19 } elseif (function_type equals "functionend") {

20 call ste p()

21 assign current dsl_line_number as previous_dsl_line_number + 1
22 }

23 }

Figure 37. DSL Debugging Step Over Algorithm

In Figure 37, according to the function name of the current line of the DSL
source code, the first condition (seeelil) is used to determine where 8tep Over
action is taking place (e.g., at the main function level or at thedediered function
definition level). Thedsl_line_number is the current execution position at the DSL
code level. Thgpl_line_number is the current execution position at the GPL level.
If the current program pointer is within the main function level, the DDF sets up a
breakpoint at the GPL level at locatigpl_line_number , which is the beginning

GPL line of the corresponding DSL line. Tlewnt method is a suboutine that
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continues execution of the debugged application until the debug session is stopped at
another breakpoint orr@inated. Line 10 increases the current DSL line number after the
Step Over action is completed.

When the currenprogram pointer is at the function definition level, the step over
action perfor ms di fferently. | f t he C
functionbody , unlike the situation in the main program, the function definition may
cast another function deftion where the source code mapping information is not
sufficient to determine the line number of the intended program execution location.
Therefore, a different strategy is used in this case. Stepping over one line of DSL is
equivalent to perfaning an teration of steps through many lines of GPL code, because
one line of DSL code cagsponds to a sequence of GPL code. The number of iterations
(line 16) can be computed by subtracting Ibleginning_line_number+1 from the
ending_line_number . Each iteratiorperforms the GPIstep() subroutine on the
GPL code, which onlydvances execution to the next line. When the user steps through
the last line of a function (indicated by function tyfpectionend in line 19), the
algorithm invokes the GPlIstep() method oty once, which moves the program
pointer out of the function defition and back to the next line of the GPL code before the
DSL Step Over action. To synchronize the line number at the DSL code level, the
current program pointer is moved to lipeevious_d sl _line_number+1l |, which is
the next line before the DS&tep Over at the function definition in the DSL. The
variable calledorevious_dsl_line_number is a temporary counter that stores the
line number before the user executes the [XEe&p Over action on afunction

definition. All of the corresponding GPL line numbers, function name, and types come

u

r
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from the source code mapping information (e.g., line 13hokigh thisStep Over
algorithm is generalized to be used in most case studies described in thistthssehe
different meanings ofStep Into and Step Over for a declarative DSL require
minor adjustments in this algorithm to handle neguirements, which are described in

Section 3.5.2.

3.4  Debugging Results Mapping

The debugging results from the GRlEbugger are returned in the GPL context
(i.e., GPL variable names and results), which is not at the correct level of abstraction for
endusers. Thus, the debugging results from the GPL debugger must be mapped back to
the DSL debugging perspective so tlemidusers can understand the meaning of the
results. The onéo-many mapping between the DSL and GPL can be captured by
augmenting the base DSL grammar with additional code that describes the mapping in

specific grammar productions.

3.4.1 Debugging Resuls Mapping Process

The DDF captures the debugging results by reading the output of the GPL
debugging serveraos response to the sequen
debugging results sometimes are meaningless for DSL programmers unlesanthesy
understood properlyAlso, the debugging results from the GPL debugging server may
contain many symbols that are not needed in the DSL context (e.g., command prompt
symbols, spaces, tabs, and newlines). The first step towards debreggittg mapping is

to sanitize the raw GPL debugging results. A clapmethod handlethe first step of the
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reverse mapping. The second step is to retrieve the necessary information from the
sanitized results and compogem into the format that the IDE debugging perspective
can display properly. The objective is to allow the results of the GPL debugging server to
be displayed to the endgser in the proper context of the DSL. In some cases, the
debugging results mappingay exist within the DSL compiler such that the DDF can

directly use the interface functions that the compiler provides to reveal variable values.

3.4.2 Debugging Results Mapping Example

Figure 38 shows the specification of thRIT production from the Rmot DSL
grammar. Line 13 is an addition to the base grammar that adds the reqptagme
formation. This specific mapping is added into the DSL grammar to enable re
interpreting of the raw GPL data returned frodDB. This mapping assists in
reconstiuting the DSL variable value (i.e., this specific line number indicates that the
variable in the DSL is composed of two variables namedoordinate and
y_coordinate ). The left side of the assignment is the DSL variable name and the
right side of the asghment corresponds to the presentation format of variables at the
DSL level. In order to obtain the variable value, lines 5 and 8 indicate the commands to
guery the values of GPL variabl@sandy, and assign them to_coordinate and
y_coordinate , which ae used to construct the value of the DSL variable. For
example, the command teetrieve the value ofthe x_coordinate from JDB is
fiprintx . 0 The debugger variable vi éaDBamdet r i

displays the position values at tRebot DSL level.

eV
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1 | INIT var:VARIABLES LPAREN init_num1:NUMBER COMMA init_num2:NUMBER RPAREN
2 {

3 dsllinenumber=dsllinenumber+1,;

4 fileio.print("x="+init_numl.getText()+";");

5 fileresult.print("x_coordinate=print x");

6 gplbeginline=fileio.getLin enumber();

7 fileio.print("y="+init_num2.getText()+";");

8 fileresult.print("y_coordinate=print y");

9 fileio.print("time=0"+";");

1
1

0 gplendline=fileio.getLinenumber();
1 filemap.print("mapping.add(new
Map("+dsllinenumber+", \ "Robot.java \","+gplbeginline +
12 ","+gplendline+","+" \ ""+funcname+" \"+""+" \ "™+funcall+" \ "))
13 fileresult.print(var=var.getText()+"(x_coordinate,y_coordinate)");

Figure 38. Debugging Result Mapping for thelIT Production of the Robot Grammar

The debugging resdt mapping is stored in one central location (called
fileresult ) where the DDF framework can acces$sis information while
automaticallygeneratinga DSL debugger foa specific DSL (e.g., Robot language, FDL,

BNF, and SWUL).

3.4.3 Crosscutting Grammar Concerns

A crosscutting concern emerges from the addition of the explicit mapping in each
of the grammar productions. For example, in FiguBtBere are many lines that are not
part of the original grammar and are concerned solely wall&bug mapping (lines 3, 5,
6, 8, 10, 11, 12, 13). Similar debug mapping statements in the semantic actions are
repeated in every terminal production. The manual addition of the same mapping code in
each grammar production results in much redundancy.oédh the Robot DSL is
simple, it is not uncommon to have grammars with hundreds of production rules. In such

cases, much redundancy will exist because the debug mapping code is replicated across
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each production. Of course, because the debug mapping coiscerat properly
modularized, changing any part of the debug mapping has a rippling effect across the
entire grammar. A contribution of this dissertation research is described in Chapter 5,
which demonstrates how an aspect language for grammars caniras&grating the
various testing tool concerns for a specific gramfién et al, 2005] Using a program
trarsformation techniga, ax aspecbriented languageas developedalled ApectG that
canweave aspects intdSL grammars The detailed desgtion of AspectG is provided

in Chapter 5.

3.5 lllustrative Examples
This section illustrates the application thie DDF on three different types of
DSLs through five examples (i.e., the Robot language, FDL, BNF, SWUL, and thé hyb

Robot language).

3.5.1 Generation of an Imperative DSL Debugger

This subsection describes an imperative debugger for the Robot Biiduced
in Section 2.3.1 that is generated by DDF from automated additions made to the base
Robot grammar. The frorend of the process begins with the ANTLR generation of a
lexer and parser for the Robot language. In addition to the lexer and parsgrpiag is
needed to link the Robot language to the generated Java code. The mapping is specified
as addional semantic actions in the Robot grammar definition. The lexer, parser, and

mapping generator form the building blocks for the fremd of the DDF
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The backend of the DDF consists of the stamldne Java commarthe
debugger[JDB, 2007] and the Eclipse debugger perspective. While adapting the
architecture of the Eclipse debug platform, DDF generates an implementation of the
debug model intéaces (&., ILaunch , IDebugElement , IDebugTarget , and
IBreakPoint ) to establish an Eclipse debugging perspective for the Robot DSL. The
Eclipse debug model is an evatrtven design that intercepts all debugging events. Most
of the debugger event listeners are lienpented as interfaces without an implementation
T it is the responsibility of a plumn to extend and adapt the interfaces to correspond to a
specific behavior for each debugger. The Eclipse debugging perspective listens for events
and uses the event imfoation to update the user interface to show the current state of the
debugged mgram[Wright and FreemaiBenson, 2004]

The DDF has a debugger-irgerpreter lhat marshals requests between the
specific debug model interfaces aldB. The debugger rimterpreter obtains a sequence
of debugging commands from tHeSLDebugTarget and queries the underlying
commaneline debugger (i.e., in this case, td®B). The DSLDebugTarget class
represents the debugging process and virtual machine, and communicates with the
debugger renterpreter. The DSLDebugElement interface generalizes different
artifacts in a psgram (e.g., debug target statement, variable values,randgs threads).
Whenanendiser | aunches a debuggi n-mtergretesiando n ,
sent as a command to the debugger interpreter. The result returned fididBtisestored
in a variable calledesultReader , which is then renappe back into the debugging
perspetive at the DSL level. If a GPL other than Java is used (e.g., C++), the underlying

GPL debugger can be changed easil$ioB (GNU Project Debugger)n such a case,
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the only adaptation needed to the DDF is a modificattothe commands issued by the
debugger ranterpreter. The fronénd of the DDF, including the implementation of
DSLDebugTarget , stays the same. The baekd of the DDF is modularized so that the
concern of the debugging user interface is separatedtirerbackend specifics of the
underlying GPL debugger.

Figure 39 shows thestepinto  method defined in th&®SLDebugTarget
class. When a debugging event (egigpinto ) is triggered by an endser, the
DSLDebugTarget sends a step command to the debuggeimterpreter through the
source code mapping generated from the DSL grammar addition (line 8). The current
position of the DSL line nmber (lines 10 and 14) and DSL function definition (line 6)

are updated after tretepinto  action is performed.

1 prot ected void stepinto() throws DebugException {

2 Map map;

3 dslrember = dsllinenumber;

4 map = (Map) mapping.mapping.get(dsllinenumber - 1);
5 sendRequest("step");

6 String functioncall = map.getFunctioncall();

7 for (inti = 1; i < mapping.size(); i++) {

8 map = (Map) mapping.mapping.get(i);

9 if (functio ncall.equals(map.getFunctionname())) {
10 dsllinenumber =i + 1;

11 break;

12 }

13 }

14 dsllinenumber = dsllinenumber + 1;

15 }

Figure 39. stepinto  function inDSLDebugTarget

The result returad from theJDB s in terms of the generated Java code, which is
at the wrong abstraction level for most armskrs. The variables view in the debug
perspectiveof Eclipseprovides a suitable place to display the variable values during the

debug sessionn order to display the variable values in terms of the Robot language, the
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variables view must map values from the Java state as returned fraiDBh® the
equivalent DSL variables in the debug perspectivelDB, a variable value is obtained
usng theprint  command. For variables or fields of primitive types, the actual value is
retrieved directly. In this Robot language example, only two variables were used in the
generated code (i.e., integexsand y). Within the debugging results mappinggeth
DSLDebugTarget obtains the result from théDB by i s @rintixn go fa n d
fprinty 0 commands to query the state of thes
DSL represents these two Java variables as a spugigion  variable, which is a
composition of he x andy variables in the generated Java. T8LDebugTarget
class reinterprets the raw data returned frdDB and reconstitutes thmosition  value
as the format obtained from the debug result mapping.pbisgion  value is then
pased to the variables view of the debug perspective at the DSL level.

Figure 310 represents a screenshot of the debugging session on a Robot program.
The lowerhalf of the figure is the Robot DSL editor, which indicates the location of the
current progranexecution point (i.e., the highlight over the position <+0, +1>estant
in the knight method) and the breakpoint (i.e., the bullet on the left side of the editor over
the call todown). On the upperight corner of the figure, the variable view for thel®t
DSL indicates that the current robmisition  at this point in the execution 1, 0>.
The uppeileft corner of the figure shows the debugging view of the Robot DSL, which
includes the available debugging actions (e.g., resume, stopvatie@nd step into). The
debugging view also displays several properties of this debugging session (e.g., the name
of this session, the current debugging function name, and the current debugging target

program name).
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& Debug - Robot.rob - Eclipse SDK

File Edit Mawvigate Search Project Run  indow Help
il B-0-QU-|®F [0
%5 Debug 52

I T, B

=l Debug Robat [Robat D=L
—-1@ jafRobot.rob
= Thread[1]
= FKnight
g Clizsdkl.4.2_06ibintjava.exe

[ robot.rob 2
knight:
position(+0,+1);
¥ position (+0,+1;;
positioni+l,+0);
knight:

Init position{0,0);
left:;
° down ;
knight;
Set position(5,6);
up:
right;
Print position:

Figure 310. Screenshot of Debuggirsession on Robot Language

3.5.2 Generation of a Declarative DSL Debugger
This section demonstrates the application of DDF to two separate declarative

DSLsi FDL andBNF.

A Debugger for FDL

In addition to generating a debugger for an imperai&l like the Robot
language, the DDF can also generate a declarative DSL debug@®Llfqdescribed in
Section 2.3.2). The only modification to DDF is isolated in the component that maps the
variable results back into the Eclipse debugging perspedtitbe dclarative DSL case,

the variable mapping from the GPL to DSL is different from theerative DSL case. In



52

this particular instance of the FDL debugger, the variables view in the debug perspective
must represent all of the features at any pamttime within the execution state.
Considering as an example the Car specification from Figute seepping over each
feature causes the resulting configuration to expand or contract (see the expanded
variable view of the configuration in Figurel3).

The Eclipse debugging viable view is not able to display a Java object directly.
A function in the DDF is used to retrieve the attributes from the object and translate the
object into a primitive String type that can bepiiayed in the DSL variables viewhe
source code mapping information is passed to the retrieve method so that the GPL
variables are matched to variables in an FDL feature list. In the Car example, the car and
feature variables are objects in the generated code DBidDebugTarget queries the
state of the car value and the state of the feature values frodbBieThe state of the
GPL variables is rnterpreted into a String representation so that the Eclipse variable
view is able to display the current structure and contents ofdahée@ture diagram. This
speci fic vari abl evariabema g pvanggtText() i . e .+, A
remap(feature); 0) is added into t he -inkeHtetatpmoh mma r
the raw GPL data returned frodDB. This mapping assists in reconstituting the DSL
variable value. The functioremap() is used to clear up the raw debugging results from
JDB so that the welformatted string can be displayedtire Eclipse debugging variable
view. The left side of the assignment is the DSL variable name ¢aebo dy,
Transmission , Engine , andHorsepower ) and the right side of the assignment
corresponds to the presentation format of variables at the DSL level. In order to obtain

the value ofa variable (i.e.,feature ), (feature = "print var _hame" +
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listnumber + ".toString() " ) is needed to query the values of Java variable

feature , and assigned tear iable , which are used to construct the value of the DSL

#¥ Debug 52 = B|[t9=variahles . Breakpoints X <k
e @ Car= inRegular Yersion|n inall {carbody, one-of {automatic, manuallin, more-of (electric, gasoline)in, Horsepower, pu
_ % Transmission = one-of (aukomatic, manual)in
O = 3

@ Engine = more-of (eleckric, gasoline)in

xxxxxxxxxxxxxxxxxx
= [ new _confiquration [Feature Definition | . X .
= 8 JFOLCar Jang one-of (all {carbody, Horsepower, pullsTrailer, manual, gasoline, electric)

= o Thread[1] all (carbody, Horsepowsr, pullsTrailer, manual, electric)

E cn;ﬁigjﬂmmwaae all (carbody, Horsepower, pullsTrailer, manual, gasoline)
all ({carbody, Horgsepower, pullsTrailer, automatic, gasoline, electric)
all {carbody, Horsepower, pullsTrailer, automatic, electric)
all (carbody, Horsepower, pullsTrailer, automatic, gasoline)

all {carbody, Horsepower, manual, electric)

all (carbody, Horsepower, manual, gasoline)

all (carbody, Horsepower, automatic, gasoline, electric)
all {carbody, Horsepower, automatic, electric)

{
{
L
{
{
all (carbody, Horsepower, manual, gasoline, electric)
(
{
t
L
all ({carbody, Horsepower, automatic, gasoline)

Car : all (carbody, Transmission, Engine, Horsepower, opt(pullsTrailer))
e Transmission : oneof {automatic, manual)

Engine : moreof (electric, gasoline)

Horsepower : oneof (lowPower, mediumPower, highPower)

include pullsTrailer

pullsTrailer requires highPower

Figure 311. Screenshot of Debugging Session on Car Program

Figure 311 is a screenshot of aelougging session on the car specification
introduced in Figure -2. The lowethalf of the figure contains the FDL editor, which
indicates the brégoints and current feature rule under evaluation. The ujpgtarof the
figure contains the variable viewrfthe Car program, which shows the current state of
the feature configuration at the point of evaluating lloesepower feature. Figure 3
11 catures the instance of th@ar feature diagram after evaluating three feature rules
(e.g.,Car, Transmission , and Engine ). In this example, the program execution
point has stopped at the fourth feature definitidor6epower ). An enduser can click

a feature in the variable view and a detailed expansion view is provided (e.g., the
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enumerated list of possible configtions in the middle of the figure). The detailed view
enables an endser to see all of the rule combinations that contribute to the current state
of a particular configuration. The detailed view shows all feature rule combinations that
have been evaluatdy the composition logic rules (e.gne- of , more- of , andall ).
Notice that in the detailed view there are @ar, Transmission , and Engine
composite feature$ they have all been expanded to their atomic parts from the
evaluation of the first three feae definitions. The rest of the debugging perspective

(e.g., stepping over rules) is similar to the Robot DSL debugger in Section 3.6.1.

A Debugger for BNF

In addition to generating a debugger for a declarative DSL like the FDL, the DDF
can also generata declarative DSL debugger for the Robot BNF (describeddtioSe
2.3.2). The specific application of this debugger represents a tool integration
demonstration with the Language Implementation System based on Attribute Grammars
(LISA) [Mernik et al, 2002](see Section 4.7.3yhich is a system to generate a parser,
compiler, interpreter, and other langudmmsed tools (e.g., rfite state automata and
visualization editor) from a language specification. LISA is used to generate the parser
for the Robot BNF. LISA follows the standard BNF notation for defining the syntax of
the Robot language. Consitey the simple Robot BNF as axample, stepping over a
nontterminal causes the generated Robot language parser to iterate through the input
tokens by looking up the parsing control table and taking appropriate actions (e.g., shift,
reduce, accept, and signal anoe). This generatedarser code is implemented using the

classic tabledriven LR(1) parsing algorithm described Aho et al, 2007] Compared to
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the previous case studies in this dissertation, the more complexdtal@e data structure

is generated in Javadhis equivalent to theyntax specification written iBNF based on

the LR(1) parsing techniqueA parsing control table is pi@onstructed based on the
grammar specification of the Robot language. LISA generates Java code from this
description. The gimmar in BNF is mapped to the Action and Goto functions of an LR
parsing table. The complete table contents and video demos are availBi@é desting
Studio, 2007]

In order to generate a debugger for BNF, the modifications to DDF were isolated
in the component that mppd the variable results back into the Eclipse debugging
perspective an&tep Over debugging action, which are different from the FDL case.
For different problem domains, the easers have varying interests while debugging the
different DSLs. Tle language design experts are interested in the snapshot of each
parsing step based on the parsing control table. In the grammar debugger, the variables
view in the debug perspective must represent the current parsing state, current input
token, current paing action, current stack, and current input token position. Considering
as an eample the Robot language specification from Fig@r®, stepping over
COMMANDG&auses the current status of the parsing process to exeCl@OMBIANDS
definition. Figure 312 shows the Action and Goto functions tbe Robot language
parsing table for the Robot language. The actiontahle represents action functions of
all the terminals of theéb ot | anguage and the speci al sy
bottom of the &ack. The Goto subable represents goto functions of all the 1t@minals
of the Robot language h€ Eclipse debugging variable view is able to display the current

parsing state, current input token, current action, current stack, and current input token
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position. All of this information is retrieved from thREDB by the generated parser. A
function inDDF is used to retrieve the information from the parsing control table object
(in Java) and translate is attributes into a primitive String typectirabe displayed and

understood by endsers through the DSL vables view.

ACTION GOTO
State| begin | End | left | right | up down $ START | COMMANDS | COMMAND
0 s2 1
1 accept
2 r2 s6 s7 s8 sb 4 3
3 r2 s6 s7 s8 s5 9 3
4 s10
5 r6 ré r6 ré ré
6 r3 r3 r3 r3 r3
7 r4 r4 r4 r4 r4
8 r5 r5 r5 r5 r5
9 rl
10 r0

Figure 312. Action and Goto table of Robot Language h#tsing

Figure 313 is a screenshot of a debugging session of the Robot BidHover-
left of the figure contains the grammar editor, which also indicates the breakpoints and
current program pointer. The lowgght of the figure contains the inputhiguage editor
that contains a sample Robot language program. The -uigpérof the figure contains
the variable view of the BNF debugger, which shows the current status of parsing. In
Figure 313, the grammar program execution point has stopped at line 3 where the
breakpoint is set. After thBtep Over debugging action, the curreptogram pointer
moves to line 4 from line 3, which indicates that @@ MMAND®nNterminal has been
executed. An endser can click &urrentOperation variable in the variable view

and a @tailed expansion view is provided (e.g., the current parse astishiftl0
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which means the parser will shift to the number 10 state into the current parsing stack). In
this case, according to the action in row 4 and colanth of the ation field of Figure 3

12, the current operation &hift 10, meaning shift by punng state 10 on to the stack,

and removeend from the inputAt this point,the current parsing state is 4; current token

is end located at row 4 and column 1 in the input editor; current parsing state stack
contains[0, 2, and $ The detailed view showall variable values of interest that can
help language designers to assess the parsing process actoitiedanguage syntax
specification in BNF. The rest of the debugging perspective (®tgp Into rule)

allows language designers tbtain the parsig status of the neterminal definition that

was stepped into.

5 v = O ||(9= variables 52 . Ereakpaints

1] ] 3 = @ CurrentState = 4

@ CurrentToken = "end”

@ CurrentOperation = SHIFT10
4 CurrentStateStack = [0, 2, 4]
s CurrentPosition = (4,1}

=] . Debug Robot LISA Grammar [DEL]
-0 JAfRobotGrammar. rab
—l-qf® Thread[1]

p| C:\Program Files\Javaljdkl .5.0_08\binijava.exe

|=| RobotGrammar.rob 23 = O3 test 2
18TART ::= 1begin
2 begin 2 down
e 3 COMMANDS 3 down
L end 4 end
5 ; 5
&COMMANDS @ =
7 COMMAND
g COMMANDS
9 | epsilon
10 H
11 COMMAND ::=
12 left
13 | right
14 lup 1
15 | down
16 i

Figure 313. Screenshot debugging Session on Robot BNF
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Another version of a BNF debugger can hide the botipm parser
implementation details (e.g., current state, current operatiwhgcurrent state stack) from
endusers who are not familiar with this parsing technique. In such case, the debugging
perspective only shows the current token, current token locdtiace of consumed
tokens,anda trace of production$igure 314 is ascreenshot of this second version of
the BNF abugger. Inthis figure the current program execution point stoppetina 4
after theStep Over debugging action frortine 3, which indcates that th€OMMANDS
nonterminal has been executed.PkoductionTra ce variable in the variable view
providesa detailed expansion view of the value of suchcing (e.g., a trace of the
production flow history, which indicates all the grammar productions executed up to this
execution point). Th&€onsumedTokensTrace view shows all input tokens that are
consumed by the grammar productions up to this execution point, which can help

language desiwers to validate thRobotlanguage BNF syntax specification.

5 Debug 52 = 8 |[6= ©4 . Breakpoints
1] [} 3 = @ CurrentToken = "end"
% CurrentPosition = (4,1}
L 4
@ ConsumedTokensTrace = begin down down

= . Debug Robot LISA Grammar [D35L]
-2 [AfRobotErammar,rob
=g Thread[1]
= main

Bl CiProgram FilesJavatjdkl . 5.0_08\bintjava.exe COMMAND - down
COMMAND -2 down
COMMANDS -> epzilon
COMMANDS -> COMMAND COMMANDS
COMMANDS -> COMMAMND COMMANDS

|=| Robatiarammar.rob &7 T O E test 2
1START ::= lbegin
2 begin 2 down
e 3 COMMANDS 3 down
¥ 4 end 4end
5 ; 5
& COMMANDS ::=
7 COMMAND
8 COMMANDS
9 | ep=ilon
10 H
11 COMMAND ::=
12 left
13 | right
14 |up

15 | down
1la ;

Figure 314. Screenshot of another Versionzébugging Sessn on Robot BNF
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3.5.3 Generation of a Hybrid DSL Debugger
This section demonstrates the application of DDF to two separate hybridiDSLs

the SWUL and the hybrid Robot language.

A Debugger for SWUL

This section uses the SWUL hybrid DSL (as described anti@& 2.3.3) to
illustrate the generation process ofeatinga hybrid DSL debugger from a DSL
grammar. An identifier Adsl o is used as a
embedded SWUL code surrounding the Java statements. For examplepthegmg,
"Wel comeSwing.java", fRttorb2d4y o}t maime'ans" It alae
DSL statement that is mapped to one segment of code (e.g., from line 22 to 24) of the
generated Java code in WelcomeSwing.java. The functionidygeo used to determine
the mode in which the variables will be displayed (i.e., the DDF will switch between a
Java variable view, and a SWUL variable view depending on the function type of the
currently executed line of code). If the function type dfpecific line of the SWUL
program isS not prefixed with fAdsl, 0 the DI
val ues (i . e. fix, theiDSlhvartabeesalu@sdwslllbeshqwn, but without the
prefix, the Java variable will be displayed). Thaiable name is also determined by the
sixth field of this mapping information (i.d.abel ).

Within a hybrid debugger, the debug perspective must be able to display both
DSL variables and Java core variables based on the current mode of the debugger. In
JDB, thelocals command is used t@trievethe values of the local Java variables for

the current stack frame. In the debugger interpreter, a method delbexdy locals
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directly sends thdocals command to thelDB. The DSLDebugTarget method
within DDF obtains the debug result of therals command and displays the Java

variables in the debug perstige.

r& H E'a & Debug - WelcomeSwing, javaswul - Eclipse SDK
File Edit Mavigate Search Project Run Window Help
| . - - - 2 -
Hello \World o ¥-0-%-187 <
%Dahug B =8 Breakpoints

@ frame = title=\Welcome! layout=BorderLayout

@ panel_1 = layout=BorderLayout

@ label = hesk=Hello World verticalAlignment=CEMTER
& panel_2 = layout=

O R -
= . Debug WelcomeSwing. javaswul [SWUL DSL]
—- 1@ jaiWelcomeSwing, javaswul
=1 Thread[1]
= main
sl Cilizsdkl.4.2_08\binljava.exe

cancel “

@ button_2 = layout=0vetlaylayout texd
laycut=0verlayLayocut text=cancel

E welcomeSwing javaswal 52
limport jawvax.swing.?*:
Zimport java.awb.*;
3
4public class WelcomeSwing {
5 public static void maini{Stringl] p=) {

& JFrams frame = frams |
e 7 title = "Welcome!"”
g content = panel of border layout |
9 center = label { text = "Helle World"™ 1}
10 zgouth = panel of grid layout |
11 row = { button |
12 text = "cancel" 3
13 button |
> 14 text = "ok" 1}
15 }
1la }
17 }
18 T
19 frame.pack():
20 frame.zetVigible itrue) ;
21 }
22

Figure 315. Screenshot of Debugging Session on SWUL Program

In order to generate tH®&WUL debugger, a modificatiowasneeded to th&tep
Over action (i.e., an addition is made to the step method discussed in Section 4.1). When
debugging the Java part of a hybrid DSL (e.g., the code in FigliBec®ncerned with
packing the frame, line 19), there is a 4o@ne correspadence between the code in the
DSL and the generated GPL. In this mode, there is no mismatch between the DSL code

and the generated GPL code. The step method is modified in the case of a hybrid DSL by
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setting the debug actions in the DSL (e.g., set a pmak step over/into) to correspond

to the same line of code in the GPL. In summary, when debugging the Java aart of
hybrid DSL, theJDB results are passed back to the debug perspective astae-ame
mapping.

Figure 315 is a screenshot of tldebugging session for a hybrid SWUL program
that uses an escape block (e.g., lines 7 through 18) to @bshinctural description of
user interfaces. As the progratountersteps through the embedded DSL code in the
SWUL program, the user inteda Swing graphic representation window on the upper
left corner evolves according to the current program execution state. In the variable view
of the debugging perspective (shown in the upmgrt of Figure 315), the individual
components (e.g., frameglel, and button) and their associated attributes (e.g., location

and contents) are gilayed.

A Debugger for thélybrid Robot Language

Figure 316 is a screenshot of the debuggiegsson for a hybrid Robot DSL pro
gram that uses an escape block to obtain random coordinates for the robot position. As
the program pointer steps through the embedded Java code in the Robot DSL program,
the input dalog window asks the user to enter thage of values for the random number
generator. After the user enters the upper bound in the text box, the program pointer will
stop at the very next line (i.e., the line that translates the value into themi#ava
variable). In the variable view of the lmeyging perspective (shown in the toght of
Figure 316), there are two sets of views available to the user. Themogb view shows

the variable value of thgosition  variable at the DSL level. The bottemmost variable
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view displays the local variablesf the embedded Java code, including all primitive
variables (e.g., String answer and int max ) and object variables (e.g.,
JOptionPane myGUI and Random rand ). At this point in the debugging session,
the two abstraction levels complement each other toigeahe user with more precise

information about the execution behavior of tlyerid DSL program.

e &3 = 0| 09= variables 32 . Breakpoints A=
= @ Pasition(x,y) = Position( 7, 7)
S w0 @ % Local GPL Variables = Method arqurnents:inLocal variables:\nanswer = 10" nmax = 10\nmyGUI = instance of Javax swing. JOptionP ane(id=662)inrand = instanc:
i -~a
=+ [l pebug Hybrid Robet DSL [Robot DSL]
= 52 JaRobot.rob
=P Thread[1]

Method arguments:
Local variables:

= Rardor answer = "10"
o Cilizsdkl 4,2_08\bin|java.exe max = 10
nyGUI = instance of javax.swing.JOptionPane (id=(82)
rand = instance of java.util.Random (1d=683)
GPL Global Variables:
® = 7
y = 7
| Rabot.rob 2
random: % Please enter the upper bound of the interval for generating a random Y-axis
{ & |
10|

String answer;
int max; Cancel
JopticnPane myGUI = new JOptionPane ();
Randem rand = new Random () ;

answer = my&UI.showInputDialog("Pleaze enter the upper bound of the interval for generating a random X-
max = Integer.parselnt (answer);

x = rand.nextInt (max);

» answer = myGUI.shewInputDialog("Please enter the upper bound of the interval for generating a random Y-
max = Integer.parselnt (answer) ;
v = rand.nextInt (maxs);
myGUIL.showMessageDialog (null, "Generated Position(”™ + = + ", " + v+ ") ");

}
random: F_end
M_end
Init position(0,0);
e left;
down;

Figure 316. Screenshot of Debugging Session on Hybrid Robot Program

3.6  Case Study Evaluation

During the experimental evaluation phase of the DDF, it ots®rved that there
are generic and specific parts in the debugger generation priwess2006] The
architecture of the DDF framework and the debugger generation processes are generic
parts of the automated tool generation procedure that can be rearsed different
debuggers for these threategoriesof DSLs. The debugging action algorithms (e.g.,
Step Into and Step Over) are suited for most of the DSL cases in this research.

These algorithms require minor modifications for the BNF debugger. €as different
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types of DSLs, the two specific parts of the DDF are the source code mapping component
and the debugging results mapping component, which are represented as several

customizeccomponents in the DDF.

3.6.1 Generalization of DDF Usage

Various styles of DSLs served as test cases to determine the generality of our
grammardriven gproach by comparing the generation of different DSL debuggers. A
total of five different debuggers for three types of DSLs were generated using DDF.
Several quantitave measurements were observed to analyze the amount of effort
required to generate new debuggers. In particular, this section addresses the question,
AHow many of the generic software compone
modification or small change, as compared between differ
address the level of effort required to adapt a debugger, an important measurement is to
assess the amount of code that is written for each new debugger. Within DDF there are
19 software compnents. Amonghese components, there are 3,429 lines of codatbat
generalized and reused in all of the debuggers. On average, it has been observed that less
than 150 lines of code are needed for each new debugger generation. The comparison
presented in Table-B indicates that the amount of code needed to generate a DSL

debugger is relatively small when using DDF.
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Number of Specific Customized

DSL Category DSL Name Functions or Classes| Lines of Code
Imperative DSL Robot Language 2 69
FDL 3 89
Declarative DSL BNF 5 261
Hybrid Robot Laaguage 4 117
Hybrid DSL SWUL 5 152

Table 31. Generality Analysis of DDF

In Table 31, column 3 shows the number of specific software components (e.g.,
functions or classes) needed to generate each DSL debuggess Ahe five exaple
case studiegmongthe 19 reusable software componehesre are tw@omponentge.g.,
source code mappingpmponentand debugging results mappiogmponent}that need
modification to adapt the specificity of different DSésmothercomponent that cleaup
the debugging results is needed for generating FDL, Bl SWUL debuggers. To
generate the BNF debugg@&DF also needs tadd two additional functions to handle its
complicatedStep Over andStep Into  debugging actionsThe wo exra software
componentsieeded to generate Hybrid DSLs (e.g., Hybrid Robot language and SWUL)
deal withthe display of the local and ddal variables in the variables view.

The choice of the GPL debuggdep@&ds on the kind of GPL code gmated
from the DSL implementation. The GPL debugger performs the debugging actions on the
generated GPL codé#. DSLs are implementethrough translation tdifferent types of
targeted GPLs otlnethan Java, DDF has to change its underlying GPL debugger.
Different GPL debuggers have their own supported GPLs and different interfaces with

users. The rnterpreter is the one component that plays a specific role to adjust the






