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

Domainspecific languages (DSLs) assist a software developer (eusaT)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 gengratpose 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 anenduser 6s abil ity to discogram Thsnd | o«
dissertatiordescribes a grammudriven technique to build debugging and unit testing
tool generation frameworky adaptations texisting DSL grammarsThis approach
leverages existing GPL testing tools to indirectly exercise theuesce r 6 sanddtestb u g
intentions atthe DSL level. The adaptations tdDSL grammarsrepresentthe hooks
needed to interface with a supporting infrastructure constructed for an Integrated
Development Environment QE) 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 egineg 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 &fSL grammars. Toaddress these particular
crosscutting concerns,an investigation into the principles of aspedented
programming applied to grammaitsgs been conductedA domainspecific aspect
language, called AspectG, has been designed and implemented, which is focused within
the domain of langage specificationThis dissertation diines the challenges and issues

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

goal of empwering endusers with development tools for particular DSL problem

domains at the proper level of abstraction without depending oeceisGGPL.
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CHAPTER 1

INTRODUCTION

The advancement of ender programming tools has empowered those who are
not traditional programmers with an ability to create their own software solutions
[Sutcliffe and Mehandjiev, 2004Those 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 enelser programmingnvironments is the spreadsh@@tirnett et al, 2005]
which can be programmed by scriptstthige 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 programmerScaffidi et al, 2005), with the vast majority of endser
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 [¢éikzsrath,
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 dangerdutarrison, 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 poolusesnd
developers, and the rising cost of software failures, it is imperative thaisensl are
provided with tools that allow them to detect and find software errors absiraetion

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 GenBrapose Languages (GPLs), such as Java
and C++A DSL i s a, Aprogramming | anguage or e
offers, through appropriate notations aiibtractions, expressive power focused on, and
usually restricted t ovanReurgetralt 2000pADSkisgpr ob | e
programming language tailored toward the specific needs of a particutéemrdomain

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



Mernik et al, 2005] DSLs are oft enngdea glkestleyplO85; vans 0|l

Deursen and Klint, 1998jhat are designed to solve problems in particular domains.
DSLs hide the lower level programng 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 wherebseenadan
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 progmang [Simonyi et al,, 2006]
Modifications to DSL programs are easier to make and can bestoolé 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 ek 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 manipulatasgaf&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 device

independent mnnerfAtkins et al, 1999]

12  The Challenge of DSL Implementation

There is a distinction between the amger 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 taol 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 @®érnik et al, 2005). Trarslating a
DSL to an existing GPL is a popular impientation approach because the ulyiey
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 GPktrewts, and the well
developed GPL tools can be reused (e.g., dempdebugger, unit test engine, and
profiler). The highetevel 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 dissertafithhe preprocessor implementation pattern is
chosen where a DSL is translated using a sydiaecied 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 accorgiaglipeursen

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-1l). Usually,
domain expertglescribe 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 21. 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\Wéwelt
al., 2007] An gproach that hides the underlying use of the GPL tools offers a level of
transparency that can renmeuvhe 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 arskr programmer are not available, then the
utility of a new DSL is mminished.

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 cetelyl 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@&pbesented in the virtual machine

[Parnas and Siewiorek, 1979h many cases, including ppeocessor 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 atormme mapping of all of the features
available in a GPL). To edize the bjectives 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 hyldfidgure 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 grammadriven approach include several DSL debuggerd unit
test engines. As discussed at the end ofltbgertationfuture work includes generation

of profilers for DSLs.



Imperative DSL
Debugger

<

Imperative DSL
Unit Test Engine

J

Declarative DSL
Debugger

<

Hybrid DSL
Debugger

Declarative DSL
Unit Test Engine

<

4

Hybrid DSL
Unit Test Engine

J

Imperative DSL |:“> Declarative DSL Hybrid DSL
Profiler Profiler Profiler
Future Work

By Product | Weaving Aspects into
DSL Grammars

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 Begger and truthful behavior debuggetellweger, 1984] An
expected behavior debugger hides thagmm optimization and transformation from the
programmers n d

N aesporaly exactly as it would for an-optimized version of

t he same [Zplwepg,r18840 A tr ut hf ul behavior deb
optimizations have changed the program portion under consideration or it admits that it
canot gi ve a c[oelweger 1984fAs safegorizedebfAuguston, 1995]

the behavioral models of higher level debugging mechanisms can be specified (e.g.,
debugging queries, patxpressions, assertion checkers, and event tracers) to generate
new categories of debuggers (e.g., algorithmic debuggers, declarative debuggers, and
eventbased debuggerfAuguston, 199B. 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 +ime 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 endsers 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:.i
pefformance measurements by recording and computing oveamnenevent 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 dermine 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 reselaromtribution 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 agamily 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 featurfSlements and Northrop,
2002} The automation provided by generative programni@zarnecki and
Eisenecker, 2000pffers an extensible mechanism as darahtive to manual
tool constructionby transforming higher level specifications to lower level
equivalent program applicationhis 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 languaddescribedn Chapter 5)
can weave crosscutting tool concerns directly into a DSL graraman aid
toward the rapid generation of new DSL testing to@fapter 5 ao
discuses the detass of theinvestigation into aspedriented programming
[Kiczaleset al, 1997]to assist in modularizing the DSL tool concerns (e.g.,
debugging and testing) from a base grammtihough there have been other
efforts that explore AO on different $ofire 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

aspecioriented weaver that is focused on language 8patton 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)nzatioally 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 deinligging 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 Grammvare[Klint et al, 2005] which comprises gmmars
and all grammadependent stivare (e.g., lexer, parsei) key benefit is the ability to
explore numerous scenarios by considering crosscutting grammar concerns as aspects

that can be used to generate DSlingstools.

1.5 Overview

The remaindepf this dissertation is structured as follows: Chaptantébduces
the necessary background information to provide the reader with a bettestandmg
of other sections of thaissertationThe first part addressézlipseplug-in development
which is used to build the froréndof 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 duringgshesearch.

Chapters &and 4begin by describing aoverviewof thearchitectureof DDF and
DUTF. These chapters also provide details aboutrtipfementation of DDF and DUTF
including the construction of thedifferent components, the algorithmmvolved
experimentation results, and generalized usage of the DDF and DRifié&: related
software engineeringracticesare also discussed in thes@ chaptes. Each of these two
chapters povide experimental evaluatioof the contribution and offer a discsi®n of the
importance of considering software engimegifactors 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 asverviewof 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 file 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 unitbe 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 toolBhis chapteralso includes the
description othree different types of DSLis Section 23, whichare used as case studies
throughout the remaining chapters of thisserétion. A survey of software engineering
techniqus and practices used in this researalte also outlinede.g., AspectOriented

Programming (AOP) in Section 2.4daayntaxdirecedtranslation 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-opligghingsiotd (exxeasion pomts)@arfd pl ac
thingsto-plugi n ( e x t [Sansnia 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
anothemplugin 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
othes by publicizing newdension 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 polukmplatform 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 #he debug perspective
defines a set of interfaces that model common debugging artifacts (e.qg., threads, variables,
and breakpoints) and debugging navigation actions (e.g., stepping, suspsslingng,
and teminating) [Wright and FreemaBenson, 2004]The debug perspectivappears
when programmerselectthe debugging mode for program executiodlthough 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 consasisngfuage editor,
a variableview, and a debugger viewThe Eclipse debugger perspective consista of
console view in ainitial layoutthatis designed to perform basietiggingfunctionson
the source code in theiéar.

The language editor is thegoke where the targeted sourmede 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 namd8se top part of the
debugger view lists different debugging actions that progrers carninvoke Depenthg
on the current program behavior and lpggbome debugging actionsay not be
applicableandwill appearas disabled ithe debugging interfac&he editors, views, and
perspectives can be modifieextended and rearranged according @ouseis specific
need. The basic debugger user interface listens to the events from the debug mod