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ABSTRACT
DomainSpecific Languages (DSLs) assist a software developer (cusag in writing a program using
idioms that aresimilar to the abstractions found in a specific problem domBdml support for DSLs is
lacking when compared to the capabilities provided for stan@arteralPurposeLanguages (GFd),
such as Java and C++. For example, supportdébugginga program writtenni a DSL is often non
existent.The lack of a debugger at the proper abstraction lewés anendu s er 6 s abi | i ty t
locate faults in a DSL progranthis paperdescribes a grammudriven technique to build debugging
tool generation framewlrfrom existing DSL grammars. The DSL grammars are used to generate the
hooks needed to interface with a supporting infrastruatorestructedfor an Integrated Development
Environment (IDE) that assists @ebugging a program written in a DSThe contrilution representa
coordinated approach to bring essential software tools ¢(eluggersto different types of DSLs (e.g.,
imperative, declarative, and hybrid). i$lapproachhides from the endisers theaccidental complexities
associated with expandintpe focus of a language environment to inclutkdbugges. The research
described in the papaddresses bbngterm goal of empowering engserswith developmentools for

particular DSL problem domairat the proper level of abstractiaithout dependingn a specificGPL.

Keywords Debugging DSL, GPL ,Grammars Program EnvironmentintegratedEnvironments

1. INTRODUCTION
The advancement of ender programming tooldias empoweed those who are not traditional

programmers with an abilityo create their wn software solution$55]. Expertswho have a strong
understanding of a problem domain, but no formal computer programming training, can write software
applications to solve a specific need in their daily wiadks. The ability to create a software solution is

no longer the privilege of a computer scientish some casesraining intraditionalprogramming is not
necessaryg.g, one of the most widely available ender programming environments is the sgsbeet

[14], which can be programmed by scripts that use arithmetic and statistical formulas of a specific



domain instead of using traditional programming language cond&jjsit has been estimated thatly
a small fraction of software developers are actually professional develepgrsirf the United States,
Scaffidi et al.[51] estimate thathereare approximately2.75 million professionaddevelopers out of an
estimated80 million enduser programmerg with the vast majority of enduser developersuilding

applicationausing tools such as spreadsheets, query systems, or interactive scripting websites.

In addition b offering advantages toward ender programmingDomainSpecific Languages
(DSLy also offer benefits to traditional software developers by providing specialized languages to
supportactivities withinthe software development proceSeme of the more pular DSLs include the
language used in the Unixake utility [44] and the language used to specify grammars in parser
generators like YAC(39]. Other examples include the Very High Speed Intedr&tiecuit Hardware
Description Language (VHDL)4], which is a DSL to model a digital hardware system; Structured
Query Language (SQL) is a DSL to access and manipulate datgbBkeSraphics Adafor Language
(GAL) is a DSL to specify video device drivgist]; and Mawl is a DSL to specify formased services
in a deviceindependent mann¢s].

1.1 The Benefits d Domain-Specific Languages

To assist endisers in describing solutions to their work tadR§Ls [58] have beersuggestedis an

approacho remove the dependence on traditicdBaheralPurpose Languages (GPLsyuch as Java and

C++ A DSL is alanguage tailored toward the specific needs of a particular problem domain to ease the
development of softwarsolutions for that domain[20], [41]. DSLs are often descr.i

| a n g u[f]dI®]¢hat are designed to solve problems in particular domains.

The intent of DSLs is tossistendusersin writing more concise, descriptive, and platferm
independent programs. This is enabled because the domain knowledge is specified at the appropriate
level of abstraction, which is independent of the implementation platfo®in The goal of providing
suitable programming abstractions for argers is also a key principle of intentional programnjgj.

Modifications to DSL programs are easier to make and can bestooe@ and validated by domain



experts who do not know how to program ifGRL The empirical evidence suggests that the use of
DSLs increases flexibility, productivity, reliability, and usabili®g], [41], [57].

1.2 The Challenges of DSL Implementation

There is a distinction between the amkr programmers that use a DSL and the language designers who
specify the DSL andniplement the required tools (e.g., the DSL compiler). The design and
implementation of a DSL can be challenging and exper{8&k The development o DSL requires
knowledge of programming languageplementation, as well abmain knowledge. Building a debugger

for each DSLfrom scratch can be time consumiregrorprone, and costly. It is difficult to build new
sourcelevel debuggerg63] for each new language of interest and for each suppold&fdrm because
eachdebugged epends heavily on the under |lgwiemeyelnatpeer at i nc
code functionality{49]. The main goal of thipaper is to show how theffort of developingDSL tools

can be minimized by an automated gramntltiven tool generation approach that extends a popular
Integrated Development Environment (IDEBX the experimental evaluation phase of this research, the
research resudireveal the reusable and nmusable software components of the framework. Reusable
components deal with the commonaliicross debugging and testing behaviand norreusable
components handle the specificity across different DSLs and different testAabdsailed analysif

thereusability of theseomponents is described in Section 4.4.

Mernik et al. hae categorized various DSL implementation patterns as: interpreter,
compiler/application generator, ppeocessor, embedding, extensible compiler/interpreter, commercial
off-the-shelf, and hybrid[41]. The majorityof the DSL implementation patterns translatesingleDSL
construct intoseveralconstructs ira targetGPL. The most populastrateges for implementing a DSL,
which are also adofed in this paperare those DSL implementation patterns where DSL code is
translated to GPL code, including: compiler, extensible compiler, and preprocessing-fnogessing,
sourceto-source, pipelining and lexical processingjanslating eDSL to anexisting GPL is a popular

implementation approach because the underlying tools of the converted GPL can be used to obtain an



executable applicatiorit is very convenient to express new DSL constructs in terms of @@R&tructs

and the welldeveloped GPLools can be reusdd.g., compiler, profiler, and debugger)

Although direct reuse of the existing GPL tools offers several benafigecific GPL tool does
not provide theproperabstractionghat are needed bgndusers whooften lack knowledge abouthe
underlying GPL(i.e., a GPL may bdifficult to understand by those not trained as programimecause
the conceptuadolution expressed in@PL is not close enough to the specific problem dom&wen if
the domain expert has knowledge about theetgithg GPL, one line of DSL code may be translated into
dozens of lines of GPL codehich makes it even more difficult for an ender to debug thzanslated
program at the GPL lev§B2], [60]. An approach that hides the underlying use of the GPL tools offers a
level of transparency that caemovethe accidental complexities that cause the abstraction mismatch
between the DSL and GPkuch an approach is advocated by Van Wyk andstwhrwhere they argue
for the need to perform analysis at the DSL level, not the GPL [62¢l Although techniques for
constructingDSL tools (e.g., editor and compiler) have been developed over the years, support for
debugges for DSLs have not been investigated dgeplhis paper describes hoautomated tool
generation can be used to overcome ldck of debugging toolsupport for endiser application
programmersAs Robert Floydnoted in hisTuring Award speechthere is naneed fora fishiny new
languagé unless it supports the programming methadd paradigm used hyrogranmers|[27]. The
samecommentcanappl to DSL tools i.e., if supportingtools needed by an ener programmeare

not available, then the utility @newDSL is diminished

Among the DSL implementationapproachesthe 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 completely transparent, any state or sequence of states obtained by the
base machine can also be realized in the virtual machine. If the virtual machine exhibits loss of
transparency, there exists a subset of states obthindte base machine that cannot be represented in

the virtual maching¢45]. However, these states should not be reachable in a valid impleimerdhthe



virtual machine In many cases, including pprocessoiimplementation of DSLs, loss of transparency
can be considered a desired property (i.e.,dftennot necessary or desirable for the DSL to have a one
to-one mapping of all of the features available in a GPL). To realize the objectigeanafardriven
generation of DSL too]sall of the specified tool behaviors of the virtual machine are made available
through a mapping to the base machiftfee mapping transformation from the virtual machine to the base
machineis an essential part obur approachSpeifically, the reverse mapping is the distinct feature of
our approachThe program behaviasf a specific tool is dependent ¢ime translation process from the
DSL toa GPL, which is modeled asne line of the DSL code mappedan interval with dirst and last

line of the GPL code asdefinedin the DSL grammar specification

1.3Background: The Eclipse Debugging Perspective

Eclipse is an operource development platform for constructing customized Integrated Development
Environments (IDEs) that can be ustdcreate diverse applicatioi24]. To provide the necessary
background of the basic tools and techniques mentioned throughout the papmrbHeistion offers a

brief description of th&clipsedebugging pldHorm. A key characteristic of Eclipse is the ability to serve

as a tool integration platform that offers numerous extension points for customization throughna plug
architecture. Ecli pse has Hephugthingse fnit ex@uosignapsintsy.  c ol |
and d-topligh 09 ( e x[R8 ArsEclipse plygn has the ability to integrate with other piug

ins to extend functionality. New functionality and features are implemented as lgptageds. One
plugiin can extend the functionality of another piagby 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 theme time provide further development opportunities for others by

publicizing new extension points.

Eclipse is capable of integrating new functionality from different developers while preserving a
seamless user interface and consistent user experienedzclipse Plugn Development Environment

(PDE) [24] offers a powerful platform to integrate different language tools that support DSL



development. To assist in DSL debugger construction, the Eclipse Software peertoKit (SDK)

provides the debugging perspective, which is a framework for building and integnastogndebuggers.

As shown in Figure 1, the debug perspective defines a set of interfaces that model common debugging
artifacts (e.g., threads, variablemd breakpoints) and navigation actions (e.g., stepping, suspending,
resuming, and terminatingp9]. Although the debugging perspective does not provide a specific
implementation of a debugger, it does offer aiba&bugger user interface that can be adapted and
extended with features specific to a particular langu@be basic debugger user interface listens to the
events from the debug model interface and updates the contents according to the informatibe from t
debug events. In Section 4, we describe how we extended the Eclipse debugging perspective to integrate

with an interactive debugging framework that assists in debugging a program written in a DSL.

= blocker= null
contextClassLoader= Launcher
daemon= false

eekop= 8533045

group= Threadiroup ({id=3) _ —
& daemon= false Ol ] I _ﬁ?

a) Variable Inspector b) Navigation Toolbar
Figure 1. Screenshot of the Eclipse Debug Perspective

1.4Paper Overview

The researchdescribed in this papesffers two key contributiors. The first contributiorprovides an
initial step toward empowering emser developers with traditional software engineedetuging
capabilities at the DSL level.o accomplish this objective, we introduaeggrammardriven DSL tool
framework that generatex debuggeanutomatically from DSL grammar specificatiofi$e pre-existing
base DSL grammars are transformed to gen¢hnaté@ooks needed to interface with a supporting-pilug
infrastructure written for atDE. The second contribution is a presentatibtechniqus for debugginga
diverse set of DSLs. These two contributions represent further investigation into the idea o

Grammarwarg37], which comprises grammars and gdhmmardependent softwar@he paper presents



grammardriven generation of DSL debuggers that considers grammars asldsst artifacts that
demand an engeering approach to grammar evolution (e.g., the source code mappings described in this
paper adopt an engineering approach to grammar augmentation, rather than ad hoc evolution of source
code).The research approaghesentedn this papetaugmers the DSL grammarwith additionalhooks

to the DSL debuging framework The grammadependent lexer and parg@opagatehe modification

through the DSL parsing phase where the generated inforns#ieas as inpuhto our DSL debugger

generation framework.

The remainder of this paper is organized as fopWection2 presentsan overview of the
researchcontributions described in the papeiSection 3 introducesthe debugging tool generation
framework we have implementddcludingthe techniques andgirithnms involved; Section 4illustrates
the instantiation of the debugging framework on three types of DSdction5 discusesrelated work in
two categoriesSection6 offers a summary of thresearchand describes several limitations that point
toward future vork.

2. CATEGORIES OF DSL DEBUGGERS

An overviewof the researchobjectives described in the papsrshown in Figure, which illustrates a

DSL tool framework thatangenerate various testing tools (e.g., debuggers, test engines, and profilers)
for different categories of DSL®.g.,imperative declarative, and hybrid)n this paper we solely focus

on DSL debuggersThe topic of DSL profilers israareaof future work. We have performed initial

research into the generation of D&it testing tools, buthat is out of the scope of this paper.



The Focus of This Paper

Imperative DSL Declarative DSL ::> Hybrid DSL
Debugger Debugger Debugger

Imperative DSL Declarative DSL ::> Hybrid DSL

Unit Test Engine Unit Test Engine Unit Test Engine

N

Imperative DSL |:> Declarative DSL :> Hybrid DSL
Profiler Profiler Profiler

Future Work

By Product | Weaving Aspects into
DSL Grammars

Figure2. Matrix of DSL Tools and.anguag Categories

The automation provided by gengve programming[18] offers an extensible mechanisas an
alternative to manual tool construction. This approach conforms to the software development paradigm
of stepwise refinemenapplied tolanguage tool constructidB]. To realizethis generative approachve

have implemented the DSL Debugger Framework (DBR)ch reusa the existingdebuggingsupport in

Eclipse and Java by-product of this researdmot presented in this papeaigfines an aspect language

that can weavecrosscutting tool concerns direciilyto a DSL grammar More details about our use of
aspects to weave debugging and testing concerns into gramregesesented if61] and demonstrated
through videos at the project web §B3]. The following subsections describa research matrix (see

Figure 3 focused on debuggers for different categories of DSLs.

2.1DSL Debugges
Thetools thataregenerated from our grammériven approaclareDSL debugges appliedto three types

of DSLs A debugger enabteprogrammers to inspect and discover the errors in their programs
efficiently during program execution. Zellweger categesiGPL debuggers into two classes: expected
behavior debugger and truthful behavior delarig$3]. An expected behavior debugger hides the

program optimization and transformation from t

he



would foranurmo pt i mi zed ver si on]l[63.fA truthfukebehsvéonmizEbuggdidisglaysa mo
how optimizations have changed the program portion ucwiesideratioror it admits that it cannot give

a <corr ect[63]rAss<atagorized Oy Augustofb], the behavioral models diigher level
debugging mechanisms can be specified (e.g., debugging queries, path expressions, assertion checkers,
and event tracerdp generate new categes of debuggerge.g., algorithmic debuggers, declarative
debuggers, and evebased debuggerf]). Our work described in this paper represeexpected
behaviordebugges that perform typicaldebuggingtaskson DSL prograns (e.g., set a break point, stop

at a break point, display variable values, and step through the praogmenigh enable a better
understanithg of therun-time behavior ofa DSL program.

2.2DSL Categories

The horizontaldirection of Figure 2focuses on facilitating the construction the same softwartool

(e.g., debugen acrossdifferent categorieof DSLs (e.g., imperative DSL, declarative DSL, dydbrid

DSL). This section introduces the specific differenemsongthe categories of DSLdesribedin the

paper.

2.2.1 ImperativeDSL

An imperative programmindanguageis based on the von Neumann concept that is centered on
assignment expressions arwhtrol flow statementgs2], which allows a program to chamghe content

of cells in memoryln an imperative language, the state change of variable values is a central feature of
interest. Therefore, for imperative languagishugges are designed around capabilities to examine the

value of variables at rutime.
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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 right ;

28 Print position

é

Figure 3 Robot DSL Sarmip Code
For the purpose of this papersimple imperative languader representing robot control was adopted
from a previous case stud42], [60]. A simple language ke the RobotDSL is used so that the
discussion is not hindered by the complexities of the DSL itself. In this paper, the Robot language has
been extendedby addng userdefined functions. This extension is usefal demonstratehe Step
Into functionality of the DSL Debugging Framework @F). The Robot DSL consists ébur primitive
movesthat control robot movement: up, down, righnd left. Users can define other moves (e.g.,
knight). Everymove increase or decreasethe position of the robot along the or y coordinates.
Additional Robot DSL statements are: initial statement, seémséatt, and print statemeritigure 3
represents sample code written in the Robot DSines 15 to 19 represent the uselefined function
namedknight ; line 2L setstheab ot 6 s i ni t i al Iline @&invokesknight t; bne 250 , 0>;

forces <5, 6> as t he r ob28pridtsthembeos 6csu rcruernrte npto sp ot siiotni

2.2.2Declarative DSL

A declarative programminfanguagds based on declarations thattetéhe relationship between inputs
and outputs.Declarative programs consist of declarations rather than assignment or control flow
statementsThe declaration semantics have a precise interprettitagrisclose to the problem domain.
Such programs doan statehow to solve a problepbut rather describe thessence of problem and let

the language environmemteterminehow to obtain a result[52]. Instead of asseisg) the value of

11



individual variables a dedarative DSL debuggerneeds toevaluatethe relationships between each

declaration, which areftenrepresented as data structures with symbolic logic

Car features in FDL All possible car configurations
1: (carbody, pullsTrailer, manual, highPower,
gasoline, electric)
feature 1: Car: all (carbody, Transmission, Engine,
Horsepower, opt(pullsTrail er)) 2: (carbody, pullsTrailer, manual, highPower,
electric)
feature 2: Transmission: oneof (automatic, manual)
3: (carbody, pullsTrailer, manual, highPower,
feature 3: Engine: moreof (electric, gasoline) gasoline)
feature 4: Horsepower: oneof (lowPower, mediumPower, 4: (carbody, pullsTrailer, automatic, highPower,
highPower) gasol ine, electric)
feature 5: include pullsTrailer 5: (carbody, pullsTrailer, automatic, highPower,
electric)
f eature 6: pullsTrailer requires highPower
6: (carbody, pullsTrailer, automatic, highPower,
gasoline)

Figure 4 CarFeatures Specified in FDL and List of Possible Car Configura(emtespted fronj21])

As an example of a declarative DSL, the Feature Description Language (FDL) is used in this
paper to specify the legal configuration of an automobile product[#hg The FDL is a textual
language thatlescribes a feature diagrdh8], which represents a hierarchical decompaosition of domain
features arranged by composition rules (e.g., mandatory, alternative, or optional). FDL can be used to
analyze all possibleshitures in the development of families of related systems. The left diitpuod 4is
an example specification written in FDL to describe a simple car. According to the first fea@iae, a
consists of four mandatory featuresarbody , Transmission , Engi ne, and Horsepower . As
shown at the end of feature 1, featpudisTrailer is an optional feature (i.e., a car can either have a
pullsTrailer or not). If the first character of a feature is a lowercase character, the feature represents
a primitive that canot be expanded further (e.g., tbarbody feature). The right side dfigure 4
enumerates all of the possible legal configurations that result from the features defined on the left side of

the figure.
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1 START ::=

2 begin

3 COMMNDS
4 end

S ;

6 COMMANDS :: =

7 COMMAND
8 COMMANDS
9 | epsilon

10 ;

11 COMMAND :: =

12 left

13 [right

14 |up

15 |[down

16 ;

Figure5. Robot Languag&yntaxSpecification iBBNF Format

As another exampld&ackug Naur Form (BNF) is adeclarativeDSL for formally describingthe
syntax ofa languageand used to express contefxee grammargl]. BNF is a widely used grammar
notation toverify the instances of a language, to analyze the language features, and to generate the lexer
and parser or other language tools. Eietax specificatiomf the Robot languagén BNF is shown in
Figure 5, where the uppercase s represent neterminals and the lowercase symbols represent
terminals. Contexfree productions are spéied usingterminals and noterminalsin this Robot BNF
(e.g., START ::= begin COMMANDS end ). This grammar isa slight simplification of the Robd

languagedescribed in Section 2.2.1.

2.2.3Hybrid DSL

Bravenboer and Vissdrave investigated theoncrete syntax for languages that assimi&atéedded

DSL code into the surrounding GPL code to provide the appropriate notation for expressing domain
composition [12]. Conversely some DSLs embed GPL code within the DShrogram We call such
examples hybrid DSLs. The linguisticextensionprovidedby the GPLis used frequentlyn many DSLs

and isnamedthe piggyback DSLdesignpattern[41], [54]. The piggyback patteriis widely adoptedin

DSLs for tools like parser generators, such ‘det Another CompilelCompiler (YACC), Bison [39],
ANother Tool for Language Recognition (ANTLR)6] or the Constructor of Useful Parsers (CUPj].

The semantic actions in the grammar specificatioed by a parser generatwedescribed in GPL code

13



(e.g., Java and C+;which are surrounded by DSL constructs corresponding to the grammar of the
language For the lybrid DSL casestudes describedin this paper we apply our framework to two
differert types ofhybrid DSLs. One case whenthe GPL notation is considerethe host language and
the DSL is embedded in the surroundif® L code the opposite case is whehe DSL is the host
languageand the GPL is embedded in the surrounding DSL .cddesipport enduser programming,
DSL debuggersshould be able talebughybrid DSLs by switching language modes between two
different language€omains

When developing graphical user interfaces for Java, traditiBwaig [40] user nterface codés
intertwined together so that it is hard to determine the actual structure of the endafethétvisual
representationFigure 6 is an example of a hybrid DStalled the Swing UsefinterfacelLanguage
(SWUL), which wasfirst introducedas an example DSL by Bravenboer and VisgE2]. SWUL is a
hybrid DSL thatassists inconstrucing a Java #@ing user interface in a more comprehensive and
structurel way. The SWUL program is embeddedtana Java program The SWUL program is
assimilated into the surrounding Java cdbdeough translatiorinto pure Java Swing codddeally,
programmers should be able to debug through the SWUL code between two different language notations
(e.g., Java and SWUL) rather than the gendrdta codeSWUL provides syntax for a block module
that can describe the user interface and add concrete syntax into the whole DSL pkegraraxample
Lines 6 to 18of Figure 6 show SWUL code surrouretl by Java codeln this specific casghe SWUL
code specifiea JFramdayoutcontairing one JLabkin the middle (Line 9) and two JButtons (Line 11 to
14). As this example illustrates,lay br i d DSL&6s ability to escape to

extension mechanism.

14
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Section2.2.1. The origineRobot DSL does not provide native constructs to handle 1/O operation, user

interface, and random number generation. A hybrid version of the Robot DSL provides syntax for a block

©COoONoOTrWNE

import javax.swing. *
import java.awt.*;

public class WelcomeSwing {
public static void main(String[] ps) {
JFrame frame = frame {
title = "Welcome!"
content = panel of border layout {
center = labe | { text = "Hello World" }
south = panel of grid layout {
row = { button {
text = "cancel" }
button {
text = "ok" }
}
}
}

f?ame.pack();
frame.setVisible(true);
}
}

Figure 7is arotherexample of a hybrid DSL that represents an extension of the Robot DSL from

Figure6. SWUL Sample Code

module that can add Java code fragments into the DSL program, which caadot umplement the

functionality not provided in the original language. As an example, line 13 of Fignteoduces a new

random move that requests from the user the boundaries for a random number generator that produces

random coordinates and lines 827 represent the method definition of the random move (lines 14 to

26 specify the semantics of random as written in Java). Line 35 is the code in the main part of the DSL

t hat

cal

S

random. A hybrid

DSLO6s

aduagk extensiont o

e s

mechanism. DSL design is often an iterative process guided by user feedback. Frequent escape to the

GPL level may suggest that a new construct should be added in the next version of the DSL to support a

commonly needed feature.

15
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13 r andom:
14
15 String answer;
16 int max;
17 JOptionPane myGUI = new JOptionPane();
18 Random rand = new Random();
19 answer = myGUl.showInputDialog(" Pl ease enter the wupper bo
20 max = Integer.parselnt(answer);
21 X = rand.nextInt(max);
22 answer = myGUI.showlnputDialog(" Please enter the upper bound of the é
23 max = Integer.parselnt(answer);
24 y = rand.nextInt(max);
25 myGUIl.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 random;
é

Figure7. Hybrid RobotDSL

3 DSL DEBUGGING FRAMEWORK (DDF)

The DSL Debugging Framework (DDF) provides a gramdraren techigue for reusing an existing

GPL debugger in conjunction with the debugging interface. An illustrative overview of the DDF is
shown inFigure 8. A key technique of the DDF is a mapping process that records the correspondence
between the DSL and the genedhiGPL. The translator generates GPL code and mapping information
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 codg, mappin
debugging methods mapping, and debugging results mapping components (middiere). The

results from these first two mapping processes are reinterpreted into the GPL debugger server as
debugging commands, along with parameters provided to trsdatarh GPL code. Important information

that is captured in the mapping are: (1) the representation of the $evetklanguage; (2) a function that
defines how values in the DSL are represented on the target GPL, and (3) a specification that states how
swch values should be displayed to the -esdr in the debugging perspectif#]. The source code

mapping componenises the generated mapping information to determine which line of the DSL code is

16



mapped to the coesponding segment of GPL code. Source code mapping indicates the location of the
GPL code segment corresponding to a single line of code in the DSldeDugging methods mapping
componenteceives the end s er 6 s debuggi ng DSt debhuggg perspective atnthet h e
DSL level to determine what type of debugging commands need to be issued to a céimenand

debugger at the GPL level.

The GPL debugging server responds to the debugging commands sent fronrinteepreter
component. The debug resulttlé GPL level is sent back to the debugging perspective metinayging
results mapping componenthich is a wrapper interface to convert the GPL debugging result messages
back into the DSL level. Because the messages from the GPL debugger are ctimenantputs, which
know nothing of the DSL or the debug perspective, it is necessary to remap the results teuer end
perspective. As a result, the DDF enables theused to interact directly with the debugging perspective

at the DSL level.

DSL Debugging Variable View

Q&— :
DSL Debugging Actions

End-User | DSL Level

| |

GPL Level
Translator -
Debugging

Results Mapping

GPL Source Code Debugging
Mapping Methods Mapping

GPL Debugging
Commands

Re-interpreter GPL Debugging Sever

Figure8. The DSL Debugging FramewofRDF)
3.1Source Code Mapping
As a sideeffect of the sourceto-source translation process of tBSL processorthe source code
mapping information isgeneratedwhen a DSL source file is translated mtan equivalentGPL
representationlhe translation rules are defined in the DSL gramiaring the translation process, the

basegrammarof the DSLis augmented with additional semantic actions that generatsotivee code

17



mapping needetb createhe DSL debuggerThe mapping contains the following informatjarhich is
stored in avector. (1) the DSL line number2) the translate&PL file name;(3) the line number of the
first line of the corresponding code segmentGRL; (4) the line number of théast line of the
corresponding code segmenttire GPL; (5) the functiorname ofthe current DSL line location, ar{@)
the statement type at the current DSL line locationThe statement types can be

function definition , functioncall ,ornone.

A functiondef inition consists of functionhead , functionbody , and
functionend , where:functionhead s the beginning of a functiotirfe 3 ontheleft sideof Figure
9is thefunctionhead  of knight); functionbody s the actual definition of a functioffifes4 to 6
on the left side of Figure 9 representhe functionbody of knight); functionend is the end of a
function (ine 7 ontheleft sideof Figure9 is thefunctionend  of knighf). A functioncall is the
name ofthe function being calledrom another location of a pragm The statement type fa builtin
method of a Robot prograis set tonone . For example, the mapping information at Robot DSL liBe
in Figure9is {13," Robotjava ", 20, 21," main", "none"}. This vectorindicates that
line 13 of the Robot DSLis trarslated into lines20 to 21 in Robot.java designating theiSet
position() 0 method caliinside ofthemain function For each line of the Robot DSL code, there is
correspondingnapping informatiorspecified inthe same formatAlthough the examples ggenta 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 separated from any specific DSL and GPL. The Eclipse debug

perspectives GPL-independent. Thus, the DDFrche used with any GPL that has an existing debugger.
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é

3 knight :

4  position(+0,+1)
5 position(+0,+1)
6 position(+1,+0)
7 knight :

8 .

é

9 Init position(0,0)
10 left
11 down
12 knight
13 Set position(5,6)
14 up ;

15 right ;

16 Print position

public static

void move_  knight ()
X=x+0;
y=y+1;
X=x+0;
y=y+1;
X=x+1;
:y+0;

public static void main(String[] args) {

x=0;
y=0;

move_knight ();

X =5;

y=6;

System.out.print In("x  coordinate
"y coordinat

= "x+" "+
e="+y)}

a) Robot DSL

Figure9. Robot DSL Source Code Mapping

3.2Debugging Methods Mapping

b) Generated Java

The traditional debugging activitiesf a GPL include setting or clearing adakpoint, stepping over,

stepping into, terminating a debug session, and resuming exeft@iorThese debug actiorase also

suitable for endisers debuging a DSL programAll of the debugging mapping knowlge is pre

definedwithin the algorithmdan the DDF. These algorithms aréesigned in a general manner to work

with many cases of thdifferent types ofDSLs defined within thigpaper (i.e., imperativand hybrid)

However, sveralminor adjustmentgo the algorithmsmay be neeakd in some cases, such as particular

features withindeclarative DSk The quanttative measurement of such adafuin is presented in

Section 4.4The specifics of the requiretkbugging methodhapping are illustrated iRigure 10, with

the type of mppings named in the first column, tH2SL debugging actionspecifiedin columntwo, and

the respective GPtebugging actioni columnthree

In Figure 10, the second row indicates that DSL line numipeii

is mapped to a segment of

GPL code from line numban_i tom_j (as shown in column 3). Among the debugging actisteq is

the most useful and complicated action. Except for Skep Over
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remaining GPL debugging actions have straightforward mappings {(ie.same debugging action

requested on line_i of the DSL is mapped to the same action onitmé 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+l 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 at line mi
Resume Resume at line n_i Resume at line m i

Figure10. Mapping ofDebugging Actiondetween DSL and GPL

Becausédhere isanabstraction mismatch between the DSL #melgenerated GPL cod#he step
debugging actions cantbemapped directlyin orderto simulatean enduseiis stepthroughaction(e.g.,
to examne the values oDSL variable$, theinteraction with theunderlying GPLmust be coordinated to
match the view of the engser To enable such coordinatioaseriesof GPL debugging comamdsare
issual to performequivalent debuggintasks atthe DSL code levelDuring a stepping actiowithin the
DDF, the DSL Debugging Ste@ver Algorithm is invoked (see Figure 11). This algorithm requires
informationfrom each line otthe DSL program(e.g., function typesand function namegenerated from
the DSL grammar This information will help the algorithm tdistinguishwhetherthe current DSL
program statement isfanction call or a function definitionThis algorithmis responsibléor matchirg
the language abstraction gaptween the DSL and GPL tite source code leveEndusers can perform
aStep Over action at eithethemain function level owithin individual function definitios. A Step
I nto action may also be performedt the function call level if a correspondindunction definition

exists TheStep | nto action isdisabledf the currenstatemenhasno function definition
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1 if  (function name equals Aimai no)

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

3 set breakpoin  tat gpl_line_number corresponding to dsl_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  (function_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_ty pe equals “functionend") {

20 call  step()

21 assign current dsl_line_number as previous_dsl_line_number + 1
22 }

23 }

Figurell. DSL Debugging Step Over Algorithm

In Figurell, according to the function name of the current line of the DSL source ttwdfirst
condition (see line 1) is used to determine wheresthe Over action is taking place (e.g., at the main
function level or at the uselefined function definition level). Thedsl_line_number is the current
execution position at the DSL levdlhe gpl_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 locatiogpl_line_number , which is the beginning GPL line of the cesponding
DSL line. Thecont method is a suboutine that continues execution of the debugged application until
the debug session is stopped at a breakpoint or terminated. Line 10 increases the current DSL line
number after th&tep Over action is compled

When the current program pointer gt the function definition level, the stepver action
perfornms differently. If the cur r ent D S Lfunctidn aypee isfenationbagly , unlike the
situation inthemain program, théunction definition maycascadenother function definitionvhere the
source code mapping information is not sufficientletermim the line numbepf the intended program
execution locationTherefoe, a different strategy is used in this caSeepping over one line of DSL is
equivalent to perfornng an iteration of stepthrough many lines of GPL code, because one line of DSL

code corresporgdto a sequence of GPL codEhe number of iteratian(line 16)can be computed by
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subtracting thebeginning_line_number+1 from the ending _line _number. Each iteration
perfornms theGPLstep () subroutineon the GPL codevhich only advances execution to the next line.
Whentheuser stepthrough the last line a function {ndicated by function typtinctionend  in line
19), the algorithm invoke theGPL step () methodonly once which moves thgrogram pointeout of
the function definition and badk the next lineof the GPL coddeforethe DSL Step Over action.To
synchronize the line numbet the DSL code levelthe current program pointés mowed to line
previous_dsl_line_number+1 , Which is the next linebefore theDSL Step Over at the
function definition inthe DSL. The variable callegrevious_dsl_line_number is a temporary
counter hatstores the line number before the usetecutes th®SL Step Over action on gunction
definition. All of the correspondingsPL line numbes, function name, and typesme from thesource
code mapping informatio(e.g.,line 13).Although thisstep overalgorithm isgeneralized to be used in
most case studies slaibed in this paper, the different meanings of step into and stepfaver
declarative DSL (e.g., Rnguagegrammar)require minoradjustments irthis algorithm to handle new
requirements, whichredescribed in Section 4.2.

Note that the choice of ¢hGPL debugger depends on the kind of GPL code generated from the
DSL implementationin the Robot language example, the generated GPL code is Java, which influenced
the choice to use the jdb. If the generated GPL is C/C++, Fodrd&ascalthe GNU Progct Debugger
(gdb) [29] can be selecteds thenew GPL debugging serveilhe gdb also provides the staaldne
commandine debugging services feeveralGPLs (e.g.C/C++, FortranandPascag)l other than Javdt
the generatd GPL isC#, VB.Net, managed C+-or J#we can choose thdicrosoft Ruriime Debugger
(called Cordbg.eXe The Cordbg is the debugger for Microsofts¥al Studio .Net environment

supported languages.
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3.3Debugging Resuls Mapping

The debugging results frothe GPL debugger areeturnedin the GPL context (i.e., GPL variable names
and results)which is notat thecorrect level of abstraction for enders. Thus,hie debugging results
from the GPL debuggenustbe magped back tadhe DSL debuggingperspectiveso hat endusers can
understand the meaning of the resultke oneto-many mappingbetween the DSland GPL can be
captured byaugmenting the basBSL grammarwith additional code thatdescribe the mappingin
specificgrammar productias

3.3.1Debugging Reults MappingProcess

The DDF capturethe debugging resultsy reading the outpwif the GPL debugging servérs r ete pons e
thesequencef GPL debugging commandshd&se debugging results sometimes are meaningless for DSL
programmers unless they get propeerpretation Also, the debugging resulfsom the GPL debugging
server may contain many symbols that are not needed in the DSL cagxcommand prompt
symbols,spaces, tahgnd newlines The first step towards debugging results mapping sauiize the

raw GPL debugging results. A clean up function is implemented to handle the firsbfstbp reverse
mapping. The second step is to retrievertbeessarinformationfrom thesanitized resultand compose
them into the formathat the IDE debggingperspectivecan display properlyThe objective is to allow

the results of the GPL debugging server to be displayed to thesendn the proper context of the DSL.

In some caseshe debugging result mappinggy exist withinthe DSL compilessuchthatthe DDF can

directly use the interfadeinctiors that the compiler provides tevealvariable values.
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