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Abstract to the concern, while shielding developers and users from
implementation-level details of the technical solutioasp.

It is time consuming to develop a domain-specific lan-  Emerging trends and challengesTo create a DSL, de-
guage (DSL) or a composition of DSLs to model a systemvelopers must perform a careful analysis of the domain to
concern, such as deploying and configuring software com-design the language and produce the supporting tooling in-
ponents to meet real-time scheduling constraints. Ideally frastructure, for editing, compiling, running, and/or Brza
developers should be able to reuse DSLs and DSL com4dng instances of the language. Not only are these DSL de-
positions across projects to amortize development effort. velopment activities complex, but developers may need to
Reusing DSLs is hard, however, since they are often de-evolve a DSL over time to find the right abstractions. Each
signed to precisely describe a single domain or concern. evolution can have anywhere from a small to a massive im-
This paper presents an approach that uses techniques fronpact on the tooling depending on the infrastructure used and
software product-lines (SPLs) to improve the reusability o type of changes made. As a result, DSL-based development
a DSL, DSL composition, and/or supporting tool by pro- processes can incur relatively high overhead with respect t
viding traceability from of language concepts to DSL de- overall project time and effort [8]. One way to ameliorate
sign. We present a case study of four DSLs we developed tthis overhead is to amortize DSL development costs across
evaluate the need for—and benefits of—applying SPL reuserojects.
techniques to DSLs. For example, reusing existing DSL tooling infrastructure

across developmentprojects can help reduce the overall cos

Keywords. feature models, domain-specific languages, of these projects. A new development project, however,

reuse, software product lines, domain analysis, domain hi-may have a unique set of concerns to model that do not
erarchy precisely match the requirements for which existing DSLs
were designed. A key question facing developers is there-
fore how to adapt an existing DSL or set of DSli®( a
DSL compositiofto a set of requirements.
Reusing DSLs can be hard, however, since they are of-
Complex software systems, such as traffic managementen designed to focus on specific system concerns. While
systems and shipboard computing environments, possesghe narrow scope of a DSL provides much of its power, it
a number of concerns(g, performance, reliability, and  can also (overly) couple the DSL to a particular group of
fault-tolerence) that must be realized and managed throughassumptions, making it hard to reuse for a new set of re-
out the software lifecycle. Domain-specific languages quirements. What is needed is therefore a technique for
(DSLs) [8] have emerged as a powerful mechanism for systematically reusing DSLs and DSL compositions to sim-
making these diverse concern sets easier to capture and regfify their adaptation to new requirements.
son about. For each system concern, a DSL can be designed
to precisely capture key domain-level information related

1 Introduction



Solution approach— Applying software product-line present in the refined language. Based on the feature selec-
configuration techniques to DSLs.Software product-lines  tion for the new domain, model transformations automati-
(SPLs) [5] are a systematic reuse technique that supp9rts (1cally add/remove the corresponding metamodel elements.
building a family of software products such that varialilit Although prior work provides a good starting point for
can be customized for specific requirement sets, (2) captur-addressing DSL reusability challenges, there are a num-
ing how individual points of variability affect each other, ber of limitations. First, SPL techniques have been ex-
and (3) configuring product variants that meet a range of tensively studied in the context of software but not in the
requirements and satisfy constraints governing varigbili context of DSL design. New methodologies are therefore
point configuration. SPLs are used in domains where soft-needed to codify how SPL techniques can be used to man-
ware development costs are high, safety and performancege DSL refinement and DSL composition adaptation. Al-
are critical, and redeveloping software from scratch is eco though some researchers have applied SPL techniques to
nomically infeasible. SPLs have successfully been em-individual DSLs [9], generalized methodologies for apply-
ployed in domains such as avionics mission computing, au-ing these techniques to arbitrary DSLs have not yet been
tomotive systems, and medical imaging systems. extrapolated. Moreover, SPL variability management tech-

This article provides two contributions towards improv- niques have not been applied to DSL composition and reuse.
ing reusability and decreasing language reuse errors forThis article presents a general methodology for using fea-
DSLs and DSL compositions. First, we show that a single ture models to manage DSL and DSL composition reuse.
DSL can have built-in variability and codified configuration
rules to enable its refinement for multiple domains. Second, 2 Experience Report: PICML, Scatter,
we show how SPL techniques can be used to codify the us- CUTS, and CQML
age rules for a DSL composition’s constituent DSLs, the
concerns covered by the DSLs, and the variations in DSL
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usage. By codifying these DSL composition concepts, de- n W g y ( )

| ided with t how t i d Vanderbilt University has developed many DSLs and asso-
Velopers are provided with a map ot NOw 10 COITectly Mod- a1q tols for a wide range of modeling concerns, such as

ify and reuse DSLs and DSL co_mposmons across .prOJects. component-based application design, deployment and con-
Our SPL-based reuse techniques for DSLs builds upongigyration of applications in distributed real-time and em-
the following prior work on SPLs and DSLs: bedded (DRE) systems, and system execution modeling.
e Feature Modelswhich codify the points of variabil-  we are frequently developing DSLs for new domains. To
ity in a software product and the rules governing the set- showcase the complexity of reusing DSLs and DSL compo-
tings for each point of variability [7]. A feature modelis a sitions for new requirement sets, we provide an experience
tree-based structure where each node in the tree representgport based on four related DSLs we developed, as shown
a point of variability or unit of functionality in the prod- in Figure 1.
uct. The root of the tree represents the most generalized These DSLs have been built atop two different modeling
conceptin the product and successively deeper levels of they|atforms, the Generic Modeling Environment (GM&hd
tree indicate refinement of the software. The parent-child the Generic Eclipse Modeling System (GEMSBEMS it-
relationships indicate configuration constraints thatthes  self is built atop the Eclipse Modeling Framework (EMF)
satisifed when choosing values for points of variability. The first DSL we describe is PICML, which is used for vi-
Kang et al. [7] and Beuche et al. [4] have successfully ap- sually composing CORBA Component Model (CCM) ap-
plied feature modules to manage SPL variability in a num- plications. PICML is a GME DSL that is focused on the
ber of domains. Feature models provide a solid foundationsolution domain. The second DSL is Scatter, which is a
for improving reusability by codifying reuse rules. More- GEMS DSL for modeling the deployment of software com-
over, a number of techniques have been developed to forponents to hardware nodes in a distributed system and is
mally analyze feature models and identify configuration er- focused on modeling the problem domain. The third DSL
rors [10], identify constraint inconsistencies [1], andaau  is CQML, which is a GME DSL for specifying QoS con-

mate feature selection [3]. straints on systems and is also aligned with the solution do-
e DSL refinementwhich is the adaptation of a DSL for main. The fourth DSL is CUTS, which is a GME DSL for
a new set of requirements. A DSL is defined bynata- analyzing the performance of DRE system architectures and

mode] which is a specification of the DSL's key concepts is focused on the problem domain.
and syntax. Voelter [9] has investigated the use of model Significant effort has been expended developing the four
transformations for refining an architectural DSL. His tech DSLs and their associated tooling. PICML has been devel-
nigue describes the variability in an architectural DSIngsi 1 - - )
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Figure 1. The PICML, Scatter, CQML, and CUTS DSL Family

oped over the course of five years and continues to evolve CQML, and CUTS to motivate the need for—and complex-
Scatter and CUTS have also been developed over a periodty of—reusing these DSLs for new requirements sets.

of four years. CQML is the youngest DSL with roughly two
years of development.

The DSLs we chose for our investigation form a closely
related family of DSLs. For example, a CUTS model of the
behavior of DRE system QoS can be built and used to per- ] ] ) o
form experiments to test the response time of critical end- ~ There is a tension between a DSL's domain specificity
to-end request paths through the system. CUTS models@nd its reusability. On one hand, the more precisely a DSL
however, depend on an external model of how the software!S crafted to match its domain, the easier and more accu-
should be mapped to hardware nodes. PICML and Scat-ately |t_can desc_rlbe_a solution. On the other har_1d, DSLs
ter provide facilities for capturing this missing deploymhe and their supporting infrastructure can be expensive to de-
information. velop, so reusability is desirable. This section explores

Scatter focuses on capturing deployment resources andhe_cha}llenges of maintai_qing DSL specificity and accuracy,
real-time scheduling constraints and uses this informatio While simultaneously facilitating reuse.
to automate the decision of how to map software to hard- ]
ware. PICML focuses on allowing developers to manually 3:1 Challenge 1: DSL Refinement
specify software to hardware mappings, but does not cap-
ture resource or scheduling constraints. It can be augmiente  Developing a robust DSL that accurately describes do-
with CQML, however, to capture scheduling constraints.  main concepts and is intuitive for domain experts can be a

We developed a complex DSL composition from longand iterative process. An initial prototype of the DSL i
PICML, CUTS, and Scatter in the context of the Lock- developed and then over a period of time the DSL concepts
heed Martin NAOMI project [6], which is studying the use and notations are refined by modeling existing and new sys-
of multiple DSLs to model the development of software tems. The DSL refinement process may take months. De-
for controlling traffic lights in intersections. NAOMI uses Veloping code generators, constraint checkers, model exe-
PICML to model the software components, Scatter to de- cution engines, and other dependent tools also requires sig
rive suitable deployment topologies in NAOMI, and CUTS nificant time and effort.
to perform experiments to evaluate the QoS of the traffic  Developers often find a group of domains that exhibit
software. substantial similarities but enough differences to warran

After development of NAOMI began, we addressed sim- separate DSLs. For example, PICML was originally de-
ilar problems related to modeling deployment topologies vVeloped to model CCM applications. Over time, however,
and testing software performance in the context of the the need arose to model Enterprise Java Beans (EJB) ap-
Air Force Research Labs (AFRL) SPRUEBroject. In plications, which have many similarities to CCI.¢, EJB
SPRUCE, we modeled and tested the deployment of soft-has similar component and home concepts to CCM), but
ware to hardware in avionics systems. Due to the simi- does not share event source/sink features. Similarly,— Scat
larity between the NAOMI and SPRUCE requirements, we ter (a DSL aimed at specifying deployment constraints and
wanted to reuse as much of the original DSL composition astopologies) was originally developed to model deployment
possible. The remainder of this paper uses PICML, Scatter,problems in the automotive domain. Since its original de-
velopment, we needed to use Scatter in other domains (such
“Wwwv. Sprucecommuni ty. org as flight avionics) that did not share exactly the same types

3 Challenges of Domain-specific Language
Reuse




of deployment constraints. scribes how we address this challenge by using feature mod-
To reduce DSL development cost, PICML could be els to codify DSL semantic constraints and map concepts to

reused for EJB applications. Although this approach is pos-DSL design.

sible, it would expose EJB developers to certain details,

such as event sources and sinks, that are not relevant t@.2 Challenge 2: Multi-DSL Composition

their target domain. Reusing Scatter in the avionics domain

would expose developers to crash survivability constsaint DSLs are often tightly aligned with a single narrow

that are not relevant for planes. This type of exposure 10 gjice of system concerns. Multiple DSLs may therefore be
unnecessary details would eliminate many benefits of using, .o qed to capture the important concerns relevant to a sys-
aDSL. ) tem’s requirements. When developing a multi-DSL devel-
Another approach to reuse would be to refine the PICML opment process, developers must ensure that they provide
metamodel for EJB or generalize it for component-based 3gequate coverage of concerns through the DSLs. For ex-
software by eliminating CCM-specific modeling elements. ample, developers must ensure that the DSL composition
For example, PICML provides a modeling eleme_nt to repre- properly captures the real-time scheduling, deployment, a
sent event sources on components and event sinks on COMherformance concerns of the NAOMI traffic light system
ponents that consume the events. The event source angtjined in Section 2. This system could potentially use a

sink are not directly applicable to EJB. Removing the event mper of different DSLS to capture the information related
source and sink notations from the PICML metamodel is {4 the capabilities of the system’s hardware nodes.

non-trivial, however, since PICML has over 700 interredate For example, developers could use Scatter to model each

metamodel elements. Eliminating the event source and sinkyiece of hardware, the real-time scheduling constraints on
notations requires removing over 30 other metamodel ?Ie'components, and the resources, such as RAM, available on
ments,e.g, there are over 15 elements related t0 Specify- each node. Developers could also instead opt to model the
ing properties of event channels that are not needed if even, o jes through PICML. If developers need to ensure that the
sources and sinks are rgmoved. . ~ nodes have sufficient resources to host the provided com-
Reusable code libraries, aspect-oriented programmingponents, the Scatter DSL is more applicable. Choosing
and other language features can help modularize the im-pjcML would not adequately cover the resource allocation
plementation of software. Similarly, various techniques, concern. If real-time scheduling constraints were needed,
such as MetaEdit+'s fragmefAtsGME’s metamodel com-  ejther Scatter or a combination of PICML and CQML could
position, the model management techniques of the AT-pe ysed.
LAS Model Management Architecture (AMMA) or the In the traffic light system, there are roughly a dozen con-
aspect-oriented features of openArchitectureWare (0AW) cerns related just to the deployment of software compo-

can help modularize DSLs. To properly leverage these nents to hardware that are captured by multiple DSLs imple-
implementation-level modularization techniques, howeve ented on several tooling platforms. For example, develop-

developers must still have design-level information, sBEh  ors need to capture information related to component repli-
composition rules for software components or traceability ¢ation for fault-tolerance, node resource constraintg)-co

between a domain concept and a language element of thgyonent real-time scheduling requirements, and cost infor-
DSL. mation for budgeting. Crafting a DSL composition to prop-

A key problem in refining or modifying an existing DSL,  erly cover a large set of concerns is not easy without trace-
regardless of the tool used to implement it, is having trace- apility from the design concepts that must be covered to the
ability information for mapping: (1) concepts to the meta- individual DSLs that provide the concepts. This tracegpili
model or grammar for the DSL (requirements to design) and challenge of mapping and understanding the relationships
(2) the metamodel or grammar specification to its imple- petween concepts and DSL design decisions is independent
mentation in a particular tool (design to implementation), of the tools used to implement the DSL.
such as EMF. Moreover, additional information is needed Variability in the DSLs themselves further complicates

to ensure that neither design integrity, such as.the COM-the design of a DSL composition. For example, PICML can
pleteness of the representation of concepts, nor implemene refined for EJB by removing event and deployment in-
tation correctness is violated by modification/refinemént o formation. Removing the deployment modeling capabilities
the DSL. Capturing these elements of traceability and DSL from PICML to handle EJB, however, leaves CUTS without
design integrity is important and is an issue regardless ofyeeded deployment information to generate experiments.
the tool infrastructure used to build a DSL. Section 4.1 de- Developers must not only ensure that a DSL composi-
5 tion provides proper concern coverage, but also that the
WWW. met acase. com . i . .
BWWWL SCi ences. uni v- nantes. fr/lina/at! precise refinement of the DSLs being used provides the_ re-
“openar chi t ect ur ewar e. or g quired concern coverage and adheres to any composition
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Figure 2. PICML Feature Model Snippet for Event Elements

constraints [2]. Managing this variability and adding this DSL and use a feature model to document (1) how concepts
consideration into the adaptation of existing DSL composi- map to metamodel elements and (2) the semantic depen-
tions to new requirements is hard without explicit trackabi dencies between metamodel elements. The feature model
ity from concepts to individual DSL design features. Sec- describes why specific DSL language elements exist, which
tion 4.2 describes how we address this challenge by capturelements are semantically related, the semantic contstrain
ing DSL composition configuration rules in feature models. for adding/removing elements, and the rules for determin-
ing what is a valid metamodel refinement. The DSL el-

4 Applying SPL Configuration Techniques to ements are represented at the tool-independent level and
DSL-based Development mappings to tool-specific implementation can also be de-
fined. Each refinement of the DSL's metamodel is mapped

DSLs and their associated development processes are 011__0 a feature selection that can be checked for semantic va-
ten tightly-coupled to a single set of requirements or con- I|d|t¥. -
cerns. Although DSLs are domain-specific, they do possess ~Figure 2 shows a simplified feature model of the meta-
points of variability, such as concepts that can be added ormodel elements related to the PICML event elements dis-
removed. For example, PICML can have metamodel ele-cussed in Section 3.1. The feature model is constructed
ments removed as long as developers have traceability and? Stages, capturing the most general tool-independent con
constraint information to know how to perform the modifi- Cepts at the top levels and gradually refining more specific
cations properly. Moreover, if developers know why a DSL €oncepts until actual metamodel elements or tool-specific
composition has a particular structure and how the stractur metamodel element mappings are reached at the leaves.
can legally be modified, the composition can be adapted toFor example, the general conceipt CM. Conponent
new types of concerns. The missing ingredient that pro- A" chi tecture is refined to the more specific con-
duces the reuse challenges summarized in Section 3 is tha€Pts ofConponent Interfaces andEvents. The
there is often no model that traces how concepts map toléaves beneatBvent s capture concepts in terms of ac-
language design and that captures the points of variabilitytudl metamodel elements, such keEvent Port and
and their inter-relationships in DSL refinement, composi- Qut Event Por t, which in this case, map directly to GME
tion, and tools. This section shows how SPL techniques canMetamodel elements.
be used to fill in this gap and increase DSL, DSL composi-  Developers can use this feature model of PICML to build
tion, and DSL tool chain reusability. semantically correct refinements of the DSL. For example,

if developers want to remove the concept of events to refine
4.1 Managing DSL Refinement via Feature Mod-  for EJB, they can find thEBvent s feature and then remove
els all the language elements and mappings to metamodel el-
ements that appear as children beneathBhent s fea-

A key problem outlined in Section 3.1 is that developers ture. Moreover, if a more precise refinement is desired,
do not have concept to design traceability information or developers could keep the concept of events—possibly to
the rules for modifying a DSL's metamodel to ensure that model EJB’s Java Messaging Service (JMS)—but remove
a semantically valid DSL refinement is produced. An ap- the CCM-specific concept of event channels. The feature
proach to solving this problem is to build a configurable model precisely captures traceability from concepts te lan



guage design and rules for correctly modifying the 700 lan- To develop a reusable DSL and infrastructure, developers
guage elements in the PICML metamodel to refine conceptpay an up-front cost:

coverage.
Cost(DSLgr) = CiMetamodel + CyEditors

4.2 DSL Family Configuration with Feature Mod- +CsGenerators

els where( is a multiplier for the extra effort to build a feature

model of the language or language famify; is the cost

The challenge outlined in Section 3.2 described how de- of puilding a more advanced editing infrastructure that can
velopers often do not know why a particular set of DSLs pe reconfigured based on the features selected for a variant
were composed and how the composition covered a set off the DSL, and(’; is the overhead of creating code gen-
concepts due to lack of traceability information. For exam- eration/analysis infrastructure that can be reconfiguoed f
ple, itis not clear how using PICML to describe deployment {ifferent DSL variations.
capabilities differs in concern coverage from using Scatte In our experience(; (the cost of producing the feature
Moreover, when a DSL CompOSition must be modified to model of a |anguage after the DSL’s metamodel is devel-
cover a new concern (such as the SPRUCE aeronautics dooped) is not high. The cost s is also typically low, due
main) developers do not have a roadmap of the interactionsgp the excellent tool support for automatically generating
between DSLS, which makes it hard to determine which fea- graphica' and textual editors for a DSL provided by tOOIS,
tures can be added or removed. such as GME, GEMS, GM¥ 0AW'’s xText, and the Tex-

To address this issue, feature models can be used to codtyal Concrete Syntax project (TCS)For example, if the
ify (1) what concerns are covered by each member of a DSL networking concepts are removed from the Scatter meta-
composition, (2) what dependencies or exclusions exist be-model, GEMS can automatically update the graphical edi-
tween DSLs, and (3) how DSL refinements affect concern tor, which results in the regeneration of roughly 4,700dine
coverage. Figure 3 presents a feature model of the DSLof code. Voelter [9] has shown how model transformations
composition covering PICML, Scatter, CUTS, and CQML. and 0AW’s xText can be used to automatically regenerate a
The DSL composition is represented as the root featuretextual editor with code completion and syntax highligtin
in this figure. Beneath the root feature are features pro-as a DSL's feature selection changes.
viding a general categorizatior.g, Depl oyment and Our experience shows that the major difficulty in reusing
Per f or mance) of the DSLs involved in the composition.  DSLs lies in the modularization of the code-generation and
Beneath the Categorization features are the actual DSL Conana|ysis infrastructur&;’g_ For some p|atf0|’m3, such as
cepts that can be used to capture the concern. For examplegME, code generators are written in third-generation lan-
eitherScat t er Depl oyment orPI CML Depl oyment guages, such as C++, that require more effort to achieve
can capture deployment information. At the leaves be- modularity. Tools that leverage other code generation plat
neath the DSL concepts are modeling capabilities providedforms, such as 0AW, can use advanced modularization fea-
by the DSL. For example, Scatter providést omat ed tures, such as 0AW’s support for aspect-oriented program-
Depl oynent , but PICML does not. ming in code generation templates.

The feature model not only tells developers what DSLs  |n the end, a cost benefit analysis must be performed. If
can be used and their capabilities, but also specifies howthree separate DSLs are developed without a reusable ap-
refinements of DSLs affect each other. For example, if proach, a cost of:

PICML is refined to remove th&l CML Depl oyment

concepts, Scatter and PICML can be used together. If de- 3 X Cost(DSL)

velopers want to evaluate how different wide area network

(WAN) properties affect performance, they need to use ais incurred. With a reusable DSL approach, the initial DSL
refinement of CUTS that includgUTS Enul ab andare-  cost, Cost(DSLg), is higher, but subsequent DSLs cost

finement of PICML that include®AN concepts. less:
Cost(DSLR)+ 2 X Reuse(DSLR)

4.3 The Cost of DSL Reuse Reuse(DSLR) < Cost(DSL)

The price of refining and reusing an existing DSL,

Using SPL techniques to produce reusable DSLs has aReuse(DSLR), is typically a function dominated by the

cost assoc_|ated with it Qenerally, we can representthe COSimpact ofCs. For each scenario, developers must estimate
of developing a DSL using standard techniques as:

whether the DSL will be reused enough times to make the

Cost(DSL) = Metamodel + Editors 8ecl i pse. or g/ gnf
+Generators Swwy. ecl i pse. org/ gnt/tcs
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Figure 3. A Feature Model for the PICML/CUTS/Scatter/CQML DSL Family

reduced priceReuse(DSLg), overcome the initial over- [2] D. Batory, J. N. Sarvela, and A. Rauschmayer. Scaling
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This article motivated the need for improving DSL
reusability and showed how SPL reuse techniques can be 5
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tion to improve reusability. In particular, we showed how 2002.
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