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ABSTRACT

Product line engineering is an emerging paradigm of devel-
oping a family of products. While product line analysis and
design mainly focus on reasoning about commonality and
variability of family members, product line implementation
gives its attention to mechanisms of managing variability. In
many cases, however, product line methods do not impose
any specific synthesis mechanisms on product line implemen-
tation, so implementation details are left to developers. In
our previous work, we adopted feature-oriented product line
engineering to build a family of compilers and managed vari-
ations using the Standard ML module system. We demon-
strated the applicability of this module system to product
line implementation. Although we have benefited from the
product line engineering paradigm, it mostly served us as
a design paradigm to change the way we think about a set
of closely related compilers, not to change the way we build
them. The problem was that Standard ML did not fully
realize this paradigm at the code level, which caused some
difficulties when we were developing a set of compilers.

In this paper, we address such issues with a language-
based solution. MLPolyR is our choice of an implemen-
tation language. It supports three different programming
styles. First, its first-class cases facilitate composable ex-
tensions at the expression levels. Second, its module lan-
guage provides extensible and parameterized modules, which
make large-scale extensible programming possible. Third,
its macro system simplifies specification and composition of
feature related code. We will show how the combination of
these language features work together to facilitate the prod-
uct line engineering paradigm.

Categoriesand Subject Descriptors

D.2.13 [Software Engineering]: Reusable Software—do-
main engineering; D.3.2 [Programming Languages|: Lan-
guage Classifications—applicative (functional) languages, ex-
tensible languages, multiparadigm languages
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1. INTRODUCTION

Product line engineering is a paradigm of developing a
family of products [19, 22]. This emerging paradigm en-
courages developers to focus on developing a set of products
rather than on developing one particular product. There-
fore, we are expected to develop products from a common
set of components (core assets) rather than from scratch. So
far most efforts of working under this paradigm have focused
on how to analyze a family of products and develop reusable
assets. Features are commonly used to reason about com-
monality and variability in product lines. A set of features
define a design space and the selection of a particular subset
is the first step towards the synthesis of a design artifact [18].

In our previous work, we demonstrated that the product
line engineering as a developing paradigm was a very effec-
tive way to build a family of compilers [12]. We showed engi-
neering activities from product line analysis through product
line architecture design to product line component design.
Then, we presented how to build particular compilers from
core assets resulting from such domain engineering activi-
ties. This approach especially helped us maintain source
code by providing a systematic way to identify variations.
This variability analysis provided us with the better chance
of utilizing underline implementation technology. For ex-
ample, the product line analysis enabled us to predict which
parts would be mostly changeable, so we could parameter-
ize over them via functorization provided by the Standard
ML [5]. Then, the main program became a functor which
took variations and produced a specific compiler. That is,
we obtained a compiler generator. Product line engineer-
ing as a design paradigm was truly helpful here in that its
product line analysis acts as a systematic way of identify-
ing commonalities and variabilities. This made it possible
to design and implement reusable and flexible software by
supplying guidance on where relevant implementation tech-
niques could be applied.

Although we have benefited from the product line engi-
neering paradigm, it mostly served us as a design paradigm
to change the way we think about a set of closely related
compilers, not to change the way we build them. The prob-
lem was that our implementation technology did not fully



realize this paradigm at the code level. As a result, we ex-
perienced some difficulties:

e The relations among features and core assets (i.e., ar-
chitecture and component models) were implicitly ex-
pressed only during the product line analysis as a form
of documentation. Other product line model-based
methods usually provide a way to express those re-
lations explicitly by using CASE tools. In FORM, for
example, those explicit relations make it possible to
automatically generate product code from specifica-
tions [18].

e QOur approach poorly supported systematic generation
of family members.

e While we demonstrated our underline implementation
technology (i.e., the Standard ML module system) was
powerful enough to manage variations in the context of
product lines, its type system sometimes imposed re-
strictions which caused code duplication between func-
tions on data types.

This paper proposes a language support approach to ad-
dress such limitations. Firstly, we will give a brief overview
of the feature-oriented product line engineering (Section 2).
As in our previous work, we will start with the feature
modeling followed by product line asset design activities.
Then, we will review the above issues in the context of
product line implementation. Then, we present a language-
based solution to better support product line implementa-
tion (Section 3). Our choice of an implementation language
is MLPolyR [10]. It supports extensible programming in
a compositional way and its module language provides pa-
rameterization mechanisms. Furthermore, its macro system
provides feature-related code composition which is based on
the feature selection. We will show how the combination of
these language features work together to facilitate the prod-
uct line engineering paradigm. Finally, we will review other
feature-oriented implementation approaches (Section 4).

2. PRODUCT LINE ENGINEERING

Product line engineering highlights the development of
products from core assets rather than from scratch. There-
fore, this paradigm separates the process of building core
assets from the process of building an individual product as
shown in Figure 1. Product line asset development con-
sists of analyzing a product line, designing reference archi-
tectures, and developing reusable components. In the prod-
uct development process, a particular product is instantiated
by selecting a proper architecture and adapting components.
Among various product line approaches, we adopt FORM
product line engineering for the following reasons:

e The method relies on a feature-based model which
provides adequate means for reasoning about product
lines [19].

e The method supports architecture design which plays
an important role in bridging the gap between the con-
cepts at the requirement level and their realization at
the code level by deciding how variations are modular-
ized by means of architectural components [25].

In this section, we will give an overview of overall engineer-
ing activities for developing a family of the simple arithmetic
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language interpreters. We believe that this simplified exam-
ple can demonstrate the same limitation that our previous
experience showed without dealing with unrelated technical
details. Furthermore, this example is designed to precisely
capture so-called the expression problem [29], which can even
facilitate a comparative study of language support for prod-
uct line implementation. The more detailed discussion of our
choice of this example and the working draft of this compar-
ative study can be found at our technical report [13].

2.1 Problem description

Let us consider a Simple Arithmetic Language (SAL) that
contains terms such as numbers, variables, additions and a
let-binding form. Suppose we start with two basic opera-
tions on terms: a function eval that realizes the evaluation
semantics and a function check that realizes the static se-
mantics. (In this case the static semantics just makes sure
that all variables are in scope.)

In this setup, assume one wants to build an SAL inter-
preter |, which is the composition of the combinators eval
and check where o means function composition:

| = eval o check

Sometimes, we want to replace an old implementation with
a new one. For example, instead of the evaluation seman-
tics eval, we can define a machine semantics (for example
because we want to make control explicit) and implement
its realization (evaln):

lm = evaln, o check

Optionally, the combinator opt which performs some simple
term rewriting (e.g., constant-folding, strength-reduction,
etc.) may be inserted to build an optimized interpreter lop:

lopt = evaln o opt o check

When the base language grows to support additional terms
(e.g., a conditional term), eval, opt and check also evolve to
constitute a new interpreter I'opt:

I'opt = eval’ o opt’ o check’

Since all these interpreters have so much in common, we
should be able to understand them as a family of inter-
preters. Therefore, it is natural to apply product line en-
gineering for better support of their development.

2.2 Feature-oriented product lineengineering

To analyze a set of interpreters as a family, we adopt
feature-oriented product line engineering, which consists of
following engineering activities:
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Figure 2: Feature model for the SAL interpreter.
A closed triangle (many-of) represents multiple op-
tional relationship and an open triangle (one-of)
represents alternative relationship [15].

e Product line analysis. We perform commonality and
variability analysis for the family of the SAL inter-
preters. We can easily consider features in the base in-
terpreter as commonalities and exclusive features only
in some extensions as variations. Based on this anal-
ysis, we identify two kinds of variations: architectural
variation and component level variations. Then we
determine which factors cause these variations. Such
factors are represented as features in the feature model
as illustrated in Figure 2.

e Product line architecture design. Architecture design
involves identifying conceptual components and spec-
ifying their configuration. During this phase, we have
to not only identify components but also define inter-
faces between components:

checker term — term
optimizer term — term
evaluator term — value

As usual, the arrow symbol — is used to specify a
function type. In our example, components act like
pipes in a pipe-and-filter the architectural style, so all
interface information is captured by the type.

By using the above conceptual components, we can
specify the overall structure (i.e., architecture) of var-
ious interpreters:

interp = evaluator o checker
interpOpt = evaluator o optimizer o checker

Product line component design. Next, we identify con-
ceptual components which are constituents of a con-
ceptual architecture. A conceptual component can
have multiple implementations. For example, there are
many versions of the evaluator component depending
on the evaluation strategy:

eval : term — value
eval, : term — value

At the same time, the language term can be extended
to become term’ which is an extension of term (for
example to support conditionals):

—  value
— value

evall : term’
evall, : term’
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Figure 3: The overall product engineering process.
Each selected feature gives advice on how to choose
an architecture and how to instantiate required com-
ponents. For example, the reference architecture
interpOpt gets selected, guided by the presence of the
Optimizer feature. The presence of the Constant folding
feature guides us to choose the component optimizer
with the implementation optcns [13].

Similarly, check and check’ can be specified as follows:

check term — term
check’ : term’ — term’

For the optimizer component, there are many possi-
ble variations due to inclusion or exclusion of vari-
ous individual optimization steps (i.e., constant folding
and short-circuiting) and due to the variations in the
underlying term language (i.e., base and extended):
Opteont, optéonsv opt;hort or optéons-&-short'

e Product engineering. Product engineering starts with
analyzing the requirements provided by the user and
finds a corresponding set of required features from the
feature model. Assuming we are to build four kinds
of interpreters, we have to have four different feature

selections:
FS(1) = {Evaluation semantics}
FS(Im) = {Machine semantics}
FS(lopt) = {Machine semantics, Optimizer,
Constant folding}
FS(I'opt) = {Conditional, Evaluation semantics, Optimizer,

Constant folding, Short — circuit}

Here, the function FS maps a feature product to its
corresponding set of its required features. (For brevity
only non-mandatory features are shown.) Selected fea-
ture sets give advice on the selection among both ref-
erence architectures and components. Figure 3 shows
the overall product engineering process. The target
product would be instantiated by assembling such se-
lections.

2.3 Issuesin product lineimplementation

During the product line asset development process, we
obtain reference models which represent architectural and
component level variations. Such variations should be re-
alized at the code level. The first step is to refine concep-
tual architectures into concrete architectures which describe
how to configure conceptual components. Then, product



line component implementation involves realization of con-
ceptual components with the proper product feature deliv-
ery methods. Based on our experience of building a family
of compilers [12], we see three issues that surfaced during
product line implementation.

e Product line architecture implementation. Since there
may be multiple reference architectures, it would be
convenient to have mechanisms for abstracting archi-
tectural variations, capturing the inclusion or exclu-
sion of certain components. Hence, any adequate im-
plementation technique should be able to provide mech-
anisms for:

— declaration of required conceptual components
(checker, optimizer and evaluator) and their inter-
face

— specification of the base reference architecture
interp and its optimized counterparts interpOpt by
using such conceptual components.

Our experience showed that the Standard ML (SML)
module language was powerful enough to describe both
components and their interfaces. Each components
in a reference architecture was mapped into a SML
program unit (called structure) and interfaces among
them as signatures. Furthermore, functors make it
possible to implement the common part once and pa-
rameterize variations so that different products can be
instantiated by assigning distinct values as parameters:

1 functor InterpFun(structure C : CHECKER

2 structure E : EVALUATOR

3 sharing C.T = E.T) : INTERP
4 where type term = E.T.term =

5 struct

6 type term = E.T.term

7 val interp = E.eval o C.check

s end

Here, the functor InterpFun takes two components checker

and evaluator and then returns their composition. How-
ever, all necessary sharing constraints between param-
eters must be declared explicitly. For example, in order
to avoid type errors we had to specify that the types
of term in both components should coincide.

e Product line component implementation. This phase
involves realization of conceptual components. The
main challenge of this phase is how to implement vari-
ations at the component level. Such variations could
be in the form of either code extension or code substi-
tution. For our running example, a pair of check and
check’ corresponds to code extension while a pair of
eval and evaly, corresponds to code substitution. While
its parameterized module (i.e., functor) provides an ef-
ficient way to implement code substitution, the SML
type system sometimes imposes restriction on code ex-
tension, which causes code duplication between func-
tions on data types.

e Product engineering. Based on the product analysis,
a feature product is instantiated by assembling prod-
uct line core assets. For example, an extended inter-
preter I’ can be instantiated by applying the functor
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InterpFun to the modules EChecker (realizing check’)
and EBigStep (realizing eval’) based on the feature se-
lection. Each selected feature gives advice on how to
choose an application architecture and how to instanti-
ate required components. However, such instantiation
was manually performed since the relations between
features and core assets are implicitly expressed as a
form of documentation.

3. LANGUAGE SUPPORT FOR PRODUCT
LINE IMPLEMENTATION

In this section, we present product line implementation us-
ing MLPolyR as a language-based solution. MLPolyR is
an ML-like language with row polymorphism, polymorphic
record selection and polymorphic sums, functional record
update and a Hindley-Milner-style type system with princi-
pal types [10, 11]. Among its many features, we focus on
three aspects in this paper:

e The extensible module language. Similar to functors in
the Standard ML module system, MLPolyR provides
an parameterized mechanism called template. Further-
more, its modules are extensible and compiled sepa-
rately.

e [Fxtensible programming with first-class cases. With
cases being first-class and extensible, one can use the
usual mechanisms of functional abstraction in a style of
programming that facilitates composable extensions.
Note that these composable extensions are type-safe in
a sense that well-typed programs do not go wrong [24].

e The macro system. Recent addition to MLPolyR
supports code expansion at the level of a macro sys-
tem. This mechanism makes it possible to write com-
position specification in terms of features, then feature
selection will integrate the corresponding code easily.

In the remainder of this section, we will show how such mech-
anisms resolve each issue previously identified.

3.1 Product line architecture implementation

Each component in a reference architecture is mapped to
an MLPolyR module. We first define types (or signatures)
of the interested components based on the outcome of prod-
uct line architecture design:

Checker {{ check term — term, ... }}
Optimizer : {{ opt term — term, ... }}
Evaluator : {{ eval term — int, 3}

where ... implies that there may be more parts in a compo-
nent, but they are not our concerns. In practice, we do not
have to write such interface explicitly since the type checker
infers the principal types. Then, by using these conceptual
modules (Checker, Optimizer and Evaluator), we can define
two reference architectures:

module Interp = {{

val interp = fn e => Evaluator.eval
(Check. check e)
1}
module InterpOpt = {{
val interp = fn e => Evaluator.eval

(Optimizer. opt
(Checker.check e))

i3
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Alternatively, like functors in SML, we can use a parame-
terized module called a template which takes concrete mod-
ules as arguments and instantiates a composite module:

template InterpFun (C, E) = {{

val interp = fn e => E.eval (C.check e)
}}
template InterpOptFun (C, O, E) = {{
val interp = fn e => E.eval
(0. opt
(C.check e))
i3

where C, O and E implicitly imply Checker, Optimizer and
Evaluator respectively and their signatures are captured as
constraints by the type checker. For example, the type
checker infers the constraint that the module C should have
a component named check which has a type of &« — (3 and
(3 should be either an argument type of the module E (Line
1) or that of O (Line 5).

The second approach with templates supports more code
reuse because a reference architecture becomes polymorphic
because it is parameterized over its components including
their types. As long as components satisfy constraints that
the type checker computes, any components can be plugged
into a reference architecture. For example, for the argument
C, either the base module Check and its extension EChecker
can applied to the template InterpFun.

3.2 Product line component implementation

Modules in MLPolyR realize components. In order to
manage component-level variations, we have to deal with
both code extension and code substitution. For example, we

will see multiple implementations of the component Evaluator:

BigStep  : {{ eval term —int, ... }}
Machine : {{ eval term — int, ... }}
EBigStep {{ eval term’ —int, ... }}
EMachine : {{ eval term’ —int, ... }}

where term represents a type of the base constructors and
term’ that of the extension. BigStep and EBigStep implement
the evaluation semantics and its extension while Machine
and EMachine implement the machine semantics and its ex-
tension. Note that a pair of BigStep and EBigStep (and also
a pair of Machine and EMachine) corresponds to code ex-
tension while a pair of BigStep and Machine corresponds to
code substitution.

Code extension is supported by first-class extensible cases.
Figure 4 shows how such extensions are made. First, we
define cases (Line 4-10) separately from a match expression
(Line 14) where cases will be consumed. Then, we wrap such
cases in functions by abstracting over their free variables
(i.e., eval and env) (Line 3). One of these variables is eval—
the whole evaluator itself. Its inclusion in the argument list
achieves open recursion, which is essential to extensibility.
With this setup, it becomes easy to add a new case (i.e.,
IFO). In an extension, only a new case is handled (Line 22-
24) and the default explicitly refers to the original set of
other cases represented by BigStep.bases (Line 25). Then,
EBigStep.bases can handle five cases including IFO. We can
obtain a new evaluator EBigStep.eval by closing the recursion
through applying bases to evaluator itself (Line 29). Note
that a helper function run is actually applied instead of eval
in order to pass an initial environment in Line 30.
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(* module for the evaluation semantics x*)
module BigStep = {{
fun bases (eval, env) =
cases ‘VAR x => env x
| ‘NUM n => n
| PLUS (el, e2) =>
eval (env, el) + eval
| ‘LET (x, el, e2) =>
eval (Env. bind
(eval (env, el), x, env), e2)

(env, e2)

fun eval e =
let fun run (env, e) =
match e with bases (run, env)
in run (Env.empty, e)
end

i3

(* module for the extended evaluation semantics x*)

module EBigStep = {{
fun bases (eval, env) =

cases ‘IF0 (el, e2, e3) =>
if eval (env, el) = 0 then
eval (env, e2) else eval (env, e3)
default: BigStep.bases (eval, env)
fun eval e =

let fun run (env, e) =

match e with bases
in run (Env.empty, e)
end

(run, env)

i3

Figure 4: The module BigStep realizes the evalua-
tion semantics (eval) and the module EBigStep realizes
the extended evaluation semantics (eval’) by defining
only a new “conditional” case ‘IF0.

Code substitution as another form of variation at the
component level does not cause any trouble. For exam-
ple, the module Machine implements the machine semantics
(i.e., evaly). In our example two different implementations
(BigStep and Machine) provide interchangeable functional-
ity, but neither is an extension of the other, so they are
implemented independently.

3.3 Product engineering

Our example asks us instantiate four interpreters (I, lm, lopt
and Ig,,) differentiated by the feature selection. As Figure 3
demonstrates, each will be instantiated by selecting a proper
architecture (either InterpFun and InterOptFun) and choosing
its components (either BigStep or Machine, etc) with implicit
advice from the selected feature set. For example:

e When the feature set is FS(lm), the reference archi-
tecture InterpFun gets chosen. Then, two components
Machine and Checker are selected because of the pres-
ence of Machine semantics feature. Therefore, we in-
stantiate the interpreter |, as follows:

module I, = InterpFun (Checker, Machine)

e When the feature set is FS(l;,), the reference archi-
tecture InterpOptFun is chosen. As far as the compo-
nents are concerned, the presence of the Conditional
and Evaluation semantics features guide us to choose
the component EBigStep. Similarly, the presence of



the Optimizer, Conditional, Constant folding and Short-
circuit forces the use of component ECSOptimizer (re-
alizing Optlons short)- Lherefore, we instantiate the in-
terpreter lg,: as follows:

module Iy, = InterpOptFun (EChecker,
ECSOptimizer,
EBigStep)

In this approach, we have to rely on implicit guidance on
how to assemble core assets and then we manually perform
a product instantiation since conventional languages cannot
state the relations between a feature and its corresponding
code segments in the program text.However, the MLPolyR
macro system provides a way to explicitly specify the rela-
tions between features and core assets as a set of rules, so
we can specify feature configuration in a separate file. One
benefit of it is that the MLPolyR compiler can automate
product engineering process, that is, it can automatically
pick a right reference architecture and its associated compo-
nents with respect to the given rules.

Figure 5 shows the expansion rules for a family of the
SAL interpreters. It is used to map feature sets into feature-
related abstractions (i.e., module names). For example, sup-
pose the following macro term in the program text:

module Ix = @Interp

The macro term QInterp gets expanded recursively depend-
ing on the feature selection at the parse time. Let us as-
sume that the selected feature set equals to FS(I5,.). A ref-
erence architecture InterpOptFun will get selected (Line 4
in Figure 5) because of the presence of the Optimizer fea-
ture. Then, its conceptual component arguments Checker,
Optimizer, Evaluator will be recursively instantiated into the
proper concrete components. Checker will be expanded into
a component ECheck due to the presence of Conditional (Line
10). Optimizer will be expanded into ECSOptimizer due
to Optimizer, Conditional, Constant folding and Short-circuit
(Line 15). Evaluator will be expanded into EBigStep due to
the Conditional and Evaluation semantics features (Line 18).
As a result, the term Q@Interp expands to the following ex-
pressions, which equals to the declaration of the module I},
that we had to manually write down:

InterpOptFun (EChecker , ECSOptimizer , EBigStep)

In summary, the MLPolyR compiler can expand macro
terms with respect to rules, so the feature composition can
be done automatically once we write expansion rules and
provide a valid feature set.

4. DISCUSSION AND RELATED WORK

Our approach adopts FORM which aims to provide an
unified feature-oriented development methodology [18, 19].
This method describes a mapping between features and core
assets (i.e., design and implementation artifacts). However,
it does not impose any specific synthesis mechanisms on
its implementation, so implementation details are left to
developers. Its early papers only illustrated the usage of
the object-oriented programming annotated by the FORM
macro language [18, 17] but recently, aspect-oriented pro-
gramming has become popular as a way of implementing
features in a compositional way [21, 14]. Our prior work
on building a family of compilers introduced another choice

of implementation mechanism, i.e., functorization [12]. The
contribution of this paper lies that we identify some difficul-
ties of our previous approach and propose a direct language
support for each phases in the product line implementation
process:

e Product line architecture implementation. Similar to
functors in SML, MLPolyR provides a parameterized
module which has been demonstrated to be powerful
to manage variations. Unlike SML, however, we do not
have to write signatures explicitly since the MLPolyR
type checker infers the principal types, which is ex-
pected to lessen the burden of product line implemen-
tors.

e Product line component implementation. The main
challenge of this phase is to provide extensibility mech-
anism. Here, MLPolyR supports first-class cases that
facilitate composable extensions.

e Product engineering. The MLPolyR macro system
simplifies feature selection-based composition, so prod-
uct instantiation can be automated once we supply a
valid feature set.

While we aim to map between features in feature model-
ing and language constructs (realizing features), there have
been attempts to support the concept of features more ex-
plicitly at code level. AHEAD, FeatureC++-, CaesarJ and
FeatureHouse are such feature-oriented programming lan-
guages that provide better abstraction and modularization
mechanisms for features in various ways [8, 4, 6, 2]. Most
these existing mechanisms fall into one of three categories:

e The annotative approach. This approach implements
features using some form of annotations. Typically,
preprocessors, e.g., macro systems, have been used in
many literature examples. For example, the macro
language in FORM determines inclusion or exclusion of
some code segments based on the feature selection [18,
17].

e The compositional approach. In this approach, fea-
tures are implemented as distinct units which are then
integrated to become a product. Aspect-oriented or
mixin-layered extension are such examples [8, 7].

e The parameterization approach. The idea of param-
eterized programming is to implement the common
part once and parameterize variations so that different
products can be instantiated by assigning distinct val-
ues as parameters. Higher-order modules, also known
as functors—e.g., in SML are a typical example [5].
The SML module system has been demonstrated to
be powerful enough to manage variations in the con-
text of product lines [12].

Note that there have been hybrid attempts combining
multiple different approaches [3, 20] and the MLPolyR
language supports all three different programming styles.
Similarly, FeatureC++ also supports all of them by com-
bining aspect-oriented programming style, generic program-
ming style (which enables parameterization over refinements)
and an annotative approach [4]. However, its annotations
are line-based in the style of #ifdef directives. Therefore,
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(* Architecture Model x)

Interp ::= InterpFun (Checker
| InterpOptFun (Checker,

Evaluator)

(x+ Component Model x)

{}
Optimizer, Evaluator) {Optimizer}

Constant folding}

Constant folding}

Conditional , Short—Circuit}

Constant folding , Short—Circuit}

Conditional}

Checker ::= Check () {}
| ECheck 0 {Conditional}
Optimizer ::= COptimizer 0 {Optimizer
| ECOptimizer () {Optimizer, Conditional,
| ESOptimizer 0 {Optimizer ,
| ECSOptimizer 0 {Optimizer, Conditional,
Evaluator ::= BigStep () {Evaluation semantics}
| EBigStep 0) {Evaluation semantics,
| Machine () {Machine semantics}
| EMachine 0 {Machine semantics,

Figure 5: Expansion rules for the SAL product line.

Conditional}

::= denotes a “is-one-of” relation. For example, a macro

term @Interp can be implemented by either a template InterpFun or InterpOptFun (Line 3-4). A template can

have module arguments in the following (...).

A module argument can recursively have its own expansion

rules. Each rule defines the corresponding features in the list bracketed by {...}.

their feature specific code segments (if annotated) are scat-
tered across multiple classes, so code easily becomes com-
plicated. Saleh and Gomaa proposes the feature description
language to overcome such problem [27]. Its syntax looks
similar to the C/C++ preprocessor but it supports separa-
tion of concerns by modularizing feature specific code in a
separate file. So does our macro system in that expansion
rules are maintains in a separate file in order to prevent the
growth of complexity.

Sunkle et al. proposed features as first-class entities [28]
but our approach focuses on not features but relations be-
tween features and assets so that a user’s feature selection
can pull the trigger at assembling, adapting and integrat-
ing core assets. Similarly, the AHEAD tools suite and Fea-
tureHouse provide application generators but they treat a
feature as a program increment or a program delta at the
code level [23, 2]. These tools assume that there is a one-to-
one mapping between conceptual features in feature mod-
eling and concrete features in code. Therefore, in their ap-
proaches, the concepts at the requirement level and their
realization at the code level should be similar while our ap-
proach studies features mainly in the requirement level and
they are incrementally realized as assets during design and
implementation phase. Therefore, the connection between
mechanisms and each phase of the development process is of
importance in our approach. This paper can be considered
as an effort to make such connection explicit by providing
relevant language supports.

The interpreter family example in this paper was origi-
nally designed to capture the so-called expression problem
which describes the difficulty of two dimensional extensibil-
ity [13]. Variants of this problem have been popularly used
to demonstrate the expressive power of feature-oriented pro-
gramming. For example, as a variant, Lopez-Herrejon et
al. defined the Ezpression Product-Line (EPL) to perform
comparative study on feature modulization [23]. The as-
pect of generating different product-lines in the context of
the expression problem has also been studied in the work

on Origami [9]. In an Origami matrix, orthogonal features
are described as either rows or columns and they are synthe-
sized through a series of matrix transformation to generate a
product-line. Since Origami is not implementation-specific,
we believe that their matrix transformation (i.e., folding a
matrix) can be implemented using our language features in
a way that rows and columns are represented by our exten-
sible module language and extensible first-class cases and
then our macro system performs a matrix transformation
by assembling them.

Recently, Apel et al. discussed feature (de)composition in
the context of functional programming [1]. However, their
interest lies in the problem of cross cutting in functional pro-
gramming while we are interested in applying functional pro-
gramming techniques (e.g., higher-order modules and type-
safe extensible cases) into feature composition.

5. CONCLUSIONSAND OUTLOOK

Our work shows that advanced programming language
technology such as extensible cases and parameterized mod-
ules are helpful when we express and implement variations
identified by product line analysis. Furthermore, our macro
system simplifies feature selection-based composition. Al-
though each of these mechanisms alone may make feature-
oriented development more convenient, building a family of
products becomes easier when all mechanisms are available.

We are continuing this work in several ways. First, we
plan to integrate a feature modeling tool with our work.
Since our expansion rules do not support any specification
of feature relationships (i.e., mutually exclusive or required
relations), the MLPolyR compiler cannot detect any in-
valid feature sets. We leave such validation to feature mod-
eling tools which provide various diagnoses on feature mod-
els. Our goal is to let a front-end modeling tool generate
valid expansion rules. Then, application engineering would
only require feature selection.

We will also continue to improve architectural expressive-
ness of MLPolyR to enable it to describe various view-



points. For example, FORM supports three viewpoints (i.e.,
subsystem, process and module) [18]. So far only mod-
ules have been the focus in our architecture models. Note
that our programming styles rely on the fact that there
are two kinds of variations: architectural variations and
component-level variations. We conjecture that different ar-
chitecture styles (i.e., layered or blackboard style [16]) may
require different programming models. In this line of re-
search, we are investigating the usage of more expressive
architecture description languages such as ArchJava which
provides more explicit notations for dynamic configuration
of product lines [26].
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