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Abstract. The design of programming languages is, in general, geared towards
accumulation rather than composition of features. However, by adding an ever-
increasing number of built-in abstractions, any programming language is eventu-
ally at risk to reach a critical mass at which it may become increasingly difficult
for designers to maintain and for developers to use an evolving language appro-
priately. To tackle this language design paradox, we have developed GLOO, a
small open-ended dynamic language, whose design philosophy aims at a unified
approach in which program and language evolution result directly from the defi-
nition of extensible domain sub-languages. Surprisingly, these extensible domain
sub-languages not only provide a framework to capture domain expertise, but also
give rise to a powerful compositional model for language extension. To demon-
strate the effectiveness of this approach, we develop the Language of Namespaces
and Traits in this paper. We define this extensible domain sub-language as an
aggregate of various forms of object-oriented language support. Using the Lan-
guage of Namespaces and Traits as example, we show that GLOO’s extension
model plays a crucial role in achieving a flexible compositional approach for the
design of readily-available and extensible programming abstractions.

1 Introduction

A major contributing factor for the success or failure of a software system is not only
our understanding of the underlying problem domain, but also the choices of program-
ming languages and their support in the target environment. This poses a particular
challenge for language designers, who often have to choose between the features that a
language has to provide and the ones that would make the language more versatile. A
well-designed programming language can yield a creative medium for making program-
mers write good programs easily [[19]. An overloaded language, on the other hand, may
increase the likelihood of occurrences of awkward or lengthy formulations as develop-
ers find it more difficult to proactively organize their solutions within the framework
provided by the language.

But how do we assess language features in practice? What are the practical means to
implement, test, and incorporate new language abstractions into an existing program-
ming language? In addition, the design of industrial-strength programming languages
is, in general, geared towards accumulation rather than composition of language fea-
tures [12]. However, by adding an ever-increasing number of built-in abstractions any
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programming language is eventually at risk to reach a critical mass at which it may be-
come increasingly difficult to formally define, use, and maintain the language [25]. So,
can we construct more effective means to “fine-tune” the level of abstraction provided
by a programming language in order to avoid overwhelming both the programming
language and the application programmer?

To study and experiment with different means of language support for software com-
position, we have developed GLOO [16}/15], a small open-ended dynamic pure func-
tional language with a built-in extension mechanism to grow the language on demand.
GLoOO allows for both rapid language prototyping and the definition of readily available
language abstractions. For example, we have defined the Language of Java Services [16]]
and the Language of Traits [15], two extensible domain sub-languages that provide an
interface to incorporate existing Java software artifacts (i.e., Java classes and objects)
and the concept of traits [24] into the GLOO framework. These domain sub-languages
greatly benefit from the extension mechanism embedded in GLOO that is a key ingre-
dient for the definition of arbitrary domain abstractions ranging from new data types to
complex programming constructs in order to yield a user-centric view of the targeted
problem domain.

The GL0O model for language extension induces two processes: decomposition and
abstraction. The result of the decomposition phase is a set of meta-level domain ab-
stractions that implement required core data types and their relationships in the prob-
lem domain, whereas the abstraction step yields a high-level and user-centric domain
vocabulary to represent a desired specific aspect (or view) of the underlying problem
domain [[16]. The resulting domain sub-languages serve as fined-grained extensions to
the GLOO language and can be viewed as subjects [21] or compositional styles [2]] that
encapsulate sets of first-class development artifacts to assist developers in solving prob-
lems in a given domain in a more efficient and convenient way. A schematic view of
this technique is shown in Figure[l

In this work our focus is on rapid prototyping of object- and class-based language
extensions using continuation-passing-style (CPS). Rapid prototyping is a viable engi-
neering technique to explore and validate desirable system characteristics of software
products in a flexible and agile manner. Dynamic programming languages with their
emphasis on developer productivity and software quality provide a good fit for the re-
quired programming approach. However, with the exception of Scheme or Smalltalk,
languages are seldom used or designed to study programming language concepts in
itself.

To explore how GLOO can be used to this purpose we define the Language of Names-
paces and Traits in this paper. More precisely, we demonstrate how to specify the
Language of Namespaces and Traits as aggregations of smaller domain sub-languages
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using the concept of mini parsers. Mini parsers are guarded continuations that mimic
the parsing process of the underlying syntactic categories. The names of these guarded
continuations serve as keywords in the defined sub-language, whereas their bodies de-
fine reusable parsing automata for the corresponding associated keywords. We use the
characterization of “reusable” to denote the fact that the guards of parsing automata
are defined over equivalence classes of permissible continuations, which allows us to
recombine mini parsers to accept new syntactic forms on demand.

The benefit of defining and evaluating language extensions this way is two-fold.
First, the integration of new features into an existing language may impact the under-
lying language processor to an extent at which language experimentation becomes not
feasible anymore. GLOO does not suffer from this problem, as its fine-grained scoping
mechanisms provide us with the means to control the impact and visibility of differ-
ent and, in general, orthogonal language features. Second, the notion of permissible
continuations enables us to compose arbitrary mini parsers by locally defining corre-
sponding equivalence classes, a technique that yields a natural approach for language
composition.

The rest of this paper is organized as follows: in Section 2] we illustrate the main
features of the GLoo programming model. In the Sections [3] and M we discuss the
details of defining language extensions in GLOO. We present a model for the Language
of Namespaces and Traits in Section[5] We proceed with a brief review of related work
in Section[@land conclude with a summary of our main observations in Section 7l

2 Abstraction Definition in GLOO

GLOO is a statically scoped language that uses call-by-value as default parameter pass-
ing mode. The core language of GLOO is based on AF [14], a variant of the \-calculus
that combines the concepts of dynamic name resolution, explicit namespaces, and for-
eign code gateway in a single formal framework. Dynamic name resolution and explicit
namespaces both are crucial for a software development approach enabling a controlled
admission of new functionality into an existing software base [6]. The foreign code
gateway, on the other hand, allows for an easy integration of glue code that is required
to provide operational support for new language mechanisms [15].

There is however an important aspect to the semantics of name resolution that is
unique to GLOO. GLOO permits for the occurrences of unbound names in expressions.
Unbound names are placeholders for values that may be defined in the future. Unbound
names are not to confused with free names that result in open expressions. In GLOO,
every expression is closed, even the ones containing unbound names. An expression
with occurrences of unbound names is subject to incremental refinement [[16] that makes
it possible for programmers to alter the meaning of an expression depending on the
eventual existence of suitable declarations for unbound names. This concept is similar
to the way content types are handled in Web-browsers. If a Web-browser defines a
specific handler for a given content type, then this handler is invoked. Otherwise, the
browser triggers the default behavior or may even ignore that content type altogether.
In GLOO, every expression is evaluated with respect to an actual evaluation context
to assign meaning to occurrences of unbound names. If that context does not define a
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mapping for the occurrence of an unbound name, then that occurrence is substituted
with the empty behavior.

The main programming entity in GLOO is a specification unit, defining a value or
component that can be recombined with additional values or components exported by
other specification units. GLOO specification units add basic data types, an import fa-
cility, term sequences, expression trees, computable binders, and a Java gateway mech-
anism to the core language. In essence, a GLOO specification unit declares a local scope
for both the import of exported abstractions from other units and the definition of new
abstractions that all contribute to the value exported by the current specification unit.

let
load "OpenExtensibleImperativeClass.lf"
load "LanguageOfNamespacesAndTraits.lf"
load "System/Services.lf"

StackNS = load "SampleNS.1lf"
in
Namespace TraceNS
Import Stack of StackNS
method top (\():: println "Calling top...";
super.top (|]))
endImport

apply (use TReadInt of SampleNS) to Stack
endNamespace
end

Listing 1. The namespace TraceNS in GLOO

Consider Listing [l that depicts the use of the Language of Namespaces and Traits.
The specification in this example defines the namespace TraceNS. This namespace
exports one class, Stack, that is a refinement of class Stack imported from names-
pace SampleNS. In namespace TraceNS the class Stack is modified twice: we (i)
define method top as an extension to class Stack and (ii) apply trait TReadInt
to it. As a result, in namespace TraceNS we obtain a new version of class Stack
that provides all inherited members defined by class Stack in namespace SampleNS,
overrides method top, and guarantees a sound composition with trait TReadInt.

The structure of TraceNS is typically for programming abstractions defined at the
application level in GLOO. Even though GLOO offers only a few basic constructs, these
language elements suffice to define high-level programming features to build domain
software artifacts easily. The core elements that enable this particular application level
paradigm are functions and function composition. More precisely, the structure-giving
elements are all functions (e.g., Namespace, Import,of,method, or endImport),
whose names serve as domain-specific keywords, whereas the function bodies imple-
ment continuations that define the semantics and the corresponding verification rules
of the modeled language features. By composing related keyword functions we obtain a
desired new language element and assign it a concrete syntax and semantics. Moreover,
these language elements remain extensible and can, therefore, be recombined to yield
support for other language abstractions.
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However, GLOO is also an open-ended programming language. Therefore, rather
than providing a rich set of predefined operators and statements, GLOO only defines
syntactic support for them. To give operators semantics or to add new language con-
structs like conditionals, loops, or assignment, one has to define language extensions to
borrow appropriate and matching behavior from outside the language. This approach al-
lows for an easy integration of new domain data types into the language and to fine-tune
the existing language features to specific user needs.

%{ // auxiliary Java runtime representation of Cell data type
class Cellvalue extends LiteralValue
{

private Value val;

public Value get () { return val; }
public void set( Value v ) { val = v; }
public Cellvalue( Value v ) { val = v; }
{

public String toString() return val.toString(); }
}
1%
let
// gateway functions
makeCell= %{ return new CellValue( aArg ); 1%

get= %${ Value c = EpsilonValue.EPS;
try { ¢ = ((Cellvalue)aArg) .get(); }
catch (FormException e) { Main.error( e.getMessage() ); 1}
return c; 1%

set = %{ try { Cellvalue c¢ = (CellValue)aArg.select("cell");
Value v = aArg.select( "value" );
c.set( v ); }
catch (FormException e) { Main.error( e.getMessage() ); }
return EpsilonValue.EPS; 1%
in
// exported Cell data type
(] cell = (\val:: (| get = (\()::get this)
set = (\nval::set (| cell = this, value = nval [)) |)
[(] this = makeCell val |)]) |)
end

Listing 2. A mutable Cel1 abstraction

One such language extension is Ce11, as shown in Listing[2] The unit defining the
Cell abstraction consists of three parts: (i) the definition of the auxiliary Java code
that defines the (inner) Java class CellvValue, (ii) the local declaration of the gateway
functions makeCell, get, and set, and (iii) the definition of the exported function
Cell, adata type constructor for mutable storage cells.

GLOO provides an explicit means to directly incorporate Java code into the scope
of a specification unit in form of gateway code. Gateway code is enclosed in %{. . . }%
and treated as a single token by the GLOO compiler. The GLOO compiler assembles
the gateway code in a corresponding Java support class and emits appropriate linkage
code to bridge between the GLOO and the Java world [16,[15]]. In case of the Cell
abstraction, the gateway code comprises of the definitions for CellvValue, a class
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derived from the GLoo runtime type LiteralValue to obtain a mutable container
value type, the data type constructor makeCell, and the property methods get and
set.

We define Cell as a wrapper function that returns a programming interface to
Cellvalue. The body of Cell contains an expression of the form a[b], called
context, which denotes a term a whose meaning depends on the values defined in b if
a contains free variables. In the case of Cell, the context

[(| this = makeCell val |)]

defines a binding for the variable thi s, which occurs free in the bodies of the functions
bound to the exported names get and set. The effect of this context specification is
that both functions share the common value this and since this is a mutable storage
cell, we add side effects to the getter and setter.

The particular value of the Cell extension is that it adds a stateful programming
abstraction to the GLOO language. As a pure functional language, GLOO does not
possess any built-in support for assignment. However, certain approaches (e.g. object-
oriented programming) are naturally imperative and allow or require operations to per-
form side effects on the state of other program entities [[1]. It is one of the strengths
of GLOO to accommodate orthogonal programming features while providing well-
defined scopes within which these features are available and may impact each other.
In the case of the Cell abstraction, the modeled assignment abstraction appears to
be in fundamental conflict with GLOO’s declarative programming model. However,
the actual Cell object is implemented by means of a read-only literal value (i.e., an
instance of class CellValue, a user-defined class derived from the GLOO runtime
class Literalvalue) that hides its state-altering capability from clients of the Cell
abstraction.

One of the rather subtle aspects in defining extensible software abstractions is nam-
ing. The choice of names can greatly effect our ability to recombine existing software
artifacts as name clashes may occur. Also, sometimes we may not know the precise set
of names to access individual features of software abstractions. For this reason, GLOO
provides computable binders, expressions enclosed in the symbols { and }, that allow
for both discovery and construction of names (i.e., labels of a namespace) at runtime.

let
fix = (\F::h (| {FName} = h |))
[(] h = (\FX::F (\Arg:: (FX.{FName} FX) Arg)) |[)]
in
(\$Name:: (\FName:: (\F::fix (\{FName}::F))) (getIdString Name))
end

Listing 3. The recursive function builder Rec

A typical application of computable binders occurs in recursive functions. By design,
GLOO does not provide a built-in support for the definition of recursive abstractions.
We can, however, define a simple recursive function builder, as shown Listing 3] The
recursive function builder Rec consists of two parts: (i) the local declaration of the
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call-by-value fixed-point combinator £1x and (ii) the exported definition of Rec, which
constructs the proper recursive image of its argument function F. Both parts rely on
computable binders. In the case of Rec, the computable binder { FName } enables self-
application within the body of the recursive function being defined. For example, to
build a recursive image of a function F we write Rec self F, which is an expression
that yields a function in which self is the name of F in the function’s body.

The feature that enables this particular technique is delayed term evaluation that
enables us to defer the evaluation of arguments to functions until their value is actually
being required [15]. Hence, when using delayed term evaluation, we have to ability
to explicitly define lazy evaluation of function arguments. The need for delayed term
evaluation arises, for example, from choice functions like conditionals in which the
individual branches must not be evaluated before the corresponding guard evaluates to
true. We use the symbol $ to mark an expression delayed. Prefixing an expression e
with the symbol $ yields the expression tree of e. An expression tree comprises of the
syntax tree of the denoted value and its lifetime evaluation context history to maintain
static scoping.

Expression trees for identifiers are of particular interest, as they enable, in combi-
nation with incremental refinement, a macro mechanism [23]]. Incremental refinement
allows for open sub-expressions in both function bodies and actual function arguments.
The idea behind this concept is that the target environment for the evaluation of a func-
tion may provide specific local bindings for occurrences of free names. For example,
fix contains two free occurrences of FName. This enables £ix to “adapt” to any
function name. The purpose of £ix is to generate the required repetitive structure of
a recursive function, but the function name is not known at point of the declaration of
fix. By placing £ ix underneath the binder (\FName: : (\F::fix ...)),wecap-
ture FName and associate it with the name of the function being constructed to achieve
the desired recursive linkage. The actual value of FName is the string denoted by the
expression tree Name. We can use the gateway function get IdString to obtain the
corresponding string representation.

3 Language Composition in GL0OO

The definition of new language extensions does not occur in isolation. Programming id-
ioms supported by languages like C# [ 18], Haskell [5]], Java [3], Python [17], Perl [28],
Self [26], Scheme [12,123], Smalltalk [10], or Tcl [22] offer already a wealth of read-
ily available and well-explored programming abstractions. However, only a few systems
provide built-in support for syntactic and semantic extensions to add or experiment with
new programming concepts.

GLO0O’s built-in compositional extension mechanism enables developers to amend
the language through syntactic extensions, semantic extensions, or both. The main pillar
of this compositional approach is the hypothesis that a language must reveal the need
for additional features by removing pertinent weaknesses and restrictions [12]]. Users
supply definitions to model the problem domain to the GLOO compiler. The compiler
maps the corresponding domain abstractions to associated representatives in Java sup-
port classes. The extension apparatus of GLOO translates those classes into executable
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Fig. 2. A model for class-based programming features in GLOO

semantic extensions and loads them into the current GLOO runtime image [16]]. Upon
completion, the user-supplied definitions yield a domain vocabulary, which captures
the modeled problem domain in a user-centric way and therefore facilitates program
development for that domain.

Common to all GLOO domain abstractions is that they are composed from a meta
level, a low-level layer that defines the behavior required to incorporate new domain
abstractions into the GLOO runtime system, and an application level, a high-level layer
that encapsulates the meta level and provides the application programmer with a user-
centric domain vocabulary of the modeled domain. To illustrate this approach, consider
Figurelthat depicts the architecture of a set of class-based language extensions. These
language extensions provide a Java-like programming model. At the meta level, we
define objects, traits, classes, and dictionaries as first-class values. Furthermore and in
order to obtain an imperative object model, all features use Cel1. More precisely, Im-
perative Class, Open Imperative Class, Extensible Imperative Class, Open Extensible
Imperative Class, Dictionary, and Namespace all encapsulate a Ce11 object and define
an appropriate wrapper to achieve the desired corresponding imperative behavior.

The application level, on the other hand, is composed of Mini Parsers and the domain
sub-languages Language of Classes, Language of Traits, Language of Namespaces, and
Language of Namespaces and Traits. The intriguing aspect in the construction of the
application level is that none of the defined sub-languages incorporates an object model
directly. However, each language contains an occurrence of the unbound name Class
that refers to a class builder. We bind the object model /ate, that is, rather than resolving
occurrences of name Class within the defining scope, we use incremental refinement
and provide a desired meaning in the importing scope. Consider again Listing [1l In
this specification, we load the definitions for Open Extensible Imperative Class be-
fore we include the Language of Namespaces and Traits into the specification unit for
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TraceNS. As a result, we bind Class within the scope of Language of Namespaces
and Traits to the class builder defined by Open Extensible Imperative Class and obtain
a suitable programming model for the definition of TraceNS.

4 Mini Parsers

For the construction of domain sub-languages at the application level we have devel-
oped the notion of composable mini parsers, which are first-class entities to capture the
keywords of a specific syntactic category. Mini parsers provide an ambiguity-free spec-
ification format like Parsing Expression Grammars (PEGs) [9]] to describe the syntactic
structure of the underlying problem domain entities. We use continuation-passing-style
to specify mini parsers. Moreover, as the mini parsers are defined in GLOO itself, we
can avoid the integration of different tools and paradigms [11]. However, GLOO is not
a compiler-compiler. Like Scheme [23]], GLOO does presently not provide any support
to alter or enrich its lexical syntax. As a consequence, we can only use identifiers as
structure-giving elements when defining new language extensions.

<Class> ::=“Class’ ‘super’ <Class> (<Member>)* ‘endClass’

<Member> ::= [‘static’] ‘var’ <VariableName> <InitValue>
| [‘static’|‘protected’] ‘method’ <MethodName> <Function>

<Object> ::=‘new’ <Class> <Initializer>

Fig. 3. Syntax of the Language of Classes

method =
(\AST::
if (canProceed method AST SUPER_SEEN)
(\$MethodId: :
isMethodUnique (]|]);
(\Body: :
let
// build new method specification
method_class = methodLabel (|])

newAST = (| AST,
{method_class} = (| (| AST->{method_class} |),
{getIdString MethodId} = Body |) |)
in
(\Cont:: Cont (| newAST, {MODIFIER} = DEFAULT |))
end) )

(error "Illegal method declaration!")

Listing 4. The mini parser method for the Language of Classes

Mini parsers define small parsing automata with one explicit state. This state serves
as a guard for the body of the mini parser. Consider, for example, Figure[3lthat shows the
syntax of the Language of Classes. This domain sub-language requires a mini parser for
the keyword method, as shown in Listing [l After receiving the decorated syntax tree
AST, a data structure that contains both attribute values and parser status information,
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<Trait> ::= ‘Trait’ <TraitName>
( (‘method’ <MethodName> <Function> |
‘requires’ <MethodName> <MethodName> <String>)*
|

‘join’ <Trait> ‘with’ <Trait>
|
‘refine’ <Trait> ( ‘alias’ <MethodName> <MethodName>> |
‘endTrait’ ‘exclude’ <MethodName>)* )

Fig. 4. Syntax of the Language of Traits

we first evaluate the guard for method. This guard (i.e., canProceed) assures that the
actual parser state recorded in AST matches SUPER_SEEN, which is an explicit state
defined for the Language of Classes to indicate that we have successfully processed
the super type specification for the current class. As true-continuation of this guard,
we define a function, which consumes MethodId, an expression tree for the method
identifier, a method body Body, and a class continuation Cont. In this function we
also perform the required semantic checks and construct a new decorated syntax tree.
We use sequencing (expressions separated by ;) to compose the individual expressions.
Please note that if the check in i sMethodUnique fails, then the current program will
terminate with an error message.

However, rather than just for one state, we define guards for mini parsers to accept
an open set of permissible continuations. The set of permissible continuations forms
an equivalence relation over parser states. By means of the predicate canProceed,
this equivalence relation allows us to equate related explicit parser states across differ-
ent domain sub-languages. More precisely, when analyzing the applicability of a mini
parser, canProceed first compares the actual parser state recorded in AST with the
target state defined by the mini parser. If both are the same, canProceed returns
true immediately. Otherwise, canProceed checks whether the recorded state and the
target state are considered equivalent for the current domain sub-language. If this case,
canProceed returns true also, as desired. But if both tests fail, canProceed returns
false and the current mini parser terminates with an error message.

The key mechanism to enable the reuse or composition of an existing mini parser for
the definition of a new domain sub-language is our ability to dynamically alter the set
of permissible continuations, as required for the definition of the Language of Traits.
Traits provide a simple compositional approach to factor out common behavior and
to easily integrate that behavior soundly into existing classes [24]. A possible way to
capture the syntax of the Language of Traits is shown in Figure [4l We notice that the
syntax for methods resembles closely the one used in the Language of Classes. Indeed,
we can construct the Language of Traits as composition of the Language of Classes and
trait-releated language elements. In particular, we can reuse the mini parser method and
recover our previous development effort for the definition of the Language of Traits. To
accomplish this, we need to declare method a permissible continuation for the keyword
Trait in the Language of Traits using the following expression

addPermissibleState method IN_TRAIT
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<Namespace> ::= ‘Namespace’ <NamespaceName>
( <Class> | ‘Import’ <ClassName> (<Member>)* ‘endImport’ )*
‘endNamespace’

<Class> := “Class’ <ClassName> ‘super’ <Class> (<Member>)* ‘endClass’
<ClassName> ::= <PlainClassName> ‘of’> <NamespaceName>

<Object> = ‘new’ <ClassName> <lInitializer>

Fig. 5. Syntax of the Language of Namespaces

The function addPermissibleState and its inverse function removePer-
missibleState can be used to enlarge or shrink the set of equivalent explicit parser
states for a given mini parser. By adding the explicit state IN_TRAIT to the set of
equivalent parser states for mini parser method, we enable, therefore, method to occur
within a trait specification.

We can expect that some form of additional configuration is required to make a
given mini parser meet the requirements of the new context in which it is being used.
The Language of Traits is no exception. In the case to the Language of Traits, this
additional configuration relates to the supported trait operations. A method declaration
must not occur in a context other than a new trait declaration (i.e., neither in a join nor
in a refine specification). Furthermore, methods are always public. No other modifier is
permitted. But these criteria can easily be satisfied, as shown in Listing[3l To guarantee
that method only occurs within the declaration of a new trait, we add an additional
guard to method. This guard uses the AST flag TRAIT _BUILD, which records the
current trait operation. The value DEFAULT_TRAIT means that we are about to define
a new trait, whereas NEW_TRAIT states that we are currently building a new trait. The
exclusion of additional modifiers is standard, as we have not declared them permissible
continuations for the keyword Trait.

method = (\AST::
if (AST.{TRAIT\_BUILD} == DEFAULT\_TRAIT)
(method (| AST, {TRAIT\_BUILD} = NEW\_TRAIT |))
(if (AST.{TRAIT\_BUILD} == NEW_TRAIT)
(method AST)
(error "Illegal method specification!")))

Listing 5. The mini parser method for the Language of Traits

There is an additional and noteworthy aspect related to the composition of mini
parsers and domain sub-languages. The mini parsers Class and Trait can proceed in
any state. This is due to the fact that both mini parsers represent the root symbol for
their corresponding domain sub-language. Root mini parsers do not depend on any ex-
plicit state. However, to guarantee composability, root mini parsers take a decorated
syntax tree as argument also. But this tree is, in general, empty. When exporting the
mini parsers for root symbols, we bind, therefore, AST to the empty value [14].
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5 Language Composition: The Language of Namespaces and Traits

We construct the Language of Namespaces and Traits in two phases. We first define the
Language of Namespaces as an extension of the Language of Classes. In the second
step, we use the Language of Namespaces and the Language of Traits to build an aggre-
gate of both domain sub-languages to form the Language of Namespaces and Traits.

The Language of Namespaces is defined in the spirit of the classbox concept [4]. A
namespace defines a packaging and scoping mechanism for controlling the visibility of
extensions to portions of class-based systems. In particular, (i) a namespace defines an
explicitly named scope within which classes, methods, and variables are defined and (ii)
namespaces support the local refinement of imported classes by adding or modifying
their features without affecting the originating namespace.

The syntax of the Language of Namespaces is shown in Figure |3l The Language
of Namespaces defines an extension to the Language of Classes. More precisely, we
import the Language of Classes into the local scope of the specification unit of the Lan-
guage of Namespaces to provide a default meaning for imported mini parsers and com-
pose it with the required namespace extensions. This language composition involves
three major activities]

o define the keywords Namespace, Import, of, endImport, and endNamespace,
e add namespace-related guards to Class, method, var, and endClass, and
e define a new format for the super class specification.

Our compositional approach to language extension reduces greatly the effort re-
quired to construct the new language elements. For example, we can reuse all structure-
giving elements related to member declarations defined in the Language of Classes for
the composition of the syntactic category of class import in the Language of Names-
paces. We simply have to define appropriate guards to distinguish the context within
which member declarations occur. We use the AST flag EXTENSION for this purpose.
EXTENSION is an integer to count the number of methods or variables specified in the
import mode. In case of a class declaration, this flag is simply ignored.

Class = (\AST::
if (canProceed Class AST IN_NAMESPACE)
(\$Classname: :
Class (| asT,
{ EXTENSION } = (-1),
{ QID } = buildQualifiedName (getIdString Classname) |) )
(error "Illegal class declaration!"))

Listing 6. The mini parser Class for the Language of Namespaces

To adapt imported mini parsers to the new requirements, we define appropriate wrap-
per functions. The wrapper for Class is shown in Listing [6l This wrapper guarantees
that a class declaration can only occur within a namespace declaration. Furthermore,
it also injects the need for an occurrence of a class name between the keywords Class

! In this presentation, we will only highlight the steps required to reuse imported mini parsers.
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and super. Finally, the wrapper combines the received decorated syntax tree AST with
the attributes EXTENSION and QID. The flag EXTENSION is set to -1 to denote the
context class declaration and QID is set to the fully qualified class name of the class
being parsed. The reader should note that the original mini parser Class (denoted by
the name Class inside the wrapper) is not affected by the extra AST flags, as that mini
parser is blind for those additions. The GLOO semantics guarantees, however, a proper
forwarding of the additional information through the chain of continuations.

The wrapper for endClass (see Listing[7)) exhibits a slightly more complex structure.
It (i) checks whether the current parser state in AST is equivalent to SUPER_SEEN and
(ii) verifies that endClass occurs within a class declaration. If both conditions are met,
then we build a new class using the attribute values recorded in AST and add that class
to the current namespace as a side effect of buildClass. At the end of the wrapper,
we reset AST and return a continuation to accept further class and import declarations
or endNamespace to close the current namespace specification.

endClass = (\AST::
if ((canProceed endClass AST SUPER_SEEN) &&
(AST.{ EXTENSION } == (-1)))
(buildClass AST;
(\Cont:: Cont (| { STATE } = IN_NAMESPACE,

{ NAMESPACE } = AST->{ NAMESPACE },
{ THIS_NS } = AST.{ THIS_NS } |) ))
(error "Illegal class termination declaration!"))

Listing 7. The mini parser endClass for the Language of Namespaces

The wrappers for method and var implement a simple bookkeeping mechanism.
If a method or var occurs within a class declaration (i.e., EXTENSION == (-1)),
then we just forward the AST to the original mini parser. Otherwise, we increment
the EXTENSION count by one and pass the updated decorated syntax tree AST to the
original mini parser, as shown, for example, in Listing |8 for the mini parser var.

var = (\AST::
if (AST.{ EXTENSION } == (-1))
(var AST)
(var (| AST, { EXTENSION } = AST.{ EXTENSION } + 1 |)))

Listing 8. The mini parser var for the Language of Namespaces

The final step in the construction of the Language of Namespaces is the aggregation
of the Language of Classes with the newly defined namespace-related elements. This
aggregation can be expressed by means of GLOO’s form extension operators [141[16].
Informally@, we can write

Language of Namespaces =
Language of Classes & namespace extensions [Language of Classes]

2 A detailed technical presentation of this step has been omitted in favor of readability.
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<Namespace> ::= ‘Namespace’ <NamespaceName>
( <Class> |
‘Import’ <CassName> (<Member>)* ‘endImport’ |
<Trait> )*
‘endNamespace’

<Class> = “Class’ <ClassName> ‘super’ <Class> (<Member>)* ‘endClass’
<ClassName> ::= <PlainClassName> ‘of’ <NamespaceName>

<TraitApplication> ::= ‘apply’ <TraitSelection> ‘to’ <ClassName>

<TraitSelection> ::=‘use’ <Trait> ‘of’ <NamespaceName>

<Object> == ‘new’ <ClassName> <lInitializer>

Fig. 6. Syntax of the Language of Namespaces and Traits

to denote the aggregation of the Language of Namespaces in which the operator
stands for GLOO’s form binding operator. More precisely, this aggregation yields a
new domain sub-language that is composed of the Language of Classes and the newly
defined namespace extensions and in what the original Language of Classes serves as a
local context to resolve occurrence of references to reused mini parsers.

We are now ready to define the Language of Namespaces and Traits, whose syntax
is shown in Figure[6l This language provides a classbox-like programming model with
explicit class extensions in form of traits. The particular value of this language is two-
fold. The Language of Namespaces and Traits, on one hand, provides us with the means
to experiment with different forms of class extensions in one single framework. For
example, when using local refinement, class extensions are integrated into its associated
class immediately through an import declaration, whereas the definition of traits allows
us to reuse or even export extension to classes to refine multiple classes simultaneously.

On the other hand, the Language of Namespaces and Traits also presents us with a
means to reason about a suitable semantics for extensions to classes and their effects on
classes and namespaces. The ability to locally refine classes in a namespace and also to
apply traits to the very same classes poses a particular challenge. Both operations are
rather orthogonal. When should we perform local refinement and when should we apply
traits to classes? Experiments with different semantics definitions of the Language of
Namespaces and Traits have shown that the most reliable way for the support of both
features is to require traits to be applied first to classes. Using this approach we obtain
a semantic model for the Language of Namespaces and Traits that is backwards com-
patible with the Language of Namespaces. Backwards compatibility enables phased
software evolution and, therefore, allows developers to organize their solutions within
the framework of the new language gradually.

The required configuration effort to compose the Language of Namespaces with the
Language of Traits is rather minimal. We need to perform the following steps:

establish the Language of Namespaces as local context for the Language of Traits,
define the keyword apply, use, and to,

define trait-related wrappers for Class, Import, endNamespace, and

define namespace-related wrappers for Trait and endTrait.
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The first step involves the construction of a proper chaining of defined wrappers for
mini parsers in the Language of Namespaces and Traits. Fortunately, the order in which
different wrappers for the same mini parsers occur is unimportant. Each wrapper has to
be executed eventually. In the case of the Language of Namespaces and Traits, we define
that wrappers defined in the Language of Traits have to be executed before wrappers
for the Language of Namespaces are visited. Informally, this behavior is established by
the following local context

Language of Traits [Language of Namespaces]

that states that all occurrences of names referring to imported mini parsers are now
resolved with respect to the Language of Namespaces.

The next steps are dedicated to the definition of appropriate wrappers for reused mini
parsers. The wrappers for both Class and Import make the corresponding mini parsers
trait-aware as shown, for example, for Class in Listing [0} Again, the original mini
parsers are blind for this extra information. However, the extended state information is
needed to obtain the required behavior in the trait-aware mini parser for method.

Class = (\AST:: Class (| AST, { TRAIT_BUILD } = NEW_TRAIT |))

Listing 9. The mini parser Class for the Language of Namespaces and Traits

The purpose of the wrapper for endNamespace in the Language of Namespaces and
Traits is to finalize all classes defined within the current namespace. In other words, we
first build a new namespace according to the specification in the Language of Names-
paces and then update this namespace by composing all classes in the current names-
paces with applicable traits.

endNamespace = (\AST:: finalizeClasses AST.{ THIS_NS }
(endNamespace AST) AST->trait_applications)

Listing 10. The mini parser endNamespace for the Lang. of Namespaces and Traits

The last two wrappers establish Trait and endTrait as permissible continuations
within a namespace declaration. Moreover, the wrapper for Trait adds the required
bookkeeping mechanism for members, whereas the wrapper for endTrait registers the
newly defined trait with the current namespace.

Trait = (\AST::
if (canProceed Trait AST IN_NAMESPACE)
(Trait (| AST, { EXTENSION } = (-1) |))
(error "Illegal trait specification!"))

Listing 11. The mini parser Trait for the Language of Namespaces and Traits
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endTrait = (\AST::
let
gid = buildQualifiedName AST.traitName
in
AST->{ NAMESPACE }.add gid (endTrait AST)
end;
(\Cont:: Cont (| AST,
{ STATE } = IN_NAMESPACE,
{ NAMESPACE } = AST->{ NAMESPACE },
{ THIS_NS } = AST.{ THIS_NS } |)))

Listing 12. The mini parser endTrait for the Language of Namespaces and Traits

In the final phase, we build the Language of Namespaces and Traits again as an
aggregation that is captured by the following term

Language of Namespaces and Traits =
Language of Namespaces ® Language of Traits [Language of Namespaces] &
new language elements [Language of Traits & Language of Namespaces]

In other words, the aggregation of the Language of Namespaces and Traits is a new
domain sub-language composed from the Language of Namespaces, the Language of
Traits, and the required new language elements whose mini parsers and wrappers start
evaluation in the Language of Traits, pass through the Language of Namespaces, and
terminate in the Language of Classes.

6 Related Work

Two systems that also provide support for language extension are Camlp3, a prepro-
cessor and pretty-printer for OCaml [7/]], and Polyglot, an extensible compiler front-end
for the Java programming language [20]. Camlp5 allows for the admission of new ele-
ments to and even the redefinition of the whole syntax of OCaml. Language extensions
in Camlp5 are defined by means of extensible grammar entries that encapsulate stream
parsers. Each grammar entry is associated with a corresponding scanner and grammar
specification. Therefore, Camlp5 also permits the admission of new lexical elements
that gives Camlp5 the flavor of a compiler-compiler. However, the scope of language
extensions is restricted to the defining grammar entries. As a consequence, language
extension by means of composing grammar entries is not possible.

Polyglot, on the other hand, aims at constructing extensible Java compilers. More
precisely, Polyglot provides an extensible compiler for the Java base language. In the
Polyglot framework, language extensions are defined as source-to-source compilers
[20] that translate programs using language extensions to Java source code. For this
purpose, Polyglot includes an extensible parser generator that enables one to specify
language extensions as a set of changes to the Java base language. To assign language
extensions a semantics or to alter the meaning of a given language element, Polyglot
provides the AST Node interface and optionally allows for the refinement of existing
AST node classes. Polyglot’s AST rewriting mechanism guarantees a proper integration
of defined language extensions in the Java base language.
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Our technique of defining composable mini parsers is very similar to parser com-
binators [13]], which are, in general, modeled using monads [5]. Unfortunately, not
every programming feature can be modeled by monads [27]]. The continuation-based
approach presented here appears to not exhibit this problem even though several ab-
stractions mimic monads. For example, Cel1 exhibits a semantics very similar to the
IO monad, whereas the keyword continuations resemble the structure of the STATE
monad.

Flatt et al. [8] have recently presented a comprehensive approach to incorporate
object-oriented abstraction into Scheme in a purely compositional fashion. The tech-
niques used by Flatt et al. are similar to the ones presented in this work, though the
Scheme extensions are defined by means of macros [12,[23]].

7 Conclusion

A major challenge in programming language design is to find the right balance between
the features a new programming language has to provide and the ones that would make
the new language more versatile. We advocate a compositional language design that
allows for the definition of domain sub-languages, which provides support for the def-
inition of a user-centric domain vocabulary for the underlying problem domain. This
user-centric domain vocabulary can greatly simplify the comprehension, design, im-
plementation, evolution, and reuse of readily available software artifacts. In this paper,
we have illustrated how GLOO supports the compositional language design approach
by defining a set of class-based language extensions. We have also demonstrated that
composable mini parsers can be used as an enabling technology to seamlessly integrate
domain sub-languages into GLOO.

Table 1. Matching object models

Domain Sub-Language Object Model
Language of Classes Imperative Class
Language of Traits Extensible Imperative Class
Language of Namespaces Open Imperative Class
Language of Namespaces and Traits | Open Extensible Imperative Class

In general, the most crucial ingredient in defining language support for object-
oriented programming is the design of a suitable object model [[1,18,26124;/4,/15]. How-
ever, the underlying object model for the language extensions presented in this work
is secondary by design. We can assign each defined domain sub-language a specific
object model, as shown in Table[Il But we are not required to do so, as each language
is designed without targeting a particular object model. The framework provided by
our object-oriented domain sub-languages is based on a compositional language de-
sign. We can, therefore, supply an appropriate and desired object model later, when all
application-specific requirements are known.

GLOO provides a suitable environment for language prototyping in a very direct
way. Unlike Scheme [23]] that relies on hygienic macros for the definition of language
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extensions, we can define language extensions in GLOO naturally in terms of func-
tions and function composition. In addition, GLOO provides a scoping mechanism that
allows for a fine-grained control of the visibility of language extensions. In Scheme,
for example, language extensions have to be incorporated into the system at top level,
which means that language extension have global impact.
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