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ABSTRACT

Prosoft is a research project at Instituto de Informática daUFRGS, developed by the
research group with the same name and coordinated by Professor Daltro José Nunes.
The project’s goal is to develop a full software developmentenvironment, the Prosoft
Environment, which is based on concepts of Models, Lambda Calculus, Abstract Data
Types and Object orientation.

One of the components of the Prosoft Environment is Algebraic Prosoft, its algebraic
specifiction language. Although being the basis and the theme of several works in the
Prosoft research group, Algebraic Prosoft doesn’t have itssemantics properly defined.
Work done until now have been done based on operational notions and presented different
interpretations of Algebraic Prosoft.

This thesis presents a denotational semantics specification for Algebraic Prosoft, com-
prising, among other features, its “inter-data type” communication primitive, calledICS,
and its graphical notation for representing abstract data types instantiations.

This thesis also presents a study of semantic prototyping using the Haskell program-
ming language. The concept of Literate Programing and the proximity between lambda
calculus and Haskell were crucial to the rapid implementation of a prototype implemen-
tation of Algebraic Prosoft, based on the specified semantics.

This thesis’ main contributions include: a precise and unambiguous interpretation
of Algebraic Prosoft, through a semantics specification; the definition of semantics to
the ICS, a unique (to the best of our knowledge) concept that provides a message-
passing mechanism between algebraic data types; a prototype implementation of Alge-
braic Prosoft, which can actually be used to experiment and test the Algebraic Prosoft
semantics specification; results regarding semantics prototyping of both denotational and
operational semantics specifications using the Haskell programming language for rapid
development of semantics-based prototypes of languages.

Since a large portion of Prosoft Environment’s developmentis done through interna-
tional cooperation projects and this thesis will strongly influence its future development,
text was written in English to facilitate the information exchange between the Prosoft
research group and its foreign partners.



RESUMO

Prosoft é um grupo de pesquisa do Instituto de Informática daUFRGS, devenvolvido
pelo grupo de pesquisa homônimo e coordenado pelo Prosoft rofessor Daltro José Nunes.
O objetivo do projeto é devenvolver um ambiente de desenvolvimento de software com-
pleto, o Ambiente Prosoftm que é baseado nos conceitos de Modelosm Cálculo Lambda,
Tipos Abstratos de Dados e Orientação a Objetos.

Um dos componentes do Ambiente Prosoft é o Prosoft Algébrico, sua linguagem de
especificação algébrica. Apesar de ser base e tema de diversos trabalhos no grupo de
pesquisa Prosoft, o Prosoft Algébrico não tem sua semânticadevidamente definida. Os
trabalhos devenvolvidos até agora têm sido feitos com base em noções operacionais, e
apresentam diferentes interpretações do Prosoft Algébrico.

Esta dissertação apresenta uma especificação de semântica denotacional para o Prosoft
Algébrico, compreendendo, entre outras características,sua primitiva de comunicação en-
tre tipos de dados, chamadaICS, e sua notação gráfica para representação de instanciação
de tipos abstratos de dados.

Essa dissertação apresenta também um estudo sobre prototipação semântica usando
a linguagem de programação Haskell. O conceito deLiterate Programminge a proxim-
idade entre Cálculo Lambda e Haskell foram cruciais na rápida implementação de uma
implementação protótipo do Prosoft Algébrico, baseada na semântica especificada.

As principais contribuições dessa dissertação incluem: uma interpretação precisa e
sem ambiguidades do Prosoft Algébrico, através da especificação da sua semântica; a
definição de semântica para aICS, um conceito único (até o limite do nosso conhec-
imento) que fornece um mecanismo de passagem de mensagens entre tipos de dados
algébricos; uma implementação protótipo do Prosoft Algébrico, que pode realmente ser
utilizada para experimentar e testar a especificação da semântica do Prosoft Algébrico;
resultados sobre prototipação semântica de especificaçõestanto de semântica denota-
cional quanto de semântica operacional usando a linguagem de programação Haskell para
desvenvolvimento rápido de protótipos de linguagens baseados na sua semântica.

Como grande parte do desenvolvimento do Ambiente Prosoft é realizado através de
projetos de cooperação internacional e essa dissertação irá influenciar fortemente o seu
desenvolvimento futuro, o texto foi escrito em inglês para facilitar a troca de informação
entre o grupo Prosoft e seus parceiros estrangeiros.
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1 INTRODUCTION

In this chapter, the more fundamental motivations and goalsfor this work are pre-
sented. Section 1.1 discusses motivations for this work, and section 1.2 states the goals
aimed with it.

1.1 Motivation

Prosoft is a research project at Instituto de Informática daUFRGS, developed by the
research group with the same name and coordinated by Professor Daltro José Nunes.

The project’s goal is to build a full Software Development Environment that support
the Software Engineer from the erliest phase of requirements gathering, to the implemen-
tation phase.

An important component of the Prosoft environment is its algebraic notation, a pow-
erful notation for specifying Abstract Data Types called Algebraic Prosoft. Although the
other environment’s components are outside the scope of this work, chapter 2 goes deeper
on the Prosoft Environment and analyzes Algebraic Prosoft inside it, pointing the core
role Algebraic Prosoft plays in the Software Development Environment.

Although being the basis and the theme of several works in theProsoft research group,
Algebraic Prosoft doesn’t have its semantics properly defined. Work done until now have
been done based on operational notions, and presented different interpretations of Alge-
braic Prosoft.

Formalizing Algebraic Prosoft’s semantics will improve the Prosoft Environment as
a whole, since as soon as one has an exact meaning for the language’s constructions,
Algebraic Prosoft will have a adequate mathematical foundations, allowing:

• precise interpretation of its notation;

• rapid specification prototyping through a semantics-basedterm reduction tool;

• proof of properties over specifications.

1.2 Goals

This work proposes the construction of a denotational semantics for Algebraic Prosoft,
for fulfilling the existing gap in formalizing the language’s constructs. This way, the
specific goals of this work are:

• Specify an abstract syntax for Algebraic Prosoft;
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• Formalize and document an unique interpretation of Algebraic Prosoft, to serve as
a “user guide” to upcoming work on the Prosoft Environment.

• create a denotational semantics for Algebraic Prosoft comprehending its core con-
cepts. (NUNES, 2003)

• develop a semantics-based prototyping tool for Algebraic Prosoft, featuring term
reduction over user-created specifications.

Algebraic Prosoft formalization improves the whole Prosoft Environment, since it
opens the possibility for property proving inside the Prosoft Environment, what will lead
to a quality enhancement both in the development process andin the developed products.

Although proof of properties is very important, it’s outside the scope of this work.
Giving semantics for Algebraic Prosoft, however, is a first step towards property proving
over Prosoft specification. The author hopes that this work can act as a solid base to future
work aiming property proving inside the Prosoft Environment.
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2 FOUNDATIONS

This chapter presents foundation topics for this work. Section 2.1 introduces Alge-
braic Specification Methods. Section 2.2 introduces the Prosoft Environment. Section 2.3
introduces Formal Semantics and give a brief overview of themost common methods.
Section 2.4 summarizes this chapter.

2.1 Algebraic Specification Methods

Albebraic Specification Methods are formalisms that aim at representing the solutions
for problems through albegras. Algebraic approaches privilege representing input and
output of programs, rather than other concerns in software development, such as concur-
rency or distribution.

In Algebraic Methods, a solution to a problem consists on thedefinition of a many-
sorted algebra: a collection of sets of data to represent program data, and operations(functions)
over those sets representing programs’ data transformation.

Albegraic specifications are formalisms to describe problems in terms of these albe-
gras. They represent problems using sets of objects (terms)for problem data, and opera-
tions between those sets. Operations can either query the state of these objects or create
another objects based on the state of other objects.

Classical problems in Algebraic Specification (SANNELLA; TARLECKI, 1999) in-
clude:

• What is a specification?

• What does a specification mean?

• When does a program satisfy a specification?

• When does a specifications guarantees a property that is doesnot state explicitly?

• How does one prove that?

• How are specifications structured?

• How does the structure of specifications relate to the structure of programs?

• When does one specification correctly refine another specification?

• How does one prove correctness of refinement steps?

• When do refinement steps compose?
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• What is the role of information hiding?

This work focuses on answering the two first questions in the context of Algebraic
Prosoft, namely:

• define in a precise way how Algebraic Prosoft look like.

• give precise meaning to Algebraic Prosoft specifications.

2.1.1 Algebraic Specifications

Algebraic Specifications describe data types in terms of algebras: posible values and
operation over those values. Algebraic specifications havetwo main parts: operations
signatures and equations.

Signatures define the form of operations. They exhibit the operation symbol, its
domain and its range:

op (_, _, . . . , _) : s1, s2, . . . , sn → s

In the above signature,op is the operation symbol,si the image sorts, ands the range
sort. _ are placeholders for the operation arguments, and there are as many of them
as sorts in the operation’s domain. The form of the operationcan vary from the pre-
fixed form shown above. We can have post-fixed forms, as well asinfixed ones (like in
if _ then _ else _), but in this work we’ll stick to the prefixed form to keep simplicity.

If the image of an operation is empty, it’s called a constant.
The operations’ signatures for a sort define how we can form terms of that sort. For a

sorts, the set of its terms is defined as follows:

• All constantsc with s as its range is a term of sorts.

• All variablesv, denoting some value of the sorts, is a term of sorts.

• For all operationsop (_, _, . . . , _) : s1, s2, . . . , sn → s, op (t1, t2, . . . , tn) is a term
os sorts if eachti is a term of sortsi.

Equations define the meaning of operations, by giving the equality of two terms, in
the form lhs = rhs, wherelhs is a term which matches the operation signature.lhs
may contain variables, and they can be referenced inrhs: as a general rule, all variables
present inrhs must be present inlhs: rhs can be thought as a function of the variables
present inlhs.

An operation is said to be a generator when it has no associated equations.
Semantics for algebraic specifications are often given in terms of Rewriting Systems.

Given a set of equations, a Rewriting System transforms terms using the equations: when-
ever a termt match the left-hand side (lhs) of an equation, it is replaced by the right-hand
side (hrs), substituting inrhs all variables present inlhs thah matched subterms oft by
those subterms.
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2.2 The Prosoft Environment

The Prosoft project’s goal is to build a full Software Development Environment that
support the Software Engineer from the erliest phase of requirements gathering, to the
implementation phase.

The Prosoft Environment acts as a rich laboratory for research on Software Engineer-
ing, specifically in the fields of Formal Methods, Software Process Technology, Distance
Education and Computer Supported Cooperative Work.

The Prosoft Environment comprises two main components: Algebraic Prosoft and
Prosoft Java. The following subsections describe them bothin more detail.

2.2.1 Albegraic Prosoft

The principles leading to the choice of an algebraic method as the foundation for the
Prosoft Environment (NUNES, 1994), which strongly influenced its development, are:

• Data-driven strategy. Software Development is based on data structures defini-
tions representing data in the problem. Solution is given defining operations over
those data. (NUNES, 1992)

• The concept of model.A solution to some problem is the model of some theory.

• Lamdba Calculus. In Lamdba Calculus, operations with more than one argument
are represented as high-order functions. Lambda Calculus’s influence can be easily
noted in Algebraic Prosoft’s semantics description.

• Abstract Data Types. In data structures definitions, one can use pre-defined types
when constructing more complex types.

• Object orientation. Reusability, founded on the concepts of messages, inheritance
and polymorphism, is an Object Orientation’s characteristic that is aimed by any
Software Development Environment.

In Algebraic Prosoft, the main construction block is the ATO. One ATO contains one
specification, defining a sort — a data type — and operations over that sort. An ATO can
only handle objects from its defined sort.

Whenever an ATO needs to operate on objects from other sorts,it uses an special
operation named ICS. The ICS is responsible for “calling” operations defined in other
ATO’s over objects that are elements of their sort. We’re used to define the ICS as a
message bus that “connects” the different ATO’s (as seen in figure 3.6).

Chapter 3 presents Algebraic Prosoft in more detail, together with an informal speci-
fication for it.

2.2.2 Prosoft Java

The concept of the Prosoft Environment has been focus of research since early 90’s.
There were several implementations of Prosoft, and each of them presented considerable
enhancements compared to the previous.

Prosoft’s first version was a single-user implementation written in Solaris-Pascal (NUNES,
1992). ATO’s were implemented by writing Pascal functions,and the system as a whole
needed to be compiled into a monolithic program.
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After that, Distributed Prosoft was develop in a mix of Pascal and C, as described
in (SCHLEBBE, 1994) and (GRANVILLE; GASPARY, 1996). This version supported
distributed and cooperative work on the Prosoft Environment.

Prosoft’s current implementation — Prosoft Java — was written in Java (SCHLEBBE;
SCHIMPF, 1997) and features a more modern design. New ATO’s can be added without
the need to recompile its kernel. Distributed and cooperative work are supported through
Java’s standard technologies for this kind of feature.

Prosoft Java provides a visual environment for designing Prosoft specifications, em-
bedding ATO’s implemented in Java, and thus acts as a base to several of the current
research works in the Prosoft research group.

2.3 Formal Semantics

Semantics is concerned with the meaning of phrases in a language.
(WATT, 1991)

Formal semantics, or simply semantics, is concerned with assigningprecisemeaning
to phrases in a language, achieving a mathematical model of the language, in terms of
which one can reason about programs in that language. Phrases are often associated with
mathematical entitities, such as functions, sets, set elements, terms, tuples, etc: this way,
the underlying thoeries can be used for reasoning about the programs. Depending on the
methodology applied for giving semantics, the kind of thosemathematical entitities may
vary.

Semantics is often given in terms of abstract syntax trees, which represent the structure
of programs in an abstract way.

For each kind of intermediary node in the program’s abstractsyntax tree (productions
in the corresponding abstract syntax’s grammar), it is given some meaning in terms of
mathematical entities, as we shall see for each methodologydescribed below. A desirable
aspect of semantics is that compound constructs’s semantics must be defined in terms of
its components’ semantics.

Follow brief descriptions of major semantics methodologies.

2.3.1 Denotational Semantics

In Denotational Semantics, programs have their meaning expressed in terms of sets
and functions. Thus, giving a denotational semantics to a language consists of associating
each language construct to a number, a set, or a fucntion. We say that each language
construct isdenotedby on of those mathematical entities.

..., a denotação de uma expressão é uma função que mapeia um estado
de memória e um estado do ambiente para um valor; e a denotaçãode
um comando pode ser uma função que mapeia um estado do ambiente e
um estado inicial da memória para um estado final da memória. (WATT,
1991).

An important property of this kin of semantics is that the denotation of a composite
construct is given in terms of the denotations of its components. This allos us, among
other things, to specify precisely and concisely the semantics of languages that allow
combination of several of its primitive constructs to buildmore complex ones.

For example, the semantics for commands can be defined in terms of a function
execute, whose definition for loops of the typewhile E do C could be given as in
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figure 2.1.

e x e c u t e Jw h i l e E do CK env s t o =
l e t execu te−w h i l e env s t o =

l e t t r u t h −va l ue t r = e v a l u a t e JEK env s t o in
i f t r

then execu te−w h i l e env ( e x e c u t eJCK env s t o )
e l s e s t o

in
execu te−w h i l e

Figure 2.1: definição da função semântica para a construçãowhile E do C

A great advantage of denotational semantics is that its notation can be almost translit-
erated into a modern functional programming language (as shown in chapter 5), what
fosters a considerably rapid prorotyping.

More information on denotational semantics can be found in chapters 3, 4 and 5 of
(WATT, 1991; SCHMIDT, 1986), in (SCHMIDT, 1986), and in the literature referenced
there.

2.3.2 Axiomatic Semantics

Initially created to proof correction of programs, axiomatic semantics is based on
predicate logic. One makes assertions over the current values of program variables, aim-
ing to have predicates relating program’s input with its output.

Only later it was shown that axiomatic semantics techniques— which at that times
wasn’t called this way — could be used to specify sementics ofprogramming language
constructs. (WATT, 1991)

More information on axiomatic semantics can be found in (GRIES, 1981) and in the
literature referenced there. In (DIJKSTRA, 1976), the roots of axiomatic semantics are
presented.

2.3.3 Operational semantics

Operational semantics represents the execution of a program as a transition system,
in order to model how the state of an abstract (but realistic)machine changes during
the execution of the program. For that, one defines a setΓ of machine configurations,
and a transition relation→⊆ Γ × Γ, whereγ → γ′ means “there is a transition from
configurationγ to configuraçõesγ′”.

The structure of the configurationsγ ∈ Γ represents every aspect of the relevant ma-
chine elements during execution of programs: memory, bindings, scope, etc. Depending
on type of language — functional, imperative, object-oriented, with static bindings, with
dynamic bindings, ... — to which is being given an operational semantics, the particular
structure of the configurations becomes more or less complex.

For each type of language construct (expressions, commands, declarations, etc) the
corresponding machine transitions are defined through natural deduction rules. Chapter
5) shows an example of operational semantics for a toy language, together with its imple-
mentation in a modern functional programming language.

More inforamation about denotational semantics can be found in (PLOTKIN, 1981)
and in the literature referenced there.
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2.3.4 Action semantics

Action semantics represents a compromise between the mathematical formalism of
denotacional semantics and the operational notions (in terms of which most os us has the
intuitive notion of a language’s semantics) of operationalsemantics. Defined in terms of
abstract data types — whose semantics is given by mathemetics’ albegras — and using a
naming scheme for its sorts and operators very close to English, action semantics try to
semantics specifications more natural.

In action semantics, the semantics of language constructs is given in terms of an ab-
stract data typeAction, which has several subtypes.

An advantage of using action semantics is that having the axioms of the data types
used in the semantics, one can submit the term representing aprogram to a term rewriting
system, allowing a simulation of the program’s execution through the term’s reduction.

More information about action semantics can be found in (WATT, 1991) and in the
literature referenced there.

2.4 Final remarks

This chapter presented a short overview of the underlying theories hat serve as foun-
dation of this work, and were object for study during the preparation of this thesis.

• Algebraic Specification methods is used to build solutions for problems in terms of
algebras. They comprise operations signatures and equations.

• The Prosoft Environment is a software development environment, aiming to cover
the entire software development process. It uses AlgebraicProsoft as its specifica-
tion notation.

• Formal Semantics is concerned with giving precise meaning to language constructs,
in order to allow verifications, proofs and reasoning about programs.

Next chapter informally presents Algebraic Prosoft, its specifications, its main char-
acteristics and an informal notion of its semantics.
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3 ALBEGRAIC PROSOFT BASICS

As seen is chapter 2, Algebraic Prosoft is the algebraic notation used in the Prosoft En-
vironment. It plays the role of specification language in theProsoft Environment, as well
as being able to produce executable specification, as shown later in this thesis. Through a
visual language for defining data types, Algebraic Prosoft provides a more suitable inter-
face to formal specification for regular software designers.

This chapter presents the main principles in Algebraic Prosoft. Section 3.1 gives an
overview of the language, by showing some examples of its use. Section 3.2 describes
Algebraic Prosoft’s graphical notation for data types, together with an informal interpre-
tation of its semantics. Section 3.3 presents an informal notion of Algebraic Prosoft by
describing how term reduction works in it. Section 3.4 summarizes the chapter.

3.1 An overview of Algebraic Prosoft

To quickly show Prosoft’s features, this section first showsa commented example of a
Prosoft specification. Later in this section, we’ll presentthe foundations for the Algebraic
Prosoft notation.

3.1.1 An example

Suppose we are specifying an academic management system. A basic element of it
would becourses: they have a maximum number of attendants, as well as a set of those
attendants (which can contain less elements than the course’s maximum).

specification Courses

operations
create_course: Integer → Course
add_attendant: Course → Course
attendance_list: Courses → List
. . .

In Prosoft a specification has three parts:
Theinstantiation defines the structure of data type. In this case, aCourse is a record,

whose fields are the number of available slots (an integer), and someattendants, which
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form a set. Those attendants areStudents, whose structure is specified in some other
specification.

In theoperationssection, the specifier can extend the type (a record, in this case) by
adding new operations and their functionality: they specify the interface for the type. In
our example, the operationscreate_course, add_attendant andattendance_list were
defined.

equations
create_course(n) = make_course(n,emptySet)

add_attendant(make_course(slots,attendants)) =
if is(lenght(attendant),slots)
then error
else make_course(slots,insert(attendants,s?))

attendance_list(make_course(_,attendants)) =
process_attendance_list(attendants)

proccess_attendance_list(emptySet) = emptyList
proccess_attendance_list(insert(set,attendant)) =
cons(ICS(Students,get_name,attendant),

proccess_attendance_list(set))

Theequationssection specify the semantics of each of the operations defined for the
type. In our example, all the operations defined as part of thetype’s interface (create_course,
add_attendant andattendance_list are specified, as well a an auxiliary one
(procces_attendance_list), that wasn’t declared as part of the interface. Notice
the use of theICS function. It i used to refer to an operation in another specification.

3.1.2 Foundations

The basic building block in Algebraic Prosoft is theATO 1. An ATO defines one
abstract data type, by indicating the sorts that participate in the type, an interface for the
type (operations and their signatures) and their semanticsthrough algebraic equations.

In Prosoft, abstract data types are specified using a graphical notation. Theinstantia-
tion defines, based on the built-in composite types, a new sort. Figure 3.1(a), for example,
shows the graphical representation of an instantiation of theMapabstract data type, using
Codeas its domain,ProductInfoas its range. The whole sort is calledCatalogue. Code
belongs to the sortInteger, while ProductInfois an external sort, defined elsewhere.

Figure 3.1(b) shows another example: Employees is an instantiation of the abstract
data typeSet, and its elements belong to the sortEmployee.

Theoperationssection defines theATO’s functionalities: what operations are avail-
able, an the kind of each operation. For example, the following definition specifies an
operationop, with sortsE1, E2, . . . , En as its domain, and the sortE as its range.

op: E1, E2, . . . , En → E

When a new specification is instantiated, the base types operations are imported, and
available. The specifier can extend this standard definition, through the definition of

1Portuguese acronym for “Object Handling Environment”
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(a) A mapping withCode as domain and
ProductInfoas range

(b) Employeesis a set, whose elements be-
long to the sortEmployee

Figure 3.1: Examples of instantiation using Prosoft graphical language

new operations. Each new operation is given an signature in the operations section,
and should have its semantics specified in theequationssection.

The equationssection defines the operations’ semantics. In Prosoft, all operations
are monadic2: an operationop : E1, E2, . . . , En → E is interpreted asop : E1 →
(E2, . . . , En → E), as in lambda calculus. This means thatop’s range are operations
defined at the ATO that defines the sortE2, and from the kindE2, . . . , En → E.

Lets say that the sort whereE2 is defined isATO2. The equations forop, in this exam-
ple, would define, based on the state of some term oft1, from sortE1, what operation in
ATO2 must be applied to carry on the rest of the computation, with argumentst2, . . . , tn.

In the special case wheren = 1 (i.e., op : E1 → E), the equations forop should be
defined in terms ofE’s constructor operations.

In the right side of the equations, we often need to referenceoperations defined in
otherATO’s; To do that, Prosoft provides an special operation, called ICS 3. ICS has
two forms:

ICS : AT O, Op → Op
ICS : AT O, Op, Args∗ → E

The first form is reserved forn-ary operations (withn > 1), and represents a ref-
erence to an operation in anotherATO. For example, the following equation defines
op : E1, E2, . . . , En → E in terms ofop′ : E2, . . . , En → E:

op(t(v1, v2, . . . , vm)) = ICS(AT O2, op′)

The second form is used for explicit call to operations in anotherATO’s. For example,
the following equation definesop : E1 → E2 in terms ofop′ : E ′ → E2 (whereE ′ is the
sort of the subtermv1)

op(t(v,v2, . . . , vm)) = ICS(AT O2, op′, v1)

Section 3.3 gives a informal notion on ICS semantics.

3.2 Graphical representation for Composite data types

Algebraic Prosoft uses a powerful graphic language for representing composite ab-
stract data types. Through this language, one can instantiate the available built-in com-
posite abstract data types, as well as reuse other user-defined types.

The graphical representation takes the form of a tree. Each node contains its name.
The intermediate nodes represent existing abstract data types that are being instantiated,
and their subtrees the formal parameters used in the instantiation.

2Except for some of those in the built-in types, as will be seenlater.
3Portuguese acronym for “System Communication Interface”.
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The leaves represent either primitive types or a sort definedelsewhere (commonly in
another specification). A label under the corresponding leaf indicates its sort. When no
such label is present under a leaf, an external sort of the same name is considered.

3.2.1 Built-in data types representation and instantiation

Prosoft supports the common primitive data types:Integer, Real, String, Boolean,
Char and others. As primitive data types, they don’t have a graphical representation.

Follows the built-in composite abstract data types description, highlighting their graph-
ical representation.

(a) Sets graphical represen-
tation

(b) Maps graphical representa-
tion

(c) Lists graphical represen-
tation

Figure 3.2: Set, Map and List representations

3.2.1.1 Set

This is the abstract data type for sets. The most common set operations are available,
as well as membership operations. As seen in figure 3.2(a), sets are represented by a
single-child tree, where there is a small “s” above the childnode.

• Sorts: Set.

• Form sorts: Component.

3.2.1.2 Map

Map is the type for function-like objects, where for each input value (sometimes
called “key”), there is one and only one associated object (that can be itself a set or list,
but is still unique regarding that key). As seen in figure 3.2(b), this is represented by a
Map node, and two child nodes linked by an arrow: the left one for theDomain (values
used as keys), and the right one for theRange.

• Sorts: Map.

• Form sorts: Range, Domain.

3.2.1.3 List

List is the type of sequences of elements.List differs fromSet by allowing dupli-
cated elements, and in lists the order of the elements is relevant. List is represented as in
figure 3.2(c).

• Sorts: List.

• Form sorts: Component.
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(a) Records graphical representation (b) Unions graphical representation

Figure 3.3: Record and Union representations

3.2.1.4 Record

A Record is a composite, non-homogeneous type. Each field is declaredas being of
its own sort. In the case of records, each field name (the name inside the box, see figure
3.3(a)) is used to build its specification and operations to get that field’s value from a
record term.

• Sorts: Record.

• Form sorts: F ield1, F ield2, . . . , F ieldn.

3.2.1.5 Union

Union represent the union ofn types, each proceeded by a tag. A term fromUnion
is either a term fromSort1 tagged withAlt1, or a term fromSort2 tagged withAlt2, ...,
or a term fromSortn tagged withAltn. In Prosoft, the node names (see figure 3.3(b)) are
used as the tags. The alternatives’ names are used to build constructor operations for each
of the alternatives.

• Sorts: Union.

• Form sorts: Sort1, Sort2, . . . , Sortn.

3.2.2 Instantiating built-in types in user-defined data types

The creation of user-defined types is supported through instantiation of one or more
built-in types. Users can create types that are lists of setsof maps, or maps from Integers
to sets of records, and so on.

In general, a user-defined type is created following the criteria below:

a) Choose a built-in type and rename the main sort (the root ofthe tree) to reflect the
new type. (figure 3.4(a))

b) For each child node (formal parameters):

• Rename its box according to the new type. (figure 3.4(a))

• If the node is a primitive or a sort defined elsewhere, specifyas a label below
it which sort it represents (alternatively the label can be blank to refer to a sort
with the same name as the node). (figure 3.4(b))

• If the node must be itself a composite type, just “create” thecorresponding
tree under it and proceed to b). (figure 3.4(c))
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(a) First one buil-in data type is cho-
sen

(b) Then we rename a terminal
node

(c) Nodes can be expanded as
needed.

. . .
(d) The process is repeated for each
child node...

(e) ... until we have a fully
specified new type.

Figure 3.4: User-defined type: instantiation explained in afew steps.

3.2.3 Semantics’ informal notions

Suppose a built-in typeType1, specified in anATO namedATO1. If we instantiate
Type1 asType2 inside a new specificationATO2, usingSorti for F ormalSorti, this
instantiation makes every operation inATO1 be inherited byATO2 under the following
circumstances:

• Every occurrence ofType1 in the operation’s signature is replaced byType2.

• Every occurrence ofF ormalSorti is in the operations signature is replaced by
Sorti.

3.3 Term Reduction and the ICS

Prosoft supports reduction in two contexts:local reduction, where are available both
the operations defined by the user and the operations inherited from the instantiated built-
in types (as seen in section 3.2); andICS reduction, for references to external operations
through theICS operation.

Local reduction is used whenever anATO specifies its equations in terms of local
operations. In this case, reductions works pretty much likeregular reduction, present in
several systems and languages:

• equations are tested from top to bottom, for unification between each equation’s left
side against the term being reduced;

• when there’s unification, the term is replaced by the equation’s right side, replac-
ing variables by the correspondent sub-terms in the original term, according to the
unification. Then this new term is reduced again.

• If no equation unifies with the term, we try to reduce each one of its sub-terms. If
at least one is reduced, then we try to reduce the whole term again. Otherwise the
reduction stops.
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Within ICS, reduction is somewhat more complicated. The semantics of the applica-
tion ICS(ATOi, op, 〈t1, t2, . . . , tn〉), with op defined asop : E1, E2, . . . , En → E, is as
follows:

• apply operationop, defined inATOi, to the termt1.

• whenn > 1:
theop application’s resultmust have the formICS(ATOj, op′), whereop′ : E2, . . . , En →
E; in this case, applyICS(ATOj, op′, 〈t2, . . . , tn〉). Optionally, there can be in-
termediate results in terms of local operations, which should eventually reduce to
something in the formICS(ATOj, op′).

• whenn = 1:
op application’s resultmust be: either a termt from sortE, in this case the fi-
nal result;or a term in the formICS(ATOE, op′′, 〈v1, v2, . . . , vm〉), which is then
reduced by this same process.

Figure 3.5:ATO’s andICS: ICS reduction in Prosoft

This semantics notion highlights one strong characteristics forICS reduction: as seen
in section 3.1, operations reduced byICS must be monadic. This restriction, however,
doesn’t apply to locally-used operations.

Figure 3.6: TheICS acts as a message bus between theATO’s

The ICS behavior can be illustrated by figure 3.5: eachICS call triggers a “jump” to
anotherATO to proceed reduction in that context. Is some sense,ICS acts like ansystem
busthrough whichATO’s can exchange messages, as illustrated in 3.6.

3.4 Final remarks

This chapter presented an overview of Algebraic Prosoft, how it can be used to model
real-world problems, how to use its graphical notation in the definition of data types in
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Prosoft, as well as an informal notion of the semantics for the graphical notation (the
instantiation of data types) and term reduction.

Next chapter presents Algebraic Prosoft’s formal semantics.
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4 PROSOFT FORMAL SEMANTICS

This chapter presents Algebraic Prosoft’s formal semantics. Section 4.1 presents Al-
gebraic Prosoft’s syntax; section 4.2 presents the core parts of the semantics; section 4.3
presents the semantics for instantiation of ATO’s; section4.4 presents the semantics for
term matching; section 4.5 presents the auxiliary functions used in the earlier parts of
semantics; section 4.6 summarizes the chapter.

4.1 Syntax

Most of semantics definitions rely on an abstract syntax for describing the language,
but for Algebraic Prosoft we’ll present its concrete semantics. Since Algebraic Prosoft’s
syntax is very simple and has few non-terminals, it won’t distract the reader from what
really matters here, the semantics definitions.

Specification ::=
specificationId

Includes
FormalSorts
Sorts
Operations
Variables
Equations

end

Includes ::= IncludeDecl∗

IncludeDecl ::= include Id∗


include instantiation of Id
RenameFormalSpec∗

using Id for Id

RenameFormalSpec ::= using Id for Id

FormalSorts ::= ε
| formal sort Id
| formal sorts Id∗

Sorts ::= ε
| sort Id
| sorts Id∗



25

Operations ::= ε
| operationsOperation∗

Operation ::= Id : SortName∗ → SortName

SortName ::= Id
| ExternalSort Id Id

Variables ::= ε
| variablesVariable∗

Variable ::= Id : SortName

Equations ::= ε
| equationsEquation∗

Equation ::= Term = Term
| Term = Term if Term

Term ::= Id
| Id ?
| Id (Term∗)
| ICS (Id , Id)
| ICS (Id , Id , [Term∗])
| Equals Term Term
| NotEquals Term Term
| if Term then Term elseTerm

4.2 Core Semantics

The Prosoft domain represents instances of the Prosoft Environment: one of its el-
ements hold all available ATO’s, indexed by their names.Prosoft is a mapping from
identifiers to ATO’s.

Prosoft = Id m−→ ATO

We represent anATO by a triple with its operations, variables and equations.ATO is
a cartesian-product domain, in which each element is a list of, respectively, operations,
variables, and equations.

ATO = Operation∗ × Variable∗ × Equation∗

specify is the semantic function for a series of ATO’s specifications. It takes the se-
quence of specifications and produces an environment of ATO’s, in which we can search
for ATO’s by their names.

specify :: Specification∗ → Prosoft
specify specs = specify ′ specs specs where

specify ′ :: Specification∗ → Specification∗ → Prosoft
specify ′ [ ] = Data.Map.empty
specify ′ allSpecs specs =
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let

u

wwwwwwwwww
v

specificationid

end

}

����������
~

= (last specs)

in let ato = instantiate allSpecs noRename (last specs)
in Data.Map.insert id ato (specify ′ allSpecs (init specs))

We definereduce in terms ofreduce ′, which enters in the details of the reduction process
in the case of local reduction. Theics functions gives semantics for the reduction ofICS
calls.

reduce :: Term → ATO → Prosoft → Term
reduce JICS (atoname, op, [args])K env =

ics atoname op args env
reduce JICS (atoname, op)K env =

case lookup atoname env of
⊥ → JICS (atoname, op)K
ato → let ( , , eqs) = ato

in reduce ′ ato eqs eqs env JopK
reduce (Equals t1 t2) ato env =

let t ′
1 = reduce t1 ato env

t ′
2 = reduce t2 ato env

in if (t ′
1 ≡ t ′

2)
then J"true"K
else if (Data.Set .null (getInputs t ′

1) ∧ Data.Set .null (getInputs t ′
2))

then J"false"K
else (Equals t ′

1 t ′
2)

reduce (NotEquals t1 t2) ato env =
let t ′

1 = reduce t1 ato env
t ′
2 = reduce t2 ato env

in if (t ′
1 ≡ t ′

2)
then J"false"K
else if (Data.Set .null (getInputs t ′

1) ∧ Data.Set .null (getInputs t ′
2))

then J"true"K
else (Equals t ′

1 t ′
2)

reduce Jif cond then t1 elset2K ato env =
let cond ′ = reduce cond ato env

t ′
1 = reduce t1 ato env

t ′
2 = reduce t2 ato env

in if (cond ′ ≡ J"true"K)
then t ′

1
else if (cond ′ ≡ J"false"K)

then t ′
2

else Jif cond ′ then t ′
1 elset ′

2K

reduce t
ato︷ ︸︸ ︷

( , , eqs) env = reduce ′ ato eqs eqs env t



27

ics is as follows:

ics :: String → String → Term∗ → Prosoft → Term
ics ato op (t : ts) env =

let found = lookup ato env
in case found of

⊥ → JICS (ato, op, [(t : ts)])K
ato → let term = Jop ([t ])K

result = reduce term ato env
in if (ts ≡ [ ])

then case result of
JICS (ato ′, op ′, [ts ′])K → ics ato ′ op ′ ts ′ env

→ result
else let JICS (ato ′, op ′)K = result

in ics ato ′ op ′ ts env

Thereduce ′ auxiliary funcition receives the equations twice, in orderto keep both the full
equations list and the list of remaining equations available in the reduction try.

reduce ′ :: ATO → Equation∗ → Equation∗ → Prosoft → Term → Term

If there are no more equations to try, atoms reduce to themselves:

reduce ′ ato eqs [ ] env
t︷︸︸︷

JidK= t

Input variables are reduced to themselves(that is, they arenot reduced at all):

reduce ′ Jid ?K = Jid ?K

When applying an operator over some terms and there are no more equations to try, maybe
we can first reduce every argument, and then try to reduce the whole term.

reduce ′ ato eqs [ ] env
t︷ ︸︸ ︷

Jop (args)K=
let rargs = map (λt → reduce t ato env) args
in if args 6≡ rargs

then reduce Jop (rargs)K ato env
else t

For direct equations in the formt1 = t2, we just try to match the termt with t1,
producing the term environmentenv . If this matching succeeds, we then reducet do t2
(substituted byenv ). Otherwise we try the next equation.

reduce ′ ato eqs (Jt1 = t2K : eqsR) env t =
let (tv , env ′) = match t1 t ato Data.Map.empty
in if tv

then reduce (subs t2 env ′) ato env
else reduce ′ ato eqs eqsR env t

For equations in the formJt1 = t2 if condK, we first try to match the given term againstt1,
producing the term envirormentenv . If that succeeds, we then reducecond substituted
by env . If cond reduces totrue, then we reducet to t2 substituted withenv . Otherwise
we continue the reduction, trying the other equations.
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reduce ′ ato eqs (Jt1 = t2 if condK : eqsR) env t =
let (matches, env ′) = match t1 t ato Data.Map.empty
in if matches ∧ (reduce (subs cond env ′) ato env ≡ J"true"K)

then reduce (subs t2 env ′) ato env
else reduce ′ ato eqs eqsR env t

subs is as following:

subs :: Term → (Id m−→ Term) → Term

subs
t︷︸︸︷

JidK env = findTerm env id
subs Jop (args)K env = Jop ((map (λt → subs t env) args))K
subs (Equals t1 t2) env = (Equals (subs t1 env) (subs t2 env))
subs (NotEquals t1 t2) env = (NotEquals (subs t1 env) (subs t2 env))
subs Jif cond then t1 elset2K env =

Jif (subs cond env) then (subs t1 env) else(subs t2 env)K
subs JICS (ato, op, [terms])K env =

JICS (ato, op, [(map (λx → subs x env) terms)])K

subs
t︷ ︸︸ ︷

JICS ( , )K = t

subs
t︷ ︸︸ ︷

J ?K = t

findTerm :: (Id m−→ Term) → Id → Term
findTerm env id =

case (lookup id env) of
⊥ → JidK
x → x

4.3 Instantiation

First, we define a domain for renaming functions. Renaming functions take aSortName
and supply anotherSortName, supposed to substitute the first one in the specification.

Renaming = SortName → SortName

noRename is the empty renaming function. It returns just the same argument that it
receives.

noRename = λx → x

expand creates a new renaming function based on another one, addinga new renaming
pair.

rename :: Renaming → SortName → SortName → Renaming
rename r old new = λx → if x ≡ old then new else r x

The instantiate function builds an ATO from its textual specification, usingall other
specifications for eventual inclusions.
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instantiate :: Specification∗ → Renaming → Specification → ATO
instantiate specs renaming spec =

let

u

wwwwwwwwww
v

specification
incs

ops
vars
eqs

end

}

����������
~

= spec

in let included = foldl (++) [ ] (map (λi → include i specs) incs)
in let included_as_ato = joinATOs included

in let (ops ′, vars ′, eqs ′) = included_as_ato
in (map (instantiateOperation renaming) (getOperations ops) ++ ops ′,

map (instantiateVariable renaming) (getVariables vars) ++ vars ′,
map (instantiateEquation renaming) (getEquations eqs) ++ eqs ′

)

getOperations :: Operations → Operation∗

getOperations JεK = [ ]
getOperations JoperationsopsK = ops

getVariables :: Variables → Variable∗

getVariables JεK = [ ]
getVariables JvariablesvarsK = vars

getEquations :: Equations → Equation∗

getEquations JεK = [ ]
getEquations JequationseqsK = eqs

ThejoinATOs auxiliary function simply does the “fusion” of a list of ATO’s in just one.

joinATOs :: ATO∗ → ATO
joinATOs [ ] = ([ ], [ ], [ ])
joinATOs ((o1, v1, e1) : as) =

let (o2, v2, e2) = joinATOs as
in (o1 ++ o2, v1 ++ v2, e1 ++ e2)

Given an include declaration from one specification, theinclude function instantiate the
referenced ATO’s from their specifications:

include :: IncludeDecl → Specification∗ → ATO∗

In the case of theJinclude idsK declaration, we simply instantiate all the referenced
ATO’s, without any renaming.

include Jinclude idsK specs =
let referenced = map (findSpec specs) ids
in map (λ(spec) → instantiate specs noRename spec) referenced

In the case of an instantiation with renamings, we must builda renaming function, then
use it to instantiate the referenced ATO (just one, in this case).
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include

u

v
include instantiation of specname

renameFormals
using new for old

}

~ specs =

let spec ′ = case specname of
"Records" → (createRecordSpec renameFormals new old)
"Unions" → (createUnionSpec renameFormals new old)
x → findSpec specs specname

in case spec ′ of
⊥ → error ("There is no such specification"++ specname)
spec → let pairs = map renamePair renameFormals

in let renaming = rename (pairsToRenaming pairs)
JoldK
JnewK

in [instantiate specs renaming spec ]

TheinstantiateOperation andinstantiateVariable auxiliar functions are as follows:

instantiateOperation :: Renaming → Operation → Operation
instantiateOperation renaming Jid : domain → rangeK =

Jid : (map renaming domain) → (renaming range)K

instantiateVariable :: Renaming → Variable → Variable
instantiateVariable renaming Jid : sortK = Jid : (renaming sort)K

instantiateEquation :: Renaming → Equation → Equation
instantiateEquation r Jt1 = t2K =

J(instantiateTerm r t1) = (instantiateTerm r t2)K
instantiateEquation r Jt1 = t2 if t3K =

J(instantiateTerm r t1) = (instantiateTerm r t2) if (instantiateTerm r t3)K

instantiateTerm :: Renaming → Term → Term
instantiateTerm r JICS (ato, op)K =

JICS (((λ JnewK → new) (r JatoK)), op)K
instantiateTerm r JICS (ato, op, [terms])K =

JICS (((λ JnewK → new) (r JatoK)), op, [(map (instantiateTerm r) terms)])K
instantiateTerm r (Equals t1 t2) =

(Equals (instantiateTerm r t1) (instantiateTerm r t2))
instantiateTerm r (NotEquals t1 t2) =

(NotEquals (instantiateTerm r t1) (instantiateTerm r t2))
instantiateTerm t = t

renamePair :: RenameFormalSpec → (SortName, SortName)
renamePair Jusing newname for oldnameK =

(JnewnameK , JoldnameK)

pairsToRenaming :: [(SortName, SortName)] → Renaming
pairsToRenaming [ ] = noRename
pairsToRenaming ps =

let (new , old) = last ps
in rename (pairsToRenaming (init ps)) old new
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4.4 Matching

Term matchingin Prosoft is always done in the context of one specific ATO, and
respects the following rules for each type of term (regarding the abstract syntax):

1. JICS (ato, op)K andJICS (ato, op, [terms])K don’t match with any other terms. In
fact, matching of terms in those forms doesn’t make any senseat all.

2. JiK matches with a given termt :

• If i is the name a0-ary constructor in the current ATO (i.e., a constant),i
matches witht if and only if i ≡ t , producing no bindings.

• If i is a variable in the current ATO, them there are two cases:

(a) if the identifieri already matched with some term (say,t ′) before the
current matching, thent must be the same ast ′.

(b) if the identifieri din’t match with any other term, then it matches with
any termt , producing a binding{i 7→ t}.

3. Ji ?K doesn’t match with any other term, sinceJi ?K denotes an input variable.1

4. Jop ([t1, t2, ...])K matches withJop ′ ([t ′
1, t ′

2, ...])K if:

• op ≡ op ′

• ∀i, ti matches witht′
i, generating a bindingenvi.

In this case, the binding generated in the matching is the combination of all the
generatedenvi bindings.

5. There is no other matching possibility.

That said, to match two terms and check if they match, we need:

1. the ATO in which the matching is occurring.

2. the currently produced bindings, so we can(i) check for previous matchings and
(ii) add new bindings that may be produced.

Thus, the matching function has the following type:

match :: Term → Term → ATO → (Id m−→ Term) → (Bool × (Id m−→ Term))

The first applicable situation is for atomsJidK:

match
t︷︸︸︷

JidK t ′ ato env =
if isConstant ato id
then (t ≡ t ′, env)
else case (findOperation ato id) of

x → (t ≡ t ′, env) -- ‘id‘ is the name of an operation
⊥ → case (lookup id env) of

term → (t ′ ≡ term, env) -- must be the same as before
⊥ → (True, insert id t ′ env) -- always matches

1After being substituted by its actual input, however, the term for which Ji ?K holds place can match
with some other termt in further reduction tries.



32

The second applicable situation is for operators in the formJop (terms)K:

match Jop1 (args1)K Jop2 (args2)K ato env =
if op1 ≡ op2
then (matchList args1 args2 ato env)
else (False, env)

There are no other possibilities for matching:

match env = (False, env)

The auxiliary functionmatchList determines recursively if the operator arguments match,
and is defined as follows:

matchList :: Term∗ → Term∗ → ATO → (Id m−→ Term) → (Bool × (Id m−→ Term))
matchList (t : ts) [ ] env = (False, env)
matchList [ ] [ ] env = (True, env)
matchList [ ] (t : ts) env = (False, env)
matchList (t : ts) (t ′ : ts ′) ato env =

let (tv , env ′) = match t t ′ ato env
in if tv

then matchList ts ts ′ ato env ′

else (False, env ′)

4.5 Auxiliary Functions

The findOperation andfindVariable functions are helpers that encapsulate looking
for, respectively, operations and variables by their names.

findOperation :: ATO → Id → Operation⊥
findOperation (ops, , ) id =

findOperation ′ ops id where
findOperation ′ :: Operation∗ → Id → Operation⊥
findOperation ′ [ ] id = ⊥
findOperation ′ (op : ops) id =

let Jopid : → K = op
in if opid ≡ id

then op
else findOperation ′ ops id

findVariable :: ATO → Id → Variable⊥
findVariable ( , vars, ) id =

findVariable ′ vars id where
findVariable ′ :: Variable∗ → Id → Variable⊥
findVariable ′ [ ] id = ⊥
findVariable ′ (var : vars) id =

let Jvid : K = var
in if vid ≡ id

then var
else findVariable ′ vars id
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The isConstructor function tells if someid names a constructor operation in someato,
i.e., if it have no definition among the ATO’s equations.

isConstructor :: ATO → Id → Bool
isConstructor ato id =

case findOperation ato id of
⊥ → False

→ let ( , , eqs) = ato
in isConstructor ′ eqs id where

isConstructor ′ :: Equation∗ → Id → Bool
isConstructor ′ [ ] = True
isConstructor ′ (eq : eqs) id =

case eq of
JJid ′K = K → (id 6≡ id ′ ∧ isConstructor ′ eqs id)
JJid ′ ( )K = K → (id 6≡ id ′ ∧ isConstructor ′ eqs id)
JJid ′K = if K → (id 6≡ id ′ ∧ isConstructor ′ eqs id)
JJid ′ ( )K = if K → (id 6≡ id ′ ∧ isConstructor ′ eqs id)

→ isConstructor ′ eqs id

TheisConstant function tells if someid is the name of a constant in some given module.
More precisely,isConstant ato id tells if id is a contant name in ATOato.

isConstant :: ATO → Id → Bool
isConstant ato id =

case (findOperation ato id) of
⊥ → False
Jid : range → domainK → ((range ≡ [ ]) ∧ isConstructor ato id)

join :: String → String∗ → String
join sep ss = foldl (++) "" (intersperse sep ss)

ThefindSpec auxiliary function just finds a specification by its id among all specifications:

findSpec :: Specification∗ → Id → Specification⊥
findSpec [ ] id = ⊥
findSpec (s : ss) id =

let

u

wwwwwwwwww
v

specificationtheId

end

}

����������
~

= s

in if theId ≡ id
then s
else findSpec ss id

getInputs :: Term → P(String)
getInputs J K = Data.Set .empty
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getInputs JICS ( , )K = Data.Set .empty
getInputs J (terms)K =

foldl Data.Set .union Data.Set .empty (map getInputs terms)
getInputs JICS ( , , [terms])K =

foldl Data.Set .union Data.Set .empty (map getInputs terms)
getInputs Jid ?K = Data.Set .singleton id
getInputs (Equals t1 t2) =

Data.Set .union (getInputs t1) (getInputs t2)
getInputs (NotEquals t1 t2) =

Data.Set .union (getInputs t1) (getInputs t2)
getInputs Jif cond then t1 elset2K =

foldl Data.Set .union Data.Set .empty (map getInputs [cond , t1, t2 ])

insertInputs :: String m−→ Term → Term → Term

insertInputs inputs
t︷ ︸︸ ︷

Jid ?K=
case (lookup id inputs) of

⊥ → t
term → term

insertInputs inputs Jop (terms)K =
Jop ((map (insertInputs inputs) terms))K

insertInputs inputs JICS (ato, op, [terms])K =
JICS (ato, op, [(map (insertInputs inputs) terms)])K

insertInputs inputs (Equals t1 t2) =
(Equals (insertInputs inputs t1) (insertInputs inputs t2))

insertInputs inputs (NotEquals t1 t2) =
(NotEquals (insertInputs inputs t1) (insertInputs inputs t2))

insertInputs inputs Jif cond then t1 elset2K = Jif cond ′ then t ′
1 elset ′

2K
where cond ′ = insertInputs inputs cond

t ′
1 = insertInputs inputs t1

t ′
2 = insertInputs inputs t2

insertInputs
t︷︸︸︷

J K = t

insertInputs
t︷ ︸︸ ︷

JICS ( , )K= t

4.6 Final remarks

This chapter presented Algebraic Prosoft’s formal semantics, using the denotational
methodology.

Algebraic Prosoft’s syntax was presented. Algebraic Prosoft’s semantics was pre-
sented, splitted in distinct sections for the core semantics (the semantics of term reduc-
tion), instantiation (the semantics of ATO’s instantiation), matching (the semantics of
term matching). Finally, all the used auxiliary functions were presented.

Next chapter presents research work done in semantic prototyping with the Haskell
programming language, which guided Algebraic Prosoft’s prototyping presented in chap-
ter 6.
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5 SEMANTICS-BASED LANGUAGE PROTOTYPING WITH
HASKELL

This chapter presents the result of research done in semantic prototyping with the
Haskell programming language.

5.1 Introduction

A language’s success depends mostly on its core concepts, and how other language
features are built on top of they. That is, the language semantics and the way the language
features makes developers think in solutions to problems have more impact than perfor-
mance and other aspects. (GRAHAM, 2003) Particular implementations — and hardware
— can always improve all kinds of non-functional aspects, like performance and security,
for instance. But after a language specification is ready, its first implementation is re-
leased, and it is widely used, changing its core concepts’ semantics becomes harder as
there is software already written based on the original semantics. Next language versions
can’t break that previously written software.

When designing a programming language, be it a general-purpose or a domain-specific
one, the faster the language designers can have feedback about its use, the best it is for
planning language constructs and features.

Prototyping is a technique that is widely used in the contextof software development,
as a way of discovering early the unavoidable errors in the gathered requirements. Those
errors in the requirements can be omissions, inconsistencies, ambiguity or even wrong
information. In (RANGEL, 2003), there is a good survey on prototyping and its benefits
for the software development activity.

This chapter presents a method for prototyping languages based on their semantics’
specification, using the Haskell programming language to build a functional prototype of
the language. Furthermore, it is shown that denotational semantics can even be expressed
primarily in Haskell, which appears as a way of keeping the semantics definition and
its prototype implementation synchronized to each other, and bringing some benefits,
that are shown in this chapter. Although denotational semantics is the perfect choice
for this technique, it is shown that operational semantics specifications can also derivate
functional prototypes, by mapping systematically their rules to Haskell functions.

The remainder of this chapter is organized as follows: Section 5.2 introduces the
Haskell programming language; section 5.3 presents a method for deriving prototype
implementations from semantics specifications using Haskell; section 5.4 discuss how to
make those prototypes closer to what users expect; section 5.5 enumerates related work;
section 5.6 ends the chapter discussing results and future work.
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5.2 The Haskell programming language

Haskell (JONES et al., 2002) is a fully functional programming language. It has static,
polymorphic typing and lazy evaluation, among other important features.

What makes Haskell specially suitable for the task of semantics-based prototyping
is that its syntax and semantics are very close to those of thelambda calculus. Indeed,
Haskellis based on lambda calculus, and can even be translated into lambda calculus, as
shown in (DAVIE, 1992).

Writing a Haskell program that implements a denotational semantics (as shown in
(WATT, 1991; SCHMIDT, 1986)) is straightforward: it’s almost just transliterating the
specification into Haskell. In fact, a experienced Haskell programming initiating to study
denotational semantics, when reading one of those books, would think “hey, this seman-
tics thing is just Haskell programming!”. Prototyping operational semantics in Haskell is
not as direct as denotational semantics, but it is not difficult.

5.3 Developing semantics-based prototype implementations

This section illustrates semantics-based prototyping with Haskell by defining a toy
language, in terms of its abstract syntax and semantics, andimplementing prototype im-
plementations for it in Haskell, using both denotational and operational semantics. Com-
plete source code for presented definitions and implementations is available on the internet
(AZEVEDO TERCEIRO, 2006).

At the risk of boring the reader, after each block of definitions, we show the Haskell
code that implements them, with the goal of illustrating howthat implementation can be
derived from the semantics.

Without any creativity, our toy language will be calledtoy. toy is an dynamically-
typed imperative language, whose types arenil, natural numbers and functions. All these
types are first-class values: they can be assigned to variables, passed to and returned from
functions.

toy is kept simple to the extreme, so functions are always unary.But since functions
are first-class values, multiple parameters can be simulated by using higher-order func-
tions.

Similarities betweentoyand Lua may not be coincidences.

5.3.1 Abstract syntax

As said before, intoyvalues can benil (representing no value at all), natural numbers
or functions, and all of them are first-class values.

Value → nil | N | λx.e

The basic building block intoy are expressions. They can be values, variables, function
calls, assignments, conditionals, sequencings (an expression followed by another expres-
sion), and binary operations.

Exp → Value | x | e2e2 | x = e | if e1 then e2 elsee2 end | e1; e2 | e1 ⊕ e2

In the above definition,⊕ stands for binary operators. For now, we’ll stick to just sum
and multiplication as the possible binary operations:

Operator → + | ∗
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What we’ve seen so far gives ustoy’s abstract syntax. The above definitions fully specify
the main elements that can be used to buildtoyprograms. As most abstract syntax defini-
tions, it may be ambiguous (WATT, 1991). But for now, what’s important is the structural
relation between the elements of the language: what elements are part of the others, and
what other elements one element is composed of.

This abstract syntax definition can be easily coded in Haskell as follows (whereId is
a type synonym forString):

1 data Value = Nil | Number Int | Function Id Exp
2 data Exp = Val Value | Var Id | Call Exp Exp | Assign Id Exp |

Cond Exp Exp Exp | Seq Exp Exp | Op Operator Exp Exp
3 data Operator = Sum | Mult

Line 1 create a data type for values, defined as a tagged union of the singletonnil
value, natural numbers (represented with integers, though) and functions (Function).
As stated before, functions are unary. Line 2 defines the datatype for expressions and line
3 does the same for binary operators.

We highlight here how straightforward is this implementation, given the mathematical
definition.

5.3.2 Basic semantic domains

As a first step, we have to define some semantic domains, in terms of which — to-
gether with the abstract syntax definition — we’ll give semantics to our language.

Our first semantic domain is a model for storage. This domain aims to model mem-
ory in a (very) simplified way:Store is a Cartesian product domain of functions from
Location to Value (Location → Value) andLocation, whereLocation is just a meaning-
ful name for natural numbers. We use that second component asan indicator of the next
available empty memory cell.

Store = (Location → Value) × (Location)

Location = N

S0, the empty store, has undefined values in all locations.

S0 : Store
S0 = (λx .⊥, 0)

Now we have to define semantic functions that we’ll use to manipulate stores. Our first
semantic function isfetch: it returns the value stored in a particular location:

fetch : Store → Location → Value

fetch (f , n) l = f l

update stores a particular value in a particular location:

update : Store → Location → Value → Store

update (f , n) l v = ((λloc.if loc ≡ l then v else f loc), n)
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Our last function isalloc: it allocates a new location to be used, and yields that location
together with an modified store:

alloc : Store → Location × Store

alloc (f , n) = (n, (f , n + 1))

Note that the function component of the new store is just equal to that on the old one. The
newly allocated cell, although being reserved for use, has no associated value.

TheStore domain is, as said before, a very simplified model of memory. It does not
feature deallocation, for example. Also, the memory amountneeded for storing each type
of value is not considered: we just assume they all fit in a “memory cell”. It also does
not consider any implementation concerns that would show upwhen writing an actual
implementation of memory management system.

In despite of those simplifications, this definition is functional enough for defining a
proper semantic specification for our language, while abstracting low-level details of an
actual implementation.

After having a suitable model for memory, we need a model for names and scopes. A
common model for scope of variables – and names in general – are environments, func-
tions from identifiers to language entities, such as variables, functions, classes, modules,
etc.

As in toyall values are first-class, we can take environments to be just functions from
identifiers to locations, allowing an undefined value as an outcome of such functions
(that’s the case, for example, when we try to access an inexistent variablex ).

Environment = Id → Location⊥

E0, the empty environment, maps all identifiers to an undefined value.

E0 : Environment
E0 = λx .⊥

Given an environmente, e [x 7→ v ] represents an environment that is exactly equal toe,
except that it maps (or binds)x to v . e [x 7→ v ] can be defined as:

e [x 7→ v ] = λy .if x ≡ y then v else e y

It’s worth to note that in this definition, we are interpreting ⊥ as an undefined value,
and not considering the possibility of nontermination. Thus, we can always test if some
value yielded by an Environment function is⊥ or not. Unless caught by such a test, a
Environment function yielding⊥ means a runtime error (trying to reference an undefined
variable).

The definitions for the presented semantic domains can be implemented in Haskell as
follows:

1 type Store = Pair (Location -> Value) (Location)
2 type Location = Int
3 emptyStore :: Store
4 emptyStore = (\ x -> error "invalid location", 0)
5 fetch :: Store -> Location -> Value
6 fetch (f,n) l = f l
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7 update :: Store -> Location -> Value -> Store
8 update (f,n) l v = ((\ loc -> if loc == l then v else f loc), n)
9 alloc :: Store -> Pair Location Store

10 alloc (f,n) = (n, (f, n+1))
11 type Environment = Id -> Maybe Location
12 emptyEnv :: Environment
13 emptyEnv = \ x -> Nothing
14 bind x v e = \ y -> if x == y then Just v else e y

Again we highlight how straightforward is this implementation, based on the mathe-
matical notation.

Lines 1–10 implement theStore domain. As before, Haskell code is almost the same
as the mathematical definition, with just some minor syntax issues. Lines 11–14 imple-
ment theEnvironment domain. The binding operatione [x 7→ v ] is represented asbind
x v e and implemented by thebind function.

5.3.3 A denotational semantics fortoy

Now that we have both an abstract syntax definition and suitable semantic domains,
we can specifytoy’s actual semantics, i.e., give meaning for the language elements. For
this we’ll use an enriched version of the lambda calculus, with if andcaseexpressions.
As shown in (WATT, 1991; DAVIE, 1992), those constructs can be easily defined in terms
of the core lambda calculus. Thus, in despite of our somewhatricher syntax, we’re still in
lambda calculus’ realm.

An expression intoy has the effect of producing a value, perhaps changing the envi-
ronment (by adding variables to it) and/or changing the store (by updating or allocating
new cells in it). We capture this meaning with theeval function:

eval : Exp → Environment → Store → (Value × Environment × Store)

Now we have to defineeval regarding each one of the alternatives inExp’s definition. We
start withJvK: evaluating a value just yields that value, without changing environment or
store:

eval JvK env sto = (v , env , sto)

Evaluating a variable means to check if it was defined previously. If not, this is an error.
Otherwise, we fetch from memory the contents stored in the location associated with that
variable.

eval JxK env sto =
case env x of

⊥ → ⊥
loc → (v , env , sto) where v = fetch sto loc

A function call (or application) means first evaluating the first expression (which is sup-
posed to yield a function value), then evaluating the secondexpression in the resulting
environment and store, and them using the auxiliary function apply to actually applyv2
to v1. Theapply function is defined later; for now, we just assume that it willyield the
expected value, together with potentially modified environment and store.
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eval Je2e2K env sto =
let (v1, env ′, sto ′) = eval e1 env sto

(v2, env ′′, sto ′′) = eval e2 env ′′ sto ′′

in apply v1 v2 env ′′ sto ′′

Assignments can have two possible effects: if there is no variable with that name, it binds
the variable to a new memory cell and store the computed valuethere. In the case when
the variable already exists, it is just updated. An assignment yields the value computed
from the right hand side expression.

eval Jx = eK env sto =
let (v , env ′, sto ′) = eval e env sto
in case env ′ x of

⊥ → let (loc, sto ′′) = alloc sto ′

in (v , env ′ [x 7→ loc] , update sto ′′ loc v)
loc → (v , env ′, update sto ′ loc v)

Conditional expressions are evaluated as follows: firste1 (the condition) is evaluated; if it
yieldsJnilK thene3 is evaluated, withe2 being evaluated otherwise.

eval Jif e1 then e2 elsee2 endK env sto =
let (v , env ′, sto ′) = eval e1 env sto
in case v of

JnilK → eval e3 env ′ sto ′

x → eval e2 env ′ sto ′

Sequencing is trivial:e1 is evaluated, yielding a value together with potentially modified
environment and store. That value is discarded ande2 is evaluated in the new environ-
ment/store context.

eval Je1; e2K env sto =
let ( , env ′, sto ′) = eval e1 env sto
in eval e2 env ′ sto ′

Binary operators are handled by evaluatinge1 ande2 sequentially1, and them the actual
calculation is done by theoperate function, which depends on the actual operator being
evaluated.operate is defined later, for now we just trust it to yield the operation’s result.

eval Je1 ⊕ e2K env sto =
let (v1, env ′, sto ′) = eval e1 env sto

(v2, env ′′, sto ′′) = eval e2 env ′ sto ′

in (operate ⊕ v1 v2, env ′′, sto ′′)

Now what’s left are the previously used auxiliary functions. apply, the helper function
for evaluating function calls (Jλx.eK v ) is in the following domain:

apply : Value → Value → Environment → Store → (Value × Environment × Store)

1since expressions intoy have side-effects, we have to specify an evaluation order tosimplify our se-
mantics. In an actual implementation, however, the expressions could be evaluated in parallel, depending
on some static analysis made to check if, for example, the expressions depend on each other.
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But amongValue alternatives,apply is only defined for functions. It creates a new envi-
ronment binding the formal parameter to the actual parameter, and evaluates the function
body (e) in the new environment.apply yields the value yielded by the evaluation of
the function body and the (possibly) modified store. That newenvironment is discarded,
since the formal parameter, as well as everything created inside the function body has
local scope.

apply Jλx.eK v env sto =
let (loc, sto ′) = alloc sto

(v ′, , sto ′′) = eval e (env [x 7→ loc]) (update sto ′ loc v)
in (v ′, env , sto ′′)

If, in Je2e2K, e1 does not yield a function, the whole expression has an undefined semantics
(although being syntactically valid).

Theoperate function used in evaluation of binary operations is as follows:

operate : Operator → Value → Value → Value

And it is defined for operatorsJ+K andJ∗K, together with number arguments.operate is
undefined whenx or y are not both numbers.

operate J+K Jx K JyK = J(x + y)K
operate J∗K Jx K JyK = J(x × y)K

We have just presentedtoy’s denotational semantics, giving meaning to the language con-
structs in terms of mathematical domains and functions. This semantics can be imple-
mented in Haskell as follows (whereTriple a b c = (a,b,c)).

1 eval :: Exp -> Environment -> Store -> (Triple Value Environment
Store)

2 eval (Val v) env sto = (v, env, sto)
3 eval (Var x) env sto =
4 case env x of
5 Nothing -> error ("undefined variable \"" ++ x ++ "\"")
6 Just loc -> (v, env, sto) where v = fetch sto loc
7 eval (Call e1 e2) env sto =
8 let (v1, env’, sto’) = eval e1 env sto
9 (v2, env’’, sto’’) = eval e2 env’’ sto’’

10 in apply v1 v2 env’’ sto’’
11 eval (Assign x e) env sto =
12 let (v,env’,sto’) = eval e env sto
13 in case env’ x of
14 Nothing -> let (loc,sto’’) = alloc sto’
15 in (v, bind x loc env’, update sto’’ loc v)
16 Just loc -> (v, env’, update sto’ loc v)
17 eval (Cond e1 e2 e3) env sto =
18 let (v, env’, sto’) = eval e1 env sto
19 in case v of
20 Nil -> eval e3 env’ sto’
21 x -> eval e2 env’ sto’
22 eval (Seq e1 e2) env sto =
23 let (_, env’, sto’) = eval e1 env sto
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24 in eval e2 env’ sto’
25 eval (Op op e1 e2) env sto =
26 let (v1,env’,sto’) = eval e1 env sto
27 (v2,env’’,sto’’) = eval e2 env’ sto’
28 in (operate op v1 v2, env’’, sto’’)
29 apply :: Value -> Value -> Environment -> Store -> (Triple Value

Environment Store)
30 apply (Function x e) v env sto =
31 let (loc, sto’) = alloc sto
32 (v’,_,sto’’) = eval e (bind x loc env) (update sto’ loc v)
33 in (v’,env,sto’’)
34 operate :: Operator -> Value -> Value -> Value
35 operate Sum (Number x) (Number y) = Number (x + y)
36 operate Mult (Number x) (Number y) = Number (x * y)

The above Haskell code implements the given semantics by almost “just” transliterat-
ing the mathematical definition into Haskell. In more detail, we have:

• line 2: eval JvK env sto

• lines 3–6:eval JxK env sto

• lines 7–10:eval Je2e2K env sto

• lines 11–16:eval Jx = eK env sto

• lines 17–21:eval Jif e1 then e2 elsee2 endK env sto

• lines 22–24:eval Je1; e2K env sto

• lines 25–28:eval Je1 ⊕ e2K env sto

• lines 30–33:apply Jλx.eK env sto

• line 35:operate J+K Jx K JyK

• line 36:operate J∗K Jx K JyK

5.3.4 An operational semantics fortoy

To give an operational semantics (PLOTKIN, 1981) totoy, we need first to define a
tuple representing configurations:

C = Exp × Environment × Store

The semantics itself is given in terms of a relation→: C × C, whereγ → γ′ means
“there is a transition from configurationγ to configurationγ′”. The → relation is then
defined in terms of rules.

Different from before, in this section we show an operational semantics fortoy while
immediately following groups of rules by its Haskell implementation. For both rules
definitions and Haskell code, we’ll be reusing our previously defined semantic domains
for environments and stores.
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To transform the operational semantics rules into Haskell functions, we can use a
transformationT , that for each rule in operational semantics, gives us the rule’s imple-
mentation in Haskell as atrans function:

T (γ → γ′) def= trans γ = γ′

T
(

β1 →β′
1,...,βn→β′

n
γ→γ′

)
def= trans γ = γ′ where β ′

1 = trans β1, . . . , β ′
n = trans βn

In a case by case basis, we’ll show informally that some variations overT will be
needed.

We have to start our Haskell implementation by defining the data type for configura-
tions, and declaring thetrans function.

1 data Config = C Exp Environment Store
2 trans :: Config -> Config

Now let’s begin the operational semantics definition and itsimplementation: variables
are the simplest case.

〈x, en, st〉 → 〈fetch st (en x), en, st〉 (5.1)

The rule in the definition 5.1 translates into Haskell usingT ’s first case :2

1 trans (C (Var x) en st) =
2 C (Val (fetch st (fromJust (en x)))) en st

〈(λx.e) v, en, st〉 → 〈e, en [x 7→ loc] , update st′ loc v〉 (5.2)

where(loc, st′) = alloc st

〈e2, en, st〉 → 〈e′
2, en′, st′〉

〈v e2, en, st〉 → 〈v e′
2, en′, st′〉

〈e1, en, st〉 → 〈e′
1, en′, st′〉

〈e1e2, en, st〉 → 〈e′
1e2, en′, st′〉

(5.3)

Rules in definitions 5.2 and 5.3 define function application.We now have to deal with
the more complicated cases, when we start to use the second case for the transformation
T when writing the Haskell code, plus some variations required by the circumstances:

1 trans (C (Call (Val (Function x e)) (Val v)) en st) =
2 C e (bind x loc en) (update st’ loc v)
3 where (loc,st’) = alloc st
4 trans (C (Call v@(Val(Function x e)) e2) en st) =
5 C (Call v e2’) en’ st’
6 where C e2’ en’ st’ = trans (C e2 en st)
7 trans (C (Call (Val v) _) en st) =
8 error ("called non-function " ++ (show v))
9 trans (C (Call e1 e2) en st) = C (Call e1’ e2) en’ st’

10 where C e1’ en’ st’ = trans (C e1 en st)

2We just assume thatx ∈ domain(en). If it’s not the case, thefromJust application will cause the
Haskell program to crash (what is expected from a program that tries to reference an undefined variable!)
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In this case, we needed an extra definition for when the first expression is not a func-
tion (lines 7–8), which was implicit in the transition relation. Since in Haskell pattern
matching is tested top-down, if that rule is not there our implementation will loop, be-
causee1 ande2 in the last definition (lines 9–10) would match any expressions, includ-
ing non-function values.

〈x = v, en, st〉 → 〈v, en1, update st (en x) v〉 if x ∈ domain(en) (5.4)

〈x = v, en, st〉 → 〈v, en1 [x 7→ loc] , update st2 loc v〉 if x /∈ domain(en) (5.5)

where(loc, st2) = alloc st1

〈e, en, st〉 → 〈e′, en′, st′〉
〈x = e, en, st〉 → 〈x = e′, en′, st′〉

(5.6)

The rules in definitions 5.4, 5.5 and 5.6 define assignment. Their implementation is
slightly different from the conventional, because we choseto represent rules 5.4 and 5.5
in an unique definition case oftrans (lines 1–5), by using a case expression.

1 trans (C (Assign x (Val v)) en st) =
2 case en x of
3 Nothing -> (C (Val v) (bind x loc en) (update st’ loc v))
4 where (loc,st’) = alloc st
5 Just loc -> (C (Val v) en (update st loc v))
6 trans (C (Assign x e) en st) = C (Assign x e’) en’ st’
7 where C e’ en’ st’ = trans (C e en st)

〈if nil then e2 elsee3, en, st〉 → 〈e3, en, st〉 (5.7)

〈if v then e2 elsee3, en, st〉 → 〈e2, en, st〉 (5.8)

〈e1, en, st〉 → 〈e′
1, en′, st′〉

〈if e1 then e2 elsee3, en, st〉 → 〈if e′
1 then e2 elsee3, en′, st′〉

(5.9)

Conditional expressions rules, presented in definitions 5.7, 5.8 and 5.9, are imple-
mented directly throughT :

1 trans (C (Cond (Val Nil) e2 e3) en st) = C e3 en st
2 trans (C (Cond (Val v) e2 e3) en st) = C e2 en st
3 trans (C (Cond e1 e2 e3) en st) = C (Cond e1’ e2 e3) en’ st’
4 where C e1’ en’ st’ = trans (C e1 en st)

〈v; e, en, st〉 → 〈e, en, st〉
〈e1, en, st〉 → 〈e′

1, en′, st′〉,
〈e1; e2, en, st〉 → 〈e′

1; e2, en′, st′〉
(5.10)

Rules in definition 5.10 define sequencing expressions, and are also implemented
without variation in the usual transformation:
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1 trans (C (Seq (Val v) e2) en st) = C e2 en st
2 trans (C (Seq e1 e2) en st) = (C (Seq e1’ e2) en’ st’)
3 where C e1’ en’ st’ = trans (C e1 en st)

〈v1+v2, en, st〉 → 〈v1 + v1, en, st〉 〈v1*v2, en, st〉 → 〈v1 × v2, en, st〉 (5.11)

wherev1, v2 ∈ N

〈e2, en, st〉 → 〈e′
2, en′, st′〉,

〈v1 ⊕ e2, en, st〉 → 〈v1 ⊕ e′
2, en′, st′〉

〈e1, en, st〉 → 〈e′
1, en′, st′〉,

〈e1 ⊕ e2, en, st〉 → 〈e′
1 ⊕ e2, en′, st′〉

(5.12)

Binary operations, defined by the rules in definitions 5.11 and 5.12, are also imple-
mented without much creativity. The exception is, as in function applications, an extra
definition (lines 5–6) to force matching with non-number values and avoid looping in the
last rule, that matches against any pair of expressions.

1 trans (C (Op Sum (Val (Number v1)) (Val (Number v2))) en st) =
2 C (Val (Number (v1 + v2))) en st
3 trans (C (Op Mult (Val (Number v1)) (Val (Number v2))) en st) =
4 C (Val (Number (v1 * v2))) en st
5 trans (C (Op op (Val v1) (Val v2)) en st) =
6 error "you can only operate numbers!"
7 trans (C (Op op (Val v) e2) en st) =
8 (C (Op op (Val v) e2’) en’ st’)
9 where C e2’ en’ st’ = trans (C e2 en st)

10 trans (C (Op op e1 e2) en st) =
11 (C (Op op e1’ e2) en’ st’)
12 where C e1’ en’ st’ = trans (C e1 en st)

To finish the implementation of our operational semantics, we only need to define
how to go from an initial configuration to a final one, i.e., howto derivate the whole
execution of atoy program from individual transitions between configurations. We do
this defining aderivation function, that will iterate on the transition relation starting
from the initial configuration, producing a list of configurations by applying the transition
relation repeatedly:derivation γ0 = 〈γ0, γ1, . . . , γn〉, where∀i < n, γi → γi+1, andγn
is a terminal configuration, i.e., a configuration to which norule can be applied. It’s trivial
to realize that terminal configurations are in the form〈v, em, st〉, wherev ∈ V alue.

1 terminal :: Config -> Bool
2 terminal (C (Val v) en st) = True
3 terminal c = False
4

5 derivation :: Config -> [Config]
6 derivation conf =
7 if terminal conf
8 then [conf]
9 else conf:(derivation (trans conf))

If we applyderivation to an initial configuration〈e, em, st〉, it will yield a list
comprising all the intermediate configurations of a system during the execution of pro-
grame.
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5.4 More elaborated prototypes

We have presented both a denotational and an operational semantics fortoy, together
with their Haskell implementation. With this in hands, we can already trytoyout. We just
need to fire a Haskell interpreter and experiment selected expressions, environments and
stores:
$ ghci Denotational.lhs

> let (v,e,s) = eval (Op Sum (Var "x") (Var "x")) (bind "x" 0 emptyEnv) (update emptyStore

0 (NumberLiteral 5)) in v

10

$ ghci Operational.lhs

> derivation (C (Op Sum (Var "x") (Val (Number 1))) (bind "x" 0 emptyEnv) (update emptyStore

0 (Number 6)))

[<x + 1,(en),(st)>,<6 + 1,(en),(st)>,<7,(en),(st)>]

Although we have already full implementations of our language, that’s not enough to
have feedback from its potential users. Representing abstract syntax trees of the language
as Haskell expressions is far away from being productive. While developing this study,
Happy (GILL; MARLOW, 2005) parsers were used to implement concrete syntaxes, and
they showed to be very straightforward to write.

5.5 Related work

Pugs (TANG et al., 2005) is a Perl 6 (WALL et al., 2006) implementation written in
Haskell. It’s a very young project, but seems to be already the more complete Perl 6
implementation. Pugs have a variety of implemented backends, and apparently will be
used to bootstrap Perl 6. This work show the applicability ofHaskell on implementation
of other languages.

The general idea on how to implement operational semantics in Haskell was bor-
rowed from Holyer, Gallagher and Muller (HOLYER; GALLAGHER; MULLER, 2004),
although they don’t present a systematic manner to go from the transition relation in
mathematical notation to a Haskell implementation.

Moura and colleagues present in (MOURA; RODRIGUEZ; IERUSALIMSCHY, 2004)
a concise operational semantics for coroutines, which can be combined with the tech-
niques presented here to achieve a richer language, even in aprototyping stage.

Leal and colleagues present in (LEAL; IERUSALIMSCHY, 2005)an operational se-
mantics for garbage collection and finalizers, which can be used together with our tech-
niques — and a different model of memory — to produce more efficient prototypes.

5.6 Conclusions

Haskell is a good choice for rapid prototyping of languages.This work raised some
issues from the experience of implementing functional prototypes based on both denota-
tional and operational semantics of languages, so we could achieve some conclusions and
compare the use of Haskell on prototyping both types of specification.

Since Haskell supports a limited (but useful) form of literate programming (KNUTH,
1984), using a tool like lhs2TeX (LöH, 2005) — a Haskell/TEX translator with extensive
formatting support — allows us to write at once both definition and implementation of
denotational semantics specifications. Being able to writesemantics directly in Haskell
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while not loosing the mathematical aspect bring two main benefits: (i) definition and
implementation are always synchronized to each other ; (ii)the definition can be type-
checked by any Haskell compiler, giving us several tools forwriting better and more
correct semantic specifications. For instance, the definitions in this paper’s section on
denotational semantics are actually written in Haskell andconverted to a nicer, more
math-like, notation by lhs2TeX; that section, the abstractsyntax section and the semantic
domains one are, at the same time, text and program. The defintions, however, are still in
lambda calculus, and can be manipulated in proofs as always.

Expressing operational semantics in Haskell is not as straightforward as it its with
denotational semantics, but as operational semantics tendto be concise, the syntactic
gap does little harm (against no harm at all in the case of denotational semantics). But
by its nature, operational semantics allows us to abstract certain details that denota-
tional semantics doesn’t. For example, in this paper one cansee that the operational
definition is cleaner than the denotational one, although both can be successfully im-
plemented. The representation issue deserves some more investigation. Perhaps using
Monads (WADLER, 1992) one can find a way of implementing operational definitions in
Haskell that is more close syntactically to the mathematical definition. This would allow
to write operational semantics as literate Haskell programs, what couldn’t be done in this
chapter.

This work also showed us that several aspects of languages prototyping can be united
into a common framework: input files handling, interactive session console, transition
systems implementation (as shown in section 5.3.3). We havealready started to work on
extracting a Semantic Prototyping Framework from our experiments (AZEVEDO TER-
CEIRO, 2006), aiming to remove the implementor’s need of dealing with those non-
functional aspects of the prototype.

This chapter was submitted as a paper for the 10th Brazilian Symposium on Program-
ing Languages, to be held in Itatiaia, Rio de Janeiro, from May 15th to 17h.

Chapter 6 presents a semantics-based prototype for Algebraic Prosoft that was develop
following the methodology presented in this chapter.
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6 A SEMANTICS-BASED PROTOTYPE FOR ALGEBRAIC
PROSOFT

In this work, a semantics-based prototype for Algebraic Prosoft was developed, using
the technique presented in chapter 5.

This chapter discusses implementation aspects of this prototype, and describe with
some more detail some concepts in the development of actual semantics-based prototype
implementations.

Section 6.1 presents the concept of literate programming. Section 6.2 presents some
aspects on the use of the Haskell Programming language together with Literate Program-
ming techniques for semantic prototyping. Section 6.3 discusses the structure of the in-
terpreter itself. Section 6.5 summarizes this chapter.

6.1 Literate Programming

Literate Programming is technique for typesetting programs in a way they are best
presented for people. It reverts the regular logic behind most of programming habits:
instead of writing a compiler-centric program, one writes aformatted document as it
were mainly intended to be read by people.

Literate Programming was introduced by Donald E. Knuth, in his seminal paper “Lit-
erate programming”(KNUTH, 1984). Knuth writes:

Let us change our traditional attitude to the construction of programs:
Instead of imagining that our main task is to instruct a computer what
to do, let us concentrate rather on explaining to human beings what we
want a computer to do.

Knuth’s intent with the development of the WEB system, described in such paper, was
to make the work of writing programs a combination of formal an informal language, in
order to allow one to write program in the best way for human understanding, abstracting
syntactic restrictions.

The main idea is that literate programs are composed of chunks, and each chunk can
be either a textual documentation, or actual source code. And the same literate program
can be given as input to both a compiler and a document preparation system, maybe after
some automatic preprocessing.

According to Norman Ramsey in (THOMPSON, 2000), Literate Programming’s main
characteristics are:

• Flexible order of elaboration. The program can be written in any order, preferably
that one that makes reading by people easier.
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• Typeset documentation, especially diagrams and mathematics. In many cases,
being able to typeset diagrams and mathematics is very useful to precisely describe
complex programs.

• Automatic support for browsing. Having a table of contents, indexes, cross-
references and other navigation elements is crucial for a book-quality document.

The last two characteristics are accomplished by using a good document preparation
system. In fact, most of the literate programming systems douse some TEX variant,
which gives those literate programming system all richnessthat TEX already brings to
regular typesetting.

Figure 6.1: tool support for literate programming

For actual literate programming systems, tool support is animportant issue. (THOMP-
SON, 2000) cites several available literate programming tools. Figure 6.1 shows how one
achieves documents and programs from a literate program: there is a tool that generates
input for a document preparation system from the literate program; this is calledweav-
ing. 1 Another tool generates input for the compiler from the literate programming; this
is calledtangling.

In some literate programming systems there is no that intermediate step: either the
compiler also does the tangling, or there is no need for preprocessing of the literate pro-
gramming before feeding it to the document preparation system.

6.2 Literate Programming and the Haskell Programming Language

Haskell’s syntax is very similar to lambda calculus, and in particular to the style used
commonly (SCHMIDT, 1986; WATT, 1991) to describe Denotational Semantics. This
makes Haskell a good tool for prototyping denotational semantics definitions: one can
write a denotational semantics as a Haskell program almost with no syntactic changes;
and by adding an input parser and some minor code for user interaction, one can obtain a
running executable for that semantics.

Haskell also supports a limited form of Literate Programming: literate programs are
officially defined in Haskell definition (PEYTON JONES et al.,2003). Literate programs
can be written by naming the source file according to the adopted convention for literate
Haskell source (*.lhs) and starting every source code line with a “>” sign: all other lines

1Recently, the termweavinghas been also used in the Aspect Orientation area.
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will be considered as comments by compilers. This way,tangling is natively supported
by Haskell compilers.

There are severalweavingtools for Haskell, but for this worklhs2TeX (LöH, 2005)
was chosen. It supports the use of TEX for formatting the documentation sections of
the program, and generates special TEX code for source-code sections, so Haskell source
(lambda calculus, actually) can be made stylized as regularmathematics in the gener-
ated document.lhs2TeX generates a TEX document from an literate Haskell program,
playing theweavingrole (see figure 6.1).

From the reasons stated above, Haskell seemed a natural choice of tool for prototyping
Algebraic Prosoft Semantics. Actually, Algebraic Prosoft’s semantics was written directly
in Haskell, so the textandthe prototype, at the end, are the same thing. This showed some
advantages:

• Easier typesetting. Writing Haskell is easier than writinglambda calculus in TEX
with the proper indentation and formatting.

• Easier maintainance. Semantics definition and prototype implementation are al-
ways synchronized.

• Semantics is kept consistent. the documented semantics canbe checked by the
Haskell compiler, and won’t show any syntax errors, type errors or similar errors.

6.3 The prototype

By using the techniques presented in chapter 5, together with literate programming
in Haskell for writing the semantics itself, the prototype implementation for Algebraic
Prosoft was developed. As discussed in chapter 5, it cannot be considered a produc-
tion implementation, not addressing issues as performance, security and all other non-
functional — but important — aspects. On the other hand, it’sindeed a full implementa-
tion of Algebraic Prosoft, since the language can by actually used and tested through that
implementation.

Figure 6.2:prosoft-reduce’s modules

The prototype was calledprosoft-reduce. Figure 6.3 shows in a simplified way
prosoft-reduce’s modules and their relationship. The top of the figure comprises the
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modules that are also the semantics definition: each one of them is described in chapter
4. In the bottom of the figure, there are the modules that are implementation-specific:

• Parser: this module is a Happy (GILL; MARLOW, 2005) parser for Algebraic
Prosoft specifications and terms. Additionally, it contains also a parser for console
commands made available by theMain module.

• Main: this module is the main mechanism that drives the executionof the proto-
type. It implements the main loop, reading input from the user, issuing the input to
the semantics modules, and presenting results from the users. It also implements
special commands, like/load, that loads a new specification into the environment,
/in, that enters the scope of a given ATO, and others.

• Shell: this module handles user interaction through Haskell’s GNU Readline
binding, allowing the user to navigate through previously issued terms and com-
mands, and to edit his/her input as a nice console interface.

• Load: handles the loading of ATO’s from files, allowing the user toload his/her
own specifications into the environment.

• Builtins: usesLoad to load the pre-defined ATO’s when the program starts up.

Figure 6.3 showsprosoft-reduce running a sample session. First, when starting
up, prosoft-reduce loads all its built-in ATO’s. Then the user can reduce terms
through theICS, as shown in the figure. The user can also jump to the context ofa
specific ATO (e.g./in Booleans) and then issue terms that will be reduced in the
context of that ATO, just as if they were sent there throughICS.

Figure 6.3: A screenshot ofprosoft-reduce
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6.4 A Semantic Prototype Framework

During the development ofprosoft-reduce and the research on semantic pro-
totyping in general, it was noted that several aspects were always present in semantic
prototypes. Some of them were extracted into a framework that was called SPF (Seman-
tic Prototyping Framework).

SPF’s main features are:

• A driver function, that implements all the generic aspects of a semantic prototype:
if there is no input file, it fires a interactive console session and incrementally reads
inputs, parse them, and feed the parsed structures into the semantics module; if
there is an input file, the file is fully parsed and then fed intothe semantics module.
The prototype implementor passes to the driver function both the parsing function
and the semantics function.

• Interactive console session: history handling, input lineediting, and virtually all
features of GNU Readline.

• File input handling: the prototype implementor does not have to worry about deal-
ing with input file. SPF already reads the input file (if there is one), and feeds the
parsed program into the semantics module.

• A simple implementation of a transition system for Operational Semantics proto-
types: the prototype implementor just has to define his/her configuration data type,
and implement its functions for transition (the transitionrules) and for checking ter-
mination (so the transition system knows when to stop: when it finds a configuration
that is considered a terminal one).

To develop a semantic prototype with SPF, the prototype implementor needs to de-
velop, besides the abstract syntax and semantics definitions, a parser functionparser :
String → Expression, whereExpression is the type of the parsed elements: de-
pending on the language, it can represent commands, expression, etc. In the case of
prosoft-reduce, for example, anExpression is either a term to be reduced or a
console command to be executed by the program, like load a newATO, test matching of
two terms, etc.

More information on SPF can be found on its internet page (AZEVEDO TERCEIRO,
2006).

6.5 Final remarks

This chapter presented briefly the main aspects involved in the development of a
semantics-based prototype implementation of Algebraic Prosoft. It presented the con-
cept of Literate Programming and a discipline of using Literate Programming with the
Haskell programming language.

An overview of the prototype was given, describing superficially its main implementation-
specific modules, which together with the semantics modules, formprosoft-reduce.
It was also shown that several aspects of semantic prototypes are common betwen several
implementations, and that they were extracted into a Semantic Prototype Framework.

Next chapter finishes this thesis, presenting related work,pointing main contributions
of this work, its limitations, and future work.
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7 CONCLUSIONS

This chapter presents the conclusions of this work: what other work is related to this
one; how this work contributed to research in its field, as well as in the Prosoft research
group; what limitations we choose to live with; and what can be done in the future as a
consequence of this work.

The rest of the chapter is organized as follows: section 7.1 points related work; section
7.2 indicates the contributions presented in this work; section 7.3 describes the limitations
to which this work is bound. secion 7.4 presents possibilities of future work that can be
carried as logical sequences of this one.

7.1 Related work

(RIBEIRO, 1991) presents a formalization of Prosoft in VDM in order to integrate
algebraic specifications into the Prosoft Environment. Although modelling an currently
outdated version of Prosoft, this work provided some ideas about modelling the Prosoft
environment.

It was developed a tool (RANGEL, 2003) that, by translating Prosoft specifications
into OBJ (GOGUEN; TARDO, 1986) ones, provides means to prototyping Prosoft spec-
ifications. Although being very useful in the process of software development, such pro-
totyping doesn’t provide a direct semantics to Prosoft, making harder the manipulation
and reasoning of Prosoft specifications, what is easier having their semantics explicitly
defined.

7.2 Contributions

This work present as contributions:

• Semantics for Algebraic Prosoft. By defining a precise semantics for Algebraic
Prosoft, this work contributes the the Prosoft research group by providing an uni-
form view of Algebraic Prosoft, unifying its interpretation and providing a reference
for it.

• Semantics forICS. This contribution can be seen as a more general one, benefit-
ting not only the Prosoft group but the whole formal methods community.ICS is
an unique (to the best of our knowledge) concept that eliminates the need of inclu-
sion of data types by others, allowing a data type to use otherdata types’ operations
by referencing (calling) them with a special notation without including the whole
corresponding specification. This contrasts with the concept of data type inclusion,
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when a data type has to include another one as a whole if it usessome of the other’s
operations. This work presents a precise and unambiguous semantics for theICS
concept.

• An prototype implementation of Algebraic Prosoft. Besides specifying seman-
tics, this work also provides a prototype implementation, in which Algebraic Prosoft
can be actually experimented and used.

• Investigation on Semantic prototyping. This work also provided interesting re-
sult investigating the use of the Haskell programming language in semantic proto-
typing, analyzing the prototyping of both denotational andoperational semantics
definitions, as shown in chapter 5.

7.3 Limitations

This work started with the restriction of using only the prefixed syntaxop(t1, . . . , tn).
This syntax form is certainly enough for semantic definition, but makes writing large
specifications hard to write. Allowing mix-fix syntax and other forms of syntatic sugar,
like providing a literal representation for some built-in types as Integers and Dates (i.e.
4 instead ofsucc(succ(succ(succ(zero))))) would make Algebraic Prosoft
more suitable for a production environment.

It was not specified a static semantics for Algebraic Prosoft. In a production environ-
ment it would be crucial to be able to check a specification fortype errors. In special, if
one tries to reduce a term that does not match any of the operations defined in some ATO,
it’s simply not reduced. The user could receive a type error message instead, informing
that that term is not an object of a sort specified in that ATO.

7.4 Future work

An interesting possibility for future work is further research on semantic prototyping,
improving the Semantic Prototyping Framework and working on a better way of repre-
senting operational semantics rules in Haskell.

Since now a precise interpretation of Algebraic Prosoft is available, an obvious future
work is to adequate the current implementation of the Prosoft Environment (Prosoft Java)
to this interpretation. Prosoft Java relies on an interpretation of Algebraic Prosoft that the
Prosoft group considers currently as “not the right one”.

Another possibility regarging the Prosoft Environment is to investigate how far can
we go with semantic prototyping: would it be possible to integrateprosoft-reduce
with a graphical interface and other elements of modern userinterface design? Can we
integrate the semantics module together with parts ofprosoft-reduce with existing
Prosoft Java user interface?
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