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ABSTRACT

Prosoft is a research project at Instituto de InformaticR)BRGS, developed by the
research group with the same name and coordinated by PoofBsdtro José Nunes.
The project’s goal is to develop a full software developmemtironment, the Prosoft
Environment, which is based on concepts of Models, Lambdeultess, Abstract Data
Types and Object orientation.

One of the components of the Prosoft Environment is AlgeldPansoft, its algebraic
specifiction language. Although being the basis and the ¢hehseveral works in the
Prosoft research group, Algebraic Prosoft doesn't havedtaantics properly defined.
Work done until now have been done based on operationalmsodind presented different
interpretations of Algebraic Prosoft.

This thesis presents a denotational semantics specifidatid\Igebraic Prosoft, com-
prising, among other features, its “inter-data type” comioation primitive, called CS,
and its graphical notation for representing abstract dgues instantiations.

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

This thesis’ main contributions include: a precise and upigoous interpretation
of Algebraic Prosoft, through a semantics specificatioe; difinition of semantics to
the ICS, a unique (to the best of our knowledge) concept that prevalenessage-
passing mechanism between algebraic data types; a pretotypgementation of Alge-
braic Prosoft, which can actually be used to experiment astithe Algebraic Prosoft
semantics specification; results regarding semanticsfypng of both denotational and
operational semantics specifications using the Haskejraroming language for rapid
development of semantics-based prototypes of languages.

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



RESUMO

Prosoft € um grupo de pesquisa do Instituto de InformatiddFeRGS, devenvolvido
pelo grupo de pesquisa homdnimo e coordenado pelo Prosedsay Daltro José Nunes.
O objetivo do projeto é devenvolver um ambiente de deseimelto de software com-
pleto, 0 Ambiente Prosoftm que € baseado nos conceitos delbkd Calculo Lambda,
Tipos Abstratos de Dados e Orientagéo a Objetos.

Um dos componentes do Ambiente Prosoft € o Prosoft Algéjpsica linguagem de
especificacdo algébrica. Apesar de ser base e tema de divmabalhos no grupo de
pesquisa Prosoft, o Prosoft Algébrico ndo tem sua seméhtidamente definida. Os
trabalhos devenvolvidos até agora tém sido feitos com baseogdes operacionais, e
apresentam diferentes interpretacdes do Prosoft Alggbric

Esta dissertacdo apresenta uma especificacdo de semantitaaional para o Prosoft
Algébrico, compreendendo, entre outras caracterisscasprimitiva de comunicacao en-
tre tipos de dados, chamab@s, e sua notacao grafica para representacao de instanciacéo
de tipos abstratos de dados.

Essa dissertacdo apresenta também um estudo sobre @gdotipemantica usando
a linguagem de programacéao Haskell. O conceittitirate Programmings a proxim-
idade entre Célculo Lambda e Haskell foram cruciais na eapigplementacdo de uma
implementacé&o prototipo do Prosoft Algébrico, baseadansstica especificada.

As principais contribuicoes dessa dissertagdo incluema umerpretacédo precisa e
sem ambiguidades do Prosoft Algébrico, através da espgificda sua semantica; a
definicdo de semantica paral@S, um conceito Unico (até o limite do nosso conhec-
imento) que fornece um mecanismo de passagem de mensagensigos de dados
algébricos; uma implementacéo prototipo do Prosoft Algébigque pode realmente ser
utilizada para experimentar e testar a especificacdo dansem@éo Prosoft Algébrico;
resultados sobre prototipacdo semantica de especificégdes de semantica denota-
cional quanto de semantica operacional usando a linguag@mdramacéo Haskell para
desvenvolvimento rapido de prototipos de linguagens loiasa@a sua semantica.

Como grande parte do desenvolvimento do Ambiente Pros&flézado através de
projetos de cooperacao internacional e essa dissertagadlirenciar fortemente o seu
desenvolvimento futuro, o texto foi escrito em inglés palitar a troca de informagéo
entre o grupo Prosoft e seus parceiros estrangeiros.



1 INTRODUCTION

In this chapter, the more fundamental motivations and gfmalshis work are pre-
sented. Section 1.1 discusses motivations for this worlt,s&ction 1.2 states the goals
aimed with it.

1.1 Motivation

Prosoft is a research project at Instituto de InformaticR)BRGS, developed by the
research group with the same name and coordinated by Poofealro José Nunes.

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

An important component of the Prosoft environment is itehlgic notation, a pow-
erful notation for specifying Abstract Data Types calledj@braic Prosoft. Although the
other environment’s components are outside the scopesoiibrk, chapter 2 goes deeper
on the Prosoft Environment and analyzes Algebraic Prossfte it, pointing the core
role Algebraic Prosoft plays in the Software DevelopmentiEmment.

Although being the basis and the theme of several works iRtbsoft research group,
Algebraic Prosoft doesn’t have its semantics properly eefivwork done until now have
been done based on operational notions, and presenterkdtffaterpretations of Alge-
braic Prosoft.

Formalizing Algebraic Prosoft's semantics will improveetRrosoft Environment as
a whole, since as soon as one has an exact meaning for theafgigconstructions,
Algebraic Prosoft will have a adequate mathematical fotinda, allowing:

e precise interpretation of its notation;
» rapid specification prototyping through a semantics-b&esed reduction tool;

= proof of properties over specifications.

1.2 Goals

This work proposes the construction of a denotational séinsaior Algebraic Prosoft,
for fulfilling the existing gap in formalizing the languagetonstructs. This way, the
specific goals of this work are:

» Specify an abstract syntax for Algebraic Prosoft;



» Formalize and document an unique interpretation of AlgelfPaosoft, to serve as
a “user guide” to upcoming work on the Prosoft Environment.

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

» develop a semantics-based prototyping tool for Algebraaséft, featuring term
reduction over user-created specifications.

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

Although proof of properties is very important, it's outsithe scope of this work.
Giving semantics for Algebraic Prosoft, however, is a fitepgowards property proving
over Prosoft specification. The author hopes that this warkact as a solid base to future
work aiming property proving inside the Prosoft Environmen
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2 FOUNDATIONS

This chapter presents foundation topics for this work. i8ac2.1 introduces Alge-
braic Specification Methods. Section 2.2 introduces thedft&nvironment. Section 2.3
introduces Formal Semantics and give a brief overview ofntlest common methods.
Section 2.4 summarizes this chapter.

2.1 Algebraic Specification Methods

Albebraic Specification Methods are formalisms that aineptesenting the solutions
for problems through albegras. Algebraic approacheslegeirepresenting input and
output of programs, rather than other concerns in softwaveldpment, such as concur-
rency or distribution.

In Algebraic Methods, a solution to a problem consists ondinition of a many-
sorted algebra: a collection of sets of data to represegranodata, and operations(functions)
over those sets representing programs’ data transformatio

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

Classical problems in Algebraic Specification (SANNELLAARLECKI, 1999) in-
clude:

e What is a specification?

« What does a specification mean?

 When does a program satisfy a specification?

» When does a specifications guarantees a property that i;mdbstate explicitly?
 How does one prove that?

e How are specifications structured?

« How does the structure of specifications relate to the straaf programs?
 When does one specification correctly refine another spatdit?

« How does one prove correctness of refinement steps?

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

This work focuses on answering the two first questions in threext 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 @dlatgs: posible values and
operation over those values. Algebraic specifications aeemain parts: operations
signatures and equations.

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

op(, ,.--, ) :S1,82,...,8h = S

In the above signaturep is the operation symbas; the image sorts, arglthe range
sort. _ are placeholders for the operation arguments, agr@ fre as many of them
as sorts in the operation’s domain. The form of the operatam vary from the pre-
fixed form shown above. We can have post-fixed forms, as wefifaed ones (like in
if _then _else ), butin this work we’ll stick to the prefixed form to keep hcity.

If the image of an operation is empty, it's called a constant.

The operations’ signatures for a sort define how we can formg®f that sort. For a
sorts, the set of its terms is defined as follows:

e All constants with s as its range is a term of sat
« All variablesv, denoting some value of the sattis a term of sors.

» For all operation®p(, ,...,_) :S1,S2,---,Sn — S, 0p(t1,t2,...,ty) IS aterm
0s sorts if eacht; is a term of sors;.

Equations define the meaning of operations, by giving the equality af tarms, in
the formlhs = rhs, wherelhs is a term which matches the operation signatulites
may contain variables, and they can be referencath$n as a general rule, all variables
present inrhs must be present iths: rhs can be thought as a function of the variables
present inhs.

An operation is said to be a generator when it has no assd@gtations.

Semantics for algebraic specifications are often givenrmgeof Rewriting Systems.
Given a set of equations, a Rewriting System transformsseising the equations: when-
ever a ternt match the left-hand sidét(s) of an equation, it is replaced by the right-hand
side (irs), substituting inrhs all variables present iths thah matched subterms tby
those subterms.
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2.2 The Prosoft Environment

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

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

The Prosoft Environment comprises two main componentsebigic Prosoft and
Prosoft Java. The following subsections describe theminatiore detail.

2.2.1 Albegraic Prosoft

The principles leading to the choice of an algebraic mettsotha foundation for the
Prosoft Environment (NUNES, 1994), which strongly influeddts development, are:

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

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

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

e 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, inheéta
and polymorphism, is an Object Orientation’s characteri$tat is aimed by any
Software Development Environment.

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

Whenever an ATO needs to operate on objects from other sbrises an special
operation named ICS. The ICS is responsible for “callingémgions defined in other
ATO’s over objects that are elements of their sort. We'redusedefine the ICS as a
message bus that “connects” the different ATO’s (as seegumdi3.6).

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

2.2.2 Prosoft Java

The concept of the Prosoft Environment has been focus oérelsesince early 90's.
There were several implementations of Prosoft, and eadheof presented considerable
enhancements compared to the previous.

Prosoft’s first version was a single-user implementatiatten in Solaris-Pascal (NUNES,
1992). ATO'’s were implemented by writing Pascal functicersd 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 Pastad C, as described
in (SCHLEBBE, 1994) and (GRANVILLE; GASPARY, 1996). Thisrg&on supported
distributed and cooperative work on the Prosoft Environimen

Prosoft’s current implementation — Prosoft Java — was emith Java (SCHLEBBE;
SCHIMPF, 1997) and features a more modern design. New AT&ide added without
the need to recompile its kernel. Distributed and coopezatiork are supported through
Java’s standard technologies for this kind of feature.

Prosoft Java provides a visual environment for designirgg®ft specifications, em-
bedding ATO’s implemented in Java, and thus acts as a basevéwas of the current
research works in the Prosoft research group.

2.3 Formal Semantics

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

Formal semantics, or simply semantics, is concerned wilyasmgprecisemeaning
to phrases in a language, achieving a mathematical modékedbhguage, in terms of
which one can reason about programs in that language. Bhaeseften associated with
mathematical entitities, such as functions, sets, setai&nterms, tuples, etc: this way,
the underlying thoeries can be used for reasoning aboutrtdgggms. Depending on the
methodology applied for giving semantics, the kind of thosghematical entitities may
vary.

Semantics is often given in terms of abstract syntax treb&hwepresent the structure
of programs in an abstract way.

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

Follow brief descriptions of major semantics methodolegie

2.3.1 Denotational Semantics

In Denotational Semantics, programs have their meaningesgpd in terms of sets
and functions. Thus, giving a denotational semantics taguage consists of associating
each language construct to a number, a set, or a fucntion. ayéhat each language
construct isdenotedoy on of those mathematical entities.

..., a denotacéo de uma expressao é uma funcdo que mapeitadm es
de memoria e um estado do ambiente para um valor; e a denatacdo
um comando pode ser uma funcéo que mapeia um estado do ariient
um estado inicial da memoéria para um estado final da mem&war T,
1991).

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

For example, the semantics for commands can be defined irs tefra function
execute, whose definition for loops of the typghi | e E do C could be given as in
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figure 2.1.

execute (While E do dlenv sto =
let execute-while env sto =
let truth—value tr = evaluate [BJenv sto in
if tr
then execute-while env (executel@Jenv sto)
else sto
in
execute-while

Figure 2.1: definicdo da funcédo semantica para a constmigdbe E do C

A great advantage of denotational semantics is that itdinatean be almost translit-
erated into a modern functional programming language (asishn chapter 5), what
fosters a considerably rapid prorotyping.

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

2.3.2 Axiomatic Semantics

Initially created to proof correction of programs, axiomatemantics is based on
predicate logic. One makes assertions over the currenésaluprogram variables, aim-
ing to have predicates relating program’s input with itspomt

Only later it was shown that axiomatic semantics techniguewhich at that times
wasn't called this way — could be used to specify sementiggrojramming language
constructs. (WATT, 1991)

More information on axiomatic semantics can be found in (B&11981) and in the
literature referenced there. In (DIJKSTRA, 1976), the saait axiomatic semantics are
presented.

2.3.3 Operational semantics

Operational semantics represents the execution of a progsaa transition system,
in order to model how the state of an abstract (but realistiaghine changes during
the execution of the program. For that, one defines d& s&tmachine configurations,
and a transition relation- CT1x I, wherey - y“means “there is a transition from
configurationy to configuracoeg"™.

The structure of the configuratiogs [ Tlrepresents every aspect of the relevant ma-
chine elements during execution of programs: memory, hijgliscope, etc. Depending
on type of language — functional, imperative, object-oteeh with static bindings, with
dynamic bindings, ... — to which is being given an operaticgemantics, the particular
structure of the configurations becomes more or less complex

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

More inforamation about denotational semantics can bedonrfPLOTKIN, 1981)
and in the literature referenced there.
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2.3.4 Action semantics

Action semantics represents a compromise between the matical formalism of
denotacional semantics and the operational notions (ingef which most os us has the
intuitive notion of a language’s semantics) of operati@ahantics. Defined in terms of
abstract data types — whose semantics is given by mathesnatiegras — and using a
naming scheme for its sorts and operators very close to &inglction semantics try to
semantics specifications more natural.

In action semantics, the semantics of language constregisen in terms of an ab-
stract data typéction, which has several subtypes.

An advantage of using action semantics is that having thenaxiof the data types
used in the semantics, one can submit the term represenpirmgeam to a term rewriting
system, allowing a simulation of the program’s executiagotigh the term’s reduction.

More information about action semantics can be found in (WAT991) and in the
literature referenced there.

2.4 Final remarks

This chapter presented a short overview of the underlyiegries hat serve as foun-
dation of this work, and were object for study during the @r@gion of this thesis.

« Algebraic Specification methods is used to build solutiamgpfoblems in terms of
algebras. They comprise operations signatures and eqaatio

e The Prosoft Environment is a software development enviemtiraiming to cover
the entire software development process. It uses AlgeBraisoft as its specifica-
tion notation.

< Formal Semantics is concerned with giving precise meawihgiguage constructs,
in order to allow verifications, proofs and reasoning aboagpmms.

Next chapter informally presents Algebraic Prosoft, ite@fications, its main char-
acteristics and an informal notion of its semantics.



16

3 ALBEGRAIC PROSOFT BASICS

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

This chapter presents the main principles in Algebraic #ftosSection 3.1 gives an
overview of the language, by showing some examples of its 8eetion 3.2 describes
Algebraic Prosoft’s graphical notation for data typesgtibgr with an informal interpre-
tation of its semantics. Section 3.3 presents an informabnamf Algebraic Prosoft by
describing how term reduction works in it. Section 3.4 sumnes the chapter.

3.1 An overview of Algebraic Prosoft

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

3.1.1 Anexample

Suppose we are specifying an academic management systemsiddbement of it
would becourses they have a maximum number of attendants, as well as a skosé t
attendants (which can contain less elements than the couragimum).

speci fication Courses

Course

operati ons
create_course: Integer - Course
add_attendant: Course - Course
attendance |ist: Courses - List

Slots Attendants

Integer

S

Attendant

Student

In Prosoft a specification has three parts:
Theinstantiation defines the structure of data type. In this caseparse is a record,
whose fields are the number of available slots (an integed) sameattendants, which
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form aset. Those attendants aBtudents, whose structure is specified in some other
specification.

In the operations section, the specifier can extend the type (a record, in #ss)dy
adding new operations and their functionality: they spettie interface for the type. In
our example, the operatiomgseate course, add_attendant andattendance_list were
defined.

equat i ons
create_course(n) = make_course(n, enptySet)

add_at t endant (make_course(sl ots, attendants)) =
if is(lenght(attendant), sl ots)
then error
el se make_course(slots,insert(attendants, s?))

attendance_| i st(make_course(_, attendants)) =
process_attendance |ist(attendants)

proccess_attendance |ist(enptySet) = enptyli st
proccess_attendance_list(insert(set,attendant)) =
cons( | CS( St udent s, get _nane, att endant),
proccess_attendance_|ist(set))

Theequationssection specify the semantics of each of the operationsetefor the
type. In our example, all the operations defined as part dijftegs interface€r eat e_cour se,
add_at t endant andattendance_| i st are specified, as well a an auxiliary one
(procces_att endance_| i st), that wasn’t declared as part of the interface. Notice
the use of thd CS function. It i used to refer to an operation in another speaiion.

3.1.2 Foundations

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

In Prosoft, abstract data types are specified using a grapiotation. Thenstantia-
tion defines, based on the built-in composite types, a new sgur&.1(a), for example,
shows the graphical representation of an instantiatiohelftap abstract data type, using
Codeas its domainProductinfoas its range. The whole sort is call€atalogue Code
belongs to the sotnhteger, while Productinfois an external sort, defined elsewhere.

Figure 3.1(b) shows another example: Employees is an itatim of the abstract
data typeSet and its elements belong to the sBrhployee

Theoperationssection defines thAT O’s functionalities: what operations are avail-
able, an the kind of each operation. For example, the foligvdefinition specifies an
operatiorop, with sortsky, E,, ..., E, as its domain, and the sdft as its range.

op: E;,Ep,...,Enh - E

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

IPortuguese acronym for “Object Handling Environment”
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Catalogue Employees

S

Code »{ Productinfo

Employee

Integer
(&) A mapping withCode as domain and (b) Employeess a set, whose elements be-
Productinfoas range long to the sorEmployee

Figure 3.1: Examples of instantiation using Prosoft grephianguage

new operations. Each new operation is given an signaturadmperations section,
and should have its semantics specified ingfeationssection.

The equations section defines the operations’ semantics. In Prosoft, ptations
are monadit an operatiorop : E;,E,,...,E, - E is interpreted asp : E; -
(Ez,...,En - E), as in lambda calculus. This means thps range are operations
defined at the ATO that defines the sBgt, and from the kind,, ... ,E, - E.

Lets say that the sort wheEs is defined isAT O,. The equations fowp, in this exam-
ple, would define, based on the state of some terty,dfom sortE,, what operation in
AT O, must be applied to carry on the rest of the computation, wighmentd,, . . ., t,.

In the special case where=1 (i.e.,op : E; - E), the equations foop should be
defined in terms oOE’s constructor operations.

In the right side of the equations, we often need to referapsrations defined in
otherAT O’s; To do that, Prosoft provides an special operation, ddll@S 3. I1CS has
two forms:

ICS: ATO,Op — Op
ICS : ATO,Op,Args™L E

The first form is reserved fan-ary operations (witm > 1), and represents a ref-
erence to an operation in anoth& O. For example, the following equation defines
op:E1, Ey...,En — Einterms ofop™: E,,...,E, - E:

op(t(v1,Vz,...,Vm)) = | CS(ATO, op¥
The second form is used for explicit call to operations inthepAT O’s. For example,

the following equation define® : E; — E, in terms ofop™: E” - E, (whereE"is the
sort of the subterma,)

op(t(v,v2,...,Vm)) = | CS(ATOz, op5 wi)
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 foresgmting composite ab-
stract data types. Through this language, one can instaniia available built-in com-
posite abstract data types, as well as reuse other useedeyipes.

The graphical representation takes the form of a tree. Eadk nontains its name.
The intermediate nodes represent existing abstract daés that are being instantiated,
and their subtrees the formal parameters used in the iregiant

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

3.2.1 Built-in data types representation and instantiatio

Prosoft supports the common primitive data typlesteger, Real, String, Boolean,
Char and others. As primitive data types, they don’t have a gignepresentation.

Follows the built-in composite abstract data types desonphighlighting their graph-
ical representation.

Set Map List
s *
Component Domain >» Range Component
ComponentSort DomainSort RangeSort ComponentSort
(a) Sets graphical represen- (b) Maps graphical representa- (c) Lists graphical represen-
tation tion 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 seatgns are available,
as well as membership operations. As seen in figure 3.2(t),ase represented by a
single-child tree, where there is a small “s” above the chidde.

e Sorts: Set.
* Form sorts: Component.

3.2.1.2 Map

Map is the type for function-like objects, where for each inpatue (sometimes
called “key”), there is one and only one associated objéett (tan be itself a set or list,
but is still unique regarding that key). As seen in figure B)2this is represented by a
Map node, and two child nodes linked by an arrow: the left onelie@omain (values
used as keys), and the right one for tRa&nge.

e Sorts: Map.
e Form sorts: Range, Domain.

3.2.1.3 List

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

e Sorts: List.

e Form sorts: Component.
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Record Union
o o o
Field 1 Field 2 nmn Field n Alt. 1 Alt. 2 [N ] Alt. n
Sort 1 Sort 2 Sortn Sort 1 Sort 2 Sortn
(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 decterbéeing of
its own sort. In the case of records, each field name (the nasmei the box, see figure
3.3(a)) is used to build its specification and operationsebthat field’'s value from a
record term.

« Sorts: Record.

e Form sorts: Fieldy, Field,, ..., Field,.

3.2.1.5 Union

Union represent the union af types, each proceeded by a tag. A term fidmion
is either a term fronSort; tagged withAlt,, or a term fromSort, tagged withAlt, ...,
or a term fromSort, tagged withAlt,. In Prosoft, the node names (see figure 3.3(b)) are
used as the tags. The alternatives’ names are used to bostiector operations for each
of the alternatives.

« Sorts: Union.

e Form sorts: Sorty, Sort,, ..., Sort,.

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

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

In general, a user-defined type is created following thegsatbelow:

a) Choose a built-in type and rename the main sort (the rotiiteofree) 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, spexsfa label below
it which sort it represents (alternatively the label can lambkto 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” dberesponding
tree under it and proceed to b). (figure 3.4(c))
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Customers Customers customers

’ Code Customer

Integer

Code > Range

Domain > Range
Integer

Field 1 ‘

Fie/dZ‘ ’ Field 3 ‘

(a) First one buil-in data type is cho{b) Then we rename a terminalc) Nodes can be expanded|as
sen node needed.

Customers
C

‘ Code ustomer

Integer /|\

‘ Address

Name

Phone

String String String

(d) The process is repeated for edeh ... until we have a fully
child node... specified new type.

Figure 3.4: User-defined type: instantiation explainedfievasteps.

3.2.3 Semantics’ informal notions

Suppose a built-in typ& ype;, specified in arAT O namedAT O,. If we instantiate
Type; asType; inside a new specificatioAT O,, usingSort; for FormalSort;, this
instantiation makes every operationAT O; be inherited byAT O, under the following
circumstances:

< Every occurrence of ype; in the operation’s signature is replacedbype;.

e Every occurrence oF ormalSort; is in the operations signature is replaced by
Sort;.

3.3 Term Reduction and the ICS

Prosoft supports reduction in two contextscal reduction, where are available both
the operations defined by the user and the operations ialdrdm the instantiated built-
in types (as seen in section 3.2); d@b reduction, for references to external operations
through thel CS operation.

Local reduction is used whenever &T O specifies its equations in terms of local
operations. In this case, reductions works pretty muchriggilar reduction, present in
several systems and languages:

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

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

 If no equation unifies with the term, we try to reduce each drnessub-terms. If
at least one is reduced, then we try to reduce the whole teaim.a@therwise the
reduction stops.
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Within I1CS, reduction is somewhat more complicated. The semantidsecdpplica-
tion ICS(AT O;, 0p, [, ty, ..., t,0)J with op defined a®p : Eq,E,,...,E, - E,isas
follows:

= apply operatiorop, defined inAT O;, to the termt;.

e whenn > 1:
theop application’s resulinust have the forml CS(AT O;, op"), whereop™: E,, ..., E, -
E; in this case, apply CS(ATO;,0p" {3, ..., t, 01 Optionally, there can be in-
termediate results in terms of local operations, which kheuentually reduce to
something in the form CS(AT O;, opY.

e whenn = 1:
op application’s resulmust be: either a termt from sortE, in this case the fi-
nal result;or a term in the forml CS(AT Og, op™ W, V5, . . ., Vm DJ Which is then
reduced by this same process.

- ICS(ATOE,op',<>)
ICS(ATO1,0p,<t1,t2>) ICS(ATO2,0p’,<t2>) P

ATO2 ATOE
ii el A /N

op'E2->E op':->E
op: E1,E2 -> E op'":E2->E op":E4,E5->E
op'(d) = ICS(ATO2,0p")
op(c) = ICS(ATO2,0p") op'(u(vl,v2)) = ICS(ATO2,0p" )V op" (e) = op'
op" (v(vl,v2)) = ICS (ATO4, op,
op(t(vl,v2)) = ICS(ATO2,0p") op"(d) = ICS(ATO2,0p") <vl,v2>)

op'(u(vl,v2)) = ICS(ATO2,0p""

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

This semantics notion highlights one strong characteg$tirI CS reduction: as seen
in section 3.1, operations reduced b§S must be monadic. This restriction, however,
doesn’t apply to locally-used operations.

ATO2 ATO3 |
A N
Y Y ICS

Figure 3.6: Thd CS acts as a message bus betweemXh®©’s

The ICS behavior can be illustrated by figure 3.5: eBCI$ call triggers a “jump” to
anotherAT O to proceed reduction in that context. Is some sehG§&, acts like arsystem
busthrough whichAT O’s can exchange messages, as illustrated in 3.6.

3.4 Final remarks

This chapter presented an overview of Algebraic Prosoft; ihoan be used to model
real-world problems, how to use its graphical notation ia definition of data types in
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Prosoft, as well as an informal notion of the semantics fer gdhaphical notation (the
instantiation of data types) and term reduction.
Next chapter presents Algebraic Prosoft’s formal semantic
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4 PROSOFT FORMAL SEMANTICS

This chapter presents Algebraic Prosoft’s formal semanftsection 4.1 presents Al-
gebraic Prosoft’'s syntax; section 4.2 presents the cots pathe semantics; section 4.3
presents the semantics for instantiation of ATO’s; seclighpresents the semantics for
term matching; section 4.5 presents the auxiliary funstiosed in the earlier parts of
semantics; section 4.6 summarizes the chapter.

4.1 Syntax

Most of semantics definitions rely on an abstract syntax é&scdbing the language,
but for Algebraic Prosoft we'll present its concrete sen@mntSince Algebraic Prosoft’'s
syntax is very simple and has few non-terminals, it won’trdist the reader from what
really matters here, the semantics definitions.

Specification ::=
specificationld

Includes
FormalSorts
Sorts
Operations
Variables
Equations
end
Includes ::= IncludeDecl =
IncludeDecl y=-include Id™
[qclude instantiation of Id
—RenameFormalSpec™’
gsing Id for Id

RenameFormalSpec ::= using Id for Id

FormalSorts ::= ¢
| formal sort Id
| formal sorts Id™

Sorts ::=¢€
| sort Id
| sorts 1d ™
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Operations ::= ¢
| operations Operation ™

Operation ::= Id : SortName ™. SortName

SortName ::=Id
| ExternalSort Id Id

Variables ::= €
| variables Variable ™

Variable ::= Id : SortName

Equations ::=¢€
| equationsEquation ™

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

Term == 1Id
| Id?
| 1d (TermY’
| 1ICS(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 Environmer:obiits el-
ements hold all available ATO’s, indexed by their nam&sosoft is a mapping from
identifiers to ATO’s.

Prosoft = Id =~ ATO

We represent al\T O by a triple with its operations, variables and equatioA3.O is
a cartesian-product domain, in which each element is afljsespectively, operations,
variables, and equations.

ATO = Operation =k Variable =% Equation ™

specify is the semantic function for a series of ATO’s specificatioligakes the se-
guence of specifications and produces an environment of &li®Wwhich 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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specificationid

let B —={(last specs)

end
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. Thes functions gives semantics for the reductiorl 6fS
calls.

reduce :: Term - ATO - Prosoft -~ Term
reduce [CS (atoname, op, [args])[l env =
ics atoname op args env
reduce [CS (atoname,op)[l env =
case lookup atoname env of
=l OCS (atoname, op) [
ato - let (_, _,eqs) = ato
in reduce™ato eqs egs env [ap ]
reduce (Equals t; t;) ato env =
let t{’= reduce t; ato env
t,’= reduce t, ato env
inif (t7=1t)
then [t rue" []
else if (Data.Set.null (getlnputs tj) [Diata.Set.null (getlnputs t}))
then [If al se" []
else (Equals t7t)
reduce (NotEquals t; t,) ato env =
let t;"= reduce t; ato env
t-’= reduce t, ato env
inif (t/=1t)
then [Mf al se" []
else if (Data.Set.null (getinputs tf) [Diata.Set.null (getlnputs t}))
then [t rue" [J
else (Equals t/'t})
reduce [fl cond thent; elset, Chto env =
let cond "= reduce cond ato env
t;"= reduce t; ato env
t;’= reduce t; ato env
inif (cond™= [t r ue" 1
then t
else if (cond™= [ al se" [}
then t}’
else [iflcond “then t{elset; 1]

hnan i

reduce t (_,_,egs) env = reduce"ato egs egs env t
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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
(OCS (ato, op, [(t : ts)]) ]
ato - let term = [ap ([t]) ]
result = reduce term ato env
inif (ts =[))
then case result of
[ITS (ato op"/[ts'f) & ics ato“opts“env
_ — result
else let [ICS (ato" op" = result
in ics ato"opts env

Thereduce “auxiliary funcition receives the equations twice, in orttekeep both the full
equations list and the list of remaining equations avadatkhe reduction try.

reduce™: ATO - Equation™- Equation™_ Prosoft — Term - Term

If there are no more equations to try, atoms reduce to themsel

mNRRN|

reduceato egqs [Jenv [d[Zt
Input variables are reduced to themselves(that is, theg@reeduced at all):
reduce™_ _ _ _ [d ?(= 0Od 77

When applying an operator over some terms and there are reeqaations to try, maybe
we can first reduce every argument, and then try to reduce hiloégevterm.

(T[]
reduceato egs [] env [ap (args) =

let rargs = map (At — reduce t ato env) args
in if args & rargs

then reduce [0p (rargs)[—ato env

elset

For direct equations in the formy = t,, we just try to match the terrh with t,
producing the term environmeatv. If this matching succeeds, we then reduiaio t,
(substituted benv). Otherwise we try the next equation.

reduceato eqs (] = t,ClegsR) env t =
let (tv, env = match t; t ato Data.Map.empty
inif tv
then reduce (subs t, envY ato env
else reduce™ato egs egsR env t

For equations in the forrij = t, if cond [ Ive first try to match the given term against
producing the term envirormentiv. If that succeeds, we then redummnd substituted
by env. If cond reduces tdrue, then we reduce to t, substituted wittenv. Otherwise
we continue the reduction, trying the other equations.
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reduce“ato eqs (] =t, if cond (JeqsR) env t =
let (matches, envY = match t; t ato Data.Map.empty
in if matches [(reduce (subs cond env ato env = [k r ue" )
then reduce (subs t, envY ato env
else reduce™ato egs eqsR env t

subs is as following:

subs :: Term — (I1d — Term) — Term
110

subs [id [lenv = findTerm env id
subs [ap (args) env = [ap ((map (At — subs t env) args)) ]
subs (Equals t; t;) env = (Equals (subs t; env) (subs t; env))
subs (NotEquals t; t;) env = (NotEquals (subs t; env) (subs t; env))
subs 0Ofl cond thent; elset, Cénv =

[ifl (subs cond env) then (subs t; env) else(subs t, env)[]
subs [OCS (ato, op, [terms])Cénv =

[ICS (ato, op, [(map (AX — subs x env) terms)])[]

o O |
subs OCS(_, )1 =t
I

subs 1?71 =1t

findTerm :: (1d =% Term) - Id — Term
findTerm env id =
case (lookup id env) of
=l Od ]
X - X

4.3 Instantiation

First, we define a domain for renaming functions. Renamingtions take &ortName
and supply anotheéortName, supposed to substitute the first one in the specification.

Renaming = SortName - SortName

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

noRename = AX - X

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

rename :: Renaming — SortName - SortName - Renaming
rename r old new = Ax - if x = old then new else r x

The instantiate function builds an ATO from its textual specification, usialyj other
specifications for eventual inclusions.
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instantiate :: Specification ™ Renaming — Specification -~ ATO
instantjate;specs renamiryg-spec =

specification_
incs

let

spec

ps
ars
Qs
end
in let included = foldl (#) [] (map (Ai — include i specs) incs)
in let included_as_ato = joinATOs included
in let (opsvarstegs = included as_ato
in (map (instantiateOperation renaming) (getOperations ops) -+ ops"
map (instantiateVariable renaming) (getVariables vars) + vars"
map (instantiateEquation renaming) (getEquations egs) -+ eqs"”

)

getOperations :: Operations — Operation™
getOperations [E1F []
getOperations [aperationsops [ ops

getVariables :: Variables — Variable™
getVariables [ElF []
getVariables [vhriablesvars [ vars

getEquations :: Equations — Equation™
getEquations [EF []
getEquations [eljuationseqs [ eqs

ThejoinATOs auxiliary function simply does the “fusion” of a list of AT®in just one.

joinATOs :: ATO™L. ATO

JoinATOs [1= ([L.I1.[D

JoinATOs ((01,Vv1,€1) :as) =
let (05, V2, €,) = jOINATOS as
in (01 + 03,V H V3, €1 + )

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

include :: IncludeDecl — Specification™- ATO"™

In the case of thdinclude ids tleclaration, we simply instantiate all the referenced
ATO’s, without any renaming.

include 0OAclude ids [$pecs =
let referenced = map (findSpec specs) ids
in map (A(spec) - instantiate specs noRename spec) referenced

In the case of an instantiation with renamings, we must baiitdnaming function, then
use it to instantiate the referenced ATO (just one, in thgeta
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include instantiation of specname

include L—lrenameFormals L sfecs =
using new for old
let spec”= case specname of
"Records" - (createRecordSpec renameFormals new old)
"Uni ons" - (createUnionSpec renameFormals new old)
X — findSpec specs spechame
in case spec”of
[Slerror ("There is no such specification" + specname)
spec — let pairs = map renamePair renameFormals
in let renaming = rename (pairsToRenaming pairs)
[ald ]
(new []
In [instantiate specs renaming spec]

TheinstantiateOperation andinstantiateVariable auxiliar functions are as follows:

instantiateOperation :: Renaming — Operation — Operation
instantiateOperation renaming [id : domain - range [
0d : (map renaming domain) — (renaming range) (]

instantiateVariable :: Renaming — Variable - Variable
instantiateVariable renaming [d : sort (3 [id : (renaming sort)[]

instantiateEquation :: Renaming — Equation — Equation
instantiateEquation r [ =t,[&F

[(instantiateTerm r t;) = (instantiateTerm r t;) ]
instantiateEquation r [fj =t, if t3[F

[(instantiateTerm r t;) = (instantiateTerm r t,) if (instantiateTerm r t3) ]

instantiateTerm :: Renaming — Term — Term
instantiateTerm r [ICS (ato, op) [+
ICS ((A [mew [ new) (r [@to})), op) ]
instantiateTerm r [CS (ato, op, [terms]) [
OCS (((A [mew [CH new) (r [@toD), op, [(map (instantiateTerm r) terms)]) ]
instantiateTerm r (Equals t; t,) =
(Equals (instantiateTerm r t;) (instantiateTerm r t;))
instantiateTerm r (NotEquals t; t;) =
(NotEquals (instantiateTerm r t;) (instantiateTerm r t,))
instantiateTerm _t =t

renamePair :: RenameFormalSpec — (SortName, SortName)
renamePair [uking newname for oldname [+
([mewname [1laldname )1

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 matchingn Prosoft is always done in the context of one specific ATQJ an
respects the following rules for each type of term (regaydive abstract syntax):

1. [ITS (ato, op) (And [ICTS (ato, op, [terms]) Cdon’t match with any other terms. In
fact, matching of terms in those forms doesn’t make any sahak

2. [iThatches with a given term

e If i is the name &-ary constructor in the current ATO (i.e., a constait),
matches witlt if and only ifi = t, producing no bindings.
e If i is a variable in the current ATO, them there are two cases:

(a) if the identifieri already matched with some term (saj), before the
current matching, thenmust be the same &8

(b) if the identifieri din’t match with any other term, then it matches with
any termt, producing a bindindgi 5 t}.

3. [[?[doesn’t match with any other term, sindé? Cdenotes an input variablé.
4. [ap ([t1, to, ...]) Chatches withiap ([t t5) ...]) Cif:

e op = op”
 [i,1t; matches witht!) generating a bindingnv;.

In this case, the binding generated in the matching is thebawation of all the
generate@nv; 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 ¢gncheck for previous matchings and
(i) add new bindings that may be produced.

Thus, the matching function has the following type:
match :: Term — Term — ATO - (Id =% Term) — (Bool % (Id = Term))
The first applicable situation is for atonid [Z]

I

match [d [t ato env =
if isConstant ato id
then (t =t5env)
else case (findOperation ato id) of

X - (t=tHenv) -- ‘id* is the name of an operation

[=l case (lookup id env) of
term - (t"=term,env) -- must be the same as before
(True, insert id tenv) -- always matches

LAfter being substituted by its actual input, however, thentéor which [1? Cholds place can match
with some other termh in further reduction tries.
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The second applicable situation is for operators in the fapn(terms)[Z]

match [ap, (args,)Iap, (args,)ato env =
if op; = op,
then (matchList args, args, ato env)
else (False, env)

There are no other possibilities for matching:
match _ _ _env = (False, env)

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

m m

matchList :: Term=L Term™L ATO - (Id =% Term) - (Bool x (1d =% Term))
matchList (t : ts) [] — env = (False, env)
matchList [][] — env = (True, env)
matchList [] (t : ts) _env = (False, env)
matchList (t :ts) (t": ts5 ato env =
let (tv,envY = match t t"ato env
inif tv
then matchList ts ts”ato env”
else (False, envh

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 = 1
findOperation“(op : ops) id =
let [opid : = - _[Fop
in if opid = id
then op
else findOperationops id

findVariable :: ATO - Id — Variable —
findVariable (_,vars,_) id =
findVariable®vars id where
findVariable™: Variable™- Id - Variable —
findVariable™[] id = 1
findVariable®(var : vars) id =
let [vid : _[=F var
inifvid =id
then var
else findVariable™vars id
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TheisConstructor function tells if somdd names a constructor operation in soate,
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 “egs id where
isConstructor ™:: Equation = 1d — Bool
isConstructor[] _ = True
isConstructor (eq : egs) id =
case eq of
Md" 3 _[} (id & id" [OsConstructor Hegs id)
MdY_)F _[L (id & id” [OsiConstructor Megs id)
Md" % _if _[L (id & id" [dsiConstructor “egs id)
MdS_)* _if _[L (id & id" [dsiConstructor “egs id)
_ — isConstructor “egs id

TheisConstant function tells if somdd is the name of a constant in some given module.
More preciselyjsConstant ato id tells if id is a contant name in AT@to.

isConstant :: ATO - Id - Bool
isConstant ato id =
case (findOperation ato id) of
=l False
Od : range — domain[h ((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 amotigspecifications:

findSpec :: Specification ™. Id - Specification

findSpec []id = [
findSpeg{s;: ss) id =
specificationtheld

let B —=1S

end
in if theld = id
thens
else findSpec ss id

getlnputs :: Term - P(String)
getlnputs [ 3 Data.Set.empty
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getlnputs [ICS (_, _)[F Data.Set.empty
getlnputs [CI(terms) [
foldl Data.Set.union Data.Set.empty (map getinputs terms)
getlnputs [ICS (_, _, [terms]) F
foldl Data.Set.union Data.Set.empty (map getlnputs terms)
getlnputs [id ?[ 3 Data.Set.singleton id
getlnputs (Equals t; tp) =
Data.Set.union (getlnputs t;) (getinputs t,)
getlnputs (NotEquals t; t,) =
Data.Set.union (getlnputs t;) (getinputs t;)
getlnputs [flcond thent; elset, [
foldl Data.Set.union Data.Set.empty (map getinputs [cond, ty, t;])

insertlnputs :: String —— Term — Term — Term
(I
insertinputs inputs [d ?[=
case (lookup id inputs) of
St
term - term
insertlnputs inputs [ap (terms)[F
[ap ((map (insertlnputs inputs) terms)) ]
insertinputs inputs [ICS (ato, op, [terms]) [
(CS (ato, op, [(map (insertinputs inputs) terms)]) ]
insertinputs inputs (Equals t; t,) =
(Equals (insertlnputs inputs t;) (insertinputs inputs t;))
insertinputs inputs (NotEquals t; t;) =
(NotEquals (insertlnputs inputs t;) (insertlnputs inputs t,))
insertinputs inputs [iflcond thent; elset, (3 [ifl cond “then telset; ]
where cond "= insertInputs inputs cond
t;= insertinputs inputs t;
t; = insertinputs inputs t;
[T

insertlnputs _ [ =Ft

[T
insertinputs _ ICS(_, )=t

4.6 Final remarks

This chapter presented Algebraic Prosoft's formal semantising the denotational

methodology.

Algebraic Prosoft’s syntax was presented. Algebraic Htsssemantics was pre-

sented, splitted in distinct sections for the core semaurftiee semantics of term reduc-
tion), instantiation (the semantics of ATO’s instantialiomatching (the semantics of
term matching). Finally, all the used auxiliary functionsr& presented.

Next chapter presents research work done in semantic ppitgt with the Haskell

programming language, which guided Algebraic Prosoftdqityping 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 seanotiotyping with the
Haskell programming language.

5.1 Introduction

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

When designing a programming language, be it a generalbpamr a domain-specific
one, the faster the language designers can have feedbagkitbase, the best it is for
planning language constructs and features.

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

This chapter presents a method for prototyping languagesdban their semantics’
specification, using the Haskell programming language ol laufunctional prototype of
the language. Furthermore, it is shown that denotatiomadséics can even be expressed
primarily in Haskell, which appears as a way of keeping thma#ics definition and
its prototype implementation synchronized to each othed, laringing some benefits,
that are shown in this chapter. Although denotational se¢icgis the perfect choice
for this technique, it is shown that operational semantiessications can also derivate
functional prototypes, by mapping systematically thelesuto Haskell functions.

The remainder of this chapter is organized as follows: 8ech.2 introduces the
Haskell programming language; section 5.3 presents a mdtroderiving prototype
implementations from semantics specifications using Haslextion 5.4 discuss how to
make those prototypes closer to what users expect; secbnbmerates related work;
section 5.6 ends the chapter discussing results and futurle w
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5.2 The Haskell programming language

Haskell (JONES et al., 2002) is a fully functional programgiianguage. It has static,
polymorphic typing and lazy evaluation, among other imatfeatures.

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

Writing a Haskell program that implements a denotationahagtics (as shown in
(WATT, 1991; SCHMIDT, 1986)) is straightforward: it's almbjust transliterating the
specification into Haskell. In fact, a experienced Haskelgpamming initiating to study
denotational semantics, when reading one of those bookdgdwiaink “hey, this seman-
tics thing is just Haskell programming!”. Prototyping opgonal semantics in Haskell is
not as direct as denotational semantics, but it is not dlfficu

5.3 Developing semantics-based prototype implementatisn

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

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

Without any creativity, our toy language will be callénly. toyis an dynamically-
typed imperative language, whose typesratenatural numbers and functions. All these
types are first-class values: they can be assigned to vesigtdssed to and returned from
functions.

toy is kept simple to the extreme, so functions are always urBBuy.since functions
are first-class values, multiple parameters can be sintulatausing higher-order func-
tions.

Similarities betweemoy and Lua may not be coincidences.

5.3.1 Abstract syntax

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

Value — nil | N | Ax.e

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

Exp — Value | X | e;e, | X = e | if e, thene, elsee, end | eq;e, | €1 [Cesl

In the above definition[_stnds 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 t®/s abstract syntax. The above definitions fully specify
the main elements that can be used to btgidorograms. As most abstract syntax defini-
tions, it may be ambiguous (WATT, 1991). But for now, whatgortant is the structural
relation between the elements of the language: what elenagatpart of the others, and
what other elements one element is composed of.

This abstract syntax definition can be easily coded in Haakdbllows (wherd d is
a type synonym foBt r i ng):

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

data Operator = Sum| Milt

Line 1 create a data type for values, defined as a tagged uhithe gingletonnil
value, natural numbers (represented with integers, thoamgth functionsEunct i on).
As stated before, functions are unary. Line 2 defines thetgpéafor expressions and line
3 does the same for binary operators.

We highlight here how straightforward is this implemerdatigiven the mathematical
definition.

5.3.2 Basic semantic domains

As a first step, we have to define some semantic domains, irs tefrwhich — to-
gether with the abstract syntax definition — we’ll give seti@to our language.

Our first semantic domain is a model for storage. This domiains &0 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 componemt exlicator of the next
available empty memory cell.

Store = (Location — Value) = (Location)
Location = N

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

So : Store
So = (Ax. O)

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

fetch : Store — Location — Value
fetch (f,n) I =1 I

update stores a particular value in a particular location:

update : Store - Location - Value - Store

update (f,n) I v = ((Aloc.if loc = 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 iocat
together with an modified store:

alloc : Store — Location x Store
alloc (f,n) =(n,(f,n+1))

Note that the function component of the new store is just eiguaat on the old one. The
newly allocated cell, although being reserved for use, loasssociated value.

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

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

After having a suitable model for memory, we need a model éones and scopes. A
common model for scope of variables — and names in genera enaironmentsfunc-
tions from identifiers to language entities, such as vaemdunctions, classes, modules,
etc.

As intoy all values are first-class, we can take environments to héjostions from
identifiers to locations, allowing an undefined value as attaue of such functions
(that’s the case, for example, when we try to access an ireexigariablex).

Environment = Id - Location —

Eo, the empty environment, maps all identifiers to an undefiradaev

E, : Environment
Eo=Ax. [

Given an environmerd, e [x 3 v] represents an environment that is exactly equal, to
except that it maps (or bindg)tov. e [x B v] can be defined as:

e[x B vl]=Ay.if x=y thenvelseey

It's worth to note that in this definition, we are interprefii_as an undefined value,
and not considering the possibility of nontermination. $hwe can always test if some
value yielded by an Environment function ISall not. Unless caught by such a test, a
Environment function yielding_mkans a runtime error (trying to reference an undefined
variable).

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

1type Store = Pair (Location -> Value) (Location)
2 type Location = Int

3 enptyStore :: Store

4 enptyStore = (\ x -> error "invalid_|ocation", 0)
5 fetch :: Store -> Location -> Val ue

6 fetch (f,n) I =1 |
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7 update :: Store -> Location -> Value -> Store
g update (f,n) I v = ((\ loc ->if loc == 1 then v else f loc), n)
galloc :: Store -> Pair Location Store

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

type Environment = Id -> Maybe Location

enptyEnv :: Environment

enmpt yEnv

\' x -> Not hi ng

bind x ve=\y->if x ==y then Just v else ey

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

Lines 1-10 implement th&tore domain. As before, Haskell code is almost the same
as the mathematical definition, with just some minor synssxes. Lines 11-14 imple-
ment theEnvironment domain. The binding operatianx & v]is represented ds nd
X Vv e and implemented by thiei nd function.

5.3.3 A denotational semantics fotoy

Now that we have both an abstract syntax definition and deitsgmantic domains,
we can speciffoy's actual semantics, i.e., give meaning for the languagaehs. For
this we’ll use an enriched version of the lambda calculush Wi and caseexpressions.
As shown in (WATT, 1991; DAVIE, 1992), those constructs carelsily defined in terms
of the core lambda calculus. Thus, in despite of our somevidtegr syntax, we're still in
lambda calculus’ realm.

An expression inoy has the effect of producing a value, perhaps changing thie env
ronment (by adding variables to it) and/or changing thees{by updating or allocating
new cells in it). We capture this meaning with thal function:

eval : Exp - Environment — Store - (Value %< Environment x Store)

Now we have to defineval regarding each one of the alternative&ip’s definition. We
start with [Vl Jevaluating a value just yields that value, without chaggnvironment or
store:

eval [vICanv sto = (v, env, sto)

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

eval [XICénv sto =
case env x of
1
loc - (v,env,sto) where v = fetch sto loc

A function call (or application) means first evaluating thstfexpression (which is sup-
posed to yield a function value), then evaluating the se@mtession in the resulting
environment and store, and them using the auxiliary funciply to actually apply;
tov;. Theapply function is defined later; for now, we just assume that it widld the
expected value, together with potentially modified envinemt and store.
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eval [e}e,[@nv sto =
let (v,,envstoY = eval e; env sto
(v2, env@sto™ = eval e, env™sto™
in apply vy v, env@sto™

Assignments can have two possible effects: if there is nialk with that name, it binds
the variable to a new memory cell and store the computed thakre. In the case when
the variable already exists, it is just updated. An assignmields the value computed
from the right hand side expression.

eval [XI=el@nv sto =
let (v,envsto = eval e env sto
in case envtx of
let (loc, sto™ = alloc sto”
in (v,envix B loc], update sto™loc v)
loc - (v,env‘update sto“loc v)

Conditional expressions are evaluated as follows: dir§the condition) is evaluated; if it
yields [niil Cthene; is evaluated, witle, being evaluated otherwise.

eval [fle; thene, elsee, endlCénv sto =
let (v,envtsto = eval e; env sto
in case v of
il 1. eval e; envtsto™
X — eval e, envsto”

Sequencing is triviale; is evaluated, yielding a value together with potentiallydified
environment and store. That value is discarded &nid evaluated in the new environ-
ment/store context.

eval [e];e,[@nv sto =
let (_,envsto" = eval e; env sto
in eval e, envsto"”

Binary operators are handled by evaluatiagande, sequentiallyt, and them the actual
calculation is done by theperate function, which depends on the actual operator being
evaluatedoperate is defined later, for now we just trust it to yield the operatsaesult.

eval [e] [Ce.l"@nv sto =

let (vi, envsto") = eval e; env sto
(v2, envTsto™) = eval e, envsto”
in (operate [\ vy, env@sto™

Now what’s left are the previously used auxiliary functiorpply, the helper function
for evaluating function calls[pix.e[) is in the following domain:

apply : Value - Value - Environment - Store — (Value x< Environment x Store)

Isince expressions itoy have side-effects, we have to specify an evaluation ordsimplify our se-
mantics. In an actual implementation, however, the expassould be evaluated in parallel, depending
on some static analysis made to check if, for example, theesgns depend on each other.
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But amongValue alternativesapply is only defined for functions. It creates a new envi-
ronment binding the formal parameter to the actual paranrete evaluates the function
body €) in the new environmentapply yields the value yielded by the evaluation of
the function body and the (possibly) modified store. That eewironment is discarded,
since the formal parameter, as well as everything creatadarthe function body has
local scope.

apply [A.e[I env sto =
let (loc, sto" = alloc sto
(v _, sto™ =eval e (env [x B loc]) (update sto“loc v)
in (vienv,stoD

If, in [e}e, [, &, does notyield a function, the whole expression has an urett§emantics
(although being syntactically valid).
Theoperate function used in evaluation of binary operations is as feio

operate : Operator — Value — Value - Value

And it is defined for operatorg# Cand [T Itogether with number argumentsperate is
undefined whem ory are not both numbers.

operate [#HIXICIyIC3F= [k +y)[]
operate TTXICIyIr3F= [k < y)[]

We have just presentedy's denotational semantics, giving meaning to the language c
structs in terms of mathematical domains and functionss §emantics can be imple-
mented in Haskell as follows (whefleéi ple a b ¢ = (a, b, c)).

eval :: Exp -> Environnent -> Store -> (Triple Val ue Environnment
St ore)
eval (val v) env sto = (v, env, sto)
eval (Vvar x) env sto =
case env x of
Not hing -> error ("undefined variable \"" ++ x ++ "\"")
Just loc -> (v, env, sto) where v = fetch sto |oc
eval (Call el e2) env sto =
let (vl, env', sto’) = eval el env sto
(v2, env'’, sto’’) = eval e2 env'' sto’

in apply vl v2 env’'’ sto’
eval (Assign x e) env sto =
let (v,env',sto’') = eval e env sto
in case env’ x of
Nothing -> let (loc,sto’’) = alloc sto’
in (v, bind x loc env’', update sto’’ |oc v)
Just loc -> (v, env', update sto’ |loc v)
eval (Cond el e2 e3) env sto =
let (v, env', sto’) = eval el env sto
in case v of
Nil -> eval e3 env’' sto’
X -> eval e2 env' sto’
eval (Seq el e2) env sto =
let (_, env', sto’) = eval el env sto
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in eval e2 env’ sto
eval (Op op el e2) env sto =

let (vl,env’',sto’) = eval el env sto

(v2,env’'’ ,sto’’') = eval e2 env' sto’

in (operate op vl v2, env'’', sto' ')

apply :: Value -> Value -> Environnent -> Store -> (Triple Val ue
Envi ronnment Store)

apply (Function x e) v env sto =

let (loc, sto’) = alloc sto

(v, _,sto’’) = eval e (bind x loc env) (update sto’ loc v)
in (v’ ,env,sto )
operate :: Operator -> Value -> Value -> Val ue
operate Sum (Nunmber x) (Nunber y) = Nunber (x + vy)

operate Mult (Number x) (Number y) = Nunber (X * y)

The above Haskell code implements the given semantics bysaffust” transliterat-
ing the mathematical definition into Haskell. In more deta# have:

e line 2:eval [VICénv sto

e lines 3—6:eval [XICénv sto

e lines 7-10:eval [e}e,[8nv sto

e lines 11-16eval [XI= elénv sto

e lines 17-21eval Ofle, then e, elsee, endCénv sto
e lines 22-24¢eval [g];e,[dnv sto

e lines 25-28eval [g] [Ce.I'8nv sto

* lines 30—33apply [AX.e[@nv sto

e line 35: operate [#[IXICIyI]

e line 36: operate TITIIXITyI]

5.3.4 An operational semantics fotoy

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

C = Exp x Environment x Store

The semantics itself is given in terms of a relation C x< C, wherey - y“means
“there is a transition from configurationto configurationy™. The - relation is then
defined in terms of rules.

Different from before, in this section we show an operatiGeeantics fotoy while
immediately following groups of rules by its Haskell implemntation. For both rules
definitions and Haskell code, we’ll be reusing our previgutdfined semantic domains
for environments and stores.
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To transform the operational semantics rules into Haskeilttions, we can use a
transformationr , that for each rule in operational semantics, gives us thesrimple-
mentation in Haskell astar ans function:

T -VH def transy = y"

1
T %\w ' trans y = ySwhere B= trans By, ..., B = trans B,
In a case by case basis, we’ll show informally that some tiaria overT will be
needed.
We have to start our Haskell implementation by defining thta thgpe for configura-
tions, and declaring thier ans function.

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

Now let's begin the operational semantics definition anthifglementation: variables
are the simplest case.

X, en, st} [Fletch st (en x), en, st] (5.1)

The rule in the definition 5.1 translates into Haskell usirgfirst case 2

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

[(Ax.e)v,en,stC]. [Een[x B loc], update st”loc v (5.2)

where(loc, st = alloc st

(ep, en, st} [&}) ent st ] (e}, en, st} [el en st
ey, en,stCh Mes, enYstt]  [eley, en, stl ) [ele,, en st ]

(5.3)

Rules in definitions 5.2 and 5.3 define function applicatMMe.now have to deal with
the more complicated cases, when we start to use the secsadarahe transformation
T when writing the Haskell code, plus some variations re@uingthe circumstances:

1trans (C (Call (Vval (Function x e)) (Val v)) en st) =
2 Ce (bind x loc en) (update st’ |oc v)

3 where (loc,st’) = alloc st

4trans (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)

7trans (C (Call (val v) ) en st) =

8 error ("called _non-function/ ++ (show v))

gtrans (C (Call el e2) en st) = C (Call el e2) en’ st’
10 where Cel en st’ =trans (C el en st)

2We just assume that [Cdbmain(en). If it's not the case, thé r omJust application will cause the
Haskell program to crash (what is expected from a prograirtiies to reference an undefined variable!)
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In this case, we needed an extra definition for when the fifstesssion is not a func-
tion (lines 7-8), which was implicit in the transition retat. Since in Haskell pattern
matching is tested top-down, if that rule is not there ourlengentation will loop, be-
causeel ande2 in the last definition (lines 9—10) would match any expressjonclud-
ing non-function values.

XI=v,en, st} [v]eny,update st (en x) vL1if x Cdbmain(en) (5.4)

XI=v,en,st} [vlen; [x B loc], update st, loc v[CIif x F-ddbmain(en) (5.5)
where(loc, st,) = alloc st

(6] en, st} [elent st

XI=e,en, st} XI=elenUstd ] (5.6)

The rules in definitions 5.4, 5.5 and 5.6 define assignmengirTimplementation is
slightly different from the conventional, because we choseepresent rules 5.4 and 5.5
in an unique definition case of ans (lines 1-5), by using a case expression.

trans (C (Assign x (Val v)) en st) =
case en x of
Nothing -> (C (Vval v) (bind x loc en) (update st’ loc v))
where (loc,st’) = alloc st
Just loc -> (C (Val v) en (update st loc v))
trans (C (Assign x e) en st) = C (Assign x e') en st

where C e’ en’ st’' =trans (C e en st)
Ofl nil then e, elsees, en, st [e}, en, st] (5.7)
(fl v then e, elsees, en, st [€}, en, st (5.8)

[e], en, stCh [}, ent st
[ifle; then e, elsees, en, st [ifl e'then e, elsees, ent st ]

(5.9)

Conditional expressions rules, presented in definitiofdls 5.8 and 5.9, are imple-
mented directly througf

trans (C (Cond (Val Nil) e2 e3) en st) = C e3 en st

trans (C (Cond (Val v) e2 e3) en st) = C e2 en st

trans (C (Cond el e2 e3) en st) = C (Cond el’” e2 e3) en st’
where Cel’ en’ st’ =trans (C el en st)

(e}, en, st} [el ent st

e, en,stl L en, st]
. - (el; ey, en, st [el} e;, ent st ]

(5.10)

Rules in definition 5.10 define sequencing expressions, amdlao implemented
without variation in the usual transformation:
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trans (C (Seq (Vval v) e2) en st) = C e2 en st
trans (C (Seq el e2) en st) = (C (Seq el’ e2) en’ st’')
where Cel’ en” st’ =trans (C el en st)

v} +v,, en, stCh v + vy, en,stlC]  [vi*v,, en,stlCh [} X vy, en,stlC1(5.11)

wherevy, v, [N

[ep, en, st L [&)) ent st (e}, en,stCL [el ent st (5.12)
0 Cejden,stCh v Ceflenfsti1 [e] [ejlen,stl ) &} Ij%lenm,stwgl
Binary operations, defined by the rules in definitions 5.1d &ri2, are also imple-
mented without much creativity. The exception is, as in fiomcapplications, an extra

definition (lines 5-6) to force matching with non-numbered and avoid looping in the
last rule, that matches against any pair of expressions.

trans (C (Op Sum (Val (Number v1)) (Val (Number v2))) en st) =
C (val (Nunber (vl + v2))) en st
trans (C (Op Mult (Vval (Number v1)) (Val (Nunber v2))) en st) =
C (val (Number (vl * v2))) en st
trans (C (Op op (Vval v1) (Vval v2)) en st) =
error "you_can_only_operate_nunbers!"”
trans (C (Op op (Val v) e2) en st) =
(C(Op op (Val v) e2’) en” st’)
where C e2' en’ st’ = trans (C e2 en st)
trans (C (Op op el e2) en st) =
(C(Op op el” e2) en’ st')
where Cel’ en” st’ =trans (C el en st)

To finish the implementation of our operational semantics,amly need to define
how to go from an initial configuration to a final one, i.e., htaderivate the whole
execution of aoy program from individual transitions between configurasioWe do
this defining ader i vat i on function, that will iterate on the transition relation siag
from the initial configuration, producing a list of configticans by applying the transition
relation repeatedlyderivation yo = [yh, Y1, ..., YnLWhere[l¥X n,y; - Vi+1, andy,
is a terminal configuration, i.e., a configuration to whichrale can be applied. It’s trivial
to realize that terminal configurations are in the fdshem, st wherev [Vialue.

termnal :: Config -> Bool
termnal (C (Val v) en st) = True
term nal ¢ = Fal se
derivation :: Config -> [Config]
derivation conf =

if term nal conf

then [conf]

el se conf: (derivation (trans conf))

If we applyderi vati on to an initial configuratione] em, st Jit will yield a list
comprising all the intermediate configurations of a systemndj the execution of pro-
grame.
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5.4 More elaborated prototypes

We have presented both a denotational and an operationahsiemfortoy, together
with their Haskell implementation. With this in hands, we edready trytoy out. We just
need to fire a Haskell interpreter and experiment selectpresgions, environments and
stores:
$ ghci Denotational.lhs
>let (v,e,s) =eval (O Sum (Var "x") (Var "x")) (bind "x" 0 enptyEnv) (update enptyStore
0 (NunberLiteral 5)) inv
10
$ ghci Operational.lhs
> derivation (C (Op Sum (Var "x") (Val (Nunber 1))) (bind "x" 0 enptyEnv) (update enptyStore
0 (Nunber 6)))

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

Although we have already full implementations of our langgiahat’s not enough to
have feedback from its potential users. Representingadisyntax trees of the language
as Haskell expressions is far away from being productiveild&\developing this study,
Happy (GILL; MARLOW, 2005) parsers were used to implementaete 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) impleration written in
Haskell. It's a very young project, but seems to be alrea@yrttore complete Perl 6
implementation. Pugs have a variety of implemented badkeaad apparently will be
used to bootstrap Perl 6. This work show the applicabilitifaskell on implementation
of other languages.

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

Moura and colleagues presentin (MOURA; RODRIGUEZ; IERUSAECHY, 2004)
a concise operational semantics for coroutines, which @ndmbined with the tech-
niques presented here to achieve a richer language, evepractyping stage.

Leal and colleagues present in (LEAL; IERUSALIMSCHY, 20@%) operational se-
mantics for garbage collection and finalizers, which candeduogether with our tech-
niques — and a different model of memory — to produce moreieffiqrototypes.

5.6 Conclusions

Haskell is a good choice for rapid prototyping of languaggsis work raised some
issues from the experience of implementing functionalqigqtes based on both denota-
tional and operational semantics of languages, so we cahlide some conclusions and
compare the use of Haskell on prototyping both types of §ipation.

Since Haskell supports a limited (but useful) form of literparogramming (KNUTH,
1984), using a tool like Ihs2TeX (L6H, 2005) — a HaskgdXTtranslator with extensive
formatting support — allows us to write at once both defimtaind implementation of
denotational semantics specifications. Being able to wseteantics directly in Haskell
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while not loosing the mathematical aspect bring two mainefies (i) definition and
implementation are always synchronized to each other th@)definition can be type-
checked by any Haskell compiler, giving us several toolswating better and more
correct semantic specifications. For instance, the defirstin this paper’s section on
denotational semantics are actually written in Haskell eodverted to a nicer, more
math-like, notation by Ihs2TeX; that section, the abstsgctax section and the semantic
domains one are, at the same time, text and program. Theidefinhowever, are still in
lambda calculus, and can be manipulated in proofs as always.

Expressing operational semantics in Haskell is not asgsttfarward as it its with
denotational semantics, but as operational semanticsttebé concise, the syntactic
gap does little harm (against no harm at all in the case of tdéinoal semantics). But
by its nature, operational semantics allows us to abstrathio details that denota-
tional semantics doesn’'t. For example, in this paper onesesnthat the operational
definition is cleaner than the denotational one, althougin loan be successfully im-
plemented. The representation issue deserves some mestigation. Perhaps using
Monads (WADLER, 1992) one can find a way of implementing openal definitions in
Haskell that is more close syntactically to the mathembtieéinition. This would allow
to write operational semantics as literate Haskell programmat couldn’t be done in this
chapter.

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

This chapter was submitted as a paper for the 10th Braziyamp®sium on Program-
ing Languages, to be held in Itatiaia, Rio de Janeiro, frony W&th to 17h.

Chapter 6 presents a semantics-based prototype for Aigétn@soft 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 AlgebraisPitowvas developed, using
the technique presented in chapter 5.

This chapter discusses implementation aspects of thi®typs, and describe with
some more detail some concepts in the development of acoedrgics-based prototype
implementations.

Section 6.1 presents the concept of literate programmiegti@ 6.2 presents some
aspects on the use of the Haskell Programming languagehergeith Literate Program-
ming techniques for semantic prototyping. Section 6.3wdises the structure of the in-
terpreter itself. Section 6.5 summarizes this chapter.

6.1 Literate Programming

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

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

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

Knuth's intent with the development of the WEB system, diésct in such paper, was
to make the work of writing programs a combination of formaliaformal language, in
order to allow one to write program in the best way for humagenstanding, abstracting
syntactic restrictions.

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

According to Norman Ramsey in (THOMPSON, 2000), LiterategPamming’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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e Typeset documentation, especially diagrams and mathemas. In many cases,
being able to typeset diagrams and mathematics is verylusegidtecisely describe
complex programs.

e Automatic support for browsing. Having a table of contents, indexes, cross-
references and other navigation elements is crucial forok4ppiality document.

The last two characteristics are accomplished by using d gooument preparation
system. In fact, most of the literate programming systemsigk some gX variant,
which gives those literate programming system all richrieas TeX already brings to

regular typesetting.
Weaving Document
preparation |3 Document
system
input
Literate
Program
&» Compiler Executable
tangling input Program

Figure 6.1: tool support for literate programming

For actual literate programming systems, tool support isgoortant issue. (THOMP-
SON, 2000) cites several available literate programmiotstd=igure 6.1 shows how one
achieves documents and programs from a literate prograene th a tool that generates
input for a document preparation system from the literatg@m; this is calledveav-
ing. * Another tool generates input for the compiler from the &terprogramming; this
is calledtangling.

In some literate programming systems there is no that irddrate step: either the
compiler also does the tangling, or there is no need for pgssing of the literate pro-
gramming before feeding it to the document preparatioresyst

6.2 Literate Programming and the Haskell Programming Languwage

Haskell's syntax is very similar to lambda calculus, andantigular to the style used
commonly (SCHMIDT, 1986; WATT, 1991) to describe DenotatibSemantics. This
makes Haskell a good tool for prototyping denotational sgioa definitions: one can
write a denotational semantics as a Haskell program almistne syntactic changes;
and by adding an input parser and some minor code for useaatiien, one can obtain a
running executable for that semantics.

Haskell also supports a limited form of Literate Programgniliterate programs are
officially defined in Haskell definition (PEYTON JONES et &003). Literate programs
can be written by naming the source file according to the adbpbdnvention for literate
Haskell sourceX. | hs) and starting every source code line withed 8ign: all other lines

1Recently, the ternveavinghas been also used in the Aspect Orientation area.
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will be considered as comments by compilers. This wagglingis natively supported
by Haskell compilers.

There are severaleavingtools for Haskell, but for this workhs2TeX (L6H, 2005)
was chosen. It supports the use @XTfor formatting the documentation sections of
the program, and generates specgd €ode for source-code sections, so Haskell source
(lambda calculus, actually) can be made stylized as regnéhematics in the gener-
ated documentl hs2TeX generates agX document from an literate Haskell program,
playing theweavingrole (see figure 6.1).

From the reasons stated above, Haskell seemed a nature¢ cidool for prototyping
Algebraic Prosoft Semantics. Actually, Algebraic Prosafemantics was written directly
in Haskell, so the texdndthe prototype, at the end, are the same thing. This showed som

advantages:

= Easier typesetting. Writing Haskell is easier than writiagibda calculus ingX
with the proper indentation and formatting.

e Easier maintainance. Semantics definition and prototygeeimentation are al-
ways synchronized.

e Semantics is kept consistent. the documented semanticeecahecked by the
Haskell compiler, and won’t show any syntax errors, typersror similar errors.

6.3 The prototype

By using the techniques presented in chapter 5, togethérliterate programming
in Haskell for writing the semantics itself, the prototypeplementation for Algebraic
Prosoft was developed. As discussed in chapter 5, it camnmabhsidered a produc-
tion implementation, not addressing issues as performasmrity and all other non-
functional — but important — aspects. On the other handintieed a full implementa-
tion of Algebraic Prosoft, since the language can by actueled and tested through that

implementation.

[Common Domains] [ Aux. Functions j [ Instantiation j

7

' |

Language
definition

C

O \2

)

g ] A

9% \4

g Shell Load

Figure 6.2:pr osof t - r educe’s modules

The prototype was callegr osof t - r educe. Figure 6.3 shows in a simplified way
prosoft - r educe’s modules and their relationship. The top of the figure cosgsrthe
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modules that are also the semantics definition: each onesof th described in chapter
4. In the bottom of the figure, there are the modules that apéeimentation-specific:

e Par ser: this module is a Happy (GILL; MARLOW, 2005) parser for Algeicr
Prosoft specifications and terms. Additionally, it consa@thso a parser for console
commands made available by thlei n module.

e Mai n: this module is the main mechanism that drives the executidghe proto-
type. It implements the main loop, reading input from theruissuing the input to
the semantics modules, and presenting results from the.ulealso implements
special commands, likel oad, that loads a new specification into the environment,
/i n, that enters the scope of a given ATO, and others.

e Shel | : this module handles user interaction through Haskell’sUGReadline
binding, allowing the user to navigate through previouslyuied terms and com-
mands, and to edit his/her input as a nice console interface.

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

e Bui I ti ns: used.oad to load the pre-defined ATO’s when the program starts up.

Figure 6.3 showpr osof t - r educe running a sample session. First, when starting
up, prosoft - reduce loads all its built-in ATO’s. Then the user can reduce terms
through thelCS, as shown in the figure. The user can also jump to the conteat of
specific ATO (e.g./ i n Bool eans) and then issue terms that will be reduced in the
context of that ATO, just as if they were sent there throlGls.

asaterceiro@coringa: fhome/asaterceiro/mestrado/msc/semantics

Arquive Editar Ver Terminal Abas Ajuda

as: in ' emanti /prosoft-reduce =

: Loaded
: Loaded
: Loaded
: Loaded A

Integers,pred,[

Integers,pred,[

(not(falsel)

nd(true,false)

Figure 6.3: A screenshot pff osof t - r educe
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6.4 A Semantic Prototype Framework

During the development gr osof t - r educe and the research on semantic pro-
totyping in general, it was noted that several aspects wieraya present in semantic
prototypes. Some of them were extracted into a framewortkha called SPF (Seman-
tic Prototyping Framework).

SPF’s main features are:

A driver function, that implements all the generic aspeéta semantic prototype:

if there is no input file, it fires a interactive console sessind incrementally reads
inputs, parse them, and feed the parsed structures intcethargics module; if

there is an input file, the file is fully parsed and then fed thimsemantics module.
The prototype implementor passes to the driver functioh lio¢ parsing function

and the semantics function.

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

« File input handling: the prototype implementor does notei@vworry about deal-
ing with input file. SPF already reads the input file (if theseone), and feeds the
parsed program into the semantics module.

e A simple implementation of a transition system for OpenioSemantics proto-
types: the prototype implementor just has to define his/befiguration data type,
and implement its functions for transition (the transitrates) and for checking ter-
mination (so the transition system knows when to stop: whigmds a configuration
that is considered a terminal one).

To develop a semantic prototype with SPF, the prototypeemphtor needs to de-
velop, besides the abstract syntax and semantics defmitéoparser functioparser :
String - Expression, whereExpression is the type of the parsed elements: de-
pending on the language, it can represent commands, ekpressc. In the case of
prosoft-reduce, for example, arExpression is either a term to be reduced or a
console command to be executed by the program, like load a4¥€y test matching of
two terms, etc.

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

6.5 Final remarks

This chapter presented briefly the main aspects involvedéndevelopment of a
semantics-based prototype implementation of Algebraaséft. It presented the con-
cept of Literate Programming and a discipline of using laterProgramming with the
Haskell programming language.

An overview of the prototype was given, describing supefigits main implementation-
specific modules, which together with the semantics modtdes pr osof t - r educe.

It was also shown that several aspects of semantic prot®gggecommon betwen several
implementations, and that they were extracted into a SecRratotype Framework.

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

This chapter presents the conclusions of this work: whagroslork is related to this
one; how this work contributed to research in its field, ad aglin the Prosoft research
group; what limitations we choose to live with; and what candone in the future as a
consequence of this work.

The rest of the chapter is organized as follows: section @iritprelated work; section
7.2 indicates the contributions presented in this worktise@.3 describes the limitations
to which this work is bound. secion 7.4 presents possieditf future work that can be
carried as logical sequences of this one.

7.1 Related work

(RIBEIRO, 1991) presents a formalization of Prosoft in VDMarder to integrate
algebraic specifications into the Prosoft Environmenthéiligh modelling an currently
outdated version of Prosoft, this work provided some idéemsiamodelling the Prosoft
environment.

It was developed a tool (RANGEL, 2003) that, by translatimgs®ft specifications
into OBJ (GOGUEN; TARDO, 1986) ones, provides means to pyping Prosoft spec-
ifications. Although being very useful in the process of wafe development, such pro-
totyping doesn't provide a direct semantics to Prosoft, imgkarder the manipulation
and reasoning of Prosoft specifications, what is easiema¥ieir semantics explicitly
defined.

7.2 Contributions

This work present as contributions:

e Semantics for Algebraic Prosoft. By defining a precise semantics for Algebraic
Prosoft, this work contributes the the Prosoft researcligtuy providing an uni-
form view of Algebraic Prosoft, unifying its interpretati@nd providing a reference
for it.

e Semantics forl CS. This contribution can be seen as a more general one, benefit-
ting not only the Prosoft group but the whole formal methoolsimunity. ICS is
an uniqgue (to the best of our knowledge) concept that elitagtne need of inclu-
sion of data types by others, allowing a data type to use oldartypes’ operations
by referencing (calling) them with a special notation withincluding the whole
corresponding specification. This contrasts with the cphegdata type inclusion,



54

when a data type has to include another one as a whole if itsases of the other’s
operations. This work presents a precise and unambigumergies for thd CS
concept.

= An prototype implementation of Algebraic Prosoft. Besides specifying seman-
tics, this work also provides a prototype implementatianyhich 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 lagguin semantic proto-
typing, analyzing the prototyping of both denotational aerational semantics
definitions, as shown in chapter 5.

7.3 Limitations

This work started with the restriction of using only the prefl syntaop(ty, ..., tn).
This syntax form is certainly enough for semantic definitibnt makes writing large
specifications hard to write. Allowing mix-fix syntax and etiforms of syntatic sugar,
like providing a literal representation for some built-ypés 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 Prosofa production environ-
ment it would be crucial to be able to check a specificatiortype errors. In special, if
one tries to reduce a term that does not match any of the opesatefined in some ATO,
it's simply not reduced. The user could receive a type erressage 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 resela on semantic prototyping,
improving the Semantic Prototyping Framework and workingadbetter way of repre-
senting operational semantics rules in Haskell.

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

Another possibility regarging the Prosoft Environmentasrivestigate how far can
we go with semantic prototyping: would it be possible to gnegepr osof t - r educe
with a graphical interface and other elements of modern imserface design? Can we
integrate the semantics module together with pargrafsof t - r educe with existing
Prosoft Java user interface?
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