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Abstrakt (Swedish)

Avhandlingen beskriver hur funktionell programmering kan anvindas for
att behandla formella och naturliga sprak. Teknikerna som beskrivs ar néra
kopplade till kompilatorkonstruktion, vilket ar tydligast i arbetet om BNF
Converter.

Den forsta delen av avhandlingen beskriver BNFC (BNF Converter), ett
flersprakligt kompilatorverktyg. BNFC tar som indata en grammatik skriven
i 'Labelled BNF’-notation (LBNF), och genererar komponenter for de forsta
faserna i en kompilator (en abstrakt syntax, en lexer och en parser). Vidare
genereras fallanalys av och utskrifthanterare for den abstrakta syntaxen, ett
testprogram och dokumentation for det beskrivna spraket. Programkompo-
nenterna kan genereras i Haskell, Java, C och C++ och deras parser- och
lexerverktyg. BNFC ar skrivet i Haskell.

Den metodik som anvénds for att generera komponenterna ar baserad
pa Appels bocker om kompilatorkonstruktion. BNFC har anvénts som ett
undervisningsvertyg i kompilatorkonstruktionskurser pa Chalmers. Den har
aven anvénts i forskningsrelaterad programspraksutveckling och i en indus-
triell applikation dar den har anvéants for att producera en kompilator for
ett protokollbeskrivningssprak for telekommunikation.

Den andra delen av avhandlingen beskriver Funktionell Morfologi, ett
verktyg for att implementera morfologier for naturliga sprak i det funk-
tionella spraket Haskell. Den grundlaggande metoden &ar enkel: istéllet for
att anvinda otypade, reguljara uttryck, som ar det framsta verktyget for
morfologibeskrivning idag, s& anvinder vi oss av andliga funktioner &ver
andliga algebraiska datatyper. Definitionen av dessa datatyper och funk-
tioner ar den sprakberoende delen av morfologin. Den sprakoberoende delen
bestar av ett otypat lexikonformat som anvands till Gversdttning till andra
morfologiformat, syntes av ordformer och till att generera en datastruktur
for analys.

Funktionell Morfologi bygger pa Huets sprakteknologiska verktyg Zen,
som han har anvént for att implementera en morfologi fér Sanskrit. Malet
har varit att gora det enkelt for lingvister som inte &r erfarna funktionella
programmarerare att applicera ideerna pa nya sprak. Ett bevis pa metodens
produktivitet ar att morfologier for Svenska, Italienska, Ryska, Spanska och
Latin har implementerats.



Abstract (English)

This thesis describes two applications of functional programming to process
formal and natural languages. The techniques described in this thesis are
closely connected to compiler construction, which is obvious in the work on
BNF Converter.

The first part of the thesis describes the BNFC (the BNF Converter)
application, a multi-lingual compiler tool. BNFC takes as its input a gram-
mar written in Labelled BNF (LBNF) notation, and generates a compiler
front-end (an abstract syntax, a lexer, and a parser). Furthermore, it gen-
erates a case skeleton usable as the starting point of back-end construction,
a pretty printer, a test bench, and a IXTEX document usable as a language
specification. The program components can be generated in Haskell, Java,
C and C++, and their standard parser and lexer tools. BNFC itself was
written in Haskell.

The methodology used for the generated front-end is based on Appel’s
books on compiler construction. BNFC has been used as a teaching tool
in compiler construction courses at Chalmers. It has also been applied to
research-related programming language development, and in an industrial
application producing a compiler for a telecommunications protocol descrip-
tion language.

The second part of the thesis describes Functional Morphology, a toolkit
for implementing natural language morphology in the functional language
Haskell. The main idea behind is simple: instead of working with untyped
regular expressions, which is the state of the art of morphology in com-
putational linguistics, we use finite functions over hereditarily finite alge-
braic data types. The definitions of these data types and functions are
the language-dependent part of the morphology. The language-independent
part consists of an untyped dictionary format which is used for translation
to other morphology formats and synthesis of word forms, and to generate
a decorated trie, which is used for analysis.

Functional Morphology builds on ideas introduced by Huet in his com-
putational linguistics toolkit Zen, which he has used to implement the mor-
phology of Sanskrit. The goal has been to make it easy for linguists who are
not trained as functional programmers, to apply the ideas to new languages.
As a proof of the productivity of the method, morphologies for Swedish,
Italian, Russian, Spanish, and Latin have already been implemented.



The four papers included in this thesis have been published previously
as follows:

e Paper I: Labelled BNF: A High-Level Formalism For Defining Well-
Behaved Programming Languages, Markus Forsberg & Aarne Ranta,
Proceedings of the Estonian Academy of Sciences, Special issue on
programming theory, NWPT’02, December 2003, pages 356-393

e Paper II (Technical Report): BNF Converter: Multilingual Front-
End Generation from Labelled BNF Grammars, Michael Pellauer,
Markus Forsberg & Aarne Ranta, Technical Report no. 2004-09 in
Computing Science at Chalmers University of Technology and Géteborg
University

e Paper I1I: Tool Demonstration: BNF Converter, Markus Forsberg &
Aarne Ranta, Proceedings of the ACM SIGPLAN 2004 Haskell Work-
shop, Snowbird, Utah, USA, pages 94-95

e Paper IV: Functional Morphology, Markus Forsberg & Aarne Ranta,
Proceedings of the Ninth ACM SIGPLAN International Conference
on Functional Programming, September 19-21, 2004, Snowbird, Utah,
USA, pages 213223

111



Acknowledgements

First, I would like to direct my sincerest thanks to my supervisor, Aarne
Ranta, who helped me immensely in getting to this point in my graduate
studies.

Secondly, I would like to thank all the members of the Language Tech-
nology group and my PhD committee. Thanks for all inspiring discussions
and for your help with improving the quality of my work. In particular, I
want to thank Kristofer Johannisson, Graham Kemp and Bengt Nordstrém
for reading this thesis and for giving suggestions for improvement. And
thanks all for being such a nice group of people.

Thirdly, thanks all co-workers at the Computing Science department at
Chalmers — you provide a great working environment.

I would also like thank my family and friends for making my life outside
the office meaningful and happy.

Finally, but not least, I would like to give special thanks to my girlfriend
Merja, who makes my world a better place.

v



Contents

1 Introduction 1
1.1 Formal and Natural Languages . . . . ... ... ....... 2
1.2 LT and Functional Programming . . . . . . ... .. .. ... 2

1.2.1 A strong, polymorphic type system . . . . . .. . ... 3
1.2.2 Higher-order functions . . . . .. ... ... ... ... )
1.2.3 Classsystem . . .. .. .. ... ... .. ....... 5
1.3 BNF Converter . . . . . .. .. ... ... .. 6
1.3.1 Technical overview of BNFC . ... ... ....... 7
1.4 Functional Morphology . . . . . . . . . ... ... .. ... .. 8
1.4.1 Technical overview of FM . . . . . ... ... ..... 9
1.5 Current States of the Work . . . . . ... ... ... ... .. 9
1.6 Future Work . . . . . . .. ..o 10
1.7 Contributions . . . . . . .. ... 11

2 Paper I: Labelled BNF 14
2.1 Introduction . . . . . . . . . ... 15
2.2 The LBNF Grammar Formalism . . .. .. ... ....... 16

221 LBNFinanutshell. . ... ... ... ... ...... 16
2.2.2 LBNF conventions . . . . . ... .. ... ....... 17
2.2.3 The type-correctness of LBNF rules . . ... .. ... 20
2.3 LBNF Pragmas . . .. ... ... ... . ... ... ...... 21
2.3.1 Comment pragmas . . . . . . . . . . ... ... 22
2.3.2 Internal pragmas . . . . .. ... .. ... ... .. 22
2.3.3 Token pragmas . . . . . . .. .. ... ... 23
2.3.4 Entry point pragmas . . . . . .. ... oL 23
2.4 BNF Converter code generation . . . . . . . ... ... .... 23
24.1 Thefiles . . . . . . . .. 23
2.4.2 Example: JavaletteLight.cf . .. .. ... ... .. 24
2.4.3 An optimization: left-recursive lists. . . . . . . .. .. 29
2.5 Discussion . . . . ... Lo 30
251 Results . . ... ... 30
2.5.2  Well-behaved languages . . . .. .. .. ... ..... 31
2.5.3 Related work . . . .. .. ... oL 32



25.4 Futurework . . . . . . . . ...

2.6 Conclusion . . ... ... ... ... e
2.7 Appendix: LBNF Specification . . . . ... .. ... .....
Paper II: BNF Converter
3.1 Introduction . . . . . . . . . . . . ...
3.2 The LBNF Grammar Formalism . ... ... ... ......
3.21 Rulesand Labels . . . . . ... ... ... ... ....
3.2.2 Lexer Definitions . . . . . . ... ... ... ......
3.2.3 Abstract Syntax Conventions . . . . .. ... ... ..
3.2.4 Example Grammar . . . . .. .. ... L
3.3 Haskell Code Generation . . . . . . .. ... ... .......
3.4 Java Code Generation . . . ... . ... ... ... ......
3.5 Java 1.5 Generation . . . . ... ... ... ... ...
3.6 C++ Code Generation . . . . . . . ... ... ... ......
3.7 CCode Generation . . . . . . ... .. ... ... .......
3.8 Discussion . . . . . . . ..
3.9 Conclusions and Future Work . . . . . . ... ... ......

Paper III: Demonstration Abstract: BNF Converter
4.1 Demo overview . . . . . . . ... e e e

4.2 Goalsand limits . . . . ... ... ... L
4.3 An example grammar . . ... ... L.
4.4 Compiling a grammar . . . . . . ... ... L.
4.5 Related work . . . .. ... oo
4.6 Whentouse BNFC . ... ... ... ... ... .......
4.7 Biosection . ... .. .. .. ... e

Paper IV: Functional Morphology

5.1 Introduction. . . . . . .. ... ... ...
5.2 Morphology . . . . . . ..
5.3 Implementations of Morphology . . . . . . ... ... ... ..
5.3.1 Finite State Technology . . . . . ... .. .. .....
5.3.2 The Zen Linguistic Toolkit . . . . .. ... ... ...
5.3.3 Grammatical Framework . . . . ... .. ... ....
5.4 Functional morphology . . . . . . .. ... Lo
5.4.1 Background . . . . .. ... oo
5.4.2 Methodology . . . ... .. .. ... ...
5.4.3 System overview . . . . .. .. ..o
5.4.4 Technical details . . . . .. .. ... ... .. .....
5.4.5 Trieanalyzer . . . ... .. .. ... ...
5.4.6 Composite forms . . . . .. ..o
55 Results. . . . . . .
5.6 Discussion . . . . . . . ... Lo



Chapter 1

Introduction

The work described in this thesis is in the area of Language Technology. A
possible definition of Language Technology, abbreviated LT, is the research
field that studies computer-aided processing of languages. LT can be further
divided into (Natural) Language Processing and Speech Technology, where
Language Processing studies symbolic languages (written text, transcribed
speech etc), and Speech Technology studies speech in the shape of an au-
dio signal. The difference in these two subfields is in reality not as clearly
distinct as the above definition implies; there is a great deal of overlap.
The term “Language Technology” will be used in this thesis without fur-
ther distinction. A more in-depth introduction to the Language Technology
field can be found in Jurafsky’s and Martin’s book “Speech and Language
Processing” [9].

Language technologists work in the area in between of Computing Sci-
ence and Linguistics, which gives rise to an interesting cross-fertilization
of ideas. This thesis provides a demonstration of this. The work on the
BNF Converter, a tool for defining formal languages, can be viewed as ideas
brought from Linguistics into Computing Science. Many compiler tools de-
veloped within Computing Science aim at strong expressiveness, often at
the expense of declarativity. In Linguistics, on the other hand, there exists
a tradition to hold declarativity before expressiveness. These ideas have
been brought into the BNF Converter tool, where some requirements on the
target language enable a declarative source format. The work on Functional
Morphology, a toolkit for defining natural language morphologies, has in-
fluences from the other direction — ideas from the functional programming
community are brought into Linguistics.

The LT group at Chalmers is working at the interface of natural and
formal languages. The group has a strong connection to the area of Compiler
Construction, which differs from many other LT groups that have a more
traditional affinity to Artificial Intelligence. The connection to the Compiler
Construction field is obvious in this thesis, in particular in the work on BNF



Converter.

The main tool of Chalmer’s LT group is Grammatical Framework (GF)
[17, 15], a multi-lingual grammar formalism based on type theory [11, 10].
Due to this formal approach, instead of a more statistical approach, the
initial idea was that only fragments of natural languages could be machine
translated, and the aim was exactness rather than full coverage.

This idea is still not completely incorrect, but the view has slightly
changed due to Functional Morphology, discussed in this thesis, and the
GF resource grammars [16], a collection of syntactic libraries, and the goal
is now more ambitious. In particular, Functional Morphology has shown
to be very productive where the coverage of a major part of a language’s
inflectional morphology is tractable. However, it is important to stress that
both morphologies in Functional Morphology and the resource grammars are
syntactic resources, not semantic resources, so complete machine translation
is still not considered feasible.

1.1 Formal and Natural Languages

The main theme of this thesis is computer-aided processing of languages
powered by functional programming. The languages considered are both
formal and natural. Natural languages are what most people think of when
they hear the word “language”, i.e. languages such as English, Spanish,
French, Chinese and Sanskrit.

Formal languages are a much simpler class of languages — artificial lan-
guages created for a specific purpose, such as programming languages or
mathematical languages.

The word processing is a vague term, so more precision may be in order.
Languages are represented in a computer as sequences of symbols or, more
technically, as strings, illustrated in figure 1.1. This string is analyzed into
some internal representation that reflects the information extracted from
the string. The reverse process may also be interesting — to synthesize the
internal representation into a string.

A more concrete example is machine translation between two languages,
where the source language, the language translated from, would be ana-
lyzed to produce the internal representation. Depending on the level of
sophistication of the machine translation, the internal representation may
undergo a sequence of transformations. Finally, the internal representation
is synthesized into the target language.

1.2 LT and Functional Programming

High-level programming languages, i.e. declarative languages, can be divided
into functional languages such as Lisp, ML and Haskell, and logic languages
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Figure 1.1: Language Processing Overview

such as Prolog. Declarative languages have been used by language technol-
ogists since they came to existence.

The reasons for using declarative languages are many — quick prototyp-
ing; closeness to mathematical description and hence to linguistic models
influenced by mathematics; simple construction and manipulation of struc-
tured data.

Logic languages, in particular the programming language Prolog, have
been the prominent tool within LT. Some of the reasons for their popularity
are the fact that logic languages are founded on predicate logic, a popu-
lar formalism to describe the semantics of natural languages, and because
many implementations have the built-in grammar description language DCG
(Definite Clause Grammar) [13].

The foundation of functional programming is the Lambda Calculus [1],
a minimal, Turing-complete ' language based solely on functions. The fo-
cus of this thesis is on typed functional languages, and the programming
language under consideration is Haskell [14]. One of the main themes in
this thesis is compiler construction and it is well known in the functional
programming community that one of the strong applications of functional
programming is compiler construction. Some of the features of Haskell that
are essential in this work are described in the following sections. A more
in-depth motivation of functional programming is given in Hughes’ article
Why Functional Programming Matters [8].

1.2.1 A strong, polymorphic type system

There is a tradition in LT of using untyped or weakly typed languages.
Functional Morphology and Grammatical Framework can be considered as
evidence that the use of types in a LT application can increase productivity
and reduce the amount of errors. The types in Functional Morphology
ensure, for example, that the inflectional parameter type of a noun is not
by accident constructed with parameters from another word class and that
all cases of a noun’s inflection table are actually defined.

An example of the use of types, here with algebraic data types, is the
description of the inflectional parameters of Swedish nouns. There are three
parameters: number, case and species. Three new types are introduced —
Number, Case and Species — and the elements of the types are enumerated.

LAll computable functions can be expressed and calculated in Lambda Calculus



The type NounForm is just the composition of the three parameters to form
one inflection type.

data Number = Singular | Plural
data Case
data Species
data NounForm

Nominative | Genitive
Indefinite | Definite
NF Number Case Species

As a next step, the inflection table of nouns in the first declension is
defined as a function decll. The function takes as the first argument a
lemma, as the second argument the parameters type, and as the result it
gives the inflected form. The function is essentially case analysis over the
parameters, and the result is constructed with the concatenation operator
(++) that concatenates two strings. The function mkCase describes the case
inflection.

decll :: String -> NounForm -> String
decll apa (NF number case’ species) =
mkCase case’ $
case number of
Singular -> case species of

Definite -> apa ++ "n"
Indefinite -> apa

Plural -> case species of
Definite -> (tk 1 apa) ++ "orna"

Indefinite -> (tk 1 apa) ++ "or"

mkCase :: Case -> String -> String
mkCase case’ word = case case’ of
Nominative -> word
Genitive ->
if (last word == ’s’) then word
else word ++ "s"

The inflection table of the words flicka and apa can be defined with the
following definitions.

flicka
apa

decll "flicka"
decll "apa"

flicka and apa are now functions that, given a parameters type, return
a string, e.g. flicka (NF Plural Genitive Definite) = "flickornas".



1.2.2 Higher-order functions

Higher-order functions can take functions as arguments and return a func-
tion as a result of a computation, that is, functions are first-class values.

A classic example of a higher-order function is the map function, that
takes any function from a to b, and a list of a:s ([al), and applies that
function to all elements in the list of a:s, to receive a list of b:s ([b]). The
variables a and b are type variables — a and b can be replaced by any type
— and because of this, map is said to be a polymorphic function.

map :: (a -> b) -> [a] -> [b]
map f (x:xs) = f x : map f xs

The ability to program on more than one abstraction layer gives perfect
support to linguistic abstractions. An example of this is the exception han-
dling in Functional Morphology, described in chapter 5, where higher-order
functions are used to handle exceptional linguistic phenomena.

The exception handling of Functional Morphology can be demonstrated
through the Latin word vis (Eng. violence, force), that inflects in the same
way as the word hostis (Eng. enemy), with the exception of the vocative,
genitive, dative case in singular, which are missing. This would be described
with the following function, where the higher-order function is missing,
written in infix notation:

vis :: Noun
vis =
(hostisParadigm "vis") ’missing’
[
NounForm Singular c | ¢ <- [Vocative, Genitive, Dative]

]

1.2.3 Class system

The class system of Haskell provides overloading. Overloading means that
the definition of a function symbol is defined by its type. This is static typing
— everything is decided at compile-time, not runtime. The class system
provides a good abstraction mechanism, and is the driving machinery of
Functional Morphology.

An example from Functional Morphology is the Param class, that con-
tains the overloaded constant values, which every instance of that class
must define. The values constant is an enumeration of all objects in a
particular type a.

class Param a where
values :: [a]



A fundamental function in Functional Morphology is table, which trans-
forms a function into an (inflection) table. The function can be read as: if a
function is from a to b, where a is an instance of the class Param, then a list
of pairs that constitute the table can be generated by picking out objects
from values, one by one, and applying the input function to every object.

table :: Param a => (a -> b) -> [(a,b)]
table f = [(a, f a) | a <- values]

If the NounForm type is made an instance of the Param class, then an
inflection table for nouns can be generated with the function nounTable
below, where the function table is used.

instance NounForm where
values = -- details omitted

nounTable :: (NounForm -> String) -> [(NounForm, String)]
nounTable noun = table noun

nounTable only specializes the types of the more general function table.
Every occurence of nounTable can be replaced by table.

1.3 BNF Converter

The three papers in chapter 2, 3 and 4 describe a tool for defining formal
languages, in particular programming languages. The idea was to construct
a grammar tool for defining formal languages that was as declarative as
possible, and from this tool generate necessary components for the front-
end of the target language, such as a lexical analyzer and a parser.

BNF Converter, abbreviated BNFC, started as an experimental study
into what extent the GF tool could be used as a compiler front-end genera-
tor. Though it was possible, it was soon realized that some extra notation
was necessary to get a front-end comparable to what a programmer would
normally expect. For example, comments are usually something treated as
white-spaces, instead of having them represented in the abstract syntax,
and this requires some special notation. Hence, the BNF Converter tool
was born.

Since the paper in chapter 2 was written, substantial development has
been performed on BNFC, partly described in the technical report of BNFC
in chapter 3. In particular, multi-lingual support has been added and, due
to the declarative nature of BNFC and that the back-end tools used by
BNFC have similar syntax and functionality, this was a relatively easy task.
Support has been added for C, C++4, Java 1.4 and Java 1.5.



1.3.1 Technical overview of BNFC

The grammar format of BNFC is LBNF, an abbreviation of Labelled BNF.
The files that are generated in all target languages by BNFC from a LBNF
grammar are: an abstract syntax, a lexer, a parser, a pretty-printer, a case-
skeleton that traverses the abstract syntax, a test bench that puts everything
together in an executable and language documentation.

The approach taken in BNFC is to generate code for a set of tools, e.g.
parser and lexer generators. This approach has a couple of advantages —
first it avoids redoing work already done, such as implementing parser al-
gorithms, and therefore saves a lot of work. However, there is yet another,
more important, motivation: that of maintenance. Bug fixes and develop-
ment come for free by using existing tools.

The multilinguality of BNFC provides a convenient way of data transfer
between different programming languages. A language that describes the
data is created in BNFC. The transfer takes place by pretty-printing the
data from a program written in one language, which is later parsed by a
program written in another language.

Requirements of BNF Converter

Some requirements are put on the languages implemented in BNFC, to be
able to generate all the mentioned modules. All requirements follow the
guidelines of any modern compiler construction handbook, and most of to-
day’s programming languages have at least a well-defined subset that fulfills
all requirements. The requirements are:

The modules in the front-end are sequentialized. This means that every
task, such as lexing or parsing, is performed as a separate step — the result
of one process is fed into the next step in the process.

The lexical structure can be described by a regular expression. This may
seem trivially fulfilled because the engine in a lexer is a finite state automa-
ton, which is equivalent with the input regular expression. It is, however,
possible to execute arbitrary code in the semantic action of a lexer rule, so
that non-regular phenomena such as nested comments can be handled by
the lexer.

The only semantic action allowed in the parser is the building of abstract
syntazx trees. Even though this is highly recommended in the literature, some
front-end implementations also perform additional tasks in the parser, such
as type checking.

White spaces carry no meaning, except, possibly, as layout information.
That is, white spaces can safely be removed in the tokenization process.

The grammar must, in most cases, be LALR(1) parsable. This require-
ment is actually not something inherent in BNFC, but rather in the tools
that are used to produce the parser. For example, the Happy parser gener-



ator has been generalized with the Tomita algorithm [18, 12] so that it will
produce a forest of parse trees, instead of a single tree.

1.4 Functional Morphology

A toolkit for defining natural language morphologies, called Functional Mor-
phology (FM), is described in chapter 5. The goal of Functional Morphology
is to supply a convenient way of defining full-scale morphologies. The ap-
proach is based on Hockett’s word-and-paradigm model [5], which essentially
is the idea that a morphology is defined as a list of dictionary forms, or lem-
mas, and each lemma has a pointer to its corresponding inflection table.

A morphology implementation is a digital representation of a particular
linguistic resource. Bird and Simon [3] lists a number of problems with
digital representation of linguistic resources. In particular, they point out
that:

Funded documentation projects are usually tied to software ver-
sions, file formats, and system configurations having a lifespan
of three to five years.

FM provides a couple of solutions to this problem. The source code is
open source, so the internal behavior of the system will, at least in theory,
be accessible long after a compiler for the language is no longer maintained.
But a more important point is that FM can generate a set of formats, some
which aim for proprietary systems such as XFST [2], and some of which are
of a more general format, such as full-form lexicon. These properties of FM
ensure that the lifetime of a resource is extended significantly.

One of the main goals of FM was to develop a methodology which is
powerful enough to enable the description of a multiple of languages’ mor-
phologies, but simple enough to enable a unified back-end to the method-
ology, so that morphology implementations can share translators, analyzer
and synthesizer.

The standard practice today when implementing a morphology is to use
finite state technology. The task of convincing linguists to use FM instead
of, for example, XFST involved two considerations. First, to minimize the
learning curve in the transition to FM, the aim was that minimal knowledge
of functional programming would be required to use FM. Secondly, source
code for finite state tools had to be generated, so that no work would be
lost if a linguist decided to switch back to finite state technology.

Yet another goal was to embed the methodology in a full programming
language, instead of developing a new language, i.e. to create a domain-
specific embedded language [6, 7] in Haskell. This gives a lot for free, such
as all normal programming constructs, and that the maintenance of the
language is mainly done by Haskell’s compiler development team.



There are also some drawbacks of using an embedded domain-specific
language, such the inability to perform task-specific optimizations.

The power of a full programming language enables computations over
complex data structures. This is important when a language with a compli-
cated morphology is implemented, such as Sanskrit or Arabic.

Languages can be said to be typed — they are usually analyzed into
exact categorizations, such as part of speech and grammatical features —
and in FM this is directly reflected in the description.

1.4.1 Technical overview of FM

As mentioned previously, FM describes a morphology with the lemmas of
the target language augmented with a pointer to its corresponding inflection
table, or with the technical term, its paradigm.

The paradigms in FM are described with finite functions, which is later
translated into tables. The lexicon consists of a listing of the lemmas ap-
plied to their corresponding paradigm function. The pointer is the function
symbol, and the inflection table is the evaluation of the application.

A morphology implementer using FM has to provide three language-
specific components:

e a type system that defines all word classes and the parameters be-
longing to them;

e an inflection machinery that defines all paradigms for all word
classes;

e alexicon that lists all words in the target language with their paradigms.

The translation of a morphology into the language-independent part of
FM is done through type classes and is described in more detail in chapter

D.

1.5 Current States of the Work

BNF Converter is now coming of age and is being widely used. It is has
been used as a teaching tool and for development of full-scale languages. It
is also now part of the testing distribution of Debian Linux. The restrictions
posed on the languages are, by many, considered to be small compared with
the gains that the tool provides — shorter development time, simplified
maintenance and reduced code size.

Functional morphology has been developed under a period of several
years, and has now reached a stable situation. The goal of creating a tool
accessible to linguists with no previous experience of functional program-
ming has been demonstrated by the master students that successfully used



FM and developed two substantial morphologies with no or limited experi-
ence of Haskell.

When a morphology has already been defined, and the task is only lexi-
cographic, i.e. to extend the lexicon, FM can be used without any knowledge
of functional programming. The only requirement is that the user knows
the target language well enough. FM has been used in a first-year course,
where the students were supposed to extend the lexicon and, without any
knowledge of Haskell, they successfully extended the lexicon with hundreds
of lemmas.

1.6 Future Work

BNF Converter and FM have evolved into mature systems and will be sub-
ject of continued development and maintenance. However, in the next stages
of the project the focus will on other areas.

The particular way of representing the morphology in FM, lemmas paired
with their paradigms, opens up doors for lexicon extraction; if a lemma and
its paradigm are successfully identified in a corpus, the FM machinery can
generate the full inflection table, with word forms that possibly do not exist
in the corpus.

An simple example is the first declension paradigm in Swedish.

decll: ap/a (aporlapors|apornalapornas) 3

To identify a lemma blurga in a corpus as a noun in the first declension,
we require that at least one of the forms blurgor, blurgors, blurgorna and
blurgornas are present. The number at the end of the paradigm descrip-
tion imposes a minimal length requirement on the lemmas — this to avoid
spurious findings.

Lexicon extraction is a difficult problem, e.g. paradigms can be overlap-
ping or undistinguishable, and knowledge about syntax or even semantics
may be necessary to identify a particular paradigm. However, our approach
still saves a lot of work: one who knows Latin can quite quickly decide if a
verb is in, for example, the first conjugation, by seeing the first few word
forms. This could be contrasted with word form based extraction, where
the, probably incomplete, inflection table of a lemma would be expanded
and mixed with other word forms. The verification of a word form based
extraction is a much more time-consuming task.

An experimental tool for extraction has been developed, is available at
the FM homepage [4], and some successful experiments have been performed.
In the near future we will analyze and document this approach to lexicon ex-
traction. One interesting direction is to use existing morphology implemen-
tations to extract automatically a lemma-based bilingual dictionary from
a text that exists in both languages. The idea is simple: to align words
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according to their part of speech and common grammatical features, and to
pair their corresponding lemmas.

1.7 Contributions
The research contributions of the author of the thesis are the following:

e development of the major part of the Haskell generation, the first
target language of BNF Converter. The Java, C and C++ generation
was developed by Michael Pellauer and Java 1.5 by Bjorn Bringert;

e the further development and implementation in Haskell of the mor-
phological analysis algorithm described by Huet;

e development of the Functional Morphology library to achieve a lan-
guage independent framework;

e development of the Latin morphology and parts of the Swedish mor-
phology in Functional Morphology;

e the main author of the papers in chapters 2 and 5, where Aarne Ranta
co-authored;

e A co-author of the papers in chapters 3, where Michael Pellauer was
the main author, and 4, where Aarne Ranta was the main author.
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Chapter 2

Paper I: Labelled BNF

A High-Level Formalism for Defining Well-Behaved
Programming Languages

Markus Forsberg and Aarne Ranta
Department of Computing Science
Chalmers University of Technology and the University of
Gothenburg
SE-412 96 Gothenburg, Sweden
{markus,aarne}@cs.chalmers.se

abstract

This paper introduces the grammar formalism Labelled BNF (LBNF), and
the compiler construction tool BNF' Converter. Given a grammar written
in LBNF, the BNF Converter produces a complete compiler front end (up
to, but excluding, type checking), i.e. a lexer, a parser, and an abstract
syntax definition. Moreover, it produces a pretty-printer and a language
specification in IATEX, as well as a template file for the compiler back end.

A language specification in LBNF is completely declarative and therefore
portable. It reduces dramatically the effort of implementing a language. The
price to pay is that the language must be “well-behaved”, i.e. that its lexical
structure must be describable by a regular expression and its syntax by a
context-free grammar.

Keywords

compiler construction, parser generator, grammar, labelled BNF, abstract
syntazx, pretty printer, document automation
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2.1 Introduction

This paper defends an old idea: a programming language is defined by a
BNF grammar [13]. This idea is usually not followed for two reasons. One
reason is that a language may require more powerful methods (consider, for
example, languages with layout rules). The other reason is that, when pars-
ing, one wants to do other things already (such as type checking etc). Hence
the idea of extending pure BNF with semantic actions, written in a general-
purpose programming language. However, such actions destroy declarativity
and portability. To describe the language, it becomes necessary to write a
separate document, since the BNF no longer defines the language. Also
the problem of synchronization arises: how to guarantee that the different
modules—the lexer, the parser, and the document, etc.—describe the same
language and that they fit together?

The idea in LBNF is to use BNF, with construction of syntax trees as
the only semantic action. This gives a unique source for all language-related
modules, and it also solves the problem of synchronization. Thereby it
dramatically reduces the effort of implementing a new language. Generating
syntax trees instead of using more complex semantic actions is a natural
phase of multi-phase compilation, which is recommended by most modern-
day text books about compiler construction (e.g. Appel[l]). BNF grammars
are an ingredient of all modern compilers. When designing LBNF, we tried
to keep it so simple and intuitive that it can be learnt in a few minutes by
anyone who knows ordinary BNF.

Of course, the are some drawbacks with our approach. Not all lan-
guages can be completely defined, although surprisingly many can (see Sec-
tion 2.5.1). Another drawback is that the modules generated are not quite
as good as handwritten. But this is a general problem when generating code
instead of handwriting it: a problem shared by all compilers, including the
standard parser and lexer generation tools.

To use LBNF descriptions as implementations, we have built the BNF
Converter[5]. Given an input LBNF grammar, the BNF Converter produces
a lexer, a parser, and an abstract syntax definition. Moreover, it produces
a pretty-printer and a language specification in IATEX. Since all this is
generated from a single source, we can be sure that the documentation
corresponds to the actual language, and that the lexer, parser and abstract
syntax fit seamlessly together.

The BNF Converter is written in the functional programming language
Haskell[15], and its target languages are presently Haskell, the associated
compiler tools Happy[11] and Alex[3], and IATEX. Happy is a parser gener-
ator tool, similar to YACCI8], which from a BNF-like description builds an
LALR(1) parser. Alex is a lexer generator tool, similar to Lex[10], which
converts a regular expression into a finite-state automaton. Over the years,
Haskell and these tools have proven to be excellent devices for compiler con-
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struction, to a large extent because of Haskell’s algebraic data types and a
convenient method of syntax-directed translation via pattern matching; yet
they do not quite remove the need for repetitive and low-level coding. The
BNF Converter can be seen as a high-level front end to these tools. How-
ever, due to its declarative nature, LBNF does not crucially depend on the
target language, and it is therefore possible to redirect the BNF Converter
as a front end to another set of compiler tools. This has in fact recently
been done for Java, CUP [7], and JLex [4]'. The only essential difference
between Haskell/Happy/Alex and Java/CUP/JLex or C/YACC/Lex is the
target language included in the parser and lexer description.

2.2 The LBNF Grammar Formalism

As the first example of LBNF, consider a triple of rules defining addition
expressions with “17:

EPlus. Exp ::= Exp "+" Num ;
ENum. Exp ::= Num ;
NOne. Num ::= "1"

Apart from the labels, EP1lus, ENum, and NOne, the rules are ordinary BNF
rules, with terminal symbols enclosed in double quotes and nonterminals
written without quotes. The labels serve as constructors for syntax trees.

From an LBNF grammar, the BNF Converter extracts an abstract syntax
and a concrete syntax. The abstract syntax is implemented, in Haskell, as
a system of datatype definitions

EPlus Exp Exp | ENum Num
NOne

data Exp
data Num

(For other languages, including C and Java, an equivalent representation can
be given in the same way as in the Zephyr abstract syntax specification tool
[2]). The concrete syntax is implemented by the lexer, parser and pretty-
printer algorithms, which are defined in other generated program modules.

2.2.1 LBNF in a nutshell

Briefly, an LBNF grammar is a BNF grammar where every rule is given a
label. The label is used for constructing a syntax tree whose subtrees are
given by the nonterminals of the rule, in the same order.

More formally, an LBNF grammar consists of a collection of rules, which
have the following form (expressed by a regular expression; Appendix A
gives a complete BNF definition of the notation):

'"Work by Michael Pellauer at Chalmers
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Ident ”.” Ident ”::=" (Ident | String)* ”;” ;

The first identifier is the rule label, followed by the wvalue category. On
the right-hand side of the production arrow (::=) is the list of production
items. An item is either a quoted string (terminal) or a category symbol
(non-terminal). A rule whose value category is C' is also called a production
for C.

Identifiers, that is, rule names and category symbols, can be chosen ad
libitum, with the restrictions imposed by the target language. To satisfy
Haskell, and C and Java as well, the following rule is imposed

An identifier is a nonempty sequence of letters, starting with a
capital letter.

LBNF is clearly sufficient for defining any context-free language. How-
ever, the abstract syntax that it generates may often become too detailed.
Without destroying the declarative nature and the simplicity of LBNF, we
have added to it four ad hoc conventions, which are described in the following
subsection.

2.2.2 LBNF conventions
Predefined basic types

The first convention are predefined basic types. Basic types, such as integer
and character, can of course be defined in a labelled BNF, for example:

Char_a. Char ::= "a"
Char_b. Char ::= "b"

This is, however, cumbersome and inefficient. Instead, we have decided
to extend our formalism with predefined basic types, and represent their
grammar as a part of lexical structure. These types are the following, as
defined by LBNF regular expressions (see 2.3.3 for the regular expression
syntax):

Integer of integers, defined

digit+

Double of floating point numbers, defined

digit+ ’.’ digit+ (Ce’ ’-’?7 digit+)?

Char of characters (in single quotes), defined

’\?2 ((char - ["’A\\"1) | CA\\ ["’\\nt"1)) ’\”’

String of strings (in double quotes), defined
yno ((Char - [u\u\\u] ) l (;\\; [“\“\\nt“] ))* yno

Ident of identifiers, defined
letter (letter | digit | >_2 | >\’?)*
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In the abstract syntax, these types are represented as corresponding types.
In Haskell, we also need to define a new type for Ident:

newtype Ident = Ident String

For example, the LBNF rules

EVar. Exp ::= Ident ;
EInt. Exp ::= Integer ;
EStr. Exp ::= String ;

generate the abstract syntax
data Exp = EVar Ident | EInt Integer | EStr String

where Integer and String have their standard Haskell meanings. The
lexer only produces the high-precision variants of integers and floats; authors
of applications can truncate these numbers later if they want to have low
precision instead.

Predefined categories may not have explicit productions in the grammar,
since this would violate their predefined meanings.

Semantic dummies

Sometimes the concrete syntax of a language includes rules that make no
semantic difference. An example is a BNF rule making the parser accept
extra semicolons after statements:

Stm ::= Stm ";" ;

As this rule is semantically dummy, we do not want to represent it by a
constructors in the abstract syntax. Instead, we introduce the following
convention:

A rule label can be an underscore _, which does not add anything
to the syntax tree.

Thus we can write the following rule in LBNF:
_ . Stm ::= Stm ";" ;

Underscores are of course only meaningful as replacements of one-argument
constructors where the value type is the same as the argument type. Se-
mantic dummies leave no trace in the pretty-printer. Thus, for instance, the
pretty-printer “normalizes away” extra semicolons.
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Precedence levels

A common idiom in (ordinary) BNF is to use indexed variants of categories
to express precedence levels:

Exp3 ::= Integer ;

Exp2 ::= Exp2 "x" Exp3 ;
Exp ::= Exp "+" Exp2 ;
Exp ::= Exp2 ;

Exp2 ::= Exp3 ;

Exp3 ::= "(" Exp ")"

The precedence level regulates the order of parsing, including associativity.
Parentheses lift an expression of any level to the highest level.

A straightforward labelling of the above rules creates a grammar that
does have the desired recognition behavior, as the abstract syntax is clut-
tered with type distinctions (between Exp, Exp2, and Exp3) and constructors
(from the last three rules) with no semantic content. The BNF Converter so-
lution is to distinguish among category symbols those that are just indexed
variants of each other:

A category symbol can end with an integer index (i.e. a sequence
of digits), and is then treated as a type synonym of the corre-
sponding non-indexed symbol.

Thus Exp2 and Exp3 are indexed variants of Exp.

Transitions between indexed variants are semantically dummy, and we
do not want to represent them by constructors in the abstract syntax. To
do this, we extend the use of underscores to indexed variants. The example
grammar above can now be labelled as follows:

EInt. Exp3 ::= Integer ;
ETimes. Exp2 ::= Exp2 "x" Exp3 ;
EPlus. Exp ::= Exp "+" Exp2 ;
- Exp ::= Exp2 ;

_ Exp2 ::= Exp3 ;

_ EXP3 = I|(I| EXP I|)I|

Thus the datatype of expressions becomes simply
data Exp = EInt Integer | ETimes Exp Exp | EPlus Exp Exp
and the syntax tree for 2*(3+1) is

ETimes (EInt 2) (EPlus (EInt 3) (EInt 1))
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Indexed categories can be used for other purposes than precedence, since
the only thing we can formally check is the type skeleton (see the section
2.2.3). The parser does not need to know that the indices mean precedence,
but only that indexed variants have values of the same type. The pretty-
printer, however, assumes that indexed categories are used for precedence,
and may produce strange results if they are used in some other way.

Polymorphic lists

It is easy to define monomorphic list types in LBNF:

NilDef. ListDef ::= ;
ConsDef. ListDef ::= Def ";" ListDef ;

However, compiler writers in languages like Haskell may want to use pre-
defined polymorphic lists, because of the language support for these con-
structs. LBNF permits the use of Haskell’s list constructors as labels, and
list brackets in category names:

[J. [Def] ::= ;
(:). [Def] Def ";" [Def] ;

As the general rule, we have

[C], the category of lists of type C,
[1 and (:), the Nil and Cons rule labels,

(:[1), the rule label for one-element lists.

The third rule label is used to place an at-least-one restriction, but also to
permit special treatment of one-element lists in the concrete syntax.

In the BTEX document (for stylistic reasons) and in the Happy file (for
syntactic reasons), the category name [X] is replaced by ListX. In order for
this not to cause clashes, ListX may not be at the same time used explicitly
in the grammar.

The list category constructor can be iterated: [[X]], [[[X]]], etc be-
have in the expected way.

The list notation can also be seen as a variant of the Kleene star and
plus, and hence as an ingredient from Extended BNF.

2.2.3 The type-correctness of LBNF rules

It is customary in parser generators to delegate the checking of certain er-
rors to the target language. For instance, a Happy source file that Happy
processes without complaints can still produce a Haskell file that is rejected
by Haskell. In the same way, the BNF converter delegates some checking to
Happy and Haskell (for instance, the parser conflict check). However, since
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it is always the easiest for the programmer to understand error messages
related to the source, the BNF Converter performs some checks, which are
mostly connected with the sanity of the abstract syntax.

The type checker uses a notion of the category skeleton of a rule, which
is a pair

(C,A...B)
where C' is the unindexed left-hand-side non-terminal and A... B is the
sequence of unindexed right-hand-side non-terminals of the rule. In other
words, the category skeleton of a rule expresses the abstract-syntax type of
the semantic action associated to that rule.

We also need the notions of a regular category and a regqular rule label.
Briefly, regular labels and categories are the user-defined ones. More for-
mally, a regular category is none of [C],Integer, Double, Char, String
and Ident. A regular rule label is none of _, [1, (:), and (:[]).

The type checking rules are now the following;:

A rule labelled by _ must have a category skeleton of form (C, C).
A rule labelled by [] must have a category skeleton of form

(cl,).

A rule labelled by (:) must have a category skeleton of form
((cl,.cle)).

A rule labelled by (: [1) must have a category skeleton of form
([C],0).

Only regular categories may have productions with regular rule
labels.

Every regular category occurring in the grammar must have at
least one production with a regular rule label.

All rules with the same regular rule label must have the same
category skeleton.

The second-last rule corresponds to the absence of empty data types in
Haskell. The last rule could be strengthened so as to require that all regular
rule labels be unique: this is needed to guarantee error-free pretty-printing.
Violating this strengthened rule currently generates only a warning, not a
type error.

2.3 LBNF Pragmas

Even well-behaved languages have features that cannot be expressed nat-
urally in its BNF grammar. To take care of them, while preserving the
single-source nature of the BNF Converter, we extend the notation with
what we call pragmas. All these pragmas are completely declarative, and
the pragmas are also reflected in the documentation.
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2.3.1 Comment pragmas

The first pragma tells what kinds of comments the language has. Normally
we do not want comments to appear in the abstract syntax, but treat them in
the lexical analysis. The comment pragma instructs the lexer generator (and
the document generator!) to treat certain pieces of text as comments and
thus to ignore them (except for their contribution to the position information
used in parser error messages).

The simplest solution to the comment problem would be to use some
default comments that are hard-coded into the system, e.g. Haskell’'s com-
ments. But this definition can hardly be stated as a condition for a language
to be well-behaved, and we could not even define C or Java or ML then. So
we have added a comment pragma, whose regular-expression syntax is

”comment” String String? ”;”

The first string tells how a comment begins. The second, optional, string
marks the end of a comment: if it is not given, then the comment expects a
newline to end. For instance, to describe the Haskell comment convention,
we write the following lines in our LBNF source file:

comment "--" ;
comment ll{_ll ||_}|| .
3

Since comments are treated in the lexical analyzer, they must be recognized
by a finite state automaton. This excludes the use of nested comments unless
defined in the grammar itself. Discarding nested comments is one aspect of
what we call well-behaved languages.

The length of comment end markers is restricted to two characters, due
to the complexities in the lexer caused by longer end markers.

2.3.2 Internal pragmas

Sometimes we want to include in the abstract syntax structures that are
not part of the concrete syntax, and hence not parsable. They can be, for
instance, syntax trees that are produced by a type-annotating type checker.
Even though they are not parsable, we may want to pretty-print them, for
instance, in the type checker’s error messages. To define such an internal
constructor, we use a pragma

"internal" Rule ";"
where Rule is a normal LBNF rule. For instance,
internal EVarT. Exp ::= "(" Ident ":" Type ")";

introduces a type-annotated variant of a variable expression.
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2.3.3 Token pragmas

The predefined lexical types are sufficient in most cases, but sometimes we
would like to have more control over the lexer. This is provided by token
pragmas. They use regular expressions to define new token types.

If we, for example, want to make a finer distinction for identifiers, a
distinction between lower- and upper-case letters, we can introduce two new
token types, Uldent and LIdent, as follows.

token UIdent (upper (letter | digit | ’\_’)*) ;
token LIdent (lower (letter | digit | ’\_’)*) ;

The regular expression syntax of LBNF is specified in the Appendix.
The abbreviations with strings in brackets need a word of explanation:

["abc7%"] denotes the union of the characters a’ ’b’ ’c’ 7’ %’

{"abc7%"} denotes the sequence of the characters >a’ ’b’ ’c’ 7’ %’

The atomic expressions upper, lower, letter, and digit denote the charac-
ter classes suggested by their names (letters are isolatinl). The expression
char matches any character in the 8-bit ASCII range, and the “epsilon”
expression eps matches the empty string.?

2.3.4 Entry point pragmas

The BNF Converter generates, by default, a parser for every category in the
grammar. This is unnecessarily rich in most cases, and makes the parser
larger than needed. If the size of the parser becomes critical, the entry
points pragma enables the user to define which of the parsers are actually
exported:

entrypoints (Ident ",")* Ident ;

For instance, the following pragma defines Stm and Exp to be the only entry
points:

entrypoints Stm, Exp ;

2.4 BNF Converter code generation

2.4.1 The files

Given an LBNF source file Foo.cf, the BNF Converter generates the fol-
lowing files:

21f we want to describe full Java, we must extend the character set to Unicode. This
is currently not supported by Alex, however.
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AbsFoo.hs: The abstract syntax (Haskell source file)
LexFoo.x: The lexer (Alex source file)

ParFoo.y: The parser (Happy source file)
PrintFoo.hs: The pretty printer (Haskell source file)
SkelFoo.hs: The case Skeleton (Haskell source file)

TestFoo.hs: A test bench file for the parser and pretty printer (Haskell
source file)

DocFoo.tex: The language document (IATEXsource file)

makefile: A makefile for the lexer, the parser, and the document

In addition to these files, the user needs the Alex runtime file Alex.hs and
the error monad definition file ErrM.hs, both included in the BNF Converter
distribution.

2.4.2 Example: JavaletteLight.cf

The following LBNF grammar defines a small C-like language, Javalette

Light3.
Fun. Prog ::= Typ Ident "(" ")" "{" [Stm] "}" ;
SDecl. Stm ::= Typ Ident ";" ;
SAss. Stm ::= Ident "=" Exp ";"
SIncr. Stm ::= Ident "++" ";"
SWhile. Stm 1:= "while" " (" Exp ")" "{" [Stm] "}" ;
ELt. ExpO ::= Expl "<" Expl ;
EPlus. Expl ::= Expl "+" Exp2 ;
ETimes. Exp2 ::= Exp2 "*" Exp3 ;
EVar. Exp3 ::= Ident ;
Elnt. Exp3 ::= Integer ;
EDouble. Exp3 ::= Double ;
TInt. Typ = "int" ;
TDouble. Typ ::= "double" ;
. [Stm] =g
(). [Stm] ::= Stm [Stm] ;
—-— coercions
_ Stm ::= Stm ";" ;
_. Exp = Exp0 ;
_. Exp0 = Expl ;
_. Exp1 = Exp2 ;
_. Exp2 = Exp3 ;

3Tt is a fragment of the language Javalette used at compiler construction courses at
Chalmers University
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_. Exp3 ti= "(" Exp ")"

-- pragmas

internal ExpT. Exp ::= Typ Exp ;
comment "/x" '"x/"

comment "//" ;

entrypoints Prog, Stm, Exp ;

The abstract syntax AbsJavalettelight.hs

The abstract syntax of Javalette generated by the BNF Converter is essen-
tially what a Haskell programmer would write by hand:

data Prog =
Fun Typ Ident [Stm]
deriving (Eq,Show)

data Stm =
SDecl Typ Ident
| SAss Ident Exp
| SIncr Ident
| SWhile Exp [Stm]
deriving (Eq,Show)

data Exp =

ELt Exp Exp
EPlus Exp Exp
ETimes Exp Exp
EVar Ident

EInt Integer
EDouble Double
ExpT Typ Exp
deriving (Eq,Show)

data Typ =
TInt
| TDouble
deriving (Eq,Show)

The lexer LexJavaletteLight.x

The lexer file (in Alex) consists mostly of standard rules for literals and
identifiers, but has rules added for reserved words and