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Parsing is the process of deriving structure from sentencesin agiven language. This structureis derived
from a specification of the language defined by aformal grammar. Many different types of grammar
exigt, but those most often used in the field of computer science are known as context-free (CF)
grammars. The LR parsing technique can be used to efficiently parse alarge class of unambiguous CF
grammars. However, many languages can only be specified using ambiguous grammars. Theseinclude
natural language (NL) grammars, as well as a host of simpler grammars. Tomita (85) proposed an
extension to LR parsing known as generalised LR (GLR) parsing which allows languages derived from

ambiguous CF grammars to be parsed efficiently.

The project implements aversion of Tomita s agorithm in the functional programming language Haskell
and integrates it with the Haskell-based L R parser-generator tool Happy. The amendments to Happy
alow it to generate a GLR parser, based on Tomita s algorithm, capable of parsing languages derived
from ambiguous CF grammars. Our implementation of Tomita s algorithm is analysed both theoretically

(time and space orders) and through the use of Haskell profiling tools.
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The primary objective of this chapter isto offer an introduction to two project-related topics:
- Parsing — deriving structure from sentences under a specified grammar

- Haskell —afunctiona programming language

A clear overview of the project objectives will then be supplied, along with thelist of project deliverables.
The chapter closes with the project plan and a brief guide to the rest of the report.

00 4
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Language is afundamental and universally familiar concept, providing the foundation for
communication. It isaso fundamental to the field of computer science. From the earliest days of
research into computational theory scientists have sought ways to express in language what can be
achieved through the use of computational mechanisms. This section discusses the basic linguistic

concepts of language, grammar and syntax.

Grishman [Gri 86] defines the concept of alanguage as a set of sentences, where each sentenceisa string
of one or more symbols (words) from the vocabulary of the language. We should further stipulate that the
string comprising a sentence be of finite length. For example, consider the English language, consisting

of collections of sentences made up of words separated by delimiting punctuation symbols:

My name is John. |live in England. Where do you live?

Punctuation symbols designate the end of a sentence, and in English may also convey semantic

information about the sentence, i.e. that it is aquestion or statement.

In a computationa language such as Java, we a so observe this sententia structure:

int x = 1;
int y =2
int z =x +vy;

Here, the sentences are delimited by the semicolon symbol (;). The vocabulary of the Javalanguageis
the set of al valid symbols, including keywords, identifiers and operators. Note that the semicolon exists

simply to designate the end of the sentence; no further information isimplied.
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We could define our own language by enumerating all of its sentences:

L ={ “aa” , “ab” , “ba’ , “bb" }

Thisisadefinition of the language L, consisting of the four specified sentences. Note that the symbols a
and b make up the vocabulary of the language. Also notethat L consists of afinite number of sentences,
whereas both English and Java consist of an infinite number of sentences. We cannot define alanguage
of infinite sentences smply by enumerating all of them; therefore we must use another method. Such
languages are commonly defined using formal grammars. Grishman [Gri 86] defines aformal grammar

as a finite, formal specification of a set of sentences (language).

The modern definition of aformal grammar stems mainly from work carried out in the early-to-mid 20"
century, especially by an American linguist called Noam Chomsky who specified a hierarchy of formal
grammars still extensively used today, the Chomsky Hierarchy. A formal grammar consists of a set of
rules (called productions or production rules) defining how valid sentences are to be constructed. For

example, we could redefine our language L using the following grammar:

S TT
T al b

Grammar 1.1: Formal grammar

Sand T are known as non-terminals — they do not actually appear in the language itself, but are used to
define intermediate stagesin the grammar. a and b are known as terminals or tokens — they comprise the
vocabulary of the language. The second rule is shorthand for two rules: T aand T b. Thenon-
terminal symbol Sisthe start symbol of the grammar, also known as the sentence constituent. The
grammar states that a valid sentence S in the language is composed of two consecutive non-terminals—T

T, where T iseither of theterminalsa or b.

The grammar described above is an instance of a context-free grammar. Context-free grammars are

defined in the Chomsky hierarchy as those with production rules of the form:

A a

Where A isasingle non-terminal, and a isalist of non-terminals or terminals. Most grammars used in
thefield of computer science are context-free. More powerful classes of grammar exist, but are usually

too complex to be parsed efficiently.

A sequence of symbolsisavalid sentence in a particular language, specified by its corresponding
grammar, if we can perform a derivation beginning with the sentence constituent (S in the case of

language L) and ending with the original sequence of terminal symbols. A derivationisvalidif at each
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stage a non-terminal isidentified as the |eft-hand side of a production rule and replaced by the right-hand

side of that rule. For example, consider the following derivation of the sentence “ab” in the language L:

S TT aT ab

Thisisknown as aleftmost derivation, because at each stage the |eftmost non-terminal has been replaced.

A rightmost derivation would appear asfollows:

S TT Thb ab

A grammar does more than just provide a convenient means of specifying valid sentencesin a particular
language. It also adds structure to the language. This structure is known as syntax. The derivations
shown above could also be represented in tree form. Each node represents a non-terminal in the

grammar, and each leaf represents aterminal:
S
T / \T
| |

a b

It is precisaly this structure, or syntax, that we are interested in when we carry out parsing. Butler [But
92] defines parsing as the process by which grammatical strings of words are assigned syntactic

structure.

Thus, the process of parsing is concerned with taking ‘flat’ sequences of words in the vocabulary of a
given language, and converting them into richly-structured trees, illuminating the underlying syntax of the

language.

Parsing techniques are divided into two main categories. top-down and bottom-up. A top-down parser
begins with the start symbol of the grammar and tries various sequences of production rules until it ends
up with either an error or a sequence of terminal symbols that matches the input string. A bottom-up
parser scans the input string, looking for patterns of symbols that match the right-hand side of one of the
production rules. Once it has found such a pattern it can replace it with the left-hand side of the
production rule. The parse terminates when either an error has been detected, or the entire input string

has been reduced to the start symbol of the grammar.

00%

We now consider a particular type of bottom-up parsing technique, known as LR parsing. LR denotesthe
fact that the parser scans input from (L)eft-to-right, and that a (R)ightmost derivation is produced. LR

parsers will only succeed on a subclass of the context-free grammars, known as LR grammars. A given
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CF grammar isLR(K) if it can be parsed by an LR parser with k lookahead tokens, i.e. by looking at the
next k tokensin the input string. In practicek isalways £ 1. Thefollowingisan LR(1) grammar:

E E+T| T

T i T *

Grammar 1.2: Simple LR(1) grammar

In LR parsing, a deterministic finite state automaton (DFA) is pre-computed from the input grammar,
representing all states the parser can bein. The most common method of implementing LR parsing is
known as shift-reduce parsing. It utilises a parse stack, containing symbols from the grammar paired
with state values (representing states in the LR automaton). At each token of input the parser can take
one of four actions:

- shift — remove the token from the input and push it onto the stack, along with a new state.

- reduce — pop a number of states and symbols from the stack, corresponding to the right-hand side of a

production (known as a handle), and replace them with the left-hand side of the production.
- accept — the parse has been successful; terminate

. halt —an error has occurred; terminate

The parse stack isinitialised to contain a single value representing the initia state, and parsing either
terminates successfully when al the input has been consumed and the stack contains the initial and final
states along with the start symbol of the grammar, or halts with an error. At each stage, the parser makes
its decisions based on the pre-computed DFA, known as aparsetable. Table 1.3 isan example parse

table for Grammar 1.2;

Action Got o

i * + $ E T
0 sh4 5 3
1 sh4 2 3
2 sh6
3 sh7 re2 re2
4 re3 re3 re3
5 shé6 acc
6 sh4 9
7 sh8
8 re4 re4 re4
9 sh7 rel rel

Table 1.3: LR parse table for Grammar 1.2

As can be seen from Table 1.3, the parse table is made up of two sections: Action and Goto. The Action
table specifies what must be done when considering a token (terminal of the grammar) from the input

string. It takes a state and aterminal and returns an action.
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The actions are encoded as follows;

- shN(shift) — shift the input token onto the stack and move into state N.
- reN(reduce) — reduce by production rule N.

- acc (accept) —asuccessful parse has been found

- no entry (halt) —aparse error has occurred

The Goto table tells the parser what state it should be in after it has reduced by a specific production. It

takes a state and a non-terminal (left-hand side of the reduction rule) and returns a new state.

Notice that the $ symbol, standing for EOF (end of fil€), appearsin the parse table but is not present in the
original grammar (Grammar 1.2). In LR parsing it is customary to augment the original grammar by

adding arule of the form:
S S$
where S’ isan unused grammar symbol, Sisthe start symbol of the original grammar and $ isthe EOF
symbol. In Grammar 1.2, the new rule might be:
E ES$
All input strings to be parsed are then suffixed with the EOF symbol ($in this case).

Consider the shift-reduce parse of theinput string“i  + i * i ” usingthe parsetablein Table 1.3

(current input symbol in bold):

%,
©
o
=

Acti on

=]
c
—

$ shift (4

reduce (T i) (goto 3)

reduce (E T) (goto 5)

R BB T

*| k| k| =

shift (6)

w| = ——

1o === + 1S

shift  (4)

reduce (T i)

I Rt IS R S e

IR

shitt (7)

&

shift (8)

*| ¥

~|~

reduce (T T* i) (goto 9)

|+ ]|+
olo|o|o|olo
|| 4|4
©|o|o|o|n

reduce (E E+ T (goto 5)

ellellellolleollellollo]llollolle)

mim{mimm|m{mm -]~
ojojajo|alojo|aglw| s

R BB

accept

Figure 1.4: Shift-reduce parse of inputstring ‘i + i * i’

Note that the combination of the stack and input (ignoring the state information) on each reduction linein
the parseis a stage in arightmost derivation of the input. The derivation can be produced by

concatenating these results in reverse:

E E+ T E+T™* i E+i * i T+ i * | [ B
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The syntax tree associated with the input sentence can be constructed from the derivation:
E
PN
E + T
| T 4 | N i
T |
| i
i
An issue that has been deliberately avoided thus far isthat of constructing parse tables. It ispossibleto
construct an LR parse table from any context-free grammar. There are a number of popular techniques,

the four main ones being LR(0), SLR(1), LALR(1) and LR(1) (ascending order of strength). A thorough
analysis can be found in [Aho 86].

Sometimes, using a given parse table generation technique will produce a DFA in which one of the states
contains more than one action. If thisisthe case, we say that the parse table contains a conflict. There are
two types of conflict:

- shift/reduce — either a shift or areduce action can be taken

- reduce/reduce — one of two different reduce actions can be taken

Note that a shift/shift would correspond to a non-deterministic finite automaton (NDFA) and cannot occur
in practice. See[Aho 86] for further details.

If a parse table that is conflict-free can be generated for a particular grammar using an LR(0) table
generation technique, then we say that the grammar isLR(0). Often stronger techniques can eliminate
conflictsin tables, so that for instance, if an LR(0) technique failed to produce a conflict-free table, an
LALR(2) technique could betried. If it was successful, then the grammar would be LALR(1) but not
LR(0). Theweaker classes of grammars are proper subsets of the stronger classes; for example a
grammar that is SLR(1) isaso LR(1).

005 ' & v

A large class of context-free grammars cannot be parsed deterministically using LR parsing techniques,
i.e. whichever table generation technique is chosen will still result in a parse table with conflicts. Such
grammars are ambiguous. [ Gru 00] defines an ambiguous grammar as one that can produce two different

production trees with the same leaves in the same order.
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To illustrate this concept let us consider the following ambiguous grammar along with its LR parse table:

. Action Got o

E E+ E| i : - 3 E
Grammar 1.5: 0 sh3 4
Simple ambiguous grammar 1 sh3 2

2 shb5

3 re2 re2

4 shb acc

5 sh3 6

6 shb/rel rel

Table 1.6: LR parse table for Grammar 1.5

The table contains a shift/reduce conflict (highlighted) in state 6. This occurs because the grammar does
not make clear the associativity of the‘+ operator. Thus, for the simple sentence ‘i +i +i ’ therearetwo

ways of associating:
i+(i+i) and (i+i)+i

and therefore two possible syntax trees:

E E
/ | \ / | \
E + E E + E
| /1N /TN |
] E + E E + E i
! | | | |
i i i i
It isclear that the leaves of the two trees are identical and in the same order, thus demonstrating the

ambiguity of Grammar 1.5 by the definition above.

In this caseit is easy to disambiguate the grammar by adding an associativity rule for the ‘+' operator.
Precedence and associativity rules are often used to govern the interpretation of sentences containing
operators such as those found in standard arithmetic or various logical languages. For example, a

grammar might be embellished with the following rules:

precedence left *#
precedence |l eft +#

denoting that the‘*’ and ‘/* operators have higher precedence than the‘+" and ‘— operators, and that
they are all left associative. These rules are then used to disambiguate such sentences as the one above,
‘i +i +i ', in that reductions take priority over shifts for rules defining use of the ‘+' operator. Thus

‘i +i +i ' is parsed into the single syntax tree representing the association, ‘(i +i ) +i '. By the use of

precedence, the parser could also disambiguate sentences such as‘i +i *i ' under a grammar that defined
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both ‘+ and **’ ambiguously. ‘*’ has higher precedence than ‘' +', so the sentence is parsed into the

syntax tree representing ‘i +(i *i)’.

Precedence and associativity rules can be used on simple expression grammars, but are inadequate when

dealing with more complex ambiguous grammars.

006 9

Standard LR parsing techniques cannot handle ambiguous grammars; however, an extension to the basic
LR technique can be used to deal with ambiguity. Thistechniqueisknown as Generalised LR (GLR)
parsing. A GLR parser handles a conflict in the parse table by performing both actions, conceptualy in
paralel. The parse stack is replaced with a data structure that can handle these multiple actions. When a
parseis completed successfully, rather than returning a single syntax tree asin the case of astandard LR
parser, a GLR parser will return aforest of valid syntax trees. GLR parsing isamajor topic covered in

the remainder of the report, so further details are left until then.

003 ' '

Tomita s algorithmis a GLR parsing technique developed in the 1980’ s by Masaru Tomita[Tom 85]. He
replaces the parse stack found in standard LR parsing with a Graph Structured Stack (GSS). Asits name
suggests, the GSSis a graph structure, capable of representing multiple parses of theinput. Shift and
reduce operations are performed on the GSS in asimilar way to standard LR parsing. The result of a
successful parseis apacked forest representing all valid parses of theinput. Tomita' sagorithmis
discussed in detail in 3.1, so further explanation is left until then.

0% 4

We now introduce Haskell, a pure functional programming language. It is the implementation language

used in the project. This section introduces some of its basic features.

0$0 8 b

The online encyclopaedia Wikipedia defines functional programming as:

A style of programming that emphasises the evaluation of functional expressions, rather
than execution of commands. The expressions in these languages are formed by using
functions to combine basic values. [Wik 01]
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A functional program is made up of functional expressions. Assuch, it contains no variables, no
assignments and no iterative constructs. The program is executed by evaluating these expressions. The
lambda cal culus' provides a sound mathematical basis for functional programming theory. Inapure

functional programming language, al computations are performed via function application.

0$$ 8

A function in Haskell takes a number of arguments and returns a result:

Arguments
fnxy= x*y
\' X v ->x*yv
——— Body

Both of the above represent the same function. Some other simple examples are:

plus x vy =X +y (Addition of two numbers)

\x y -> X ==y (Equality comparison)

swap (x,y) = (y,Xx) (Pair swapping)

fac 0 = 1

fac x = x * fac (x - 1) (Recursive calculation of factorial value)
0%$5 -

Haskell is strongly typed, meaning an expression and its evaluation is a member of a determinable type.

The': :’ symbol in Haskell means ‘ of type'. For example:

42 i Int
“hell o” :: String
True ;. Bool

(“A",1) :: (String,Int)
[1,2,3] :: [Int]

Notethat (St ri ng, | nt) denotesapair of values, wherethefirst is of type St r i ng and the second is
of typel nt. Alsonotethat[ | nt] representsalist of values of typel nt .
Functions also have types. The symbol * —>' denotes a function type:

plus :: Int ->1Int -> Int

pl us takestwo arguments of type | nt and returnsan | nt . New types can be introduced by the use of

type constructors. See[Tho 99] for more information.

! see http://www.mactech.com/arti cles/mactech/V ol .07/07.05/LambdaCal culus/ for Lambda Calculus introduction



CHAPTER 1. INTRODUCTION 10

An important feature of Haskell is polymorphic typing. Thismakesit possible to define operations that

can be carried out on arbitrarily-typed objects. Consider the following function:
swap (x,y) = (Yy,X)
It takes a pair of objects and swaps them. It is unimportant what the types of the two objects are —the
operation should work on objects of any type. Thuswe declare the function type as:
swap :: (a,b) -> (b, a)
This states that swap takes apair of values of arbitrary type, and returns a pair of values where the type

of the first element in the new pair is the type of the second element in the original pair, and vice-versa.

Polymorphism is a useful programming tool, and can be used to greatly enhance code reusability.

Strong typing creates a safer programming environment, where many of the errors common in other

languages (such as core dumps or cast exceptions) are necessarily eliminated.

0%6 : 8

In Haskell, functions are first-class citizens of the language. Among other things, this means we can pass
functions as arguments to other functions. A function that takes afunction as an argument or returns a
function isknown as a higher order function (HOF). Consider the following function:

twice :: (a->a) ->a->a
twice fn x =fn (fn x)

The use of brackets in the function type denotes that a function is expected asthe first argument. The
function passedinwill beof type‘a -> a’ (it will takeavalue of type‘a’, and return a value of type
‘a’) .t wi ce appliesthe given function to its second argument to return avalue of type ‘a’ upon which it

applies the given function again to yield the result.

Higher order functions are a powerful programming abstraction, alowing significant improvements to the

structure and clarity of programs.

0$3 .

Many features of Haskell have been omitted from thisintroduction. The inquisitive reader should note
that the Haskell Report [Pey 99] provides a complete coverage of the language, while [Tho 99] gives a
more practical guide to Haskell programming. In Chapter 2 we will consider some more advanced
Haskell-related topics relevant to the project.
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050 4 " ' ' '

Thefirst major objective of the project isto implement Tomita salgorithm in Haskell. Thisrequiresa
thorough understanding of the algorithm itself, as well as the various related issues, such as standard LR
parsing and the use of Haskell.

05% 4 <

A further development of the project isthe integration of the implementation of Tomita’s algorithm with
the Haskell parser-generator tool Happy (see [Mar 00]). Happy currently provides facility for the
generation of LR parsers from unambiguous CF grammars. The project will extend it to allow handling

of ambiguous CF grammars using the implementation of Tomita's algorithm.

055 - .

Analysiswill be carried out on both theoretical and practical levels, aided by the use of Haskell profiling

tools. Theimplementation will be evaluated for correctness and efficiency.

056 &

Possibilities include consideration of how one might efficiently process parse forests. This may include a
brief look at some of theissues related to semantics arising from the processing of natural language
grammars. Another possibility isto consider how to identify and deal with erroneous ambiguities arising

from malformed input, such as that often found in web-pages based on HTML.

053 ., L &

The overall success of the project relies on achievement in the following areas:
- A concise and maintainable implementation of Tomita s algorithm in Haskell that is both correct and
efficient.
- Proof by analysisthat these properties are indeed true of the implementation.
- A transparent integration of the implementation with the tool Happy, extending its capabilitiesto
include reliable GLR parsing.
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06 ! : &

The project objectives are officialy met in the form of deliverables, broken up into three progressive

stages:

060

- Study Tomita s agorithm and become familiar with its use.

- Design and implement a prototype of Tomita' s algorithm and associated data structures in Haskell.

06% 4 '

- Implement a technique for decoding a parse forest into alist of individua trees.
- Study the implementation of Happy and provide a summary of the results.
- Design and implement the changes to Happy.

- Develop asmall but accurate natura language grammar for testing.

065

Possibilitiesinclude:
- Investigate the efficiency of the implementation, using theoretical methods (time and space orders)
and Haskell profiling tools to eliminate bottlenecks.

- Study and implement techniques for processing GLR parse results.

03 ! "

030 . - i,

The following activity graph indicates dependencies between tasksin the project:
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Figure 1.7: Project activity graph

03% : :

The following table gives an outline of the projected time schedul e for achievement of project tasks.

g4 " o 05
g " > 5
i - 2 < , . < 6=3
|4 " 7=
* " @ o 2
& A=0%
- 00=06
, & 03=5$

Table 1.8: Time management plan
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The remainder of the report is arranged in the following manner:
- Chapter 2. Background and Literature Survey: a guide to existing work in the subject area and related
iSsues.
- Chapter 3. Design: initial design choices and issues raised.
- Chapter 4. Implementation: details of delivered material and related issues.
- Chapter 5. Results and Evaluation: analysis results and reflection on achievements vs objectives.

- Chapter 6. Conclusion: consideration of the positive and negative aspects of the project.
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This chapter offers background information and a brief survey of existing material related to the areas of
study associated with the project. The following topics are covered:

- LR Parsing

- Ambiguous Grammars, GLR Parsing and Tomita' s algorithm

- NL Parsing

- Forest Processing

- Haskell

$0

Although the project relates specifically to the parsing of languages defined by ambiguous grammars, a
number of the basic techniques employed are similar to those used in standard LR parsing. Thuswe

begin by looking at material relating to these techniques.

LR parsing of CF grammars is well understood and documented. Most sources approach the topic from

either a mathematician’s or programmer’ s point-of-view.

[Aho 86] provides thorough mathematical coverage of the LR parsing process. It looks at such key issues
as handles, lookahead symbols, stack-based shift-reduce parsing, and dealing with conflicts. All terms

and processes are formally defined without appeal to any particular implementation method.

The process of LR parsing is described less formally in [Hun 81]. Good useis made of diagrams to
illustrate the concepts being discussed. The book provides step-by-step examples to illustrate the process
of shift-reduce parsing, demonstrating how lookahead symbols are used to determine when a handle has
been identified and reduction can take place. This sourceisbased on work carried out at the University of

Strathclyde on compiler design and implementation.

On the implementation side, [Hol 90] is aguide to writing compiler codein C. It covers al of the issues

relating to LR parsing from a programmer’ s point-of -view.

LR parsing techniques have improved over the years and [Gru 00] provides up-to-date coverage of

modern techniques, aswell as an excellent section on error recovery.
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A significant amount of work has been carried out in the field of ambiguous grammar parsing, and a
number of techniques have been proposed. One of the earliest isthe chart parsing agorithm proposed by
Martin Kay (1980) and based on Earley’s Algorithm, atop-down predictive parser presented by J. Earley
[Ear 70]. Initial chart parsing agorithms have been improved upon and variations have been introduced,
such as left-corner (LC) and head-corner (HC) variants [Sik 93], many of which make use of CF
grammars modified with additional components. Similar techniques have also been proposed, such as
Lang' s algorithm (1974) atechnique for pseudo-parallel processing of hon-deterministic push-down
automata (NPDA, see[Aho 86]).

$$9 : :

Introduced in section 1.1.3, generalised LR (GLR) parsing is an approach to ambiguous grammar parsing
proposed in the 1980’s. It makes use of certain techniques associated with traditional shift-reduce LR
parsing. A number of texts contain sections that introduce the concepts behind GLR parsing. For

example, the following is taken from Compilers — Principles, Techniques and Tools:

If we consider LR parsing tables in which each entry can contain several actions, we
obtain non-deterministic LR parsing, often known as generalised LR (GLR) parsing. A
kind of generalised LR parsing was proposed by M. Tomita in his paper Efficient
Parsing for Natural Language (1986). He uses a graph-structured stack instead of a
single stack in order to deal with multiple parses of a single sentence. [Alo 97]

A succinct description and analysis of Tomita s algorithm isfound in John Carroll’ s thesis Practical

Unification-Based Parsing of Natural Language:

With this (Tomita’s) algorithm, the LR table is allowed to contain multiple entries (i.e. action
conflicts), perhaps caused by ambiguities in the grammar. Whenever the parser reaches a
state in which there is an action conflict, the stack divides, and branches corresponding to
the analyses for each of the actions are pursued, conceptually in parallel. Conversely, if
separate analyses end up in the same state at the same point in the input string, the
branches of the stack corresponding to the analyses are joined together at that state, and
subsequent actions are applied to the single merged analysis, rather than to each branch
separately....

....If parsing halts successfully, the analysis on the single arc in the graph-structured stack
will be a packed parse forest, encoding all possible analyses of the input string. [Car 93]

Tomita s algorithm, produces a packed forest of trees, each representing avalid syntactic structuring of

the input sentence under the specified grammar.
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Natural language grammars are a subset of the ambiguous grammars. NL parsing is a good test for any

serious ambiguous grammar parser because of the immense complexity inherent within natural language.

The study of NL processing is a crossover between the fields of computer science and linguistics. Both
are extremely interested in the possibilities presented by computational NL parsing. Christopher Butler
givesabrief historical perspective:

Almost as soon as it was understood that computers could manipulate symbols as well
as numbers, a rush was on to translate texts automatically from one language to
another. This enterprise led to some of the first parsers. Although the enthusiasm of
the 1950s and 1960s was later dampened by the realisation that sophisticated analysis
of meaning was also required, practical systems were produced which helped human
translators perform the task more quickly. [But 92]

Many sources describe NL processing techniques. [Dow 85] looks at the major theories and approaches

devel oped from the 1950s up until about 1985. Such techniques as transformational parsers, Augmented
Transition Networks (ATN’s), Logic grammars, Unification and Semantic guidance are discussed in [But
92], [Gri 86] and [Dow 85].

NL parsing and processing are active research areas, and a number of research groups around the UK
have been involved with various related projects. One such project, called LOLITA, was carried out at
the University of Durham. LOLITA stands for Large-scale, Object-based, Linguistic Interactor,
Trandator and Analyser. Further information can be found in Callaghan’s PhD thesis[Cal 97]. Another
group researching the field of NL processing operates from the University of Sheffield. They have been
involved with a number of projects, including the development of an architecture known as GATE
(General Architecture for Text Engineering) which they hope will be used as infrastructure for
computational linguistics and language engineering. GATE isdescribed in detail in [Gai 95].

$6 8

A possible direction for the advanced stage of the project isto consider how to efficiently process the
forest that is the result of a successful parse. [Bil 89] looks at the structure of parse forests and how we
might take advantage of them. The application of forest processing techniques varies depending on the
type of data being represented.
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Semantic processing is concerned with deriving meaning from syntactic structures such as parse forests
representing NL sentences. This demands alarge searchable knowledge base against which facts can be
understood in context and inferences can be drawn. It presents an enormous challenge, to which no
entirely satisfactory solutions have yet been proposed. Several prototypical approaches have been
suggested for performing such tasks. For example, M. Schiehlen discusses a system for building
semantic representations directly from shared parse forests such as those produced by Tomita' s algorithm
[Sch 96], and a number of projects have attempted to produce real-world systems that tackle the problem.
A certain amount of success has been achieved in this area, athough the level of syntactic and semantic

complexity inherent in natural language makes it extremely difficult.

$6%

Another possible application of forest processing isin the area of handling malformed input from sources
such as world-wide-web pages. No material was found that discussed this problem directly, but deding
with malformed HTML is awell-documented concern in web-browser design. In principle, we could
alow malformations as part of the underlying grammar and then use a GLR agorithm to parse (possibly
malformed) input into aforest. Efficient forest processing techniques and heuristic algorithms could be
used to extract the most likely interpretation from the forest of possibilities. This may provide a more

robust and efficient method of dealing with malformed HTML than is current employed in web-browsers.

$3

In this section we discuss some of the more advanced Haskell topics relevant to the project, pointing to

resources containing further information.

$30 (., #4

In an imperative programming language commands must be executed in sequence, because the use of
variables and assignment induces the notion of state. Asthe program progresses, the state of the system
may be modified, therefore sequence must be preserved for the result of the program to be consistent.

Consider the following Java fragment:

int x = 1;
X = 2;
X = X + 1;

If the compiler did not uphold the sequence of these commands, the value of x might end up as either 1, 2

or 3.
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In a pure functional language such as Haskell there is no inherent concept of state. A programissimply a
functional expression, the result of which will necessarily be well-defined if the function itself iswell-
defined. Anexpression isevaluated by reducing it to its ssmplest, or canonical form. Evaluation in
Haskell isnon-strict. Thisisaform of call-by-name evaluation in which arguments to functions are only
evaluated if they arerequired to get aresult. For more information see section on compilation of
functional languagesin [Gru 00]. Non-strict evaluation gives rise to anovel style of programming. For

example consider the following expression:

take 2 [0..]

Thefunctiont ake returnsthefirst n elementsof alist L where n isthe first argument and L isthe
second. Theconstruct [ 0. . ] generates an infinite list of integers, beginning at 0. In astrict
environment, both argumentstot ake need to be evaluated, and the program would crash asit tried to
generate the infinite list of integers. However, in Haskell only the first two elements of thelist are
generated, because the compiler/interpreter recognisesthat to evaluate t ake in this case requires only the
first two elements of the list. Non-strict evaluation can be exploited in powerful waysto give elegant,

modular implementations of algorithms and other programming paradigms.

$3%

Often when designing a solution to a problem it is necessary to maintain some data structure throughout
al or part of acomputation (state). Haskell does not have explicit state, and passing such structures
through a series of functions can become somewhat complicated and messy. One solution is provided by
monads. The concept of a monad is drawn from category theory, and they can be used in a functional
language such as Haskell to hide the complexity of explicitly passing state values through the stages of a
computation. Monads are a class of types providing methods by which we can string a number of actions
together in sequence, passing values through the computation. A Monad must provide bind and return
operations. Bind allows monads to be chained together to form a sequence of actions and return allows a
value to be wrapped in amonadic type constructor. Thefollowing isasimple model of a chain of
monadic actions with state:

State S S
|| monad | » Monad [T >

L@ @

Figure 2.1: Chain of monadic actions

Monad

Val ue a —p
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In this example the dotted line denotes an implicit passing of a state variable. We create the chain of
monadic actions and passin an initial state value aong with aninitial value for the result. Finaly, the

result of the entire computation is returned.

In fact, monads can be used to model a number of imperative programming paradigms, such as10. Note
that if we were to remove the state value from Figure 2.1, then we would simply have a sequenced chain
of actions. Thisishow IO ishandled within Haskell. See[Pey 00] for more information on the use of
monads in Haskell.

$35

Analysis and evaluation of the implementation are important aspects of the project. Profiling tools
provide effective methods of analysing Haskell code for time and space efficiency. The Glasgow Haskell
Compiler’ (GHC) provides two main profiling tools:

Cost-centre profiling

Heap profiling

Cost-centre profiling generates information about the sections of code responsible for the cost of
evaluation in terms of time and memory allocation. It also shows a breakdown of the call hierarchy,
listing the number of times a specified function was called and where it was called from. Thisis useful

for isolating particularly expensive functions so that they can be optimised.

Heap profiling generates a graphical representation of the heap usage throughout execution of a program,
stratified by individual functions. Thisis useful for identifying the memory behaviour of aprogram and
eliminating space leaks. It should be noted that when dealing with non-strict evaluation it is difficult to
predict how different parts of the code will behave. Optimisation is made much easier through the

guidance of profiling tools.

2See http://www.haskell.org/ghc/
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This chapter looks at design issues associated with the project. We focus on the structure and operation
of Tomita' s agorithm. Initialy, the traditional design of the algorithm as proposed by Tomitawill be

considered, followed by a discussion of the choices made in the design of the Haskell version of the

agorithm for the project. A final section will be given to the extension of Happy.

50 ' ' .

Thetraditional design model of Tomita s algorithm is based on imperative programming techniques,

athough the principles discussed are also relevant to a functional design model.

500 8

The output from a GLR parsing algorithm such as Tomita sis a collection of all valid syntax trees
derivable from the input sentence under a given grammar. Thus, in terms of accuracy, it would suffice
simply to return alist of these trees. However, the level of ambiguity present in many grammars,
especidly in the area of NL, renders this technique impractical due to the amount of memory and high
cost of computation required to store and manipulate such large collections of trees. An exampleisgiven
in Callaghan’sthesis[Cal 97], in which an analysis of the sentence “ | own a car” under LOLITA’swide-

coverage English grammar produced over 13,000 possible syntactic interpretations.

Tomita proposed an efficient method of representing a collection of trees using a structure known as a
parse forest. Two techniques are used to achieve this efficiency:

- Subtree sharing

- Local ambiguity packing

It is often the case in ambiguous grammar parsing that much of the substructure contained in distinct
syntax treesis actually identical. Consider the sentence “ | saw Fred in the car”. Two possible syntactic

interpretations are as follows:
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Figure 3.1: Identical structure in syntax trees

Thefirst interpretation associates the prepositional phrase (highlighted) with the noun * Fred’, the second
with the verb *saw’. Note, however, that the structure of the prepositional phraseisidentical in both
interpretations. This can be exploited by a method known as subtree sharing, where identical constituents

are represented by a single object.

Also notein Figure 3.1 that the top-level structure isidentical in both trees:

S

/\

NP VP
|

N

|

!

This symmetry can be exploited by a technique known aslocal ambiguity packing, where distinct sub-
nodes having the same category (VP in the case above) are ‘ packed’ into asingle node. This packed node
can then be incorporated into the forest in exactly the same way as a standard node. Thus, the forest
representing the sentence “1 saw Fred in the car” incorporating subtree sharing and local ambiguity

packing might be represented as follows:
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Figure 3.2: Parse forest structure

The double lined arrows denote that the node labelled VP is a packed node representing two analyses.
Shared subtrees are those with more than one arrow pointing to them. Note that technically, aforestisa
directed, acyclic graph (DAG).

509% 9

The GSS (Graph Structured Stack) is a data structure fundamental to the design of Tomita s algorithm. It
can be conceptualised as a parse stack, offering the common shift and reduce operations. However, itis
based on a graph rather than alist. The graph isa DAG, with vertices representing stages in the parse,
connected by arcs. Each vertex contains a state number and each arc contains aforest structure

representing an analysis of the input consumed thus far.

505 " 9

As stated earlier, the GSS provides the shift and reduce operations associated with atraditional parse
stack. In standard shift/reduce parsing, the operation is aways applied to the element on top of the stack;
iInaGSS, the operation is applied to a particular vertex v, representing an element on top of the stack.
There may be multiple elements on top of the stack at any onetime. The semantics of the operations are

as follows:
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shift(v): anew arc is created, extending from v, containing a forest representing an analysis of the
token of input being shifted (asingle forest leaf), linked to a new vertex labelled with the new state,
as specified by the action table.

reduce(v): arcs extending from ancestor vertices at a distance of n arcs from v, where nisthe
number of symbolsin the right-hand side of the nominated reduction rule, are removed from the
graph, along with the redundant vertices. A new arcis created from each of these ancestor vertices,
containing anew analysis consisting of aforest node labelled with the left-hand side of the
production rule, whose children are the forests contained on the arcs leading up to v. Each of these

new arcsisthen linked to a new vertex, labelled with the state specified in the goto table.

Subtree sharing isincorporated into the GSS in the abstract sense that if two arcs contain identical
analyses of part of the input, then a single forest representing the anayses is shared between the arcs.
This sharing is then propagated into the resulting parse forest as the analyses are assembled through

reductions.

Local ambiguity packing occurs when more than one arc exists between two vertices. Thisrepresents a
state in which the parser has branched (due to a conflict) and subsequently reduced the branching analyses
into the same top-level node. If thisisthe case, then the analyses can be packed into a single node, and

the multiple arcs replaced with a single arc containing the packed forest node.

The parser isinitialised with a single vertex representing the initial state (usually 0). The parse then
proceeds in accordance with the actions specified in the parse table. When a conflict isidentified, all
conflicting actions are performed on the vertex in question, conceptually in parallel. If the branching

analyses arrive concurrently at the same state, they are joined into asingle vertex.

506 Q" 9

An example will help to clarify these concepts. Consider the following parse of the sentence“i + i +
i $” under Grammar 1.5 (section 1.1.3), with its associated parse table (Table 1.6), using atraditiona
Tomita parsing algorithm ($ is the EOF symbol):

First the GSSisinitialised in state O (vertices on ‘top’ of the stack are shaded):

©

Thefirst tokenintheinputis‘i ' and the corresponding actionin state 0is‘sh3’. Anarcis created from
the original vertex to anew vertex representing state 3, containing a forest leaf |abelled with the shifted

token of input.
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The next token of input is‘+’ and the corresponding action ‘r e2’. The reduction is carried out, and the
GSS develops as follows:

Nd(E [Lf(i°)])

The parse continues deterministically until the fourth token of input is encountered. The GSS at that stage
isasfollows:

- Nd(E [LECTT7) )~

\\
/ \

Lf(*+")

Note that we don't distinguish thefirst * i * from the second - it isonly stored once as a shared subtree
between the two arcs (0,4) and (5,6). Information about the position of alexeme in the input sentenceis

not stored explicitly, although it can be retrieved from higher-level forest structure if required.

Theaction for a‘+’ tokenin state 6is‘sh5/ rel’. All reductions are performed before any shifts,
leaving the GSSin the following state before the shifts:

o Nd(E [LE(CT7)]) >

_____
T T T ——
s —_———

O—0+—®

/

Nd(E [ oo )

Note that there are now two nodes on ‘top’ of the stack, and also that the forest being built up along the
lower arc incorporates subtree sharing. The shift action to be performed on both top nodesis‘sh5’
allowing the two analysesto be united into asingle vertex. Thefinal ‘i ’

is then shifted and reduced to an
‘E’, leaving the GSS asfollows:
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A reduction on the top vertex (state 6) and subsequent reduction on the newly created vertex (also state 6)
leaves the GSSin the following state:

(0) ORE DDD]) Lf( ") Nd(E[Lf( )

Note that there are now two arcs, both extending from the same vertex and conjoining in the same state,
containing separate analyses of the input parsed thus far. These analyses can therefore be packed into a
single analysis with the category ‘E’. The next actionisan ‘accept ’ onthetop vertex (state 4), and the

parse terminates with the GSSin the following condition:

NA(E [LECTi7)]) =

AN
I N

(@) NI(E [ pod mum]) Nd(E[:'.m“m])

©

Figure 3.3: Traditional GSS example

If aparseis successful, the final state of the GSS will aways be a single arc extending from the initial
vertex to the final accepted vertex. The forest contained on this arc represents all valid parses of the input
(in this case the two ways of associating the + operator) and is returned as the result of the successful

parse.
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Having considered the design of Tomita s agorithm from atraditional viewpoint, we now propose a

design model for afunctiona implementation.

5%$0 8 98

As previoudly discussed, aforest istechnically aDAG. We can represent such a graph structure by alist
of nodes, each mapped to by a unique key value. Within each node is stored alist of the key values of
that node’ s children.

In a parse forest, each node is labelled with agrammar symbol. Nodes with one or more children are
labelled with non-terminals; Nodes with no children (leaves) are labelled with terminals. A packed node
containsalist of two or more aternative analyses, each one with its own list of children. Thetop nodein
the forest must be specified so that it can be identified among the other nodes in the mapping. The

representation can be stated more formally asfollows:

A parseforest (under grammar G) is:
abinary relation PF = {(ky, ndy), ..., (kpn, ndy)}

where

ki (1 £1i £ n) isavaueof arbitrary type such that
k,nd,nd” . (k,nd)TPF U (k,nd’)T PF  nd=nd’ (uniqueness of domain values)

and nd; isaforest node such that:

ndi (L £i £n) = (gs,[as,...,an) (gs—grammar symbol)
where

gs 1 (terminals(G E non-terninals(G)
and a; isan anaysissuch that:
a (LEi £mM =1[cy ..., o

where c; isachild node key value such that:

ci (LE£i £j) | domain(PF)
We should further stipulate that the forest contain no duplicate nodes:

k,k’,nd . (k,nd)T PF U (k’,nd)TPF  k=k’ (uniquenessof range values)

Note that the properties of the relation are those of an injective function.
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In Tomita s origina specification, the GSSis designed and implemented asa DAG. We could represent
the GSS, then, in the same way as the forest discussed in the previous section, using an injective
functional mapping of key valuesto vertices. However, we should consider that once constructed, a
forest node need not be revisited (except for equality testing & packing), whereas vertices in the GSS
require extensive updating as the parse progresses. If a mapping such as the one suggested above were
used to represent the GSS, a vertex that required updating would have to be located, removed, broken
down, rebuilt and reinserted into the map — a complicated and computationally inefficient procedure.
Moreover, as reduce actions are performed on the GSS, certain sections become redundant. If the graph
Is represented as a map, redundant arcs and vertices must be explicitly removed to maintain storage
efficiency. Thisrequires extra computation that we wish to avoid in alanguage such as Haskell which

has its own garbage collection process.

Peter Ljungl6f has carried out some work on designing afunctional version of Tomita s algorithm. In
chapter 6 of hislicentiate thesis[Lju 02] he proposes a data structure for the GSS which is suited to a

functional programming environment.

Rather than an explicit DAG, Ljunglof suggests representing the GSS as a collection of trees, where each
tree represents a parse stack with adistinct top-level state. When a conflict occurs, the stack is split into
two identical stacks and both operations are performed, conceptually in parallel. Although it appears that
two stacks have been created in the place of one, theidentical lower sections of each stack are stored
internally as single objects. This meansthat the data structure exists in memory as a DAG, even though it

appears as acollection of trees to the programmer. This concept isillustrated by the following diagram:

a I
O
stored as
< O O > —>
O O
_©06 , 0, 606 _
Programer’s vi ew State of nenory

Figure 3.4: Collection of trees stored internally as a DAG
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All objectsin Haskell are stored internally by reference, thus when a stack is duplicated, its pointer is

copied and the stack itself remains as a single object.

By representing the GSS in this form, we no longer have to worry about working with an explicit graph
structure. Much of the computation can be performed on trees, a data structure well-suited to the
functional environment. Furthermore, the collection of trees can be represented as alist, alowing the use

of well-established functional techniques for working with lists of objects.

It should be noted that although we borrow the basic idea for the GSS representation from Ljungl 6f, other

aspects of the design model, such as the parse forest structure and main driver are entirely different.

5%$5 " 98

We now consider the design model for GSS operations, in light of the new representation.

The top-level node of each treein the collection corresponds to one of the vertices on top of the stack in
the tradition GSS model. Thus, we apply shift and reduce operations to top-level nodes as we would
apply them to top verticesin the traditional GSS. If the same state is reached concurrently by two

separate trees, their top-level nodes are merged to form asingle tree.

Subtree sharing is incorporated into the new GSS model by use of parse forest node indices. Because the
parse forest is represented as an injective functional mapping of key values to forest nodes, the index
values act as pointers to each distinct sub-analysis and are used to represent sharing between different
sections of the GSS.

Local ambiguity packing occurs when the parser reaches a state in which two trees are identical except for

their top-level analyses, in which case their top-level analyses can be packed and the trees combined:

® © ®

c d f where f = pack([c, d])
<2> <2> packed into <2>

b b > b
® @ ®

a a a

Figure 3.5: Local ambiguity packing in functional GSS model
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As an example, |et ustake the same grammar, sentence and parse table used in Figure 3.3, and

demonstrate the parsing process under the new GSS model (nodes shared at memory level are shaded):

Firstly the parser isinitialised with the collection containing a single tree with asingle node in state O (the
initial state):

1@}

The parse then continues deterministically until the conflict on the fourth token of inpuit:

4 @ N
- NJ(E [LI("i)])

© e

< e LE(C ) Y

® - 7

At this point, the conflict is dealt with by duplicating the tree and performing both shift and reduce
actions. Theresult isasfollows:

r® B

S NJ(E [LF( i) ])pmmmm

\

~ \
\\\ |‘
SO \

\

Note that the top nodes now both have the same state, and can therefore be merged, combining the two

trees. Thefinal ‘i * isthen shifted and reduced to an ‘E’ to |eave the GSSin the following state before
the EOF symbol:
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Performing the next two reductions leaves the GSS as follows:

NI(E [ R0 1) oo
/”i’/’ \\n \\\
-7 T T T TTTTT T T T T 1 SN
_- -7 /_-_____: _______________ : AN
< Haaly . I N
NA(E [ S50 1) DF+)  NA(E [LEC i )])
~ b - RN

Note that the collection now contains two identical trees, bar their top-level analyses. The means that

packing can occur, before the final action is an accept on the top node (state 4) of the remaining tree:

Nd(E [LF(*i")]) =
f Nd(E [ DO, Bgo])  Nd(E [ BOo))

Figure 3.6: Example of tree-collection GSS parse

—_—————— D ,

Importantly, the resulting forest isidentical to that produced by the traditional GSS model (Fig 3.3).
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In this subsection, we consider the design of the high-level structure in the functional model of Tomita's

agorithm.

550

The high-level structure of the algorithm suggests some use of state. For instance, the forest must be
grown as the parse progresses, requiring regular equality testing on its nodes, as well as various structural
updates. The monadic framework within Haskell is a good mechanism for handling such issues. Thisis
discussed in detail in Chapter 4, but for now it will suffice to note that the parse forest can be thought of

as a state value, available throughout the computation.

55% *

We now consider the design of the parser driver, or the method by which a string of input tokensis

converted into a parse forest.

As each token of input is encountered, the contents of the top of the GSS are examined and the relevant
actions performed, as directed by the parsetable. If there are no more tokens, there should be asingle
element on top of the stack in the accept state, and the parse terminates. Note that the last input tokenis
aways the EOF symbol, asin standard LR parsing (see 1.1.2). In pseudo-functional code, this might look
asfollows:

ret ur nFor est
doParse toks (doActions tok gss)

doParse [] gss
doPar se (tok:toks) gss

(doActions is a function that perforns the rel evant actions
on the top elements of the GSS and returns a new GSS)

Figure 3.7: Top-level GLR parsing process

The most complex aspect of the GLR parsing process is represented by the doAct i ons functionin the
illustration above. Essentialy, every top-level node in the GSS must be examined and the relevant action
performed as directed by the parse table. For shift actions a single shift operation is performed on the
relevant node. Reduce actions are more complicated though, as performing areduce operation may leave
the GSS with new top-level nodes which must also be examined. This requires a closure operation that

iteratively reduces top-level nodes.
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Performing reductions is complicated further by the fact that every time areduction is performed, we
must check to see if local ambiguity packing can occur. Allowing packing to occur at the earliest possible
stage requires us to reduce trees in reverse height order. Consider the following example:

e @ B
@: &
®

a a

K. J

b

Reducing the first tree by the productionrule ‘f ® d ¢’ with goto state 7 will lead us to a position where
packing can occur:

e a e R r e R

f b packs into pack([ b, fB

O (4) » 5 @ >~
a a

a

However, if the second tree were reduced before the first (say by therule*S® a b’ with goto state 2) this

opportunity to pack would be missed, leaving us in the following position:

4 e N
f

< o > packi ng m ssed
a

N . ] J

Figure 3.8: Necessity for reverse height-ordered reducing and packing

Similarly, if we applied reductions across the whol e collection without packing between each one we
would end up in the same state.

Thus, the tallest tree must always be reduced first, and the new trees created by the reduce operation must
be introduced into the collection before the next reduction is considered.
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We now consider conflict handling. The representation chosen for the GSS makes it relatively easy to
handle conflicts when they arise. We ssimply duplicate the tree upon which the conflict has arisen and
ensure that both actions are performed. As discussed earlier, the underlying mechanics of Haskell handle
the sharing of the lower sections of the trees. We will define some type for actions returned by the parse

table, for example:

data GLRActi on

= Reduce [Rul €] -- one or nore reductions

| Shift State [Rule] -- shift & one or nore reductions
| Accept -- accept

| Error -- blank entry

Figure 3.9: GLRAction data type

Note that Reduce and Shi f t can represent either single actions or Reduce/Reduce and Shift/Reduce
conflicts respectively.

Tying these factors together, we can now specify a structure for doAct i ons from Figure 3.7 (assume

GSSisalist of trees reverse-ordered by height):

doActions tok = (shiftAll tok).(reduceAll tok)

reduceAll tok []
reduceAll tok (tr:trs)
case getAction tr tok of
Reduce rs -> reduceAl |l tok $ pack (reduce tr rs) trs
Shift st rs -> (tr,st) ++ reduceAll tok $ pack (reduce tr rs) trs
-> reduceAll tok trs

[]

wher e
action tr tok = function thatlooks up the entry for the top state of t r and the current
token t ok in the parse table

reduce tr rs = function that performs all specified reduce operationsrs ontr and
returns the resulting list of new trees

pack ts ts’ = functionthat convertsts andts’ into a single list of (reverse height
ordered) trees, performing packing where possible

shiftAll tok gss =
[ shift tr st | (tr,st) <- gss ]
wher e
shift tr st = function that performs shift ont r, returning the new tree with top state st

Figure 3.10: Structure of doAct i ons and auxiliary functions
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For each treein the GSS, r educeAl | looks up the relevant action in the parse table for its top state and
the current token. If Reduce is specified then the reduction is performed, the new trees are packed into
the existing GSS and arecursive call tor educeAl | ismade. If Shi ft isspecified then again dl
reductions are performed, but this time the current tree is paired with its shift state and concatenated onto
the result of therecursivecall. If Accept or Err or isspecified, then we simply let go of the current
tree and continue, asitsrelated derivation (erroneous or complete) will already be stored in the forest (see
next section for discussion of error handling). shi ft Al | then maps the shift operation over all

remaining treesin the GSS, now paired with their respective shift states.

A useful addition to the parser driver isthe ability to supply asinput astring of sets of tokens, rather than
just individua tokens. For example, in the area of NL parsing a single lexeme is often associated with a
number of different parts of speech, i.e. theword ‘park’ can be either anoun or verb. To illustrate this

concept, input might be structured as follows:

Noun “park”
Verb “park”

Pro“l” —® Verb“went” —® Prep“o” [—» Det " the”

Figure 3.11: Input token structure

This can easily be incorporated into our design model. When a set containing more than one token is
identified at some stage in the input, we simply duplicate the parse stack (list of trees), perform the
relevant actions on both stacks and merge the results. In the example above, the analysis of the sentence

with ‘park’ asaverb will result in an error.

555 (

An error occurs in the GLR parsing process when there are no entriesin the parse table for a specific
token/state index. In standard LR parsing, an error occurs in exactly the same way and the required
determinism of the process signifies a parse failure. However, in GLR parsing an error only signifiesa
failure to parse one of possibly many derivations. A complete parse failure occurs only if the process
failsto produce any valid derivations. Thus, we divide potentia errorsinto two categories:

Partial errors, signifying failure to parse a particular derivation.

Total errors, signifying failure to parse any valid derivations.

More concretely, a partial error occurs when the parse table entry for the top state of atreein the
collection under the current token specifiesan Er r or . When apartial error isidentified, we can either
ignore it and continue searching for avalid derivation, or store information about the tree that caused the

error, along with the current token, and return it at the end of the parsing process. A total error occurs
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when the parsing process arrives at a state in which the GSS is empty; i.e. there are no more valid sub-

derivations that can be pursued. In this case, the process should report a complete parse failure.

56 4 <

The chapter concludes with alook at the design issues associated with the integration of the functional

version of Tomita's algorithm with the Haskell parser-generator tool Happy.

560 -

Happy isan LALR(1) parser-generator tool, written in Haskell. It takes asinput afile specifying a
context-free grammar and generates an LR parser using LALR(1) table generation technology. |If
successful, a new Haskell fileis created containing the parser, which can then be compiled either asa
stand-al one program or incorporated into some larger system. Aswell as the grammar, the input file
requires further information to be specified about the resulting parser, such as the type of tokensin the
language and the lexer function which converts strings of text into tokens. Happy is executed directly
from the command prompt, and has a number of options that can be specified by setting various flags.

Thefollowing diagram illustrates the high-level internal structure of Happy.
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Read CLI (Command
Line Interface)
Arguments

i

| JOU

CLI Args Parse OK CLI Args Parse Failure

Read Print Error /
Grammar File Version Info

l i

Parse
Grammar File
into AbsSyn

Parse OK Parse Failure

Print Error
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~ Input action

~ Internal action

~ Output action

~ Condition

‘Mangle’
AbsSyn into
Grammar DT

Write Parser
Files

\Errir in Grammar

Print Error

o>

No Info File
Report Unused I Report /
[ Conflicts

Rules & Terminals

Make LALR
Tables

Generate
Info File Requested

Figure 3.12: High-level internal structure of Happy
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The project integrates the functional implementation of Tomita's agorithm with Happy, allowing it to
generate GLR parsers for languages derived from ambiguous CF grammars. Thisis carried out by
incorporating a section of code into Happy that produces a GLR parser based on atemplate containing the
functional implementation of Tomita s agorithm. The resulting GLR parser uses the LALR parse tables
generated by Happy. A new flag is added, allowing the user to specify which type of parser to generate
(standard LR or GLR). Theintegration involves atering the high-level structure of Happy at the

following point:

Generate
LR
Parser

Standard LR Parser

Write Parser
Files

Output
Tables

Generate
GLR
Parser

GLR Parser

Figure 3.13: Amendment to internal structure of Happy

Therest of the internal structure of Happy remains unchanged. Further details about the modifications
made are found in Chapter 4.

565 N -

An important aim of the integration istransparency. That is, asfar asthe user is concerned the process of
creating a GLR parser should be the same as for a standard LR parser, the only difference being the
setting of the flag governing which option to take. Thus, as many as possible of the original options and
features found in the standard LR version of Happy are preserved in the extended version. Thisincludes
such features as user-definabl e token types and the incorporation of additional module declaration code,

aswell asthe ability to output information about the parse table structure.

A feature available in the LR version of Happy that is not yet incorporated into the GLR extended version
is the embedding of production-translation code into the parser. It is possibleto convert a parsetreeinto a
Haskell expression as the parse progresses, by providing code that is evaluated a ong with each reduction.
See [Mar 00].
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Thisisrelatively straightforward in deterministic LR parsing, but becomes much more complicated when
dealing with non-determinate GLR parsing, where lower level sub-derivations exist in possibly many
higher-level contexts (arising from ambiguitiesin the grammar). Thus, the trand ation required on part of
a sentence cannot always be carried out without knowing the context in which it exists. In fact, many
different trand ations may be required on asingle sub-derivation. Thisisevident in the area of NL
parsing, for instance, where a part of a sentence is often meaningless without appealing to the context of
thewhole. A possibility might be to apply context-insensitive tranglations to rel evant sections as the parse
progresses, and postpone context-sensitive processing until higher-level sections have been parsed.

Further discussion is beyond the scope of the project, but would be an interesting area of research.



CHAPTER 4. IMPLEMENTATION 40
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The aim of this chapter is to provide information about the implementation of the design models
described in chapter 3. We consider the implementations of the three main components of the GLR
parser based on Tomita' s algorithm:

- The data type representing parse forests.

- The data type representing the tree structures that comprise the GSS.

- The parser driver.
We also consider some of the optimisations that were carried out on the implementation to increase its

efficiency and to outline the modifications made to Happy. The chapter concludes with a description of

the implementation of the technique used to decode parse forestsinto their component trees.

60 8 * -

In this subsection we consider the structure and operations of the data type implementing the parse forest
model described in section 3.2.1.

600 8 @ !

Theinternal structure of a parse forest isthat of a DAG. We have seen that this can be represented as an
injective functional mapping of key values (henceforth referred to asindices) to forest nodes (3.2.1). The
two main components of the model are:;

- A data structure representing forest nodes, stored as e ements in the map.

- A data structure representing the map itself.

We implement the forest node data structure in Haskell as an algebraic data type:
data ForestNode a = FNode a [[Int]]
Where the arbitrary type variable* a’ represents the grammar category associated with the node, and the

liss[[I nt]] representsa (possibly empty) packed collection of analyses, each consisting of alist of

forest node indices.
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Theinjective functional map isimplemented asanew ADT known as a SetMap. The basic type

constructor is:

data SetMap a = SM[Int] -- unused indices
[Elenrent a] -- the relation
data Elenment a = EL (Int,a) -- (index,value) nmapping
I nt -- uses of el enent

Elements of the relation are pairs of indices and values, where indices are of type | nt and values are of
arbitrary type. Unused indices are stored as an infinite list of fresh | nt values (see 2.5.1 on non-strict
evaluation). Each element also hasan | nt field representing the number of timesit has been used by a
client (see 4.1.2 for details). Thetype systemin Haskell isn’t strong enough to enforce the injective
functional property of the relation, but we can handle this behind the ADT barrier.

603

The SetMap data type implements a number of operations. They are described asfollows:

initSM:: SetMap a
The relation itself isinitialised as an empty list, and thelist of unused indicesisinitialised as an

infinite list of integers, beginning at zero.

addElem :: Eq a => a -> SetMap a -> (Int, Set Map a)

Thereation is searched for values matching the value to be added; if such amatch isfound, the

Set Map isreturned unchanged, paired with the matching value’ sindex. If no matchisfound, a
fresh index is taken from the head of the unused indices and paired with the new value, then added to
the head of the relation. The amended Set Map is returned, paired with the new index.

When a new element is added, its number of usesfield isinitialised to 1. If an element aready exists

for agiven value, its number of usesisincremented.

getElem:: Int -> SetMap a -> Maybe a

If the element corresponding to the given index isfound in the relation it is returned, wrapped up in
the Maybe datatype, using the Just constructor, otherwise the Maybe value Not hi ng is
returned.
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decBElem:: Int -> SetMap a -> (Maybe a, Set Map a)

If the element corresponding to the given index is found in the relation its number of usesfieldis
decremented. When this reaches 0 the element is removed from the relation and the newly-freed
index is appended to the head of the unused indiceslist. The element’svalue isthen returned,
wrapped in Just , paired with the amended Set Map. If the element corresponding to the given
index does not exist in the relation, then Not hi ng isreturned, paired with the unchanged Set Map.

A full listing of the Set Map operationsis provided in Appendix A.

6% *

In section 3.2.2 the GSS was modelled as a collection of trees. The project implements thesetreesas a
new ADT known asa TSt ack®. Thefollowing subsection looks at the structure and operations of the
TStack ADT.

6$0

A TSt ack isan ADT with the following type constructor:

data TStack a = TS Int -- state
[(a, TStack a)] -- [(element on arc , child)]

Thefirst field in the constructor isan | nt value representing the state of the top-level node in that
TStack, and in standard tree form the second field is alist of children, along with the element that resides
on the arc connecting the top-level node to each of its children. A TStack can be pictured
diagrammaticaly asfollows:

state

a ., , @
el enents on arcs to children
TSt ack /Qt ack
1 n
— v
T chil dren

Figure 4.1: TStack ADT

® The basic idea for the TSt ack is borrowed from [Lju 02] although the implementation is somewhat different (see 3.2.2).
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initTS :: TStack a

Initialises anew TSt ack node with an empty list of childrenin state O.

push :: a ->1Int -> TStack a -> TStack a
Takes an element and a state along with an existing TSt ack, and returns anew TSt ack in the new

state, whose single child isthe old TSt ack paired with the input element. Illustrated as follows:

push x s T — > X
o (where
ori gi nal X = new el enent
TSt ack T = .
S new state) ori gi nal
TSt ack T

Figure 4.2: Push operation on TStack

pop :: Int -> TStack a -> [([a], TStack a)]
Recursively pops a given number of nodes from the given TSt ack, returning alist of the
descendant TSt acks, each one paired with alist of el ements collected between it and the top node

intheinput TSt ack.

popF :: TStack a -> TStack a
Returns the first immediate descendant of the given TSt ack. Useful if we know that a TSt ack has

only one child.

top :: TStack a -> Int
Returns the value in the state field of a TSt ack.

vals :: TStack a -> [a]

Returns alist of the elements on the arcs from the top node of agiven TSt ack.

height :: TStack a -> Int
Returnsan | nt representing the number of arcs between the top nodein agiven TSt ack and its

furthest descendant.
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nerge :: [TStack a] -> [TStack a]
Takesalist of TSt acks and joins those with the sametop states. Toillustrate:

a1 a- da as merge
—
G G Ca Ca
) )

Figure 4.3: Merge operation on list of TSt acks

ao

G

A full listing of the TStack operations and their type signaturesis provided in Appendix B.
Additionally, we overload the conpar e function for the TSt ack ADT, making it a member of the Or d

class. Thisalowsusto reverse order listsof TSt acks by height, a necessity if packing isto occur

whenever possible at the parser-driver level (3.3.2 — Figure 3.8).

65 =, 4"

In this subsection we consider the implementation of the design model for the high-level structure of

Tomita s algorithm proposed in section 3.3.

650

It was noted in section 3.3.1 that some notion of state and sequence needs to be incorporated into the
design and implementation model, allowing usto grow the parse forest throughout the various stages of
the parse. In this subsection we will consider how the project implements state and sequence using the
monadic framework in Haskell (see 2.5.2).

We need to carry the growing parse forest through the computation as an updateabl e state value. We

therefore define a monad that allows us to accomplish this using a simple monadic type definition:
data ST s a = MKST (s -> (a,8))
In our model, the type variable s denotes the state value, and the type variable a denotes the GSS. We

then define simple bind ( >>=) and r et ur n operations from which we can construct monadic

computations.
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We also need to define operations that allow us to access and modify the state value (the parse forest in

our case). To thisend we implement two operations:

fronS :: (s ->b) ->ST s b
setS:: s -> ST s ()

Thefirst is used to apply afunction to the state value and return the result; the second replaces the current

state value with the given one in subsequent computation.

Finaly, we implement afunction called r unST which takes an initial state value along with a constructed
monadic computation, and returnsthe final state (the completed parse forest):

runST :: s -> ST s a ->s

659 *

We now consider the implementation of the parser driver in light of the design model specified in section
332

ThedoPar se function of figure 3.7 isimplemented asf ol dM(part of the Monad library) applied to a
function f, an initialised GSS and the list of input tokens, where f is a monadic implementation of the
doAct i ons function from figure 3.10, and the initialised GSSis simply alist containing asingle
initialised TStack object (seei ni t TS operation, 4.2.2). Theimplementationis as follows:

doParse :: [Token] -> ST Forest [TStack FID]
doParse toks = fol dM doActions [initTS] toks

where

I nt -- forest node indices
Set Map (Forest Node GSynbol) -- the parse forest

type FID
type Forest

dat a GSynbol symbols in the grammar: terminals ( Tokens) & non-terminals

This has the effect of constructing a monadic computation where doAct i ons isapplied to each token in
the input list, modifying the GSS through the computation. To retrieve the completed parse forest we
simply apply r unST to an initialised parse forest and the result of doPar se:

parse :: [Token] -> Forest
parse toks = runST initSM (doParse toks)
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The implementation of doAct i ons isasfollows:

doActions :: [TStack FID] -> Token -> ST Forest [TStack FID|
doActions gss tok
= do

gss’ <- reduceAll tok gss

shiftAll tok gss’

Using do notation makes clear what is happening. All relevant reduce operations are first performed on
the GSS (list of TSt acks), followed by all shift operations. Note that the state value (parse forest) is
hidden by the monadic structure. We continue to flesh-out the implementation by providing definitions

fortheshi ft Al |l andr educeAl | operations:

shiftAll :: Token -> [TStack FID] -> ST Forest [TStack FID]
shiftAll tok [] =return []
shiftAll tok stks
= dofid <- addNode (FNode tok [])
return $ nerge [ push fid st stk | (stk,st) <- stks ]

reduceAll :: Token -> [TStack FID -> ST Forest [TStack FID
reduceAll tok [] = return []

reduceAl |l tok (stk:stks)

= case action (top stk) tok of

Reduce rs ->redAl rs
Shift st rs ->do { ss <- redAll rs ; return $ (stk,st):ss }
Accept -> reduceAll tok stks

wher e

redAll rs = do let reds = concat [ reduce stk mn | (mn) <- rs ]
st ks© <- fol dM pack stks reds
reduceAll tok stks®©

These operations closely resemble their respective design models given in figure 3.10, raised to the
monadic level. Note that both rely on encodings of the parse tables as functions. These are called

acti on and got o and have type signatures:

action :: State -> GSynbol -> GLRAction
goto :: State -> GSynbol -> State

where
type State = Int

and the datatype GLRAct i on isdefined as follows (relate to Figure 3.9):

data GLRAction = Shift Int [Reduction]
| Reduce [ Reducti on]
| Accept
| Error
deriving Eq

type Reduction = (GSynbol,Int)
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Thefunctionr educeAl | makes use of an auxiliary function r educe:

number of children of new
reduction reduction daughtersin analysis reduction
candidate rile mather reduction rule (daughters) ancestor rule mother

. 0N ! S

reduce :: TStack FID -> GSynbol -> Int -> [([FID], TStack FID, GSynbol)]
reduce stk mn =
[ (fids,stk© nm | (fids,stk© <- pop n stk ]

Note the use of pop, asdescribedin 4.2.2.

To complete the definition of r educeAl | we need to define pack. We considered the packing

mechanism in section 3.2.3, and its function definition is as follows:

children of new new analysis node
analysis (reduction label (reduction
GSS rule daughters) reduced TSack rule mother)
pack :: [TStack FID -> ([FID], TStack FID, GSynbol) -> ST ... (Monad)

pack stks (fids,stk, m
= dolet st = goto (top stk) m
case fnd (\s ->top s == st & & popF s == stk) stks of

Not hi ng -> do fid <- addNode (FNode m [fids])
return $ insert (push fid st stk) stks

Just (s,ss) -> do let oid = head (vals s)
(Just (FNode _ ch),f) <- front (decEl em oi d)
setS f

fid <- addNode $ FNode m (fids: ch)
return $ insert (push fid st stk) ss

pack scansthe GSS for a packing candidate (note that there can only be one, since the GSS already
represents a fully-packed list of TSt acks). If noneisfound, a new forest nodeis created containing the
single analysis and itsindex is pushed onto the reduced TSt ack, along with the goto state. The TSt ack
isthen inserted (reverse height ordered) into the GSS. If a packing candidate isfound, a new forest node
is created containing the packed analysis and dec El emis called to indicate that the old node has one less

referee. The packed node index is then pushed onto the reduced TSt ack aong with the goto state and
inserted into the GSS.

Bothr educe and pack use an auxiliary function called addNode —a simple function which adds a

node to the parse forest and returnsits index.
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Section 3.3.2 ends with a note on accepting strings of sets of tokens as input rather just individual tokens.
We incorporate this into our implementation model by accepting [ [ Token] ] astheinput typeto

doPar se:

doParse :: [[Token]] -> ST Forest [TStack FID]

We then modify doAct i ons so that it takes alist of tokens as input, duplicates the GSS for every token
in the list, performs the relevant actions on each and then merges them back into a single GSS upon

completion:

doActions :: [TStack FID] -> [Token] -> ST Forest [TStack FID|
doActions gss toks
= do
gsss <- sequence acts
return (merge $ concat Qsss)
wher e
acts = [ reduceAll tok gss >>= shiftAl tok | tok <- toks ]

655 (

In our discussion of the implementation thus far, we have somewhat over-simplified the picture, leaving
out such issues as that of error-handling. We now move on to consider how error-handling can be

incorporated at a monadic level.

We modify the type definition for the ST monad to include aform of exception handling using the
Maybe datatype:

data ST s e a = MKST (s -> e -> (Maybe(a,s),e))

Note that we include an extratype variable e, representing a state value in which we can ‘ collect’ parse

errors asthey occur.

We expand the bind ( >>=) operation so that if aNot hi ng value occurs at any stage in the computation
we halt execution and simply return the valuein e. In our design model, such a situation would represent

atotal error (see 3.3.3).

We dlter ther unST function so that it returns both the final state and the error state. In this way we can
display partial errorsalong with the successful parse. These partial errors can be recorded by means of a

newly defined function, chgE, which applies a given function to the error state:

chgE :: (e ->e) -> ST s e ()
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We need some way of triggering atotal error, and to this end we define afunction called t hr owE, which
enables usto inject aNot hi ng value into the computation and thus halt execution, returning only the

error state.

We extend ther educeAl | function to handle errors (blank parse table entries) when they arise:

= case action (top stk) tok of

Reduce rs ->redAll rs

Shift st rs ->do { ss <- redAll rs ; return $ (stk,st):ss }
Accept -> reduceAll tok stks

Error -> do { chgE (\es -> tok:es) ; reduceAll tok stks }

Note that in this implementation we only record the particular token that caused the error. We could

however supply more useful error information by analysing the stack in which the error was found.

If at any stage of the parse there are no TSt acks left in the GSS, then atotal error has occurred and
t hr owE is called to terminate the parse. Thisis accomplished by extending the doAct i ons function to
test for the empty GSS:

doActions [] _ = throwk
We define a new type to represent parse success or failure:

data GLRResult = ParseError [GSynbol ]
| ParseOK [ GSynbol ] Forest

Finally, we extend the top-level function to pattern match on the Maybe value returned by running the

monad and identify a successful parse from afailure:

parse :: [Token] -> GLRResult
par se toks
= case runST initSM[] (doParse toks) of
(Nothing,e) -> ParseError e -- total error
(Just(f),e) -> ParseK e f -- success + partial errors

The basic implementation model described in this chapter isthe result of refining and simplifying the
code over many iterations. However, anumber of optimisations were carried out on the basic model

presented in this chapter in order to increase its efficiency. In this section we consider just one of them.



CHAPTER 4. IMPLEMENTATION 50

Section 5.4.3.1 highlights a specific instance in which profiling was used to identify an area requiring
optimisation. A significant proportion of the expense of packing in the basic implementation isrelated to
equality testing on TSt ack objects, a prerequisite for packing candidacy. 5.4.3.1 describes atechnique
that dramatically improvesits efficiency, involving labelling each TSt ack node with a unique ID value.

In terms of the implementation this requires an extrafield in the TSt ack type definition:

data TStack a = TS Int -- state
I nt -- node ID
[(a, TStack a)] -- [(elenent on arc , child)]

When we push a new node onto a TSt ack object, we now need to assign it an ID value. Thus, thetype

of push isamended to:

new e ement new state ID value

push :: a ->1Int ->1Int -> TStack a -> TStack a

We overload the ( ==) operator for TSt acks so that it simply compares the top node ID:

i nstance Eq (TStack a) where
(TS _id ) == (TS _id© ) =id == idc

We must now assign unique ID’ s each time we perform push onaTSt ack inthe parser driver. To

accomplish this we extend the monadic structure of the implementation to include a further state element:

data ST sr ea = MST (s ->r ->e -> (Mybe(a,s,r),e))

Itsvalue will bealist of I nt s (initialisedto[ 0. . ] ). Every time we perform push, wewill usea

function called r eadR that takesan | nt from the head of thelist and returns it:

readR :: ST s [Int] e Int
readR = MKST $ \s (i:is) e -> (Just(i,s,is),e)

For example, shi ft Al | now appears asfollows:

shiftAll tok [] = return []
shiftAll tok stks
= dofid <- addNode (FNode tok [])
st ks© <- sequence (shifts fid)
return $ nmerge stks©
wher e
shifts fid = do { nid <- readR ; return (push fid st nid stk) }
| (stk,st) <- stks ]

Section 5.4.3.1 explains why this optimisation is both correct and efficient.



CHAPTER 4. IMPLEMENTATION 51

6 3

In thisfinal subsection we consider the modifications made to Happy in order to integrate it with our

implementation of Tomita's algorithm.

630

Happy is composed of a number of Haskell modules. The high-level structure of the program, as
illustrated in Figure 3.12, is contained in amodule called Mai n. Figure 3.13 shows diagrammatically
where the modification is made in the high-level structure of Happy to integrate it with the
implementation of Tomita'salgorithm. In practice this means altering the code in the module Mai n to
include an extraflag (- | ) and a conditional statement that triggers the generation of a GLR parser if the —
| flag has been set by the user, and otherwise continues to produce a standard LR parser in the usual way.
Asshown in 3.4.2, we allow Happy to generate the LALR parse tables from the input grammar in both
cases, and also to produce additiona information about the tables if requested before introducing the

following conditional statement:

i.];.QJIGLR Ael emA cl i

t hen produceGL.RParser outfil ename -- specified output file nane
tenplate dir -- tenplate files directory
action -- action table (:: ActionTable)
goto -- goto table (:: GotoTabl e)
header -- header from grammar spec
tl -- trailer fromgrammar spec
g -- granmar obj ect

el se

Note that Opt GLRistheinternal namefor the—I flag. We passall the necessary datato the function
pr oduceGL.RPar ser which writesthe GLR parser using the given information about the grammar and

the template containing the functional implementation of Tomita's algorithm.

639

We now consider the code added to Happy which combines grammar-specific data with the
implementation of Tomita's algorithm to produce a GLR parser. This code existsin the form of anew
modul e added to the source code of Happy called Pr oduceGLRCode. It exports a single method,

pr oduceG.RPar ser whichiscalled as part of Happy' s modified high-level structure (see above).
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The process of generating a GLR parser is one of assembling the various sections of the new parser filein
St ri ng format and then outputting them to the designated file. This processisillustrated at a high-level
by the following diagram:

User - defi ned header code
nodul e decl arati on
i mport/export lists ...

!

Tomita tenpl ate

!

User-specified main function

!

User-defined trail er code
| exer

‘GSynbol’* type generated from granmmar

!

Parse tabl e functions
(action and goto)

Figure 4.4: Breakdown of GLR code generation

The module contains a function called mk Fi | e which gathers the textual data for each of the blocks
shown above, calling auxiliary functions where necessary, concatenates them and writes them to the
specified output file. Some of the phases, such as copying the code from the template or adding user code
verbatim, are a simple case of grabbing text from afile or variable. Other phases are more complex; for
example to generate the parse table functions we must coerce the data from the relevant tablesinto a

format that can be written into the parser as afunction definition.

Another phase requiring a certain amount of work is that of generating the GSynbol datatype from the
input grammar. Values of this type will be used to label the nodes of resulting parse forests. The
GSynbol DT includes representations for the non-terminals of the grammar, as well as the terminals
(tokens —the type of which is specified by the user) and the internal EOF symbol. The grammar-specific
definition for the GSynbol DT isasfollows:

data GSynmbol = NT; | ... | NI, | HappyTok TokenType | HappyEOF

wher e: n = thenumber of non-terminalsin the grammar
TokenType = the user-defined type for tokens (terminals)
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Much of the detail regarding the manipulation of internal Happy data structuresinto GLR parser code is
excluded from this section, but a complete listing of the Pr oduceG_RCode module can be found in
Appendix C.

67 8 *

The project implements a technique for decoding a parse forest into alist of individual syntax trees
(1.4.1). Thisisuseful for analysis, asit is somewhat difficult to decipher even a moderately complex

parse forest by hand. We use a standard data structure for representing trees:

data Tree a = TreeNode a [Tree a]

A forest node can be thought of as an encoding of a number of trees. Bear in mind that aforest node
consists of n analyses, wheren 3 0. Thus, to decode aforest node into its constituent trees we recursively
decodeits children in all analyses, and for each analysis we generate alist of al possible trees derivable
from ordered combinations of the lists of trees for each child, returned by the recursive call. The
recursion is founded in the instance where the forest node has no children (aleaf), in which case we return
alist containing a single corresponding tree leaf. To decode an entire forest, we apply the decoding

operation to itstop-level node.

A simple example will help to clarify the decoding process. Consider the following hypothetical parse
forest:

9 The node labels denote hypothetical grammar
categories:
Q e upper case for non-terminals
/" \ /—\ lower case for terminals
l l l l Note that A and B are packed nodes, each containing

@ @ @ @ two analyses.

We decode the forest by applying the operation described above to the top-level node S. This calls for the
recursive decoding of nodes A and B, and inturn nodes a, b, ¢ and d. Oncethefirst leaf nodea is
reached, the recursion bottoms out and the singleton list[ Tr eeNode a []] isreturned. The sameis
true for each of the forest leaf nodes. The node A consists of two analyses, each with asingle child.

From the first analysis, we have only a single derivable treg, asis the case with the second analysis, and

so decoding A returns the following list of trees:
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.4

Similarly, decoding B returns:

P

We now have all the results necessary to decode the top-level node S. It consists of asingle analysis with
children A and B, and thus we generate all possible ordered combinations of the trees returned by their

respective decoding calls:

This operation is similar to generating the Cartesian product of two sets, however we have a possible n

sats, wheren 3 1. Thefina list of treesreturned is:

Figure 4.5: Forest decoding process

The Haskell code for the forest decoding processislisted in Appendix D.
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3 (,

In this chapter we consider the results achieved during the project, focusing on output from our
implementation of Tomita s algorithm integrated with Happy (we will henceforth refer to the modified
version of Happy as HappyGLR). We then evaluate the implementation for correctness and efficiency,
using theoretical and profile-based methodology. Finally, comparisons are made with similar

contemporary implementations of Tomita s algorithm.

30 +

The process of generating a GLR parser using HappyGLR is essentially the same as for a standard LR
parser (see 3.4.1). Aninput fileis supplied, specifying the grammar, along with various related

information. Let us consider the simple ambiguous grammar seen earlier:

E E+E]| i

An input specification for this grammar would appear similar to the following:

nodul e Mai n where } Parser module header (copied verbatim)
}
Y%ane parse } Directives:
% okentype { Token } name of main parse function
type for tokens
% oken
[ { Token_i } } ———— Names of tokens as they appear in the
©+© { Token_plus } grammar, matched to their type
%0 constructor labels
E . EC+OE { } }
| i {1} Grammar rules (first LHS non-terminal is
assumed to be the start symbol)
{

data Token = Token_i
| Token_pl us
deriving (Show, EQ)
_ ———— User-defined code (copied verbatim)
lexer :: String -> [[Token]] Enumeration of Token data type
I exer Lexer function
Function for tying parser and lexer together

Y

doParse = parse . |exer Y,

}

Figure 5.1: Input file for E+E grammar
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3% ; " D

To make it easier to analyse parse results the project implements techniques for converting parse forests
and lists of syntax trees (decoded from forests — see 4.6) into formats recognised by the graph-
visualisation tool daVinci®. The results presented in this chapter will consist largely of graphs and trees
produced by daVinci.

Packed nodes are represented in daVinci by arrows pointing to small circles. For example:

represents a node with three packed analyses.

and represent single analyses.

It should be noted that the ordering of parse forest nodes is not necessarily preserved under davinci. The
Haskell code that deals with the trand ation of parse forests and lists of syntax treesinto davinci format is
listed in Appendix E.

35

In this subsection we present a sample of the results obtained from generating GLR parsers for severa

ambiguous context-free grammars using HappyGLR.

350 (E( C

Recall the following simple ambiguous grammar:

E E+E]| i

4 See http://www.informatik.uni-bremen.de/daVinci/
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Its HappyGLR input specificationis given in Figure 5.1. Running the generated parser (through the

daVinci translation mechanism) on theinput string * i +i +i * produces the following parse forest:

Figure 5.2: Parse forest: ‘ i +i +i ’ (daVinci)

The forest decodes into the following collection of trees:

Token plus

Token_i

Token_plus Token_i

[ Token_i | [ Token_i |

Figure 5.3: Syntax trees: ‘i +i +i ' (daVinci)

Thisisthe output we would expect, representing the ambiguity in associating the + operator. If we

extend our input sentenceto ‘ i +i +i +i ' theresult isthe following parse forest:

57




CHAPTER 5. RESULTS & EVALUATION 58

Figure 5.4: Parse forest:' i +i +i * (daVinci)

Note that we now have two levels of packed nodes. The forest decodes into the following collection of

trees:

Figure 5.5: Syntax trees:* i +i +i +i ' (daVinci)

e R
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Thefollowing figure illustrates how complexity increases rapidly as afunction of the number of +
operatorsin the input string under our simple ambiguous grammar (see 5.4.1). Theforest isthe result of

parsingthe sentence* i +i +i +i +i +i +i +i +i +i ' (9 +'s) and encodes 4862 distinct syntax trees:

]
I 1/
Il

—i

| | /
J

\

\ \_

I

I

‘\\\

I

Token_plus

Figure 5.6: Parse forest: 9+'s (daVinci)

35% @ L

We now consider a simple natural-language grammar for English. Duetoits smplicity it isof limited
practical use, but will serve asabasicillustration. The grammar consists of about thirty production rules,

and we will refer toit asSmpleNL. Itislisted in Appendix F.

Parsing the sentence “ | saw a man in the park with a telescope” under the SimpleNL grammar generates

the following parse forest:
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MNoun “telescope”

Figure 5.7: Parse forest: “| saw a man in the park with a telescope” (daVinci)

Note that non-terminal nodes without children correspond to empty production rulesin the grammar. The

forest decodes into the following collection of syntax trees:
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Figure 5.8: Syntax trees: “| saw a man in the park with a telescope” (daVinci)
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The five syntax trees correspond to different syntactic interpretations of the input due to ambiguity in the
interpretation of the two prepositional phrases. The following diagram illustrates the structure of each of

the trees, highlighting the part of speech associated with each of the prepositional phrasesin each case:

oj ect (Preoosi ti onal Phrase)

v | v |

1. |I| /a man Gn t he par k) (vvith a tel escope)
I |

2. |I| /a man /(in the park) (with a tel escope)
| |

3. III @ a man QMvaithatelescopeD

4. III a man /(in the park) (with a tel escope)
v | v |

5. III a man / (in the park)@vithatelescope>

Figure 5.9: Syntactic interpretations of “| saw a man in the park with a telescope”.

Let us consider another input sentence: “ | sing loudly and continuously” . This example is chosen to
highlight the error-handling mechanism of the parser. Parsing this sentence under the SimpleNL

grammar generates the following raw outpult:

Par seOX [ HappyTok (Adverb "continuously")]

Thistells us that the parse has been successful, but that a partial error (see 3.3.3) has occurred while
processing the token adverb ‘ continuoudly’. Recall that the implementation of the error-handling
mechanism only identifies the token at which the error occurred, although it could be extended to return
more useful information (see 4.3.3). The error occurs because the parser attempts to derive the sentence

under the productionrule* S -> S con S . Thefollowing diagramillustrates this:

S S con S

| sing loudly and conti nuously

v/ Vv X
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The parse forest generated from the above input sentence is as follows:

Top-level node (unique) Incomplete analysis

[ Adverbtoudly” | | conjunctien

| apve | Advert “continuously” |

Figure 5.10: Parse forest: “I sing loudly and continuously” (daVinci)

The forest appearsto have two top-level nodes, but in fact one represents an incomplete analysis arising
from the partia error at ‘continuously’. Complete parse forests (such as the one above) aways posses a

unique top-level node from which incomplete analyses can be filtered out. Thus, decoding the forest
results in the single syntax tree:

ActionVerb "sing"”

I Adverb “loudly” | I Conjunction “and" |

| Adverb “confinuously” |

Figure 5.11: Syntax tree: “I sing loudly and continuously” (daVinci)
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Thelast part of section 4.3.2 describes how the input can be specified in lists of tokens instead of just
single tokens. This can be demonstrated by considering the result of parsing the sentence “she carefully
hands him the vase”, where the lexeme hands can function both as an action verb and a plural noun.

Theinput, then, is structured as follows:

[Pronoun Adverb Noun Verb Pronoun Noun }
‘carefully’ ‘hands | hands “himy the

The resulting raw output begins:
Par seK [ HappyTok (Noun "hands")]
From this, we can see that the analysis in which hands acts as a noun causes a partial error. The resulting

forest decodes into the single following syntax tree, representing the successfully parsed analysisin which
hands functions as an action verb:

sp vP
HP AVP
Pronoun “she” AV 0o o
[aDve| | ActionVerb“hangs™ | |aDve| |wP NP
Advert "caretully” | | aDVP | Pronounhim* | | Det"the N

Houn "vase™

Figure 5.12: Syntax tree: “she carefully hands him the vase” (daVinci)
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In this section we eval uate the functional implementation of Tomita s agorithm presented in this report
for correctness and efficiency, providing examples of how profiling was used to optimise the space and
time efficiency of the implementation. We conclude by comparing the implementation with its

contemporaries.

360

A formal proof of the correctness of Tomita s agorithm is beyond the scope of the project, and we appea
to the reader to consider the correctness of the design and implementation model s proposed in this report

in light of such references as [Kip 89] and [Car 93].

Aninforma method of judging the correctness of the implementation is to analyse the output generated
by the parser under a specific grammar, and ascertain whether or not it is as we would expect, given some

theoretical basis for our expectations. Consider once more the E+E grammar from previous sections:

E E+E]| i

By thought and manual enumeration we can calculate that for the input string ‘i +i +i ’ there aretwo
possible syntactic interpretations. Similarly we know that if we extend the input string to ‘i +i +i +i * we
would expect five distinct syntactic interpretations. These results are given in 5.3.1, and thus we know
that our implementation of the algorithm is correct for these ssimple examples. We can extend this idea by
calculating the number of distinct syntax trees we would expect for a given input string under this
grammar, and then running the parser on the same input, decoding the resulting forest and counting the
number of distinct syntax trees generated. By analysis of the properties of the grammar, it can be deduced
that the following recursive function cal cul ates the number of trees for a given number of ‘+' operators

(n) in the input string:

Tr(0)

1]
=

n

S Tr(i-1) * Tr(n-i)

i =0

Tr(n)

The function formalises the following two facts:
If there are no + operators in the input, thereis no ambiguity and only one possible interpretation.
Thetotal number of interpretations derivable from an input sentence is equal to the sum of the
number of interpretations derivable from each of the states in which a different + operator in the

input getsto be the top node.
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We can write the above function in Haskell:

tr O
tr n

1
foldr (+#) O tr (i-1) * tr (n-i) | i < [1..n] ]

Using this function we can derive the following table:

*
%

# syntax trees
1

2

5

14

42
132
429
1430
4862
16796

P OO|NOOOAWINFP|#

(@)

Table 5.13: Results of * #+ -> #trees’ function

Running the parser on the corresponding input sentences, decoding the resulting forests and counting the

number of trees generated allows us to construct the following table:

i nput # distinct syntax trees
i +i 1

i+ +i 2

|+ 4+ 5
P+ 14
P+ 42
P+ 132
I I I I A 429
P+ 1430
P+ 4862
P+ 16796

Table 5.14: Results of counting generated distinct syntax trees

By comparing tables 5.13 and 5.14 it is clear that the output from the parser is as we would expect, at

least as far as the number of treesis concerned.

Theresultsin table 5.14 were produced by generating alist of the syntax trees for a given input, testing
for uniqueness, and counting the number of elementsin thelist. Although the test does not guarantee that
the set of trees produced by the parser is the complete set of syntactic interpretations for the given input, it
does guarantee the uniqueness of each of the trees generated, and due to the convergence of the results

achieved strongly suggests that the parser is capturing al distinct derivations.
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Given time, we could construct similar tests for more complex grammars, and thus enhance our belief in

the correctness of the implementation.

36% ( -

We now turn our attention to an evaluation of the efficiency of the implementation in terms of both

computation time and memory usage.

360 ) -

Tomitaoriginally claimed that his algorithm was O(n®) in general, though possibly worse on densely
ambiguous grammars’. Kipps analyses the algorithm [Kip 89] and presents evidence to suggest that its
complexity is O(n"*') where p is the number of daughters in the longest production in the grammar. We
will consider the complexity of the implementation proposed in this report in light of these claims. To

make matters less complicated, we will constrain our analysisto the familiar E+E grammar:

E E+E]| i

Let us consider the casein which input strings are smply lists of individual tokens. If we have an input

string of length n (inclusive of the EOF token), then the algorithm has time:
C(n) * conpl exity(doActions)

The complexity of doAct i ons is:

conpl exity(reduceAll) + conplexity(shiftAl)

The complexity of r educeAl | issomewhat difficult to calculate. It recursively processes each

TSt ack inthelist that makes up the GSS, but reductions generate new TSt acks that must also be
processed. The number of TSt acks in the GSSis bounded by a constant, the number of LR statesin the
grammar, 6 in this case (thisis so because the top states are guaranteed to be distinct when passed to
reduceAl | ). When an action other than a reduction is specified for a particular TSt ack by the parse
table, asingle operation is performed and the TSt ack is removed from consideration. When areduction
isperformed on a TSt ack, it generates a number of new TSt acks, equal to the number of ancestors at
adistance of k from the top node (where k is the number of daughtersin the reduction rule). The value of
k is bounded by the number of + operators encountered thus far in the input minus the number of +
operators already analysed at the top level. (thei’th ancestor corresponds to an analysisin which thei’th +
operator below the top node has been reduced).

® See Carroll’ s thesis [Car 93], pp. 95-99
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Each new TSt ack must be processed in the same way. The number of reductions that can be applied to
asuccession of TSt acks is bounded by the number of + operators seen thus far in the input. Whenever
areduction is carried out, the new TSt acks must be tested for qualification to be packed. Packing
reduces the order of complexity by the fact that once we have performed a reduction and exposed

TSt acks representing an analysis for each + operator stage in the input, all subsequent reductions can be
packed into one of these existing TSt acks, giving abound of O(n®) as opposed to O(2") for the number
of reductionsrequired inther educeAl | operation. Formulating this gives us the following compl exity

for ther educeAl | operation:

C(6 *

n.(n.+1)
[T] ) * (conplexity(reduce) + conpl exity(pack))

where n, = n/2

The complexity of r educe isthe number of ancestors (bounded above) times the number of daughtersin

the longest production rule in the grammar (3 in this case), thus:
Cn, * 3 = C(n)

Packing requires usto search the TSt acks in the GSS for qualification, and then to update the parse
forest with the relevant node (packed or unpacked). If packing has occurred, we also remove the old
unpacked nodeiif it is ho longer referenced by the GSS. Thus, pack has the following complexity:

C(n.) + C(f(n)) + C(f(n))
Search for qudification, Add anodeto the Delete anode,
bounded by number of +'s. forest, bounded by bounded as for
Assume that comparison some function of the adding.
has constant time. input length.

Because of subtree sharing (see 3.1.1) the number of nodesin the forest grows at arate of O(n). The add
and delete operations are essentialy comparisons mapped over the elementsin the parse forest, where an
individual comparison is bounded by a constant, asisthe actual adding and deleting of elements. This
leaves the pack function with an overall complexity of O(n). It should be noted, however, that in

practice the operation is quite expensive due to its multiple sub-components.

The overall complexity of r educeAl | , then, is

Cie *

[%]) ©(Cn) + Q) = Q)
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Thefinal operationto consider isshi ft Al | . It consists of two sub-operations:
add a new node to the parse forest

push the new elements onto all TSt acks in the GSS and merge

Thefirst hastime O(n) (see above), and the second has constant time because the number of TSt acks in
the GSSis bounded by a constant, therefore shi ft Al | hastime O(n).
Thus the whole implementation has the following time complexity:

Cn) » C(n* + Cn) = C(nH

Let ustest the analysis by comparing the graph of this function with that of the amount of work done by
the parser generated from the grammar in question:

Time Complexity

24

22

20 S

18
. n* (logz)
A . reductions (logs)
16 /
14 /
12 /
10 44—

Output

LRGN IR AN ¢

Figure 5.15: Implementation time complexity graph

The values for the implementation were generated by running the parser on inputs of varying lengths and
recording the number of reductions® required for each input length. The results displayed by the graph
support the time complexity analysis given above.

® A reduction is asingle step of computation in the underlying lambda calculus.
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The analysisis consistent with Kipps' evaluation of the algorithm, in which we would expect atime
complexity of O(n”) for the grammar in question.

36%% " ) -

Space complexity for Tomita s algorithm is based on two factors:
The space required to store the parse forest asit is grown.
The space required to maintain the GSS while the parse is in process.

Tomita suggests that his parse forest representation takes O(n®) space in general, though may require
more for densely ambiguous grammars’. Kipps[Kip 89] argues that the space required to maintain the
GSSis O(n?), athough Johnson [Joh 89] shows that for some grammars the space required for the GSS
may be exponentially related to the size of the grammar; though thisis not the case for the grammars we
have considered in this report.

A formal analysis of the space complexity of the implementation is beyond the scope of the project;
however, in light of the analyses carried out by Kipps and Johnson, we would expect the space

complexity of the implementation to be somewhere in the region of O(n?) to O(n°).

Experimentation yields the following results for the E+E grammar (Grammar 1.5):

Space Complexity - Full Space Complexity - Recogniser

heap usage heap usage

3 — (o) 3 — (0w
5 n’ (log) 5 n’ (log)
© n® (log,) © n® (logz)
1 7 13 19 25 31 37 43 49 1 7 1319 2531 37 43 49 55 61
Input Input
Figure 5.16: Space complexity — full implementation Figure 5.17: Space complexity — recogniser only

7 See[Car 93], pp. 95-99
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Figure 5.16 shows the heap usage of the implementation in relation to the functions n” and n®. From these
results it appears that the amount of memory used by the implementation is worse than n?, although better
than n®. The results for Figure 5.17 were obtained by removing the sections of the code that construct the
parse forest, essentially converting the implementation into arecogniser. Thisimproves the space

complexity, but still does not do enough to make it O(1?).

We present one fina graph, plotting the amount of memory allocated during execution (thisis not the
same as the amount of heap space required) against the same two functions. Again we discover that the

complexity is somewhere between O(n?) and O(n):

Space Complexity

20

18

16

14 /
..... Allocation (lo
i (logz)
'f

5 -"’ 2
o '1/ s 1 (|0
510 = (gZ)
3 / /
[
17
6 7
il

n’ (logz)

NI AR S I SIS
Input Length

Figure 5.18: Space complexity — memory allocation
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Profiling was introduced in Chapter 2 as an effective method of iteratively evaluating and improving the
performance of Haskell code. In this subsection we present samples of profiling methods used on the

implementation to improve its efficiency.

3650

Profiling the implementation at arelatively early stage of optimisation generated the following cost centre
statistics:
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COST CENTRE MODULE %ime %lloc
pack Mai n 89.7 9.1
cC GC 4.4 0.0
get El em Set Map 2.9 0.4
mer ge TSt ack 1.5 0.6
get I nd Set Map 1.5 12.9
addEl em Set Map 1.5 1.9
combi ne Mai n 1.5 15.2
val s TSt ack 0.0 2.5

Figure 5.19: Cost centre profile before packing optimisation

The profile makes it clear that pack accounts for almost 90% of the computational expense. Effort was
concentrated on improving the performance of pack, and it was discovered that a major cost of packing
related to equality testing on TSt acks. In order to determine whether two TSt acks can be packed, we
must test their immediate descendants for equality. In the original implementation, thistook O(n) work
because in the worst case we had to scale the depth of the entire tree to ensure equality (bounded by n, the
number of symbols in the input), making the complexity of pack O(n?) and accounting for its high
expense. A novel method of improving this complexity was identified: every new node pushed onto a
TSt ack islabdled with aunique ID value, which can then be used to compare TSt acks at the top
level, without requiring any traversal of the tree (see 4.4 for implementation details). Thisis correct for
our implementation because new TSt acks are created by duplication. Consequently node ID’ s are also
duplicated, and thus when two TSt acks reach apoint where their top level analyses can be packed, it
must be the case that their children represent the same duplicated TSt ack. Thisimprovesthe
complexity of pack to O(n), and thus the complexity of the entire algorithm from O(n™) to O(N™") where
mis dependent on the grammar. Other less dramatic optimisations were made to pack asaresult of

analysing cost centre information, and this was reflected in subsequent profiles, such as the following:

COST CENTRE MODULE % inme %lloc
addEl em Set Map 20.0 2.6
pack Mai n 20.0 23.0
mai n Mai n 20.0 8.1
addNode Mai n 20.0 3.8
GC GC 20.0 0.0
val s TSt ack 0.0 2.0

0 3.0

push TSt ack 0.
Figure 5.20: Cost centre profile after packing optimisation

Cost centre profiling was used effectively over many iterations, resulting in code that runs approximately

60 times faster, allocating only around 1.6% as much memory as the original implementation.
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As mentioned in Chapter 2, heap profiling can be used to illuminate the memory behaviour of a program

and identify space leaks.

Thefollowing is aheap profile from an early stage of the implementation:

Figure 5.21: Early implementation heap profile (SimpleNL grammar)

This profile was generated from a parser for the SimpleNL grammar (5.3.2). Thegradual increasein heap
size iswhat we would expect as the GSS grows through the stages of the parse. However, the sudden
jump after 2.5 seconds® suggests that memory is being used inefficiently during the construction and
manipulation of the parse forest. Thiswas addressed and a number of changes were made, especially to

the operations on the Set Map datatype.

8 Note that running times reported during heap profiling are inaccurate due to profiling overheads.
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Subsequent profiles show a much more even spread, along with significantly reduced heap usage:

Figure 5.22: Improved heap profile (SimpleNL grammar)

The memory behaviour of the implementation is clearly illuminated by the following profile, generated

from a parser for the E+E grammar on an input of around 40 tokens:

Figure 5.23: Heap profile (E+E grammar)

74
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Initially the heap grows quickly as new forest nodes are generated but are at this stage unlikely to be
candidates for subtree sharing. We also find that packing is less common during early stages of the parse,
as fewer sub-analyses have already been generated. Thisrapid growth tails off as the parse progresses,
but remains consistent. Finally, we see a sharp decrease as the EOF token in the input is reached and the
GSSisrecursively reduced to asingle TSt ack containing the sentence constituent. Contrast this with
the following profile of the parser stripped of its forest-construction mechanism (just a recogniser)

running on the same inpuit:

Figure 5.24: Heap profile — recogniser (E+E grammar)

Note that growth is more consistent overall —thereisnoinitial rapid increase as we are not storing forest

nodes. Also note that the reduction in overall heap usage is as we would expect.

366

Due to the recency of the work on Tomita' s algorithm, there are few contemporary implementations that
we can compare ours with. However, we have been able to obtain aversion written in C, and here we
assess it for efficiency and quality of code in comparison with our implementation. We also briefly
consider the work of Peter Ljungl6f, in which he proposes a purely functional implementation (still in

development).
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Thisimplementation is available as freeware over the Internet. It creates LR(0) parse tables for specified
CF grammars, and produces parse forests for input sentences in the vocabulary of the given grammar.
Although the table generation technique is weaker than that used by HappyGLR, for a simple grammar
such as E+E it produces an identical table. Thuswe can provide the same input to both and expect the
same results. The following table shows results from timed executions of the two implementations, under

the E+E grammar:

I nput Execution tinme (secs) Nodes in forest
Lengt h Pr oj ect C Pr oj ect C
21 0. 00 0. 00 13 87

41 0. 06 0.01 23 272

61 0. 24 0. 02 33 557

81 0.71 0. 04 43 942
121 3.19 0. 14 63 2012
161 9.77 0. 53 83 3482
201 23. 20 1.17 103 5352
241 48. 13 2.55 123 7622

Table 5.25: Timed execution comparison

Because of the inherent extra cost of evaluating functiona code, we would expect the C implementation
to perform significantly faster than our Haskell implementation, and thisis affirmed by the resultsin the
table; however thisis not really a balanced comparison. The C implementation utilises a different
interpretation of subtree sharing, where identical analyses occurring at different stagesin the parse are
maintained distinctly, reducing the need for equality testing on forest nodes’. This increases the speed of
the algorithm, but al so increases its space complexity in terms of the resulting parse forest (asillustrated
by the table). The growth of the number of nodesin the parse forest under the E+E grammar is O(n) for

our implementation, whereas for the C implementation it is O(?).

It should & so be noted that our implementation incorporates certain features such as error-handling,

which are absent in the C version.

A significant proportion of the cost of our implementation isincurred by Set Map operations, which
could be optimised by modelling the internal relation as a search-friendly structure such as a binary tree.
A number of other speed increase techniques could be used if necessary, but these must be balanced

against maintaining the quality of the code.

° Note that we are not discussing the validity of the different approaches to subtree sharing, merely their effect on the efficiency
of the algorithm. It should also be noted that our design and implementation models could easily be modified to incorporate
the same type of subtree sharing found in the C version, and this would affect its efficiency accordingly.
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A final point relates to the quality and concision of the code. Our implementation is significantly shorter
than the C version, and demonstrates greater clarity and structural elegance', bearing close resemblance
to the design model on which it isbased. The concision of the code is attested to by the fact that the
parser driver for our implementation consists of around 40 lines of code, whereas the C version contains
around 160. Including data structures, the figureis around 170 for our implementation and around 310
for the C version. It should be noted that for our implementation thisincludes two external, reusable

ADT’s, whereas the data structures for the C version are internal.

3669% ! F

Ljungl6f’ s work was mentioned in Chapter 3 in relation to the GSS representation. He proposes a purely
functional implementation of Tomita s agorithm based on this representation. However, rather than
explicitly generating a packed, shared forest, he integrates the forest with the GSS, relying on the
compiler/interpreter to handle theinternal DAG structure of the GSS as well as the shared elements of the
parse forest. Thisallows elegance of style, but has two significant disadvantages:
Although the space complexity of the implementation is comparable to Tomita's, the time
complexity is exponential in the worst case, as the implementation does not provide a mechanism
for local ambiguity packing.
Because of the implicit nature of the forest, it cannot be directly extracted without the use of impure
extensions to Haskell™.
The developmental status of Ljungl6f’ s implementation has prevented us from making direct comparisons

with ours, although it appears that our implementation may serve as better general-purpose model.

10 Despite the subjectivity associated with the concept of elegance, a visual comparison of the two implementations should
convince the reader of the validity of this statement!
1 See[Lju 02] Chapter 6, esp. 6.6 Discussion — pg. 91
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2

In thisfinal chapter we consider the achievements of the project in light of the objectives given in Chapter
1 (1.3), and the project deliverables (1.4). We reflect on the success of the project in light of the overall
objectives also given in Chapter 1, presenting the advantages and disadvantages of the proposed solution.

Finally, we present possible avenues for future devel opment.

70 ! ,

We will consider in turn each of the major project objectives and discuss whether or not they have been

met, and how they relate to specific project deliverables.

700 4"

Thisisthe main objective of the project and has clearly been met by the implementation modelled in
Chapter 3, specified in Chapter 4 and evaluated in Chapter 5. A prototype implementation is part of the
basic deliverable for the project (1.4.1), although the final implementation is aresult of many subsequent
iterative steps of refinement. The advantages and disadvantages of our implementation are discussed in
6.2.1.

70% 4 < "

Integration of the implementation with Happy forms part of the intermediate deliverable (1.4.2). Section
3.4 describes how the project meets this objective, and section 4.5 outlines the modifications made to
Happy. The success of the integration (robustness, transparency etc.) is discussed later.

705 - .

In chapter 5 we anayse and evaluate different aspects of the implementation, looking at both time and
space orders as well as results from profiling. Thisforms part of the advanced ddliverable for the project
(1.4.3).

706 8 &

Chapter 1 mentions a number of other possible devel opments that could be pursued, mostly relating to the
processing of parse forests. There has not been time to pursue these options as part of this project, and

they remain for future research (see 6.3).
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Section 1.3.5 states that the overall success of the project depends on:
Correctness, efficiency and maintainability of the functional implementation of Tomita' s algorithm.
Thorough analysis and evaluation of the implementation.

Transparent integration with Happy.

We will look at each in turn, discussing the advantages and disadvantages of our proposed solutions

where appropriate.

7%$0 4 " #( - & -

In this report we have proposed design and implementation models for afunctional version of Tomita's
agorithm, written in Haskell. We believe it shows a marked improvement in terms of clarity and
maintainability over existing imperative implementations, attested to by its concision and close
resemblance to the design model (see 5.4.4). We have presented evidence to suggest that it is correct,
although further rigorous analysis would need to be carried out before this could be claimed conclusively.
We have carried out tests to show that it is relatively efficient on simple grammars, athough as expected,
noticeably slower than comparable imperative implementations. A number of further optimisations could
be made to narrow this performance gap, but they must be weighed against any ensuing loss of code

quality. To summarise, the advantages and disadvantages of our proposed solution include:

Advantages:
Sound design model, taking advantage of the benefits offered by functiona programming.

Concise, clear and maintainable implementation of the design model.

Robust, general framework for further devel opment.

Disadvantages:
Possible improvements needed in terms of time and space efficiency.
Unclear at this point as to scalability for realistic wide-coverage grammars. Some tests have been
carried out on the English grammar used in LOLITA, suggesting that effort needs to be concentrated

on efficiently encoding large parse tables.
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In chapter 5, we provide a reasonably thorough analysis and evaluation of our implementation, fulfilling
the criteriafor the project. Further analysis could be done on the space complexity of the algorithm, as

well asitstime complexity in general under an arbitrary grammar.

7$5 4 < "

The overall objectives of the project as stated in 1.3.5 include the provision of atransparent integration of
our implementation of Tomita' s algorithm with the Haskell parser-generator Happy. Thisrequiresthat a
user familiar with Happy should be able to use HappyGLR without difficulty. It isclear from section 3.4
that the mechanism for generating a GLR parser under HappyGLR is indeed very similar to that for a
standard LR parser. Most of the features available in Happy have been incorporated into HappyGLR,
athough a number of features are missing, including the following:

The provision of error-catching production rules, using the happy Er r or mechanism.

The provision of embedded code to automatically transform parse trees into Haskell expressions.

Thefirst of these could be implemented fairly straightforwardly into the proposed model, but the second
presents more of a challenge, requiring research into such issues as high-level context in parse forests (see
4.3.3).

75 8 o

There are many areas of future development related to the work carried out in this project. The parsing
mechanism could be improved both in time and space efficiency aswell asin such areas as error handling
— considering how errors can be usefully and accurately reported. This draws on joint research into the

development of functiona programming and parsing techniques.

We have dready mentioned the possibility of embedding code into GLR parsers under HappyGLR
(3.4.3). A related areaisthat of processing complete parse forests once they have been generated. Parse
forests allow usto efficiently store large amounts of ambiguous syntactic information, but we are usually
required to disambiguate this information before it can be used effectively a specific application domain.
For example, in anatura language processing system, we can use an implementation of a parsing
technique such as the one proposed in this report to generate a parse forest for an input sentence. The
various syntactic representations represented by the forest must then be analysed semantically in order to

isolate the intended meaning from the various possibilities.



CHAPTER 6. CONCLUSIONS 81

When considering this type of processing, we seek to utilise the efficiency of the parse forest
representation to reduce the amount of computation required; for example, processing shared subtrees

multiple times only if their high-level context requiresit.

76 '

We conclude by claiming that the overall objectives of the project have been met. We have presented a
concise, maintainable functional implementation of Tomita s algorithm that is both correct and
reasonably efficient, and have shown this to be the case by analysis and evaluation. We have also
presented an integration of our implementation with Happy, and successfully used it to generate GLR

parsers for a number of ambiguous grammars.
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) = " ox

R e R e
> data SetMap a = SM[Int] -- unused indices

> [ El enent a] -- the relation

> data Elenent a = EL (Int, a) -- key-->val ue mappi ng

> I nt -- uses of el enent

O/ = = m = m o m o e e e e e e e o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eee o

> (<>) xy =(xy)

>initSM:: SetMap a

>initSM= SM[O0..] []

> getElem:: Int -> SetMap a -> Maybe a

> getElemi (SM _ rel)

> =case find (\(EL (k,_ ) ) ->i==k) rel of

> Not hi ng -> Not hi ng

> Just (EL (_,v) _) -> Just v

> addElem :: Eq a => a -> SetMap a -> (Int, Set Map a)

> addEleme sm@SM ks@i:is) rel)

> =case fnd (\(EL (_,v) ) -> v==e) rel of

> Not hi ng -> i <> SMis (EL (i,e) 1 : rel)
> Just (EL (k,_) j,r) -> k <> SMks (EL (k,e) (j+1) : r)
> decElem:: Int -> SetMap a -> (Maybe a, Set Map a)

> decElemi (SMis rel)

> = case fnd (\(EL (k,_) ) -> k==i) rel of

> Not hi ng -> Nothing <> SMis rel

> Just (EL e@k,v) 1,r) -> Just v <> SM(i:is) r

> Just (EL e@Kk,v) j,r) ->Just v <> SMis (EL e (j-1) : r)
> indices :: SetMap a -> [Int]

>indices (SM_rel) =[ i | EL (i,_) _ <- rel ]

> assocs :: SetMap a -> [(Int,a)]

> assocs (SM _rel) =1 (k,v) | EL (k,v) _ < rel ]

R e e i e T
>fnd :: (a->Bool) ->[a] -> Maybe (a,[a])

> fnd _ [] = Nothing

>fnd p (x:xs) | p X = Just (x,Xxs)

> | otherwise = case fnd p xs of

> Just (x®© xs) -> Just (x®© x:xs)

> _ -> Not hi ng

I e I i

Show i nst ance

> instance Show a => Show (Set Map a) where

> show (SM _ rel)

> =let fn =\(EL e ) -> showe ++ ", "

> in concat [ "{" , init $ concat (map fnrel) , "}" ]
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> data TStack a = TS Int -- state

> I nt -- hei ght

> I nt -- 1D

> [(a, TStack a)] -- (elenent on arc , child)

> instance Show a => Show (TStack a) where
> show (TS st _ id ch) = show st ++ "[" ++ concat (nmap show ch) ++ "]"

> instance Eq (TStack a) where

> (TS _ _ v ) = (TS _ _ vO ) = v==v0©
> instance Ord (TStack a) where

> conpare (TS _h _ ) (TS _ h© _ )

> | h<=ho =GT

> | otherwise = LT

>initTSid=TS01id[]

> push :: a->1Int ->1Int -> TStack a -> TStack a
> push x st id stk@TS _ h _ ) =TS st (h+1) id [(x,stk)]

> pop :: Int -> TStack a -> [([a], TStack a)]
> pop O ts = [([],ts)]

>popn (TS _ _ _ch) =] (xs ++ [x] , stk©
> | (x,stk) <- ch

> let rec = pop (n-1) stk
> (xs,stk©® <- rec ]
> popF :: TStack a -> TStack a

> popF (TS _ _ _ ((L,©):)) =c¢

> top :: TStack a -> Int

>top (TSst _ ) = st

>vals :: TStack a -> [a]

>vals (TS _ _ _ch) = fst $ unzip ch

> height :: TStack a -> Int

> height (TS _h _ _) =h

merge :: [TStack a] -> [TStack a]
nmer ge stks
=[ TS st hid ch

| st <- nub (nmap top stks)

let ch =concat [ x| TSst© _ _ x <- stks , st==st© ]
h =foldll mx [ x| TSstOx _ _ <- stks , st==st©]
id=head [ x| TSst© _ x _ <- stks , st==st©]

VVVVVYVYVYV
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> nodul e ProduceG.RCode ( produced@.RParser ) where

> i nmport G ammar

> inmport Array

> inmport Char ( isUpper )
> inmport List ( nub)

Fil e and Functi on Nanes

td ++ "/ Tom ta. | hs"
fst3 $ head (starts g)

> tonTenpl td
> parseNane ¢

R R L R
CGeneral Functions

> fst3 (x, _, ) = X

> fstd (x, _,_, ) =X

>sndd4 (_,X,_, ) =X

> addArrow str

> | str == [] || head str == ©©

> = str

> | otherw se

> =">" 44 str

% ___________________________________________________________________________

Mai n exported function

> produceG@.RParser outfilenane tenplate_dir action goto header trailer g
> = do

> let nane = takeWile (/=0.©) outfilename ++ ".|hs"

> l et gsMap = nkGSymvap ¢

> let tbls = nkTbls action goto gsMap g

> nkFile name tbls (parseNane g) tenplate_dir header trailer g

Function that generates the file containing the Tonita parsing code.
Most of this code is taken fromthe tenpl ate, whose nanme is given at
the top of this file. Its location is obtained fromthe main Happy driver.

> nkFile :: FilePath -- CQutput file nane

> -> String -- LR tables - generated by ©nkThl s©
> -> String -- Start parse function name

> -> String -- Tenplates directory

> -> Maybe String -- Mdul e header

> -> Maybe String -- User-defined stuff (token DT, |exer etc.)
> -> G anmmar -- Happy G anmmar

> -> 10 ()

>

> nkFile flname tables start tenpldir header trailer g

> = do

> tenpl <- readFile (tonTenpl tenpldir)

> case trailer of

> Nothing -> error "lnconplete grammar specification!"

> Just str -> witeFile flnane (content tenpl str)

> where
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> content tomtaStr userinfo

> = unlines [ nodul eDec

> , tomtaStr

> , parseFn

> , unlines $ map addArrow (lines userlnfo)

> , unlines [ nkGSynbols g ]

> , typeFor Toks

> , tables ]

> wher e

> parseFn = unlines [ concat [ "> " , start , " =tonita_parse " ] ]
> typeFor Toks = unlines [ "> type UserDef Tok = " ++ token_type g ]
> nodul eDec

> = case header of

> Not hing -> ""

> Just h ->wunlines [ unlines $ map addArrow (lines h) ]

LS
> nkThls :: ActionTabl e -- Action table from Happy

> -> CotoTabl e -- Coto table from Happy

> -> [(Int,String)] -- Internal GSymbol map (see bel ow)

> -> G anmmar -- Happy G anmmar

> -> String

> nkTbhl s action goto gsMvap g

> = unlines [ witeActionThl action gsWvap g

> , WwiteCGotoTbl goto gsMap ]

Create a mappi ng of Happy granmmar synbol integers to the data representation
that will be used for themin the GLR parser.

> nkGSynivap :: Grammar -> [(Int, String)]

> nkGSynivap ¢

> = [ (i, (token_nanes g) ! i)

> | i <- tail $ non_ternminals g ] -- Non-termnal s

> ++ [ (i, "HappyTok (" ++ nkMatch tok ++ ")")

> | (i,tok) <- token_specs g ] -- Tokens (term nals)

> ++ [ (eof _term g, "HappyEOF") ] -- EOF synbol (internal termnal)
> where

> nkMatch tok = unwords $ replace "$$" "_" (words tok)

> replace :: String -> String -> [String] -> [String]

> replace thisStr withStr inHere

> =map (\wd ->if wd == thisStr then withStr else wd) inHere

> toGSym gsMap i

> = case |lookup i gsMap of

> Not hing -> error "No representation for synbol " ++ show i

> Just g ->g

R e e I

Take the ActionTable fromHappy and turn it into a String representing a
function that can be included as the action table in the GLR parser.

> writeActionThbl :: ActionTable -> [(Int,String)] -> Gammar -> String
> writeActionTbl acThl gsMap g

nkState (i,arr)
=unlines & filter (/=

> = unlines [ concat [ nkLines , errorLine ] ]

> where

>  nane = "action"

> nkLi nes = concat $ map nkState (assocs acThl)

> errorLine = concat [ ">" , nane , " _ _ = Error" ]
>

>

) $ map (nkLine i) (assocs arr)
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nmkLi ne state (sym nt,action)
= case action of
LRCFai | -> "
LROGVust Fail -> ""
-> concat [ startLine , nkAct action ]

wher e

startLine
=concat [ ">" , nanme , " " , show state , " (" , getTok , ") =" ]
get Tok = toGSym gsMap sym nt

nkAct act

= case act of
LRSshi ft newst _ -> "Shift " ++ show newSt ++ " []"
LRGReduce r _ -> "Reduce " ++ "[" ++ nkRed r ++ "]"
LRGAccept -> "Accept”
LROMUl tiple as _ ->
let as© = nub as in
case ([ st | LREshift st <- as©],[ r | LRGReducer _ < as©]) of
([1,rs) -> "Reduce " ++ nkReds rs

([st],rs) -> "shift " ++ show st ++ " " ++ nkReds rs
wher e
ruler | ookupProdNo g r

VVVVVVVVVVVVVVVVVVVVYVVYVYVYV

| hs r = toGSym gsMap (fst4 $ rule r)

arity r = show $ length (snd4 $ rule r)

nkRed r = "(" ++ lhs r ++ ", " ++ arity r ++ ")"

nkReds rs = "[" ++ tail (concat [ "," ++ nkRed r | r <- rs ]) ++ "]"

Do the sane with the Happy goto table.

> witeGtoThl :: CGotoTable -> [(Int,String)] -> String
> writeGotoThl goTbl gsMap

> = unlines [ nkLines ]

> where

> name = "got 0"

> nkLi nes = concat $ map nkState (assocs goThl)

>

> nkState (i,arr)

> =unlines & filter (/="") $ map (nmkLine i) (assocs arr)

>

> nmkLi ne state (ntlnt, goto)

> = case goto of

> NoGoto -> ""

> Goto st -> concat [ startLine , show st ]

> wher e

> startlLine

> =concat [ ">" , nanme , " " , show state , " " , getGSym, " =" ]
> get GSym = t oGSym gsMap nt | nt

LS

Create the ©GSynbol © ADT for the synbols in the grammar

> nkGSynbols :: Grammar -> String
> nkGSynbols g = concat [ dec

> , tail $ concat [ "| " ++ sym++ " " | sym<- syns ]
> , tok

> , eof

> , der ]

> where

> syns = [ (token_nanmes g) ! i | i <- tail (non_termnals g) ]

> dec = "> data GSynmbol ="

> tok ="| HappyTok " ++ token_type g ++ " "

> eof ="| HappyECOF" ++ "\n"

> der ="> deriving (Show, Eq)"
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> nodul e GLRDecoder ( Tree(..) , trees , prTrees) where
> inport SetMap
> inport Maybe
> inmport List
> import <G.R Parser nodul e>
O/ = = m = m o m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eee o

Data types and structures

> data Tree a = TNode a [Tree a]

> |

> TLeaf a

> deriving Eq

e i i i

Show functi ons

> instance Show a => Show (Tree a) where
> show tree = showlree 0 tree

> showlree :: Showa => Int -> Tree a -> String

> showlTree i (TLeaf nc) = concat [ spc i , shownc , nl ]

> showlTree i (TNode nc trees)

> = concat [ spc i , shownc , nl , showSubTrees ]

> where

> showSubTrees = concat $ map (showTree (i+2)) trees

> nl ="\n"

>spc n=take n $ repeat © ©

R i T

Decodi ng process

prTrees :: G.RResult -> 10 ()
pr Trees (ParseError es) putStr $ "Parse Failed!\n" ++ show es
pr Trees (ParseK es fSM putStr $ show es ++ (unlines $ map show doTr ees)
wher e
doTrees = trees fSM

VVVVYV

\%

trees :: Forest -> [Tree GSynbol ]
trees fSM = let topNode = head $ indices fSM

\%

> in nkTree fSM topNode
> nkTree :: Forest -> Int -> [Tree GSynbol ]
> nkTree smflD
> = case (fromJust $ getElemfID sm of
> FNode nc [] -> [TLeaf nc]
> FNode nc fss -> nkNode nc sm fss
> nkNode :: GSynbol -> Forest -> [[Int]] -> [Tree GSynbol ]
> nkNode nc sm fss
> = [ TNode nc ts
> | fs <- fss
> , ts <- cross_prod (map (nkTree sm fs) ]
> cross_prod :: [[a]] -> [[a]]
> cross_prod [] =[[1]
:[ b

> cross_prod (as:ass) :bs | b <- as , bs <- cross_prod ass ]
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(Skel eton code provided by Paul Callaghan, used w th perm ssion)
> nodul e Forest ToDV (toDV) where

> i nmport Set Map

> inmport Main

> inmport DaVinci Types hiding (Edge(..) , Node(..))

> inmport qualified DaVinci Types (Edge(..) , Node(..))
> inport DaVinciAttributes

> show_gsynbol (HappyTok x) = show x

> show_gsynbol t = show t

> g2n (n, FNode x [bs])

> = nk_box id (show _gsymbol x)

> $ [ DaVinci Types.R (Nodeld $ show j) | j <- bs ]
> where

> id = shown

> g2n (n, FNode x bss)

> = nk_box id (show _gsymnbol x)

> $[ nk circle (id ++ "." ++ show i)

> [ DaVinci Types.R (Nodeld $ show j)
> | J < js]

> | (i,js) <- zip [0..] bss ]

> where

> id = shown

the follow ng create daVinci node representations

> nk_box = nk_node box_t

> nk _circle = nk_node circle_t

> nk_plain = nk_node text _t

> nk node a id nmts

> = DaVinci Types.N (Nodeld id) (Type "") [a,text nm

> $[ (nmk_edge idn) t | (n,t) <= zip[1l..] ts ]

> nk_edge id child_no t@DaVinci Types. R (Nodeld id2))

> = DaVinci Types. E (Edgeld eld) (Type "") [] t

> where

> eld = concat [id,":",id2,"(",show child no,")"]

> nk_edge id child_no t@DaVinci Types. N (Nodeld id2) _ _ )
> = DaVinci Types. E (Edgeld eld) (Type "") [] t

> where

> eld = concat [id,":",id2,"(",show child no,")"]

> toDV :: String -> 10 ()

> toDV s

> = do case (doParse s) of

> ParseOK _ f ->let dv = show $ map g2n $ assocs f
> in witeFile "out.daVinci" dv

> -> error "Parse Error!"
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> nodul e TreesToDV (toDV) where
> inport SetMap

> i mport GLRDecoder
> inmport Main

> inport DaVinci Types hiding (Edge(..) , Node(..))
> inport qualified DaVinci Types (Edge(..) , Node(..))
> inmport DaVinci Attributes

> show_gsynbol (HappyTok x) = show x
> show_gsynbol t = show t

> tree2DVNode tree_id = tree2DVNode_ (show tree_id ++ "R")

> tree2DVNode_ id (TLeaf x)
> = [ nk_box id (show _gsynbol x) [] ]

tree2DVNode_ id (TNode x chil dren)
= thisNode : concat [ tree2DVNode (id ++ showi) c
| (i,c) <- zip[1..] children ]

t hi sNode
chil dRefs
[ DaVinci Types.R (Nodeld $ id ++ showi) | (i,c) <- zip [1..] children ]

nmk_box id (show_gsynbol x) chil dRefs

>
>
>
> where
>
>
>

the follow ng create daVinci node representations

> nk_box = nk_node box_t
> nk_plain = nk_node text t

> nk node a id nmts
> = DaVinci Types.N (Nodeld id) (Type "") [a,text nm
> $[ (nmk_edge idn) t | (n,t) <= zip[1l..] ts ]

> nk_edge id child_no t@DaVinci Types. R (Nodeld id2))
> = DaVinci Types. E (Edgeld eld) (Type "") [] t

> where

> eld = concat [id,":",id2]

> toDV :: String -> 10 ()

> toDV s

> = do

> let p = doParse s

> case p of

> ParsedX _ f ->

> do

> let ts = trees f

> witeFile "out.daVinci" $ show (dvTrees ts)
> _ ->error "Parse Error!"

> where

> dvTrees ts = concat $ [ tree2DVNode i t | (i,t) <- zip [1..] ts ]
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nmodul e Main ( main
, doParse
, GLRResult(..)
, Forest
For est Node( . .)
, GSynbol (..)
, GLRResult(..)

wher e

i mport System
i mport NLToken <defined in a separate nodul e>
i mport NLLexer <defined in a separate nodul e>

}

%mame parse
% okentype { NLToken }

% oken
n { Noun $3$ }
Vs { StateOfBeingVerb $$ }
va { ActionVerb $$ }
pro { Pronoun $$ }
det { Det $%$ }
prep { Prep $$ }
adj { Adjective $3$ }
adv  { Adverb $$ }
con { Conjunction $$ }
©© { Commu }
%
S . SP VP {}
| Scon S {1}
SP : NP {1}
VP . AVP {1}
| SBVP {1}
AVP . AV {1}
| AV O ADVP {} --1 sawhimin the park / | hit himhard
| AV IDO O {1}
AV : ADVP va ADVP { }
SBVP : vs {1}
| vs O {1} -- ama cold person
| vs adj {} -- amcold
| vs PP {1} -- amin the bath
ADVP : adv con ADVP { } -- gently and carefully
| adv ADVP {1}
| PP ADVP {1}
I {}
(0] : NP {1}
IDO : NP {1}
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NP : pro {1}
| det N {}
| NP PP {}

N : NN {1}
| ADJ N { }
| n {}

ADJ : adj © © ADJ {1}
| adj ADJ {1}
| adj {}

PP : prep NP {}

{

doParse = parse. nLLexer

main :: 10 ()

mai n = do

S:_ <- getArgs

case parse (nLLexer s) of

ParseOK es f -> putStr $ "OK " ++ show es ++ "\n" ++ show f ++ "\n"
ParseError es -> putStr $ "ERROR " ++ show es ++ "\n"



