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Chapter 1

Introduction

“Thorns and roses grow on the same tree.”

Turkish proverb

Context-free grammars are widely used in software engineering to define a broad

range of languages. However, they have the undesirable property that they can be

ambiguous, which, if unknown, can seriously hamper their use. Automated ambiguity

detection is therefore a very welcome tool in grammar development environments or

language workbenches. The goal of this thesis is to advance ambiguity detection to a

level that is practical for use on grammars of real programming languages. We first in-

vestigate which criteria define the practical usability of an ambiguity detection method,

and use them to evaluate existing methods. After that we present new approaches that

improve upon the state of the art in terms of accuracy, performance, and report quality.

We formally prove the correctness of our approaches and experimentally validate them

on grammars of real programming languages. This chapter describes the motivation

for this work and gives an overview of the thesis.

1.1 Introduction

Before presenting the research questions and contributions of this thesis, this section first gives
a quick introduction into the field of ambiguity detection for context-free grammars.

1.1.1 Context-Free Grammars and Parsing

Context-free grammars form the basis of many language processing systems. They were
originally designed by Chomsky [Cho56] for describing natural languages, but were soon
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Figure 1.1: Two different parser architectures: hand-written parsers (a) are loosely based on
a grammar, while traditionally generated parsers (b) are directly generated from a formal
grammar definition. The generated parsers require a scanner that first subdivides the input text
into a stream of tokens.

adopted in the area of computer languages. In 1959 John Backus described the syntax of the
ALGOL 58 programming language in a context-free grammar formalism that would later be
named BNF: Backus-Naur Form. At first BNF grammars were only used for documentation
purposes, but shortly after people began to use them for the automatic generation of compilers.
This was already the case for the ALGOL 60 language and its variants.

Nowadays, context-free grammars are used in much more software engineering activities,
ranging from software construction to reverse engineering and reengineering. They play a cen-
tral role in the development of compilers, interpreters, interactive development environments
(IDEs), tools for source code analysis, source-to-source transformation, refactorings, etcetera,
all for different types of languages like programming languages, data definition languages,
specification languages, and domain specific languages [KLV05].

In most cases, language applications deal with source code that is formatted as plain text.
However, they often also require the semantics of the code, which can be derived from its
syntactic or grammatical structure. The process of recovering the grammatical structure of
plain text code into a parse tree or abstract syntax tree is called parsing, and is executed by a
parser. Parsers can be crafted by hand, but can also be automatically generated from a context-
free grammar. The main advantage of the latter approach is that the language definition can be
separated from the parsing algorithm. Context-free grammars are a much more declarative way
of describing languages than the program code of a parser. They allow for easier development
and maintenance of the generated parsers. Furthermore, a parser generator can be reused for
different grammars, and individual grammars can be used for other purposes as well [KLV05].

Figure 1.1 shows the differences in architecture between a hand-written parser and a
generated parser. Traditionally, generated parsers require a scanner to first subdivide their
input text into a stream of tokens. These scanners are typically also generated, using an-
other definition of the lexical syntax of a language. More recently developed scannerless

parsers [SC89, vdBSVV02] do not require this separate pre-processing step, as is shown in
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Figure 1.2: Architecture of a scannerless generalized parser. The parser requires no scanner,
because it directly parses the characters of its input text from a character-level grammar.

Figure 1.2. Instead, they directly parse their input text using a character-level grammar, which
includes both lexical and context-free definitions. This has the advantage that a language can
be completely defined in a single formalism.

1.1.2 Ambiguity

Context-free grammars generate languages through recursion and embedding, which makes
them a very suitable formalism for describing programming languages. Furthermore, there are
many efficient parsing techniques available for them. However, context-free grammars have
the undesirable property that they can be ambiguous.

A grammar is ambiguous if one or more sentences in its language have multiple distinct
parse trees. The structure of a parse tree is often the basis for the semantic analysis of
its sentence, so multiple parse trees might indicate multiple meanings. This is usually not
intended, and can therefore be seen as a grammar bug. As an example, figure 1.3 shows an
often occuring grammar bug: the ‘dangling-else’ ambiguity.

Using ambiguous grammars can lead to different kinds of problems during semantic
analysis. For instance, a compiler could give a different interpretation to a piece of source code
than the programmer that wrote it. This can lead to unintended behaviour of the compiled code.
In other cases, a compiler might be unable to compile a piece of source code that perfectly
fits the language specification, because it simply does not expect the ambiguity or its parser
reports the ambiguity as a parse error. To avoid situations like this, it is important to find all
sources of ambiguity in a grammar before it is being used.

1.1.3 Ambiguity Detection

Searching for ambiguities in a grammar by hand is a very complex and cumbersome job.
Therefore, automated ambiguity detection is a very welcome tool in any grammar development
environment. However, detecting the ambiguity of a grammar is undecidable in general [Can62,
Flo62, CS63]. This implies that it is uncertain whether the ambiguity of a given grammar can
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Figure 1.3: The ‘dangling-else’ ambiguity. This figure shows two possible parse trees of the
code snippet on the left. In the left parse tree the else-statement is paired with the first if
statement, in the right tree the else statement is paired with the second if statement. Depending
on the parse tree that is chosen by the compiler, this piece of code will be executed differently.

be determined in a finite amount of time. Fortunately, this does not necessarily have to be a
problem in practice.

Several ambiguity detection methods (ADMs) exist that approach the problem from
different angles, all with their own strengths and weaknesses. Because of the undecidability
of the problem there are general tradeoffs between accuracy and termination, and between
accuracy and performance. The challenge for every ADM is to give the most accurate and
understandable answer in the time available.

Existing ADMs can roughly be divided into two categories: exhaustive methods and
approximative ones. Methods in the first category exhaustively search the language of a
grammar for ambiguous sentences. There are various techniques available [Gor63, CU95,
Sch01, AHL08, Jam05] for this so-called sentence generation. These methods are 100%
accurate, but a problem is that they never terminate if the grammar’s language is of infinite
size, which usually is the case in practice. They do produce the most accurate and useful
ambiguity reports, namely ambiguous sentences and their parse trees.

Methods in the approximative category sacrifice accuracy to be able to always finish in
finite time. They search an approximation of the grammar or its language for possible ambigu-
ity. The currently existing methods [Sch07b, BGM10] all apply conservative approximation
to never miss ambiguities. However, they have the disadvantage that their ambiguity reports
can contain false positives.

1.1.4 Goal of the Thesis

The current state of the art in ambiguity detection is unfortunately not yet sufficiently practical
on grammars of realistic programming languages, especially those used for scannerless parsers.
The goal of this thesis is therefore to advance ambiguity detection to a more practical level. We
first investigate which criteria define the practical usability of ADMs, and use them to evaluate
existing methods. After that we present new approaches that improve upon the state of the art
in terms of accuracy, performance, and report quality. We formally prove the correctness of
our approaches or experimentally validate them on grammars of real programming languages.
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1.2 Motivation

This work is motivated by the fact that ambiguity poses problems with many different types of
parsers. Depending on the parsing technique, these problems present themselves in different
ways. In this section we discuss the problems of ambiguity for the most commonly used
techniques, with a special focus on scannerless generalized parsing.

1.2.1 Deterministic Parsers

Although it might not seem so at first sight, ambiguity is a real problem for deterministic
parsers like LL [Knu71], LR [Knu65] or LALR [DeR69]. The reason for this is that many
parser implementations do not require their input grammars to exactly fit their required
grammar class. Instead, they allow for conflicts in their internal representation. These conflicts
mark points during parsing where the next parse action cannot be chosen deterministically.
This can be a result from non-determinism in the grammar, but also from ambiguity.

The way these conflicts are solved during parsing is by choosing an action based on certain
heuristics. This way the parser can always continue with constructing a valid parse tree.
However, if the grammar is ambiguous there might be other parse trees for the same input
text as well, and it is unclear whether or not the produced tree is the right one. This could for
instance lead to the problem where a compiled program executes in a different way than its
programmer intended. Since ambiguities remain hidden by the parser, it can take very long for
these kinds of bugs to be noticed.

1.2.2 Backtracking Parsers

Backtracking parsers, like for instance Packrat parsing [For04] or LL(*) [PF11], suffer from
the same problem. In case of a parse error, these parsers backtrack to the last encountered
conflict, and continue with the next possible action. This process is repeated until they find the
first parse tree that fits their input. Again, if the used grammar is ambiguous, it is hard to tell
whether or not this is the parse tree that the grammar developer intended.

1.2.3 Generalized Parsers

Generalized parsing techniques, like Earley [Ear70], GLR [Tom85, NF91] and GLL [SJ10],
but also parser combinators [Hut92], have the advantage that they do report ambiguity, because
they always return all the valid parse trees of their input text. This set of parse trees is commonly
refered to as a parse forest. However, if the parse forest returned by the parser contains an
ambiguity that was not expected by the following analyses or transformations, the forest
cannot be processed further. A compiler will thus not produce incorrect binaries, for example,
but is simply unable to compile its input program.

1.2.4 Scannerless Generalized Parsers

A special type of generalized parsers that are particularly sensitive to ambiguity are scannerless
generalized parsers. Instead of using a scanner, these parsers directly parse their input
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characters using a character-level grammar. Examples of character-level grammar formalisms
are SDF2 [HHKR89, Vis97] and RASCAL [KvdSV11].

Among other advantages, character-level grammars can be used to describe languages
that originally were not designed to be parsed using a generated scanner. This makes them
very suitable for the reverse engineering of legacy languages, for instance those that do not
apply keyword reservation (PL/I) or longest match (Pascal). However, to also be able to
describe languages that do require these scanner heuristics, character-level grammars may be
annotated with so-called disambiguation filters [KV94]. These filters allow for the removal of
unwanted parse trees of ambiguous strings, without modifying the structure of the grammar.
If applied right, they filter all but one parse tree of an ambiguous string, thus solving the
ambiguity. Many of the typical scanner heuristics can be mimicked with disambiguation filters,
for instance longest match using follow restrictions, or keyword reservation using rejects. This
makes scannerless parsers suitable for parsing traditional deterministic languages, as well as
non-deterministic (legacy) languages.

Unfortunately, the downside of not using a scanner is that character-level grammars
are more “ambiguity-prone”. In cases where scanner-like heuristics are needed, lexical
determinism needs to be declared manually with disambiguation filters. Especially for large
languages it can be hard to check whether all lexical ambiguities are solved. Therefore,
automated ambiguity detection would be especially helpful when developing character-level
grammars.

1.3 Research Questions

In this thesis we investigate ambiguity detection methods for context-free grammars. We
focus on traditional token-based grammars as well as character-level grammars. Our goal
is to advance ambiguity detection to a level that is practical for use on grammars of real
programming languages. The following sections describe the ideas we explore and the
research questions that guide our investigation.

1.3.1 Measuring the Practical Usability of Ambiguity Detection

Despite the fact that ambiguity detection is undecidable in general, we would like to know
whether approaches exist that can be useful in practice. For this we need a set of criteria to
evaluate the practical usability of a given ambiguity detection method. These criteria enable us
to compare different detection methods and evaluate the benefits of new or improved methods.
This leads us to the first research question:

Research Question 1

How to assess the practical usability of ambiguity detection methods?

After we find such criteria, the next logical step is to evaluate existing methods. This will
give insight into whether or not useable methods already exist, and may point at directions for
improvements. The second question therefore is:
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Research Question 2

What is the usability of the state-of-the-art in ambiguity detection?

These two questions are both addressed in Chapter 2. It starts by discussing a list of criteria
for practical usability. Then the implementations of three ambiguity detection methods are
tested on a set of benchmark grammars. Their scores on each of the criteria are measured and
analyzed, and the methods are compared to each other.

1.3.2 Improving the Practical Usability of Ambiguity Detection

The criteria that arise from the first research question direct the areas in which we can improve
the practical usefulness of ambiguity detection. From the five criteria that we defined in
Chapter 2, we will mainly focus on the following three: performance, accuracy, and report
quality. This leads us to the next research questions:

Research Question 3

How to improve the performance of ambiguity detection?

The goal of this question is to find faster searching techniques that require less memory.

Research Question 4

How to improve the accuracy of approximative ambiguity detection?

Approximative ADMs trade in accuracy so they can always terminate. The goal of this question
is to find methods that produce less false positives or false negatives.

Research Question 5

How to improve the usefulness of ambiguity detection reports?

With a useful report we mean any information that helps the grammar developer with under-
standing and solving his ambiguities. The goal of this question is to find more useful types of
reporting, and ways of producing them.

Since the ambiguity problem for CFGs is undecidable in general, there will never be a final
answer to these questions. However, the goal of this thesis is to sufficiently improve ambiguity
detection to a level that is practical for context-free grammars of programming languages. The
advances we have made towards this goal are summarized in the next section.

1.4 Overview of the Chapters and Contributions

The contributions of this thesis are distributed over the following chapters:
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Chapter 2. The Usability of Ambiguity Detection Methods for Context-Free Grammars

This chapter presents a set of criteria to assess the practical usability of a given ambiguity
detection method, which answers research question 1. After that, it contributes to research ques-
tion 2 by evaluating the usability of three exisiting methods on a set of benchmark grammars.
The methods under investigation are the sentence generator AMBER by Schröer [Sch01], the
Noncanonical Unambiguity Test by Schmitz [Sch07b], and the LR(k) test by Knuth [Knu65].

Chapter 3. Faster Ambiguity Detection by Grammar Filtering

This chapter presents AMBIDEXTER, a new approach to ambiguity detection that combines
both approximative and exhaustive searching. We extend the Noncanonical Unambiguity Test
by Schmitz [Sch07b] to enable it to filter harmless production rules from a grammar. Harmless
production rules are rules that certainly do not contribute to the ambiguity of a grammar.
A filtered grammar contains the same ambiguities as the original, but can be much smaller.
Because of this smaller search space, exhaustive methods like sentence generators will be
able to find ambiguities faster. We experimentally validate an implementation of our grammar
filtering technique on a series of grammars of real world programming languages. The results
show that sentence generation times can be reduced with several orders of magnitude, which
is a contribution to research question 3.

Chapter 4. Tracking Down the Origins of Ambiguity in Context-Free Grammars

This chapter contains the theoretical foundation of the grammar filtering technique presented
in Chapter 3. We show how to extend both the Regular Unambiguity (RU) Test and the
more accurate Noncanonical Unambiguity (NU) Test to find harmless production rules. With
the RU Test our approach is able to find production rules that can only be used to derive
unambiguous strings. With the NU Test it can also find productions that can only be used to
derive unambiguous substrings of ambiguous strings. The approach is presented in a formal
way and is proven correct.

We show that the accuracy of the grammar filtering can be increased by applying it in
an iterative fashion. Since this also increases the accuracy of the RU Test and NU Test in
general, this is a contribution to research question 4. Furthermore, harmless production rules
are helpful information for the grammar developer, which contributes to research question 5.

Chapter 5. Scaling to Scannerless

This chapter presents a set of extensions to the grammar filtering technique to make it suitable
for character-level grammars. Character-level grammars are used for generating scannerless
parsers, and are typically more complex than token-based grammars. We present several
character-level specific extensions that take disambiguation filters into account, as well as a
general precision improving technique called grammar unfolding. We test an implementation
of our approach on a series of real world programming languages and measure the improve-
ments in sentence generation times. Although the gains are not as large as in Chapter 3, our
technique proves to be very useful on most grammars.
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This is again an advancement related to research question 3. Furthermore, the presented
extensions also improve the accuracy of filtering harmless production rules from character-level
grammars, which is a contribution to research question 4.

Chapter 6. Implementing AMBIDEXTER

This chapter presents our tool implementation of AMBIDEXTER. The tool was developed to
experimentally validate our grammar filtering techniques, but also to be used in real grammar
development. The tool consists of two parts: a harmless production rule filter, and a parallel
sentence generator. We discuss the architecture as well as implementation details of both of
these parts, and finish with advise for their usage. Special attention is given to the performance
of our tool, which forms a contribution to research question 3.

Chapter 7. Parse Forest Diagnostics with DR. AMBIGUITY

Once an ambiguity detection method finds an unwanted ambiguity, it should be removed from
the grammar. However, it is not always straightforward for the grammar developer to see
which modifications solve his ambiguity and in which way. This chapter presents an expert
system called DR. AMBIGUITY, that can automatically propose applicable cures for removing
an ambiguity from a grammar.

After giving an overview of different causes of ambiguity and ambiguity resolutions, the
internals of DR. AMBIGUITY are described. The chapter ends with a small experimental
validation of the usefulness of the expert system, in which it is applied on a realistic character-
level grammar for Java. By proposing a technique that helps in understanding and resolving
found ambiguities, this chapter addresses research question 5.

1.5 Origins of the Chapters

• Chapter 2 is published in the Proceedings of the Eighth Workshop on Language Descrip-
tions, Tools and Applications (LDTA 2008) [Bas09].

• Chapter 3 is published in the Proceedings of the Tenth Workshop on Language Descrip-
tions, Tools and Applications (LDTA 2010) [BV10]. It was co-authored by Jurgen Vinju.

• Chapter 4 is a revised version of a paper published in the proceedings of the Seventh
International Colloquium on Theoretical Aspects of Computing (ICTAC 2010) [Bas10].

• Chapter 5 is published in the proceedings of the Fourth International Conference on
Software Language Engineering (SLE 2011) [BKV11]. It was co-authored by Paul Klint
and Jurgen Vinju.

• Chapter 6 is based on a tool demonstation paper that is published in the proceedings of
the Tenth IEEE Working Conference on Source Code Analysis and Manipulation (SCAM
2010) [BvdS10]. This paper was written together with Tijs van der Storm.

• Chapter 7 is published in the proceedings of the Fourth International Conference on
Software Language Engineering (SLE 2011) [BV11]. It was co-authored by Jurgen Vinju.




