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IMPACT i

Preface

This report describes research done in the context of a subproject of the HPCN project
IMPACT. The IMPACT project is headed by the ING bank and is founded by the
organization for High Performance Computing and Networking (HPCN). The aim of
the specific subproject, in the context of which this report has been written, is to
develop (techniques for) natural language interfaces to information resources, focusing
on the use of high-performance computers to achieve acceptable response times. This
report is part of the “Parallel Parsing I” research topic.
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Chapter 1

Introduction

The demand for increasingly complex natural language processing systems has stim-
ulated the research of using parallel architectures for such systems. The belief in the
feasibility of efficient parallel natural language processing has been encouraged by the
observation that humans themselves process at least some parts of language in parallel
(see note [NH96]).

Parsers, which can be used for both syntactic and semantic processing, are one of the
essential components of natural language processing systems. At this time, parsers for
attribute-value grammars seem most appropriate for this task. Such parsers can cover a
wide variety of different formalisms that are used today for natural language processing.
Therefore, our research will initially focus on the implementation of practical parallel
parsers for such grammars.

Basically, attribute-value grammars consist of a context-free backbone augmented
with term unification. Both aspects appear in parsers for such grammars as separate
components. Therefore, making parallel implementations of parsers for such grammars
requires (at least at first) separate treatment of those components. In this report we
will focus on the parallelization of one of these components: the context-free backbone.
Parallelization of parsers for full attribute-value grammars will be the topic of further
research.

The ultimate objective of our research is to obtain a dialog system—and to gain
knowledge about techniques for making such a system—that can be used to query a
relational database. Such systems allow a user to engage in a dialog and ask a question
that the system will have to translate to a query language, e.g. SQL. Dialog systems
with workable response times are of main interest, hence the research will initially focus
on parallelization techniques.

There is a large gap between the theory and practice of natural language processing.
Linguistic and computer science theorists attach great value to properties like complete-
ness of the parser. In reality, the prevalent requirement is that a dialog system can
engage in an efficient and co-operative dialogue ([vdBAK+96]). In other words: it has
to work. For example, [vdBAK+96] notes a dialog interface is successful if a user feels
comfortable with the dialog interface. Even if the dialog interface uses a restricted
language, as long as the user is comfortable with it, it is an acceptable system. Never-
theless, efficient parsers are still of great importance. Initially, our research will mainly
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2 1 Introduction IMPACT

focus on the development of efficient parallel parsers.
There are several circumstantial aspects that are of influence on our research. First,

previous research at the university has resulted in a Dutch grammar. Reusing such a
grammar saves a great deal of effort. On the other hand, reuse may also limit the
possible parsing techniques from which one can choose.

Second, the dialog system will most likely be used in an environment which includes
an n-CUBETM. Therefore, effort will be needed in the research of parallel parsing using
a hypercube architecture.

The rest of the report is structured as follows. Chapter 2 covers some basic notions
of parallel context-free parsing in the context of natural language processing and some
methodologies for parallel processing. Chapter 3 gives an overview of different parsing
methods within the framework of parsing schemata. Within this framework, parsers
can be specified independent of their algorithmic aspects. Chapter 4 discusses different
approaches to parallelizing parsing algorithms. Many of such approaches are more or
less independent of the underlying parsing method. So, whereas chapter 3 discusses
some parsing methods in detail, chapter 4 discusses some approaches to the implemen-
tation of parallel parsing algorithms. Finally, chapter 5 presents some conclusions and
suggestions for further research.
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Chapter 2

Basics

As mentioned in the introduction, context-free parsers are one of the two essential
components of parsers for attribute-value grammars. With attribute-value grammars,
non-terminals are allowed to be assigned attribute value pairs. The parsing of such
grammars requires term unification, in addition to mechanisms required for context-
free parsing. The context-free ‘backbone’ of parsers for AV grammars, however, remains
unchanged. In this report, we will limit our attention to parallel context-free parsing.
Parallel term unification will be subject of further research.

We continue this chapter with some terminology and notational conventions con-
cerning CFGs. In sections 2.2 and 2.3, we will discus some of the requirements and
points of attention in the development of parallel parsers and parsers for natural lan-
guage processing, respectively. In section 2.4, we discuss several general approaches to
parallelism.

2.1 Context-Free Grammars

A context-free grammar G ∈ CFG is defined as a 4-tuple 〈N,Σ, P, S〉, where N is the
set of non-terminal symbols, Σ the set of terminal symbols, with N ∩Σ = ∅, P the set
of production rules of the form N ⇒ (N ∪ Σ)∗, and S the start symbol. In addition,
we will often write V for N ∪ Σ.

We will use A,B, . . . to denote any non-terminal in N and we will use a, b, . . . to
denote any terminal in Σ. Occasionally, we will use X,Y, . . . to denote any element
in V = N ∪ Σ. An arbitrary string in V ∗ is denoted by α, β, . . . . We denote an
arbitrary string in Σ∗ (an input string) of length n by a1 . . . an. Finally, the empty
string is denoted by ε.

We will often consider a subclass of context-free grammars called the Chomsky
Normal Form . A grammar G is an element of CNF iff all p ∈ P are either of the
form A→ a or A→ BC. Every context-free grammar G for which ε /∈ L(G) can be
rewritten into an equivalent grammar in CNF .

A recognizer for a grammar G can determine whether an arbitrary string is an ele-
ment of the language L(G) produced by that grammar. In addition, a parser constructs
a parse tree in the case a string is recognized. Obviously, parsing a string is a more
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difficult task than merely recognizing a string. Nevertheless, we will often only consider
recognizers when referring to parsers, because it is often straightforward to convert a
recognizer into a parser or to obtain a parse tree from the data structures that were
already built by the recognizer.

Besides the desirable characteristics of soundness and completeness, there are sev-
eral design goals for parallel parsers and for parsers for natural language processing in
particular that need be mentioned.

2.2 Requirements for Parallel Parsers

In the field of parallel algorithms we can distinguish slow- and fast-parallelism. Slow-
parallelism aims at achieving speedups while keeping the processor-time product con-
stant, whereas fast-parallelism focuses on algorithms that run in polylogarithmic time.
In addition, a fast parallel algorithm is called feasible if it uses not more than a poly-
nomial number of processors. In practice, an algorithm can only be called feasible if it
requires no more than a linear or at most a quadratic number of processors.

In the design of practical parallel parsers the following measures are relevant.

Time Complexity One can either pursue slow- or fast-parallelism, depending on the
processor complexity one wishes to allow.

Processor Complexity The number of processors a certain algorithm requires.

Communication Complexity Parallel implementations or parsers seem to need ex-
tensive communication.

Space Complexity The amount of space that is required per processor.

A problem with the design of parallel algorithms is that reducing one of the complexities
often has the result of increasing an other. For example, optimizing time complexity
can result in an increasing processor complexity and hence possibly an increase in
communication complexity. Reducing the space complexity can result in an increased
communication complexity, because this often requires more sophisticated scheduling
policies.

2.3 Requirements for Parsers for NLP

Parsers can be used for a wide variety of applications. The most prevalent areas of
application are compiling and natural language processing. [dV93a] mentions several
differences between applications in these two areas, amongst which the thousands of
lines of code against sentences usually not longer than 30 words, the usually small,
unambiguous programming languages against highly ambiguous natural language, and
the often deep and highly skewed derivation trees of programs against fairly balanced
derivation trees in natural languages.

These differences yield differences for the requirements for the parsers. To be useful
for practical NLP applications we often want parsers to fulfill more requirements than
simply those of efficiency. The following list contains several requirements specific to
natural language processing.
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Handling of Ambiguities A parser should be capable of handling ambiguities, for
example, by returning all possible parse trees or finding the most likely parse.
An important quality of parsers is the capability of handling ambiguity without
much performance loss.

Robustness Humans make errors. A parser for natural language processing purposes
should be capable of dealing with minor errors, e.g., by finding useful partial
parses or determining a parse tree for the most likely intended sentence.

Class of Grammars The class of grammars that can be handled by the parser is
of interest, because extensions or limitations of context-free grammars can yield
improved performance.

If a parser is used on-line, for example within a dialog system, the following abilities
will increase its usefulness:

Incremental parsing This means that parsing can start before the complete input
string is known. This enables parsing to start while the sentence is still being
uttered.

Constant time complexity per word Constant time complexity per word is desir-
able, because this prevents temporary performance degradation, which may be
annoying to the user.

Undo capabilities Undo capabilities will allow a speaker (or better typist) to cor-
rect already uttered input. A parser with this capability is capable of reparsing
part of the input, without redoing already completed work as much as possible.
Undo capabilities usually appear as either backspacing capabilities or full undo
capabilities.

Throughout the report, we will mention the conformance to these requirements of any
parsing technique whenever it applies.

2.4 Types of Parallelism

For completeness, we will provide a succinct taxonomy of parallelization approaches.
The overview has large been taken from [AH94]. This taxonomy is based on the von
Neumann model of computation, generalizing the model to, e.g., SIMD and MIMD
architectures.

Control-Driven Parallelism

This paradigm conserves the serial nature of programming. Parallelism is introduced
either by smart compilers, which can recognize, for example, possible parallelism in
loops, or by explicit language constructs, which the programmer inserts in the basically
imperative program to indicate possible parallelism.

Because different threads are capable of altering variables that are shared amongst
the different processes, side-effects are common. This capability can cause serious diffi-
culties, but also provides powerful means of communication and sharing data structures
amongst the processes.
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Demand-Driven Parallelism

The demand-driven paradigm is based on a functional point of view. A program is
regarded as a collection of functions. As a consequence, there is no concept of state,
program counter, time dependence, or data storage. Side-effects are impossible.

The meaning of any expression is completely specified by the meaning of its subex-
pressions. This means that parallelism can easily be introduced at the level of subex-
pressions. All subexpressions can be assigned a separate processor, recursively. Par-
allelization comes entirely for free. Implementations of this strategy often use lazy
evaluation.

Data-Driven Parallelism

With data-driven parallelism, or data-flow programming, the exact order of dependen-
cies among the single operations is specified. Data flows through a network of opera-
tions, where the output of one operation is the input of an other. This scheme can be
used as both the principal means of design and a paradigm to parallelize control-driven
programs.

The essential difference with the control-driven approach is that the programmer
indicates which output is another computation’s input, instead of specifying which
operation should be executed before another. As a bonus, specifying data-dependencies
also yields the conditions that need to be satisfied to execute a particular instruction:
an instruction may be executed after all its inputs become available.

Both with the demand-driven and with the data-driven approach, the control is
specified implicitly. A big difference between the two, though, is that in the data-
driven model control flows bottom-up, whereas in the demand-driven model control
flows top-down.

Pattern-Driven Parallelism

With pattern-driven parallelism, an instruction is executed when certain conditions are
met. Typical examples of a pattern-driven approaches are production systems, which
are executed by means of the Match-Select-Act model. A formal approach to these
kind of systems can be found in logic programming systems, which are based on first
order logic. Since, usually, production system interpreters spend 90% of their time in
the Match step, parallelizing the Match step can yield the best performance increase.

We can distinguish tree approaches to the parallelization of logic programming
systems: OR-parallelism, AND-parallelism, and unification parallelism.

OR-parallelism Various solutions to a goal are evaluated by allowing the alterna-
tive clauses for a goal to be evaluated in parallel. With pure OR-parallelism
, the different parallel processes are independent of each other, and hence no
communication between the different processes are needed. In the OR-processes
approach, there are several objects that each are responsible for a piece of the
program (a subset of the parallel processes of pure OR-parallelism) . The pro-
cesses communicate by sending messages. This introduces overhead, but there is
more control over the granularity of the parallelism, and it is easy to mix OR-
and AND-processes.
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Obviously, OR-parallelism can only occur if the production rules exhibit non-
determinism. The limited amount of non-determinism that is encountered in
practice, along with performance concerns, has resulted in a shift towards AND-
parallelism ([AH94]).

AND-parallelism The execution of several goals of a clause in parallel. Contrary
to OR-parallelism, the amount of parallelism is independent of the amount of
non-determinism. A serious problem that occurs with AND-parallelism, though,
is the possibility of conflicts in the case the separate goals share variables. Full
AND-parallelism overcomes this problem by simply ignoring conflicts and joining
(relational algebra) the results of all the goals, so that only valid combinations re-
main. This approach, just as with OR-parallelism, produces all possible solutions,
and may therefore be time and memory consuming.

The approach for handling conflicts that is given by restricted AND-parallelism
is to avoid processing goals in parallel that share unbound variables. [AH94]
mentions some efficient implementations of this approach.

A radically different approach to conflict handling is used in stream parallelism .
Instead of avoiding conflicts, some form of communication is used to pass values
of variables. One approach is to pipeline the goals in a producer-consumer-like
fashion. As soon as a producer goal binds a variable, it is passed to its successor,
which can then start processing itself. [AH94] mentions some implementations of
this approach. Another approach is called cooperative parallelism, which allows
goals to be executed in parallel working on a single solution, using bidirectional
communication.

Unification parallelism Unification parallelism applies to the unification process as
it occurs in logic programming systems. With the unification parallelism ap-
proach, the unification of clauses in the database with the goal clause, including
terms, is parallelized. It is strongly believed that the unification problem is log-
space complete for P, which means the problem is inherently sequential (see,
e.g., [DKM84] and [Yas84]). Nevertheless, parallelizing term matching, obviously
a subproblem of unification, seems to be profitable. Amongst several others,
[AH94] mentions an implementation that requires O(n3) processors, running in
O(log2 n) time.

For an in depth coverage see [Kac90].

Object-Oriented Parallelism

With the object-oriented approach to parallelism, objects (as in object-oriented pro-
gramming) are considered as the units of parallelization. Objects do not have any
shared variables, and their only way to communicate is by sending messages (meth-
ods). This scheme closely corresponds to concurrent programming, where objects can
be seen as processes and messages can be seen as interprocess communication. The fo-
cus of this approach is on introducing parallelism by means of an effective distribution
of knowledge among multiple computing agents and a well designed communication
scheme.
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Spreading Activation Parallelism

Spreading activation parallelism, or more commonly, connectionism, is also common in
natural language processing. [Nij91] provides an overview of the different approaches
that have been pursued. See also section 4.4.
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Chapter 3

Parsing Methods

Different parsing methods often seem related, although from the specific algorithms
it is not clear how. Parsing schemata allow us to specify parsing methods at a level
between grammars and algorithms. This enables us to capture the essence of different
parsing techniques.

In section 3.1, we will give a concise overview of parsing schemata, along with some
of the associated theory. In addition, we will identify which variation of characteristics
of parsing methods affect the opportunities for parallel processing. The contents of this
chapter have largely been taken from [SN97]; for a full formal description of parsing
schemata, we refer to [Sik93b].

In the remainder of the section, we will list a wide variety of parsing methods, and
mention some interesting relations between them.

3.1 Introduction

Parsing schemata were originally developed to provide a unifying approach to context-
free parsing. The framework, however, can also be applied to parsing methods that
deal with grammars beyond the context-free category. This section covers some of the
parsing schemata theory, but is by no means complete. Its purpose is solely to be a
summary. Consequently, definitions may sometimes seem incomplete.

The subsections about filtering and generalization discuss the possibility of identify-
ing relations between parsing schemata of different parsing methods. The theory gives
a precise definition of what these generalizations and filters are. Once it is known how
one parsing method transforms into another, it is sometimes possible to apply similar
transformations to other methods. This allows, for example, desirable characteristics
of one method to be transferred to another, or a well-balanced average of two methods
to be obtained.

Finally, the subsection about parallel implementation addresses some parallel pars-
ing aspects in relation to parsing schemata.
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3.1.1 Parsing Schemata

Parsing schemata are inspired by the “item-based” approach to parsing. According to
this point of view, recognizing is a process of deducing a final set of items (possibly
representing complete parse trees) from an initial set of items (the hypotheses) by
means of a set of deduction rules. Different parsing methods use different items (item
domains), deduction rules, and sets of initial items. Most parsing methods, including
Earley-, LR-, and unification-style parsing methods, can effectively be interpreted as
item-based parsers.

Let us first define a parsing system, which is defined for a specific grammar and
input string.

Definition 3.1 (Parsing System). A parsing system P for some grammar G and
input-string a1 . . . an is a triple P = 〈I,H,D〉, in which

• I is the domain or item set of P, which specifies the allowed items. (The details
of the syntax of items may be different per schema.)

• H is a finite set of initial items, or hypotheses. (H need not be a subset of I.)

• D ⊆ ℘fin(H∪ I)×I is a set of production steps, where ℘fin(H∪ I) represents all
finite elements in the power-set of (H ∪ I).

Parsing systems define a parsing method for a specific grammar G and input
string a1 . . . an. Uninstantiated parsing systems are defined for an arbitrary input
string.

Definition 3.2 (Uninstantiated Parsing System). An uninstantiated parsing sys-
tem for a grammar G is a function that assigns a parsing system to any a1 . . . an ∈ Σ∗.
A uninstantiated parsing system is defined by a triple 〈I,H,D〉, where H is a function
that assigns a set of hypotheses to a string a1 . . . an ∈ Σ∗.

A function H is usually defined as

H(a1 . . . an) = {[a, i− 1, i] | a = ai ∧ 1 ≤ i ≤ n}. (3.1)

Definition 3.3 (Parsing Schema). A parsing schema for some (sub)class of context-
free grammars CG ⊆ CFG is a function that assigns an uninstantiated parsing system
to any grammar G ∈ CG.

In [SN97], parsing schemata are always specified by means of a parsing system,
after which this parsing system is generalized for all grammars and input strings. In
the remainder of this section, we will often simply use the parsing system notation for
parsing schemata, by which we implicitly assume that the definition holds for all G ∈
CG, for some class of grammars CG, and all input strings a1 . . . an ∈ Σ∗.

The following definitions are needed to specify generalizations and filters in the next
two subsections.

Definition 3.4 (Inference Relation `). For a given P = 〈I,H,D〉, the relation ` ⊆
℘fin(H ∪ I)× I is defined by

Y ` ξ if (Y ′, ξ) ∈ D for some Y ′ ⊆ Y. (3.2)
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Often, Y ` ξ is used, instead of {η1 . . . ηn} ` ξ, if Y = {η1 . . . ηn}.

Definition 3.5 (Deduction Sequence). A deduction sequence for a parsing sys-
tem P = 〈I,H,D〉 is a pair (Y ; ξ1, . . . , ξi−1) ∈ ℘fin(H ∪ I) × I+, such that Y ∪
{ξ1 . . . ξi−1} ` ξi, for 1 ≤ i ≤ j.

We will usually write Y ` ξ1 . . . ξj for (Y ; ξ1, . . . , ξj).

Definition 3.6 (Set of Deduction Sequences ∆). The set of deduction sequences ∆ ⊆
℘fin(H ∪ I)× I+ for P = 〈I,H,D〉 is defined by

∆ = {(Y ; ξ1, . . . , ξj) ∈ ℘fin(H ∪ I)× I+ | Y ` ξ1 ` · · · ` ξj}.

Armed with this knowledge, we can take a closer look at generalizations and filtering.

3.1.2 Generalization

Generalization can qualitatively improve parsing methods, by allowing a more fine-
grained look at the parsing process. The disadvantage is that the number of steps to
be performed increases.

Generalizations of parsing methods take the form of either refinements into a more
detailed parsing schema, or extensions to a larger class of grammars. [SN97] distin-
guishes three type of basic refinements: item refinements, step refinements, and exten-
sions. For the next definitions we will use parsing systems Pi = 〈Ii,Hi,Di〉, which are
associated with the relations ` and `∗ based on Di.

With an item refinement of a parsing schema P1 into P2, a single item of P1

is broken down into multiple items in P2, and the set of reduction steps is adapted
accordingly.

In the definition of item refinements, we make use of an item mapping. An item
mapping f : I2 → I1 simply maps items of P2 to items of P1. Its definition can be
extended to sets of items as follows:

f(Y ) = {ξ ∈ I1 | ∃η ∈ Y : f(η) = ξ}.

Similarly, we can extend its definition to a function f : I2 ∪ H → I1 ∪ H, where we
let f(h) = h, for all h ∈ H. We can now define f for the domain of deduction steps by
letting

f(η1, . . . , ηk ` ξ) = f(η1), . . . , f(ηk) ` f(ξ).

Similarly, we can extend f to deduction sequences, sets of deduction steps, and sets of
deduction sequences.

Definition 3.7 (Item Refinement). The relation P1
ir−→ P2 holds if there is an item

mapping f : I2 → I1 such that

1. I1 = f(I2),

2. ∆1 = f(∆2).
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Furthermore, the relation P1
ir=⇒ P2 holds if P1(G)(a1 . . . an) ir−→

P2(G)(a1 . . . an) for all P1 and P2 for a class of grammars CG, G ∈ CG, and a1 . . . an.

Condition 1 ensures that all items of the system to be refined are preserved; con-
dition 2 ensures that all deduction sequences of P1 have their equivalent in the refined
system.

With a step refinement, a single deduction step in P1 is broken down into a sequence
of reduction steps in P2, and new items are introduced if these are required to store
intermediate results. Step refinement is defined in a similar fashion as item refinement.

Definition 3.8 (Step Refinement). Similar as item refinement, but now P1
sr−→ P2

holds if

1. I1 ⊆ I2,

2. `∗1⊆`∗2.

For condition 2 it suffices to take D1 ⊆ `∗2, which means: a single deduction step
in P1 is emulated by a sequence of deduction steps in P2. The choice for the given
condition is merely because of symmetry.

These two generalizations together are called refinement:

Definition 3.9 (Refinement). For any P1 and P2 for a class of grammars CG, rela-
tion P1

ref==⇒ P2 holds if there is a parsing schema P′ such that P1
ir=⇒ P′ sr=⇒ P2.

A parsing schema P2 is called an extension of P1, if it is defined for a larger class
of grammars.

Definition 3.10 (Extension). Let P1 be a parsing schema for a class of grammars CG1,
and let P2 be a parsing schema for a class of grammars CG2 ⊇ CG1. Then P1

ext==⇒ P2

holds if P1(G) = P2(G) for all G ∈ CG1.

Definition 3.11 (Generalization). Let P1 be a parsing schema for a class of gram-
mars CG1, and let P2 be a parsing schema for a class of grammars CG2 ⊇ CG1. Then re-
lation P1

gen
==⇒ P2 holds if there is a parsing schema P′ such that P1

ref==⇒ P′ ext==⇒ P2.

3.1.3 Filtering

Filtering can be regarded as the converse of generalization. The overall goal of filtering
is usually to reduce the number of steps that is needed to complete the parsing, which
can be accomplished by both reducing the number of items and reducing the number
of deduction steps. It is often possible to discard items or deduction steps without
weakening the generality of the parser. Such optimization can lead to more efficient
algorithms, but also to more complicated descriptions of the parsing schema.

[SN97] distinguishes also three types of filters: static filtering, dynamic filtering,
and step contraction. With static filtering redundant parts of the schema are simply
discarded. We define static filtering as follows.

Definition 3.12 (Static Filtering). The relation P1
sf−→ P2 holds if
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1. I1 ⊇ I2,

2. D1 ⊇ D2.

Furthermore, the relation 1 sf=⇒ 2 holds if P1(G)(a1 . . . an) sf−→ P2(G)(a1 . . . an) for
all P1 and P2 for a class of grammars CG, G ∈ CG, and a1 . . . an.

Dynamic filtering allows taking context information into account. For example, if
we know that a partial parse, represented by an item ξ, is only correct if ζ is a valid
item, we can replace the reduction steps η1, . . . , ηk ` ξ by η1, . . . , ηk, ζ ` ξ. An example
of dynamic filtering is look-ahead . Dynamic filtering is defined as follows.

Definition 3.13 (Dynamic Filtering). Similar to static filtering, but here P1
df−→

P2 holds if

1. I1 ⊇ I2,

2. `1⊇`2.

Static filtering and dynamic filtering relate to each other in the following way. Static
filters only take grammar structure into account. Since it is independent of the input
sentence, optimizations can be carried out at compile time. Dynamic filtering, on the
other hand, may use the input sentence at hand to filter more items. Hence, dynamic
filtering is inherently run-time.

Finally, step contraction means the replacement of sequences of reduction steps by
single reduction steps. It is the most powerful of the filtering methods. It is also the
inverse of step refinement.

Definition 3.14 (Step Contraction). Similar to static filtering, but here P1
sc−→ P2

holds if

1. I1 ⊇ I2,

2. `∗1⊇`∗2.

3.1.4 Parallel Implementation

Finally, we would like to make some remarks concerning parallel implementations of
parsing methods. Usually, bottom-up parsers are considered more suitable for paral-
lelization then top-down parsers. Top-down usually requires a centralized control that
thwarts parallel execution.

Dynamic filtering usually has the effect of making a parsing method more top-
down. Although dynamic filtering may seem to improve the performance at first, it
can also reduce the possibilities for parallel processing. By using, for example, the
predict deduction step, both the possible computation order of cells is restricted and
a more complex communication pattern of processors is needed. This phenomenon is
discussed in more detail in section 4.2.3.

It would be interesting to investigate for what reasons some parsing methods are
better suited for the implementation of parallel parsers than others.

IMPACT-NLI-1997-1



14 3 Parsing Methods IMPACT

3.2 CYK Parsing

The parsing schema CYK is defined by a parsing system PCYK, for all G ∈ CNF
and a1, . . . , an ∈ Σ∗. The class of grammars CNF is a subclass of CFG which is
restricted to the so-called Chomsky Normal Form. Since all grammars in CFG can be
transformed to a grammar in CNF , and because of its simplicity, CYK is still a much
used parsing method. CYK can be defined as follows.

Parsing Schema 3.1 (CYK).

ICYK = {[A, i, j] | A ∈ N ∧ 0 ≤ i < j}

HCYK = {[a, i− 1, i] | a = ai ∧ 1 ≤ i ≤ n}

D(1) = {[a, i− 1, i] ` [A, i− 1, i] | A→a ∈ P}

D(2) = {[B, i, j], [C, j, k] ` [A, i, k] | A→BC ∈ P}

DCYK = D(1) ∪D(2)

3.3 Rytter and OCYK Parsing

One of the factors that influences the time complexity of many parsers is the depth of
the parse tree. The depth of a parse tree can vary from log2 n to n. Rytter’s parser
has the interesting property that it can parse in O(log2 n) time using O(n6) processors,
independent of the depth of the parse tree.

Rytter’s parsing method is a step refinement of CYK. The step refinement ensures
the existence of a balanced parse tree. This is accomplished by introducing many
redundancies, which explains the large number of processors that is required.

Since Rytter is a step refinement of CYK, it is only defined for CNF . It is possible,
however, to apply a similar step refinement to any item-based parser. Under the right
circumstances, a new parallel algorithm for the resulting parsing methods can parse in
polylogarithmic time, provided that a sufficient number of processors is available.

Rytter refines CYK as follows:

[B, i, j], [C, j, k] ` [A, i, k]

refines to

[B, i, j] ` [A, i, k;C, j, k]
[A, i, k;C, j, k], [C, j, k] ` [A, i, k]

The complete schema becomes

Parsing Schema 3.2 (Rytter).

Irecognized = {[A, i, j] | A ∈ N ∧ 0 ≤ i < j}
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Iconditional = {[A, h, k;B, i, j] | [A, h, k] ∈ Irecognized ∧ [B, i, j] ∈ Irecognized

∧h ≤ i < j ≤ k ∧ (h 6= i ∨ j 6= k)}

IRytter = Irecognized ∪ Iconditional

DInit = {[a, i− 1, i] ` [A, i− 1, i] | A→a ∈ P}

DActivate1 = {[B, i, j] ` [A, i, k;C, j, k] | A→AB ∈ P}

DActivate2 = {[C, j, k] ` [A, i, k;B, i, j] | A→AB ∈ P}

DCombine = {[A, h,m; , B, i, l], [B, i, l;C, j, k] ` [A, h,m;C, j, k]}

DPebble = {[A, h, k;B, i, j], [B, i, j] ` [A, h, k]}

DRytter = DInit ∪DActivate1 ∪DActivate2 ∪DCombine ∪DPebble

Items of the form [A, i, j] represent the recognition of a part of the input string ai . . . aj
for a non-terminal A. Items of the form [A, h, k;B, i, j] represent the recognition of
a part of the input string ah . . . ak for a non-terminal A, except for the part ai . . . aj ,
which still needs to be filled with a substring recognized by B ⇒∗ ai . . . aj .

There is one interesting parsing method in between CYK and Rytter, which is
particularly well-suited for parallel on-line parsing. With on-line parsing, symbols
arrive from left to right. This gives rise to the idea of restricting Rytter items to allow
only open parts on the right. This radically reduces the number of possible items.

The resulting parsing method, OCYK (see [Sik93a]), is given in the following
schema.

Parsing Schema 3.3 (OCYK).

Irecognized = {[A, i, j] | A ∈ N ∧ 0 ≤ i < j}

Iconditional = {[A, h, k;B] | A,B ∈ N ∧ 0 ≤ i < j}

IOCYK = Irecognized ∪ Iconditional

DInit = {[a, i− 1, i] ` [A, i− 1, i] | A→a ∈ P}

DPropose = {[B, i, j] ` [A, i, j;C] | A→AB ∈ P}

DCombine = {[A, i, j;B], [B, j, k;C] ` [A, i, k;C]}

DRecognize = {[A, i, j;B], [B, j, k] ` [A, i, k]}

DOCYK = DInit ∪DPropose ∪DCombine ∪DRecognize

The relation CYK sf=⇒ OCYK sf=⇒ Rytter holds. In [Sik93a] an algorithm based
on this parsing schema is presented that can parse in O(1) per word, using O(n2)
processors.
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3.4 Earley Parsing

The Earley parsing method is inherently left to right. Instead of merely a non-terminal
symbol, as with CYK items, an Earley item holds an entire production. It uses a dot
in the right-hand side of the production to indicate up to which point a parse has
completed. The part left of the dot represents the part that is already parsed, and the
part right of the dot represents the part that still needs to be done. A dot at the end
of a production indicates that the entire production has been recognized. A dot can
be moved past a symbol as soon as an item that indicates the completed recognition of
that symbol is available. This is captured by the scan and complete deduction rules.
The init and predict deductions introduce possible candidates for parsing. The schema
is as follows.

Parsing Schema 3.4 (E).

IE = {[A→α•β, i, j] | A→αβ ∈ P ∧ 0 ≤ i ≤ j}

HE = {[a, i− 1, i] | a = ai ∧ 1 ≤ i ≤ n}

DInit = {` [S→ •γ, 0, 0]}

DPredict = {[A→α•Bβ, i, j] ` [B→ •γ, j, j]}

DScan = {[A→α•aβ, i, j], [a, j, j + 1] ` [A→αa•β, i, j + 1]}

DComplete = {[A→α•Bβ, i, j], [B→γ•, j, k] ` [A→αB•β, i, k]}

DE = DInit ∪DPredict ∪DScan ∪DComplete

This parser yields the following set of recognized items:

{[A→α•, i, j] | α⇒∗ ai . . . aj ∧ S ⇒∗ a1 . . . aiAγ for some γ}.

The parser recognizes the input string if [S→α•, 0, n], where α⇒∗ a1 . . . an.
The Earley schema, as presented, is inherently a top-down parser (top-down filter-

ing, see DInit and DPredict). As we discussed, this reduces the possibilities for paral-
lelization. We can obtain a purely bottom-up variant of E, by altering the deduction
steps of E. The replacement steps for the bottom-up Earley variant, short buE, are
given in the following schema.

Parsing Schema 3.5 (buE).

DInit = {` [A→ •γ, i, i]}

DScan = {[A→α•aβ, i, j], [a, j, j + 1] ` [A→αa•β, i, j + 1]}

DComplete = {[A→α•Bβ, i, j], [B→γ•, j, k] ` [A→αB•β, i, k]}

DbuE = DInit ∪DScan ∪DComplete
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This parser yields the following set of recognized items:

{[A→α•, i, j] | α⇒∗ ai . . . aj}.

The set of correct final items is identical to the set associated with E. Obviously, since
the DInit of buE produces more items than the Dinit and DPredict of E do together,
the set of items buE recognizes is larger than with E. This variant, however, is better
suited for parallel processing. The canonical Earley method can be obtained from
bottom-up Earley by applying a static filter, i.e., buE sf=⇒ E.

There are several other optimizations that we can apply to E. First, we consider the
possibility of incorporating a look-ahead. For this, we need to include a end-of-string
marker $ in our grammar. Given an arbitrary context-free grammar G ∈ CFG, for
which {S′, $} ∩ V = ∅, we define a new grammar G′:

N ′ = N ∪ {S′},

Σ′ = Σ ∪ {$},

P ′ = P ∪ {S′→S$},

G′ = 〈N ′,Σ′, P ′, S′〉 .

We now only have one final item, viz. [S′ → S•$, 0, n]. Furthermore, we define the
following function Follow : N → ℘(Σ′) by

Follow(A) = {a | ∃α, β : S′ ⇒∗ αAaβ}

We can now define the following schema.

Parsing Schema 3.6 (E(1)).

IE(1) = {[A→α•β, i, j] | A→αβ ∈ P ′ ∧ 0 ≤ i ≤ j}

HE(1) = {[a, i− 1, i] | a = ai ∧ 1 ≤ i ≤ n} ∪ {[$, n, n+ 1]}

DInit = {` [S′→ •S$, 0, 0]}

DPredict = {[A→α•Bβ, i, j] ` [B→ •γ, j, j]}

DScan = {[A→α•aβ, i, j], [a, j, j + 1] ` [A→αa•β, i, j + 1]}

DComplete = {[A→α•Bβ, h, i], [B→γ•, i, j], [a, j, j + 1]

` [A→αB•β, h, j] | a ∈ Follow(B)}

DE(1) = DInit ∪DPredict ∪DScan ∪DComplete

More sophisticated look-ahead filtering is possible, for example by using a ∈ First(βFollow(A))
or applying a similar filter to Dscan. This, however, is exactly the type of filtering
the SLR(1) parser uses. It can be shown that an SLR(1) parser is an implementation
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of E. However, an SLR(1) parser is, like an LR parser, defined for a subclass of CFG,
viz. deterministic context-free grammars. Finally, E df=⇒ E(1) holds.

Another optimization, by means of step contraction, is given by Graham, Harrison,
and Ruzzo. The parsing method comprises two optimizations:

• nullable symbols are skipped when the dot is worked rightwards through a pro-
duction;

• derivations of the form A⇒+ B (chain derivations) are reduced to single steps.

Its parsing schema is given in [SN97].

Parsing Schema 3.7 (GHR).

IGHR = {[A→α•β, i, j] | A→αβ ∈ P ∧ 0 ≤ i ≤ j}

DInit = {` [S→ •γ, 0, 0] | β ⇒∗ ε}

DScan = {[A→α•aβγ, i, j], [a, j, j + 1]

` [A→αaβ•γ, i, j + 1] | β ⇒∗ ε}

DC1 = {[A→α•Bβγ, i, j], [B→δ•, j, k]

` [A→αBβ•γ, i, k] | i < j < k ∧ β ⇒∗ ε}

DC2 = {[A→α•Bβγ, i, i], [C→δ•, i, j]

` [A→αBβ•γ, i, j] | i < jβ ⇒∗ C ∧ β ⇒∗ ε}

DPredict = {[A→α•Bβ, i, j] ` [C→α′•β′, j, j] | B ⇒∗ Cγ ∧ α′ ⇒∗ ε}

DE = DInit ∪DScan ∪DC1 ∪DC2 ∪DPredict

It can be proven that E sc=⇒ GHR holds.

3.5 Double Dotted Parsing

The Double Dotted Parser was originally introduced by [dVH89, dVH91]. Its main
characteristic is that it allows parsing not only from left to right, but also from right to
left. Parsing can start at any point in the input string. This makes the parsing method
well-suited for parallel processing.

Parsing Schema 3.8 (DD).

IDD = {[A→α•β•γ, i, j] | A→αβγ ∈ P

∧0 ≤ i ≤ j ∧ (β 6= ε or αγ = ε}

DInit = {[a, j − 1, j] ` [A→α•a•γ, j − 1, j]}

Dε = {` [B→ ••, j, j]}

DInclude = {[B→ •β•, i, j] ` [A→α•B•γ, i, j]}
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DConcatenate = {[A→α•β1•β2γ, i, j], [A→αβ1•β2•γ, j, k]

` [A→α•β1β2•γ, i, k]}

DDD = DInit ∪Dε ∪DInclude ∪DConcatenate

A valid item [A→α•β•γ] represents the fact that β ⇒∗ ai+1 . . . aj has been recognized.
An algorithm implementing this parsing method will perform many redundant op-

erations. in the worst case, a valid item of the form [A→α•β•γ], with |β| = m, can be
the result of an concatenation of two items m−1 times. Similarly, each of these smaller
items may have been obtained in various ways as well. To overcome this redundancy,
we can limit the concatenate step to allow only a single symbol to be concatenated to
the right. This is sufficient to parse any string. The replacement concatenate step for
the enhanced double dotted parser is shown in schema 3.9.

Parsing Schema 3.9 (DDlr).

DConcatenate = {[A→α•β•Xγ, i, j], [A→αβ•X•γ, j, k]

` [A→α•βX•γ, i, k]}

After further inspection, it becomes clear that many of the items in the domain
of DDlr can never be successfully used to obtain new valid items (viz. {[A→α•β•γ, i, j | |α| ≥
1 ∧ |β| ≥ 2}). By removing these items from the domain, and adjusting the deduction
steps accordingly, we obtain the following schema (for more details, see [SN97]).

Parsing Schema 3.10 (DDlro).

I(1) = {[A→α•X•γ, i, j] | A→αXγ ∈ P ∧ 0 ≤ i ≤ j}

I(2) = {[A→Xβ•γ, i, j] | A→Xβγ ∈ P ∧ 0 ≤ i ≤ j}

I(3) = {[A→ ••, j, j] | A→εP ∧ j ≥ 0}

IDDlro = I(1) ∪ I(2) ∪ I(3)

DInit = {[a, j − 1, j] ` [A→α•a•γ, j − 1, j]}

Dε = {` [B→ ••, j, j]}

DInclude = {[B→ •β•, i, j] ` [A→α•B•γ, i, j]}

DConcatenate = {[A→ •α•Xγ, i, j], [A→α•X•γ, j, k] ` [A→ •αX•γ, i, k]}

DDDlro = DInit ∪Dε ∪DInclude ∪DConcatenate

All these optimizations have been static filters, so DD sf=⇒ DDlr sf=⇒ DDlro holds.
Each of these algorithms can be enhanced with look-back and look-ahead (dynamic
filters). An implementation of DDlr, augmented with look-back and look-ahead, can
be found in [dVH89].
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3.6 Left- and Head-corner Parsing

Here we will describe the underlying parsing method for the generalized left-corner
parsing algorithm (e.g. [MTH+83, Ned93]), as opposed to deterministic left-corner
parsing (see [RL70]). Generalized LC parsing is a step contraction of canonical Earley:
E sc=⇒ LC. As a result the domain (item set) shrinks considerably. It is straight-
forward to transform buE to a bottom-up left-corner schema buLC, so we will first
consider buLC, instead of the more elaborate LC.

First, we consider the basic idea of left-corner parsing. Consider an item [A →
B•β, i, j] in PbuE. This item can only be valid if we already had the valid items
[B → γ•, i, j] and [A → •Bβ, i, i], of which the latter always valid by DInit. So we
can replace the steps

` [A→ •Bβ, i, i]
[A→ •Bβ, i, i], [B→γ•, i, j] ` [A→B•β, i, j]

by

[B→γ•, i, j] ` [A→B•β, i, j].

A similar step contraction can be applied to the scan step. The resulting parsing
schema is as follows.

Parsing Schema 3.11 (buLC).

I(1) = {[A→Xα•β, i, j] | A→Xαβ ∈ P ∧ 0 ≤ i ≤ j}

I(2) = {[A→ •], j, j | A→ε ∈ P ∧ j ≥ 0}

IbuLC = I(1) ∪ I(2)

Dε = {` [A→ •, j, j]}

DLC(a) = {[a, j − 1, j] ` [B→a•β, j − 1, j]}

DLC(A) = {[A→α•, i, j] ` [B→A•β, i, j]}

DScan = {[A→α•aβ, i, j], [a, j, j + 1] ` [A→αa•β, i, j + 1]}

DComplete = {[A→α•Bβ, i, j], [B→γ•, j, k] ` [A→αB•β, i, k]}

DbuLC = Dε ∪DLC(a) ∪DLC(A) ∪DScan ∪DComplete

Note that the number of steps that is performed by the complete and scan deductions
is reduced, because the item domain is limited. The item set can only contain items
of which the dot indicates that (at least) the first symbol of the production has been
parsed (except for empty productions). Scanning the first terminal for some production
is now done by DLC(a), instead of DScan.

The regular generalized LC parsing is much more complex, because in the case of E,
[A→ •Bβ, i, i] is not always valid. Instead of assuming its validity, we need to deduce
its validity. For this, looking at Earley’s prediction rule, there need be some valid item

IMPACT-NLI-1997-1



IMPACT 3.6 Left- and Head-corner Parsing 21

of the form [C→ α•Aδ, h, i]. This poses no problem if α 6= ε, but if α = ε, we need
to seek further for items that validate [C→ •Aδ, i, i] (note the recursion). In order to
define the correct solution to this problem, we need to define the left corner relation.

Definition 3.15 (left-corner relation). The left corner of a non-empty production
is the left most symbol on the right-hand side of a production; The left corner of an
empty production is ε. We define >l: N × (N ∪ Σ ∪ {ε}) as

>l = {(A,U) | A→Uα ∈ P} ∪ {(A, ε) | A→ε ∈ P}

The transitive and reflexive closure of >l is denoted >∗l .

We can now give the solution.

Parsing Schema 3.12 (LC).

I(1) = {[A→Xα•β, i, j] | A→Xαβ ∈ P ∧ 0 ≤ i ≤ j}

I(2) = {[A→ •, j, j | A→ε ∈ P ∧ j ≥ 0}

I(3) = {[S→ •γ, 0, 0] | S→γ ∈ P}

ILC = I(1) ∪ I(2) ∪ I(3)

DInit = {` [S→ •γ, 0, 0]}

DLC(ε) = {[C→γ•Eδ, h, i] ` [B→ •, i, i] | E >∗l B}

DLC(a) = {[C→γ•Eδ, h, i], [a, i, i+ 1]

` [B→a•β, i, i+ 1] | E >∗l B}

DLC(A) = {[C→γ•Eδ, h, i], [A→α•, i, j]

` [B→A•β, i, j] | E >∗l B}

DScan = {[A→α•aβ, i, j], [a, j, j + 1] ` [A→αa•β, i, j + 1]}

DComplete = {[A→α•Bβ, i, j], [B→γ•, j, k] ` [A→αB•β, i, k]}

DLC = DLC(ε) ∪DLC(a) ∪DLC(A) ∪DScan ∪DComplete

As with their corresponding Earley parsers, buLC df=⇒ LC holds.
The left-corner parsing methods relate in an interesting way with double dotted

parsing methods, namely DDlro sc=⇒ buLC and DD sc=⇒ LC. In general, however,
this does not imply that left-corner parsers are better than double dotted parsers. For
example, DD can parse both left to right and right to left, which makes it more flexible.

A slight modification to the filter that transform an double dotted parser into a
left-corner parser can yield a head-corner parser . A head-corner parser is based on the
heuristic that it is best to start parsing at some most relevant word. In other words,
instead of considering the left most symbol of the right-hand side of an production
the most important, an arbitrary symbol on the right-hand side is considered most
important. The idea is that introducing items only when there exists a partial parse
for the head symbol of the production improves the performance.
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Head-corner parsers need a slight addition to context-free grammar, viz. to indicate
the head of a production rule. A context-free head grammar is a 5-tuple 〈N,Σ, P, S, r〉,
where N,Σ, P, and S are as usual, and r : P → N is a function returning a natural
number for some p ∈ P , indicating which symbol on the right-hand of p should be
considered the head. We write |p| for the right-hand of p. If |p| = ε, r(p) must be 0,
else 1 ≤ r(p) ≤ |p|.

Similar to >l, we define a head corner relation as follows:

Definition 3.16 (head-corner relation). The head-corner of a non-empty produc-
tion p is the r(p)th symbol on the right-hand side of that production. We denote
a head by underlining it. The head-corner of an empty production is ε. We de-
fine >h: N × (N ∪ Σ ∪ {ε}) as

>h = {(A,U) | A→αUβ ∈ P} ∪ {(A, ε) | A→ε ∈ P}

The transitive and reflexive closure of >h is denoted >∗h.

Since we start parsing a production from an arbitrary point in its right-hand side, we
need to use double dotted items. Parsing may proceed in both directions. To reduce the
already large number of deduction steps that need to be specified we introduce a predict
item. We could have introduced this item with LC as well, by replacing [C→γ ·Eδ, h, i]
in the deduction steps DLC(ε), DLC(a) and DLC(A) with [i, E] and introducing the
deduction step DPredict:

[C→γ · Eδ, h, i] ` [i, E].

We obtain the following schema, which is a slight modification of the schema in [SodA96].

Parsing Schema 3.13 (HC).

IPredict = {[i, j, A] | A ∈ N ∧ 0 ≤ i ≤ j}

I(1) = {[A→α•βXγ•δ, i, j] | A→α•βXγ•δ ∈ P ∧ 0 ≤ i ≤ j}

I(2) = {[A→ ••, j, j | A→ε ∈ P ∧ j ≥ 0}

IHC = IPredict ∪ I(1) ∪ I(2)

DInit = {` [0, n, S]}

DHC(ε) = {[l, r, A] ` [B→ ••, i, i] | A >∗l B ∧ l ≤ j ≤ r}

DHC(a) = {[l, r, A], [a, i, i+ 1]

` [B→α•a•β, i, i+ 1] | A >∗l B ∧ l < j ≤ r}

DHC(A) = {[l, r, A], [C→ •γ•, i, j]

` [B→α•C•β, i, j] | A >∗l B ∧ l ≤ i ≤ j ≤ r}

DPredict1 = {[l, r, A], [B→αC•β•γ]

` [l, i, C] | A >∗h B ∧ l ≤ i ≤ j ≤ r}

DPredict2 = {[l, r, A], [B→αC•β•γ]
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` [l, i, C] | A >∗h B ∧ l ≤ i ≤ j ≤ r}

DScan1
= {[l, r, A], [a, j − 1, j], [B→αa•β•γ, j, k]

` [B→α•aβ•γ, j − 1, k] | A >∗h B ∧ l < j ≤ k ≤ r}

DScan2
= {[l, r, A], [B→α•β•aγ, i, j − 1], [a, j − 1, j]

` [B→α•βa•γ, i, j] | A >∗h B ∧ l < j ≤ k ≤ r}

DComplete1 = {[l, r, A], [C→ •δ•, i, j], [B→αC•β•γ, j, k]

` [B→α•Cβ•γ, i, k] | A >∗h B ∧ l ≤ i ≤ j ≤ k ≤ r}

DComplete2 = {[l, r, A], [B→α•β•Cγ, i, j], [C→ •δ•, j, k]

` [B→α•βC•γ, i, k] | A >∗h B ∧ l ≤ i ≤ j ≤ k ≤ r}

DHC = DHC(ε) ∪DHC(a) ∪DHC(A) ∪DPredict1 ∪DPredict2

∪DScan1 ∪DScan2 ∪DComplete1 ∪DComplete2

Head-corner parsing seems especially useful if the context-free grammar is augmented
with feature structures.
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Chapter 4

Parallel Parsing Strategies

This chapter contains a overview of different approaches to the implementation of par-
allel algorithms for parsing methods. We will give a brief outline of the underlying idea
of each approach, thereby only focusing on the essentials. If the approach is based on
an originally sequential algorithm, we will give a brief outline of the sequential parsing
algorithm, after which we will proceed with the possible parallelization techniques. Af-
ter each outline, we will discuss for what specific architectures the approach is (known
to be) suitable, and how the approach relates to any of the other methods.

A fairly complete overview of parallel parsing techniques is given in [Nij91] and
[AH94]. The overview in this chapter, has largely been taken from these papers, oc-
casionally augmented with more recent advances and some additional experimental
data.

Originally, parallel parsing was explored by continuing with the traditional LL-,
LR-, and precedence parsing. Parallel parsing was conducted by using multiple serial
parsers in parallel. With the rise of massively parallel architectures, it became more
interesting to investigate other parsing techniques. Most notably, CYK- and Early-style
parallel parsers can parse in O(n) time. Other, more theoretical, research tried to find
lower bounds for the time and space complexity, often by designing algorithms for a
subclass of context-free languages. [GR88] gives an introduction to this field. A typical
result from this field is that context-free languages can be parsed in O(log2n) time using
n6 processors, for a given input string with length n. For practical implementations,
however, O(n6) processors is not a reasonable requirement.

4.1 From One to Many Traditional Parsers

The most obvious approach to parallelization of a sequential parser is to use several
sequential parsers on different parts of the problem in parallel. For example, a possible
setup for 2 processors is to have one parser processing input from the left, and an other
processing input from the right. When the two meet, their partial parses have to be
combined into a single parse tree. This idea can be generalized to having many parsers
operating on different parts of an input string.
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4.1.1 Parsing Separate Parts of the Input String

There are several solutions for parallel parsing that are based on this approach. [Fis75]
gives an example of an LR parser that follows this strategy. Fisher introduces syn-
chronous parsing machines (SPMs), which can LR-parse a part of the input string.
Each SPM is a slightly modified serial parser. In theory, SPMs can start at any point
of the input string, but in practical situations, it is best to start parsing at, for example,
the beginning of a statement or block (in case of a programming language).

Obviously, SPMs cannot start parsing in the regular initial state. Instead, each
SPM starts parsing with a set of states, guaranteed to contain the correct one. For
each state, a separate stack is maintained. The set of ‘initial’ states for an SPM can
be determined by choosing the states that are consistent with the first symbol that is
about to be parsed.

When an SPM comes to the point where its right-hand neighbor SPM started, an
attempt will be made to merge the partial results of the respective SPMs. Obviously, if
the left-hand SPM uses only one stack, it is possible to determine what the combined
result of the two SPMs should become, i.e., which of the stacks of the right-hand SPM
yields the correct parse. If the left-hand SPM uses more than one stack, the merge
will be delayed until the SPM to its left reaches the respective SPM, using only one
stack. Since the left-most SPM (which starts at position 1), always uses one state, viz.
the regular initial state, there will eventually always be a left-hand SPM that uses one
stack. For more information on this parser see [Nij91].

4.1.2 Parallel Processing in case of Non-Determinism

One problem with LR parsers is that the LR-table will contain conflicting entries in
case of a non-LR-grammar. Tomita’s solution to this problem ([Tom91]) can be seen
as using multiple LR-parsers in Parallel (in case of non-determinism). In Tomita’s
algorithm, each time the parser encounters a conflicting entry in the parse table, the
current process is copied for each additional entry. To avoid copying the stack each
time a new process is spawned, the algorithm uses a so called “graph-structured” stack,
which is a single data-structure representing the stacks of all processes. The processes
are synchronized on the shift action.

Tomita’s work has mainly been concerned with the creation of an efficient sequential
implementation for full context-free parsing. As is argued in [Nij91], Tomita’s solution
is not usable as a solution specifically designed for parallel machines. The graph-
structured stack requires a master process. Moreover, each input word need to be
supplied to each process, which is inefficient.

If we let go of the idea of a graph-structured stack, we come back to the idea of
letting the spawned processes operate independently on their own copy of the stack.
In this case, each spawned process needs to have a full copy of both the stack and
the part of the input string which still needs to be parsed. The communication costs
are obviously too high for practical implementations, especially if the amount of non-
determinism is large.

Finally, [Nij94] suspects serious problems if Tomita’s algorithm is used for on-line
parsing.

When other approaches for parallelizing Tomita’s algorithm are pursued, Tomita’s
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method becomes closely related to Earley’s method, which is covered in the next section.
A cross-breeding of Tomita’s method and Earley style parsing is given in [Sik93b].

4.2 Parallel Chart Parsing

The essential differences between the basic chart, string chart, and tabular chart ver-
sions are the data structures they use. In increasing order, they use a refined data
structure resulting in an algorithm that requires fewer operations to complete. From
a serial point of view, the tabular chart parsers seem to perform best. [Nij94] investi-
gates parallelization techniques for all of the mentioned chart parsers. As we will see,
the straightforwardly parallelized version of these parsers all seem to be suited for a
different specific architecture.

Although initialization and the specific rules are different for each parser type (CYK,
Earley, or Double Dotted; see chapter 3), the concept of the parsing approach remains
the same. The key concern is to gain insight in how each approach structures the data,
and the possibilities for parallelization. For a more detailed description of the parsers
refer to [Nij94].

4.2.1 Basic Chart Parsing

The basic chart approach uses two lists: an agenda and a working area. The agenda
contains items that need processing, whereas the working area contains the items being
processed. After initialization, parsing continues by removing an (arbitrary) entry from
the agenda, and putting it on the work area. It is compared against other items in
the work area, and depending on some rules specific to the underlying parser (scan,
predict, and complete for Earley; inclusion and concatenation for Double Dotted), new
items are added to the agenda. The parse succeeds if the item [0, S, n] can be found in
the work area.

The algorithm gives a lot of freedom with respect to the order of evaluation. On
the other hand, each time an item is selected, all items in the working area have to be
traversed, which is rather inefficient.

Parallelization Techniques

We mentioned that the choice of which item to remove from the agenda was arbitrary.
We can imagine multiple processors taking items of the agenda, into the work area,
and starting processing them. A sketch of this approach is given by figure 4.1.

Once the item is off the agenda—and in the work area—the process that is handling
the item need only refer to the items on the work area and to the original production
rules.

The parallelism can even be made more fine grained, by assigning multiple proces-
sors to each item being processed, provided that the execution of different (parts of
the) rules that are used by a specific parser can be parallelized (e.g., 2 processors can
work in parallel on the CYK rule).
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Figure 4.1: Three processors working on a basic parse chart.

Parallel Architectures

[Nij94] notes that the amount of processors that can effectively be used with the basic
chart approach is limited. It is mainly suitable for limited processor shared-memory
MIMD architectures. An implementation of this approach for an Earley parser has
been given in [GC88].

These findings are backed up by the experiments conducted by [Tho91]. Most of
the experiments given in this section considered a shared-memory MIMD machine.
[Tho91] considers parallel chart parsers for loosely coupled parallel systems. More in-
terestingly, he conducted his experiments on real (non-simulated) parallel architectures.
Contrary to most of the theoretical research, this research focused on minimizing the
communication cost.

It is mentioned that (the maximum) linear speedup that can be achieved with
loosely coupled systems is most likely to be obtained for problems that are isomorphic
to a tree-search problem, where the initial fan-out is large, and the specifications of
subproblems can be compact. In these cases, the distribution of sub-problems requires
the representation of partial solutions. Based on this knowledge, [Tho91] considers
active chart parsers as the most likely candidates for efficient parallel parsers (this is
not the common belief though).

A straightforward parallel implementation of the active chart on a shared memory
machine (the BBN ButterflyTM) achieved the expected linear speedup, for a limited
number of processors. Later research ([Tho94]) showed no improvement for larger
numbers (more than 3) of processors. Experiments on the Intel HypercubeTMand
Xerox 1186 showed that the communication costs that resulted from edge distribution
heavily out-weighed the computation costs. So no speedup was achieved.

4.2.2 String Chart Parsing

The string chart approach refines the data structure of the basic chart approach by
assigning an item set Ii to each ai of the input string (in the case of Earley also I0).
After initializing the left most item-set, the item sets are constructed in a left to right
manner. Each further set is initialized similar to the first one. A new item is added
if an item in some set matches (is adjacent to) an item in any of the previous sets.
Its position marker can be used to determine which of the previously constructed sets
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Figure 4.2: Three processors working on a basic parse chart.

should be examined.
All items that are deduced in a specific item set belong to a predetermined sub-

class of the item domain of underlying parsing method. More specifically, the set of
items Ii that can be deduced for an item set conforms to a subset Ii of the domain I
of the parsing method that is implemented with the string chart parser. The limited
domain Ik of an item set Ik, where k = 1, . . . , n, is as follows:

Ik = {[φ, i, k] ∈ I}, for each k = 1, . . . , n, (4.1)

where φ can be anything, depending on the parsing method. Furthermore,
⋂n
i=1 Ii = ∅

holds. Depending on the specific implementation, item sets may actually contain more
items, but only if they were generated for another item set. We will call the items in
an item set Ik that are an element of the corresponding Ik the primary items of Ik.
The parser accepts the input string if an item representing S ⇒∗ a1 . . . an is contained
in set In.

Parallelization Techniques

It is possible to assign a processor to each item set, or ai, as is shown in figure 4.2. By
distinguishing the same set of items as with the tabular chart version (see below), we
can apply the following scheme. First, each processor computes the set of items that
would appear in cell tj−1,j of a parse matrix, as soon as the required data becomes
available. After that, the processor can proceed computing the items that would appear
in tj−2,j . This scheme yields a correct computation order, while computing the parse
in a pipelined fashion. Each processor needs O(j2) time to complete its computations.
So, this approach results in algorithms that need O(n2) time and require O(n) memory
per processor. In general, the string chart parser can be viewed upon as a sequence of
basic chart parsers, because each processor maintains its own internal agenda.

Parallel Architectures

Because of its left-to-right nature, the string chart approach is most suitable for a
pipeline architecture.

In [IPS91] we can find an implementation of CYK for an n-CUBE/7 with 64 pro-
cessors using this approach. They make use of the possibility to simulate a one-way
one-dimensional array of processors on a hypercube. The experimental results showed
a maximum speedup of 33.1 using 64 processors. Nevertheless, there are several catches
to these results. First, the above mentioned result was obtained with an input string
of length 256. Speedup decreased considerably for smaller input strings (e.g. 10.6

IMPACT-NLI-1997-1



30 4 Parallel Parsing Strategies IMPACT

���

���

���

���

�
	 �
����
����
����
����
���

����� ����� ����� �����

�
��� �
��� �
���

�
��� �
���

�
���

$

Figure 4.3: Parse table layout.

for length 64). Second, the tests were conducted with a randomly generated gram-
mar. Grammars for natural language usually have very specific properties; it is best to
measure real-life performance by using a real-life grammar. Finally, the parser is not
suitable for on-line parsing. Obviously, the parser has not been developed with natural
language parsing in mind.

4.2.3 Tabular Chart Parsing

The tabular chart approach even further refines the data structure of the string chart
parser. Tabular chart parsers arrange the item sets in a 2-dimensional fashion, as is
shown in figure 4.3. Each table entry ti,j can contain several items, each of which
describes a possible parse for the part of the substring ai+1 · · · aj . First, the table
entries ti,i+1, i ≥ 0 are initialized. In subsequent steps, initialized table entries are used
to compute other entries. This process continues until the entry t0,n is filled, where n is
the input string length. The big advantage of organizing the data this way is that the
checking of items is reduced to a minimum. Moreover, the need of an internal agenda
has vanished.

The exact dependencies of the ti,j vary from method to method, but basically, a ti,j
is pair-wise dependent on ti,k and tk,j for i < k < j. This follows from the fact that
consistent adjacent partial parses can be combined into one larger partial parse.

Just as with the string chart approach, we can assign a subset of the domain I of
some parsing method that specifies all possible primary items. The subset Ij,k ⊆ I of
the items that can be deduced for the item set Ij,k of a table entry tj,k is as follows:

Ij,k = {[φ, j, k] ∈ I}, for each k = 1, . . . , n, (4.2)

where φ can be anything, depending on the parsing method. As can be seen, each Ij,k
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Figure 4.4: Processor assignment on a per entry basis. As is shown in the detailed depiction

of processor 2,4, each processor forwards incoming messages from left to right, and from below

upwards. New items that are derived within a cell, however, are sent both to the top and to

the right.

is a subset of the Ik that is used with the string chart approach. The parser accepts
the input string if an item representing S ⇒∗ a1 . . . an is contained in set I0,n.

Parallelization Techniques

The processor configuration that is typically used in these situations is displayed in
figure 4.4. In this scenario, each process has full knowledge of the grammar.

Since the entries on one of the diagonals never depend on any of the other entries
on the same diagonal, it is possible to compute the entries on each diagonal in parallel.
[dV93a] describes several chart parsers that are parallelized on a ‘per-diagonal’ basis.
In the general case, however, instead of waiting until an entire diagonal is completed
before proceeding with the next, a more liberal filling order may be applied. The only
restriction on the filling order is that the computation of all entries tk,l, with l ≤ j
and k ≥ i be completed before computing an entry ti,j . This approach to parallelism
normally results in parsers that parse in O(n) space per processor, O(n) time, and
O(n2) processors.

[Nij94] discusses several aspects of computation order in tabular chart parsers. It is
noted that top-down filtering, as is implied, for example, by the deduction step DPredict

of the parsing method E, thwarts possible parallelism by opposing a left-to-right
scheme. Intuitively, because of the predict deduction step, each new item that is
deduced for, say, cell ti,j , can cause the deduction of new items for cell tj,j , which has a
negative effect on the communication complexity. This, in turn, means that all cells in
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one column are dependent on each other. The bottom-up parsing schemata buE,CYK,
and DD, for example, do not have this characteristic. The init deduction step of these
schemata can be completed before any other step. Cells only depend on cells in previous
diagonals.

The computation order is also of influence on the space required per processor. At
first, in absence of shared memory, the best approach seems to be letting each processor
store each item it ever receives, so that the item will always be available immediately. At
closer inspection, though, this scheme yields a space complexity of O(n3) per processor.
By choosing an appropriate order of computation, however, we can reduce this space
complexity. The basic idea of the scheme described in [Nij94] is as follows. Each
processor needs to compare items from one preceding cell in the same column to one
preceding cell in the same row. Once all items of the two cells are compared, they
can be discarded from the processor’s memory. This kind of administration requires
a highly synchronized cooperation amongst the processors; the order of computation
is almost entirely predetermined. Since a full explanation of the computation order
would be too extensive, we refer to [Nij94].

[HdV91] notes several facts that cause the implementation of parallel tabular parsers
to be difficult:

• Item sets are small, which makes communication overhead dominate the compu-
tation time.

• The total amount of possible parallelism is not constant throughout the recog-
nizing process. It ranges from O(n) at the start to O(n2) halfway to O(n) at the
end.

• There is a large variation in the required computation time per item set.

The last two difficulties seem to support the approach of dynamic load balancing.

Example 4.1. Algorithm 4.2.1 gives an example of a parallel tabular chart CYK
parser. Each completed entry in the table contains a set of non-terminals such that
A ∈ ti,j if and only if A⇒∗ai+1 · · · aj . The input string x belongs to L(G) iff S ∈ t0,n.

Algorithm 4.2.1
(A Parallel CYK Recognizer)

Input: A context-free grammar G ∈ CNF and a string x = a1 . . . an.

Output: A parse table from which the parse tree can be extracted.

begin
1. for all ti,i+1, i = 0 . . . n− 1 pardo

1.1. Place each non-terminal A in ti,i+1, for which there is a production
A→ ai+1 in P .

2. for all ti,j , j − i > 1 pardo
2.1. wait until all entries tk,l, with l ≤ j, k ≥ i and (k, l) 6= (i, j) have been
computed.
2.2. Add any A /∈ ti,j to ti,j if for any k, i < k < j, B ∈ ti,k, C ∈ tk,j and
A→ BC ∈ P .
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end

A good overview of several sequential and parallel implementations of the CYK parser
is given by [Nij90]. It includes several implementations of CYK-based chart parsers,
both based on string and tabular versions.

Parallel Architectures

A master slave with load balancing approach to tabular double dotted parsing (imple-
menting DD) is described in [HdV91] and [OdV92]. Both describe an implementation
for a Meiko with 16 INMOS T800 transputers. They conclude that the number of
processors that can effectively be used is limited. ([HdV91] also describes a decen-
tral approach for the Meiko which exhibited increasing speedup up till the maximum
number of possible processors (n + 1).) Both papers also conclude that tabular chart
parsers do not seem to be appropriate for parallelization on the Meiko.

In [dV93b], we can find some additional measurements on parallel implementation
of the CYK-, Earley, and Double Dotted, parsers. For all parsers, both traditional and
context-sensitive variants were used. These experiments actually simulated parallelism,
allowing an unlimited number of processors, and ignoring communication time. In spite
of these favorable conditions, the best achievable speedup seemed to be of the order
O(1). In fact, the maximum overall speedup for CYK and CYK1,1 was 4.3 resp. 4.6,
for E and E1,1 3.3 resp. 3.1, and for DD and DD1,1 resp. 4.2 resp. 3.5. On the other
hand, the speedup that was gained with filtering bad items out seemed to improve
speedup a great deal more.

In other words, from these experiments we might suspect that straightforward par-
allelization of chart parsers does not bring the solution to efficient context-free parsing.
Amongst the reasons the author gives for this disappointing results is the fact that many
processors stay idle, because usually only some cells on each diagonal need extensive
computations. He suggests an island-driven approach might give better results.

Since the techniques described in 4.3 seem to achieve better results even though the
underlying parsing schemes are essentially the same, it may be that efficiency can be
achieved by considering subclasses of context-free languages.1

Finally, we would like to mention that the tabular chart approaches to parallelism
seem to be appropriate for the design of VLSI implementations (see [CF82] for CYK,
and [CF84], [Sij86], and [Tan83] for Earley).

4.3 Translating Grammar Rules into Process Con-
figurations

It is also possible to take the individual grammar rules as units for parallelization.
[YO94] describes a method in which each terminal and non-terminal of each production
rule is represented by a separate process. Each process is referred to as an object, and
can send and receive messages from other objects. Yonezawa and Ohsawa refer to it as
an object-oriented parser.

1Hereby the author implicitly suggests that the better results of the techniques in 4.3 might partly
be because of the limited grammar they can deal with (cycle- and ε-free)
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Figure 4.5: Objects representing the rule VP → V NP

The method is straightforward and can best be described by means of an example.
Let us consider the following rule:

VP → V NP (4.3)

The interconnection of the objects associated with this rule is displayed in figure 4.5.
Now, suppose that the object associated with V has received a partial parse tree t1
and that the object associated with the NP part of the rule has received the parse tree
t2. If the parts of the input string that are represented by t1 and t2 are adjacent to
each other, the object labeled NP will forward the combined parse tree to the object
labeled V P . This object, which represents the head of the given rule, will send the
new parse tree to any occurrence of an object that represents a VP part on the right
side of a production. This is also how NP and V originally received their messages.
(Single input words (terminals) are also represented as parse trees; each terminal is
also represented by an object.)

If (the object) NP finds that the parse trees t1 and t2 are not adjacent, it will simply
store t1 in its local memory, for the case it will match with any arrival of a new t2. If
NP receives a t2 before t1, is simply waits until a t1 is received.

Note that in case of ambiguity, the parsers returns all possible parse trees. Yonezawa
and Ohsawa derived a parallel time complexity of O(n × h), where h is the height of
the parse tree, by means of a simulation. The reason for this is that there are example
grammars that cause an explosion in the number of adjacency tests and the number
of redundant subtrees that are generated, whereas grammars for natural languages
usually do not cause these problems. [YO94] provides a detailed implementation of the
parser (written in ABCL).

Unlike the chart approaches discussed in the previous section, Yonezawa and Os-
hawa’s parser implements a specific parsing method. Furthermore, as we did with the
chart parsing approaches, we can define which processes can deduce which items. These
are the topics of the following discussion.

Relation to other Parsers

The parser is not able to handle the full range of context-free languages. The parser
can only handle cycle- and ε-free context-free languages. In the presence of cycles, the

IMPACT-NLI-1997-1



IMPACT 4.3 Translating Grammar Rules into Process Configurations 35

parser might end up in an infinite loop. From the nature of bottom-up parsing follows
that the method can only handle ε-free languages. The latter, however, is not a real
problem, because all grammars containing ε-rules can be transformed in an equivalent
ε-free grammar.

It is interesting to compare this approach with the chart parsing approaches, and
to relate it to the theory discussed in chapter 3. In [YO94], it is not mentioned which
particular parsing method underlies this parser. It is straightforward, however, to
express the method in terms of items, because the information that is sent from object
to object is closely related to the items used in parsing schema.

Let us first consider the hypotheses. The hypotheses are the same as with most other
parsing schemata, viz. each input symbol is represented with an item of the form [ai, i−
1, i]. Initially, these hypotheses are sent to objects representing the respective symbol
(all possible symbols are represented as objects in the network). As explained before,
the left most object of the right hand (type-2) of a production simply passes the item
to the next adjacent object. The objects representing the left-hand of a production
(type-1) have the function of broadcasting matches to the appropriate objects. So to
investigate what production rules underlie the YO (for Yonezawa and Ohsawa) parser,
we need to investigate the functioning of the objects representing all but the first right-
hand production symbols (type-3).

Consider, for example, a type-3 object representing NP in

VP→VNP. (4.4)

This object will only produce a new item if it receives an item representing a partial
parse tree for NP which is adjacent to some item received from the left-hand object
representing V . This behavior can be represented by the following deduction rule,
similar to Earley parsing:

[A→α•Xβ], [X→γ•] ` [A→αX•β]

Note that recognition only occurs from left to right. A type-3 object will only re-
ceive (and produce) items representing a partial recognition starting at the complete
left of the production. This is essentially bottom-up Earley (buE), The rule encom-
passes both Dscan and Dcomplete; the parser does not distinguish between terminals
and non-terminals. The parser does not have to initialize by introducing items of the
form [A→ •γ, i, i], because these are actually represented by the topology of the net-
work of objects itself. So, regarding the domain of items that are passed, this method
closely resembles buLC (which is, in fact, almost identical to buE).

The fact that there needs to be an object for each terminal, as if it were a non-
terminal, suggests that the grammar for this method is in fact CNF , but allowing more
than two non-terminals in a row.

The essential difference with chart parsers is the way in which the work is divided
over processes and the items are spread over the network. As a result, items of the
form [A→α•β], α, β 6= ε, are only managed by the processes representing the respective
production. Only items of the form [A→α•] need to be broadcasted to any type-2 or
type-3 object representing A.

To define the set of items that can be deduced by an object, we first assume, for
notational reasons, that each object that represents a right-hand symbol in a production
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is assigned an unique id. For example, if we write A→ αBiβ ∈ P we indicate the
production in P of which object i is part of. We will call the set of all ids N . Now, the
subset Ik ⊆ I of the items that can be deduced by an object with id k is as follows:

Ik = {[A→αBk•β, i, j] ∈ IYO}, for each k ∈ N (4.5)

In contrast, a tabular chart parser, for example, distinguishes processes by for which
range of the input string they can recognize partial parses. Note, however, that the
items that are used in [YO94] are different from Earley-like items.

Characteristics

According to Yonezawa and Oshawa, their parser has several advantages over tabular
parsers. To start with, the parser is well suited for on-line parsing. The words need
not be provided in any particular order, and above all, any utterance can (partially)
be retracted at any time during the parse. This is implemented by means of “anti-
messages”, which have a similar high-priority status as exceptions.

Furthermore, the parser is capable of parsing more than one sentence at a time.
This is useful if one considers a scenario where each object is running on a separate
processor. By parsing more than one sentence at a time, more efficient use of the
processors is made.

Finally, it is possible to integrate semantic checking into the parser without much
effort. [YO94] describes a way of incorporating semantic checking into the parser in a
pipelined fashion. According to the authors this is a strong plus, comparing the parsing
scheme to competing schemes as CYK and Earley.

[YO94] notes that the advantages of the object-oriented approach could perhaps also
be obtained by the CYK scheme, and similar schemes, if the individual components
are implemented as concurrent components capable of transmitting messages.

Parallel Architecture

Considering the fact that grammars may contain many rules, this method is suitable
for massively parallel machines. Until now, however, massively parallel execution has
only been researched by means of simulation.

4.4 Connectionist Parsing Algorithms

There have been several proposals for Connectionist approaches to the parsing problem.
They all have in common that there is some network of simple elements, or nodes, which
function without any central control. The nodes are connected by weighted links. Each
node computes a function that is dependent on the weighted inputs and the current
activation level of the node. [Nij91] provides an overview of several of those proposals.

Usually, each node represents a syntactical category (‘localist view’). One of the
common problems that occurs with connectionist approaches is that a fixed size of
the network usually implies a maximum length of the input string. Therefore, some
approaches allow the network to be built at the time a string is parsed.
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According to [Nij91], none of the connectionist context-free parsers provides a nat-
ural solution to the parsing problem. Therefore, we will only touch upon the general
idea of context-free connectionist parsing.

There is no need to explicitly mention the parallelization techniques and parallel
architectures, since these are implied by the connectionist approach. In other words,
all of the methods described in this section follow the spreading activation approach,
as mentioned in section 2.4.

4.4.1 Connectionist CYK

[Fan94] describes a simple connectionist network which is based on CYK. It is sound
and complete (except for ε-productions). It can easily be expanded to ε-free context-
free grammars, but [Fan94] warns for an increase in space complexity if this is done.
It is closely related to the CYK parser, which makes it interesting to compare it with
the chart parsing techniques described in section 4.2.

The nodes of the network are arranged in a way that resembles the upper triangular
parse matrix of the tabular CYK parser. Usually, a non-terminal A is added to some
cell ti,j of the matrix, if there is some production A→ BC ∈ P and B ∈ ti, k and
C ∈ tk,j . In Fanty’s network, cell ti,j already contains a node resembling A which
becomes active when it receives an activation input from both a node representing B
in ti,k and a node representing C in tk,j . Their are inputs for each possible pair of cells
that yield a correct (partial) parse for A, by any production rule. If both inputs of any
pair receive a firing signal, the node will fire itself.

A similar scheme applies to the recognition of terminals. Terminals are recognized
at the diagonal for which j − i = 1; non-terminals are recognized at the diagonals for
which j − i ≥ 2.

The network so far yields a (bottom-up) recognizer. [Fan94] also describes a tech-
nique for finding the actual parse trees. To accommodate this feature, each node (each
match, non-terminal, and terminal node) is augmented with a top-down counterpart.
As soon as the bottom-up non-terminal node for S in the upper-right corner is recog-
nized, it will activate its top-down counterpart, which in turn will start propagating
activation signals top-down. Ultimately, activated top-down nodes will represent parse
trees.

A top-down node is activated if it receives an activation from its bottom-up counter-
part (as soon as the bottom-up counterpart is activated) and any other source, indicat-
ing it has been used higher in the hierarchy to form a complete parse. Since bottom-up
match units will only get activated when all inputs have received an activation signal, a
top-down node can never be activated if it does not represent a correct (partial) parse.
Notice how ambiguity is represented by multiple active top-down non-terminal nodes
within one cell.

Constructing the network is straightforward. Each cell ti,i contains all terminals.
The cells ti,j , for which j− 1 = 1, contain nodes (match and terminal) to represent the
productions in P of the form A→ a. On each further diagonal, the cells ti,j contain
nodes to represent all non-terminals, provided that a non-terminal can produce a string
of length j−i. Each cell on a certain diagonal will contain the same set of nodes. [Nij91]
refers to the constructing of the network as meta-CYK-parsing .

The resulting network uses O(nm+1) space, where n is the length of the network,
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and m the number of non-terminals on the right-hand side of the productions. It
computes a parse in O(n) parallel time (serial time O(n3)), where n is the length of
the input string.

Parallel Architectures

The large number of nodes that are required for the network indicate that this method
is best suited for massively parallel machines.

Characteristics

This connectionist approach allows easy extension to deal with ambiguity. Amongst
other methods, [Fan94] describes a solution using inhibitory links, and suggest such a
network could be trained to let it prefer more common interpretations.

The network also allows easy extension to handle near-miss input, provided that
the incorrect part is of the same length as some correct part. For other cases, according
to [Fan94], the network is too inflexible.

Finally, [Fan94] describes some extensions to facilitate the network with learning
capabilities, including local learning, global learning, and deferred learning.

A major disadvantage of the network is that it needs to be rebuild for any new
input length, which makes it highly unsuitable for on-line parsing.

4.4.2 Other Connectionist Approaches

There are many more connectionist methods. However, as we mentioned before, they
do not seem to give satisfying solutions to the context-free parsing problems. Most
importantly, it seems that the context-free connectionist approach is problematic if it
comes to on-line parsing.

We will only mention some of the other connectionist approaches to context-free
parsing. First of all, [Sel94] describes a parallel connectionist parsing based on the
Boltzmann machine, i.e., parallel stochastic relaxation using simulated annealing. [How88]
also describes a relaxation algorithm, which uses decay over time together with a com-
petition for available activation. Finally, [NM88] describes a connectionist parallel
left-corner parser.

For completeness, we mention that there are some complete different approaches to
connectionism for natural language processing that are not based on syntactic analysis,
but rather use techniques like strongly interactive distributed processing of word senses,
case roles, and semantic markers (from [odAANL89], see e.g. [CS84], [WP85], and
[MK86]). Obviously, these approaches are outside the scope of this report.

4.5 Reducing the Parsing Problem to Other Prob-
lems

4.5.1 Parsing as Matrix-Multiplication

[Tho94] rewords the fact that a basic step in a tabular chart parser is functionally
equivalent to boolean matrix multiplication. Parallel matrix multiplication is a much
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B :

0 1 0
0 0 0
0 0 0

× C :

0 0 0
0 0 1
0 0 0

 ∪A :

0 0 0
0 0 0
0 0 0

⇒ A′ :

0 0 1
0 0 0
0 0 0



Figure 4.6: Matrix multiplication to recognize A→BC, where the 1 in A′ resembles A ⇒∗

a1 . . . a2

studied issue, so it can be fruitful to investigate this relation in more depth.
We consider a parser for a grammar CNF+, which is CNF augmented with produc-

tions of the form A→B,B ∈ N . Recognition of this grammar can be translated into
matrix multiplication as follows. Each non-terminal is associated an (n+1)×(n+1) ma-
trix (the indices do not indicate symbol positions, but inter-symbol positions, starting
left from the left most symbol (0) to right from the right most symbol (n)), where n
is the length of the input string. An entry ci,j in a matrix for non-terminal A is true if
and only if A⇒∗ ai+1 . . . aj .

Finding adjacent constituents for a production of the form A→ BC, reduces to
multiplying the matrices representing the right-hand of the production, B × C, and
assigning the element-wise disjunction of the result and the matrix for A to A. This
process is illustrated in figure 4.6. A complete recognizer is given by algorithm 4.5.1.
[Tho94] also describes a modification to make it useful as a parser. The basic idea is to
record which adjacent parts, and which production, caused an entry to be set to true.
This can be achieved by recording the production number and the position at which
the two parts adjoined, in each cell that is set to true. (the latter only in the case of a
production of the form A→BC).

Algorithm 4.5.1
(Boolean Matrix Multiplication Recognizing)

Input: A grammar G ∈ CNF+, and an input string x = a1 . . . an.

Output: Returns true if the string is recognized, else false.

begin
1. Create a (n + 1) × (n + 1) matrix MA for all A ∈ N , and set all entries MA

i,j

to false.

2. For all A and ai, for which A→a ∈ P ∧ ai = a, set MA
i−1,i = true.

3. For each A→ε ∈ P , set MA
i,i = true.

4. while iterations yield changes do
4.1. For each A→B ∈ P set MA

i,j = MA
i,j ∨MB

i,j .

4.2. For each A→BC ∈ P set MA
i,j = MA

i,j ∨ (MB
i,j ∧MC

i,j).

5. return MS
0,n.

end
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Parallel Architecture

[Tho94] gives experimental results of an implementation for the Connection Machine.
The Connection Machine is a large scale SIMD processor. On a systolic array, matrix
multiplication can be carried out in O(n) time. It is, however, straightforward to
simulate a systolic array on the connection machine. So the results of the experiments
are to some extent representative for systolic arrays as well.

Let us now take a closer look at algorithm. Each time O(m) multiplications are
needed, where m is the number of productions in P . Depending on the depth of the
parse tree, the number of loops varies from log2 n to n, with a worst case of O(n). This
amounts to a total time complexity of O(n2m). The matrices for each non-terminal,
however, can be executed in parallel as well, reducing the factor m to m′, the maximum
number of production rules per non-terminal. [Tho94] also applies a bottom-up filter
technique to reduce the number of multiplications.

4.5.2 Context-Free Parsing as Parallel Logic Programming

The definite clause grammar formalism can be thought of, roughly, as a context-free
grammar formalism, augmented with the possibilities of specifying constraints in Prolog
and allowing attributed non-terminals. [Mat86] describes a parser for Prolog, based
on the DCG formalism. Instead of using the usual recursive descent top-down parser,
which is found in most Prolog implementations, it is a bottom-up parser which is based
on the left-corner method. [Mat86] argues that the main advantage of implementing a
context-free parser as a DCG parser is the ease with which extensions and changes can
be applied.

In Matsumoto’s approach, the parser keeps track of the sequence of rules, and es-
pecially the positions within these rules, reached so far, by making use of identifiers.
Before a context-free grammar is converted to Prolog, each position between two sym-
bols on the right-hand side is marked with a unique identifier. How this is used in
the actual algorithm can best be described by means of an example (a slightly simpli-
fied (and incomplete) version of [Mat86]). Suppose we have the following context-free
grammar.

S→NP 1 VP

NP→∗det 2 ∗noun
NP→∗det 3 ∗noun 4 ∗relc
VP→∗verb
VP→∗verb 5 NP

We already assigned unique identifiers to all positions between two subsequent symbols
in the the right-hand sides of the productions. Skipping the straightforward conversion
to a DCG grammar, this grammar can be translated into Prolog as follows

np(X,id1(X)).
vp(id1(X),Y) :- s(X,Y).
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det(X,id2(X)).
noun(id2(X),Y) :- np(X,Y).

det(X,id3(X)).
noun(id3(X),id4(X)).
relc(id4(X),Y) :- np(X,Y).

verb(X,Y) :- vp(X,Y).

verb(X,id5(X)).
np(id5(X),Y) :- vp(X,Y).

the(X,Y) :- det(X,Y).
man(X,Y) :- noun(X,Y).
walks(X,Y) :- verb(X,Y).

The heads of clauses representing a left corner of a production (type 1) have a variable
as its first argument. For all other clauses (type 2), the first argument of the head
requires the functor of the structure being passed to be the identifier that precedes the
symbol in the production represented by the respective clause.

If we augment the Prolog program with the clause

s(begin,end).

we can see whether parsing the sentence ‘the man walks’ will be recognized by this
grammar (it will) by calling

the(begin,X), man(X,Y), walks(Y,end).

The matching of the first word will result in a value id2(begin) for X. This indicates
that the parser started to attempt to complete a noun phrase (np). This noun phrase
can be completed with the second word. On completion of a production, the identifier
that was originally attached to the structure may be removed. A new identifier is
introduced (Y=id1(begin)) indicating that an attempt is made to parse s. The third
word completes the parse.

Parallelization Technique

For the parallel implementation a slightly different approach is taken, both to avoid
superfluous computation and to enable an efficient parallel computation scheme. The
idea is to pass, instead of one followed path, a set of all paths that have been followed
so far. Having a set of followed paths, instead of a list, prevents that some paths are
followed multiple times if some paths happen to coincide.

We will give a conversion of several parts of the original Prolog program into Parlog
clauses to clarify this scheme. The two clauses with head det are translated as follows.

mode det1(?,^).
det1(X,[id2(X),id3(X)]).

The list in the second argument indicates the possibilities for further parsing upon
parsing a det. The clauses for verb can be translated similarly.
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mode verb1(?,^)
verb1(X,[id6(X)|Y]) :- |

vp(X,Y).

Type 2 clauses are a little bit more complicated to translate. We need to separate each
case. For noun we proceed as follows.

mode noun2(?,^)
noun2([],[]).
noun2([id2(X)|T],Y) :- |

np(X,Y2),
noun2(T,Y1),
merge(Y1,Y2,Y).

noun2([id3(X)|T,[id4(X)|Y]) :- |
noun2(T,Y);

noun2([_|X],Y) :- |
noun2(X,Y).

The recursive call to noun2 ensures that all paths in the list are processed. The call
to merge merges the paths returned by this call and the path associated with the
specific clause.

Type 1 and type 2 clauses for a specific non-terminal still need to be combined into
a single operation. This is straightforward and is accomplished by merging the type 1
and type 2 results.

Unfortunately, merging is a rather inefficient operation. In Prolog, difference lists
can be used to obtain a more efficient program. Difference lists can also be used with
Parlog, but will restrict the order of computation.

We will not go into any details about the possible strategies of parallel prolog im-
plementations (see instead section 2.4), because these are more appropriately discussed
in a subsequent report on parallel attribute matching.

Relation to Other Parsers

The parser works basically the same as a basic chart parser. The big difference is
that the chart parser needs to perform adjacency tests to find matching items, whereas
Matsumoto’s parser finds matching items by means of shared variables.

The parallel time complexity of the parser is proportional to the depth of the parse
tree, so O(n). Matsumoto concludes that the space complexity is not larger than that
of a regular (basic) chart parser, because the parser cannot create more items.

Parallel Architecture

The architecture for which this approach is suitable really depends on for which archi-
tecture some parallel implementation of Prolog is suitable.
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Chapter 5

Suggestions for Future
Research

A useful parser for practical natural language programming should be able to deal with
both the syntactic and semantic aspects of language. In this report, we have given a
survey of parallel parsing techniques for context-free grammars, which can serve as
the backbone for a natural language parser. We will need to investigate extensions to
context-free parsers that are both powerful enough to deal with all the requirements
and efficient enough for practical use.

The ultimate goal, however, is to obtain a practical and efficient dialog system.
Considering the vast amount of different approaches and the lack of theory to determine
which of these approaches is best suited for any specific situation, we need to look
closely at existing systems that are close to our own requirements. Therefore, before
we will give the final suggestions for further research, we will first discuss some related
research.

First, we will discuss some entirely different approaches to parsing than the one we
follow. After that, to give an indication of the wide variety of methods that are used
in practice, we continue with some brief examples of actual NLP systems, and mention
some of the essential techniques that were adopted for these systems.

We conclude this chapter with some notes of importance concerning context-free
parsing in relation to our project (most notably regarding the n-CUBE architecture),
and the suggestions for further research itself.

5.1 Other Approaches to Parsing

As mentioned before, we have deliberately omitted the topic of parsing attribute gram-
mars, because we wanted to focus on context-free grammars. Both classes of grammars
are phrase structure grammars . However, by focusing solely on context-free grammars,
we also omitted the coverage of other parsing methods that do not fall into the class
of phrase structure grammars. Without the intention of being complete, we will now
describe several other classes that are also used for natural language parsing. This
taxonomy has been taken from [Nag96].
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PSG Once more, for completeness, we will give a short description of phrase struc-
ture grammars, which include context-free grammars, but also the whole range of
attribute grammars, HPSG, ATN, Tree Adjoining Grammars, etc. Phrase struc-
ture grammars, in fact, define a language by specifying how each sentence of that
language may be generated.

The disadvantage of phrase structure grammars is that it is virtually impossible
to create a grammar that completely covers a certain natural language, especially
if this is to be done by hand. The advantage, however, is that a parse tree, which
generally is obtained as a result, contains a lot of useful information for analysis.

DG Instead of defining which sentences can be generated, a dependency grammar
defines a way to interpret a given sentence by finding modifier-modifee relations.
No assumptions are made about a particular structure of the sentence; it just
determines which word modifies which other word. So whereas PSGs basically
define a language, DGs merely analyze a sentence.

DGs have the disadvantage that they are weaker than PSG. The advantage,
however, is that they always returns a full analysis, and hence are very robust.

CG Case grammars interpret a sentence by filling in slots of a case frame. A case
frame can be seen as a meaning representation of a sentence, related to some
word. The frames are filled in by considering the meaning and function of the
words in the sentence.

The disadvantage is, for example, that a grammar requires many semantic mark-
ers to be specified for each possible usage of a verb.

Despite of the robustness problems, PSGs still seem to be most appropriate for Ger-
manic languages, because phrase structure is an essential element of these languages;
by omitting an analysis of the phrase structure, useful information is lost.

At this point, we should also mention additional strategies for (parallel) context-free
parsing, being probabilistic parsing and ordering grammars. Especially probabilistic
parsing has gained interest in recent research.

5.2 Existing Natural Language Processing Systems

In this section, we will briefly discuss a preliminary selection of existing natural language
systems (a more comprehensive and complete overview of existing systems remains a
topic of further research). With the current state of the art of computational linguis-
tics it is impossible to determine the best approach for the design of a NLP system
from theoretical knowledge only. In other words, the development of practical natu-
ral language processing systems usually requires an experimental and data-driven ap-
proach ([Jen91]). It will, therefore, undoubtfully be fruitful to consider the approaches
of other projects, because this may show the practical applicability or uselessness of
certain techniques.

Besides systems for dialog systems, it is also useful to consider systems for machine
translation and knowledge acquisition, because they often use parsing methods fitting
our own requirements. Furthermore, it is also useful to consider systems not specifi-
cally designed for parallel architectures, because it may prove which techniques can be
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successfully embedded in a practical natural language system. Moreover, many of the
modern systems have an inherent parallelism incorporated in their design because of
psycho-linguistic reasons. It may be fruitful to investigate to what extent this inherent
parallelism can be explored on an actual parallel computer.

PROTEUS Proteus is an ongoing research project concerned with a wide range of
NLP applications, including information retrieval, information extraction, ma-
chine translation, and language modeling for speech recognition.

[GC88] discusses the parser intended for the PROTEUS system. PROTEUS uses
a context-free grammar, augmented with the capability of handling procedural
restrictions for semantic and syntactic constraints. It is essentially a basic chart
approach implementing a Earley(E)-like method. The parser is intended for a
shared memory system with a limited number of processors. (As discussed before,
the basic chart approach is limited to such systems.)

Whiteboard Architecture [BS94] describes a distributed architecture where sepa-
rate components notify their (incremental) results to a separate coordinator which
keeps track of the data and coordinates all computations. This system tries to
overcome the problems of blackboard architectures (where components write their
intermediate results in a shared data structure), solving problems as control of
concurrent access and extensive communication loads.

The rudimentary prototype uses an island-driven syntactic chart-parser.

ATLAST A typical example of an architecture with inherent concurrency based on
psycho-linguistic arguments is ATLAST (see [ERHG94]). The system is made
up of three independent components, which operate concurrently to find a single
representation of the input string: a syntactic analyzer, a semantic analyzer,
and an evaluation mechanism that construct the final representation. The most
interesting property of this system is that, contrary to the common syntax first
approach, the semantic analyzer does not depend on output of the syntactic
analyzer, and vice versa: the system can determine semantics for ungrammatical
sentences and can recognize syntactic validity independent of whether a sentence
is semantically sane. The two components do, however, limit each other’s search
space.

The syntactic analyzer is based on a simple augmented transition network (ATN)
parser. Furthermore, all of the components take a spreading of activation ap-
proach, hence parallelization is straightforward.

PEP The Parallel Expert Parser discussed in [DA94] defines a framework in which
different linguistic components can be combined. It is a descendent of WEP, the
Word Expert Parser, with the aim of making this system suitable for parallel sys-
tems. The PEP approach solves the problem of the problematic communication
bottleneck that was inherent to the WEP approach. Each implementation of a
component, or expert, need be compiled into Flat Concurrent Prolog, the adopted
language of PEP. [DA94] describes several implementation aspects for different
parallel Prolog systems. These approaches are appropriate for a course-grained
parallelism, although [DA94] notes the possibility of making it more fine grained
by integrating the system with fine-grained methods.
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The parser is not specifically syntactic or semantic based, but rather is claimed to
be an integrated parser. It defines a rigid communication interface for the several
components, which can contain any kind of expert knowledge. However, from the
definition of the system can be concluded that the system is more meaning than
syntax oriented.

Although we did not go into any details, it may have become clear that we can find a
wide range of different systems suitable for different architectures, and using complete
different techniques. We see, for example, that parallelization is pursued by parallelizing
conventional parsing methods, by using inherent parallelism in specific architectures,
or by connectionist approaches. Also, many different grammar formalisms are used.

5.3 Context-Free Parsing and the IMPACT Project

In the introduction we mentioned that we would investigate whether the n-CUBE
can effectively be used for the implementation of the dialog system. From [Tho94] it
appears that the n-CUBE is not very suitable for context-free parsing using the basic
chart approach.

Another approach of context-free parsing on the hypercube, given in [IPS91], seems
to to give better results. Nevertheless, the experimental results of the latter approach
were not based on grammars for natural language. It remains to be seen whether the
positive results will hold if grammars for natural languages are used.

From several experiments conducted within different researches (most notably [HdV91]
and [IPS91]), we can conclude that load balancing is the better approach to chart pars-
ing.

5.4 Directions for Further Research

As was mentioned several times before in this paper, we will shift our attention to par-
allel attribute evaluation in the near future. Nevertheless, keeping in mind our original
goal—an efficient and practical dialog system—and considering what we have discussed
in this report, we suggest that the following points should also receive attention in the
near future.

In deciding which techniques to adopt for the final dialog system, it will probably
be profitable to look at the experimental results of other, related projects. In other
words, investigating approaches used in other systems may teach us which specific
architectures and techniques are most suitable for our own project. In addition, it will
probably be difficult to design an approach that will be optimal for both small- and
large-scale parallelism. It is therefore important to choose for which architectures one
intends to develop the system. On the other hand, it is still desirable that the design
is as generally applicable as possible. Therefore, we will first focus our research on
architecture independent techniques. In particular, we will, for the time being, focus
on the following topics:

• measuring the communication complexity of different parallelized versions of the
available sequential system, based on existing grammars;
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• a more in-dept investigation of existing natural language processing systems;

• parallelizing parsers for attribute-value grammars.

Finally, as a guideline for continuing the development of the parallel parser, we
would like to mention again the findings discussed in [dV93b]. In this paper it was
shown that introducing enhancements like look-ahead can often give more speedup
than straightforward parallelization of the algorithm. Whatever the case may be, we
need to closely investigate where the best possibilities for parallelization lie, regarding
all components of the system.

[RS97, BT96]
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