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I try to present an overview of the process of computationally understanding natural
language texts, the algorithms involved, and the focal points of current research. After a
brief historical overview, I mention two birds eye approaches to NLU to exemplify the
progress made in the last quarter of the 20th century. I then divide the overall process
into steps according to a linguistic model of six levels of language to present currently
"accepted" approaches to solving problems involved in these levels and reference some
current work in further tackling such problems. Finally, I conclude that a fair amount of
detail problems have indeed been solved, and that the research community could thus
viably focus on the "big picture" again.
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1 Introduction
Humans take the ability to understand and use languages as a central feature of their
"intelligence". Linguistic capabilities are perceived as "what makes us different from
apes", as the foundation of our cultures, and as a measure of overall intelligence of an
individual. No wonder has it been the dream of the scientific community for a long time
to make the computer understand natural languages, and indeed this ability has been
introduced as a measure of artificial intelligence (compare Turing-Test).

The process has proven to be much more complicated than some early researchers
thought. For the last approximately two to three decades, the idea of "fully
understanding" a natural-language text has been set aside in favor of solving detail
problems, mainly on the lower linguistic levels. While a respectable amount of results
of this research has even entered our daily lives (in the form of spell checkers,
thesauruses, grammar checkers, translation engines and the like), at first sight the
construction of a computer system that "understands" language seems about as far off
as forty years ago.

But, have we gotten any closer to this aim after all? We will see that most problems of
parsing the basic features of natural languages (phonemes, morphemes and syntax)
have been solved to a sufficient degree (at least for English) (see 4.1 - 4.3) as to
proceed to the "next levels":  There is a plethora of current research on semantic
classification, representation and disambiguation, and some on pragmatics and
discourse.

Note that the ability to handle natural language on those higher levels constitutes most
of what we call "understanding" of natural language (see 3).
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2 History
The current state of research in natural language understanding finds its foundations in
such diverse fields as linguistics (computational linguistics), computer science (natural
language processing), electrical engineering (speech recognition) and psychology
(computational psycholinguistics). To give a sketched overview of the historical
research involved, I stick with a classification introduced by (Jurafsky00), which I
reproduce in tabular form. For formal bibliographical references of the works
mentioned here, consult (Jurafsky00).

2.1 Foundational Insights: 1940s and 1950s

automaton theory

algorithmic computation Turing (1936)
McCulloch-Pitts neuron McCulloch and Pitts (1943)
finite automata, regular expressions Kleene (1951 and 1956)
finite-state Markov processes Shannon (1948)
finite-state languages and grammars Chomsky (1956)

formal language theory

context-free grammars Chomsky (1956)
context-free grammars, ALGOL Backus (1959), Naur et al. (1960)
probabilistic algorithms for speech and
language processing
"noisy channel", decoding, entropy Shannon
sound spectrograph Koenig et al. (1946)
first machine speech recognizers Davis et al. (1952)

2.2 The Two Camps: 1957-1970

symbolic

formal language theory, generative syntax Chomsky et al. (1950s-60s)
parsing algorithms (top-down, bottom-up,
dynamic programming) various
Transformation and Discourse Analysis Project Harris (1962)
"Artificial Intelligence" McCarthy, Minsky, Shannon, 

Rochester
Logic Theorist, General Problem Solver Newell and Simon

stochastic

Bayesian methods in OCR Bledsoe and Browning (1959)
Bayesian methods for authorship attribution Mosteller and Wallace (1964)

first on-line corpora

Brown corpus of American English Kucera and Francis
(1967, 1979, 1982)

DOC (Chinese dialect dictionary) Wang (1967)
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2.3 Four Paradigms: 1970-1983

stochastic

Speech recognition, HMMs various,
see Rabiner and Juang (1993)

logic-based

Q-systems and metamorphosis grammars Colmerauer (1970, 1975)
forerunners of Prolog, Definite Clause Grammars Pereria and Warren (1980)
functional grammars Kay (1979)
LFG, feature structure unification Bresnan and Kaplan (1982)

natural language understanding

SHRDLU Winograd (1972a)
systemic grammar Halliday
scripts, plans, goals, human memory Schank et al. ("Yale School")

Schank and Albelson (1977)
Schank and Riesbeck (1981)
Cullingford (1981)
Wilensky (1983)
Lehnert (1977)

network-based semantics Quillian (1968)
Norman and Rumelhart (1975)
Schank (1972)
Wilks (1975)
Kintsch (1974)

case roles Fillmore (1968)

discourse modeling

substructure in discourse, discourse focus Grosz (1977), Sidner (1983)
automatic reference resolution Hobbs (1978)
Belief-Desire-Intention (BDI) Perrault and Allen (1980)

Cohen and Perrault (1979)

2.4 Empiricism and Finite State Models Redux: 1983-1993

finite-state phonology and morphology Kaplan and Kay (1981)
finite-state models of syntax Church (1980)
probabilistic models in speech and language
processing IBM T.J. Watson Research Center
part-of-speech tagging, parsing,
attachment ambiguities
natural language generation

2.5 Convergence: 1994-1999

"By the last five years of the millennium it was clear the the field was vastly
changing. First, probabilistic and data-driven models had become quite
standard throughout natural language processing. Algorithms for parsing,
part-of-speech tagging, reference resolution, and discourse processing all
began to incorporate probabilities, and employ evaluation methodologies
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borrowed from speech recognition and information retrieval. Second, the
increases in the speed and memory of computers had allowed commercial
exploitation of a number of subareas of speech and language processing, in
particular speech recognition and spelling and grammar checking. Speech
and language processing algorithms began to be applied to Augmentative
and Alternative Communication (AAC). Finally, the rise of the Web
emphasized the need for language-based information retrieval and
information extraction." (Jurafsky00)
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3 What is "Natural Language Understanding"?
While our human psycholinguistic apparatus is not explained in sufficient detail, we
have to resort to some preliminary definitions of what "understanding" natural
language could imply. I follow a convention introduced by (Carthy76), that suggests
that "an intelligent person or program should be able to answer [...] questions based on
the information in [...] (a) story".

3.1 An Example Story
(Carthy76) suggests a short example story taken from the New York Times as a
candidate for a natural language understander:

        "A 61-year old furniture salesman was  pushed down the shaft of a
freight elevator yesterday  in his  downtown Brooklyn store  by two robbers
while a third attempted  to crush him  with the elevator car because they
were  dissatisfied with the  $1,200 they had  forced him to give them.

        The buffer springs at  the bottom of the shaft  prevented the car from
crushing the salesman, John J. Hug, after he was pushed from the  first
floor  to the  basement.   The car  stopped about  12 inches above him as he
flattened himself at the bottom of the pit.

        Mr. Hug was pinned in the shaft for about  half an hour until his  cries
attracted  the attention  of a  porter.   The store at 340 Livingston Street is
part of the Seaman's Quality Furniture chain.

        Mr. Hug was removed by members of the  Police Emergency Squad
and taken to Long Island  College Hospital.  He was badly shaken, but after
being treated  for scrapes  of his left  arm and  for a  spinal injury was
released and  went home.  He lives  at 62-01 69th  Lane, Maspeth, Queens.

        He has worked  for seven years at the store, on the corner of Nevins
Street, and this  was the fourth time he  had been held up  in the store.  The
last time was  about one year ago, when his right arm was slashed by a
knife-wielding robber." (Carthy76)

Note that taking such a newspaper-style story eliminates a whole bunch of problems we
would have to handle when trying to understand lyrical texts. We can assume a certain
amount of "truth" in the story, there is very limited use of metaphors, irony and the like
and it contains a lot of "factual" information.

3.2 Questions asked

(Carthy76) further suggests the following ("rather random") list of questions to be
asked to a program whose "intelligence" is to be determined:

1. Who was in the store when the events  began?
2. Who was in the store during the attempt to kill Mr. Hug?
3. Who had the money at the end? 
4. Is Mr. Hug  alive today?
5. How did Mr. Hug get hurt?
6. Where is Mr. Hug's home?
7. What are the names and addresses of the robbers?
8. Was Mr. Hug conscious after the robbers left?
9. What would have happened if Mr. Hug had not flattened himself at the bottom
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of the pit? What would have happened if there were no buffer springs?
10. Did Mr. Hug want to be crushed?
11. Did the robbers tell Mr. Hug their names?
12. Were the robbers present when the porter came?
13. Did Mr. Hug like the robbers, and did they like him?
14. Why did  the robbers  leave without  killing Mr. Hug?
15. What would  have happened if Mr. Hug had tried to run away?
16. What can Mr. Hug do to avoid this in the future?
17. Did Mr. Hug know he was going to be robbed? Does he know that he was

robbed?
18. Was Mr. Hug's right arm slashed before his left arm was scratched?
19. How did the robber try to crush him with the car?
20. Why did Mr. Hug yell from the bottom of the elevator shaft?
21. How long did the events take?
22. What crimes were committed?

McCarthy explicitly states that these questions do not try to cover all aspects of the
story, or all aspects of understanding the story.

3.3 Modules needed for Understanding the Example Story
To exemplify the progress made in the last quarter of the 20th century, I will briefly
review two models for an in-depth story understanding system that could answer the
proposed questions. The first from 1976, by McCarthy himself and the other laid out
in (Mueller99-1). Both models concentrate on the components involved in analyzing
the story and finding an appropriate representation for the contained "facts". The
understanding of the questions and actually inferring the answers is being set aside as
minor problems that can be solved with the same natural language understanding
system and predicate logic, respectively.

3.3.1 McCarthy, 1976

John McCarthy suggest the constructs of an Artificial Natural Language (ANL) and a
logic-based facts language as intermediate steps of the understanding system. The ANL
is described as a "formalism capable of expressing the assertions of the sentences free
from dependence on the grammar of the English language" (Carthy76, n.2), whose
"grammar [...] should be trivial and mathematical in character" (dto.).

The facts language, then, would be a "data structure for expressing the facts (apart
from expressing the sentences)" (dto.). The "basis of this data structure might be
various networks of nodes described by sentences in the predicate calculus" (dto.).

McCarthy discriminates three software modules needed to derive the answers from the
natural-language story, the questions (expressed in facts language) and a repository of
commonsense knowledge (or "general information"):

a) a "parser" that would transform English text into ANL,
b) an "understander" that would construct the "facts" from the ANL text and 
c) a "problem solver" that would derive answers to the questions, taking the facts

from the understander, the questions and commonsense knowledge. These
answers would also be expressed in "facts" language.
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Graphical representation of the natural language understander proposed by Carthy76

From today's standpoint it seems clear that

a) the construction of the "understander" module is the critical problem that
seems unsolved as yet, and

b) the notion of "facts" is ambiguous, because assertions made in natural
languages are rarely expressible unambiguously in mathematical terms. At the
least, the facts language would have to incorporate probabilistic elements.

3.3.2 Mueller, 1999

Erik T. Mueller takes McCarthy's memo and states that "In 1999 the problems raised by
McCarthy remain unsolved. No program can understand the [...] story at a level
anywhere near that of a human reader." (Mueller99-1).

After mentioning that "With some exceptions [...], little research on in-depth story
understanding has been performed in the last decade. Work has instead concentrated
on the easier tasks of information extraction and word sense disambiguation.", Mueller
proposes that "Now that research on these tasks has achieved some success, and indeed
may be reaching a point of diminishing returns [...], [...] it is time to return to the
harder problem of story understanding." (Mueller99-1)

He further defines "in-depth story understanding" as "not [...] simply generating parse
trees, disambiguating words, of filling templates, but being able to answer arbitrary
questions, generate paraphrases and summaries, fill arbitrary templates, make
inferences, reason about the story, follow reasoning in the story, relate the story to
general knowledge, hypothesize alternative versions of the story, look back over the
story, and more." (Mueller99-1)

As a mode of engagement to this complex problem, Mueller suggests the notion of
domain-specific understanding agents. He sees this as both a solution to the problem of
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how we, as human programmers, could manage the overall complexity of building a
language understanding system, and analogous to Minsky's hypothesis that the "mind
understands language simultaneously in multiple realms of thought" (Mueller99-1).

The agents would each by itself take on the data produced by phonetic, morphological,
syntactic and semantic parsers, and derive conclusions in their individual realm, such as
"temporal", "physical", "emotional", "criminal" or "personal", using established
information extraction algorithms. The agents would then have to "discuss" their
individual findings to settle on a common interpretation.

The understanding process conducted by the individual agents would have to be
controlled by a "master brain" that could start, stop or modify the priority of certain
agents. Additionally, the understanding components of the system would have to
constantly adapt, refine and extend existing parsers and lexicons, evolve existing
commonsense databases and build links between concurrent existing resources.

Here is a simplified graphic representation of the process presented by Mueller:

Graphical representation of the natural language understander proposed by Mueller99
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4 Dividing the Process into Linguistic Levels
I will try to mention existing strategies, algorithms and current research on natural
language understanding according to a model used in linguistics that divides language
into six more or less separate levels: Phonetics and Phonology, Morphology, Syntax,
Semantics, Pragmatics and Discourse.

Divided in such a way, we will see that some of the problems involved in NLU, namely
those of phonetics, morphology and syntax, have indeed been solved in a sufficient
degree as to proceed to the next higher levels. The idea of semantics tackles our overall
goal of "understanding": disambiguating concurrent senses of an individual word,
determining its meaning in the context where it is being used, makes up a large part of
the understanding process. For pragmatics and discourse, while there has been
research, we can say that these levels are beyond the current state of the art.

4.1 Phonetics/Phonology

"Phonology is the systematic study of the sounds used in language, their
internal structure, and their composition into syllables, words and phrases.
Computational phonology is the application of formal and computational
techniques to the representation and processing of phonological
information." (Bird00)

4.1.1 Implications for NLU

Phonology has little direct implications on current approaches to natural language
understanding: existing systems usually start from written text, not from recorded
speech. Yet, because spoken language differs from written language in multiple ways, it
would be appropriate for the higher level algorithms to take into account specific
phonetic features, such as prosody, ambiguities or nonverbal utterances.

4.1.2 Algorithms and existing solutions

Phonological resources are widely available, both as "finished" solutions (speech
synthesizers, speech recognition systems) and in the form of dictionaries. Linear
representations of phonemes can be produced using established computational models
(statistical analysis in frequency domain, finite state transducers).

For multi-linear, hierarchical phonological representations, (Bird00) suggests the use of
finite-state models that can handle the non-linearity of complex phonological
representations (multi-tape machines, mapping multiple layers into a single string to be
processed by a conventional single-tape machine, or using separate automata for the
individual layers and combining the machines using automaton intersection), and
attribute-value matrices (Bird00).

4.1.3 Representation

Linear representation of phonological information as a string of atomic symbols is
performed using either clear English transcription (as produced by a speech recognition
system), or via (a possible ASCII-representation of) the international phonetic alphabet.

For more complex representations that can describe prosody, nonverbal utterances,
ambiguities and other complex information, there is no common representation format.

(Bird00): "First, there is no agreed method for modeling non-linear
representations, and each proposal has shortcomings. Second, processing
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data sets present its own set of problems, having to do with tokenization,
symbols which are ambiguous as to their featural decomposition, symbols
marked as uncertain or optional, and so on. Third, some innocuous looking
rules and constraints might be surprisingly difficult to model, and it might
only be possible to approximate the desired behaviours. Additionally,
certain universal principles and tendencies may be hard to express in a
formal manner. A final, pervasive problem is that symbolic transcriptions
may fail to adequately reflect linguistically significant acoustic differences in
the speech signal."

4.2 Morphology
Morphology relates to the internal analysis of words and word formation.
Morphological analysis of English (and other languages using concatenative
morphotactics) would include at least lemnification (identifying the word stem),
identification of prefixes and suffixes (thereby possibly identifying the tense and
number), and classification (into nouns, verbs, adjectives, etc.).

4.2.1 Algorithms

Part-of-speech (POS) tagging is a common form of morphological (and somewhat
syntactical) classification of words. Brill's (Brill93) classic rule-based tagger uses a
transformation-based approach using probabilistic finite state automata acting on rules
learned from a manually annotated corpus, the Penn Treebank (Penn93) of the Brown
and WSJ (Wall St. Journal) corpora.

Most more sophisticated morphological analysers use large lexicons to determine the
exact word form, and maybe additional heuristics for phenomena in certain languages
(eg. German compound nouns, LeziusRappWettler98).

4.2.2 Representation

Here is an example output of Brill's rule-based best-tagger (version 1.14), analyzing the
first sentence of McCarthy's example story:

A/DT 61-year/JJ old/JJ furniture/NN salesman/NN was/VBD
pushed/VBN down/RP the/DT shaft/NN of/IN a/DT freight/NN
elevator/NN yesterday/NN in/IN his/PRP$ downtown/NN Brooklyn/NNP
store/NN by/IN two/CD robbers/NNS while/IN a/DT third/JJ
attempted/VBD to/TO crush/VB him/PRP with/IN the/DT elevator/NN
car/NN because/IN they/PRP were/VBD dissatisfied/JJ with/IN
the/DT $1,200/CD they/PRP had/VBD forced/VBN him/PRP to/TO
give/VB them/PRP ./. 

(Consult Appendix A for a reference of tags and Appendix B for the tagging of the
whole story)

The same sentence run through Brill's n-best-tagger (which represents all possible
classifications for each word):

A/DT_NNP 61-year/JJ_RB_NNP_NN_VBN_VBG_VB old/JJ furniture/NN
salesman/NN was/VBD pushed/VBN_VBD down/RP the/DT_NNP shaft/NN
of/IN_RB_RP a/DT_NNP freight/NN_VB elevator/NN yesterday/NN_RB
in/IN_RB_RP his/PRP$ downtown/NN_JJ_RB Brooklyn/NNP_NN
store/NN_VBP_VB by/IN_RB_RP two/CD robbers/NNS while/IN_JJ_RB
a/DT_NNP third/JJ_NN_RB attempted/VBD_VBN_JJ to/TO crush/VB_NN
him/PRP with/IN_JJ_RB_RP the/DT_NNP elevator/NN car/NN
because/IN_RB they/PRP were/VBD dissatisfied/JJ_VBN
with/IN_JJ_RB_RP the/DT_NNP $1,200/CD_NN they/PRP had/VBD_VBN
forced/VBN_VBD_JJ him/PRP to/TO give/VB_NN_VBP them/PRP ./. 

Note that these representations capture very little morphologic detail. Also, there is no
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commonly accepted tagset for POS tagging. More exhaustive morphological analyzers
use more complex, proprietary representations like attribute-value matrices.

4.2.3 Research

Current research in computational morphology tries to enable unsupervised learning
(CreutzLagus02, NeuvelFulop02) or cares about rather specialized areas like handling
of non-concatenative morphotactics (BeesleyKarttunen00), prosodic morphology
(Walther99) and formalization of morphologies of languages other than English
(Lezius96, LeziusRappWettler98, Skoumalova97, Oztaner96).

4.3 Syntax
Syntax is "that part of grammar which treats of the construction of sentences; the due
arrangement of words in sentences in their necessary relations, according to established
usage in any language" (Webster13).

4.3.1 Algorithms

The most common formalism for representing the syntactical structure of a text seems
to be Lexical Tree Adjoining Grammars (LTAG; JoshiLevyTakahashi75, Schabes81). The
notion of Supertags (JoshiSrinivas94), then, is analogous to the primary elements in
LTAG. Supertags extend the idea of POS tagging by adding features such as sub-
categorization and some attachment information, and thus take work from the
syntactical parser in that the only task that remains to be done to arrive at a complete
parse is combining the supertag trees (thus, supertagging is also known as "almost
parsing"). Since every word can have several supertags associated with it, the process of
finding the best supertag to each word (supertagging) is non-trivial and usually
involves n-gram models of manually annotated corpora.

A different approach to syntax analysis is proposed in (SleatorTemperley91): a link
grammar defines classes of possible links between pairs of words, and a lexicon the
possible linkages of each word. A link grammar parser emits all possible linkages, which
can easily be transformed into constituent trees like those emitted by an LTAG parser.

4.3.2 Representation

The output of Sleator's link grammar parser applied to a question asked by McCarthy
(find one possible linkage of the first sentence of the story in Appendix C) looks like
this:

    +---------------------------Xp---------------------------+
    |           +---------MVs--------+                       |
    |           |    +---Js---+      +----Cs----+            |
    +--Ws--+Ss*w+-Pp-+  +--Ds-+      |   +--Dmc-+---Sp--+    |
    |      |    |    |  |     |      |   |      |       |    |
LEFT-WALL who was.v in the store.n when the events.n began.v ? 

Constituent tree:

(S Who
   (S (VP was
          (PP in
              (NP the store))
          (SBAR (WHADVP when)
                (S (NP the events)
                   (VP began)))))
   ?)
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4.3.3 Research

Current research in the area of syntax includes alternative parsing strategies, and
applying concurrent parse strategies to the same text (Pedersen00), the integration
with morphological and semantical analyzers to faciliate syntactic disambiguation, and
the use of unsupervised learning algorithms to discover syntactic features and rules.

4.4 Semantics

Semantics is about the actual knowledge contained in linguistic structures. It includes
definitions (association of words with well-defined concepts, and classification into a
generalization hierarchy), assertions about the relationship of concepts and implications
within concepts.

4.4.1 Formalism

The common formalism for representing semantic information is that of Semantic
Networks. (Sowa87) distinguishes six kinds of semantic networks:

� Definitional networks (also called generalization or subsumption
hierarchies) emphasise the subtype or is-a relationship between a concept
type and a newly defined subtype. The resulting hierarchy supports the rule
of inheritance for copying properties defined for a supertype to all of its
subtypes. Information in definitional networks is assumed to be true by
definition.

� Assertional networks are made of assertions (or negated assertions).
� Implicational networks may represent patterns of beliefs, causality, or

inferences.
� Executable networks include mechanisms such as marker passing or

attached procedures to perform inferences, pass messages or search for
patterns and associations.

� Learning networks evolve their representations by acquiring knowledge
from examples, thereby adding and deleting nodes and arcs or modifying
weights (numerical values associated with the nodes and arcs).

� Hybrid networks combine two or more of the mentioned techniques.

The Semantic Web Initiative of the W3C (W3C02) tries to leverage the Semantic Net
formalism to a global level by developing techniques to interoperably describe semantic
networks and ontologies, mainly using the Resource Description Format (RDF), finally to
allow a computer agent to infer new knowledge from existing world-wide-web
resources.

4.4.2 Algorithms

The 1990s saw a lot of work on Information Extraction (eg. Aseltine99) and Word sense
disambiguation (for a good overview, consult Ide98), where stochastic algorithms now
achieve over 90% accuracy.

4.4.3 Research

Groundwork research in semantics continues in areas such as unsupervised finding of
synonyms (Turney01), identification of the overall semantic orientation of a text
(Turney02), or corpus-based semantic re-rendering of ontologies (Pustejovsky02).
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4.5 Pragmatics and Discourse

Pragmatics and Discourse are not as closely defined as the other linguistic areas. It can
be said that both are concerned with language use beyond the boundaries of a single
sentence or utterance. Pragmatics thematizes the relationships between language use
and the language user in a situational context, whereas Discourse analysis is concerned
mainly with the interactive or dialogic properties of everyday communication.

Very little formalisms for representing pragmatics or discourse have been developed.
One noteworthy exception is that of scripts, developed as early as 1977 by
(SchankAbelson77). Scripts are stereotyped sequences of actions that define well-
known situations, and the roles involved.

Here is an example of a "blackout" script (Mueller99-2):

Object blackout
[English] power failure, blackout; [French] black out,
panne de courant, panne d e'lectricite'
[ako ^ disaster]
[duration-of ^ NUMBER:second:3600]
[emotion-of ^ [anger human]]
[emotion-of ^ [unhappy-surprise human]]
[emotion-of ^ [worry human]]
[event01-of ^ [anger human]]
[event01-of ^ [electronic-device-broken
               electricity-network]]
[event01-of ^ [unhappy-surprise human]]
[event01-of ^ [worry human]]
[event02-of ^ [fetch-from human na light-source]]
[performed-in ^ apartment]
[performed-in ^ house]
[performed-in ^ office]
[period-of ^ NUMBER:second:3.1536e+07]
[role01-of ^ human]
[role02-of ^ electricity-network]

Research in the areas of pragmatics and discourse is still rather basic: (Hobbs97) tries
to disambiguate events using cascaded finite-state transducers; (Mueller99-1)
developed the idea of using domain-specific understanding agents to reduce complexity
in approaching the goal of "true" natural language understanding.
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5 Pervasive Problems
I see a bunch of problems that seem common to most areas of NLU:

5.1 Disambiguation
While we can easily look up a certain linguistic construct (be it morpheme, word,
syntactical structure, word sense or script) in a lexicon during parsing, as soon as
representation has been formalized and lexicons exist, such a lookup usually has
multiple results and we further have to disambiguate the "true" meaning. While there is
little doubt about phonetical, morphological or syntactical correctness (even though
natural language is often "incorrect" even in those areas), this gets increasingly difficult
as we try to resolve semantic ambiguities or determine the pragmatic implications of a
text.

5.2 Integration
It seems obvious that analysis on one of the mentioned levels alone cannot resolve all
ambiguities: these would have to be passed on to higher level systems and incorporated
into techniques used here. This kind of "vertical" integration, as well as "horizontal"
integration (eg., of multiple concurrent syntactic parsing strategies) is non-trivial, and
formalized representations have to exist.

5.3 Formalization/Representation

The output of most linguistic analyzers is proprietary, and on all levels multiple
formalisms for representing information exist. To be able to integrate different
components into a large, in-depth understanding systems, and to resolve ambiguities on
one level by analysis on another, formalisms and data structures for representation
have to be agreed on. Such formalisms have to be able to adequately represent
ambiguities and probabilities. XML/RDF and the joint development of ontologies seem
viable approaches to enable interoperability.

5.4 Inference

The problems of inferring new knowledge, or answers to questions, once the data has
been adequately represented, remains a topic of research in its own right. While
inference engines for assertional semantic networks do indeed exist, they only work for
small-scale  "toy" problems and are not scalable to a degree where they could handle
the huge amount of assertional data the semantic web could produce.
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6 Conclusion
While robust tokenizers, taggers and parsers for basic phonetics, morphology and
syntax exist, computational semantic analysis is still at a rather early stage. Yet, a fair
amount of problems have indeed been solved, and the levels of semantics, pragmatics
and discourse tackle our notion of "understanding" itself. Thus, I agree with
(Mueller99-1) in that during the last twenty years enough detail problems have
sufficiently been solved as to focus on the much larger and more complex problems of
in-depth natural language understanding itself again.

The classification of existing formalisms and algorithms into the six subdivisions of
linguistics has been a useful tool for me to understand the overall issues involved in
natural language understanding. Yet, most algorithms reviewed fit this placement only
partially. For example, I classified Part-of-speech tagging as a morphological activity
because it handles language as a string of atomic words. The tags themselves, though,
have syntactic implications. Supertagging, then, was placed in the syntactic category
(even though it also handles words atomically), simply because it has been specifically
developed to derive syntactic structure.

Language cannot be understood on one of these levels alone. Each has implications on
other levels, and ambiguities on one level can often be resolved only by analyzing the
text on another.

"We can only see a short distance ahead, but we can see plenty there that needs
to be done." (Alan Turing)
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Appendixes

A - Penn Treebank Tagset
CC coordinating conjunction  and
CD cardinal number 1, third
DT determiner the
EX existential there there is
FW foreign word d'hoevre
IN preposition/subordinating conjunction in, of, like
JJ adjective green
JJR adjective, comparative greener
JJS adjective, superlative greenest
LS list marker 1)
MD modal could, will
NN noun, singular or mass table
NNS noun plural tables
NNP proper noun, singular John
NNPS proper noun, plural Vikings
PDT predeterminer both the boys
POS possessive ending friend's
PRP personal pronoun I, he, it
PRP$ possessive pronoun my, his
RB adverb however, usually, naturally, here,

good
RBR adverb, comparative better
RBS adverb, superlative best
RP particle give up
TO to to go, to him
UH interjection uhhuhhuhh
VB verb, base form take
VBD verb, past tense took
VBG verb, gerund/present participle taking
VBN verb, past participle taken
VBP verb, sing. present, non-3d take
VBZ verb, 3rd person sing. present takes
WDT wh-determiner which
WP wh-pronoun who, what
WP$ possessive wh-pronoun whose
WRB wh-abverb where, when

(M. Marcus, Beatrice Santorini and M.A. Marcinkiewicz: Building a large annotated corpus of English: The
Penn Treebank. In Computational Linguistics, volume 19, number 2, pp313-330)
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B - Complete output of Brill's rule-based tagger version 1.14 on McCarthy's
example story
A/DT 61-year/JJ old/JJ furniture/NN salesman/NN was/VBD pushed/VBN
down/RP the/DT shaft/NN of/IN a/DT freight/NN elevator/NN yesterday/NN
in/IN his/PRP$ downtown/NN Brooklyn/NNP store/NN by/IN two/CD
robbers/NNS while/IN a/DT third/JJ attempted/VBD to/TO crush/VB him/PRP
with/IN the/DT elevator/NN car/NN because/IN they/PRP were/VBD
dissatisfied/JJ with/IN the/DT $1,200/CD they/PRP had/VBD forced/VBN
him/PRP to/TO give/VB them/PRP ./. 
The/DT buffer/NN springs/NNS at/IN the/DT bottom/NN of/IN the/DT
shaft/NN prevented/VBD the/DT car/NN from/IN crushing/VBG the/DT
salesman/NN ,/, John/NNP J/NNP Hug/NNP ,/, after/IN he/PRP was/VBD
pushed/VBN from/IN the/DT first/JJ floor/NN to/TO the/DT basement/NN ./.
The/DT car/NN stopped/VBD about/IN 12/CD inches/NNS above/IN him/PRP
as/IN he/PRP flattened/VBD himself/PRP at/IN the/DT bottom/NN of/IN
the/DT pit/NN ./. 
Mr./NNP Hug/NNP was/VBD pinned/VBN in/IN the/DT shaft/NN for/IN about/IN
half/PDT an/DT hour/NN until/IN his/PRP$ cries/NNS attracted/VBD the/DT
attention/NN of/IN a/DT porter/NN ./. 
The/DT store/NN at/IN 340/CD Livingston/NNP Street/NNP is/VBZ part/NN
of/IN the/DT Seaman/NNP 's/POS Quality/NNP Furniture/NNP chain/NN ./. 
Mr./NNP Hug/NNP was/VBD removed/VBN by/IN members/NNS of/IN the/DT
Police/NNP Emergency/NNP Squad/NN and/CC taken/VBN to/TO Long/NNP
Island/NNP College/NNP Hospital/NNP ./. 
He/PRP was/VBD badly/RB shaken/VBN ,/, but/CC after/IN being/VBG
treated/VBN for/IN scrapes/NNS of/IN his/PRP$ left/VBN arm/NN and/CC
for/IN a/DT spinal/JJ injury/NN was/VBD released/VBN and/CC went/VBD
home/NN ./. 
He/PRP lives/VBZ at/IN 62-01/JJ 69th/NNP Lane/NNP ,/, Maspeth/NNP ,/,
Queens/NNP ./. 
He/PRP has/VBZ worked/VBN for/IN seven/CD years/NNS at/IN the/DT
store/NN ,/, on/IN the/DT corner/NN of/IN Nevins/NNP Street/NNP ,/,
and/CC this/DT was/VBD the/DT fourth/JJ time/NN he/PRP had/VBD been/VBN
held/VBN up/IN in/IN the/DT store/NN ./. 
The/DT last/JJ time/NN was/VBD about/IN one/CD year/NN ago/RB ,/,
when/WRB his/PRP$ right/JJ arm/NN was/VBD slashed/VBN by/IN a/DT knife-
wielding/JJ robber/NN ./. 
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C - Complete output of the link grammar parser featuring the "most likely"
linkage of the first sentence of McCarthy's story
No complete linkages found.
++++Time                                          1.06 seconds (408.13 total)
Found 1800 linkages (100 with no P.P. violations) at null count 1
  Linkage 1, cost vector = (UNUSED=1 DIS=3 AND=0 LEN=144)

    +----------------------------------------------------------------------
    |                                                      +---------------
    |                                                      +---------------
    +------------------Wd------------------+               +---------------
    |     +---------------Ds---------------+               |               
    |     |    +-------------Ah------------+               |               
    |     |    |      +----------A---------+               |       +----Js-
    |     |    |      |        +-----AN----+---Ss--+---Pv--+--MVa--+    +--
    |     |    |      |        |           |       |       |       |    |  
LEFT-WALL a 61-year old.a furniture.n salesman.n was.v pushed.v down.e the 

-----------------------------------------------------------------------
----------------------------------------MVs----------------------------
-------------------------------MVp-------------------------------------
--------------MVp----------------------------+                         
   +----------------Mpn---------------+      +-------------Js----------
   |     +--------Js--------+         |      |  +------------Ds--------
---+     | +-------Ds-------+         |      |  |       +--------AN----
Ds-+--Mp-+ |     +----AN----+         |      |  |       |         +---A
   |     | |     |          |         |      |  |       |         |    
shaft.n of a freight.n elevator.n yesterday in his downtown.n Brooklyn 

-----------------------Xp--------------------------------------------------
---------------------------+                                               
---------+                 |                                               
         |                 |       +---------------------------------------
---+     |                 |       |        +------------------------MVs---
---+     |                 |       |        |                       +------
---+     +----Jp---+       +---Cs--+        +----------MVp----------+   +--
N--+     |  +--Dmc-+       |   +NSa+---Mv---+--MVi--+--I-+--Ox-+    |   |  
   |     |  |      |       |   |   |        |       |    |     |    |   |  
store.n by two robbers.n while a third attempted.v to crush.v him with the 

------------------------------------------------------------------------
---------------------S--------------------------------------------------
--------------------+                                                   
---Js--------+      |                                                   
-----Ds------+      |                                    +--Jp--+       
     +---AN--+      +--Cs--+-Spx-+-----Pv----+----MVp----+   +DD+NIa+   
     |       |      |      |     |           |           |   |  |   |   
elevator.n car.n because they were.v dissatisfied[!].v with the $ 1,200 

-----------------------------------------+
                                         |
                                         |
---------+                               |
         |                               |
         |                               |
         |       +---TOo---+             |
         +---PP--+--Ox-+   +--I-+--Ox-+  |
         |       |     |   |    |     |  |
[they] had.v forced.v him to give.v them . 

Constituent tree:

(S (NP A 61-year old furniture salesman)
   (VP was
       (VP pushed
           (ADVP down
                 (NP (NP (NP the shaft)
                         (PP of
                             (NP a freight elevator)))
                     (NP yesterday)))
           (PP in
               (NP his downtown Brooklyn store))
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           (PP by
               (NP two robbers))))
   (SBAR while
         (S (NP (NP a third)
                (VP attempted
                    (S (VP to
                           (VP crush
                               (NP him))))
                    (PP with
                        (NP the elevator car)))
                (SBAR because
                      (S (NP they)
                         (VP were
                             (VP dissatisfied
                                 (PP with
                                     (NP the $ 1,200)))))))
            they
            (VP had
                (VP forced
                    (NP him)
                    (S (VP to
                           (VP give
                               (NP them))))))))
   .)
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