Preface to the second edition

As an interdisciplinary field, computational linguisticaghits sources in several areas
of science, each with its own goals, methods, and histobiaekground. Thereby, it
has remained unclear which components fit together and velaaiot. This suggests
three possible approaches to designing a computatiomalifitics textbook.

The first approach proceeds from one’s own school of thoughially determined
by chance, such as one’s initial place of study, rather tlyaa Wwell-informed, delib-
erate choice. The goal is to extend the inherited theotdt@mamework or method to as
many aspects of language analysis as possible. As a comeeqtiee issue of compat-
ibility with other approaches in the field need not be addréssd one’s assumptions
are questioned at best in connection with ‘puzzling prolslém

The second approach takes the viewpoint of an objectiverefisand aims to
survey the field as completely as possible. However, theslatgnber of different
schools, methods, and tasks necessitates a subjectieicael&urthermore, the pre-
sumed neutrality provides no incentive to investigate thegatibility between the
elements selected.

The third approach aims at solving a comprehensive funatimsk, with the differ-
ent approaches being ordered relative to it. To arrive atifs&red solution, suitability
and compatibility of the different elements adopted musinkestigated with regard
to the task at hand.

In this textbook, the survey Chapters 1 and 2 are based oretttmd approach,
while the remaining Chapters, 3 to 24, are based on the thivelcomprehensive task
chosen is the design of a robot which can freely communicataiural language.

The most difficult aspects of this task are treated in Chafter24, which present
a declarative outline for programming the semantic and rpedig interpretation of
natural language. Based on a new formulation in a recemieaiti Artificial Intelli-
gence(Hausser 2001c), these chapters have been completelyteswor the second
edition. Sections 22.5, 24.4, and 24.5 go even further thamsbkkr 2001c, and are
followed by a new schematic summary and a new conclusionmigies and explana-
tions which were contained in the old versions of Chapter232and 24 have been
moved to the new appendices A, B, and C, respectively.

Many improvements are due to corrections, suggestionsyemdrks made in re-
sponse to the first edition by
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Preface

The central task of a future-oriented computational lisgos is the development of
cognitive machines which humans can freely talk with inithegpective natural lan-
guage. In the long run, this task will ensure the developroéatfunctional theory of
language, an objective method of verification, and a widgeaf applications.

Natural communication requires not only verbal processimg also non-verbal
perception and action. Therefore the content of this teoihe organized as a theory
of language for the construction of talking robots. The mapic is themechanism of
natural language communicatian both the speaker and the hearer.

The content is divided into the following parts:

I.  Theory of Language

II. Theory of Grammar

lll. Morphology and Syntax

IV. Semantics and Pragmatics

Each part consists of 6 chapters. Each of the 24 chapterstaE5 sections. A total
of 797 exercises help in reviewing key ideas and importapiblpms.

Part | begins with current applications of computationafyliistics. Then it de-
scribes a new theory of language, the functioning of whidhustrated by the robot
CuRrIous. This theory is referred to with the acronymif , which stands foBurface
compositionaLinear|nternal Matching It includes a cognitive foundation of seman-
tic primitives, a theory of signs, a structural delineatiminthe components syntax,
semantics, and pragmatics, as well as their functionagjiaten in the speaker’s ut-
terance and the hearer’s interpretation. The presentediers to other contemporary
theories of language, especially those of Chomsky and Gagcevell as to the classic
theories of Frege, Peirce, de Saussure, Bihler, and ShaaNgeaver, explaining
their formal and methodological foundations as well asrthétorical background
and motivations.

Part Il presents the theory érmal grammarand its methodological, mathemati-
cal, and computational roles in the description of natiaaglages. A description of
categorial grammar and phrase structure grammar is cochiiitle an introduction to
the basic notions and linguistic motivation of generativangmar. Further topics are
the declarative vs. procedural aspects of parsing and ggmertype transparency, as
well as the relation between formalisms and complexitysgaslt is shown that the
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principle of possiblesubstitutionscauses empirical and mathematical problems for
the description of natural language. As an alternative ptiveciple of possiblecon-
tinuationsis formalized as LA-grammar. LA stands for the left-assttaderivation
order which models the time-linear nature of language. ispfibns of LA-grammar

to relevant artificial languages show that its hierarchyooffal languages is orthog-
onal to that of phrase structure grammar. Within the LA-dniehy, natural language
is in the lowest complexity class, namely the class of Ctieges which parse in
linear time.

Part Il describes themorphologyandsyntaxof natural language. A general descrip-
tion of the notions word, word form, morpheme, and allomorbie morphological
processes of inflection, derivation, and composition, ab agethe different possi-
ble methods of automatic word form recognition is followedthe morphological
analysis of English within the framework of LA-grammar. Tihthe syntactic princi-
ples of valency, agreement, and word order are explaindadmihe left-associative
approach. LA-grammars for English and German are develdyyeslystematically
extending a small initial system to handle more and moretoacttons such as the
fixed vs. free word order of English and German, respectithly structure of com-
plex noun phrases and complex verbs, interrogatives, diate clauses, etc. These
analyses are presented in the form of explicit grammars aridations.

Part IV describes theemanticsand pragmaticsof natural language. The general
description of language interpretation begins by compgatinmee different types of
semantics, namely those of logical languages, programiaimguages, and natural
languages. Based on Tarski’s foundation of logical seroarand his reconstruction
of the Epimenides paradox, the possibility of applying éadisemantics to natural
language is investigated. Alternative analyses of interadi contexts, propositional
attitudes, and the phenomenon of vagueness illustratdiffexent types of semantics
are based on different ontologies which greatly influeneeempirical results. It is
shown how a semantic interpretation may cause an increasaniplexity and how
this is to be avoided within theLBv theory of language. The last two chapters, 23 and
24, analyze the interpretation by the hearer and the comakation by the speaker as
a time-linear navigation through a database caledd bank A word bank allows the
storage of arbitrary propositions and is implemented asc@msion of a classic (i.e.,
record-based) network database. The autonomous navigatimugh a word bank is
controlled by the explicit rules of suitable LA-grammars.

As supplementary reading tt&urvey of the State of the Art in Human Language
TechnologyRon Cole (ed.) 1998 is recommended. This book containst&fiocon-
tributions by different specialists giving detailed srfagts of their research in lan-
guage theory and technology.

Erlangen, June 1999 Roland Hausser
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Introduction

I. BASIC GOAL OF COMPUTATIONAL LINGUISTICS

Transmitting information by means of a natural language (ikhinese, English, or
German is a real and well-structured procedure. This bes@vielent when we at-
tempt to communicate with people who speak a foreign languBgen if the infor-
mation we want to convey is completely clear to us, we willlm@tunderstood by our
hearers if we fail to use their language adequately.

The goal of computational linguistics is to reproduce thaura transmission of
information by modeling the speaker’s production and theréres interpretation on a
suitable type of computer. This amounts to the construaifoautonomous cognitive
machines (robots) which can communicate freely in nataragliage.

The development of speaking robots is not a matter of fictiom,a real scientific
task. Remarkably, however, theories of language have sovdéded a functional mod-
eling of the natural communication mechanism, concengaitistead on peripheral
aspects such as methodology (behaviorism), innate idedivigm), and scientific
truth (model theory).

Il. TURING TEST

The task of modeling the mechanism of natural communicatiothe computer was
described in 1950 by BAN TURING (1912-1954) in the form of an ‘imitation game’
known today as the Turing test. In this game, a human intatongs asked to question
a male and a female partner in another room via a teleprinterder to determine
which answer was given by the man and which by the woman. Tiygl@eunning the
test count how often the interrogator classifies his comoatimn partners correctly
and how often (s)he is fooled by them.

Subsequently one of the two humans is replaced by a compilter.computer
passes the Turing test if it simulates the man or the womanhihreplaced so well
that the guesses of the interrogator are just as often rightveiong as with the previ-
ous set of partners. In this way Turing wanted to replace thesiipn “Can machines
think?” by the question “Are there imaginable digital cortgms which would do well
in the imitation game?”
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I1l. ELIZA PROGRAM

In its original intention, the Turing test requires the donstion of an artificial cog-
nitive agent with a verbal behavior so natural that it carreotlistinguished from that
of a human native speaker. This presupposes complete gevefdhe language data
and of the communicative functions in real time. At the same} the test tries to
avoid all aspects not directly involved in verbal behavior.

However, the Turing test does not specify what cognitivecstire the artificial agent
should have in order to succeed in the imitation game. Fer#ason, it is possible to
misinterpret the aim of the Turing test as fooling the irdgator rather than providing
a functional model of communication on the computer. This sl@own by the Eliza
program of Weizenbaum 1965.

The Eliza program simulates a psychiatrist encouragindhtirean interrogator to
talk more and more about him- or herself. The structure afegk based on sentence
templates into which certain words used by the interrogatow in the role of a
patient, are inserted. For example, if the interrogatortioas the wordmother, Eliza
uses the templat&ll me more about your ____ to generate the sentengell me
more about your mother.

Because of the way in which Eliza works, we know that Eliza hasinderstand-
ing of the dialog with the interrogator/patient. Thus, tlemstruction of Eliza is not
a model of communication. If we regard the dialog betweeneEdind the interroga-
tor/patient as a modified Turing test, however, the Elizgmm is successful insofar
as the interrogator/patiefeelshim- or herself understood and therefore does not dis-
tinguish between a human and an artificial communicatioinpain the role of the
psychiatrist.

The purpose of computational linguistics is the real madebf natural language
communication, and not a mimicry based on exploiting paldicrestrictions of a spe-
cific dialog situation, as in the Eliza program. Thus, comfiahal linguistics must
(i) explain the mechanism of natural communication thecay and (ii) verify this
explanation in practice. The latter is done in terms of a detepand general imple-
mentation which must prove its functioning in everyday camiation rather than
in the Turing test.

IV. M ODELING NATURAL COMMUNICATION

Designing a talking robot provides an excellent occasiansfstematically devel-
oping the basic notions as well as the philosophical, ma#ieal, grammatical,
methodological, and programming aspects of computatitingliistics. This is be-
cause modeling the mechanism of natural communicatioriresju

1 As an example of such an aspect, A. Turing 1950, p. 434, mesitie artificial recreation of human
skin.
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— atheory of language which explains the natural transfamfofination in a way that
is functionally coherent, mathematically explicit, andrquutationally efficient,

— a description of language data which is empirically congletr all components
of this theory of language, i.e., the lexicon, the morphgldbe syntax, and the
semantics, as well as the pragmatics and the representdtibe internal context,

— a degree of precision in the description of these compomnehitsh is sufficient for
computation.

Fulfilling these requirements will take hard, systemataalepriented work, but it will
be worth the effort.

For theory development, the construction of talking robetsf interest because an
electronically implemented model of communication maydstdad both externally in
terms of the verbal behavior observed, and internally wiaadiaccess to its cogni-
tive states. The work towards realizing unrestricted hug@mputer communication
in natural language is facilitated by the fact that the fiomal model may be devel-
oped incrementally, beginning with a simplified, but fullgrgeral system to which
additional functions as well as additional natural langsagre added step by step.

For practical purposes, unrestricted communication wimguters and robots in
natural languages will make the interaction with these rimsshmaximally user
friendly and permit new, powerful ways of information presig. Artificial pro-
gramming languages may then be limited to specialists dpired and servicing the
machines.

V. USING PARSERS

Computational linguistics analyzes natural languagesnaatically in terms of soft-
ware programs called parsers. The use of parsers influemedisdoretical viewpoint
of linguistic research, distribution of funds, and everydasearch practice as follows:

— Competition
Competing theories of grammar are measured with respebetodw standard of
how well they are suited for efficient parsing and how welltfieinto a theory of
language designed to model the mechanism of natural concation.

— Funding
Computationally efficient and empirically adequate parser different languages
are needed for an unlimited range of practical applicatiarigch has a major im-
pact on the inflow of funds for research, development, anthieg in this particular
area of the humanities.

— Verification
Programming grammars as parsers allows testing their eraladequacy automat-
ically on arbitrarily large amounts of real data in the arefword form recogni-
tion/synthesis, syntactic analysis/generation and sBoapragmatic interpretation
in both the speaker and the hearer mode.
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The verification of theories of language and grammar by meéatesting electronic
models in real applications is a new approach which cleafigrd from the methods
of traditional linguistics, psychology, philosophy, anatmematical logic.

VI. THEORETICAL LEVELS OF ABSTRACTION

So far there are no electronic systems which model the fomiciy of natural commu-
nication so successfully that one can talk with them moress freely. Furthermore,
researchers do not agree on how the mechanism of natural @oication really
works. One may therefore question whether achieving a iwmait model of natu-
ral communication is possible in principle. | would like tosaver this question with
an analogy from the recent history of science.

Today’s situation in computational linguistics resemidies development of me-
chanical flight before 1903.For hundreds of years humans had observed sparrows
and other birds in order to understand how they fly. Their gead to become air-
borne in a similar manner. It turned out, however, that flagpiings did not work for
humans. This was taken by some as a basis for declaring huimglanirfhpossible in
principle, in accordance with the pious cliché “If God hatkimded humans to fly, He
would have given them wing$.”

Today human air travel is commonplace. Furthermore, we nmwkhat a sparrow
remains air-borne in accordance with the same aero-dynprimiciples as a jumbo
jet. Thus, there is a certain level of abstraction at whighftights of sparrows and
jumbo jets function in the same way.

Similarly, the modeling of natural communication requiegsabstract theory which
applies to human and artificial cognitive machines alikeer€by, one naturally runs
the risk of setting the level of abstraction either too lovtaw high. As in the case of
flying, the crucial problem is finding the correct level of ahstion.

A level of abstraction which is too low is exemplified by cldsggnal systems such
as vending machines. Such machines are inappropriate asratical model because
they fail to capture the diversity of natural language use, the characteristic prop-
erty that one and the same expression can be used meanyrigfdifferent contexts.

A level of abstraction which is too high, on the other handexemplified by
naive anthropomorphic expectations. For example, a naffoproper understand-
2 See also Col, p. 317.

3 In 1903, the brothers Orville and Wilbur Wright succeedethulie first manned motorized flight.
* Irrational reasons against a modeling of natural commtioicaeside in the subconscious fear of cre-
ating artificial beings resembling humans and having supaam powers. Sudiomunculj which oc-

cur in the earliest of mythologies, are regarded widely afating a tabu. The tabu of Doppelgéanger-
similarity is described in Girard 1974.

Besides dark versions of homunculi, such as the cabalistioapired Golem and the electrically
initialized creature of the surgeon Dr. Frankenstein, ttexdture provides also more lighthearted
variants. Examples are the piano-playing doll automathefl8th century, based on the anatomical
and physical knowledge of their time, and the mechanicalityesinging and dancing ifthe Tales
of Hoffmann More recent is the robot C3PO0 in George Lucas’ fiitar Wars which represents a
positive view of human-like robots.
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ing’ which requires that the computational system be sunhyised when scanning
Finnegan's Wakeés as far off the mark as a notion of ‘proper flying’ which recps
mating and breeding behavior from a jumbo3et.

VIl. ANALYZING HUMAN COGNITION

The history of mechanical flight shows how a natural processl flight) poses a
conceptually simple and obvious problem to science. Despiat efforts it was un-
solvable for a long time. In the end, the solution turned oubé¢ a highly abstract
mathematical theory. In addition to being a successfuldationn of mechanical flight,
this theory is able to explain the functioning of naturaltitigs well.

This is why the abstract theory of aero-dynamics has led tevaappreciation of
nature. Once the development of biplanes, turboprops,asdgsulted in a better the-
oretical and practical understanding of the principlesighf] interest was refocussed
again on the natural flight of animals in order to grasp theineerful efficiency and
power. This in turn led to major improvements in artificiaght, resulting in less
noisy and more fuel-efficient air planes.

Applied to computational linguistics, this analogy illteges that our highly abstract
and technological approach does not imply a lack of intdrette human language
capacity. On the contrary, investigating the specific prioge of human language
communication is theoretically meaningful ord§ter the mechanism of natural lan-
guage communication has been modeled computationally e successful in
concrete applications on massive amounts of data.

VIIl. | NTERNAL AND EXTERNAL TRUTHS

In science we may distinguish between internal and extérumds. Internal truths are
conceptual models, developed and used by scientists taiexgrtain phenomena,
and held true by relevant parts of society for limited pesiofitime. Examples are the
Ptolemaic (geocentric) view of planetary motion or Bohrisdeal of the atom.

External truths are the bare facts of external reality whéglst irrespective of
whether or not there are cognitive agents to appreciate .ti¢mse facts may be
measured more or less accurately, and explained using minatenodels.

Because conceptual models of science have been known tgechadically in the
course of history, internal truths must be viewedhgpothesesThey are justified
mainly by the degree to which they are useful for arriving aystematic description
of external truths, represented by sufficiently large an®ohreal data.

Especially in the natural sciences, internal truths hayeraved dramatically over
the last five centuries. This is shown by an increasinglyeclisbetween theoretical
predictions and data, as well as a theoretical consolidatidibited in the form of

5 Though this may seem quite reasonable from the viewpoirpafrews.



6 Introduction

greater mathematical precision and greater functionatmotte of the conceptual
(sub)models.

In contrast, contemporary linguistics is characterized tack of theoretical consol-
idation, as shown by the many disparate theories of lan§uaa the overwhelming
variety of competing theories of gramnfaAs in the natural sciences, however, there
is external truth also in linguistics. It may be approxinthtsy completeness of em-
pirical data coverage and functional modeling.

IX. LINGUISTIC VERIFICATION

The relation between internal and external truth is esthbtl by means of eerifica-
tion method The verification method of the natural sciences consisthérprinciple
that experiments must be repeatable. This means that, tieesame initial condi-
tions, the same measurements must result again and again.

On the one hand, this method is not without problems becaxgerienental data
may be interpreted in different ways and may thus suppdereint, even conflicting,
hypotheses. On the other hand, the requirements of thisoshetfe so minimal that
by now no self-respecting theory of natural science carr@ffo reject it. Therefore
the repeatability of experiments has managed to chann&aimpeting forces in the
natural sciences in a constructive manner.

Another aspect of achieving scientific truth has developetié tradition of mathe-
matical logic. This is the principle of formal consistenag, realized in the method of
axiomatization and the rule-based derivation of theorems.

Taken by itself the quasi-mechanical reconstruction ohmaatical intuition in the
form of axiom systems is separate from the facts of sciemifi@surements. As the
logical foundation of natural science theories, howeVer,mhethod of axiomatization
has proven to be a helpful complement to the principle ofaglde experiments.

In linguistics, corresponding methods of verification héaeen sorely missed. To
make up for this shortcoming there have been repeated a@géogmodel linguistics
into either a natural science or a branch of mathematicat.I&®uch attempts are
bound to fail, however, for the following reasons:

— The principle of repeatable experiments can only be appitr precisely defined
conditions suitable for measuring. The method of experisismot suitable for the
objects of linguistic description because they emaventionghat have developed
over the course of centuries and exist as the intuitiong&&mefuhl’) of the native
speaker-hearer.

8 Examples are nativism, behavorism, structuralism, spaettheory, model theory, as well Givon’s
iconicity, Lieb’s neostructuralism, and Halliday’s systie approach.

7 Known by acronyms such as TG (with its different manifestadi ST, EST, REST, and GB), LFG,
GPSG, HPSG, CG, CCG, CUG, FUG, UCG, etc. These theories wfrgeat concentrate mostly on an
initial foundation of internal truths such as ‘psycholagiceality,’ ‘innate knowledge,” ‘explanatory
adequacy, ‘universals, ‘principles,’ etc., based ortably selected examples. Cf. Section 9.5.
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— The method of axiomatization can only be applied to theosie®h have consoli-
dated on a high level of abstraction, such as Newtonian nméchahermodynam-
ics, or the theory of relativity. In today’s linguistics,eife is neither the required
consolidation of theory nor completeness of data covertlgetefore, any attempt
at axiomatization in current linguistics is bound to be emoplly vacuous.

Happily, there is no necessity to borrow from the neighlgpsciences in order to
arrive at a methodological foundation of linguistics. e, theories of language and
grammar are to be implemented as electronic models whicteared automatically
on arbitrarily large amounts of real data as well as in repliegtions of spontaneous
human-computer communication. This method of verifyingfadsifying linguistic
theories objectively is specific to computational lingestand may be viewed as the
counterpart of the repeatability of experiments in the ratsciences.

X. EMPIRICAL DATA AND THEIR THEORETICAL FRAMEWORK

The methodology of computational linguistics presuppoaetheory of language
which defines the goals of empirical analysis and providedrdimework into which
components are to be embedded without conflict or redunddieydevelopment of
such a framework can be extraordinarily difficult, as wisegbagain and again in the
history of science.

For example, in the beginning of astronomy scientists weddbr centuries with
the problem of providing a functional framework to explaire tmeasurements that
had been made of planetary motion and to make correct pi@wcbased on such
a framework. It was comparatively recently that Kepler (:57630) and Newton
(1642-1727) first succeeded with a description which wahk batpirically precise
and functionally simple. This, however, required a radreablution in the theory of
astronomy.

The revolution affected thstructural hypothesig¢transition from geo- to heliocen-
trism), thefunctional explanation(transition from crystal spheres to gravitation in
space), and themathematical moddtransition from a complicated system of epicy-
cles to the form of ellipses). Furthermore, the new systerastfonomy was con-
structed at a level of abstraction where the dropping of gheagind the trajectory of
the moon are explained as instantiations of one and the setmégeneral principles.

In linguistics, a corresponding scientific revolution hasg been overdue. Even
though the empirical data and the goals of their theoretiesicription are no less
clear in linguistics than in astronomy, linguistics has actieved a comparable con-
solidation in the form of a comprehensive, verifiable, fimwal theory of languag®.

8 From a history of science point of view, the fragmentatiorionfay’s linguistics resembles the state
of astrology and astronomy before Kepler and Newton.
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Xl. PRINCIPLES OF THESLIM THEORY OF LANGUAGE

The analysis of natural communication should be structiméerms of methodolog-
ical, empirical, ontological, and functional principlettbe most general kind. The
SLimM theory of language presented in this book is based on sucfamgositional,
linear, internal matching. These principles are definedboW¥s.

1. Surface compositionalmethodological principle)
Syntactic-semantic composition assembles only concrete worms, excluding
the use of zero-elements, identity mappings, or transfooms

2. Linear (empirical principle)
Interpretation and production of utterances are based dnicilystime-linear
derivation order.

3. Internal (ontological principle)
Interpretation and production of utterances are analyzetbgnitive procedures
located inside the speaker-hearer.

4. Matching(functional principle)
Referring with language to past, current, or future objects events is modeled
in terms of pattern matching between language meaning artéxto

These principles originate in widely different areas (noetblogy, ontology, etc.), but
within the S.1M theory of language they interact very closely. For exantple func-
tional principle of (4) matching can only be implemented aromputer if the overall
system is handled ontologically as (3) an internal prooedirthe cognitive agent.
Furthermore, the methodological principle of (1) surfacenpositionality and the
empirical principle of (2) time-linearity can be realizedthin a functional mecha-
nism of communication only if the overall theory is based mieinal matching (3,4).

In addition to what its letters stand for, the acronymns is motivated as a word
with a meaning likeslender This is so because detailed mathematical and computa-
tional investigations have proveni® to be efficient in the areas of syntax, semantics,
and pragmatics — both relatively in comparison to existitgyaatives, and absolutely
in accordance with the formal principles of mathematicahptexity theory.

XIl. CHALLENGES AND SOLUTIONS

The S.1m theory of language is defined on a level of abstraction whHesentecha-
nism of natural language communication in humans and irlslyittonstructed cog-
nitive machines is explained in terms of the same principfesurface compositional,
linear, internal matching.This is an important precondition for unrestricted human-

9 Moreover, thestructural hypothesisf the S.im theory of language is a regular, strictly time-linear
derivation order — in contrast to grammar systems based pstitwent structure. Th&nctional
explanationof SLIM is designed to model the mechanism of natural communicatsoa speaking
robot — and not some tacit language knowledge innate in thaksgp-hearer which excludes language
use (performance). Themathematical modedf SLim is the continuation-based algorithm of LA-
grammar, and not the substitution-based algorithms ofases0 years.
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computer communication in natural language. Its reabratequires general and ef-
ficient solutions in the following areas.

First, the hearer'sinderstandingof natural language must be modeled. This pro-
cess is realized as the automatic reading-in of propositioto a database and — most
importantly — determining the correct place for their sggrand retrieval. The foun-
dation of the semantic primitives is handled in terms of redtar artificial recognition
and action.

Second, how the speaker determines the contents to be sggrieslanguage must
be modeled. This process, traditionally calleonceptualizationis realized as an
autonomous navigation through the propositions of thermatedatabase. Thereby
speech production is handled as a direction reflectionr(iatanatching) of the navi-
gation path in line with the mott&peech is verbalized thought

Third, the speaker and the hearer must be able to drfexenceson the basis of
the contents of their respective databases. Inferencesalized as a special form of
the autonomous time-linear navigation resulting in thévdéion of new propositions.
Inferences play an important role in the pragmatic intdgtren of natural language,
both in the hearer and the speaker.

The formal basis of time-linear navigation consists in @anated propositions
stored in a network database as a set of word tokens. A woethtiska feature struc-
ture with the special property that it explicitly specifiée fpossible continuations to
other word tokens, both within its proposition and from itegosition to others. This
novel structure is called word bankand provides the ‘railroad tracks’ for the navi-
gation of a mental focus point. The navigation is powered @ndrolled by suitable
LA-grammars (motor algorithms) which compute the possioletinuations from one
word token to the next.

The word bank and its motor algorithms constitute the cépitacessing unit of
an artificial cognitive agent calledL81 machine. The word bank is connected to
external reality via the SM machine’s recognition and action. The interpretation of
perception, both verbal and nonverbal, results in coned¢einpropositions which are
read into the word bank. The production of action, both Vieahd nonverbal, is based
on realizing some of the propositions traversed during thlereomous navigation.

CONCLUDING REMARK

In summary, the vision of unrestricted natural languageromication between hu-
mans and machines is like the vision of motorized flight a heddgears ago: largely
solved theoretically, but not yet realized in practicaltegss. At this point, all it will
take to really succeed in computational linguistics is algekcted, concentrated,
sustained effort in cooperation with robotics, artificiatielligence, and psychology.
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1. Computational language analysis

The practical development of computers began around 1940n Ehen on there
evolved a basic distinction between numerical and nonnigalezomputer science.

Numerical computer science specializes in the calculaifarumbers. In the fields
of physics, chemistry, economics, sociology, etc., it lebtb a tremendous expan-
sion of scientific knowledge. Also many applications likenkiag, air travel, stock
inventory, manufacturing, etc., depend heavily on nuna¢rmomputation. Without
computers and their software, operations could not be miaid in these areas.

Nonnumerical computer science deals with the phenomenaroéption and cogni-
tion. Despite hopeful beginnings, nonnumerical computerge soon lagged behind
the numerical branch. In recent years, however, nonnualez@mputer science has
made a comeback as artificial intelligence and cognitiverse. These new, interdis-
ciplinary fields investigate and electronically model matinformation processing.

The term computational linguistics refers to that subafe@onumerical computer
science which deals with language production and languaderstanding. Like ar-
tificial intelligence and cognitive science in general, potational linguistics is a
highly interdisciplinary field which comprises large seo8 of traditional and the-
oretical linguistics, lexicography, psychology of langea analytic philosophy and
logic, text processing, and the interaction with databasesvell as the processing of
spoken and written language.

1.1 Human-computer communication

The goal of nonrestricted human-computer communicati@sypposes solutions to
the most basic tasks of natural language analysis. Reglikia goal is therefore the
ultimate standard for a successful computational lingrgst

Today, human-computer communication is still limited tghiy restrictedforms.
Consider, for example, the interaction between the useaatahdard computer, such
as a PC or a work station. These machines provide a keyboatlkefinput of letters
and a screen for the output of letters and pictdres.

! For simplicity, we are disregarding additional input andpati devices, such as mouse and sound,

respectively.
It is conceivable that one could expand the notion of humagkime communication to machines
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Computers are comfortable for entering, editing, and eeing natural language,
at least in the medium of writing, for which reason they hamglaced electric type-
writers. For utilizing the computers’ abilities beyond wa@rocessing, however, com-
mands using artificial languages must be applied. Theseaflesl programming lan-
guages, and are especially designed for controlling thepaten's electronic opera-
tions.

In contrast to natural languages, which are flexible and oalyhe seemingly ob-
vious circumstances of the utterance situation, commokdraand knowledge, the
content of earlier conversations, etc., programming laggs are inflexible and refer
directly, explicitly, and exclusively to operations of theachine. For most potential
users, a programming language is difficult to handle becé)dbey are not familiar
with the operations of the computer, (b) the expressionseptogramming language
differ from those of everyday language, and (c) the use optbgramming language
requires great precision.

Consider, for example, a standard dataPagsich stores information about the em-
ployees of a company in the form of records:

1.1.1 EXAMPLE OF A RECORD-BASED DATABASE

last name | first name place
Al | Schmidt Peter Bamberg
A2 Meyer Susanne| Nirnberg
A3 | Sanders| Reinhard|Schwabac

The rows, named by different attributes likest name, last name, etc., are called
the fields of the record type. The lines Al, A2, etc., each tituhs a record. Based
on this fixed record structure, the standard operationshioretrieval and update of
information in the database are defined.

To retrieve the name of the representative in, for exammlew@bach, the user must
type in the following commands of the programming langudmped, a query language
for databases) without mistake:

which do not provide general input/output components faglege signs. Consider, for example,
the operation of a contemporary washing machine. Leaviideabte loading of laundry and the
measuring of detergent, the ‘communication’ consists imosing a program and a temperature and
pushing the start button. The machine ‘answers’ by progidieshly laundered laundry once the
program has run its course.

Such an expanded notion of human-machine communicatiarghbe avoided, however, because
it fosters misunderstandings. Machines without genealitioutput facilities for language consti-
tute the special case abnverbalhuman-machine communication, which may be neglected fr th
purposes of computational linguistics.

2 As introductions to databases see C. Date 188@ R. Elmasri & S. Navathe 1989. We will return
to this topic in Chapter 22 in connection with the interptietaof natural language.
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1.1.2 DATABASE QUERY

Query:

sel ect A#

where city = ‘ Schwabach’
Result:

result: A3 Sanders Rei nhard

The correct use of commands such as ‘select’ initiates guashanical procedures
which correspond to filing and retrieving cards in a filing icat with many compart-
ments. Compared to the nonelectronic method, the compo#tsystem has many
practical advantages. The electronic version is fasteratiding and removing of in-
formation is simpler, and the possibilities of search aremmore powerful because
various different keywords may be logically combined intocanplex query. Is it
possible to gradually extend such an interaction with a agergto natural language?

Standard computers have been regarded as general purpolsmesaor informa-
tion processing because any kind of standard program caevedogpped and installed
on them. From this point of view, their capabilities are megtd only by hardware
factors like available speed and memory. In another selmsénformation processing
of standard computers is not general purpose, howevernbedtaeir input and output
facilities are restricted to the language channel.

A second type of computer not subject to this limitation isoaomous robots. In
contradistinction to standard computers, robots are stiticéed to the language chan-
nel, but designed to recognize their environment and toraict'i

Corresponding to the different technologies of standamdpzdgers and robots, there
have evolved two different branches of artificial intellige. One branch, dubbed
classic Al by its opponents, is based on standard compuitbesother branch, which
calls itself nouvelle AP requires the technology of robots.

Classic Al analyzes intelligent behavior in terms of makaging abstract symbols.
A typical example is a chess-playing progréri.operates in isolation from the rest
of the world, using a fixed set of predefined pieces and a presteboard. The search
space for a dynamic strategy of winning in chess is astrooaimYet the technology
of a standard computer is sufficient because the world ofscisedosed.

Nouvelle Al aims at the development of autonomous agentsomtrast to systems
which respond solely to a predefined set of user commands elmavé otherwise
in isolation, autonomous agents are designed to interatt tiweir real world envi-
ronment. Because the environment is constantly changingpredictable ways they
must continually keep track of it by means of sensors.

3 See also Section 2.1.

4 Today three different generations of robots are distirfigds Most relevant for computational lin-
guistics are robots of third generation, which are desigmedutonomous agents. See D.W. Wloka
1992.

? See for example P. Maes (ed.) 1990.
6 A. Newell & H. Simon 1972, R. Reddy et al. 1973.
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For this, nouvelle Al uses the strategy of task level decasitipm. Rather than
building and updating one giant global representation toesas the basis of auto-
matic reasoning, nouvelle Al systems aim at handling tresks in terms of many
interacting local procedures controlled by perceptioner€hy low-level inferencing
operates directly on the local perception data.

A third type of machine processing information — besideadded computers and
robots — is systems of virtual reality (VR)While a robot analyzes its environment
in order to influence it in certain ways (such as moving inat)/R system aims at
creating an artificial environment for the user. Thereby e system reacts to the
movements of the user’s hand, the direction of his/her gatee, and utilizes them in
order to create as realistic an environment as possible.

The different types of human-computer communication exieg by standard
computers, robots, and VR systems may be compared schaltyadis follows:

1.1.3 THREE TYPES OF HUMANCOMPUTER INTERACTION

standard computer autonomous robot virtual reality

world world world

—_— :
: -
- — = : R
- -

The ovals represent the users who face the respective systethe ‘world.” The
arrows represent the interaction of the systems with theiirenment and the user.

A standard computer communicates with users who initiaértteraction. A robot
interacts independently with its environment and its us&rfgR system does not in-
teract with its environment, but rather creates an artlfiervironment for the user.
In robots and VR systems, communication with the user in sepfrlanguage is op-
tional and may be found only in advanced systems. Thesemsgstaust always have
a language-based ‘service channel, however, for thellagtan and upgrading of the
system software.

1.2 Language science and its components

A speaker of English knows the meaning of a word likd. When asked to pick the
red object among a set of non-red objects, for example, a emnpspeaker-hearer
will be able to do it. A standard computer, on the other hamesdot ‘understand’

whatred means, just as a piece of paper does not understand whattewon it8

7 For an introduction see A. Wexelblat (ed.) 1993.



