Preface

In the preface to the first edition ¥he Principig! Sir Isaac Newton distinguished two
aspects of mechanics: theoretical and practical. The ¢tieat aspect, called rational
by Newton, consists in accurate demonstration. The paldaispect includes all the
manual arts. What would be the result of applying a corregdimgndistinction to the
current state of linguistics?

Instead of first praising the importance of our field — as Newiould — let us go
straight to the questions at hand: What is theoretical Ist@ps and what is practical
linguistics? Practical linguistics is instantiated by lsdasks as speech recognition,
desktop publishing, word processing, machine translationtent extraction, classi-
fication, querying the Internet, automatic tutoring, dgale systems, and all the other
applications involving natural language. They have gardra huge demand for prac-
tical linguistic methods.

Compared to the users’ needs and expectations, howevaegshks leave much to
be desired. Today, the most successful applications irtipghdinguistics are based
on the methods of statistics and metadata mark-up. Theserane solutiong which
try to get by without a general theory of how communicatinghwiatural language
works. Instead they aim to maximally exploit the specialpamies and natural limi-
tations of each application or kind of application.

Now consider practical mechanics: It is instantiated bksasnging from accu-
rately predicting the tides, to predicting the future pgosi$ of the planets, to aiming
cannon balls, to landing on the moon. These applications ti@ated an equally large
demand for applied methods as in linguistics.

In contrast to linguistics, however, the field of mechanieaswable to satisfy any
such demands far beyond the users’ imagination. This wasilpesbecause New-
ton’s general theory can be translated into the specifiaaimns while maintaining
compatibility with traditional craft skills. Each transilen is hard work and requires
theoretical knowledge as well as practical experienceth®itesults are nothing but
spectacular.

The example of Newton’s mechanics leads naturally to thesttqpre Can we do
the same in linguistics? Can we conceive a new frameworkldeitto fulfill all the

! Orginal Latin title:Philosophige Naturalis Principia Mathemati¢4687), complete English titi€he
Principia: Mathematical Principles of Natural Philosophy
2 Cf. FoCL, Section 2.3. The alternative is a solid solution.
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wide-ranging demands of the users by simply translatingitigeiistic theory into the
limited and specialized contexts of various practical egagions? This question may
be taken as a worthy challenge to our basic research.

As a first step towards a complete, general linguistic fraorkwlet us reconstruct
the cognitive ‘mechanics’ of natural language communacabetween humans. The
theory, calledDatabase Semanti€§DBS) is presented here as the declarative speci-
fication of a talking robot. It is in the nature of our projeleat its potential to improve
practical applications correlates directly with its relatsuccess in adequately mod-
eling human cognitiofi.

The declarative specification of a talking robot must be giesil as dunctional
model, which effectively realizes the mechanism of natlaiajuage communication.
To ensurecompletenesghe model must take the language-based interaction betwee
humans as its prototype. The model’s functionality and datserage must beer-
ified automatically by an efficient implementation as a runningipoter program.
This combination of functionality, completeness, andfiaility constitutes the best
scientific basis for the long-term successupicalingthe model.

The resulting system is able to serve in all the practicaliegjons involving natu-
ral language communication. In most cases it is sufficiesingly reduce the func-
tionality and the data coverage of the model to fit the demandse application at
hand. For example, when using the cognition of the talkirmgptdor building an au-
tomatic dialogue system used over the phone, there is no foeedtificial vision,
manipulation, or locomotioR.

Other applications, notably machine translation, not atilgw a reduction, but also
require an extension of the theory. For such extensionsetervDatabase Semantics
provides a solid basis, given that it models monolingual mamication, including
monolingual language understanding.

Furthermore, any application-independent (theoretioghrovements regarding the
data coverage of the lexicon, of automatic word form rectigmi of syntactic—
semantic parsing, of absolute and episodic world knowledfenferencing, etc.,
may directly benefit existing practical applications siyipy routinely replacing their
components with improved versions. This is possible bexdlis theory provides
functionally motivated modules with clearly defined interés.

The following pages aim at presenting Database Semantidseagly and simply
as possible. Intended audiences are graduate studemisratesrs, and software engi-

3 As the name of a specific scientific theory, the term Databasea8tics is written with initial capital
letters. This use is distinct from referrring to genericuiss, for example semantic constraints on
databases (cf. Bertossi, Katona, Schewe, and Thalhein) @ags3).

4 Like any basic science with practical ramifications, a cotaponal reconstruction of natural lan-
guage communcation raises the threat of possible misuseniist be curtailed by developing re-
sponsible guidelines for clearly defined laws to protectgmy and intellectual property while main-
taining academic liberty, access to information, and foeedf discourse.

5 Similar reductions apply to such applications as automgiienmar checking, content extraction,
indexing to improve recall and precision of Internet quegyior supporting automatic speech recog-
nition.
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neers in linguistics and natural language processing. &tigrtay also be of interest to
scholars in philosophy of language, cognitive psycholagy] artificial intelligence.

As background literature for readers who are new to comjouialt linguistics in
general and Database Semantics in particetaundations of Computational Linguis-
tics (1999, 2nd ed. 2001) is recommended. FOCL'99 is a textboaksystematically
describes the traditional components of grammar, compamesle range of differ-
ent linguistic approaches in their historical settings] davelops the Sm theory of
language, which is also used here.

A complementary effort in cognitive psychology is the ACTHeory by Ander-
son (cf. Anderson and Lebiere 1998). Like Database Sensa®tCT-R is essentially
symbol-based rather than statistical, and uses compuoghtoodeling as the method
of verification. However, ACT-R focusses on memory, leagnend problem solving,
while Database Semantics concentrates on modeling thkespsad the hearer mode
in natural language communication.
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Introduction

I. BASIC ASSUMPTIONS

A computational model of natural language communicatiamog be limited to the
grammatical analysis of the language signs. Instead it stast with the general
recognition and action procedures of the cognitive agérgating language interpre-
tation and production as special cases.

Recognition and action are based on the external interfaiciee cognitive agent’s
body, which contains a database for storing content. Ageiitoout language have
only one level of cognition, called the context level. Agentith language have two
levels of cognition: the context level and the languagelléMee connection between
language and the world, i.e., reference, is establisheslysby the cognitive proce-
dures of the agent. Reference is based (i) on the exterealdoes, and (ii) on relating
the cognitive levels of language and context using pattetching?

Database Semantics (DBS) models the behavior of naturatggecluding lan-
guage communication, by automatically (a) reading prdjmrsil content resulting
from recognition into the agent’'s database and (b) readimgenit out of the agent’s
database resulting in action. Recognition and action gnelated by a control struc-
ture based on reasoning which results in sensible (meanjmational, successful)
conduct.

II. COMPONENTS OF A COGNITIVE AGENT

At the most abstract level, cognitive agents consist ofetlr@sic components. These
are (i) the external interfaces, (ii) the database, angttié algorithm? They use a
common format, called the data structdriar representing and processing content.

! Autonomy from the metalanguage. See FoCL'99, pp. 382—-383.

2 These components correspond roughly to those of a von Neumachine (vNm): The external
interfaces represent the vNm input-output device, thebdata corresponds to the vNm memory, and
the algorithm performs the functions of the vNm arithmédigic unit. For a comparison of standard
computers, robots, and virtual reality machines see FOZI3916.

3 The term “data structure” is closely related in meaning ® térm “data type.” Even though there
has been some argument that the format in question shouldlleel @an abstract data type rather
than a data structure, the latter term is preferred heredi aonfusion with the classic type/token
distinction (cf. Sect. 4.2). It is for the same reason thatuse the term “kind of sign” rather than
“sign type” (cf. Sect. 2.6), “kind of sentence” rather thaefntence type,” “kind of word” rather than
“word type,” “kind of coordination” rather than “coordiriah type,” etc.
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The external interfaces are needed by the agent for recmg@ind action. Recog-
nition is based, for example, on eyes to see, and ears to Aedon is based, for
example, on a mouth to talk, hands to manipulate, and leggalta Without them the
agent would not be able to tell us what it perceives and to dat wie tell it to do.

The agent’s database is needed for the storage and refesahtent provided by
the interfaces. Without it, the agent would not be able t@wheine whether or not
it has seen an object before, it could not remember the wdrlisguage and their
meaning, and it would be limited to reflexes connecting irgnd output directly.

The algorithm is needed to connect the interfaces and ttebase (i) for reading
content provided by recognition into the database, anddji}yeading content out
of the database into action. Also, the algorithm must (ilpgess the content in the
database for determining goals, planning actions, andgidgrgeneralizations.

In the cognition of natural agents, the external interfaties data structure, and
the algorithm interact very closely. Therefore, in a comagonal model of natural
cognition they must be codesigned within a joint functioogtle. The three basic
components may be simple initially, but they mustdemeralandfunctionally inte-
gratedinto a coherent framework from the outset.

I11. TREATING NATURAL LANGUAGE

A model of natural language communication requires thettoagl components of
grammar, i.e., the language-specigxiconand the language-specific rulesrbr-
phology syntax andsemanticsDuring communication, these components must co-
operate in (i) the hearer mode, (ii) the think mode, and i@ speaker mode.

In the hearer mode, the external interfaces provide thd jgpuasisting of language
signs. The algorithm parses the signs into a representatioontent which is stored
in the database. The parsing of the signs is based on a syktrtomatic word form
recognition and a system of automatic syntactic—semanttysis.

In the think mode, the algorithm is used for autonomouslyigeting through the
database, thus selectively activating content. This géneethod of navigation is also
used for deriving inferences which relate the current iramd the content stored in
the database to derive action.

In the speaker mode, the activation of content and the demivaf inferences is
used for the conceptualization of language production, ¢leoosing what to say.
The production of language from activated content requireselection of language-
dependent word form surfaces, and the handling of word adéragreement.

IV. DIFFERENT DEGREES OF DETAIL

In the following chapters, some components of DBS are work#dn great detail,
while others are only sketched in terms of their input, tfgiction, and their output.
This is unavoidable because of the magnitude of the tasktérdisciplinary nature,
and the fact that some technologies are more easily avaitahh others.
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For example, realizing Database Semantics as the protofygre actual robot with
external interfaces for recognition and action, i.e. fiail vision, speech recogni-
tion, robotic manipulation, and robotic locomotion, waagiically out of reach. This
is regrettable because the content in the database is it ¢oncepts which are
“perceptually grounded” in the agents’ recognition andacprocedures (Roy 2003).

While the external interfaces of the artificial agent arecdbsd here at a high level
of abstraction, the algorithm and the data structure ar&eeout not only in princi-
ple, but are developed as “fragments,” that model the hglesthink, and the speaker
mode using concrete examples. These fragments are defiregblast rule systems
and are verified by means of a concomitant implementatioava .

V. AVAILABLE SYSTEMS AND APPROACHES

Today many kinds of parsers are available. Some are basethtistisal methods,

such as the Chunk Parser (Abney 1991; Déjean 1998; Vergn&igruebt 1998), the

Brill Tagger and Parser (Brill 1993, 1994), and the Head+&nmiParser (Collins 1999;
Charniak 2001). Others are based on the rules of a Phrasgus&Grammar such as
the Earley Algorithm (Earley 1970), the Chart Parser (Kagt %Pereira and Shieber
1987), the CYK Parser (Cocke and Schwartz 1970; Younger;lo&fami 1965), and

the Tomita Parser (Tomita 1986).

Also, there are many theories of syntax. Some are based @y®@a Grammar
(Lesniewski 1929; Ajdukiewicz 1935; Bar-Hillel 1964). Reldt® Categorial Gram-
mar is the approach of Valency Theory (Tesniére 1959; HetB8®; Agel 2000;
Herbst et al. 2004) and Dependency Grammar (5e&4'1988; Hudson 1991; Hellwig
2003). Others are based on Phrase Structure Grammar (Rt @Bomsky 1957),
for example Generalized Phrase Structure Grammar (GPSt8aGat al. 1985), Lex-
ical Functional Grammar (LFG, Bresnan 1982, 2001), HeaddnrPhrase Structure
Grammar (HPSG, Pollard and Sag 1987, 1994), and ConstnuGtiammar (Ostman
and Fried 2004; Fillmore et al. forthcoming).

Similarly, there are many approaches to semantic anal§gime are based on
Model Theory (Tarski 1935, 1944; Montague 1974), others paeeSh Act Theory
(Austin 1962; Grice 1957, 1965; Searle 1969), or Semanttovbids (Quillian 1968;
Sowa 1984, 2000). In addition, there is Rhetorical Strictliheory (RST, Mann
and Thompson 1993), Text Linguistics (Halliday and Hasan6l®eaugrande and
Dressler 1981) as well as different approaches to the definitf concepts in cog-
nitive psychology, such as the schema, the template, thetppe, and the geon ap-
proach (cf. Sect. 4.2).

This list of partial systems may be continued by pointing fforés at providing a
more general theory of machine translation (Dorr 1993),ifig@ universal set of se-
mantic primitives (Schank and Abelson 1977; Wierzbickal)98pplication-oriented
systems of language production (Reiter and Dale 1997), dswefforts to improve
indexing and retrieval on the Internet by means of metadaik+up based on XML,



4 Introduction

RDF, and OWL (Berners-Lee, Hendler, and Lassila 2001). Tdiges the question:
Which of the partial systems should be chosen to serve asamengs of a general,
complete, coherent, computational model of natural laggu@mmunication?

On the one hand, there is little interest in reinventing a ponent that is already
available. On the other hand, reusing partial theories tegnating them into a general
system of natural language communication comes at a caabidecost: Given that
the available theories have originated in different tiadg and for different purposes,
much time and effort would have to be spent on making them eilvip.

Apart from the time-consuming labor of integrating parti@ories there is the more
general question of which of them could be suitable in pplecto be part of a coher-
ent, functional theory of how natural language communacatvorks. This question
has been investigated in FOCL'99 for the majority of the eyst listed abové.

As aresult, Database Semantics was developed from sciidieheby many of the
ideas and methods of the above systems have been absorleethoBh basic ideas
are the notions of a proposition, as formulated by Aristadled of the time-linear
structure of language, as emphasized by de Saussure.

While our grammatical analysis is very traditional in mamgpects, it does not
adopt the commonly practiced separation between syntai(catorics) and seman-
tics (interpretation). Instead, syntactic and semantiofmmsition are derived simulta-
neously (cf. Tugwell 1998) in a time-linear order. Thus, iy difference between a
purely syntactic and a syntactic—semantic grammar is tiegfidrmer defines (i) fewer
lexical properties of the parts, and (ii) fewer relationsimen the parts, than the latter.

VI. FORMAL FOUNDATIONS

Database Semantics is the first and so far the only rule syistevhich natural lan-
guage interpretation and production are reconstructégtriagaking i.e., the cognitive
agent’s ability to switch between the speaker and the heaoee. The reconstruction
of the communication cycle in Database Semantics is founddto innovations:

Thealgorithmof Left-Associative Grammar (LA-grammar, TCS'92):
LA-grammar is based on the principle of possible contirareti This is in contrast
to the algorithms commonly used in today’s linguistics, BmPhrase Structure
Grammar (PSG) and Categorial Grammar (CG), which are basékeoprinciple
of possible substitutions. Computing possible contiruretimodels the time-linear
structure of natural language and permits us to handletaking as the interaction
of three kinds of LA-grammar, namely LA-hear, LA-think, abd-speak.

1 These analyses are conducted at a high level of abstragiisrexample, rather than discussing in
detail how Situation Semantics might differ from DiscouB&emantics, FOCL'99 concentrates on
the more basic question of whether or not a metalanguagshiagh-conditional approach could in
principle be suitable for a computational model. Similardther than comparing GPSG, LFG, HPSG,
and GB, FoCL'99 concentrates on the question of whether ptheoalgorithm of substitution-based
Phrase Structure Grammar could in principle be suitablarfodeling the speaker and the hearer
mode.
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Thedata structureof a Word Bank (AlJ'01):

A Word Bank stores propositional content in the form of flabr{recursive) fea-
ture structures calleproplets While the substitution-based approaches embed, for
example, the feature structure of the subject into the featructure of the verb
(unification, cf. 3.4.5), no such embedding is allowed indbalse Semantics. In-
stead, the individual proplets code the grammatical matbetween them in terms
of features (i.e., attribute-value pairs) only. As a consege, content represented
as a set of proplets is well-suited for (i) storage and rediién a database, and
for (ii) pattern matching, as needed to relate (iia) the lee¢ grammar rules and
language (cf. 3.4.3 and 3.5.1) and (iib) the levels of cardexl language (cf. 3.3.1).

The algorithm of LA-grammar and the data structure of a WaaidiBtogether provide
the basis for an autonomous navigation through propositioantent, utilizing the

grammatical relations between proplets as a kind of radlsystem and LA-grammar
as a kind of locomotive which moves a unique focus point alibregrails. This new
way of combining a data structure and an algorithm servesuadasic model of

thought. It may be used for merely activating content silelgt in the Word Bank

(free association), but may also be extended into a corttraitsire which relates the
agent'’s recognition and action using stored knowledge afeddénces.

VIl. SCOPE OF THE LINGUISTIC ANALYSIS

Our linguistic analysis aims at a systematic developmetti@ajor constructions of
natural language. These are (i) functor—argument streic{uly coordination, and (iii)
coreference. They occur intra- and extrapropositionallyg may be freely mixed.

The major constructions are analyzed in a strictly timedinderivation order, in
the hearer mode and in the speaker mode. It is shown that tble gneater functional
completeness of Database Semantics as compared to thersgted approaches is
no obstacle to a straightforward, linguistically well-nvated, homogeneous analysis,
which provides for a highly efficient computational implemtegion.

The analyses include constructions which have eluded arggnaccepted treat-
ment within Nativism® These are the gapping constructions (cf. Chaps. 8 and 9),
especially “right-node-raising”, and coreference (cfa@hl0) in the “donkey” and
the “Bach—Peters” sentence.

VIIl. STRUCTURE OF THE BOOK

The content of this book is presented in three parts. Paddgnts the general frame-
work of the Si1m Theory of Language (FOCL'99) in terms of the cognitive aggent
external interfaces, data structure, and algorithm. Tait gddresses many questions

5 Nativism (Chomsky 1957 et seq.) is a sign-oriented theoryanfuage using substitution-based
Phrase Structure Grammar. Nativism aims at characterthiegpeaker hearer’s innate knowledge
of language (competence) — excluding the use of languagenimuinication (performance).
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which are crucial for the overall system, but cannot be protsn further detail. Exam-
ples are the nature of concepts and their role in recognéiahaction, the reference
mechanisms of the different sign kinds, and the formal stinecof the context level.

Part Il systematically analyzes the major constructionsatfiral language, pre-
sented as schematic derivations of English examples in éheeh and the speaker
mode. The hearer mode analyses show the strictly timerlineding of functor—
argument structure and coordination into sets of proplietating coreference as a sec-
ondary relation based on inferencing. The speaker modgsasmshow the retrieval-
based navigation through a Word Bank (conceptualizatias)yell as the language-
dependent sequencing of word forms and the precipitatidaration words.

Part lll presents fragments of English. Expanding on Moméggguse of this term, a
“fragment” refers to a system of natural language commuioicavhich is function-
ally complete but has limited coverage. The fragments shevirtterpretation and the
production of small sample texts in complete detalil, exgyiaefining the lexicon
and the LA-hear, LA-think, and LA-speak grammars required.

The different scope and the different degrees of abstractiaracterizing the three
parts may be summarized schematically as follows:

Part Il abstraction level I (low)

formal
fragments

Part Il schematic derivations abstraction level Il (intermediat

in the speaker— and the
hearer-mode

Part | abstraction level | (high)

interfaces, components, ontology,
data structure, algorithms

A high degree of abstraction corresponds to a low degreangfiistic and technical
detail, and vice versa.

The general framework outlined in Part | is built upon in RarThe methods of
analysis presented in Part Il are built upon in Part 1ll. Thalgses and definitions
of Part Il and Ill have served as the declarative specifinatiban implementation
called JSLIM (Kycia 2004), which is currently being reimplented by Jorg Kapfer
and Johannes Handl using J&aversion 5 (1. 5).
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The Communication Mechanism of Cognition






1. Matters of Method

In science, the method of verification is the outermost lihdedense against error.
It may be crude as long as it can be made objective. Desigmeddarticular theory

(or kind of theories), the verification method should intenaith its theory in such a

way that there constantly arise new questions of a kind (itkvban be decided more
or less conclusively by the method of verification, and {ig atnswers to which are
relevant to the theory’s further development.

In natural science, verification consists in experimentichviare (i) specified ex-
actly in quantitative terms and (ii) which can be repeateaybody anywhere. This
requires that the notions and structures of the theory apeesse that they are suit-
able for the scientific setup of experiments. For the granualednalysis of language,
however, the quantitative verification method happens torsaitable.

The method we propose instead consists in building a fumationodel of natu-
ral language communication. This requires (i) a declagasipecification in combi-
nation with an efficiently running implementation (protpéyof a talking robot), (ii)
establishing objective channels of observation, anddgyating the adequacy of the
robot’s behavior with the correctness of the theory — whigans that the robot must
have (iv) the same kinds of external interfaces as humaispiotess language in a
way which is (v) input/output-equivalent with the languagecessing of humans.

1.1 Sign- or Agent-Oriented Analysis of Language?

A natural language manifests itself in the form of signs,dtractures of which have
evolved as conventions within a language community. Predidny cognitive agents
in the speaker mode and interpreted by agents in the headsr, ii@se signs are used
for the transfer of content from the speaker to the heargpebaing on whether the
scientific analysis concentrates on the isolated signs th@oommunicating agents,
we may distinguish betweesign-orientedandagent-orientechpproache$.
Sign-oriented approaches like Generative Grammar, Toathditional Semantics,
and Text Linguistics analyze expressions of natural lagguss objects, fixed on pa-
per, magnetic tape, or by electronic means. They abstraay &om the aspect of
communication and are therefore neither intended norldeit® model the speaker

I Clark (1996) distinguishes between theguage-as-producindlanguage-as-actiotraditions.
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and the hearer mode. Instead, linguistic examples, isbfaten the communicating
agents, are analyzed as hierarchical structures whictoareafly based on the prin-
ciple of possible substitutions

The agent-oriented approach of Database Semantics (DBS8pntrast, analyzes
signs as the result of the speaker’s language productioastite starting point of the
hearer’s language interpretation. Inclusion of the ag@ntsluction and interpretation
procedures requires a time-linear analysis which is fdgntelsed on the principle of
possible continuations

The goal of Database Semantics is a theory of natural lamgoagimunication
which is complete with respect to function and data coveraféow mathematical
complexity, and is suitable for an efficient implementatwnthe computer. The cen-
tral question of Database Semantics is:

How does communicating with natural language work?

In the most simple form, this question is answered as follows

Natural language communication takes place between cogaigents. They have
real bodies “out there” in the world with external interfader nonverbal recognition
and action at the context level, and verbal recognition atidmat the language level.
Each agent contains a database in which contents are sidrese contents consist
of the agent’s knowledge, its memaries, current recogmjtigientions, plans, etc.

The cognitive agents can switch between the speaker andetirerhrmode (turn-
taking)? In a communication procedure, an agent in the speaker matkes amntent
from its database into signs of language which are realixegreally via the language
output interface. These signs are recognized by anothet agthe hearer mode via
the language input interface, their content is decodedijsatidn stored in the second
agent’s database. This procedure is successful if the mooteled by the speaker is
decoded and stored equivalently by the hearer.

In Database Semantics, the modeling of turn-taking is besedspecial data struc-
ture in combination with the time-linear algorithm of Lefssociative Grammar (LA-
grammar):? The algorithm is used in three variants, called LA-hear, thik, and
LA-speak. In communication, these three LA-grammars craipeas follows:

1.1.1 THE BASIC MODEL OF TURNTAKING

hearer mode speaker mo

LA-hear ¢— LA-speak

2 For a study of turn-taking see Thorisson (2002).
3 For the formal definition and complexity analysis of LA-gnamar as well as a detailed comparison
with Phrase Structure Grammar and Categorial Grammar See%9 Part I1.
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In the agent shown on the right (speaker mode), LA-thinkctiglely activates content
stored in the agent’s database. The activated content ipedainto surfaces of a
natural language by LA-speak, which are realized as extsigas (represented by
the small box containing). In the agent shown on the left (hearer mode), LA-hear
interprets the signs, which are stored in the agent’s dagaba

The representation of turn-taking shown in 1.1.1 may bepnéted in two ways:

1.1.2 TWO VIEWS OF TURN-TAKING

1. Viewed from the outside:
Two communicating agents are observed as they are taking.t@ihis is repre-
sented by 1.1.1 when the two boxes are taken to be two diffaigents, one in
the hearer and the other in the speaker mode.

2. Viewed from the inside:
One communicating agent is observed as it switches betweiag the speaker
and the hearer. This is represented by 1.1.1 when the twelaogdaken to be the
same agent switching between the speaker and the hearer(withi¢he dotted
right-hand arrow indicating the switch).

In DBS, turn-taking is regarded as a well-defined, well-waittd computational prob-
lem, which is central to the linguistic analysis of natuihdguage: all syntactic and
semantic analysis must be integrated into turn-taking esnbst basic mechanism of
communication. Without it, there is only one-sided monaolegs the limiting case.

1.2 Verification Principle

Our theory of natural language communication is developed functional model,
presented asdeclarative specificatiofor an efficient computer program with associ-
ated hardware. A declarative specification describes tbessary properties of a soft-
ware, such as the external interfaces, the data structudethe algorithm. Thereby,
the accidentdl properties of an implementation, such as the choice of progring
language or the stylistic idiosyncrasies of the programianer abstracted away from.

In contrast to an algebraic definitidm logic, a declarative specification is not based
purely on set theory. Instead, it takes a procedural poiniaf, specifying the gen-
eral architecture in terms of components with input and wugpnditions as well as
the functional flow through the system. A declarative spe&iibn must be general
enough to provide a solid mathematical foundation and &tracand detailed enough
to permit easy programming in different environments.

A declarative specification is needed because machine sodetieasily read by
humans. Even programs written in a higher level programr@nguage such as Lisp

4 The term accidental is used here in the philosophical imadif Aristotle, who distinguishes between
the necessary and the accidental (or incidental — kata sh&kbs).
5 The algebraic definition of LA-grammar in CoL’89 benefiteéaly from help by Dana Scott.
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are meaningful only to experts. What one would like to see jineae of software is
theabstract functional solutioto the task it was designed to perform.

The declarative specification for a certain applicationsisis of two levels: (i) a
general theoretical framework (e.g., a functional systématural language commu-
nication) and (ii) a specialization of the general framewiar a specific application
(e.g., English, German, Korean, or any other natural lapgua he theoretical frame-
work in combination with a specialized application may inntioe realized (iii) in
various different implementations, written in Lisp, C, avd, for example.

1.2.1 (ORRELATION OF DECLARATIVE SPECIFICATION AND IMPLEMENTATONS

(0] theoretical framework

declarative
specification

N specialized specialized specialized
(i application 1 application 2 application 3 €tc.
(iii) implemen- implemen- implemen-
tation 1.1 tation 2.1 tation 3.1
y V V
implemen- implemen- implemen- different
tation 1.2 tation 2.2 tation 3.2 imp|ementati0n
implemen- implemen- etc.
tation 1.3 tation 2.3
etc. etc.

A declarative specification may have many different impletatons which are
equivalent with respect to the necessary properties. |ali2ae Semantics, the evolv-
ing declarative specification must always be accompaniedt blgast one up-to-date
implementation in order to automatically demonstrate tiecfioning of the theory
in its current stage, and to test it with respect to an evelening range of various
tasks. In this way, errors, incompletenesses, and othekngeaes of the current stage
may be determined (explicit hypothesis formation, cf. F@9L7.2.3), which is a
precondition for developing the next improved stage of thelarative specification.

The cycle of theory development and automatic testing isdhnigication methoaf
Database Semantics. It differs from the quantitative naghaf the natural sciences
(repeatability of experiments) as well as the logical-enétic methods of mathemat-
ics (proof of consistency), though it is compatible withrthe

The verification methdtlof Database Semantics is important for the following rea-
sons. First, the signs of natural language are based onrmbrve which are not sus-

6 See also FoCL'99, Introduction VIII-X.
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ceptible to the quantitative methods of the natural scienSecond, the analysis of
the natural languages in linguistics and neighboring fislash as the philosophy of
language is fragmented into a very large number of diffesehtols and subschools,
which raises the question of their comparative evaluation.

1.3 Equation Principle

Database Semantics aims at modeling the language comrtianiogartificial agents
as naturally as possible for two reasons. First, maxinsalr-friendlinessshould be
provided in practical applications. User-friendlinessrian—machine communication
means that the human and the robot can understand each iptb@nréctly and (ii)
without the human having to adapt to the machine.

Second, long-ternupscalabilityin theory development should be ensured. Upscal-
ing in the construction of a talking robot means that one aaged without diffi-
culty from the current prototype to one of greater functi@mwmnpleteness and/or data
coveragé In the history of science, difficulties in upscaling haveqgically always
indicated a fundamental problem with the theory in question

To ensure user-friendliness and upscalability in the lanmy Database Semantics
must strive to approximate at the various levels of abstmaathat has been called
“psychological reality.” For this purpose, we propose thkofving principle, which
equates the correctness of the theoretical descriptidmntivgt behavioral adequacy of
the electronic model (prototype of a talking robot).

1.3.1 THE EQUATION PRINCIPLE OF DATABASE SEMANTICS

1. The more realistic the reconstruction of cognition, tle¢tdr the functioning of
the model.

7 For this, the robot must be designed to have procedural equants of human notions. For example,
in order to understand the wordd, the robot must be capable of physically selecting the regictd
from a set; in order to understand the notion of bdiagpily surprised, the robot must be capable
of experiencing this emotion itself; etc.

Given that the technical preconditions for this kind of us@ndliness will not become available
for some time, Liu (2001) proposes to integrate currentticlmapabilities with practical tasks guided
by humans. This is a positive example of a smart solutiorg tlie use of restricted language in
machine translation (cf. FOCL'99, p. 47).

8 For example, functional completeness requires the alifitautomatic word form recognition in
principle. Extending the data coverage means that more amnd word forms of the language can be
recognized; similarly, functional completeness requitesability of contextual action in principle.
Extending the data coverage means that more and more agaitagtion types such as different kinds
of locomotion, manipulation, etc., become available.

9 Problems with upscaling in Truth-Conditional Semantidgseain the attempts to handle the Epi-
menides Paradox (cf. FOCL'99, Sect. 19.5), propositiotidlides (cf. ibid, Sect. 20.3), and vagueness
(ibid, Sect. 20.5). Problems with upscaling in Generativar@mar arise in the attempts to handle the
constituent structure paradox (ibid, Sect. 8.5) and gappamstructions (cf. Chaps. 8 and 9 below).
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2. The better the functioning of the model, the more realite reconstruction of
cognition.

The first part of the Equation Principle looks for supporinfrand convergence with
the neighboring sciences in order to improve the performariche prototype. This
means, for example, that we avoid conflicts with establidiaets or strong conjec-
tures regarding the phylogenetical and the ontogenetiea¢ldpment as provided
by ethology and developmental psychology, include the tfanal explanations of
anatomy and physiology, and take seriously the results dfhenaatical complexity
theory (no undecidable or exponential algorithms).

The second part of the equation principle provides a héusgsttegy in light of the
fact that the “real” software structures of cognition (agithvarious levels of abstrac-
tion) are not accessable to direct observatfb@ur strategy tries to achieve a realistic
reconstruction indirectly by aiming for functional comigeess and completeness of
data coverage in the incremental upscaling of an artificighitive agent.

1.4 Objectivation Principle

For a functional reconstruction of cognition in general aatural language commu-
nication in particular, different kinds of data are avaléafI he differences stem in part
from alternative constellations in which the data origimand in part from alternative
channels which are used in the respective constellations.

The constellations regard the interaction between (i) 8, ii) the scientist, and
(iii) the electronic model (robot). They are distinguistesifollows:

1.4.1 GONSTELLATIONS PROVIDING DIFFERENT KINDS OF DATA

1. Interaction between (i) the user and (iii) the robot
2. Interaction between (i) the user and (ii) the scientist
3. Interaction between (ii) the scientist and (iii) the robo

Depending on the constellation, data can be transmittethgifollowing channels:

1.4.2 DATA CHANNELS OF COMMUNICATIVE INTERACTION

1. Theauto-channeprocesses input automatically and produces output autounsm
ly, at the context as well as the language level. In naturghitive agents, i.e., the
user and the scientist, the auto-channel is present frometyebeginning in its

10 A notable exception is the direct study of central cognitioneurology, especially fMRI or functional
magnetic resonance imaging (cf. Matthews et al. 2003; déztal. 2001). Currently, however, these
data leave room for widely differing interpretations, amel ased to support conflicting theories.
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full functionality. In artificial agents, in contrast, thata-channel must be recon-
structed — and it is the goal of Database Semantics to recoh#tas realistically
as possible.

2. Theextrapolation of introspectiois a specialization of the auto-channel and re-
sults from the scientists’ effort to improve man—-machinenowinication by tak-
ing the view of the human user. This is possible because teetst and the user
are natural agents.

3. Theservice channels designed by the scientist for the observation and control

of the artificial agent. It allows direct access to the rabotgnition because its
cognitive architecture and functioning is a construct Wwhie principle may be
understood completely by the scientist.

The three constellations and the role of the three data efsumthe interaction be-
tween user, scientist, and robot may be summarized grdlyhécsafollows:

1.4.3 INTERACTION BETWEEN USER ROBOT, AND SCIENTIST

7777777777777777777777777777 robot
- ] (iii)
" auto channel .-

L]
extrapolation.. Ve
of introspection. " - service chann
scientist

The scientist observes the external behavior of the usettendobot via the auto-
channel, i.e., the scientist sees what they do and can dswigw them about it.
In addition, the scientist observes the cognitive statggpthe user indirectly via a
scientifically founded extrapolation of introspection gbjithe robot directly via the
service channel. For the scientist, the user and the roba@qually real agents “out
there” in the world, and their cognitive states have the samelogical status.

Of the three channels, the auto-channel is available to $ke the robot, and the
scientist. It is the channel used most, but it is also mostgto error: At the level of
context there are the visual illusions, for example, antiatdvel of language there are
the misunderstandings. In addition, one has to take intoladd¢he possibility that the
partner of discourse might deviate from the truth, eithe@rscmusly or unconsciously.

As long as everyday access to the partner of discourse isctedtto the auto-
channel, we can never be completely certain whether whatardevgas really un-
derstood as intended by us, or whether we really understdwd was intended by
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the other, or whether what was said was really true. In pbpbg, this is the much
discussed problem known aslipsism(Wittgenstein 1921).

For a scientific analysis of natural language communicatiowever, there are the
priviledged accesses of (i) the extrapolation of introfipecand (ii) the service chan-
nel. In the extrapolation of introspection, the discourseneen the scientist and the
user is restricted to the domain of user—robot interactidrerefore, misunderstand-
ings between the scientist and the user are much less likatyit free communica-
tion, though they are still possible. The direct accessdadhot via the service chan-
nel, furthermore, allows the scientist to determine olbjett whether or not the cog-
nition of the artificial agent is functioning properly. Thustificial cognitive agents
are special insofar as they are not subject to the problerlipksm.

1.5 Equivalence Principles for Interfaces and for Input/Ouput

The methodological principles of Database Semantics ptedeso far, namely

1. theVerification Principle
i.e., the development of the theory in the form of a declaeagpecification which
is continuously verified by means of an implemented pro®tigh. Sect. 1.2),

2. theEquation Principle
i.e., the equating of theoretical correctness with the tiena adequacy of the
prototype during long-term upscaling (cf. Sect. 1.3), and

3. theObjectivation Principle
i.e., the establishing of objective channels for obserlamguage communication
between natural and artificial agents (cf. Sect. 1.4),

are constrained by

4. thelnterface Equivalence Principjend
5. thelnput/Output Equivalence Principle.

According to the Principle of Interface Equivalence (4§ #rtificial surrogate must
be equipped with the same interfaces to the external worldeamatural original. At
the highest level of abstraction, this requires the extenterfaces of recognition and
action at the context and the language level (cf. 2.1.3)oEr levels of abstraction,
the interfaces in question split up into the different mdas (cf. Sect. 2.2) of vision,
audio, tactile, etc., for recognition, and locomotion, npatation, etc., for action.

The Interface Equivalence between the model and the naitigihal is crucial for
the automatic reconstruction of reference, i.e., theimgidietween language and the
world. For example, if the robot cannot perceive, it cannodarstand the human’s
reference to a new object in their joint task environment Titerface Equivalence
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Principle has fundamental consequences on the theory cdraers for natural lan-
guage, especially the ontological foundations (cf. 2.3.1)

The Principle of Input/Output Equivalence (5) presuppdsésrface Equivalence
(4). Input/Output Equivalence requires that the artifieigént (i) takes the same input
and produces the same output as the natural original, $@ssembles input and out-
put in the same way into parts, and (iii) orders the partséstime way during intake
and discharge. The input and output data, like the extentaifaces, are concretely
given and therefore are susceptible to an objective straicimalysis.

The Input/Output Equivalence between the model and theadatuginal is espe-
cially relevant for the automatic interpretation and pretthn of the signs used in
natural language communication. Therefore, this prikciphs fundamental conse-
guences on the theory of grammar for natural language.

The two Equivalence Principles constitutennimal requiremenfor any scientific
reconstruction of cognition in general and the mechanisnmatfral language commu-
nication in particular. The reason is as follows: If we hagkdi access to the architec-
ture and the functioning of cognition, comparable to theegtigation of the physical
structures and functions of the bodily organs in the natscences (anatomy, phys-
iology, chemistry, physics), the resulting model wouldtaetly have to satisfy the
Principles of Interface Equivalence and Input/Output Ealgnce.

If, due to the absence of direct access, the nature of theta@gaystem must be
inferred indirectly, namely in an incremental process afaghing the functional com-
pleteness and the data coverage of an artificial surrogaseddes not diminish the
importance of the external interfaces and the input/outfaaé. On the contrary, as
concretely given, directly observable structures theystitiuie the external fixpoints
for any reconstruction of the internal cognition procedusdich is scientifically well-
founded.

1.6 Surface Compositionality and Time-Linearity

The general principles of Interface Equivalence and h@puigput Equivalence require
a careful analysis and reconstruction (i) of the naturahig@eecognition and action
components and (ii) of the data being passed through thespawents. One impor-
tant kind of data are the expressions of natural languagdupeal in the speaker mode
and interpreted in the hearer mode.

Externally, these data are objects in a certain mediumesepted by sounds, hand-
written or printed letters, or gestures of a sign languaddchvcan be recorded on
film, tape, or disc, and measured and described with the mgtbbthe natural sci-
ences. Given that these objects are concretely given, thestitute the empirical ba-
sis which linguistic analysis should neither add to nor gditfrom. This elementary
methodological principle is known as Surface ComposilignéSCG’84):
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1.6.1 SURFACE COMPOSITIONALITY

A grammatical analysis is surface compositional if it usely ¢he concrete
word forms as the building blocks of composition, such thlegyatactic and
semantic properties of a complex expression derive sysieatig from the

syntactic category and the literal meaning of the lexieahis.

Surface Compositionality is best illustrated by examplégcty violate it, such as the
following grammatical analysis:

1.6.2 ANALYSIS VIOLATING SURFACE COMPOSITIONALITY
V)

np’v)

(np) (np)

(sn'np) (sn) (np'np’v) (sn’np) (sn)

every girl drank o  water

In order to treat the noun phrasegery girl andwater alike, this analysis postulates

the zero elemenk. The presumed “linguistic generalization” is illegitireahowever,

because the postulated determitenf water is not concretely given in the surface.
Nevertheless, the categories of 1.6.2 are well-motivateddefined as follows:

1.6.3 THE CATEGORIES OF1.6.2

(sn’ np) = determineytakes a singular nowsn’ and makes a noun phrasp.

(sn) = singular nounfills a valency positiorsn’ in the determiner.

(np’ np’ v)= transitive verh takes a noun phrasg and makes an intransitive ve(bp’ v).
(np) = noun phrasefills a valency positiomp’ in the verb.

(np’v)  =intransitive verhtakes a noun phrasg and makes &).

(v) = verbwith no open valency positions (sentence).

The rules generating Example 1.6.2 are based on the penofpbossible substitu-
tions, and are defined as follows:

1.6.4 RULES COMPUTING POSSIBLE SUBSTITUTIONS FOR DERIVING.6.2

(V) — (np) (np V)

(np) — (sn’ np) (sn)

(np’v) — (np’ np’ v) (np)

(sn’np) — every, ®

(sn) — girl, water

(np’ np’ v) — drank
Each rule replaces the category on the left-hand side ofrthevdy the categories on
the right-hand side (top-down derivation). It is also cowalele to replace the cate-

gories on the right-hand side by the one on the left-hand(bioitom-up derivation).
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Without the zero determiner postulated in 1.6.2, at leastauditional rule would
have to be defined. However, according to the Principle ofa8arCompositional-
ity, it is methodologically unsound to simply postulate #wastence of something
that is absent, but considered necessary or desitalfailure to maintain Surface
Compositionality leads directly to high mathematical céemjty and computational
intractability.

Having determined the basic elements of linguistic anglyise., the surfaces in
the concretely given sign and their standard lexical aiglyet us turn to the proper
grammatical relations between these basic items. The nasieatary relation be-
tween the words in a sentence is their time-linear ordereflimear means linear like
time and in the direction of time (cf. Sect. 3.4).

The time-linear structure of natural language is so funddat¢hat a speaker cannot
but utter a text sentence by sentence, and a sentence wortéyaword form. Thereby
the time-linear principle suffuses the process of uttezaiocsuch a degree that the
speaker may decide in the middle of a sentence on how to centin

Correspondingly, the hearer need not wait until the uttseasf a text or sentence
has been finished before his or her interpretation can begitead the hearer will in-
terpret the beginning of the sentence without having to khow it will be continued.

Example 1.6.2 violates not only Surface Compositionalityt, also Time-Linearity.
The grammatical analysis is not time-linear because & faicombinesvery girl with
drank directly. Instead, based on the principle of possible subigins, the complex
expressiordrank water must be derived first.

A time-linear analysis, in contrast, is based on the priecgf possible continua-
tions. As an example, consider the following time-lineariddion, which uses the
same categories (cf. 1.6.3) as the non-time-linear desivaL6.2:

1.6.5 SATISFYING SURFACE COMPOSITIONALITY AND TIMELINEARITY
v)

(np' v)
(np)
(sn’ ‘np) (s‘n) (np’ ‘np’V) (‘sn)
every girl drank water

This bottom-up derivation always combines a sentence wititta next word into a

new sentence start, using the following (simplified) rulé&eit-Associative Gram-

mar:

1 The inverse kind of violating Surface Compositionality sists in treating words which are con-
cretely given in the surface as if they weren't there, sinfigause they are considered unnecessary

or undesirable for one’s “linguistic generalization.” Fomore detailed discussion see SCG’'84 and
FoCL'99, Sects. 4.5, 17.2, 18.2, and 21.3.
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1.6.6 RULES COMPUTING THE POSSIBLE CONTINUATIONS FOR DERIVING.6.5

(VAR X) (VAR) = (X)

(VAR) (VAR’ X) = (X)
Each rule consists of three patterns. The patterns areflmiit the variables/AR,
VAR’, andX.'?

The first pattern of arule, e.dYAR’ X), represents the sentence stathe second
pattern, e.g.(VAR), the next wordnw, and the third pattern, e.gX) the resulting
sentence stais’ The variablesvAR and VAR’ are restricted to a single category
segment, while&X is a variable for a sequence of category segments consatzeyo
or more elements.

Rules computing possible continuations are based on nmgt¢heir patterns with
the input expressions, thereby binding their variables:

1.6.7 APPLICATION OF A RULE COMPUTING A POSSIBLE CONTINUATION

S nw S

rule patterns (VAR’ X) (VAR) = X)
| | | | matching and binding

categories  (sn’ np) (sn) (np)

surfaces every girl every girl

During matching, the variabMAR’ is “vertically” bound tosn’, the variableX to np,
and the variabl&/AR to sn. In the result, the valency positian’ of the determiner
category(sn’ np) has been filled (or canceled), producing #s&category(np), and
the input surfacesvery andgirl are concatenated intvery girl.

To handle the combination between a verb and object noumsawmivithout a de-
terminer, e.g.,..drank + a coke versus...drank + water, in a surface compositional
manner, the possible values of the variabldk andVAR’ are restrictet and cor-
related as follows:

1.6.8 VARIABLE DEFINITION OF THE TIME-LINEAR RULES FOR DERIVING1.6.5

If VAR’ is sn’, thenVAR is sn. (identity-based agreemegnt
If VAR’ is np’, thenVAR is np, sn, orpn. (definition-based agreemént

The formalism of a time-linear derivation sketched in 1-8.%.8 is of a preliminary

kind. It was used in NEWCAT'86 for the automatic time-linearalysis of 221 syn-

tactic constructions of German and 114 of English, complétie LISP source code.

It was also used in CoL'89 for 421 syntactic—semantic cowsions of English with

a sign-oriented, hierarchical semantic analysis.

12 There is a convention in Database Semantics that constantgriten in lowercase Roman letters,
while variables are written in uppercase Roman letters mwercase Greek letters. Cf. Appendix C,

Sect. C.3.
3 The variable restrictions for handling agreement in Eingdiss summarized in the Appendix C, C.3.4.



