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Foreword

Human language capabilities are based on mental procedures that are closely linked
to the time domain. Listening, understanding, and reacting, on the one hand, as well
as planning, formulating, and speaking, on the other, are performed in a highly over-
lapping manner, thus allowing inter-human communication to proceed in a smooth
and fluent way.

Although it happens to be the natural mode of human language interaction, in-
cremental processing is still far from becoming a common feature of today’s lan-
guage technology. Instead, it will certainly remain one of the big challenges for
research activities in the years to come. Usually considered difficult to a degree that
renders it almost intractable for practical purposes, incremental language processing
has recently been attracting a steadily growing interest in the spoken language pro-
cessing community. Its notorious difficulty can be attributed mainly to two reasons:

o Due to the inaccessibility of the right context, global optimization criteria are no
longer available. This loss must be compensated for by communicating larger
search spaces between system components or by introducing appropriate repair
mechanisms. In any case, the complexity of the task can easily grow by an order
of magnitude or even more.

e Incrementality is an almost useless feature as long as it remains a local property
of individual system components. The advantages of incremental processing can
be effective only if all the components of a producer-consumer chain consistently
adhere to the same pattern of temporal behavior. Particularly for inherently com-
plex tasks like spoken language translation the issue of incremental processing
cannot be treated as a local phenomenon. Instead it turns out to be intrinsically
tied to fundamental questions of the overall system architecture, thus requiring a
global perspective and the ability to create and maintain a sufficiently ambitious
experimental environment.

If, despite these difficulties, a first prototypical solution for the incremental transla-
tion of spoken dialogues is presented here, two fundamental ideas have contributed
most to this remarkable success: the use of a chart as a uniform data structure
throughout the system and the rigorous application of results from graph theory
that eventually allowed the complexity of the task to be reduced to a manageable
degree.

This combination of contributions enables us for the first time to observe how
a machine translation of natural language utterances evolves over time as more and
more input becomes available. It certainly is much too early to risk a direct com-
parison with human interpretation capabilities, but certainly this book puts forward
a benchmark against which other solutions will have to be measured in the future.

October 1999 Wolfgang Menzel



Preface

Automatic speech recognition and processing has received a lot of attention during
the last decade. Prototypes for speech-to-speech translation are currently being de-
veloped that show first impressive results for this highly complex endeavor. They
demonstrate that machines can actually be helpful in communicating information
between persons speaking different languages. Simple tasks, e.g. the scheduling of
business appointments or the reservation of hotel rooms and air travel tickets, are
within reach.

Needless to say, the power of these prototypes is far from being equal to the
human abilities for speaking, hearing, understanding, and translating. Performing
the translation of speeches or free dialog at a high level is one of the most ambitious
goals of scientists in the natural language processing domain. Several major areas
of research have to be fruitfully combined to create even basic systems and demon-
strators. Progress is needed regarding each of the several steps that are performed
while creating a translation of an utterance spoken by a speaker, involving fields like
acoustics, speech recognition and synthesis, prosody, syntactic processing, semantic
representation, contrastive studies for translation, and many others.

This book starts from an outside view to speech translation, a view that does
not concentrate immediately on one of the tasks we mentioned. The main motiva-
tion for the research presented in this monograph is the fact that humans understand
and translate while they are still hearing. This incremental operation is in part re-
sponsible for the relative ease with which we handle certain tasks, like simultaneous
interpreting or simply following a conversation at a party with a high level of back-
ground noise.

The application of this paradigm to automatic speech processing systems seems
to be a natural thing to do, yet it has serious consequences for the implementation
of individual components and the system as a whole. The simple demand “Start
analyzing while the input is still incomplete” in some cases requires difficult modi-
fications to the algorithms employed for certain tasks.

We think that incremental, modular systems require careful attention as to how
they are composed from individual components. Interfaces and their use become
more crucial if a component is to deliver not only a small set of final results (in
many cases exactly one result), but a continuous stream of hypotheses. Thus, the
realization of incrementality also initiated the use of an integrated data structure (the
layered chart) and the use of a uniform formalism for all modules.

The first chapter introduces incrementality and provides a motivation for its use
in automatic speech translation. Chapters 2 and 3 give the necessary theoretical
foundation to describe the system presented here adequately. In particular, chapter
2 focuses on graph theory and its application to natural language processing. We
believe that a wide range of phenomena and algorithms for NLP can be most ade-
quately described (and most easily understood) in terms of a small subset of graph
theory. Chapter 3 presents the uniform formalism that is used throughout the sys-
tem: Typed Feature Structures.
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Chapter 4 and 5 describe the system that provides the background for this book.
In our opinion, interesting architectural paradigms cannot be shown in isolation
from an actual system implementing these paradigms. The system MILC demon-
strates the feasibility of employing incrementality to a complete speech translation
system. We describe how the three architectonic principles incrementality, integrity,
and uniformity are used to compose a non-trivial system, and demonstrate its per-
formance using actual speech data. Finally, chapter 6 provides a conclusion.

The research described in this book was performed while the author was a re-
search scientist in the Natural Language Systems Group within the Computer Sci-
ence Department of the University of Hamburg, Germany. The German version of
this monograph was accepted as dissertation by its CS department.

I am indebted to the teachers that provided a major part of my education in
computer science. Walther von Hahn introduced me to Natural Language Process-
ing. Gunther Gorz attracted me to syntactic parsing and the architecture aspects
of NLP systems. Finally, Wolfgang Menzel discussed large parts of my work and
contributed a lot as my primary thesis advisor.

The Natural Language Systems group in Hamburg provided an excellent re-
search environment, from which I benefited during the five years that | worked there.
I wish to thank all colleagues for their cooperation, especially Andreas Hauenstein,
Henrik Heine, Susanne Jekat, Uwe Jost, Martin Schrdder, and Volker Weber.

While in Hamburg, | worked as a Verbmobil project member for more than three
years. This enabled me to have many fruitful discussions and to cooperate with
several people, especially Jan Alexandersson, Thomas Bub, Guido Drexel, Wal-
ter Kasper, Marcus Kesseler, Hans-Ulrich Krieger, Joachim Quantz, Birte Schmitz,
Joachim Schwinn, Jorg Spilker, and Hans Weber.

Some of the work presented here (including most of the experiments) was fin-
ished at the Computing Research Laboratory at New Mexico State University. Spe-
cial thanks to Karine Megerdoomian, Sergei Nirenburg, and Rémi Zajac.

August 1999 Jan Willers Amtrup
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Abbreviationsand Acronyms

ALE
ASL
ATIS
ATN
CFG
CKY
CcsP
DAG
DCG
EVS
FUG
HMM
HPSG
ICE
IDL
ILS
INTARC
LFG
LR
MILC
MT
MUC
NLP
NP
PVM
RPC
SLT
SSSP
TDMT
TFES
UTAG
VIT
XDR

Attribute Logic Engine

Architecture of Speech-Language Systems
Air travel information System
Augmented Transition Network
Context-Free Grammar

Cocke, Kasami, Younger algorithm
Communicating Sequential Processes
Directed acyclic graph

Definite Clause Grammar

Ear-voice span

Functional Unification Grammar
Hidden Markov Model

Head Driven Phrase Structure Grammar
INTARC Communication Environment
INTARC Data Layer

INTARC License Server

INTeractive ARChitecture

Lexical Functional Grammar
Left-Right (incrementality)

Machine Interpreting with Layered Charts
Machine Translation

Message Understanding Conference
Natural Language Processing

Noun Phrase

Parallel Virtual Machine

Remote Procedure Call

Spoken Language Translator

Single Source Shortest Paths
Transfer-Driven Machine Translation
Typed Feature Structure

Unification Tree Adjoining Grammar
Verbmobil Interface Term

eXternal Data Representation

76
17
22
65
66
43
96
29
67
15
73
30
66
96
98
98
23
67

128
110

117
97
96
22
60
22
74
67
77
98
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T The most general type in a type lattice
L The inconsistent type in a type lattice
— Adjacency relation

5 Reachability relation

J Subsumption relation

M Unification

#in() In-degree of a vertex

Hout() Out-degree of a vertex

ISIL, Silence label

e Access function for the start vertex of an edge
B Access function for the end vertex of an edge
d(v,v") Distance between two vertices

& Set of Edges

G Graph

G(0,0) The empty graph

He Hyperedge associated with a word graph edge
L Set of labels

l Access function for the label of an edge

p(@) Number of paths in a graph

TDC Type Definition Language

T Topological order of a graph

V Set of vertices

o) Root of a graph

v(f) Final vertex of a graph

w Set of weights

w Access function for the weight of an edge

68
68
27
27
69
69

32
48
27
27
28
25
25
25
55
26
27
38
78
34
25
32
32
26
27



| ndex

K33, 28 Attachment, 98, 100
n-best hypotheses, 31 Automaton
He, 55 — finite state, 39

Avoid new subjects, 14
Access
— lexical, 53 Backbone
Ackermann function, 67 — context-free, 42
Adjacent, 27, 55 Bandwidth, 87
Agenda, 93, 117 Best chain, 30
Agent architecture, 97 Bigram, 119
Agreement, 66 Bit vector, 80
Algorithm Blackboard, 87
— incremental, 9 — discourse, 88
Algorithm schema, 93 — distributed, 88
Algorithms Boundary
— anytime, 21 — word, 53
— contract, 150 Break off, 30
— interrupt, 150 Broadcast, 101
— linear, 67
Ambiguity, 26 CFG, 66
Analysis Channel, 97
— depth of, 19 — additional, 98
— variable depth of, 20 — base, 98
Anytime — configuration, 100
— weak, 151 — split, 99
Appointment scheduling, 109, 158 Chart, 25, 28, 92
Approaches — Combine operation, 93
— automata-oriented, 65 — Insert operation, 93
Appropriateness, 72, 82 — Layered, 95
Architecture, 170 — layered, 17, 85, 90, 105, 170
argmax, 55 — number of edges, 157
argmin, 55 — Propose operation, 93
Aspect, 20, 129 — transfer, 131
ATIS-Domain, 22 Chomsky normal form, 42

ATN, 65 CKY-Algorithm, 43
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Cognitively oriented architecture model, 17

Cohort, 11

— word initial, 12

Cohort model, 11

Communicating Sequential Processes
(CSP), 96

Communication, 95, 171

— man-machine, 169

— using message passing, 96

— using remote procedure calls, 96

— using shared memory, 96

Complement complex, 123

Complexity

— cubic time, 42

Component, 96

— dialog, 172

— distribution of, 85

Connectionism, 131

Constraint, 66

Constraint satisfaction, 152

Context, 13

Control

— central, 90

Control strategy, 87

Core language engine, 22

Coreference, 67, 70

CSP, 96

Cycle, 27

Dag, 29

DCG, 67

Dead end, 9, 32, 167
Definite Clause Grammars, 67
Degree, 31

—-in, 31

- out, 31

Deictic gestures, 39

Deixis, 173

Delay, 7

Density, 37, 48

— transcript-independent, 37
Dependencies

— cross-serial, 66
Derivation steps

— number of, 45
Detachment, 98, 100
Dialog, 14

Dialog act, 23, 109, 148, 162
Disjunction, 77

— atomic, 81

Distance, 28

Dynamic programming, 38

Ear-Voice-Span, 15

Edge

— active, 92, 119

— directed, 26

— inactive, 92, 117

— pre-terminal, 28

— transfer, 134

Edge sequence, 27

— closed, 27

— length of, 28

— open, 27

Edge train, 27

Edges

— family of, 52, 54
Equivalence class, 71
Error

— speech recognition, 22
Euler, 28

Evaluation, 34, 164, 170
— isolated, 38
Experiments

— cross-modal priming, 11

Feature structure, 25, 67, 69, 80
— array representation, 82

— atomic disjunction, 77

— classification of, 82

— completely well-typed, 72

— extended, 78

— functions in, 73

— restricted, 78

— sharing of, 77

— standard, 78

— subsumption of, 70

— unification of, 71

— well-typed, 72

Feed forward, 10

Feedback, 10

Formalism, 18

— declarative, 67

— typed feature structure, 18, 171
— unification-based, 66

— uniform, 85

Frame, 5, 7, 32

FUG, 73

Function call, 81

Functional Unification Grammar, 73

Garden path sentences, 14
Gender, 158

Generation, 137

— bidirectional, 137

— head-driven, 137

— knowledge sources, 161



— Shake-And-Bake, 138
— strategic, 137

- surface, 93, 137

— tactical, 137
Grammar

— context-free, 66

— generative, 65

— phrase structure, 66
— probabilistic, 165

— strictness of, 47
Graph, 25

— bipartite, 28

— connected, 28

— directed, 26

— directed, acyclic, 29
— empty, 25

— interpretation, 53, 91
— interval, 53

— labeled, 26

— of components, 19
— planar, 28

— search in, 60

— weighted, 26

Head, 113

Head Driven Phrase Structure Grammar, 67
Head Feature Principle, 117

Head switching, 20

Hesitation, 30, 113

Hidden markov model, 52

HMM, 52, 86

Hmm, 30

Homophone, 13

HPSG, 67, 72, 73

Hyperedge

— combination of, 59

— merging of, 56

Hypergraph, 53, 54, 90, 94, 155, 170

Idiom, 20

Idiom processing, 108, 146
Idiom Recognition

— knowledge sources, 160
Idiom recognition, 106
ILS, 98

Ils, 100

Incidence, 31

Increment size, 7, 8
Incremental input, 7
Incremental output, 7
Incremental system, 7
Incrementality, 3, 5, 85, 90, 143, 169
— chronological, 5
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— comparison to non-incremental methods,
165

— Left-Right, 5

- LR,5

— structural, 5

Infimum, 69

Information

— partial, 66

Information hiding, 87

Inhibition, 110

Input

— written, 28

Intarc License Server (ILS), 98

Integration, 17

— of language and speech, 86

Interaction, 18

— between recognizer and parser, 10

— top-down, 10, 13

Interactivity, 10

Interlingua, 19, 128

Interpretation graph, 86

Interpreting

— simultaneous, 14, 15

Island analysis, 93, 121

Item

— closed class, 13

— open class, 13

Knowledge sources
— general, 47
Kuratowski

— theorem of, 28

Label, 26

— unique sequence of, 39
Language

— type-0, 65

— written, 86

Language model, 119, 131, 146
Lattice, 67

— of types, 69

Lexical decision, 11

Lexical Functional Grammar, 67
Lexical selection, 13

Lexicon entry, 116

LFG, 67, 73

Lip movement, 173

Lip movements, 39

List

— polymorphic, 81

Machine
— abstract, 18, 67
— Warren abstract, 76
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Maintenance, 173

Merging

— mutually unreachable vertices, 51
Message passing

— asynchronous, 96

Message Understanding Conference, 110

Modality, 39

Modularity, 3, 16
Modularity hypothesis, 13
— weak, 17

Node, 25
Noise, 30, 131

Occam, 96

Open sentence planning, 15
Optimization, 167

Order

— partial, 70

— topological, 61

Parallel Virtual Machine (PVM), 97
Parallelism, 3

— algorithmic, 4

— data-driven, 4

— inter-modular, 5, 9, 18

— intra-modular, 4
Parallelization, 147

Parser, 42

— chunk, 110

Parsing

— bidirectional, 122

— bottom-up, 53

— bottom-up left corner, 119
— partial, 156

Partial Parsing

— knowledge sources, 161
Partial parsing, 106

Path, 27

— additional, 60

— in feature structures, 69

— shortest, 60

— single source shortest (SSSP), 60
Paths

— number of distinct, 39

— number of, 38

PATR I, 67

Penalty

— transition, 62
Performance, 155
Performance Phenomena, 30
Phoneme, 89

Phoneme restoration effect, 12
Phrase

— noun, 121

— prepositional, 121
— verb, 121

Predicate logic, 67
Presupposition, 14
Priming

— cross modal, 13
Processing strategy, 93
Prosody, 39, 147, 172
Pruning, 44
Psycholinguistics, 169
PVM, 97

Quality, 151, 164
Quality measure, 44

Rank, 45

Reachability, 55

Real time, 164

Reason maintenance, 88, 94
Recognizer

— resolution, 53
Recording conditions, 30
Redundancy test, 40
Relation

— adjacency, 27

— reachability, 27
Robustness, 88

Routine formulae, 20
Rule

— fundamental, 93

— left-hand side, 117

— right hand side, 117

— transfer, 73, 131
Runtime, 164

Score, 91

— acoustic, 26, 31, 39, 59, 107, 119
scorejoin, 56, 57
Search

- A* 23

— beam, 94, 162

— incremental, 109
Search space, 9, 10, 172
Search strategy, 147
Segmentation, 12
Sentence

— subordinate, 164
Serialization, 88

Sign

— lexical, 79

Signal detection test, 13
Silence, 48

— removing all, 51



Index 199

— removing consecutive, 49 — recursive, 65

— removing single, 48 Transition penalty, 143
SLT, 22 Translation

Speaker noise, 30 — Anytime, 149
Speaker variation, 30 — example-based, 131
Speech, 86 — memory-based, 131
— continuous, 30 — quality, 164

— spontaneous, 16 — statistical, 130
Speech recognition, 169 Transputer, 96

— and linguistic processing, 172 Tree

Speed up, 155 — red-black, 117
Spoken Language Translator, 22 Type, 66, 68

Storage — bottom(_L), 68

— distributed, 90 — top(T), 68
Sub-Words, 12 — encoding of, 80

inference, 72
lattice, 68, 159, 173

Subcategorization, 110
Subsumption, 68

— of feature structures, 70 — lattice of, 69
— of types, 69 — subsumption, 68, 69
Supremum, 69 — unification, 69
Surface generation, 106 Types
Synchronization, 10, 100 — Inheritance, 66
— initial, 102
— rendez-vous, 96 Unification, 66
System — disjunctive, 67
— continuous, 8 — graph, 67
— example-based, 5 — of feature structures, 71
— memory-based, 5 — of types, 69
— modular, 4 — parallel, 67
— monolithical, 4 Unification Tree Adjoining Grammars, 67
— parallel, 4 Uniformity, 18
— sequential, 4 Unit

— functional, 5
TDMT, 22 UTAG, 67
Tense, 20, 129 Utterance Integration, 106
Termination — knowledge sources, 161
— distributed, 105
Threshold, 117 Vector
Topological order, 34 - feature, 86
Topology, 36 Verbmobil, 23
'|'rai|"|3l 22 Vertex, 25
Transcript, 114 - end, 27,32
Transducer - merging of, 40
— fi