DRAFT! cfl January 7, 1999 Christopher D. Manning & Hinrich Schütze. v

Brief Contents

I Preliminaries 1

1 Introduction 3 2 Mathematical Foundations 35 3 Linguistic Essentials 75 4 Corpus-Based Work 109

II Words 139

5 Collocations 141 6 Statistical Inference: n-gram models over sparse data 177 7 Word Sense Disambiguation 211 8 Lexical Acquisition 243

III Grammar 291

9 Markov Models 293 10 Part-Of-Speech Tagging 317 11 Probabilistic Context Free Grammars 355 12 Probabilistic Parsing 379

IV Applications and Techniques 427

13 Statistical Alignment and Machine Translation 429 14 Clustering 459 15 Topics in Information Retrieval 491 16 Text Categorization 535

Detailed Contents

List of Tables xv

List of Figures xxi

Table of Notations xxv

Preface xxix

Road Map xxxiii

I Preliminaries 1

1 Introduction 3 1.1 Prologue: Rationalist and Empiricist Approaches 4 1.2 Scienti�c Content 7

1.2.1 Questions that linguistics should answer 7 1.2.2 Non-categorical phenomena in language 10 1.2.3 Language and cognition as probabilistic phenomena 14 1.3 The Ambiguity of Language: Why NLP is Dif�cult 16 1.4 Dirty Hands 18

1.4.1 Lexical resources 18 1.4.2 Word counts 19 1.4.3 Zipf’s laws 21 1.4.4 Collocations 27 1.4.5 Concordances 30 1.5 Further Reading 32 1.6 Exercises 33

2 Mathematical Foundations 35 2.1 Elementary Probability Theory 35 2.1.1 Probability spaces 36 2.1.2 Conditional probability and independence 37 2.1.3 Bayes’ theorem 39 2.1.4 Random variables 40 2.1.5 Expectation and variance 41 2.1.6 Notation 43 2.1.7 Joint and conditional distributions 43 2.1.8 Determining P 44 2.1.9 Standard distributions 45 2.1.10 Bayesian statistics 49 2.1.11 Exercises 53 2.2 Essential Information Theory 55 2.2.1 Entropy 55 2.2.2 Joint entropy and conditional entropy 58 2.2.3 Mutual information 61 2.2.4 The noisy channel model 63 2.2.5 Relative entropy or Kullback-Leibler divergence 66 2.2.6 The relation to language: Cross entropy 67 2.2.7 The entropy of English 70 2.2.8 Perplexity 72 2.2.9 Exercises 72 2.3 Further Reading 73

3 Linguistic Essentials 75 3.1 Parts of Speech and Morphology 75 3.1.1 Nouns and pronouns 77 3.1.2 Words that accompany nouns: Determiners and adjectives 80 3.1.3 Verbs 82 3.1.4 Other parts of speech 84 3.2 Phrase Structure 86

3.2.1 Phrase structure grammars 88 3.2.2 Dependency: Arguments and adjuncts 93 3.2.3 X^0 theory 98 3.2.4 Phrase structure ambiguity 99 3.3 Semantics and Pragmatics 101 3.4 Other Areas 104

3.5 Further Reading 105 3.6 Exercises 105

4 Corpus-Based Work 109

4.1 Getting Set Up 110

4.1.1 Computers 110 4.1.2 Corpora 110 4.1.3 Software 112 4.2 Looking at Text 114

4.2.1 Low level formatting issues 115 4.2.2 Tokenization: What is a word? 116 4.2.3 Morphology 122 4.2.4 Sentences 125 4.3 Marked-up Data 127

4.3.1 Mark-up schemes 128 4.3.2 Grammatical tagging 130 4.4 Further Reading 135

II Words 139

5 Collocations 141

5.1 Frequency 143 5.2 Mean and Variance 147 5.3 Hypothesis Testing 152

5.3.1 The t test 152 5.3.2 Hypothesis testing of differences 156 5.3.3 Pearson’s chi-square test 157 5.3.4 Likelihood Ratios 161 5.4 Mutual Information 166 5.5 The Notion of Collocation 171 5.6 Further Reading 174

6 Statistical Inference: n-gram models over sparse data 177 6.1 Bins: Forming Equivalence Classes 178 6.1.1 Reliability vs. discrimination 178 6.1.2 n-gram models 178 6.1.3 Building n-gram models 180 6.2 Statistical Estimators 181

6.2.1 Maximum Likelihood Estimation (MLE) 182

6.2.2 Laplace’s Law, Lidstone’s Law and the

Jeffreys-Perks Law 187 6.2.3 Held out estimation 190 6.2.4 Cross-validation (Deleted estimation) 195 6.2.5 Good-Turing estimation 196 6.2.6 Brie�y noted 200 6.3 Combining Estimators 201

6.3.1 Simple linear interpolation 202 6.3.2 Katz’s backing-off 203 6.3.3 General linear interpolation 204 6.3.4 Brie�y noted 205 6.3.5 Language models for Austen 207 6.4 Conclusions 207 6.5 Further Reading 208 6.6 Exercises 209

7 Word Sense Disambiguation 211 7.1 Methodological Preliminaries 213 7.1.1 Supervised and unsupervised learning 214 7.1.2 Pseudowords 215 7.1.3 Upper and lower bounds on performance 215 7.2 Supervised Disambiguation 216 7.2.1 Bayesian classi�cation 217 7.2.2 An information-theoretic approach 220 7.3 Dictionary-Based Disambiguation 223 7.3.1 Disambiguation based on sense de�nitions 223 7.3.2 Thesaurus-based disambiguation 225 7.3.3 Disambiguation based on translations in a second-language corpus 228 7.3.4 One sense per discourse, one sense per

collocation 230 7.4 Unsupervised Disambiguation 232 7.5 What is a Word Sense? 236 7.6 Further Reading 240 7.7 Exercises 241

8 Lexical Acquisition 243

8.1 Evaluation Measures 245 8.2 Verb Subcategorization 248 8.3 Attachment Ambiguity 255

8.3.1 Hindle and Rooth (1993) 257 8.3.2 General remarks on PP attachment 261 8.4 Selectional Preferences 264 8.5 Semantic Similarity 270

8.5.1 Vector space measures 273 8.5.2 Probabilistic measures 278 8.6 The Role of Lexical Acquisition in Statistical NLP 283 8.7 Further Reading 287

III Grammar 291

9 Markov Models 293

9.1 Markov Models 293 9.2 Hidden Markov Models 296

9.2.1 Why use HMMs? 297 9.2.2 General form of an HMM 299 9.3 The Three Fundamental Questions for HMMs 300 9.3.1 Finding the probability of an observation 301 9.3.2 Finding the best state sequence 306 9.3.3 The third problem: Parameter estimation 308 9.4 HMMs: Implementation, Properties, and Variants 311 9.4.1 Implementation 311 9.4.2 Variants 312 9.4.3 Multiple input observations 313 9.4.4 Initialization of parameter values 314 9.5 Further Reading 314

10 Part-Of-Speech Tagging 317 10.1 The Information Sources in Tagging 318 10.2 Markov Model Taggers 320

10.2.1 The probabilistic model 320 10.2.2 The Viterbi algorithm 325 10.2.3 Variations 327 10.3 Hidden Markov Model Taggers 332

10.3.1 Applying HMMs to POS tagging 332 10.3.2 The effect of initialization on HMM training 334 10.4 Transformation-Based Learning of Tags 336 10.4.1 Transformations 337 10.4.2 The learning algorithm 339

10.4.3 Relation to other models 340 10.4.4 Automata 342 10.4.5 Summary 343 10.4.6 Exercises 344 10.5 Other Methods, Other Languages 345 10.5.1 Other approaches to tagging 345 10.5.2 Languages other than English 345 10.6 Tagging Accuracy and Uses of Taggers 346 10.6.1 Tagging accuracy 346 10.6.2 Applications of tagging 349 10.7 Further Reading 351 10.8 Exercises 353

11 Probabilistic Context Free Grammars 355 11.1 Some Features of PCFGs 360 11.2 Questions for PCFGs 362 11.3 The Probability of a String 364

11.3.1 Using inside probabilities 364 11.3.2 Using outside probabilities 367 11.3.3 Finding the most likely parse for a sentence 369 11.3.4 Training a PCFG 371 11.4 Problems with the Inside-Outside algorithm 374 11.5 Further Reading 375 11.6 Exercises 376

12 Probabilistic Parsing 379

12.1 Some Concepts 380

12.1.1 Parsing for disambiguation 380 12.1.2 Treebanks 383 12.1.3 Parsing models vs. language models 386 12.1.4 Weakening the independence assumptions of PCFGs 387 12.1.5 Tree probabilities and derivational probabilities 390 12.1.6 There’s more than one way to do it 394 12.1.7 Phrase structure grammars and dependency grammars 398 12.1.8 Evaluation 401 12.1.9 Equivalent models 407 12.1.10 Building parsers: Search methods 409 12.1.11 Use of the geometric mean 412

12.2 Some Approaches 412

12.2.1 Non-lexicalized treebank grammars 413 12.2.2 Lexicalized models using derivational histories 417 12.2.3 Dependency-based models 420 12.3 Further Reading 423 12.4 Exercises 425

IV Applications and Techniques 427

13 Statistical Alignment and Machine Translation 429 13.1 Text Alignment 432

13.1.1 Aligning sentences and paragraphs 433 13.1.2 Length-based methods 436 13.1.3 Offset alignment by signal processing

techniques 440 13.1.4 Lexical methods of sentence alignment 443 13.1.5 Summary 448 13.1.6 Exercises 449 13.2 Word Alignment 449 13.3 Statistical Machine Translation 450

13.3.1 Exercises 456 13.4 Further Reading 457

14 Clustering 459

14.1 Hierarchical Clustering 463

14.1.1 Single-link and complete-link clustering 466 14.1.2 Group-average agglomerative clustering 470 14.1.3 An application: Improving a language model 472 14.1.4 Top-down clustering 475 14.2 Non-Hierarchical Clustering 476

14.2.1 K-means 478 14.2.2 The EM algorithm 481 14.3 Further Reading 489 14.4 Exercises 490

15 Topics in Information Retrieval 491

15.1 Some Background on Information Retrieval 491 15.1.1 Common design features of IR systems 494 15.1.2 Evaluation measures 496

15.1.3 The probability ranking principle (PRP) 499 15.2 The Vector Space Model 500 15.2.1 Vector similarity 502 15.2.2 Term weighting 503 15.3 Term Distribution Models 505 15.3.1 The Poisson distribution 506 15.3.2 The two-Poisson model 509 15.3.3 The K mixture 510 15.3.4 Inverse document frequency 512 15.3.5 Residual inverse document frequency 514 15.3.6 Usage of term distribution models 514 15.4 Latent Semantic Indexing 515 15.4.1 Least-squares methods 517 15.4.2 Singular Value Decomposition 519 15.4.3 Latent Semantic Indexing in IR 524 15.5 Discourse Segmentation 526 15.5.1 TextTiling 527 15.6 Further Reading 530 15.7 Exercises 532

16 Text Categorization 535 16.1 Decision Trees 537 16.2 Maximum Entropy Modeling 548 16.2.1 Generalized iterative scaling 550 16.2.2 Application to text categorization 554 16.3 Perceptrons 556 16.4 K Nearest Neighbor classi�cation 561 16.5 Further Reading 564

Tiny Statistical Tables 567

Bibliography 569

Index 613