Foundations of Statistical Natural Language Processing

Draft of September 22, 1998

Foundations of Statistical Natural Language Processing

Christopher Manning Hinrich Schĺutze

The MIT Press Cambridge, Massachusetts London, England

DRAFT!

DO NOT DISTRIBUTE WITHOUT PRIOR PERMISSION website: http://bondi.sultry.arts.usyd.edu.au/fsnlp

Printed on September 22, 1998

cfl1996Ű1998 Christopher Manning & Hinrich Schĺutze

Comments, corrections, and other feedback most welcome

cmanning@mail.usyd.edu.au hinrich@hotmail.com

Contents

Preface xxi

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 1.3 The ambiguity of language: Why NLP is di»cult 14 1.4 Dirty hands 16 1.4.1 Zipf’s Laws 19 1.4.2 Collocations 23 1.5 Further reading 27 1.6 Exercises 29

2 Essentials 31 2.1 Elementary Probability Theory 31 2.1.1 Probability spaces 31 2.1.2 Conditional probability and independence 32 2.1.3 Bayes’ Theorem 33 2.1.4 Random variables 35 2.1.5 Expectation and variance 35 2.1.6 Joint and conditional distributions 36 2.1.7 A note on notation 37 2.1.8 Determining P 37 2.1.9 Binomial distributions 38 2.1.10 Bayesian statistics 39 2.1.11 Exercises 43 2.2 Essential Information Theory 43 v

2.2.1 Entropy 44 2.2.2 Joint entropy and conditional entropy 46 2.2.3 Mutual information 47 2.2.4 The noisy channel model 48 2.2.5 Relative entropy or Kullback-Leibler ‘distance’ 51 2.2.6 The relation to language: cross entropy 52 2.2.7 Entropy of English 55 2.2.8 Perplexity 56 2.2.9 Exercises 57 2.3 Precision and Recall 57 2.4 Basic Linguistics 58 2.4.1 Parts of speech and morphology 58 2.4.2 The noun 60 2.4.3 The noun phrase 64 2.4.4 The verb 65 2.4.5 The verb phrase 68 2.4.6 Other syntactic categories 71 2.4.7 Phrase structure 72 2.4.8 Phrase structure ambiguity 76 2.4.9 Semantics and pragmatics 79 2.4.10 Other areas 82 2.4.11 Exercises 82 2.5 Further Reading 84

3 Corpus-Based Work 87 3.1 Getting set up 88 3.1.1 Computers 88 3.1.2 Corpora: Finding text 88 3.1.3 Software 89 3.2 Looking at text 91 3.2.1 Low level formatting issues 92 3.2.2 Tokenization: What is a word? 93 3.2.3 Morphology 98 3.2.4 Sentences 100 3.3 Marked-up data 103 3.3.1 Mark up schemes 103 3.3.2 Grammatical tagging 105 3.4 Further Reading 110

II Words 113

4 Statistical Inference 115 4.1 Bins: forming equivalence classes 115 4.2 Statistical estimators 117 4.2.1 Maximum Likelihood Estimation (MLE) 118 4.2.2 Laplace’s Law, Lidstone’s Law and the Je«reys-Perks Law 120 4.2.3 Held out estimation 122 4.2.4 Cross-validation/Deleted estimation 123 4.2.5 Good-Turing estimation 124 4.2.6 Brie~y noted 125 4.3 Combining estimators 126 4.3.1 Linear interpolation 127 4.3.2 Katz’s Backing-o« 128 4.4 Conclusions 129 4.5 Further Reading 129 4.6 Exercises 129

5 Collocations 131 5.1 Introduction 131 5.2 Frequency 133 5.3 Mean and Variance 137 5.4 Hypothesis Testing 141 5.4.1 Hypothesis Testing of Di«erences 146 5.4.2 Pearson’s Chi-Square Test 148 5.5 Likelihood Ratios 151 5.5.1 Relative Frequency Ratios 155 5.6 Mutual Information 157 5.7 The Notion of Collocation 162 5.8 Bibliographic Remarks 165

6 Word Sense Disambiguation 169 6.1 Methodological Preliminaries 172 6.1.1 Supervised and unsupervised learning 172 6.1.2 Pseudowords 173 6.1.3 Uper and lower bounds on performance 173 6.2 Supervised Disambiguation 174 6.2.1 Bayesian classi^cation 175 6.2.2 An information-theoretic approach 177 6.3 Dictionary-Based Disambiguation 180 6.3.1 Disambiguation based on sense de^nitions 180 6.3.2 Thesaurus-based disambiguation 181

6.3.3 Disambiguation based on translations in a secondlanguage corpus 184 6.3.4 One sense per discourse, one sense per collocation 186 6.4 Unsupervised Disambiguation 188 6.5 What is a Word Sense? 192 6.6 Bibliographic Remarks 195 6.7 Exercises 197

7 Lexical Acquisition 199 7.1 Introduction 199 7.2 Verb Subcategorization 201 7.3 Attachment Ambiguity 206 7.3.1 Hindle and Rooth (1993) 207 7.3.2 General remarks on PP attachment 214 7.4 Selectional Preferences 217 7.5 Semantic Similarity 223 7.5.1 Vector Space Measures 225 7.5.2 Probabilistic Measures 229 7.6 The Role of Lexical Acquisition in Statistical NLP 234 7.7 Bibliographic Remarks 238

8 Clustering 241 8.1 Hierarchical clustering 245 8.1.1 Single-link and complete-link clustering 247 8.1.2 Group-average agglomerative clustering 250 8.1.3 An application: Improving a language model 253 8.1.4 Top-down clustering 256 8.2 Non-Hierarchical Clustering 259 8.2.1 K-means 261 8.2.2 The EM algorithm 264 8.3 Further Reading 268 8.4 Exercises 269

III Grammar 271

9 Markov Models 273 9.1 Markov models 273 9.2 Hidden Markov Models 275 9.2.1 Why use HMMs? 276 9.2.2 General form of a HMM 278 9.3 Three fundamental questions for HMMs 279 9.3.1 Finding the probability of an observation 280

9.3.2 Finding the best state sequence 284 9.3.3 Third problem: parameter estimation 286 9.4 HMMs: Implementation, properties, and variants 289 9.4.1 Implementation 289 9.4.2 Variants 289 9.5 Further Reading 289

10 Part-Of-Speech Tagging 291 10.1 Introduction 291 10.2 The information sources in tagging 292 10.3 Markov Model Taggers 295 10.3.1 The probabilistic model 295 10.3.2 The Viterbi Algorithm 299 10.3.3 Variations 301 10.4 Hidden Markov Model Taggers 306 10.4.1 Applying HMMs to POS tagging 306 10.4.2 The e«ect of initialization on HMM training 308 10.5 Transformation-Based Learning of Tags 310 10.5.1 Transformations 311 10.5.2 The Learning Algorithm 313 10.5.3 Relation to Other Models 314 10.5.4 Automata 315 10.5.5 Summary 317 10.5.6 Exercises 318 10.6 Other methods, other languages 318 10.6.1 Other Approaches to Tagging 318 10.6.2 Languages Other Than English 319 10.7 Tagging Accuracy and Uses of Taggers 319 10.7.1 Tagging Accuracy 319 10.7.2 Applications of Tagging 322 10.7.3 Bibliographic Remarks 324 10.8 Exercises 326

11 Probabilistic Context Free Grammars 327 11.1 Some features of PCFGs 331 11.2 Questions for PCFGs 332 11.3 Probability of a string 334 11.3.1 Inside probability 334 11.3.2 Outside probabilities 336 11.3.3 Finding the most likely parse for a sentence 337 11.3.4 Training a PCFG 339 11.4 Problems with the Inside-Outside algorithm 341 11.5 Exercises 341

11.6 Further Reading 342

12 Probabilistic Parsing 343 12.1 Introduction 343 12.1.1 Grammars: induction and parsing 343 12.1.2 Parsing for disambiguation 344 12.2 Some Concepts 347 12.2.1 Treebanks 347 12.2.2 Parsing models vs. language models 349 12.2.3 Weakening the independence assumptions of PCFGs 350 12.2.4 Tree probabilities and derivational probabilities 352 12.2.5 There’s more than one way to do it 356 12.2.6 Phrase structure grammars and dependency grammars 361 12.2.7 Evaluation 363 12.2.8 Equivalent models 368 12.2.9 Building parsers: Search methods 369 12.2.10Use of the geometric mean 372 12.3 Some Approaches 373 12.3.1 Non-lexicalized treebank grammars 373 12.3.2 Lexicalized models using derivational histories 375 12.3.3 Dependency-based models 378 12.3.4 Data-Oriented Parsing 381 12.4 Further Reading 381 12.5 Exercises 382

IV Applications 385

13 Machine Translation 387 13.1 Text Alignment 390 13.1.1 Aligning sentences and paragraphs 391 13.1.2 Length based methods 395 13.1.3 O«set alignment by signal processing techniques 398 13.1.4 Lexical methods of sentence alignment 401 13.1.5 Summary 406 13.2 Word Alignment 407 13.3 Statistical Machine Translation 408 13.4 Further Reading 415

14 Topics in Information Retrieval 417 14.1 Introduction 417 14.2 Some Background on Information Retrieval 417 14.2.1 Common design features of IR systems 420 14.2.2 Evaluation measures 422 14.2.3 The probability ranking principle (PRP) 425 14.3 The Vector Space Model 427 14.3.1 Vector similarity 428 14.3.2 Term weighting 429 14.4 Term Distribution Models 432 14.4.1 The Poisson distribution 432 14.4.2 The two-Poisson model 435 14.4.3 The K mixture 435 14.4.4 Inverse document frequency 437 14.4.5 Residual inverse document frequency 439 14.4.6 Usage of term distribution models 440 14.5 Latent Semantic Indexing 440 14.5.1 Least-squares methods 442 14.5.2 Singular Value Decomposition 443 14.5.3 Latent Semantic Indexing in IR 449 14.6 Discourse Segmentation 452 14.6.1 TextTiling 453 14.7 Further Reading 456 14.8 Exercises 457

15 Text Categorization 459 15.1 Introduction 459 15.2 Decision Trees 459 15.3 Perceptrons and Winnow 459 15.4 Iterative Linear Scaling 459 15.5 Further Reading 459

A Tiny Statistical Tables 461

Bibliography 463

Index 497

List of Tables

1.1 Common words in Tom Sawyer. 18 1.2 Frequency of frequencies of word types. 18 1.3 Empirical evaluation of Zipf’s Law. 20 1.4 Commonest bigrams in the New York Times. 25 1.5 Frequent bigrams after ^ltering. 26

2.1 Likelihood ratios between two theories. 42 2.2 Statistical NLP problems as decoding problems. 51 2.3 Common in~ections of the noun. 60 2.4 Common in~ections of the verb. 67

3.1 Supplies of electronic corpora. 89 3.2 Sentence lengths in newswire text. 102 3.3 Sizes of various tag sets. 106 3.4 Comparison of di«erent tag sets: part 1. 107 3.5 Comparison of di«erent tag sets: Verb, punctuation and symbol tags. 108

4.1 AP Data from Church and Gale. 121

5.1 Finding Collocations: Raw Frequency. 134 5.2 Part of speech patterns for collocation ^ltering. 135 5.3 Finding Collocations: Justeson and Katz’ part-of-speech ^lter. 135 5.4 The nouns w occurring most often in the patterns Şstrong wŤ and Şpowerful wŤ. 136 5.5 Finding collocations based on mean and variance. 140 5.6 Finding collocations: The t test applied to 10 bigrams that occur with frequency 20. 144 5.7 Words that occur signi^cantly more often with powerful (the ^rst ten words) and strong (the last ten words). 146

xiii

5.8 A 2-by-2 table showing the dependence of occurrences of new and companies. 148 5.9 Correspondence of vache and cow in an aligned corpus. 150 5.10 Testing for the independence of words in di«erent corpora using χ^2. 150 5.11 Bigrams of powerful with the highest scores according to Dunning’s likelihood ratio test. 153 5.12 Damerau’s frequency ratio test. 156 5.13 Finding Collocations: Ten bigrams that occur with frequency 20, ranked according to mutual information. 157 5.14 Correspondence of chambre and house and communes and house in the aligned Hansard corpus. 158 5.15 Problems for Mutual Information from data sparseness. 160 5.16 Di«erent de^nitions of mutual information in (Cover and Thomas 1991) and (Fano 1961). 161 5.17 Collocations in the BBI Combinatory Dictionary of English. 163

6.1 Notational conventions used in this chapter. 172 6.2 Highly informative indicators for three ambiguous French words. 178 6.3 How to disambiguate interest using a second-language corpus. 184

7.1 Some subcategorization frames with example verbs and sentences. 201 7.2 Selectional Preference Strength (SPS). 220 7.3 Similarity measures for binary vectors. 227 7.4 Measures of (Dis-)Similarity between Probability Distributions. 230 7.5 Types of words occurring in the LOB corpus that were not covered by the OALD dictionary. 236

8.1 Some functions used in bottom-up clustering for measuring the similarity between two clusters. 247 8.2 Symbols used in Section 8.1.3. 252

9.1 Variable calculations for O = (lem,ice t,cola). 284

10.1 Some part-of-speech tags frequently used for tagging English. 293 10.2 Notational Conventions for Tagging. 296 10.3 Idealized counts of some tag transitions in the Brown Corpus. 298

10.4 Idealized counts of tags that some words occur with in the Brown Corpus. 299 10.5 Table of probabilities for dealing with unknown words in tagging. 302 10.6 Initialization of the parameters of an HMM. 309 10.7 Triggering Environments in Brill’s Transformation-Based Tagger. 312 10.8 Examples of some transformations learned in Transformationbased tagging. 312 10.9 Frequent errors of probabilistic taggers. 322

11.1 A simple Probabilistic Context Free Grammar (PCFG). 329

12.1 Frequency of common subcategorization frames (local trees expanding VP) for selected verbs. 353 12.2 Selected common expansions of NP as Subject vs. Object 353 12.3 Selected common expansions of NP as ^rst and second object inside VP 353 12.4 A CFG derivation 354 12.5 Another CFG derivation of the same tree 355 12.6 Penn trees versus other trees 367 12.7 Comparison of some statistical parsing systems. 373

13.1 Sentence alignment papers. 394

14.1 A small stop list for English. 421 14.2 An example of the evaluation of rankings. 422 14.3 Three quantities that are commonly used in term weighting in information retrieval. 429 14.4 Term and document frequencies of two words in an example corpus. 430 14.5 Components of tf.idf weighting schemes. 431 14.6 Document frequency (df) and collection frequency (cf) for 6 words in the New York Times corpus. 434 14.7 Actual and estimated number of documents with k occurrences for six terms. 437 14.8 Example for exploiting cooccurrence in computing content similarity. 441 14.9 The matrix of document correlations BB^T. 448

List of Figures

1.1 A comparison of Zipf and Mandelbrot’s formulae. 22 1.2 Key Word In Context (KWIC) display for the word showed. 28 1.3 Discovered syntactic frames for showed. 28

2.1 The noisy channel model. 49 2.2 A binary symmetric channel. 49 2.3 The noisy channel model in linguistics. 50

3.1 Heuristic sentence boundary detection algorithm. 101

5.1 Histograms of the position of strong relative to three words.139

6.1 Bayesian disambiguation. 177 6.2 The Flip-Flop algorithm applied to ^nding indicators for disambiguation. 179 6.3 Lesk’s dictionary-based disambiguation algorithm. 181 6.4 Thesaurus-based disambiguation. 182 6.5 Adaptive thesaurus-based disambiguation. 183 6.6 Disambiguation based on a second-language corpus. 185 6.7 Disambiguation based on Şone sense per collocationŤ and Şone sense per discourseŤ. 188 6.8 An EM algorithm for learning a word sense clustering. 190

7.1 A document-by-word matrix A. 225 7.2 A word-by-word matrix B. 225 7.3 A modi^er-by-head matrix C. 225

8.1 A single-link clustering of 22 frequent English words represented as a dendrogram. 242 8.2 Bottom-up hierarchical clustering. 245 8.3 Top-down hierarchical clustering. 246 8.4 A cloud of points in a plane. 247

xvii

8.5 Intermediate clustering of the points in Figure 8.4. 248 8.6 single-link clustering of the points in Figure 8.4. 248 8.7 Complete-link clustering of the points in Figure 8.4. 249 8.8 The K-means clustering algorithm. 261 8.9 One iteration of the K-means algorithm. 262 8.10 An example of using the EM algorithm for soft clustering. 263

9.1 A Markov model. 275 9.2 The crazy soft drink machine. 276 9.3 Section of HMM for a linearly interpolated language model. 278 9.4 Trellis algorithms: The trellis. 281 9.5 Trellis algorithms: Closeup of the computation of one node.282 9.6 Traversing an arc. 286

10.1 Algorithm for training a Visible Markov Model Tagger. 298 10.2 Algorithm for tagging with a Visible Markov Model Tagger. 300 10.3 The learning algorithm for transformation-based tagging. 313

11.1 A Probabilistic Regular Grammar (PRG). 333 11.2 Inside and outside probabilities in PCFGs. 334

12.1 A word lattice 344 12.2 A Penn Treebank tree 348 12.3 An LC stack parser 358 12.4 Decomposing a local tree into dependencies 364 12.5 An example of the PARSEVAL measures. 366

13.1 Di«erent strategies for Machine Translation. 388 13.2 Alignment and correspondence. 393 13.3 Calculating the cost of an alignment. 396 13.4 A sample dot plot. 400 13.5 The pillow shaped area that is searched. 403 13.6 The noisy channel model in machine translation. 408

14.1 Results of the search ‘ Şglass pyramidŤ Pei Louvre’ on an internet search engine. 419 14.2 Two examples of precision-recall curves. 424 14.3 A vector space with two dimensions. 427 14.4 An example of linear regression. 443 14.5 Dimensionality reduction. 444 14.6 An example of a term-by-document matrix A. 445 14.7 The matrix T of the SVD decomposition of the matrix in Figure 14.6. 446

14.8 The matrix of singular values of the SVD decomposition of the matrix in Figure 14.6. 446 14.9 The matrix D of the SVD decomposition of the matrix in Figure 14.6. 446 14.10The matrix B = S_{2×2}D_{2×n} of documents after rescaling with singular values and reduction to two dimensions. 447 14.11Three constellations of cohesion scores in topic boundary identi^cation. 454

Part I

Preliminaries

Part II

Words

Part III

Grammar

Part IV

Applications