This is page xi Printer: Opaque this

Contents

Preface v

1 Introduction 1 1.1 Examples of time series . . . . . . . . . . . . . . . . . . . . 1 1.2 Objectives of time series analysis . . . . . . . . . . . . . . . 9 1.3 Linear time series models . . . . . . . . . . . . . . . . . . . 10 1.3.1 White noise processes . . . . . . . . . . . . . . . . . 10 1.3.2 AR models . . . . . . . . . . . . . . . . . . . . . . . 10 1.3.3 MA models . . . . . . . . . . . . . . . . . . . . . . . 12 1.3.4 ARMAmodels . . . . . . . . . . . . . . . . . . . . . . 12 1.3.5 ARIMA models . . . . . . . . . . . . . . . . . . . . . 13 1.4 What is a nonlinear time series? . . . . . . . . . . . . . . . 14 1.5 Nonlinear time series models . . . . . . . . . . . . . . . . . 16 1.5.1 A simple example . . . . . . . . . . . . . . . . . . . 16 1.5.2 ARCH models . . . . . . . . . . . . . . . . . . . . . 17 1.5.3 Threshold models . . . . . . . . . . . . . . . . . . . . 18 1.5.4 Nonparametric autoregressive models . . . . . . . . 18 1.6 From linear to nonlinear models . . . . . . . . . . . . . . . . 20 1.6.1 Local linear modeling . . . . . . . . . . . . . . . . . 20 1.6.2 Global spline approximation . . . . . . . . . . . . . . 23 1.6.3 Goodness of fit tests . . . . . . . . . . . . . . . . . . 24 1.7 Further reading . . . . . . . . . . . . . . . . . . . . . . . . . 25 1.8 Software implementations . . . . . . . . . . . . . . . . . . . 27

2 Characteristics of Time Series 29 2.1 Stationarity . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 2.1.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . 29 2.1.2 Stationary ARMA processes . . . . . . . . . . . . . 30 2.1.3 Stationary Gaussian processes . . . . . . . . . . . . . 32 2.1.4 Ergodic nonlinear models^∗ . . . . . . . . . . . . . . . 33 2.1.5 Stationary ARCH processes . . . . . . . . . . . . . . 37 2.2 Autocorrelation . . . . . . . . . . . . . . . . . . . . . . . . . 39 2.2.1 Autocovariance and autocorrelation . . . . . . . . . 39 2.2.2 Estimation of ACVF and ACF . . . . . . . . . . . . 41 2.2.3 Partial autocorrelation . . . . . . . . . . . . . . . . . 43 2.2.4 ACF plots, PACF plots and examples . . . . . . . . 45 2.3 Spectral distributions . . . . . . . . . . . . . . . . . . . . . 49 2.3.1 Periodic processes . . . . . . . . . . . . . . . . . . . 49 2.3.2 Spectral densities . . . . . . . . . . . . . . . . . . . . 51 2.3.3 Linear filters . . . . . . . . . . . . . . . . . . . . . . 55 2.4 Periodogram . . . . . . . . . . . . . . . . . . . . . . . . . . 60 2.4.1 Discrete Fourier transforms . . . . . . . . . . . . . . 60 2.4.2 Periodogram . . . . . . . . . . . . . . . . . . . . . . 62 2.5 Long memory processes^∗ . . . . . . . . . . . . . . . . . . . . 64 2.5.1 Fractionally integrated noise . . . . . . . . . . . . . 65 2.5.2 Fractionally integrated ARMA processes . . . . . . . 66 2.6 Mixing^∗ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 2.6.1 Mixing conditions . . . . . . . . . . . . . . . . . . . 68 2.6.2 Inequalities . . . . . . . . . . . . . . . . . . . . . . . 71 2.6.3 Limit theorems for α-mixing processes . . . . . . . . 74 2.6.4 A central limit theorem for nonparametric regression 76 2.7 Completements . . . . . . . . . . . . . . . . . . . . . . . . . 78 2.7.1 Proof of Theorem 2.5(i) . . . . . . . . . . . . . . . . 78 2.7.2 Proof of Proposition 2.3(i) . . . . . . . . . . . . . . . 79 2.7.3 Proof of Theorem 2.9 . . . . . . . . . . . . . . . . . 79 2.7.4 Proof of Theorem 2.10 . . . . . . . . . . . . . . . . . 80 2.7.5 Proof of Theorem 2.13 . . . . . . . . . . . . . . . . . 81 2.7.6 Proof of Theorem 2.14 . . . . . . . . . . . . . . . . . 81 2.7.7 Proof of Theorem 2.22 . . . . . . . . . . . . . . . . . 84 2.8 Additional biographic notes . . . . . . . . . . . . . . . . . . 87

3 ARMA Modeling and Forecasting 89 3.1 Models and background . . . . . . . . . . . . . . . . . . . . 89 3.2 The best linear prediction — prewhitening . . . . . . . . . . 91 3.3 Maximum likelihood estimation . . . . . . . . . . . . . . . . 93 3.3.1 Estimators . . . . . . . . . . . . . . . . . . . . . . . 93 3.3.2 Asymptotic properties . . . . . . . . . . . . . . . . . 96 3.3.3 Confidence intervals . . . . . . . . . . . . . . . . . . 99 3.4 Order determination . . . . . . . . . . . . . . . . . . . . . . 99

3.4.1 Akaike information criterion . . . . . . . . . . . . . 99 3.4.2 FPE criteria for AR modeling . . . . . . . . . . . . . 102 3.4.3 Bayesian information criterion . . . . . . . . . . . . 103 3.4.4 Model identification . . . . . . . . . . . . . . . . . . 104 3.5 Diagnostic checking . . . . . . . . . . . . . . . . . . . . . . . 110 3.5.1 Standardized residuals . . . . . . . . . . . . . . . . . 110 3.5.2 Visual diagnostic . . . . . . . . . . . . . . . . . . . . 111 3.5.3 Tests for whiteness . . . . . . . . . . . . . . . . . . . 111 3.6 A real data example — analyzing German egg prices . . . . 113 3.7 Linear forecasting . . . . . . . . . . . . . . . . . . . . . . . . 117 3.7.1 The least squares predictors . . . . . . . . . . . . . . 117 3.7.2 Forecasting in AR processes . . . . . . . . . . . . . . 118 3.7.3 Mean squared predictive errors for AR processes . . 119 3.7.4 Forecasting in ARMA processes . . . . . . . . . . . . 120

4 Parametric Nonlinear Time Series Models 125 4.1 Threshold models . . . . . . . . . . . . . . . . . . . . . . . . 125 4.1.1 Threshold autoregressive models . . . . . . . . . . . 126 4.1.2 Estimation and model identification . . . . . . . . . 131 4.1.3 Tests for linearity . . . . . . . . . . . . . . . . . . . . 134 4.1.4 Case studies with Canadian lynx data . . . . . . . . 136 4.2 ARCH and GARCH models . . . . . . . . . . . . . . . . . . 143 4.2.1 Basic properties of ARCH processes . . . . . . . . . 143 4.2.2 Basic properties of GARCH processes . . . . . . . . 149 4.2.3 Estimation . . . . . . . . . . . . . . . . . . . . . . . 157 4.2.4 Asymptotic properties of conditional MLEs^∗ . . . . 161 4.2.5 Bootstrap confidence intervals . . . . . . . . . . . . . 164 4.2.6 Testing for ARCH effect . . . . . . . . . . . . . . . . 166 4.2.7 ARCH modeling of financial data . . . . . . . . . . . 169 4.2.8 A numerical example: modeling SP500 index returns 172 4.2.9 Stochastic volatility models . . . . . . . . . . . . . . 180 4.3 Bilinear models . . . . . . . . . . . . . . . . . . . . . . . . . 182 4.3.1 A simple example . . . . . . . . . . . . . . . . . . . 182 4.3.2 Markovian representation . . . . . . . . . . . . . . . 184 4.3.3 Probabilistic properties^∗ . . . . . . . . . . . . . . . . 186 4.3.4 Maximum likelihood estimation . . . . . . . . . . . . 189 4.3.5 Bispectrum . . . . . . . . . . . . . . . . . . . . . . . 190 4.4 Additional biographic notes . . . . . . . . . . . . . . . . . . 191

5 Nonparametric Density Estimation 195 5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 195 5.2 Kernel density estimation . . . . . . . . . . . . . . . . . . . 196 5.3 Windowing and whitening . . . . . . . . . . . . . . . . . . . 199 5.4 Bandwidth selection . . . . . . . . . . . . . . . . . . . . . . 201 5.5 Boundary correction . . . . . . . . . . . . . . . . . . . . . . 204

5.6 Asymptotic results^⋆ . . . . . . . . . . . . . . . . . . . . . . 206 5.7 Completements — Proof of Theorem 5.3 . . . . . . . . . . . 213 5.8 Biographic notes . . . . . . . . . . . . . . . . . . . . . . . . 214

6 Smoothing in Time Series 217 6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 217 6.2 Smoothing in time domain . . . . . . . . . . . . . . . . . . . 217 6.2.1 Trend and seasonal components . . . . . . . . . . . . 217 6.2.2 Moving averages . . . . . . . . . . . . . . . . . . . . 219 6.2.3 Kernel smoothing . . . . . . . . . . . . . . . . . . . . 220 6.2.4 Variations of kernel smoothers . . . . . . . . . . . . 222 6.2.5 Filtering . . . . . . . . . . . . . . . . . . . . . . . . . 223 6.2.6 Local linear smoothing . . . . . . . . . . . . . . . . . 224 6.2.7 Other smoothing methods . . . . . . . . . . . . . . . 226 6.2.8 Seasonal adjustments . . . . . . . . . . . . . . . . . 226 6.2.9 Theoretical aspects^⋆ . . . . . . . . . . . . . . . . . . 227 6.3 Smoothing in state domain . . . . . . . . . . . . . . . . . . 231 6.3.1 Nonparametric autoregression . . . . . . . . . . . . . 231 6.3.2 Local polynomial fitting . . . . . . . . . . . . . . . . 232 6.3.3 Properties of local polynomial estimator . . . . . . . 236 6.3.4 Standard errors and estimated bias . . . . . . . . . . 243 6.3.5 Bandwidth selection . . . . . . . . . . . . . . . . . . 245 6.4 Spline methods . . . . . . . . . . . . . . . . . . . . . . . . . 248 6.4.1 Polynomial splines . . . . . . . . . . . . . . . . . . . 249 6.4.2 Nonquadratic penalized splines . . . . . . . . . . . . 251 6.4.3 Smoothing splines . . . . . . . . . . . . . . . . . . . 253 6.5 Estimation of conditional densities . . . . . . . . . . . . . . 255 6.5.1 Methods of estimation . . . . . . . . . . . . . . . . . 256 6.5.2 Asymptotic properties^⋆ . . . . . . . . . . . . . . . . 257 6.6 Completements . . . . . . . . . . . . . . . . . . . . . . . . . 259 6.6.1 Proof of Theorem 6.1 . . . . . . . . . . . . . . . . . 260 6.6.2 Conditions and Proof of Theorem 6.3 . . . . . . . . 262 6.6.3 Proof of Lemma 6.1 . . . . . . . . . . . . . . . . . . 268 6.6.4 Proof of Theorem 6.5 . . . . . . . . . . . . . . . . . 271 6.6.5 Proof for Theorems 6.6 and 6.7 . . . . . . . . . . . . 271 6.7 Biographic notes . . . . . . . . . . . . . . . . . . . . . . . . 273

7 Spectral Density Estimation and Its Applications 277 7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 277 7.2 Tapering, kernel estimate and prewhitening . . . . . . . . . 278 7.2.1 Tapering . . . . . . . . . . . . . . . . . . . . . . . . 279 7.2.2 Smoothing of periodogram . . . . . . . . . . . . . . 283 7.2.3 Prewhitening and bias reduction . . . . . . . . . . . 284 7.3 Automatic estimation of spectral density . . . . . . . . . . . 286 7.3.1 Least-squares estimators and bandwidth selection . . 286

7.3.2 Local maximum likelihood estimator . . . . . . . . . 288 7.3.3 Confidence intervals . . . . . . . . . . . . . . . . . . 293 7.4 Tests for white noise . . . . . . . . . . . . . . . . . . . . . . 298 7.4.1 Fisher’s test . . . . . . . . . . . . . . . . . . . . . . . 299 7.4.2 Generalized likelihood ratio test . . . . . . . . . . . 300 7.4.3 χ^2-test and the adaptive Neyman test . . . . . . . . 302 7.4.4 Other smoothing based tests . . . . . . . . . . . . . 304 7.4.5 Numerical examples . . . . . . . . . . . . . . . . . . 304 7.5 Completements . . . . . . . . . . . . . . . . . . . . . . . . . 306 7.5.1 Conditions for Theorems 7.1 — 7.3 . . . . . . . . . . 306 7.5.2 Lemmas . . . . . . . . . . . . . . . . . . . . . . . . . 307 7.5.3 Proof of Theorems 7.1 . . . . . . . . . . . . . . . . . 308 7.5.4 Proof of Theorem 7.2 . . . . . . . . . . . . . . . . . 309 7.5.5 Proof of Theorem 7.3 . . . . . . . . . . . . . . . . . 310 7.6 Biographic notes . . . . . . . . . . . . . . . . . . . . . . . . 313

8 Nonparametric Models 317 8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 317 8.2 Multivariate local polynomial regression . . . . . . . . . . . 318 8.2.1 Multivariate kernel functions . . . . . . . . . . . . . 318 8.2.2 Multivariate local linear regression . . . . . . . . . . 320 8.2.3 Multivariate local quadratic regression . . . . . . . . 321 8.3 Functional-coefficient autoregressive model . . . . . . . . . . 322 8.3.1 The model . . . . . . . . . . . . . . . . . . . . . . . 322 8.3.2 Relation with stochastic regression . . . . . . . . . . 322 8.3.3 Ergodicity^∗ . . . . . . . . . . . . . . . . . . . . . . . 323 8.3.4 Estimation of coefficient functions . . . . . . . . . . 325 8.3.5 Selection of bandwidth and model-dependent variable 326 8.3.6 Prediction . . . . . . . . . . . . . . . . . . . . . . . . 328 8.3.7 Examples . . . . . . . . . . . . . . . . . . . . . . . . 328 8.3.8 Sampling properties^∗ . . . . . . . . . . . . . . . . . . 336 8.4 Adaptive functional-coefficient autoregressive models . . . . 338 8.4.1 The models . . . . . . . . . . . . . . . . . . . . . . . 338 8.4.2 Existence and identifiability . . . . . . . . . . . . . . 340 8.4.3 Profile least-squares estimation . . . . . . . . . . . . 341 8.4.4 Bandwidth selection . . . . . . . . . . . . . . . . . . 344 8.4.5 Variable selection . . . . . . . . . . . . . . . . . . . . 345 8.4.6 Implementation . . . . . . . . . . . . . . . . . . . . . 346 8.4.7 Examples . . . . . . . . . . . . . . . . . . . . . . . . 347 8.4.8 Extensions . . . . . . . . . . . . . . . . . . . . . . . 353 8.5 Additive Models . . . . . . . . . . . . . . . . . . . . . . . . 354 8.5.1 The models . . . . . . . . . . . . . . . . . . . . . . . 354 8.5.2 The backfitting algorithm . . . . . . . . . . . . . . . 355 8.5.3 Projections and average surface estimators . . . . . 357 8.5.4 Estimability of coefficient functions . . . . . . . . . . 359

8.5.5 Bandwidth selection . . . . . . . . . . . . . . . . . . 359 8.5.6 Examples . . . . . . . . . . . . . . . . . . . . . . . . 360 8.6 Other nonparametric models . . . . . . . . . . . . . . . . . 369 8.6.1 Two-term interaction models . . . . . . . . . . . . . 369 8.6.2 Partially linear models . . . . . . . . . . . . . . . . . 370 8.6.3 Single-index models . . . . . . . . . . . . . . . . . . 372 8.6.4 Multiple-index models . . . . . . . . . . . . . . . . . 372 8.6.5 An analysis of an environmental data . . . . . . . . 375 8.7 Modeling conditional variance . . . . . . . . . . . . . . . . . 379 8.7.1 Methods of estimating conditional variance . . . . . 379 8.7.2 Univariate setting . . . . . . . . . . . . . . . . . . . 381 8.7.3 Functional-coefficient models . . . . . . . . . . . . . 386 8.7.4 Additive models . . . . . . . . . . . . . . . . . . . . 386 8.7.5 Product models . . . . . . . . . . . . . . . . . . . . . 387 8.7.6 Other nonparametric models . . . . . . . . . . . . . 389 8.8 Completements . . . . . . . . . . . . . . . . . . . . . . . . . 389 8.8.1 Proof of Theorem 8.1 . . . . . . . . . . . . . . . . . 389 8.8.2 Technical Conditions for Theorems 8.2 and 8.3 . . . 390 8.8.3 Preliminaries to the proof of Theorem 8.3 . . . . . . 392 8.8.4 Proof of Theorem 8.3 . . . . . . . . . . . . . . . . . 395 8.8.5 Proof of Theorem 8.4 . . . . . . . . . . . . . . . . . 397 8.8.6 Conditions of Theorem 8.5 . . . . . . . . . . . . . . 399 8.8.7 Proof of Theorem 8.5 . . . . . . . . . . . . . . . . . 399 8.9 Biographic notes . . . . . . . . . . . . . . . . . . . . . . . . 403

9 Model Validation 409 9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 409 9.2 Generalized likelihood ratio tests . . . . . . . . . . . . . . . 410 9.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . 410 9.2.2 Generalized likelihood ratio test . . . . . . . . . . . 412 9.2.3 Null distributions and bootstrap . . . . . . . . . . . 414 9.2.4 Power of GLR test . . . . . . . . . . . . . . . . . . . 418 9.2.5 Bias reduction . . . . . . . . . . . . . . . . . . . . . 418 9.2.6 Nonparametric versus nonparametric models . . . . 419 9.2.7 Choice of bandwidth . . . . . . . . . . . . . . . . . . 420 9.2.8 A numerical example . . . . . . . . . . . . . . . . . . 421 9.3 Tests on spectral densities . . . . . . . . . . . . . . . . . . . 423 9.3.1 Relation with nonparametric regression . . . . . . . 425 9.3.2 Generalized likelihood ratio tests . . . . . . . . . . . 425 9.3.3 Other nonparametric methods . . . . . . . . . . . . 429 9.3.4 Tests based on rescaled periodogram . . . . . . . . . 431 9.4 Autoregressive versus nonparametric models . . . . . . . . . 434 9.4.1 Functional-coefficient alternatives . . . . . . . . . . . 434 9.4.2 Additive alternatives . . . . . . . . . . . . . . . . . . 438 9.5 Threshold models versus varying coefficient models . . . . . 441

9.6 Biographic notes . . . . . . . . . . . . . . . . . . . . . . . . 443

10 Nonlinear Prediction 445 10.1 Features of nonlinear prediction . . . . . . . . . . . . . . . . 445 10.1.1 Decomposition for mean square predictive errors . . 445 10.1.2 Noise amplification . . . . . . . . . . . . . . . . . . . 448 10.1.3 Sensitivity to initial values . . . . . . . . . . . . . . 449 10.1.4 Multiple-step prediction vs a one-step plug-in method 451 10.1.5 Nonlinear vs linear prediction . . . . . . . . . . . . . 452 10.2 Point prediction . . . . . . . . . . . . . . . . . . . . . . . . . 454 10.2.1 Local linear predictors . . . . . . . . . . . . . . . . . 454 10.2.2 An example . . . . . . . . . . . . . . . . . . . . . . . 456 10.3 Estimating predictive distributions . . . . . . . . . . . . . . 456 10.3.1 Local logistic estimator . . . . . . . . . . . . . . . . 459 10.3.2 Adjusted Nadaraya-Watson estimator . . . . . . . . 460 10.3.3 Bootstrap bandwidth selection . . . . . . . . . . . . 461 10.3.4 Numerical examples . . . . . . . . . . . . . . . . . . 462 10.3.5 Asymptotic properties . . . . . . . . . . . . . . . . . 467 10.3.6 Sensitivity to initial values: a conditional distribution approach . . . . . . . . . . . . . . . . . . . . . . . . 470 10.4 Interval predictors and predictive sets . . . . . . . . . . . . 474 10.4.1 Minimum length predictive sets . . . . . . . . . . . . 475 10.4.2 Estimation of minimum length predictors . . . . . . 479 10.4.3 Numerical examples . . . . . . . . . . . . . . . . . . 481 10.5 Completements . . . . . . . . . . . . . . . . . . . . . . . . . 486 10.6 Additional biographic notes . . . . . . . . . . . . . . . . . . 490

References 491