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Preface 

The work described here is an attempt to integrate into a cohesive form, the 
papers that we have written and some previously unpublished work on the subject of 
"smoothness priors" and in particular, on the state space smoothness priors modeling 
of time series. 

Originally smoothness priors as done in Shiller (1973) and Akaike (1980), was a 
linear model Gaussian stochastic regression least squares computational treatment of 
scalar and bivariate stationary and scalar nonstationary mean time series. Beginning 
in 1981, our own work independently and together, continued on the Shiller-Akaike 
path and also introduced linear Gaussian state space smoothness priors modeling of 
time series that were not considered by Shiller or Akaike. 

The smoothness priors method is essentially quasi-Bayesian. A prior distribution 
on the model coefficients is parameterized by hyperparameters which in turn have a 
crucial role in the analysis. The maximization of the likelihood of a small number of 
hyperparameters permits the robust modeling of a time series with relatively complex 
structure and a very large number of implicitly inferred parameters. The critical 
statistical ideas in smoothness priors are the likelihood of the Bayesian model and 
the use of likelihood as a measure of the goodness of fit of the model. The Bayesianess 
provides a framework for doing statistical inference. 

The state space modeling of not necessarily linear, not necessarily Gaussian time 
series is due to Genshiro Kitagawa, beginning with Kitagawa (1987). That work 
evolved in several stages. Kitagawa (1987) achieved general state space modeling 
in which the recursive conditional distributions for prediction, filtering and smooth
ing were successfully realized using numerical integration. That methodology was 
satisfactory for the modeling of non stationary mean data with abrupt discontinu
ities, nonstationary variance, nonstationary covariance data, nonhomogeneous dis
crete time series data, and non-linear time series data. Each of those models was 
realized with a relatively small number of states. The modeling of linear not nec
essarily Gaussian state space problems, with a larger number of states motivated a 
Gaussian mixture distribution-two filter smoothing formula to approximate the con
ditional densities involved. The most recent development is a general state space, 
(hence suitable for nonlinear modeling), Monte Carlo "particle-path tracing" method 
in which the distributions are approximated by many realizations. The Monte Carlo 
method is applicable to non Gaussian, nonstationary, nonlinear state space modeling 
for both small and large numbers of states . 

. Akaike (1968) and Pagano (1978) introduced an alternative instantaneous response 
orthogonal innovations representation of the multivariate stationary autoregressive 
time series model. We exploited that representation in a "one channel at-a-time" 



VI 

paradigm to realize the modeling of multivariate nonstationary covariance time series. 
In addition to presenting the various methods of state space modeling, a substan

tial number of applications of the modeling methodologies including, seasonal time 
series, discrete time processes, quasi-periodic processes, nonlinear state estimation 
and smoothing, the modeling of a large data set with missing data and outliers and a 
hidden Markov state classification procedure are shown. We expect that some of the 
data and programs will be distributed through S-news. 

We are indebted to Professor Hirotugu Akaike, former Director General of the 
Institute of Statistical Mathematics, Tokyo, Japan first for the intellectual stimu
lation which motivated our own work in smoothness priors, and for his continuing 
encouragement in our efforts and also for encouraging us to work together in Tokyo to 
complete this manuscript. We are also indebted to Dr. David Findley, who suggested 
that we work together in Washington D.C. at the Division of Statistical Research 
of the Census Bureau of the U.S. Department of Commerce in 1981-1982. We were 
supported in that work by an American Statistical Association grant. 

We also appreciate and thank the coauthors of several of our papers. Takanami, 
Jiang and Matsumoto contributed to some of the Kitagawa papers and Stone con
tributed to work with Gersch. We are both very appreciative of the tireless efforts of 
Mrs. Ono for her help in preparing the manuscript. Also we are especially grateful to 
and indebted to Professor David Brillinger, University of California, Berkeley, whose 
careful editing of our manuscript and his very constructive suggestions have helped 
improve the manuscript. Finally, Will Gersch is grateful to the Ministry of Educa
tion, Science, Culture and Sports of Japan for providing financial support to work in 
Japan. 

Tokyo, Japan and Honolulu, Hawaii 
March 1996 



Contents 

1 Introduction 
1.1 Background ..... . 
1.2 What is in the Book . 
1.3 Time Series Examples 

2 Modeling Concepts and Methods 
2.1 Akaike's Ale: Evaluating Parametric Models ...... . 

2.l.1 The Kullback-Leibler Measure and the Akaike Ale 
2.l.2 Some Applications of the Ale ..... 
2.l.3 A Theoretical Development of the Ale ...... . 
2.l.4 Further Discussion of the Ale ........... . 

1 

1 
2 
3 

9 
9 

10 
12 
14 
17 

2.2 Least Squares Regression by Householder Transformation. 18 
2.3 Maximum Likelihood Estimation and an Optimization Algorithm 21 
2.4 State Space Methods . . . . . . . . . . . . . . . . . . . . . . . . . 24 

3 The Smoothness Priors Concept 
3.1 Introduction .......... . 
3.2 Background, History and Related Work. 
3.3 Smoothness Priors Bayesian Modeling. 

4 Scalar Least Squares Modeling 
4.1 Estimating a Trend ..... . 
4.2 The Long AR Model . . . . . 
4.3 Transfer Function Estimation 

4.3.1 Analysis ....... . 
4.3.2 A Transfer Function Analysis Example 

5 Linear Gaussian State Space Modeling 
5.1 Introduction .......... . 
5.2 Standard State Space Modeling .. . 
5.3 Some State Space Models ..... . 
5.4 Modeling With Missing Observations 
5.5 Unequally Spaced Observations ... 
5.6 An Information Square-Root Filter/Smoother 

27 
27 
28 
31 

33 
33 
37 
47 
48 
50 

55 
55 
57 
60 
61 
62 
64 



viii CONTENTS 

6 General State Space Modeling 67 
6.1 Introduction................ 67 
6.2 The General State Space Model . . . . . 69 

6.2.1 General Filtering and Smoothing 70 
6.2.2 Model Identification ....... 71 

6.3 Numerical Synthesis of the Algorithms . 71 
6.4 The Gaussian Sum-Two Filter Formula Approximation 73 

6.4.1 The Gaussian Sum Approximation . . . . . . . 73 
6.4.2 The Two-filter Formula and Gaussian Sum Smoothing 74 
6.4.3 Remarks on the Gaussian Mixture Approximation . 76 

6.5 A Monte Carlo Filtering and Smoothing Method. . . . . . . . 78 
6.5.1 Introduction........................ 79 
6.5.2 Non-Gaussian Nonlinear State Space Model and Filtering. 79 
6.5.3 Smoothing......... 84 

6.6 A Derivation of the Kalman filter . . . . . . . 85 
6.6.1 Preparations............... 85 
6.6.2 Derivation of the Filter and Smoother 88 

7 Applications of Linear Gaussian State Space Modeling 91 
7.1 AR Time Series Modeling . . . . . 92 
7.2 Kullback-Leibler Computations . . 94 
7.3 Smoothing Unequally Spaced Data 97 
7.4 A Signal Extraction Problem. . . . 97 

7.4.1 Estimation of the Time Varying Variance. 100 
7.4.2 Separating a Micro Earthquake From Noisy Data 101 
7.4.3 A Second Example . . . . . . . . . . . . . . . . . 103 

8 Modeling Trends 105 
8.1 State Space Trend Models . . . . . . . . 106 
8.2 State Space Estimation of Smooth Trend 107 

8.2.1 Estimation of a Smooth Trend. . 107 
8.2.2 Smooth Trend Plus Autoregressive Model 110 

8.3 Multiple Time Series Modeling: The Common Trend Plus Individual 
Component AR Model . . . . . . . . . . . . . . . 112 
8.3.1 Maximum Daily Temperatures 1971-1992 . 112 
8.3.2 Tiao and Tsay Flour Price Data. . . . . . 116 

8.4 Modeling Trends with Discontinuities . . . . . . . 118 
8.4.1 Pearson Family, Gaussian Mixture and Monte Carlo Filter Es

timation of an Abruptly Changing Trend . . . . . . . . . . .. 118 

9 Seasonal Adjustment 123 
9.1 Introduction................. 123 
9.2 A State Space Seasonal Adjustment Model 124 
9.3 Smooth Seasonal Adjustment Examples. 126 
9.4 Non-Gaussian Seasonal Adjustment 130 
9.5 Modeling Outliers. . . . . . . . . . . . . 132 



CONTENTS ix 

9.6 Legends ................ . 136 

10 Estimation of Time Varying Variance 137 
10.1 Introduction and Background . . 137 
10.2 Modeling Time-Varying Variance 138 
10.3 The Seismic Data . . . . . . . . . 139 
10.4 Smoothing the Periodogram . . . 141 
10.5 The Maximum Daily Temperature Data 142 

11 Modeling Scalar Nonstationary Covariance Time Series 147 
11.1 Introduction. . . . . . . . . . . . . . . 148 
11.2 A Time Varying AR Coefficient Model 149 
11.3 A State Space Model . . . . . . . . . . 150 

1l.3.1 Instantaneous Spectral Density 151 
1l.4 PARCOR Time Varying AR Modeling 153 
11.5 Examples ................ 154 

12 Modeling Multivariate Nonstationary Covariance Time Series 161 
12.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . 161 
12.2 The Instantaneous Response-Orthogonal Innovations Model 163 
12.3 State Space Modeling. . . . . . . . . . . . . . . . . . . . . . 165 
12.4 Time Varying PARCOR VAR Modeling ........... 168 

12.4.1 Constant Coefficient PARCOR VAR Time Series Modeling 168 
12.4.2 Time Varying PARCOR Coefficient VAR Modeling 170 

12.5 Examples ........................... 170 

13 Modeling Inhomogeneous Discrete Processes 181 
13.1 Nonstationary Discrete Process 181 
13.2 Nonstationary Binary Processes 182 
13.3 Nonstationary Poisson Process. 184 

14 Quasi-Periodic Process Modeling 189 
14.1 The Quasi-periodic Model 189 
14.2 The Wolfer Sunspot Data 190 
14.3 The Canadian Lynx Data 192 
14.4 Other Examples. . . . . . 193 

14.4.1 Phase-unwrapping 194 
14.4.2 Quasi-periodicity in the Rainfall data 195 

14.5 Predictive Properties of Quasi-periodic Process Modeling 197 

15 Nonlinear Smoothing 201 
15.1 Introduction . . . . 201 
15.2 State Estimation . 202 
15.3 A One Dimensional Problem 204 
15.4 A Two Dimensional Problem. 208 



x CONTENTS 

16 Other Applications 213 
16.1 A Large Scale Decomposition Problem . . . . . . . . . . . . . 213 

16.1.1 Data Preparation and a Strategy for the Data Analysis 214 
16.1.2 The Data Analysis . 217 

16.2 Markov State Classification .... 223 
16.2.1 Introduction. . . . . . . . . 223 
16.2.2 A Markov Switching Model 223 
16.2.3 Analysis and Results . . . . 224 

16.3 SPVAR Modeling for Spectrum Estimation. 227 
16.3.1 Background . . . . . . . . . . . 227 
16.3.2 The Approach and an Example . . . 228 

References .................................................................. 231 

Author Index . ............................................................. . 253 

Subject Index .. ............................................................ 257 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0033002e00310029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




