.1 1 198
1 118
T ERe
hn

.

.

Tohru Katayama

o

; Subspace

Methods

for System
ldentification

E @ Springer




Contents

Introduction . . .. ... . 1
1.1 System kentification ....... ... ... .. o oo

1.2 Classical IdentificationMethods . .......... ... .. ... ... .. ..... 4
1.3 Prediction Error Method for State Space Models ................ 6
1.4 Subspace Methods of System Identification. . ................... 8
1.5 Historical Remarks . ...... ... i 11
1.6 Outlineofthe Book. ... ... i i ens 13
1.7 Notesand References .. ..... .. ... i 14

Part I Preliminaries

2

Linear Algebra and Preliminaries. ... ......... ................... 17
2.1 Vectorsand Matrices. .. ...t 17
2.2 Subspaces and Linear Independence . ... ................... ... 19
2.3 Norms of Vectors and Mateices . ....... ...t 21
2.4 QR Decomposition .... ... i i 23
2.5 Projections and Orthogonal Projections ........................ 27
2.6  Singular Value Decomposition.................oo i 30
27 Least-Squares Method ....... . ... oo it 33
2.8 Rank of Hankel Matrices . ........ .. nns 36
2.9 NotesandReferences ....... ... .. ..o oo 38
210 Problems . .o.oovvt e i 39
Discrete-Time Linear Systems . .................................. 41
3.1 z-Transform . ..o e 41
3.2 Discrete-Time LTI Systems ...........co i i 44
3.3 Norms of Signals and Systems ............ .. ... ... o 47
3.4 State Space SYSEIMS .. ..ottt e 48
3.5 Lyapunov Stability .......... ... ... oo 50
3.6 Reachability and Observability .. .................. ... ... ... 51



3.7 Canonical Decomposition of Linear Systems.................... 55

3.8 Balanced Realization and Model Reduction. ... ................. 58
3.9 Realization Theory ........ oo i 65
3.10 Notes and References . ... ... . i, 70
3.11 Problems . ... e 71
Stochastic Processes . ... ... ... . .. 73
4.1 Stochastic Processes ... ....o i 73

4.1.1 MarkovProcesses.......... ... ...l 74

4.1.2 Means and Covaniance Matrices .. ...................... 75
4.2 Stationary Stochastic Processes .. .......... ... ..ol 77
4.3 ErgodicProcesses ............ .. 79
4.4 Spectral Analysis. .. ... e 81
4.5 Hilbert Space and Prediction Theory .............. ... .. ... ... 87
4.6 Stochastic Linear Systems . ...... . ... . i i 95
4.7 Stochastic Linear Time-Invariant Systems ...................... 98
4.8 BackwardMarkovMoedels........... ...t 101
49 NotesandReferences ............ .ot 104
4.10 Problems ................. e 105
Kalman Filter .. ... ... . ... .. . . e 107
5.1 Multivariate Gaussian Distribution . ........... ... .. ... ... 107
5.2 Optimal Estimation by Orthogonal Projection .. ................. 113
5.3 Prediction and Filtering Algorithms .......................0... 116
5.4 Kalman Filter withInputs............. ... ... ... ... 123
5.5 Covariance Equation of Predicted Estimate ............... .. ... 127
5.6 Stationary Kalman Filter ......... ..o, 128
5.7 Stationary Backward Kalman Filter ........................... 131
5.8 Numerical Solutionof ARE .. ... ... .. ... i oL 134
59 NotesandReferences ......... ... .. ... ... L 136
510 Problems ... .. 137

Part I1 Realization Theory

6

Realization of Deterministic Systems . ............................ 141
6.1 RealizationProblems ......... ... .. 141
6.2 Ho-Kalman’sMethod ....... ... ... .. i, 142
6.3 Data MalriCes. .. ... o e e 149
6.4 LOQ DecomPOSIION . ..ot ieiinaia e n i 155
6.5 MOESPMethod ........ .. i 157
6.6 NASIDMethod ... ... . ittt it e 161
6.7 SVD and Additive NoISEs. ... ..o e s 166
6.8 Notesand References .. ......... .0t iiiirieranraninnans 169

6.9  Problems . ... e e 170



Stochastic Realization Theory (1) ... ... ... ... ... . . iin... 171

T.1 PrellMIRaries ... ... oou ettt et e e 171
7.2  Stochastic Realization Problem .. ....... ... ... .... R, 174
7.3 Solution of Stochastic Realization Problem ..................... 176

7.3.1 Linear Matrix Inequality ...................... ... .. ... 177

732 SimpleExamples ....... ... i 180
7.4 Positivity and Existence of Markov Models .. .......... . ... ... 183

74.1 PositiveReallemma ... .........c.iiiiiiiiniiannn.. 183

7.42 Computation of Extremal Points. . ...................... 189
7.5 Algebraic Riccati-like Equations . ................ ..o oo 192
7.6  Strictly Positive Real Conditions . .............. ...l 194
7.7 Stochastic Realization Algorithm ..................... ... . ... 198
T8 NotesandReferences .......... ... .. ittt 199
F.9  Problems .. ... e 200
7.10 Appendix: Proofof Lemma 7.4 ... ... ... ... ... .l 201
Stochastic Realization Theory (2) .. .......... .. ... .. . iiiiiiiins 203
8.1 Canonical Correlation Analysis ................. ... .. ... ... 203
8.2 Stochastic Realization Problem . . ..., ... ... . ... ... L 207
8.3 Akaike'sMethod . ... ... . . e 209

8.3.1 Predictor Spaces ......... ... .. il 209

8.3.2 Markovian Representations ... . ....... ... i 212
2.4 Canonical Correlations Between Futureand Past . ............... 216
8.5 Balanced Stochastic Realization ............. .. .. ... coioin.. 217

8.5.1 Forward and Backward State Vectors.................... 217

8.5.2 Innovation Representations............................ 219
8.6 Reduced Stochastic Realization................... ... ... . ... 223
8.7 Stochastic Realization Algorithms ..................... ... .. .. 227
8.8 NumercalResults ....... ..o i i e 230
8.9 Notesand References ... ... .. ittt iinernnns 232
B.10 Problems ..ottt e 233
8.11 Appendix: Proofof Lemma 8.5 ... ... ... ... .. ..o 234

Part III Subspace Identification

9

Subspace Identification (1)~ ORT ... ... ... ... . .......... ... 239
9.1 PrOJECHONS . oo\ttt s e e e 239
9.2 Stochastic Realization with ExogenousInputs................ ... 241
0.3 Feedback-Free Processes ...ty 243
94 Orthogonal Decomposition of Output Process ... ................ 245

9.4.1 Orthogonal Decomposition . ................ ... ... ... 245

942 PECondition.......... .. ..t 246
9.5 State Space Realizations............... ... ... .. oo il 248

0.5.1 Realization of Stochastic Component ................... 248



10

11

9.5.2 Realization of Deterministic Component................. 249

953 ThelointModel ................. ... ... ... . ..., 253
9.6 Realization BasedonFinite Data. ............................. 254
9.7 Subspace Identification Method - ORT Method . .......... .. ... 256
9.7.1 Subspace Identification of Deterministic Subsystem ....... 256
9.7.2 Subspace Identification of Stochastic Subsystem .......... 259
9.8 Numerical Example. . .. ... 261
9.9 Notesand References .. ... .. . ... .. oL 203
9.10 Appendix: Proofs of Theorem and Lemma ..................... 265
9.10.1 Proofof Theorem 9.1 ....... ... ... . ... 265
9.10.2 Proofof Lemma 9.7 . ... .. ... .. 268
Subspace Identification (2)-CCA . ... ... . ... ... . ..., 271
10.1 Stochastic Realization with ExogenousInputs................... 271
10.2 Optimal Predictor .......... ... e 275
10.3 Conditional Canonical Correlation Analysis ................. .. 278
10.4 Innovation Representation .............. ... ... ............... 282
10.5 Stochastic Realization Basedon Finite Data . ................... 286
10,6 CCAMethod . ... ... L e 288
10.7 Numerical Examples. . ... ... o 292
10.8 Notes and References .. ... ... . ... L. 296
Identification of Closed-loop System . ... ....................... ... 299
11.1 Overview of Closed-loop Identification ................ ... ..., 299
11.2 Problem Formulation . ...... ... ... ..o .. 301
11.2.1 Feedback SYSteIm . ......ooviiiiii e 301
11.2.2 Identification by Joint Input-Output Approach . ........ ... 303
113 CCAMethod ... .o i i 304
11.3.1 Realization of Joint Input-OutputProcess .. .......... ..., 304
11.3.2 Subspace Identification Method ........... ... .. ... ... 307
114 ORT Method .. ... e 309
11.4.1 Orthogonal Decompaosition of Joint Input-Output Process .. 309
11.4.2 Realization of Closed-loop System ..................... 311
11.4.3 Subspace IdentificationMethod ......... ... ... ... .. .. 312
11.5 Model Reduction . .. ... ... 315
11.6 Numerical Results .. ........ ... ... ... oo i, 317
11.6.1 Example L ... ... . 318
1162 Example2 . ... oo 321
11.7 Notesand References .. ... .. ... .. o i, 323
11.8 Appendix: Identification of Stable Transfer Matrices ............. 324
11.8.1 Identification of Deterministic Parts.................. ... 324

11.8.2 Identificationof Noise Models . .......... ... . ... ... 325



A Least-SquaresMethod . ... ... ... ... 329
Al Linear Regressions ... ....ovuuerirrn i, 329
A2 LQDecomposition ... ... it e 334
B Input Signals for System Identification ........................... 337
Overlapping Parametrization.. ......................... ..., 343
D Listof Programs ... ... . ... ... i 349
D.1 Deterministic Realization Algorithm ... ....... ... ... ....... 349
D.2 MOESP AIZorithm .. .. c.o oo 350
D.3 Stochastic Realization Algorithms . ........... ..o oot 351
D.4 Subspace Identification Algorithms....... ...l 353
E SolutionstoProblems. ... ... ... ... oo 357
GIOSSATY . . .ot et 377
ReferemCeS . . oottt 379



