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behavior, 31

Q-behavior, 689

exponentially stable, 927

future, 132,914

input/output, 31, 318

of i/s/o system, 318-319

of s/s system, 132—133

past, 914

realization, 505, 929

signal, 31

stable, 921, 927

two-sided, 914

well-posed, 925, 926
behavioral system, 3, 6-7, 11-12, 216
block matrix operator, 218, 374, 977

dual, 977

inverse, 964
block matrix representation, 958
boundary control, 245, 369
boundary input, 128
boundary output, 127
boundary signal, 63, 129
boundary triplet, 11, 245
bounded, 116

«-bounded, 835

i/s/o node, 218

i/s/o realization, 456

i/s/o system, 4, 14, 222, 232-234, 296

linear operator, 954

s/s node, 84-87

s/s realization, 505

s/s system, 20, 84-87

set, 952
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state operator, 157, 370
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/Q:, xxiv, 830
¢, xxiv, 335
¢, €, 831
Cp semigroup, 163—-169
canonical control operator, 84
canonical input space, 78, 181, 241, 243, 244
of bounded s/s node, 249-251
of dual node, 197
of frequency domain s/s node, 659
of semi-bounded s/s node, 577-579
canonical system, 66
cascade connection, 29, 303, 313-316, 404
Cauchy problem
homogeneous, 158
inhomogeneous, 525
causal shift invariant operator, 850-854
Cayley transform, 248, 667
chain scattering transform, 248, 667
characteristic bundles, 37-39, 174-192
analytic, 461, 580, 664
of dual s/s node, 206-207
of transformed node, 182-189
representations, 341-343
characteristic control bundle, 38, 174, 178-179
characteristic function, 69, 678
characteristic impedance, 131, 150, 151
characteristic node bundle, 38, 174-178
of i/s/o system, 331-334
characteristic observation bundle, 39, 174, 179-180
characteristic signal bundle, 10, 38, 51, 174,
180-181
characteristic subspaces of s/s node, 75-80, 82
classical state space, 76
of dual node, 197
classical state/signal subspace, 78, 180
classical trajectory, 16, 157
of i/s/o system, 218, 221
of s/s system, 73
classically reachable, 25, 134, 320
classically unobservable, 134, 321
closed graph theorem, 955
closed i/s/o node, 220
closed i/s/o system, 16, 222
closed linear operator, 955-956
closed multivalued operator, 140, 967
closed projection of subspace, 976, 978
closed range lemma, 976
closed s/s node, 72
closed s/s system, 75
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closed state node, 157 backward, 98
closed state operator, 157 two-sided, 98
closure in extrapolation space, 610 of semi-bounded i/s/o system, 547
closure of multivalued operator, 968 of well-posed s/s system, 908
c(I; 2),73 strict, 269
compensator, 453 continuous linear operator, 954
complementary projections, 956, 959 continuously determined output, 229-230, 294, 352,
complemented subspaces, 215, 953 618
composition of two multivalued operators, 968 control bundle, 38, 174, 178-179
compression, 31-33, 40 control extension, 112, 116, 288, 296
adjoint, 392 control operator, 232
as an intertwinement, 435, 503, 570, 593, 711, classical, 219
772, 886, 938 extended, 634
factorization of compression extrapolation, 632
Cp semigroup, 539-542 of semi-bounded system, 545
bounded i/s/o system, 431 control subspace, 78, 179
bounded s/s system, 500 of dual node, 197
bounded state operator, 385-390 control/feedthrough extension, 115, 259, 261
frequency domain i/s/o system, 706 controllable, 25, 138, 322
frequency domain s/s system, 770 Q2-controllable, 682, 747
internally well-posed i/s/o system, 811 backward, 138, 323
semi-bounded i/s/o system, 567 i/s/o system, 320-325
semi-bounded s/s system, 590 in discrete time, 34
well-posed i/s/o system, 882 locally Q2-controllable, 776
well-posed s/s system, 937 s/s system, 134—140
frequency domain state operator, 739 coordinate map, 20, 142, 236, 282, 957
in discrete time, 34 coordinate representation, 239, 957, 958
local Q-compression, 779, 781, 790 coprime factorization, 905
minimal, see minimal compression, 148 corresponding behaviors, 927
of Cy semigroup, 536, 538 cross product, 29
of bounded state operator, 379-385 of C; semigroup, 378
of i/s/o system, 326-330, 423-428, 563-565 of i/s/0 nodes, 303-305
Q-compression, 696 of linear operators, 118
of resolvent, 382-385, 537, 538 of s/s nodes, 118, 403
of s/s system, 142-154, 330, 496-498, 588-589 of semi-bounded s/s nodes, 581
Q-compression, 761 of state operators, 171
well-posed, 941 of uniformly continuous group, 378
of uniformly continuous group, 380-385
of well-posed i/s/o system, 874—879 D, xxiv
of well-posed s/s system, 933-936 DT, ﬁJr, D-, D, xxiii
proper, 142, 148, 326, 329 Df, D, D, B, , xxiii
concatenation D, xxiv, 830
of two classical trajectories, 94, 268 D4, ©_,85%4
of two generalized trajectories, 103, 272 5, xxiv, 335
conductance matrix, 45 dom (A), xxv
connected frequency domain D,, D", D1, 831
i/s/o system, 715-725 detectable i/s/o system, 867-869, 892
s/s system, 783-793 detectable in discrete time, 453, 515
state system, 738-740 detectable s/s system, 923, 924
conservative, 11, 63, 65, 66, 69 diagonal transformation, 247
conservative realization, 906 difference connection, 29, 303, 311-313, 404
continuation property, 25, 97, 269 difference junction, 29, 303, 309-311, 403
of bounded i/s/o system, 233 dilation of bounded state operator, 379
of bounded s/s system, 250 dilation of i/s/o system, 142, 326
of i/s/o system, 231, 272, 330-331 Q-dilation, 696
backward, 231 dilation of s/s system
two-sided, 231 Q-dilation, 761
of s/s system, 97, 103, 153-156 dim(X), xxvi
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dimension of i/s/o systems, 442, 574, 896
negative, 945 of s/s systems, 509, 596, 943
positive, 945 solvability and the uniqueness property, 200, 201,
Dirac structure, 5 210, 359
discrete time, 33-34, 216 strong and unobservable invariance, 202, 210, 360,
backward bounded, 513 441, 508, 574, 595, 728, 796, 895, 943
i/s/o systems, 444-456 sum junctions and 7-junctions, 364, 440, 572
i/s/o trajectory, 444 dynamic feedback, 29, 316-317, 406
s/s systems, 510-518 in discrete time, 453, 515
s/s trajectory, 510 dynamic notions, 214
versus continuous time, 453-454, 515-516 for bounded i/s/0 nodes, 454-456
dissipative, 900 for bounded s/s nodes, 516-518
maximal, 901, 905 dynamical system, 1
scattering, 900, 945, 946
distribution semigroup, 741 €, XXVil
domain of multivalued operator, 140, 967 embedding, 20, 144, 172, 234, 239, 285, 328, 389, 482
domain of operator, 954 L]pnC ) — Lfoc (R), xxv, 827
driving variable representation, 82 X, — X, 606
dual X — X,, 609
embedding, 983 dual, 983
i/s/o representation, 354 energy, 44
node, 42-43 electrical, 50
of H-space, 42, 971 internal, 50
of block decomposition, 977 magnetic, 50
of extrapolation space, 610-613 norm, 50, 64, 130
of frequency domain i/s/o system, 725-730 of n-port, 48
of frequency domain s/s system, 793-798 energy preserving realization, 906
of Hilbert space, 971 equivalent norms, 950
of i/s/o node, 351-366, 439-444, 572-575, evolution group, 233
893-897 evolution semigroup, 15, 165, 545, 802, 825, 827
of interconnected i/s/o nodes, 364-366 unobservable, 917
of interpolation space, 610-613 unreachable, 917
of intertwinement, 442, 509 exactly Q-reachable, 681, 682, 747
of part, 204, 362, 440, 657 exactly reachable, 134, 320
of product space, 976 existence of i/s/o trajectories, 230-232
of resolvable s/s node, 674-675 existence of s/s trajectories, 95-100
of s/s node, 194-202, 214, 506-510, 594-596, exponential region, 741
942-944 exponential weighting, 28
characteristic bundles, 206-207 of i/s/o node, 265, 266, 394, 450, 547, 858
of static projection, 204, 362, 440, 657 of s/s node, 92, 462, 514, 581
of subspace, 979-982 exponentially bounded, 850
of transformed exponentially stable
i/s/o nodes, 360-363 Co semigroup, 838
s/s nodes, 202-206 behavior, 927
duality between i/s/o system, 18, 838
controllability and observability, 441, 509, 574, well-posed i/s/o systems, 840
595, 896, 943 extended control operator, 634
free inputs and continuously determied outputs, extended observation operator, 545
352, 353 extension
interpolation and extrapolation spaces, 610-613 of generalized i/s/o trajectory, 272
multivalued part and classical initial state, 197 of generalized s/s trajectory, 103
parts and static projections of multivalued operator, xxv, 969
of bounded state operators, 391 Q2-extension of operator, 735
of i/s/o nodes, 361, 440, 572, 894 externally ©2-equivalent
of s/s nodes, 204, 211 i/s/o systems, 690
primal and dual regularity, 199, 352, 353 s/s systems, 753, 754
restrictions and projections externally equivalent, 31
in frequency domain, 729, 797 i/s/o systems, 319-320, 330, 415-421, 559-562
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intertwined, 420, 491, 561, 586, 694, 758, 872,933  full domain (P, Q)-image of a s/s node, 105
locally externally Q2-equivalent, 779 full domain (P, R, Q)-image of i/s/o node, 279
primal versus dual, 442, 509, 574, 596, 729, 797, fundamental decomposition, 44, 49, 945
896, 943 fundamental i/s/o solution, 827
s/s systems, 133, 153, 251, 489-490, 584-587 formal, 831, 846
semi-bounded s/s systems, 579 on a finite time interval, 831
well-posed i/s/o systems, 829 future behavior, 31, 132, 318, 914
externally generated trajectory, 842, 920 i/o, 319
extrapolation control operator, 632 signal, 133
extrapolation space, 607-614, 802, 845 well-posed, 925
future i/o map, 854
factorization of operators, 964 future trajectory, 17
feedback in discrete time, 34, 444, 510
dynamic, 303, 316 of i/s/o system, 222
static output, 285-287, 398, 551 of s/s system, 75
feedthrough extension, 112, 116, 288, 296
feedthrough operator, 232 I'p, 854
classical, 219 y-field, 11
of semi-bounded system, 545 generalized trajectory, 16, 73, 157, 221, 232, 546
fiber, 175, 178, 179, 181, 332, 988 generating subspace, 7, 18, 72, 75
final time, 831 generator
finite-dimensional i/s/0 system, 222 closed, 167
finite-dimensional s/s system, 72 of Cy semigroup, 164, 522
finite-dimensional state system, 2 of uniformly continuous group, 161
formal fundamental i/s/o solution, 831, 846 graph norm, 965
formal i/s/o resolvent, 334, 614 graph of multivalued operator, 967
formal pair of projections, 956 graph of operator, 954
formal projection operator, 956 graph topology, 966
formal resolvent, 601 group, 163
Fréchet space, 68, 216 Cop, 163
free initial state evolution, 233
of bounded i/s/o system, 233 norm continuous, 159
of i/s/o system, 231, 272 strongly continuous, 163
backward, 231 uniformly continuous, 159
two-sided, 231 growth bound, 18, 40
of s/s system, 97, 103 of Cy semigroup, 522, 552, 614
backward, 98 of adjoint i/s/o system, 893
two-sided, 98 of discrete time i/s/o system, 452
of semi-bounded i/s/o system, 547 of discrete time s/s system, 515
free input, 229-230, 293, 352, 617 of input map, 836
frequency domain, 39-42 of input/output map, 836
connected of interconnected i/s/o systems, 864
i/s/o system, 715-725 of output map, 836
s/s system, 783-793 of shift invariant causal operator, 850
state system, 738-740 of state system, 190
frequency domain i/s/o system, 680 of static operator, 850
frequency domain i/s/o-admissible, 51, 342, 662-669 of transformed i/s/o0 system, 858
frequency domain local property, 778 of well-posed behavior, 926
frequency domain s/s system, 744 of well-posed i/s/o system, 836, 837
frequency domain shift of well-posed s/s system, 907
of discrete time i/s/o system, 450
of discrete time s/s system, 514 H® factorization, 892
Frequency Domain System, 10 H® kernel, 924
frequency domain system, 11 H® range, 924
frequency domain theory, 70 H>(Q; X), xxviii, 891, 892
frequency domain trajectory, 41, 679, 744 H-space, xxvi, 12, 20, 21, 68, 72, 897-904, 946, 947,
frequency domain well-posed i/s/o system, 887-893 952
frequency domain well-posed s/s system, 940-942 H?-optimal, 905
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H®-optimal, 905 growth estimates, 847-850
Hamiltonian, 65 of adjoint i/s/0 node, 655-658
Hankel operator, 854 of dual i/s/0 node, 655
factorization, 856 i/s/o resolvent representation
kernel, 857 of well-posed i/s/o system, 843
range, 857 i/s/o resolvent set, xxvi, 334
Hilbert space, 12, 20, 21, 216, 897-904, 944-949 i/s/o system
Hilbert/Krein space s/s node, 947 bounded, 232-234, 296
closed, 16
U, gy Ly XXV, 827 exponentially stable, 838, 839
i/o dependent property, 10, 23, 24, 349 frequency domain
i/o extension adjoint, 725-730
of bounded state node, 295 dual, 725-730
of closed state node, 295 internally well-posed, 296
of i/s/o node, 288, 394, 860 regular, 15
standard, 296 resolvable, 296
of resolvable state node, 617 semi-bounded, 296
of s/s node, 112, 116, 462, 581 stable, 838, 839
standard, 116 in discrete time, 451
i/o invariant, 9 trajectory, 842
pair of i/s/o and s/s properties, 348 strongly stable, 839
property, 23-25, 343-349 in discrete time, 452
i/o map, 31 i/s/o-Q-resolvable, 745
future, 854 i/s/o-admissible frequency domain, 342, 662-669, 745
of discrete time i/s/o system, 445 jointly, 745
past, 854 separately, 745
i/0 modification, 277-279, 394 i/s/o-bounded, 242, 252
i/o representation resolvent set, 461
of signal space, 236-239 i/s/o-regular, 242
stable, 920 i/s/o-semi-bounded resolvent set, 580
i/o similar, 21 i/s/o-semiregular, 242
i/o-well-posed, 926 i/s/o-well-posed i/s/o representation, 907
i/s/o node, 220 image, 26, 27
adjoint, 351-366, 439444, 572-575, 893-897 (P, Q)-image of s/s node, 104, 105, 183, 463
bounded, 218 (P, Q, R)-image of i/s/o node, 278
closed, 220 (P, R, Q)-image of i/s/o node, 278, 279, 281,
dual, 351-366, 439-444, 572-575, 893-897 395-396
regular, 218 P-image of state operator, 170
semiregular, 220 image representation, 8
i/s/o pseudo-resolvent, 41, 677, 741 of adjoint i/s/o node, 353
i/s/o representation, 9, 20, 239-255 of adjoint s/s node, 208
adjoint, 354 of dual s/s node, 198
bounded, 248-255 of generating subspace, 81
corresponding to i/o representation, 240 of i/s/o node, 223-226
dual, 354 of i/s/o resolvent matrix, 619
general, 239-241 of s/s node, 80-85, 87
parameterization, 246-248 of system operator, 225, 615
regular, 242-246 immittance representation, 47, 53, 55
semi-bounded, 576-580 impedance matrix, 51
semiregular, 241-242 impedance representation, 45, 47, 53, 54, 56
i/s/o resolvent in the s/s sense, 25-26, 349-351
analytic, 621 incoming shift, 124, 127, 139, 148
matrix, 35, 614 incoming wave, 50
representation incoming wave function, 678
image, 619 incoming/outgoing shift, 128, 139, 149
kernel, 619 induced s/s node, 234-236
i/s/o resolvent identity, 36, 620-624, 677 induced s/s system, 19, 234-236
i/s/o resolvent matrix, 36, 334-337, 553, 615-620 inductance matrix, 45
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initial time, 831
injective (P, Q)-image of s/s node, 105
injective (P, R, Q)-image of i/s/o node, 279
injective multivalued operator, 967
injective part of multivalued operator, 969
input, 14
free, 229
input dimension, 51, 255
input extension
of Q-resolvable i/s/o node, 685
of i/s/o node, 288, 296
of s/0 node, 293
of s/s node, 115
input map
of well-posed i/s/o system, 825, 827, 831
input modification, 277
input similarity operator, 262
input space, 14, 218, 220, 227, 236
input/output behavior, 31
input/output invariant, 346
input/output map, 31, 319
of discrete time i/s/o system, 445
of well-posed i/s/o system, 825, 831
two-sided, 827
input/output resolvent, 335, 615
input/output setting, 4
input/output system, 3
input/state node, 226-227
input/state representation, 228
of s/s system, 80
input/state resolvent, 335, 615
input/state system, 4, 226-227
input/state/output, 3
input/state/output node, 217-223
input/state/output representation, 19-20
input/state/output system, 217-223
interconnections, 29-30, 404
of i/s/o nodes, 303-318, 403-406, 551-552
of internally well-posed i/s/o systems, 805
of s/s nodes, 118-122, 214
of state operators, 171
of well-posed i/s/o systems, 864—867
internal Cayley transform, 901
internally well-posed
i/s/o system, 296, 802
s/s system, 812
interpolation space, 606—-614, 802
intertwined
Q-intertwined i/s/o systems, 691
Q-intertwined operators, 734, 736
Q-intertwined s/s systems, 755
i/s/o systems, 325, 328, 330
locally Q-intertwined, 779
s/s systems, 141, 144, 146, 154
state operators, 173
uniformly continuous groups, 378
whenever externally equivalent, 420, 491, 561,
586, 694, 758, 872, 933

1011

intertwinement, 33, 213

adjoint, 392
of Cy semigroups, 535, 536
of bounded state operators, 377-379
of compression, 435, 503, 570, 593, 711, 772, 886,
938
of i/s/o systems, 325-326, 417-421, 559-562
of internally well-posed systems, 806
of resolvents, 378, 535
of s/s systems, 140-142, 490-494, 585-587
of state nodes, 173-174
of state operators, 535
of uniformly continuous groups, 377-379
of well-posed i/s/o systems, 870-873
of well-posed s/s systems, 932-933
primal versus dual
frequency domain, 730, 797
static, 173

intertwining operator

maximal, 695, 759, 787, 933
of bounded i/s/o system, 420
of bounded s/s system, 492
of semi-bounded i/s/o0 system, 561
of semi-bounded s/s system, 586
of well-posed i/s/o system, 872
minimal, 787
of bounded i/s/o system, 420
of bounded s/s system, 492
of i/s/o systems, 694
of semi-bounded i/s/o0 system, 561
of semi-bounded s/s system, 586
of well-posed i/s/o system, 872
s/s, 758, 933

invariance with respect to similarities, 192—194
invariant subspace, 28-29, 321, 931

Q-invariant, 682, 683, 749
of i/s/o system, 682—689
of internally well-posed system, 806
of s/s system, 748-752
QA-invariant, 372
locally strongly Q-invariant, 776, 777
locally unobservably Q-invariant, 776, 777
maximal, 386, 392, 539, 544
minimal, 386, 392, 539, 544
of Cy semigroup, 533, 536
of bounded state operator, 373-375, 380
of group, 372
of main operator, 531, 533
of resolvent, 531, 534
of semigroup, 372
of state node, 171-173
of state operator, 172
of uniformly continuous group, 375-377
strongly, 28, 136, 321, 323, 408
of i/s/o system, 407-415, 553-559
of s/s system, 481489, 581-584
of well-posed i/s/o system, 869-870
static i/s/o, 323
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invariant subspace (cont.)
strongly Q-invariant, 683, 691, 748, 749,
755

unobservably, 29, 136, 321, 323
of i/s/o system, 407415, 553-559
of s/s system, 481-489, 581-584
of well-posed i/s/o system, 869—-870
static i/s/o, 323

unobservably Q-invariant, 683, 691, 748, 749,

755
inverse
left, 961
of adjoint, xxv
of bounded linear operator, 961
of multivalued operator, 140, 968
partial, 961
right, 961
invertible operator, 80, 961
ZSOWU), xxiv, 80
ZSOWU; Y), xxiv, 80
isomorphic
left isomorphic, 80, 961
right isomorphic, 80, 961
isomorphism, 80, 960, 961

J, xxiii
jointly i/s/o-admissible frequency domain,
746

ker (A), xxv
kernel

= null space, 967

analytic, 988

of H* function, 923, 924

of Hankel operator, 857

of linear operator, 954

of multivalued operator, 140, 967
kernel representation, 8

of adjoint i/s/o node, 353

of adjoint s/s node, 208

of dual s/s node, 198

of generating subspace, 81

of i/s/o node, 223-226

of i/s/o resolvent matrix, 619

of s/s node, 80-85, 87

of system operator, 225, 615
Kirchhoff’s circuit laws, 45-59
Krein space, 44, 45, 49, 216, 944-949

7,73
P

L., 73

[2-derivative, 59

£°°, xxviii, 457
PP qP

Lp’ Lloc’ LO’ L<>,loc’ ‘«,loc?
PP qP PP

Lp’ Lloc_’. LO’ L<>, loc? LO" Loc,loc’

£P, xxviii, 457

LP-derivative, 124

L(U), xxiv, 118, 954

XXViii

825,834

b, 1°

Index

L(U;Y), xxiv, 954
Lagrange identity, 49, 196, 199, 355-359
frequency domain, 726-727, 794-795
Laplace transform, 174, 336
Laplace transformable, 174, 189, 331
Lax—Phillips scattering scheme, 597
left H* factorization, 892
left inverse, 961
left invertible operator, 962
left isomorphic, 80, 961
left-shift semigroup, 93
linear dynamical system, 1
linear fractional transformation, 247
linear multivalued operator, 966
linear operator, xxiv, 954
bounded, 954
closed, 955-956
closed domain, 955
continuous, 954, 955
sequentially continuous, 954
linear pencil, 599
linear state operator, 370
local Q-compression, 779, 781, 790
local Q-projection, 779, 781
local Q-restriction, 779, 780
local frequency domain notions, 776-782
local frequency domain property, 778
locally Q2-intertwined, 779
locally 2-minimal, 782
locally absolutely continuous, 59, 64
locally externally Q2-equivalent, 779
locally strongly Q-invariant, 776, 777
locally unobservably Q2-invariant, 776, 777
log, xxvii

MLU), xxiv, 967
MLU; Y), xxiv, 967
main operator, 14, 219, 221, 232
maximal
A-invariant subspace, 386, 392
Q-intertwining operator, 695, 759
2A-invariant subspace, 539, 544
locally Q-intertwining operator, 787
unobservably Q-invariant subspace, 688, 704, 706,
725,730, 752,769, 783, 792, 798
unobservably . .,-invariant subspace,
810, 811
unobservably invariant subspace, 137, 322, 414,
429, 430, 443, 499, 500, 510, 566, 567, 575,
589, 590, 596, 870, 880, 882, 896, 931, 937,
944
maximal dissipative, 901, 905
maximal intertwining operator
of bounded i/s/o system, 420
of bounded s/s system, 492
of semi-bounded i/s/0 system, 561
of semi-bounded s/s system, 586
of well-posed i/s/o system, 872
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s/s system, 933 of dual node, 197
maximal nonnegative subspace, 947 of s/s node, 75
maximal scattering dissipative, 900, 905, 946
mild trajectory, 232, 250, 546 N, xxiii
of i/s/o system, 221 n-port, 45
of s/s system, 74 natural extension of evolution semigroup, 614
of state node, 157 natural extension of main operator, 610
minimal, 33 negative dimension, 945
x-optimal realization, 906 network theory, 3, 5, 214, 216
A-invariant subspace, 386, 392 node bundle, 38, 174-178
Q-minimal frequency domain i/s/o system, 712 node space, 72, 75, 220
2A-invariant subspace, 539, 544 nonnegative subspace of Krein space, 945
closed locally Q-intertwining operator, 787 norm continuous group, 159
compression, see minimal compression, 148 null space, 954
controllable and observable, 435, 504, 593, 712, = kernel, 140, 967
773, 886, 939
frequency domain i/s/o system, 712 Q*, xxiii, 726, 990
frequency domain s/s compression, 774 QF, xxiii, 726
frequency domain s/s system, 773, 793 w (), xxvi, 521
i/s/o compression, 329, 436, 437, 443, 570, 712, Q-realization, 923
713, 809, 886, 887 Q-behavior, 752
i/s/o system, 329, 435, 570, 886 Q-compression, 735
locally Q2-minimal, 782 of i/s/o system, 696715, 722, 724
optimal realization, 906 of internally well-posed i/s/o system, 807, 809
passive realization, 906 of s/s system, 761-775, 789, 790
realization, 33 proper, 696, 761
s/s compression, 148, 436, 504, 505, 593, 773, Q-dilation, 735
774, 814, 939, 940 Q-invariant subspace, 734, 738
s/s system, 148, 504, 593, 813, 939 Q-observable, 682, 747
strongly Q-invariant subspace, 688, 704, 706, 725,  Q-projection, 735
730,751, 769, 783, 792, 798, 811 of i/s/o system, 696715, 721
strongly 2. ~-invariant subspace, 810 of internally well-posed i/s/o system, 807
strongly invariant subspace, 137, 322, 414, 429, of s/s system, 761-775, 788
430, 443, 499, 500, 510, 565, 566, 575,589,  Q-reachable
590, 596, 870, 879, 882, 896, 930, 931, 936, approximately, 747
944 exactly, 681, 747
minimal compression, 436, 504, 570, 593, 712, 713, Q-realization, 892
774, 886, 939 Q-restriction, 735
frequency domain i/s/o system, 712 of i/s/o system, 696-715, 720
frequency domain s/s system, 773 of internally well-posed i/s/o system, 807
of i/s/o system, 329 of s/s system, 761-775, 788
s/s system, 148 Q-unobservable, 681, 682, 747
minimal intertwining operator Q-unobservable subspace, 747
of bounded i/s/o system, 420 observability of i/s/o system, 320-325
of bounded s/s system, 492 observability of s/s system, 134—140
of i/s/o systems, 694 observable, 25, 138, 322
of semi-bounded i/s/o system, 561 backward, 138, 323
of semi-bounded s/s system, 586 in discrete time, 34
of well-posed i/s/o system, 872 locally Q2-observable, 776
s/s, 758, 933 observation bundle, 39, 174, 179-180
minimality observation extension, 112, 116, 288, 296
in discrete time, 34 observation operator, 232
of s/s system, 142 classical, 219
modification of inputs and outputs, 277-278 of semi-bounded i/s/o system, 545
monodromy matrix, 67 restriction to interpolation space, 632
mul (A), Xxv observation subspace, 78
multivalued operator, xxiv, 69, 140, 966-970 of dual node, 197
multivalued part, 140, 967 observation/feedthrough extension, 115, 256, 258
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Ohm’s laws, 45-59
operator
adjoint, xxv
domain, 954
linear, xxiv, 954
multivalued, xxiv, 966-970
relation, 69
orthogonal, 196, 972
orthogonal companion, 43, 196, 972
orthogonality
in H-spaces, 43
in Krein space, 49
in Hilbert space, 42
of primal and adjoint trajectories, 209, 210, 358
of primal and dual behaviors
frequency domain, 729, 796
of primal and dual canonical input spaces, 197
of primal and dual trajectories, 199, 200, 355, 356,
726, 794
of reachable and dual unobservable subspaces,
201, 210, 359, 728, 795
outgoing shift, 125, 128, 139, 149
outgoing wave, 50
outgoing wave function, 678
output, 14
continuously determined, 229
single-valued, 229
output dimension, 51, 255
output extension
of input/state node, 294
of i/s/o node, 288, 296
of s/s node, 115
output feedback, 285-287, 398, 551
output feedback stabilizable, 867
in discrete time, 453
output injection, 257
i/s/o system, 260, 297, 300-303, 401
representation, 259-261
s/s system, 259
standard, 261
output map
of well-posed i/s/o system, 825, 827, 831
output modification, 277
output output nulling representation, 81
output similarity operator, 262
output space, 14, 218, 220, 227, 236

Ty, Mgy T, XXV, 827
parallel connection, 29, 303, 311-313, 404
part, 27
in B(X)), 374
in X, 607
in £L(X}), 531
in interpolation space, 613
of Q-resolvable i/s/o node, 684, 686
of Q-resolvable s/s node, 750, 751
of Cp semigroup, 533, 535, 536
of bounded i/s/o0 node, 422

of bounded state operator, 373-375,
380, 382
of i/s/o node, 281-285, 396, 409, 412, 434, 548
of main operator, 531
of resolvent, 375, 376, 531
of s/s node, 107111, 464, 466, 467, 478, 479,
481, 482, 485, 486, 496
of state operator, 170, 373
of system operator, 282
of uniformly continuous group, 375-377,
382
of well-posed i/s/o node, 862
partial inverse, 961, 962
passive, 6, 11, 44-68, 216
i/s/o system, 897-904, 906
s/s system, 944-949
past behavior, 926
past i/o map, 854
past trajectory, 17, 18
in discrete time, 34, 444, 510
of i/s/o system, 222
of s/s system, 75
past/future map
of well-posed behavior, 929
of well-posed i/s/o system, 854
past/present map
of s/s system, 918
pencil, 599-601
resolvent identity, 600
point observation representation, 369
port-Hamiltonian system, 3, 5-6, 65, 214
positive dimension, 945
positive operator, 944, 951
Potapov-Ginzburg transform, 248, 667
power, 44, 48
power balance equation, 49
power of n-port, 48
power stable, 452
power weighting
of discrete time i/s/o system, 449
of discrete time s/s system, 514
present/future map
of well-posed s/s system, 919
projection, 31-33, 40, 956, 957
formal, 956
in B(AX,) along X, 374
in L(AX,) along &, 531
in discrete time, 34
local Q-projection, 779, 781
of Q-resolvable i/s/o node, 684, 686
of Q-resolvable s/s node, 750, 751
of Cp semigroup, 533, 535, 536
of bounded i/s/o system, 421-423
of bounded state operator, 373-375, 380, 382
of closed subspace, 976, 978
of i/s/o system, 326-330, 562-563
dynamic, 328
of main operator, 531
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of resolvent, 375, 376, 531
of s/s system, 142—-154, 330, 494-496,
587-588
dynamic, 145
well-posed, 941
of state operator, 170, 374
of uniformly continuous group, 375-377, 382
of well-posed i/s/o node, 862
of well-posed i/s/o system, 874—-879
of well-posed s/s system, 933-936
static, 108, 282
of bounded i/s/o node, 422
of i/s/o node, 281-285, 396, 409, 412, 434, 548
of s/s node, 107-111, 464, 466, 467, 478, 479,
481, 485, 496
of system operator, 282
projection operator in Lfoc (R), xxv, 827
proper, 32
property
i/o dependent, 24, 349
i/o invariant, 24, 343-349
in the s/s sense, 26
pseudo-resolvent, 677
analytic, 605
i/slo, 677, 741
pseudo-similar
Q-pseudo-similar, 691, 755
i/s/o systems, 325
minimal and externally equivalent, 436, 504, 570,
593, 713, 774, 886, 939
s/s systems, 141
state operators, 173
static, 173
P% , XXVil

Q§, xxvii, 957

R,RT, R, R, R, xxiii
PI, P+, P—, XXV, 827
rng (A), Xxv
p(A), xxvi, 189
Proo(A), 802
Foo (A), XXVi
p(X), xxvi, 189, 191, 659
Pifsjo(S), Xxvi
pg’gd(E), XXVi
pggd(Z), XXVi
Poo (), xxVi, 461
P1o0(X), 580, 802, 813, 908
Poo(A), 371
poc(A), 523
reo(A), 371
Poo(X), 461
Pto0(X), 580
range
analytic, 988
of H®® function, 923, 924
of Hankel operator, 857

of multivalued operator, 140, 967
of operator, 954
reachable
approximately, 134, 320
approximately 2-reachable, 682
backward, 138, 322
classically, 134, 320
exactly, 134, 320
exactly Q-reachable, 682
reachable subspace, 25, 39, 134, 320, 682, 747
in discrete time, 34
locally Q2-reachable subspace, 776
minimal closed Q-invariant, 715, 783
of bounded i/s/o system, 413
of bounded s/s system, 488
of semi-bounded i/s/o system, 558
of semi-bounded s/s system, 584
of well-posed i/s/o system, 829
of well-posed s/s system, 918
realization, 31
co-energy preserving, 906
conservative, 906
minimal *-optimal, 906
minimal optimal, 906
minimal passive, 906
of future i/o behavior, 319
of future signal behavior, 133
of shift invariant causal operator, 852
of symbol of Toeplitz operator, 853
of well-posed behaviot, 929
passive, 906
Redheffer transform, 248, 667
regular i/s/o node, 218
regular i/s/o system, 15, 222
regular resolvable i/s/o node, 628—631
regular s/s node, 75
regular s/s system, 75
regular state node, 157
regular state operator, 156, 157
regularity
of well-posed s/s system, 908
primal versus dual, 199
representation
boundary control, 369
driving variable, 82
of characteristic bundles, 341-343
of system operator, 624—628
output nulling, 81
point observation, 369
resistance matrix, 45
resolvability
of interconnected i/s/o0 nodes, 647-652
of semi-bounded s/s node, 580
of transformed i/s/o nodes, 338-341,
640-646
of transformed s/s nodes, 669-673
of well-posed i/s/o system, 842—-850
of well-posed s/s system, 908
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resolvable

Q-resolvable i/s/o node, 681
Q-resolvable s/s node, 745
i/s/o node, 334, 615-658
i/s/o system, 36, 296
linear operator, 35, 190
multivalued operator

Q-resolvable, 734
regular i/s/0 node, 628-631
s/s node, 38, 191, 658-675
semiregular i/s/o node, 628-631
state node, 601

frequency domain, 733-741

resolvent, 35, 36

analytic, 407, 553, 600, 603
i/s/o pseudo-resolvent, 623
input/output, 36
input/state, 36
linear system, 741
of bounded linear operator, 970

of multivalued operator, 601-606, 969

of pencil, 599-601
of regular state node, 189-191
of state node, 189, 601-606
of state operator, 189
pseudo-resolvent, 604
state/output, 36

resolvent family, 37, 38

induced by i/s/o0 node, 652, 730-733
induced by s/s node, 673, 798-801

resolvent identity, 538, 677

for pencil, 600

for state node, 603

for state operator, 191

i/slo, 36
resolvent matrix, 35-37
resolvent set, xxvi, 35-39

of i/s/o node, 334

of s/s node, 191

of state node, 189

of state operator, 189

unbounded component, xxvi
restriction, 31-33, 40

in discrete time, 34

local Q-restriction, 779, 780

of Cp semigroup, 535

of bounded i/s/o system, 421-423

of i/s/o system, 326-330, 562-563
of multivalued operator, xxv, 170, 969
of s/s system, 142—154, 330, 494-496, 587-588

well-posed, 941
of state operator, 373
of system operator, 284

of uniformly continuous group, 377
of well-posed i/s/o system, 874-879
of well-posed s/s system, 933-936

to interpolation space, 632

restriction operator L (R) — Llp oc (D), xxV, 827

loc

Index

Riesz basis, 70

right H*® factorization, 892
right inverse, 961

right invertible operator, 962
right isomorphic, 80, 961
right-shift semigroup, 93

f()»), XX1V
s/s bounded, 26
s/s node
adjoint, 506-510, 594-596, 942-944
bounded, 85
closed, 72
dual, 506-510, 594-596, 942-944
s/s semi-bounded, 26
s/s similar i/s/o systems, 22
s/s stable, 26
s/s system
bounded, 20, 85
closed, 75
frequency domain
adjoint, 793-798
dual, 793-798
internally well-posed, 812
semi-bounded, 20, 576
stable, 20
in discrete time, 515
well-posed, 20
s/s well-posed, 26
scattering data, 64
scattering dissipative, 900, 945, 946
maximal, 900, 905, 946
scattering matrix, 51, 906
scattering passive, 899
scattering representation, 44, 48, 53, 55, 65
scattering variables, 49
Schur class, 906
semi-bounded i/s/o system, 4, 15, 296, 544
semi-bounded s/s system, 20, 576
semigroup, 163
Cp, 163
evolution, 827
strongly continuous, 163
uniformly continuous, 159
semiregular i/s/o node, 220
semiregular i/s/o system, 222
semiregular resolvable i/s/0 node, 628—-631
semiregular s/s node, 75
semiregular s/s system, 75
semiregular state node, 157
semiregular state operator, 157
shift invariant, 94
shift invariant operator
causal, 850-853
static, 855
symbol, 851
shift invariant subspace, 94, 132
shift operator
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bilateral, xxiv, 93, 828 two-sided, 97
left shift on R, xxv, 93, 828 strictly, 269
left shift on RT, xxv, 93, 828 spectral radius, xxvi, 370-372, 406
right shift on R™, xxv, 93, 828 stability
right shift on RT, xxv, 93, 828 of interconnected i/s/o systems, 864—867
shift semigroup of transformed i/s/o systems, 857-864
incoming, 124, 273 of well-posed s/s systems, 913
with boundary output, 127, 273, 274 stabilizability, 257
incoming/outgoing, 128 stabilizable
outgoing, 125, 273 by output feedback, 867
with boundary input, 128, 274 i/s/o system, 867-869, 892
short circuit connection, 29, 30, 121, 306-307, 405, in discrete time, 453, 515
419, 490, 561, 585, 693, 719, 756, 779, 806, s/s system, 923, 924
872,932 stable
of state operators, 171, 735 exponentially stable, 839, 840, 907
signal, 14, 71 strongly stable, 840, 907
signal behavior, 31 stable Cp semigroup, 838
signal bundle, 10, 38, 51, 174, 180181 stable behavior, 926, 927
realization, 505 stable i/o representation, 920
signal dimension, 255 stable i/s/o representation, 907
signal similar stable i/s/o system, 18, 838, 839
i/s/o systems, 23 in discrete time, 451, 452
signal similarity operator, 88 stable s/s system, 20, 907
signal space, 18, 71, 72, 75 in discrete time, 515
signal-to-state subspace, 78 stable trajectory, 840-842, 920
similar, 21 standard output injection, 259, 261
Q-similar, 691, 755 standard state feedback, 256, 258
i/o-similar, 21 state, 14, 71
i/s/o similar, 262 state dimension, 255
input/output similar, 262 state feedback
s/s similar, 22, 88 i/s/o system, 258, 297-300, 400
s/s similarity of i/s/o systems, 345 representation, 256-259
signal similar, 22, 88 s/s system, 256
signal similarity of i/s/o systems, 345 state linear system, 597
state similar, 21, 22, 88, 262 state node, 157, 226-227
similar i/s/o nodes, 262, 394, 859 frequency domain, 733-741
similar in the s/s sense, 22 state operator, 157
similar s/s nodes, 88, 462, 581 bounded, 370
similar state operators, 169, 170 state similar, 21, 22
similarity, 20-23 state similarity operator, 88, 262
similarity transformation state space, 2, 14, 71, 72, 75, 157, 218, 220, 227
of i/s/0 systems, 262 state system, 2, 156-174
s/s systems, 88 bounded, 159-163
single-valued injective part, 969 well-posed, 163-169
single-valued output, 229-230 state transition map, 831
single-valued part, 969 state/output node, 226-227
solvability state/output representation, 80, 228
of bounded i/s/o system, 233 state/output resolvent, 335, 615
of bounded s/s system, 250 state/output system, 4, 226227
of internaly well-posed i/s/o system, 804 state/signal node, 72
of semi-bounded i/s/o system, 547 State/Signal system, 7
of well-posed s/s system, 908 state/signal system, 10, 18-19, 75
solvable, 24, 97, 269 state/signal system in discrete time system, 510
i/s/o system, 230, 268-270 state/state resolvent, 334, 615
backward, 230 static intertwinement, 173
two-sided, 230 static notion, 214
s/s system, 95 static operator, 850
backward, 97 static output feedback, 285-287, 398, 551
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static projection, 27, 28, 107-111, 396 T xxiv, 93
of i/s/o node, 281-285 74, xxv, 93

static pseudo-similarity, 173
static shift invariant operator, 855
static strong invariance, 323
static transformation, 26-28
static unobservable invariance, 323
storage function, 44
strict continuation property, 232, 269
strict uniqueness property, 231, 269
backward, 231
strictly free, 231
strictly solvable, 231, 269
strictly uniquely solvable, 231
string, 67
stronger norm, 950
strongly Q-invariant subspace, 682, 748
minimal, 688, 704, 706, 725, 730, 751, 769, 783,
792,798, 811
of i/s/o system, 682—689
of s/s system, 748-752
strongly continuous semigroup, 163-169
strongly invariant subspace, 28, 39, 136, 141, 142,
144, 145, 153, 213, 321, 323, 326, 328, 330,
408
in discrete time, 34
minimal, 137, 322, 414, 429, 430, 443, 499, 500,
510, 565, 566, 575, 589, 590, 596, 870, 879,
882, 896, 930, 931, 936, 944
of i/s/o system, 407-415, 553-559
of s/s system, 481-489, 581-584
of well-posed i/s/o system, 869—-870
static, 323
strongly stable
Cp semigroup, 838
i/s/o system, 839
well-posed i/s/o systems, 840
subnetwork, 5
subspace
Q-reachable, 682, 747
Q-unobservable, 682, 747
classically unobservable, 134, 321
reachable, 134, 320, 682, 747
unobservable, 134, 321, 682, 747
sum junction, 29, 303, 309-311, 403
sum of two multivalued operators, 968
supply rate, 44
surjective (P, Q)-image of a s/s node, 105
surjective (P, R, Q)-image of i/s/o node, 279
surjective multivalued operator, 967
symbol of shift invariant causal operator, 847, 851,
853
system operator, 9, 15, 218, 220, 227
of state node, 157
representation, 624—-628

T, xxiii
7!, xxiv, 93

7', xxv, 93, 828
', xxv, 93, 828
T, 93
T-junction, 29, 303, 307-309, 403
TI, TIC, xxvi, 850
Tl,, TIC,, 850
time reflection, xxv, 28
in discrete time, 449, 513
of function, 90
of i/s/o node, 264, 394, 547
of interval, xxv, 90
of s/s node, 90, 462
operator, 90
time rescaling, 28
of i/s/o node, 264, 394, 449, 547, 858
of s/s node, 91, 462, 514, 581
time-invariant, 850
causal operator, 851
dynamical system, 1
time-invertible
in continuous time, 394, 462, 547, 805
in discrete time, 449, 513
Toeplitz operator, 854, 855
trajectory
classical, 16
of i/s/o system, 218, 221, 270-273
of s/s system, 73, 100-104
frequency domain, 679, 744
future
in continuous time, 75, 222
in discrete time, 444, 510
generalized, 16, 232, 546
of i/s/o system, 221, 270-273
of s/s system, 73, 100-104
in discrete time, 444, 510
integrated
of i/s/o system, 222
of s/s system, 74
mild, 232, 250, 546
of i/s/o system, 221, 270-273
of s/s system, 74, 100-104
of i/s/o system, 267-273
past
in continuous time, 75, 222
in discrete time, 444, 510
representation formula, 232, 803, 828, 829
well-posed i/s/o system, 845
two-sided, 75
in continuous time, 222
in discrete time, 444, 510
unobservable, 134
transfer function, 37
transformations
of i/s/o nodes, 261-267, 276-303, 393403,
547-551
resolvability, 338-341
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of internally well-posed i/s/o systems, 805
of s/s nodes, 87-93, 104-118, 214
of state nodes, 169-171
of well-posed i/s/o systems, 857-864
of well-posed s/s systems, 913
transition matrix, 237
formal, 236
transmission connection, 317
transmission line, 63, 129, 139, 150, 151
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