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394
generalized momenta, 22
generalized vector–field, 147
generalized velocity vector, 11
generating function, 433
geodesic, 83, 160, 162, 399
geodesic action, 384
geodesic deviation, 165, 387
geodesic equation, 163, 384, 399
geodesic flow, 194, 219, 308
geodesic separation vector, 13
geodesic spray, 84, 194, 219, 308
geodesically generated distribution, 345
geodesically invariant, 345
geometric action principle, 384, 386
geometric isomorphism, 71
geometrical dual, 405
geometrodynamics, 6, 9
global complex analysis, 205
global geodesics problems, 292
global solution, 86
glucose–1–phosphate, 419
glycolysis, 418
goal of a control system, 315
Godement product, 49
Golgi tendon organs, 30, 354, 416
gradient, 14, 85, 161
gradient conformal Killing tensor, 183
gradient flow, 297
gradient force 1–forms, 276
gradient force vector–fields, 276
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Grassmann algebra, 88
Grassmann planes, 403
Green’s functions, 382
Green’s operator, 304
Green’s theorem, 243
group, 39, 45
group action, 40, 119
group conjugation, 123
group homomorphism, 40
group monomorphism, 40
groupoid, 45
growth condition, 283

Haar measure, 114
Hamel equations, 195
Hamilton’s equations, 196
Hamilton’s principle, 18, 192
Hamilton–Dirac equations, 260
Hamilton–Poisson biomechanical

system, 221
Hamiltonian, 130
Hamiltonian action, 187
Hamiltonian biomechanics, 69
Hamiltonian energy function, 196
Hamiltonian flow, 199
Hamiltonian function, 218
Hamiltonian mechanical system, 196
Hamiltonian phase–flow, 308
Hamiltonian vector–field, 196, 217
Hamiltonian way, 420
harmonic, 101
harmonic exterior differential form, 301
harmonic oscillator, 388
harmonic projection, 304
harmonic representative, 304
Hartman–Grobman theorem, 263
heat bath, 278
heat equation, 140, 146, 169, 303, 411
Hebbian–like learning, 353
Heisenberg commutation relations, 427
Heisenberg picture, 383, 428
hemodynamics, 404
Hermitian metric, 178
Hermitian position operator, 21
Hessian, 149, 161
hidden symmetries, 233
Hilbert, 41
Hilbert 19th problem, 234
Hilbert 23rd problem, 234

Hilbert 4th problem, 160
Hilbert manifold, 65
Hilbert space, 65
hinge joints, 119
hiper–cube ≡ neuro–muscular control

space, 416
Hodge Laplacian, 302
Hodge star, 17, 89, 100
Hodge theory, 302
Hodge’s theorem, 181
Hodge–De Rham decomposition, 302
Hodge–De Rham Laplacian, 298
Hodgkin–Huxley HH–neuron model,

413
Hodgkin–Huxley neural, 384
holomorphic cotangent space, 178
holomorphic tangent space, 178
holonomic atlas, 74
holonomic coframes, 75
holonomic frames, 74
holonomous frame field, 74
Hom–bifunctor, 48
homeomorphism, 44
homeostatic neuro–muscular feedbacks,

378
homoclinic orbits, 201
homogenous quadratic form, 11
homological algebra, 46
homologous in, 208
homology group, 46, 47
homology object, 61
homothetic Killing tensor, 183
homotopic, 35
homotopies of homotopies, 58
homotopy, 34, 35
homotopy axiom, 292
homotopy classes, 36
homotopy lifting property, 71
homotopy of loops, 37
homotopy operators, 96, 332
Human Biodynamics Engine, 369
hybrid dynamics, 278
hyperbolic force–velocity , 29
hyperbolic force–velocity curve, 411
hyperbolic force–velocity relation, 270
hyperbolic point, 199

ideal, 41
differential, 245
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identity, 42
identity functor, 48
image, 16, 60
imprecision of measurement, or

estimation, 278
impulse torque–time relation, 270
inclusion functor, 48
incommensurate, 202
independence condition, 245
index, 90, 172
index theorem, 296
indirect adaptive control, 317
inertia matrix, 403
inertia tensor, 10
infinite prolongation, 148
infinitesimal generator, 120
initial object, 43, 44
injection, 33, 44
inorganic phosphate, 418
input map, 280
input process, 280
insertion operator, 89
integrability, 233
integrable mechanical systems, 381
integrable systems, 188
integral curve, 82, 86
integral curves, 405
integral element, 90
integral manifold, 244, 245, 275, 336
integral over all possible paths, 428
integrands, 14
interactions, , 432
interior product, 89
internal acceleration vector–field, 406
internal force 1–form field, 406
internal joint coordinates, 134, 405
internal velocity vector–field, 405
intervertebral disclinations, 286
intervertebral dislocations, 286
invariant, 393
invariant tori, 201
invariants of the dynamical system, 22
inverse kinematics, 134
inverse kinematics problem, 319
inverse loop, 37
inverse system, 42
inverted pendulum, 313
involution, 71, 138
involutive closure, 336

irreversible processes, 27
iso–energetic paths, 240
isolated equilibrium point, 322
isometric steady–state contraction, 410
isometry group, 182
isomorphism, 44
isotropy group, 115
Ito quadratic cotangent bundle, 283
Ito quadratic tangent bundle, 282

Jacobi equation, 387
Jacobi equation of geodesic deviation,

13, 165
Jacobi fields, 165, 295, 387
Jacobi flows, 387
Jacobi identity, 109, 220
Jacobi operator, 243
Jacobian, 32
Jacobian determinant, 392
jet bifunctor, 78
jet prolongation, 78
jet space, 141
jets, 244

Kähler condition, 303
Kähler form, 179
Kähler manifold, 302
Kähler metric, 179
Kähler potential, 180
Kähler structure, 179
Kalman filter, 318
Kalman regulator, 318
kernel, 15, 60
kernel of the operator, 434
Killing equation, 181
Killing form, 211
Killing spinor–field, 182
Killing tensor–field, 183, 233
Killing vector–field, 232
Killing–Yano equation, 182
kinematic constraint distribution, 256
kinematic singularities, 134
kinetic energy, 11
kinetic energy of muscular contraction,

382
Korteveg–De Vries equation, 147, 223,

383
Kronecker–delta, 394

lack of memory, 278
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Lagrange multipliers, 251, 346
Lagrange stability, 324
Lagrange–d’Alembert principle, 251
Lagrange-Poincaré equations, 196
Lagrangian, 193, 242, 243, 430
Lagrangian action formalism, 19
Lagrangian biomechanics, 68
Lagrangian density, 20, 376
Lagrangian equations, 22
Lagrangian flow, 308
Lagrangian function, 13, 18, 19, 162
Lagrangian–field structure, 376
Langevin rate equations, 278
Laplace equation, 142
Laplace transform, 320
Laplace–Beltrami operator, 161
Laplacian, 18, 161
Laplacian symmetry, 184
latency relaxation, 411
lateral cisternae, 408
lattice regularization, 423
laws of motion, 80
Lax type representation, 151
leaf space, 337
least action principle, 375, 376
Lefschetz theorem, 181
left adjoint, 52
left cancellable, 44
left exact, 61
left extension, 112
left ideal, 109
left invariant vector–field, 111
left inverse, 44
left–invariant Lagrangian, 195
left–invariant Riemannian metric, 211
Legendre map, 149, 230
Legendre submanifold, 245, 246

transverse, 245, 246
Legendre transformation, 252, 253, 306
level curves, 201
level set, 81
Levi–Civita connection, 159
Levi–Civita connections, 406
Lie algebra, 105, 109, 127, 220
Lie algebra homomorphism, 109
Lie bracket, 104, 109
Lie bracket property, 145
Lie derivative, 76, 102, 131, 197
Lie functor, 112

Lie group, 110, 127
Lie subalgebra, 109
Lie–invariant geometric objects, 151
Lie–Lagrangian biomechanics functor,

272
Lie–Poisson bracket, 124, 220
limit, 51, 52
limit set, 199
line, 13
line bundle, 72
line element, 385
line integral, 14
linear controllability, 330
linear system, 329
linearization, 199
Liouville equation, 282
Liouville measure, 269
Liouville theorem, 224
Liouville–Arnold theorem, 227
Lipschitz condition, 84, 283
local geodesic, 292
locally accessible system, 340
locally configuration accessible, 343
locally configuration controllable, 343
locally exact, 95
loop, 36
Lorentz force, 380
Lorentzian spin geometry, 183
Lyapunov criterion, 349
Lyapunov exponent, 217
Lyapunov function, 324
Lyapunov function candidate, 316

Mőbius bundle, 72
machine learning, 348
macro–level averaging lift, 381
macroscopic force–velocity model, 384
macroscopic muscle–load dynamics, 411
magnetic field, 379
maintenance heat, 411
Mamdani inference, 368
manifold, 63
manifold with boundary, 97
manipulability measure, 134
Markov chain, 278, 428
Markov process, 278
mass conservation principle, 404
material covariant metric tensor, 238
material metric tensor, 11, 403, 406
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matrix commutator, 105
Maupertius action principle, 162
Maurer–Cartan equations, 152
maximal geodesic, 83
maximal integral curve, 82
maximal integral manifold, 336
Maxwell, 380
Maxwell electrodynamics, 379
mean curvature, 242
mechanical action, 382
mechanical metric, 162
Melnikov function, 205
metric, 385
metric tensor, 8, 158, 219
microscopic sliding filament model, 383
microscopic theory of muscular

contraction, 410
model space, 65
module, 41
molecular soliton model of muscular

contraction, 383
moment of inertia, 10
momentum functions, 130
momentum map, 120, 187, 211
momentum map , 232
momentum phase–space, 26, 135, 217,

406
monic, 61
monomorphism, 33, 44
Moore–Penrose pseudoinverse, 392
morphism of vector–fields, 86
morphisms, 42
Morse function, 172
Morse index, 297
Morse theory, 172
motion capture, 7
motion planning, 151
motor servo, 353, 354
multiindex, 88
muscle fibers, 408
muscle–fat manifold, 389
muscular active–state element equation,

28
muscular contraction action principle,

382
muscular level, 352
muscular Riemannian configuration

manifold, 376
muscular Riemannian metrics, 382

myocybernetics, 413
myofibrillar action propagators, 382
myofibrils, 408
myoglobin, 419
myosin, 409

n–categories, 53
Nambu–Goto action, 436
Nash strategies, 127
natural equivalence, 49
natural inclusion, 49
natural isomorphism, 49
natural projection, 67
natural transformation, 48
natural vector bundle, 75
neural control inputs, 407
neural path integral, 353
neural pathways, 353
neural phase–space path integral, 356
neural–image coordinates, 358
neural–image manifold, 364
Newton’s second law, 7
Newtonian equation of motion, 7, 382
Noether, 46
Noether Lagrangian symmetry, 148
Noether symmetries, 148
Noether theorem, 22, 243
Noetherian module, 42
Noetherian ring, 41
noise, 378, 384
non–anticipating solution, 283
non–cooperative case, 133
non–cooperative Nash equilibrium, 133
non–degenerate 1−form, 244
nondegenerate, 185
nonholonomic rolling constraints, 254
nonlinear affine control system, 321
nonlinear control design, 316
nonlinear controllability criterion, 336
nonlinear decomposable system, 280
nonlinear multivariate analysis, 391
nonlinear process–functor, 280
nonlinear Schrödinger equation, 222,

383
nonlinear sigma model, 436
nonlinear system behavior, 280
nonwandering set, 200
normal, 387
normal bundle, 73
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normal subgroup, 40
normal vector–field, 81
normalization condition, 432
normalized force across the series elastic

element, 413
normalized length of the contractile

element, 413
null object, 44
nullity, 296
number of degrees of freedom, 9
numerical invariants of spaces, 46

objects, 42
observability map, 279
one parameter subgroup, 112
one–form, 14, 393
one–to–one, 33, 44
onto, 33, 44
open cover, 35
optimal cost, 130
optimal Hamiltonian, 130
orbit, 40, 115
orbit space, 115
orbitally stable, 263
orientation, 97
outer product, 394
output map, 280
output process, 280
overall probability amplitude, 377
overdetermined, 233

parabolic Einstein equation, 169
parabolic length–tension curve, 410
parallel transport, 194, 308
parameter update law, 349
parameter variation, 294
parking theorem, 335
partial order, 33
partially ordered set, 33
partition functions, 357
passive sarcomere tension, 413
path, 36
path components, 36
path connected, 36
path integral quantization, 427
pennate, 408
performance, 313
perimysium, 408
period, 98

perturbation theory, 203
perturbative expansion methods, 378
Pfaff theorem, 244
Pfaffian exterior differential system, 274
Pfaffian system, 243
phase space, 7
phase trajectory, 199
phase–space path integral, 424
phase–space spreading effect, 269
Philip Hall basis, 338
piecewise smooth paths, 293
planar rigid body, 341
Planck constant, 375
Poincaré, 46
Poincaré lemma, 14, 95, 96, 291
Poincaré–Cartan form, 246
Poincaré–Hopf theorem, 98
point particle, 19
pointed set, 36
pointed topological space, 36
Poisson bracket, 131, 151, 197, 257
Poisson evolution equation, 220
Poisson manifold, 219
Poisson tensor–field, 229
Polyakov action, 436
position, 420
positional stiffness, 30, 416
possibility distribution, 284
potential, 7, 162
potential energy, 12
potential field, 19
predecessor, 129
principal axes of inertia, 10
principal normal, 402
principal planes of inertia, 10
probabilistic transition micro–dynamics,

377
probability, 435
probability amplitude, 427
prolongation, 141
prolonged generalized vector–field, 147
prolonged group action, 144
pseudo–inverse, 134
pull–back, 76
pull–back diagram, 37
pull–back vector bundle, 70
push–forward, 76

quantization, 19
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quantum biomechanical action, 235
quantum electrodynamics, 381
quantum evolution equation, 383
quantum Hamiltonian operator, 383
quantum–like adaptive control, 356
quantum–mechanical transition

amplitude, 430
quantum–mechanics propagator, 428
quotient space, 136

radius of a circular protected zone, 128
range, 31, 43
rank condition, 333
Rayleigh – Van der Pol’s dissipation

function, 27
reachability map, 279
reachable set, 340
reaction, 352
realization problem, 280
reciprocal activation, 354
reciprocal inhibition, 354
reciprocal innervation of agonists and

inhibition of antagonists, 352
recurrent, distributed parameter, 415
recursive homotopy dynamics, 276
red, 408
reduced curvature 1–form, 156
reduced phase–space, 188
reduction equivalence relation, 136
redundancy, 134
redundant manipulator, 271
redundant system, 392
related vector–fields, 77
relation, 33
relative acceleration, 165, 387
relative degree, 328
relative order, 328
representation of a category, 48
representation of a group, 48
representative point, 63, 405
retraction, 44
Ricci antisymmetric tensors, 394
Ricci curvature, 158
Ricci flow, 169
Ricci tensor, 158, 163
Riemann curvature tensor, 13, 157, 163,

386, 395
Riemannian kinetic energy form, 406
Riemannian manifold, 8, 13, 89, 191

Riemannian metric, 157, 219, 238, 394
Riemannian metric tensor, 375
right adjoint, 52
right cancellable, 44
right exact, 61
right ideal, 109
right inverse, 44
rigid body, 211
rigid body with a fixed point, 211
ring, 40
robotic leg, 340
robust control, 316
robustness, 313
Rodrigues relation, 122
rolling disk, 346
rotational Hill’s parameters, 29
rotational symplectic geome-

try/mechanics, 25

saddle, 127
saddle solution, 129, 130
safe operation, 128
sarcolemma, 408
sarcomere, 409
sarcoplasm, 408
sarcoplasmic reticulum, 408
scalar curvature, 158, 165, 387
scalar electrical potential, 379
scalar function, 14
scalar invariant, 393
scalar potential field, 406
scalar product, 8
scalar–field, 396
Schrödinger picture, 428
Schwinger formalism, 381
second tangent bundle, 71
second variation, 243, 294
second variation formula, 166, 295
second vector bundle, 71
second–order contravariant tensor, 394
second–order covariant tensor, 394
second–order mixed tensor, 394
section, 44
sectional curvature, 164
sections of biomechanical bundles, 79
self–organized, 378
semidirect product, 125, 136
sensory–motor integration, 352
separatrix, 201
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servoregulatory loops, 30, 417
set of morphisms, 43
short exact sequence, 60
shortening heat, 411
shortest path, 384
signal, 378
similar in all animals, 355
simple mechanical control systems, 338
simple mechanical systems, 192
simple statistical system, 390
simplicial approximation, 390
singularity, 199
skew–symmetric, 185
sliding filament mechanism, 410
sliding filament model, 410
slow fibers, 419
small time locally controllable, 333
small–time local controllability, 340
smooth, 64
smooth homomorphism, 110
smooth manifold, 14
smooth map, 65
solitary model of muscular excitation–

contraction, 381
soliton, 222, 381
source, 46, 356, 431
space of all weighted paths, 382
special Euclidean group in 3D space,

123
special Euclidean group in the plane,

122
special Euclidean group of motions, 271
speed, 83
spinal control level, 352
spinal level, 352
spindle receptors, 30, 354, 416
spinor, 109
spinor–fields, 181
spray, 87
spring constant, 388
stability, 313
stable, 199
stable in the sense of Lyapunov, 322
standard action, 430
star–shaped, 96
state feedback, 339
state vector, 428
state–space approach, 315
stationary, 242, 243

step size, 379
stiffness–servo, 29
stimulus–response–type, 372
stochastic forces, 278
stochastic influence, 278
stochastic Taylor expansion, 283
stochastic tensor bundle, 282
stochastic transformation, 282
Stokes formula, 14, 97
stretch potentiation, 413
string tension, 436
structure equations, 171
subgroup, 40
submanifold immersion, 244
sum over fields, 381
sum over fractal geometries, 389
sum over histories, 382
sum–over–histories, 18
supervising, 353
surface integral, 14
surjection, 33, 44
swept volume, 151
symmetric, 161
symmetric affine connection, 159
symmetric product, 344
symmetrical load–lifting, 266
symmetry, 243
symmetry group, 140
symplectic form, 185, 186
symplectic group, 185
symplectic Lie algebra, 125
symplectic Lie group, 125
symplectic manifold, 186, 196
symplectic map, 186
symplectic matrix, 125
symplectomorphism, 185
synaptic weights, 353, 378
system dynamics, 279
system’s center of mass, 10

T tubules, 408
tangent, 402
tangent bundle, 67, 72, 134
tangent functor, 79
tangent Lie algebra, 121
tangent map, 66, 67
tangent space, 66
tangent vector, 9
tangent vector–field, 81
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tangential, 387

target, 46

target set, 128

tensor bundles, 75

tensor contraction, 395

tensor–field, 74, 396

terminal object, 44

the sectional curvature, 157

theory of fluctuating geometries, 390

thermodynamic partition function, 383

thermodynamic relation, 411

thermoelastic heat, 412

three–form, 14

time average, 375

time ordered products, 433

time–dependent flow, 80

time–dependent Schrödinger equation,
423

time–dependent vector–field, 86

topological group, 111

topological manifold, 63

topological space, 34

topologically dual functors, 309

torque–jerk, 286

torque–time, 28

torsion, 160

torsion free, 161

total action, 375

total derivative, 145

total energy function, 407

total space, 72

total system’s response, 279

trajectory, 84, 128

transducer neurons, 414

transformation

contact, 242

point, 242

transformation classical, 242

transformation gauge, 242

transition amplitude, 19, 247, 377, 431,
435

transition amplitude , 21

transition entropy, 357, 383

transition functor, 374

transition maps, 64

transition probability, 377

transitive action, 114

translational biomechanics, 7

translational Hamiltonian equations of
motion, 7

translational vector geometry, 5
trapping region, 200
triad, 408
triangular identities, 60
trivial fibration, 72
twistor forms, 182
twistor operator, 182
two–form, 14
two–sided ideal, 109
two–sided inverse, 44
Tychonoff product–topology theorem,

367

uniaxial rotational joint, 198
uniformly asymptotically stable, 323
uniformly bounded, 324
uniformly stable, 323
uniformly ultimately bounded, 324
unique functorial relation, 304
unique minimal geodesic, 293
unit natural transformation, 52
universal properties, 38, 51
unsupervised, 378

vacuum expectation, 433
variation vector–field, 162
vector bundle, 69
vector bundle functor, 75
vector bundle homomorphism, 69
vector–field, 80, 396, 405
velocity, 83, 158, 294, 420
velocity phase–space, 26, 135, 193, 405
vertical lift, 71, 343
virtual displacement, 12
virtual work, 12
volume form, 101, 219
volume integral, 14

weak functorial inverse, 52
wedge product, 88, 89
well–posed variational problem, 274
white muscle fibers, 408, 419
Wick rotation, 378
Wiener measure, 425, 426
winding number, 207

zero morphism, 44
zero–sum dynamical game, 128



International Series on

MICROPROCESSOR-BASED AND
INTELLIGENT SYSTEMS ENGINEERING

Editor: Professor S. G. Tzafestas, National Technical University, Athens, Greece

1. S.G. Tzafestas (ed.): Microprocessors in Signal Processing, Measurement and Control.
1983 ISBN 90-277-1497-5

2. G. Conte and D. Del Corso (eds.): Multi-Microprocessor Systems for Real-Time Appli-
cations. 1985 ISBN 90-277-2054-1

3. C.J. Georgopoulos: Interface Fundamentals in Microprocessor-Controlled Systems.
1985 ISBN 90-277-2127-0

4. N.K. Sinha (ed.): Microprocessor-Based Control Systems. 1986 ISBN 90-277-2287-0
5. S.G. Tzafestas and J.K. Pal (eds.): Real Time Microcomputer Control of Industrial

Processes. 1990 ISBN 0-7923-0779-8
6. S.G. Tzafestas (ed.): Microprocessors in Robotic and Manufacturing Systems. 1991

ISBN 0-7923-0780-1
7. N.K. Sinha and G.P. Rao (eds.): Identification of Continuous-Time Systems. Methodol-

ogy and Computer Implementation. 1991 ISBN 0-7923-1336-4
8. G.A. Perdikaris: Computer Controlled Systems. Theory and Applications. 1991

ISBN 0-7923-1422-0
9. S.G. Tzafestas (ed.): Engineering Systems with Intelligence. Concepts, Tools and Appli-

cations. 1991 ISBN 0-7923-1500-6
10. S.G. Tzafestas (ed.): Robotic Systems. Advanced Techniques and Applications. 1992

ISBN 0-7923-1749-1
11. S.G. Tzafestas and A.N. Venetsanopoulos (eds.): Fuzzy Reasoning in Information, Deci-

sion and Control Systems. 1994 ISBN 0-7923-2643-1
12. A.D. Pouliezos and G.S. Stavrakakis: Real Time Fault Monitoring of Industrial Pro-

cesses. 1994 ISBN 0-7923-2737-3
13. S.H. Kim: Learning and Coordination. Enhancing Agent Performance through Dis-

tributed Decision Making. 1994 ISBN 0-7923-3046-3
14. S.G. Tzafestas and H.B. Verbruggen (eds.): Artificial Intelligence in Industrial Decision

Making, Control and Automation. 1995 ISBN 0-7923-3320-9
15. Y.-H. Song, A. Johns and R. Aggarwal: Computational Intelligence Applications to

Power Systems. 1996 ISBN 0-7923-4075-2
16. S.G. Tzafestas (ed.): Methods and Applications of Intelligent Control. 1997

ISBN 0-7923-4624-6
17. L.I. Slutski: Remote Manipulation Systems. Quality Evaluation and Improvement. 1998

ISBN 0-7932-4822-2
18. S.G. Tzafestas (ed.): Advances in Intelligent Autonomous Systems. 1999

ISBN 0-7932-5580-6
19. M. Teshnehlab and K. Watanabe: Intelligent Control Based on Flexible Neural Networks.

1999 ISBN 0-7923-5683-7
20. Y.-H. Song (ed.): Modern Optimisation Techniques in Power Systems. 1999

ISBN 0-7923-5697-7
21. S.G. Tzafestas (ed.): Advances in Intelligent Systems. Concepts, Tools and Applications.

2000 ISBN 0-7923-5966-6



International Series on

MICROPROCESSOR-BASED AND
INTELLIGENT SYSTEMS ENGINEERING
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