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adaptive beamforming, 249
adaptive control, 210-16, 223, 274
adaptive linear combiner, 211
adaptive signal processing vs., 247-8
“cognitive cerebellum” and, 118
cognition and, 286
conventional control vs., 248-9
neural net models and, 274
surveys of, 210
surveys of history of, 204-5
adaptive control models of cerebellum,
253-70
bidirectional theory approach to consciousness
(of Kawato), 269-70
distributed inverse dynamics control, 260-3
feedback error models, 260
hierarchical neural network model, 253-4
Ito’s general functional model, 255
Kawato and Gomi’s feedback error learning
model, 255-8
modeling adaptation to prism spectacles,
260
multiple paired forward-inverse model, 263-8
state-space models vs., 249-50
adaptive control system
optimal filter and, 247
adaptive controllers, 5, 223
adaptive filters, adaptive signal processors, state
estimators, Kalman filters, Kalman-Bucy
filters, equivalence of, 204
adaptive signal processors, difference between,
204
controller with self-adjusting parameters,
247

finite impulse response vs. infinite impulse
response, 215-6
operation of, 211-5
adaptive gain control, 166
adaptive modeling (system characterization)
forward modeling, 241-2
inverse modeling, 242-5
adaptive signal processing, 223
adaptive signal processors, 223
automatic amplitude matching (scaling),
225
fixed (frozen) coefficients, effect of, 228
integrator zeroing, effect of, 227
parameters of, 225
summary of features of, 245-6
adaptive vs. skill learning, 80-1
adaptive systems, complex, 250
antigravity reflexes, 4
AR (autoregressive) analysis, 206
archicerebellum, see vestibulocerebellum and
flocculonodular lobe
area octavolateralis, 9
ARMA (autoregressive moving average)
analysis, 205-6
artificial neural network models, 203

Braitenberg’s tidal wave hypothesis,
172-3
“bucket brigade”, 293

cerebellar cognitive affective syndrome
(“dysmetria of thought”), 121

cerebellar cortical projections to the cerebral
cortex, 34
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cerebellar and cerebral cortex
complementarity of functions of, 85
differences and similarities, 30—1
cerebellar cortex
climbing fiber input, 15
divergence and convergence in, 28-9
granular layer, 17
molecular layer, 17
mossy fiber input, 15
nuclei and, complementarity of, 83
parallel fibers, 22-3
parasagittal banding and, 60
parasagittal stripes and transverse zones
in, 17
Purkinje cell layer, 17
surface dimensions and uniformity, 17
cerebellar cortex afferent systems
climbing fibers, 26, 27-8
mossy fibers, 26
cerebellar cortex cell types
basket cells, 17-9, 24-5
Golgi cells, 17,23-4
granule cells, 17, 20
Lugaro cells, 18
Purkinje cells, 17, 19
stellate cells, 17, 19, 25
unipolar brush cells, 17, 20-2
cerebellar disease
abnormal control of multi-joint interaction
torques, 140-1
electromyographic findings in, 140
impaired temporo-spatial integration in, 142,
143f
overreaching and tremor in, 140
reaching ataxia in, 141-2
cerebellar imaging data and sensory information
processing, 200—1
cerebellar learning theories (forerunners of
adaptive control theories), 181-95
Albus’ pattern-recognition data-processing
theory, 191-3
Eccles’ instruction-selection theory, 193-4
Gilbert’s distributed memory theory, 194
Grossberg’s parallel climbing fiber correlation
model, 189-90
Marr’s instruction learning theory, 190-1
Seijnowski’s storage of covariance of parallel
and climbing fibers theory, 194-5
cerebellar “modules”, 60
structural/functional, 35
cerebellar modulation of sensory responses, 35
cerebellar nuclear pathways
efferent, 74
cerebellar nuclei
cell types, 69
collaterals of mossy and climbing fibers, 69, 71

connections with inferior olive, 68
organization of, 69
phylogeny of, 13
precursors in fishes and amphibia, 10
precursors of, 13
principal afferent fibers, 68
principal efferent fibers, 68
projections to premotor and prefrontal cortex,
120
cerebellar nucleocortical projections, 75-9
function, 79
nature (excitatory vs. inhibitory), 77-8
species differences, 78-9
cerebellar system, 273
definition of, 5
cerebellar tremor and limb perturbations, 142
cerebellum
ablation of and disturbances of voluntary
movements (Rolando), 3-4
adaptive controller, as, 291-2
brief history, 274
balancing brain (C.J. Herrick), as, 4
comparative anatomy
in amphibia and birds, 10-2
in fish, 8-10
coordinating movements (Flourens), as, 4
general preparatory organ, as, 201-2
head ganglion of the proprioceptive system
(Sherrington), as, 4
history of, 3-4
Kalman-Bucy filter (Paulin), as, 200
linear prediction and, 290
linear predictor or linear combiner, 288-9
major divisions of
cerebrocerebellum, 14, 16
spinocerebellum, 16
vestibulocerebellum, 16
molecular biology of, 35
origin in association with vestibular nerve and
lateral line nerves, 8
origins of, 7
present, at, 4-5
sensory-data processing aid, as, 200
sensory processor, as, 199-200
special techniques for study of, 35
storing movement commands vs. weights, 290-1
3-layer net, as, 279-82
uniformity of structure of, 282
updating of internal models and, 80
vermis, 3
visuomotor transformations and, 121-3
working memory and, 123
cerebellum and cerebellum-like structures
in certain fish, 7
molecular biology of, 161
cerebral hemispheres, 3
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cerebrocerebellum, 14
functions of, 16
projections of, 16
sources of inputs for, 16
cerebrum, 3
classical and instrumental conditioning, 131
climbing fiber-Purkinje cell interactions, 66—7
climbing fiber system and mossy fiber-granule cell
system
relative development in phylogeny, 12
climbing fibers, 18f, 20f
collaterals to cerebellar nuclei, 57-8
cognition
clinical studies of, 120-1
cognition and the cerebellum
history, 119
reservations concerning, 126-7
theories of, 127-8
cognitive processes
imaging studies of, 123-5
cognitive processing
red nucleus and, 120
collaterals of climbing fibers, electro-physiology
of, 58
conditioned eyeblink reflex, 131-6
in humans with cerebellar pathology,
135-6
connectionist models (theories), see neural
network models
corollary discharge, see efference copy
corpus cerebelli, 9
cortex, posterior parietal, 16
cortex, premotor, 16
cristacerebellaris (cerebellar crest)
identity with molecular layer, 10
crista cerebellum, 9

dendritic lamellar bodies
10 gap junctions and, 56
dentate nucleus, 55, 68, 69, 70f, 72, 72f, 73, 74, 75
(see also lateral cerebellar nucleus)
functions of, 73
dorsal cochlea nuclear cartwheel cells and
cerebellar Purkinje cells, similarities and
differences, 160, 161

early adaptive control models
cerebellum as Smith predictor, 198-9
Fujita’s adaptive filter model, 197-8
Ito’s computer/control model, 195-7
efference copy, 39
cerebellum-like structures in fish, in,
165
internal forward model and, 123
electrotonic coupling, 18, 53f, 54, 55, 56
(see also gap junctions)

fastigial (medial) nucleus, 68
control of axial and proximal musculature and,
16
feedback error modeling of temporary
immobilization of cerebellar cortex/nuclei,
259-60
fiber systems, newer techniques for study of,
39-40
finite impulse response, 295
flocculonodular lobe, 46 (see also
vestibulocerebellum)
afferent fibers to, 100
efferent fibers from, 100
regional differences in anatomy, 17
vestibular nuclei and, 100
visual control of eye movements and, 55
folia, cerebellar, 17
forward models, 251-2
fractured somatotopy, 39

gap junctions, 52, 53f, 54, 55, 56 (see also
electrotonic coupling)
genetic defects
alterations of divisions of cerebellum,
146
defective granule cell migration, 144
loss of granule cells, 144
persistence of multiple climbing fiber
innervation of Purkinje cells, 145
glomerulus, 18f
granule cells
change in phylogeny, 10
comparative anatomy of, 8
layering of, 29-30
grasping and reaching
complexities of, 122

“hidden units”, 281-2
human cerebellar disease
principal findings, 137-9
human studies
imaging studies, 83—4
single vs. multijoint movements, 83

impairment of movement of single vs. multiple
joints, 144
inferior olivary cells
gap junctions and, 55-6
inferior olivary complex, see inferior olivary
nucleus
inferior olivary nucleus, 42
cell types, 42-3
cellular locations of terminations, 47-8
organization, 43
origins of afferent fibers to, 42
types of afferent terminations, 43—4
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inferior olive, 16 (see also inferior olivary nucleus)
efferent projections of (climbing fibers), 57-8
hypotheses of functions of, 61-4
modulation of sensory impulses to, 64
organization and function, 2867
similarities between cerebellar nuclei and, 73,
287-8
types of afferent signals to, 49-50
infinite impulse response, 295
inhibitory mechanisms
of Golgi cells vs. basket cells, 25-6
internal models, 250-1
interposed nuclei (nuclei interpositi) (emboliform
and globuse), 55, 68
red nucleus and, 54
inverse models, 252-3

Kalman (Kalman-Bucy) filtering, 206-7
advantages over prediction by Taylor series
expansion, 206
basic principle of adaptive control, as, 206

labyrinths vs. lateral line organs
differences between sensing mechanisms of,
9-10
lampreys, 7, 9, 10
lateral line organs, 7
electric organ and, 148
lateral nucleus, 68, 70f, 71, 72f, 74 (see also dentate
nucleus)
leaves, see folia
linear combiner, 231
linear prediction, 231-41
dependence on number of predictor
coefficients, 238-41
finite impulse response predictors, 231-7
infinite impulse response predictors, 237-8
long-term depression (LTD)
cellular mechanisms of, 94-5
climbing fibers, plasticity and, 110-1
diminished synaptic efficacy, 89
induced by climbing fibers alone, 99
nature, mechanisms, and function, 90-9
potentiation in mormyrid fish and, 96-7
long-term depression and long-term potentiation
temporal aspects and sites of, 97
long-term potentiation, 95
with long-term depression, 95-6
at mossy fiber-granule cell synapses, 99

maintenance of body scheme, 117
mammalian dorsal cochlear nuclear complex,
156-61
analogies with cerebellum, 156, 158f, 161
microcomplexes, 65-6
composition of, 34

microzones, 65-6
composition of, 34
modeling of objects in external world by cerebral
hemispheres, 268-9
mormyrid fish
cerebellar-like structures in, 7, 148-56
mossy fiber afferent system
spinocerebellar pathways, 38
vestibulocerebellar afferents, 37
mossy fiber and climbing fiber systems
counterparts in adaptive controllers, 282
interconnections between, 39
mossy fibers, 18f, 20f
arising from cerebellar nuclei (feedback loop),
29
characteristics of, 37

navigation and maintenance of body scheme,
139-40
neocerebellum (lateral cerebellum, cerebellar
hemispheres)
cognition and, 118
neocortical association areas
projections to pontine nuclei, 119
neodentate (ventral part of dentate nucleus),
119
neural integrators, oculomotor, 109-10
neural network models of cerebellar cortex, 221
neural network models of cerebellum, 216-22
arm movement, for, 219-20
corticocerebellar, 218-9
dorsal spinocerebellar tract, for, 221-2
generation of timed responses, for, 220-1
olivo-cerebellar-nuclear complex, 220
rubrocerebellar, 218-9
vestibulo-oculomotor system, 217-8
neural networks
adaptive controllers vs., 204, 216
adaptive features of, 223
history, 204, 205-6
learning by back-propagation, 207-10
nonadaptive theories and models
Allen and Tsukahara’s cerebral
cortex-cerebellum cooperative hypothesis,
176-8
Bloedel’s dynamic selection hypothesis, 1802
Bloedel’s theory of cerebellum and derivation
of strategies of movement, 182
Boyll’s synergistic parameterization theory,
179-80
Braitenberg’s timing-organ hypothesis, 170-2
Brindley’s concept of cerebellum as site of
learning motor skills, 175
Calvert and Meno’s spatiotemporal filter
model, 178
Eccles’ dynamic loop control hypothesis, 176
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Eccles’ Purkinje-cell readout hypothesis,
175-6
Hassul and Daniel’s lead-lag compensator
model, 178
Houk’s model of adjustable pattern generators
(APGs), 183, 185
Kado’s modification of Eccles’ Purkinje-cell
readout hypothesis, 176
Llinas’ theory of inherent rhythmicity and
electrotonic spread in 10, 188
Mano’s climbing fiber synchronizing pulse
hypothesis, 180
Pellionisz’ tensor theory, 178-9
Silkis’ three-layer olivocerebellar neural
network with modifiable connections,
188-9
Thach’s concept of context linkage, 187-8
Thach’s neural network mechanism for multiple
synergistic muscles and joints, 185-7
nuclei, pontine, 16
nucleus, inferior olivary, 16
nucleus, red, 16
parvocellular part, 16
nucleus, thalamic ventrolateral, 16

ocular following responses (OFR)
ventral paraflocculus and, 116-7
olivary afferents and efferents, 44f, 48-9
newer techniques in tracing, 48
olivary electrotonic coupling, 48
olivary glomeruli, 46, 55
olivary neurons,
afferent terminations on, 43
modulation of effective electrotonic coupling of,
56
types of, 43
olivary nucleus,
regions of, 49
olivary projections
from cerebellar nuclei, 50-1, 54
from red nucleus, 54
from vestibular nuclei, 51-2
olivary spines, 46
olivary synapses, types of, 47-8
olivo-cerebellar, olivo-nuclear, and nucleo-olivary
projections, reciprocity among, 60—1
olivo-cerebellar projections, 54
optokinetic after-nystagmus (OKAN), 111
nucleus of the optic tract and, 111
plasticity of, 111
optokinetic reflex, 49

parallel fiber-Purkinje cell dendritic tree
as site of memory storage, 89

parallel fibers, 22-3
forerunners of, in lampreys, 10

layering of, 29-30
length of, 22-3
vertical segments of granule cell axons, relative
efficacy of, 30
Perceptron, 211, 274
plasticity of climbing fiber synapses, 93—4
precerebellar nuclei, 40-1
prism spectacles
demonstration of plasticity and, 89
problem, well-posed vs. ill-posed, 170
proprioceptive impulses, 7
proprioceptive sense, importance for movement
and posture, 201
Purkinje cells, 16
comparative anatomy of, 8
complex spike, 19, 31, 31f
control of limb movement velocity and, 81
dendrite branching in a single plane, 10
dendrites, bistability in, 33
development in phylogeny, 7
encoding of direction and distance and, 81
forerunners of, in lampreys, 10
hyperspiny transformation, 33
inhibitory olivary feedback and, 73
origin of among granule cells, 8
physiology of, 32-4
precursors of, 10
rebound potentiation of inhibitory synapses on,
98-9
simple spike, 31, 31f
spiny branchlets, 32, 33

reaching and grasping
organization of, 8§2-3
reafferenz, 123
red nucleus
enlargement in phylogeny, 119
magnocellular (large-cell) division, 54
parvocellular (small-cell) division, 54
reductionist approach, potential futility of, 281
retinal slip signal, 274
rosettes (glomeruli) of mossy fibers, 27
rubrospinal tract, 54

saccadic adaptation in humans
site of, 113
saccadic eye movements
cerebellar side loop for, 112-3, 112f
plasticity of, 112-3
saccadic system, models of, 199
scaling mechanism (in vestibulo-ocular reflex), 278
sensory prediction in cerebellum-like structures in
fish, 165
serotonin
cerebellar nuclear cells and, 73
inferior olive and, 57
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smooth (predictive) pursuit of eye movements, evaluation of subtle differences in electric field
113-6 strengths, 154
spinocerebellum, 14, 16 foliation (folding) of, 8
constituent parts of, 16 function of, 152-6
fastigial and interposed nuclei and, 16 idealized tapped delay line, as, 289-90
functions, 16 in mormyrid fish, 148-56
“spiny branchlets” of Purkinje cells, 19 non-bifurcating granule cells in, 149
superior colliculus, 274 precise evaluation of brief time differences and,
as distributed controller of eye movements, 154
274 ridges constituted only of a molecular layer, 149
synaptic plasticity ventrolateral nucleus of thalamus
absence of in non-true cerebellar-like terminology of, 75
structures, 166 vermis, 9, 16
vestibular nuclei, 16
tapped delay line, 293, 294, 295 control of eye movements and, 16
teleosts, 8,9 vestibular organ, 7
theories and models of the cerebellum vestibular system and inertial navigation systems,
nonadaptive, 170-89 8
origins of, 169 vestibulocerebellum (flocculonodular lobe), 12,
reviews and critiques of, 202 14, 16,273
theory vs. model (of the cerebellum), 169 control of eye movements and, 16
three major cerebellar divisions from perspective functions, 16
of adaptive controller, 283-5 vermis, phylogeny of, and, 9
cerebrocerebellum, 285-6 vestibulo-ocular reflex (VOR), 49, 273, 274
spinocerebellum, 284-5 alternatives to the floccular hypothesis, 104-5
vestibulocerebellum, 283-4 effects of cerebellectomy, 102
timing functions, 129-30 flocculus hypothesis (of Ito), 102-3
trajectories of single fibers long-term depression as mechanism for, 103
climbing, 28 mechanisms of, 102
mossy, 28 modeling with an adaptive controller, 274
multiple sites and mechanisms of plasticity for,
unipolar brush cells, 282 105-8
urodeles, 7 plasticity, site(s), and mechanisms, 102
potential model for cerebellar function, as, 101
valvula roles of mossy and climbing fibers in plasticity
adaptive signal processor and, 156 of, 108-9
association with electrosensory system of velocity-storage integrator and, 111
certain fish, 8 vestibulo-ocular system
association with lateral line organs, 8 phylogeny of, 12
body of the cerebellum (corpus cerebelli) vs.,
148 Wiener filtering, 206
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