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Abstract

The M a r r and Albus t h e o r i e s o f t h e
cerebel lum are compared and contrasted.
They are shown t o be s i m i l a r i n t h e i r
ana l ys i s of t h e function o f t h e mossy
f ibers , granule c e l l s , Golg i c e l l s , and
Purkinje c e l l s . They both pred ic t motor
learning i n the p a r a l l e l f i b e r synapses on
the Purkinje dendrites mediated by
concurrent climbing f i b e r input. T h l s
p red i c t i on has been confirmed by
exper imenta l evidence. I n contrast, M a r r
p red ic ts these synapses would be
f a c i l i t a t e d by learning, w h i l e Albus
p r e d i c t s they would be weakened.
Exper imenta l evidence conf i rms synapt ic
weakening.

Introduct ion

Two papers published i n 1969 and 1971 by
David Marr and James Albus form the bas is
fo r what has become known as t h e M a r r -
Albus theory o f t he cerebel lum.
Both o f these papers were inspired by, and
draw most o f their d a t a from, a book by
Eccles, I t o , and Szentagothai e n t i t l e d The
Cerebe l lum as a Neuronal Machine.[Eccles67]

"A diagram o f the genera l c e r e b e l l a r
c o r t i c a l s t ruc ture appears i n F ig . 1. The
co r t ex has two types o f a f f e r e n t f i b e r ,
t h e climbing f i b e r s ( C l ) and t h e mossy
f i b e r s (Mo) . Each climbing f i b e r makes
extens ive synaptic con tac t wi th t h e
dendr i t ic t r e e o f a single Purk in je c e l l
(p), and i t s e f f e c t t he re i s power fu l l y
exc i ta to ry . The axons o f t h e Purkinje
c e l l s leave t h e cortex (they form t h e only
c o r t i c a l output) and synapse wi th c e l l s o f
t h e c e r e b e l l a r nuclei.11

"The second input, the mossy f i b e r s ,
synapse i n the ce rebe l l a r g lomerul i ( g l )
w i t h t h e granule c e l l s . Each glomerulus
contains one mossy f i b e r t e r m i n a l ( c a l l e d
a r o s e t t e ) , and dendrites (ca l l ed claws)
f r o m many granule ce l ls . The glomerulus
thus achieves a considerable divergence,
and each mossy f i b e r has many rosettes. "

"The axons o f t h e granule c e l l s r i s e !g)
and become t h e p a r a l l e l f ibers , whlch
synapse i n p a r t i c u l a r w i t h the Purk in je
c e l l s whose dendr i t ic t r e e s they cross.
Where the granule c e l l axons ( i . e .
p a r a l l e l f i be rs ) make synapses, they
e x c i t a t o r y .

t he
a r e

"Fig. 1. Diagram o f c e r e b e l l a r c o r t e x
( f r o m Eccles e t a l . 1967, Fig. 1). The
a f f e r e n t s a r e the cl imbing f lbe rs ( C l ) and
t h e mossy f i b e r s (Mo). Each cl imbing
f i b e r synapses with one P u r k i n j e c e l l ( p ) ,
and sends weak c o l l a t e r a l s t o o ther c e l l s
o f t he cor tex. The mossy f i b e r s synapse
i n the ce rebe l l a r g lomerul i ( g l ) with t h e
granule c e l l s whose axons (9) fo rm t h e
p a r a l l e l f i be rs . The p a r a l l e l f i b e r s a r e
e x c i t a t o r y and run longitudinally down the
fol ium: they synapse with the Purkinje
c e l l s and with the various inhibi tory
interneurones, s t e l l a t e ( S t ) , basket (Ba)
and Golgi c e l l s ( G o ) . The s t e l l a t e and
basket c e l l axons synapse w i t h t h e
Purkinje c e l l s , and t h e Go lg i c e l l axons
synapse i n the glomerul i with the granule
c e l l s . As w e l l as their ascending
dendri tes, t h e Golg i c e l l s possess a
system o f descending dendri tes, wi th which
t h e mossy f ibers synapse i n the glomeruli.
The Purkinje c e l l axons form t h e only
output from t h e cortex, and give o f f many
f i n e c o l l a t e r a l s t o the various inhibi tory
interneurones. "



"The remaining c e l l s o f the cor tex are
inh ib i to ry interneurones. The Golgi c e l l s
(Go) a re large, and have t w o dendr i t i c
trees. The upper t r e e extends through t h e
mo lecu la r layer , and i s driven by t h e
p a r a l l e l f i b e r s . The lower dend r i t es
terminate i n the g lomeru l i , and so are
driven by the mossy f i b e r s . The Go lg i
axon descends and r a m i f i e s pro fuse ly : it
terminates i n the glomerul i , thereby
inhib i t ing the granule c e l l s . Every
glomerulus receives a Golgi axon, almost
always f rom jus t one Go lg i c e l l : and each
Golg i c e l l sends an axon t o a l l t h e
glomerul i i n i t s reg ion o f the cor tex.

l tTheother inh ib i tory neurones are s t e l l a t e
ce l l s , t he basket (Ba) and outer s t e l l a t e
( S t ) c e l l s . These have dendrites i n the
molecular l aye r , and are driven by t h e
p a r a l l e l f ibers . Both types o f c e l l
synapse exc lus ive ly with Purkin je c e l l s ,
and a r e power fu l l y inhibi tory.

l lF inal lY r t h e cortex contains var ious axon
c o l l a t e r a l s . The climbing f i b e r s g ive o f f
weak e x c i t a t o r y c o l l a t e r a l s which make
synapses w i t h t he inhibi tory interneurones
s i tua ted near the p a r e n t climbing f i b e r .
The Purkinje c e l l axons give o f f
c o l l a t e r a l s which make weak inhibitory
synapses with the c o r t i c a l inh ib i tory
interneurones, and perhaps a lso very weak
inh ib i to ry synapses with o the r Purk in je
c e l l s . These c o l l a t e r a l s have a r a t h e r
widespread ram i f i ca t i on .

"Behind t h i s general s t ruc ture l i e some
r e l a t l v e l y f i x e d numer ica l r e l a t i o n s .
These a l l appear i n Eccles e t a l . ( 1 9 6 7 ) ,
but a r e dispersed there in . It i s
t h e r e f o r e convenient t o se t them down
here.

"Each P u r k i n j e c e l l has about 200,000
(spine) synapses with the p a r a l l e l f i be rs
crosslng i t s dendr i t ic t r e e , and almost
every such p a r a l l e l f i b e r makes a synaptic
contact. The length o f each p a r a l l e l
f i b e r i s 2- 3 mm (1 1/2 mm each way), and
i n 1 mm down a folium, a p a r a l l e l f i b e r
passes about 150 Purkinje ce l l s . Eccles
e t a l . (1967) a re ce r ta in each f i b e r makes
a t l e a s t 300 (o f t he possible 450)
synaptic contacts with Purkinje c e l l s , and
think the t r u e number i s nearer 450.
There i s one Golg i c e l l per 9 o r 10
Purkinje ce l ls , and i t s axon synapses ( i n
g lomeru l i ) with a l l t h e granule c e l l s i n
t h a t region, i .e. around 4500. There are
many granule c e l l s (2 .4 x 106 per mm o f
granule c e l l l a y e r ) , each with (usually)
3-5 dendrites ( c a l l e d claws): the average
i s 4.5 and the range 1-7. Each dendr i te
goes t o one and only one glomerulus, where
it meets one mossy f i b e r rose t te . It i s ,

however, n o t alone: each glomerulus sees
t h e termina t ion o f about 2 0 granule c e l l
dendrites, possib ly a Go lg i c e l l
descending dendrite, and c e r t a i n l y some
Go lg i axon te rmina ls , a l l f r om the same
Go lg i c e l l . Within each fol ium, each
mossy f i b e r forms 20-30 rose t t es , giving a
divergence o f 1 mossy f i b e r t o 400 - 600
granu le c e l l s within a fol ium. The mossy
f i b e r o f t en has branches running t o o t h e r
f o l i a .

"Just below t h e Purk in je c e l l s a r e t h e
Go lg i c e l l bodies, and j u s t above them are
the basket c e l l bodies. There a r e 10- 12%
more basket c e l l s than Purk i n j e c e l l s , and
about t h e same number of outer s t e l l a t e
c e l l s . Each basket c e l l axon runs f o r
about 1 mm transversely, which i s about
t h e distance o f 10 Purkinje c e l l s . The
basket axon i s l i a b l e t o form baskets
round c e l l s up t o th ree away from i t s
pr inc ipa l axis, so i t s in f luence i s
confined t o a s o r t of box o f Purkinje
c e l l s about 10 long and 7 across. The
dis t r ibut ion o f t h e ou te r s t e l l a t e axons
i s s i m i l a r except t h a t it has a box about
9 X 7, since i t s axon only t r a v e l s about
0.9 mm t r a n s f o l i a l l y . The outer s t e l l a t e s
inhab i t the ou te r h a l f o f the molecu lar
l aye r , and the basket c e l l s t h e inner
third. There are intermediate forms In
the miss ing s ix th . None o f these c e l l s
has a dendr i t ic t r e e as magni f icent as
t h a t o f t h e Purk in je c e l l , and Eccles e t
a l . (1967) do not venture any comparative
f i gu res . Some oute r s t e l l a t e s a r e smal l ,
with a l o c a l axonal distr ibut ion. A l o t
o f t h e synapses o f p a r a l l e l f i b e r s with
t h i s l a s t group o f c e l l s a r e d i r e c t l y axo-
dendr i te , but a l l other p a r a l l e l f i b e r
synapses are v i a spines, though these a r e
o f d i f f e r e n t shapes on the d i f f e r e n t s o r t s
Of c e l l . Calculat ions based on s l i gh t l y
tenuous assumptions suggest t h a t each
P u r k i n j e c e l l r ece i ves connections f r o m
about 7000 mossy f ibres. " [From M a r r 19691

Both M a r r and Albus agree on the n a t u r e
and function o f t h e mossy f i be rs , granule
c e l l s , and Golg i ce l l s , i .e . t h a t they
recode input pat terns o f mossy f i b e r
f i r i ng r a t e s i n t o pa t t e rns o f p a r a l l e l
f i be r a c t i v i t y .

H a r r expresses t h e recoding i n terms of
codons.

"The synaptic arrangement o f t h e mossy
f i b e r s and the granule c e l l s may be
regarded as a dev ice . to represent a c t i v i t y
i n a c o l l e c t i o n o f mossy f i b e r s by
elements each o f which corresponds t o a
smal l subset o f ac t i ve mossy f i b e r s . It
i s convenient t o introduce the fol lowing
tenns : a codon i s a subset of a
c o l l e c t i o n o f a c t i v e mossy f i b e r s . The



representat lon o f a mossy f i b e r input by a
sample o f such subsets i s c a l l e d the codon
representat ion n o f t h a t input: and a
codon c e l l i s a c e l l which i s f i r e d by a
codon. The granule c e l l s will be
i d e n t i f i e d as codon c e l l s , so these two
terms will t o some ex ten t be
interchangeable. The s i z e o f codon t h a t
can f i r e a given granule c e l l depends upon
t h e threshold o f t h a t c e l l , and may vary:
and t h e mossy f i b e r s which synapse w i t h
t he granule c e l l determine t h e codons
which may f i r e t h a t c e l l .

L '
"There are exact ly (3 * E < L m

codons of s i z e R associated with a
c o l l e c t i o n o f L a c t i v e mossy f i b e r s . I f
two mossy f iber inputs each invo lve
a c t i v i t y i n L f i b e r s o f which W were
common t o the two, t h e t w o inputs a r e s a i d
t o over lap by W elements: and they may be
expected t o have some codons i n common.
I n f a c t t h e

number they share i s prec ise ly (:).
The r a t i o X o f t he number o f shared codons
t o t h e number o f codons each possesses i s

R
which tends t o ( W / L ) as W increases.
The l imi t ing values o f X f o r r e l evan t
values of R appear i n Table 1. It will be
observed t h a t t h e e f f e c t o f t he subset
coding i s t o separate patterns, because
s i m i l a r inputs have markedly l e s s s i m i l a r
codons.

TABLE I Overlap Tahlc. I Q. v d u e of ( IY/L)'

(Il'iL) R = 2 3 4 6

I1 5 0 sn
0!; 0nR 0 03

11 6 0 36 (I - _ (I13 0 (IR
I 1 7 (I40 n tr II24 0 li
I 1 N (IP,4 11 51 (r 41 0 30
0!I 0 81 0 i 3 0 56 0 5!3

"The mossy f i b e r granule c e l l r e l a y
e f f e c t i v e l y takes a sample o f t h e codon
d is t r ibu t ion o f an input: the sample i s
small enough t o be manageable, but la rge
enough f o r the input event t o be
recoverable f r o m it with high probability!'
[From M a r r 19691

M a r r ' s concept o f codons der ives f rom
Brindley [ B r i 6 9 ] , and i s elaborated in
l a t e r papers by Marr. From analysis o f
codon theory, M a r r pred ic ts t h a t the
number o f responses t h a t can be stored by
each Purkinje c e l l i s l ess than 500, and
probably around 200.

Albus expresses t h e recoding i n te rns o f
Perceptron theory [RosBl].

"Assume a decoder, o r ra ther a recoder,
t h a t codes N input f i b e r s (mossy f i b e r s )
onto lOON assoc ia t ion c e l l s (granule

c e l l s ) . Such a recoding scheme provides
such redundancy t h a t severe r e s t r i c t i o n s
can be applied t o t h e lOON associat ion
c e l l s w i t h o u t l o s s o f i n fo rmat ion
capacity. For example, it i s possible t o
r e q u i r e t h a t o f t h e lOON a s s o c i a t i o n
c e l l s , o n l y 1% ( o r l e s s ) o f t h e m a r e
a l l o w e d t o b e a c t i v e f o r any input
p a t t e r n . That such a recoding i s poss ib le
without loss o f in f rmation capacity i s

100 thmgs taken N a t a t ime.
eashly proven, f o r 2 t?i s much smaller t h a n

"That such a recoding increases t h e
pat te rn - recogn i t ion capab i l i t i es o f a
Perceptron i s cer ta in , since t h e
dimensions o f t h e decis ion hyperspace have
been expanded 100 t imes. The amount o f
t h i s inc rease under condit ions l i k e l y t o
e x i s t i n the nervous system i s no t easy t o
determine, but it may be enormous. It can
be shown t h a t lOON thinqs taken N a t a
t i m e i s greater than l o o N . Thus 2N
poss ib le input pa t t e rns can be mapped very
sparsely onto l o o N possible assoc ia t ion
c e l l pat terns. If t h i s i s done randomly,
t h e assoc ia t ion c e l l pa t t e rns are l i k e l y
t o be highly d i ss im i l a r and thus e a s i l y
recognizable. The r a t i o looN/zN = 50N
rap id l y increases as N becomes la rge .

"The r e s t r i c t i o n t h a t only 1% o f t h e
associat ion c e l l s are al lowed t o be a c t i v e
f o r any input pat tern means t h a t any
assoc ia t ion c e l l p a r t i c i p a t e s i n only 1%
o f a l l c l ass i f i ca t i ons . Thus i t s w e i g h t
needs adjust ing very seldom and t h e r e i s a
f a i r l y good probab i l i t y t h a t i t s f i r s t
adjustment i s a t l e a s t i n t h e proper
direct ion. This leads t o rap id learning.#!
[From Albus 19711

From analys is o f Perceptron theory, Albus
pred ic ts t h a t the number o f pa t te rns t h a t
can be recognized by each Purkinje c e l l i s
on the order o f 200,000.

The large d i f f e rence between M a r r and
Albus i n pred ic t ing Furkin je
discr iminat ion capacity i s due t o
differences i n the hypothesized mechanism
o f learning. Marr suggests t h a t learn ing
takes p lace only by f a c i l i t a t i o n o f
pos i t i ve synaptic weights between p a r a l l e l
f i be rs and Purkinje dendrites. Albus
suggests a mechanism by which synaptic
inf luence can e f f e c t i v e l y be adjusted i n
both pos i t i ve and negative d i r ec t i ons .
This i s accomplished through modi f i ca t ion
o f p a r a l l e l f i b e r synapses not only on
Purkinje dendrites, but on Basket and
S t e l l a t e b c e l l s as we l l .

M a r r and Albus agree i n suggesting t h a t
climbing f i b e r s control c e r e b e l l a r
learning by modif icat ion o f synaptic
weights between p a r a l l e l f i b e r s and
Purkinje dendrites. There i s , however, a



s ign i f icant d i f fe rence between Albus and
Marr regarding the character o f t h e
climbing f i b e r inf luence. Marr uses only
data f rom Eccles e t a1 indicat ing t h a t
climbing f i b e r s a r e powerful ly exc i ta tory .
O n t h i s basis, Marr pos tu la tes t h a t
climbing f ibers a f f e c t learning through
strengthening o f p a r a l l e l f i b e r synapses
on Purk in je dendr i tes.

I n contrast , Albus includes add i t i ona l
data from o t h e r sources ind icat ing t h a t
climbing f i b e r e f f e c t s are much more
complex.

"Each Purkinje c e l l i s contacted by a
single climbing f i b e r . I n a conscious
animal t he climbing f ibe rs f i r e i n shor t
bursts o f one o r more spikes a t a r a t e of
about 2 bursts/sec [5 , 181. Each climbing
f i b e r burst causes a slngle spike on t h e
Purkin je axon fol lowed by a complex burst
o f sp ike - l i ke a c t i v i t y i n the Purkinje
dendr i t ic t r e e and intense depo la r i za t i on
o f t he Purkinje c e l l . The s ing le axon
spike i s fo l lowed by a pause i n the
spontaneous Purkinje axon spike a c t i v i t y
f o r 15- 30 msec. This pause, accompanied
by intense depolarization, was f i r s t
observed by Grani t and Ph i l l i p s [ 8 ] and
was termed the inact ivat ion response t o
distinguish it from a normal pause i n
a c t i v i t y result ing from hyperpo la r i za t ion .
A f t e r t h e 15 t o 30 msec i n a c t i v a t i o n
response, t h e c e l l gradually recovers i t s
spontaneous f i r ing r a t e over a per iod o f
100-300 msec [ 3 ] . A s it approaches
normal, t h e c e l l becomes once again
responsive t o p a r a l l e l f i b e r input
a c t i v i t y . " [From Albus 19711

O n the basis o f th is data, Albus suggests
t h a t t h e pr imary e f f e c t o f climbing f i b e r
input i s t o cause the Purkinje t o pause,
i .e. the n e t resu l ts i s inhibi tory,
despi te the i n i t i a l exc i t a to ry spike. He
further hypothesizes that climbing f ibers
e f f e c t l ea rn ing through weakening p a r a l l e l
f i b e r synapses, not only on Furkinje
dendrites, but on nearby Basket and
S t e l l a t e c e l l s as w e l l .

Th is i s a counterintuitive idea which not
only disagrees with Mar r 'b theory o f
synaptic f ac i l i t a t i on , but with v i r t ua l l y
t h e e n t i r e t r ad i t i on o f neurophysiological
and psychological learning theory. Almost
without exception, previous theor ies had
been influenced by the Pavlov, Hebb,
Skinner presumption t h a t learning occurs
by f a c i l i t a t i o n o f synapses due t o t h e i r
association with behavior leading t o
successful resu l ts ; not by synapses being
weakened by contributing t o unsuccessful
behavioral resul ts. I n fac t , the e n t i r e
branch o f psychology founded by Skinner
has general ized th i s notion t o the po in t
o f opposing the principle o f teaching by
punishins incor rec t behavior.

The no t i on of learn ing f rom e r r o r
co r rec t i on ( i . e . weakening synaptic
weights t h a t contribute t o undesirable
resu l t s ) comes from engineering. It i s
t h e fundamental pr inciple o f
servomechanisms ( i . e . negative feedback o f
an e r r o r s igna l ) . It was put i n t o a
neurological context by the Perceptron and
i t s der ivat ives such as the
Adel ine [Wid85] , the Cerebel lar Model
A r t i c u l a t i o n Con t ro l l e r (CMAC)[Alb75] , and
neural nets. " [HOp82, Gro751.

Albus suggests as a possible mechanism f o r
synap t i c weakening t h a t the re e x i s t s a
c r i t i c a l i n t e r v a l near t h e end o f t h e
inact ivat ion response a f t e r the e f f e c t o f
t h e cl imbing f i b e r burst has worn o f f
s u f f i c i e n t l y so t h a t t he c e l l can be f i r e d
by p a r a l l e l f i b e r input but b e f o r e t h e
dendr i t ic membrane has returned completely
t o normal. If t h e Purkinje c e l l f i r e s i n
th i s i n t e r v a l , th is f i r ing i s an e r r o r
s ignal t h a t signals every a c t i v e p a r a l l e l
f i be r synapse t o be weakened.

The amount o f weakening o f each synapse i s
propor t iona l t o how st rong ly t h a t synapse
i s e x c i t i n g the Purkinje c e l l a t the t i m e
o f e r r o r signal. The e f f e c t o f t h i s
mechanism would be t o t r a i n the Purkinje
c e l l t o pause a t the proper times, t h a t
i s , a t climbing f i b e r burst times. A f t e r
learn ing i s complete, t he Purkinje knows
when t o pause because it recognizes the
mossy -parallel f i b e r p a t t e r n t h a t occurred
previously a t t h e same t i m e as t h e
climbing f i b e r burst. La te r , since each
p a r a l l e l f i b e r ac t i ve synapse was weakened
by t h e e r r o r s ignal , if the same mossy-
p a r a l l e l f i b e r p a t t e r n occurs again, t h e
Purk in je will pause even wi thout t h e
climbing f i b e r burst. Thus, the Purkinje
i s forced t o perform i n a c e r t a i n way by
t h e climbing f i b e r teacher. A f t e r
learn ing i s complete, it behaves i n t h a t
same way, under the same mossy f i b e r
conditions, even i n t h e teacher's absence.
[A l b 7 1 3

Albus goes on t o hypothesize tha t synaptic
weakening also occurs a t the p a r a l l e l
f i b e r synapses on Basket and s t e l l a t e b
dendrites. This e f f e c t i v e l y provides both
p o s i t i v e and negative t ra in ing
adjustments. Pos i t ive adjustments occur
by weakening exc i ta to ry synapses on
inhib i tory interneurons, and negative
adjustment8 by weakening exc i t a to r y
synapses on t h e Purkinje output ce l l s .

Albus argues t h a t synaptic weakening i s
necessary as a learning mechanism f o r
precise motor learning, because otherwise
synapses quickly become saturated.



If a synaptic weight i s increased each
t ime it cor rec t l y f i r e s , repeated lea rn i ng
will eventual ly cause it t o sa tu ra te .
This means tha t continued t ra in ing i n
motor s k i l l s will produce degraded
performance.

"Yet, it i s an obvious f a c t t h a t continued
t ra in ing i n motor s k i l l s improves
performance. Extended prac t i ce improves
d e x t e r i t y and the a b i l i t y t o make f i n e
discr iminat ions and subtle movements.
This f a c t strongly ind ica tes t h a t learn ing
has no appreciable tendency t o sa tu ra te
with overlearning. Ra the r , learn ing
appears t o asymptot ica l ly approach some
i d e a l value. This asymptotic proper ty o f
learning imp l ies t h a t the amount o f change
t h a t takes place i n t h e nervous system i s
propor t iona l t o the d i f fe rence between
a c t u a l performance and des i red
performance. A d i f fe rence function i n
turn implies e r r o r correct ion, which
requires a decrease i n e x c i t a t i o n upon
condit ions o f incor rec t f i r ings . 8f[A lb71]

Conclusions

Recent experimental da ta confirms the
bas ic Marr -Albus hypothesis i n three
impor tan t respects:

1) motor learning does indeed occur
i n the cerebellum,

2 ) p a r a l l e l f i be r synapses on the
Purkinje dendrites are modified, and

3 ) the modi f icat ion i s produced by
concurrent a c t i v i t y o f climbing f ibers .
[ I t o841 .

It has a lso been shown experimental ly
t h a t ce rebe l l a r learn ing i s accomplished
through weakening o f va r i ab le synapses, as
predicted by Albus alone [ I t o 8 4 ] .
Observations o f negative as w e l l as
p o s i t i v e changes i n synaptic strength have
a lso been observed i n the v isual cortex
[Rui69,Ros72]

Thus, the M a r r and Albus theor ies have
become two o f the best working hypotheses
currently ava i l ab le t o cerebe l la r
researchers.

Both the Har r and Albus theor ies make a
number o f addi t ional predict ions about
neuronal function in .the cerebellum, as
we l l as the relat ionship between the
cerebellum and other centers o f motor
control . These have no t ye t been e i the r
confirmed or disproven by experimental
evidence. For example, t he re i s as y e t no
evidence tha t the responsiveness o f a
basket c e l l t o mossy f i b e r inputs i s
modif ied fol lowing conjunctive ac t i va t i on
o f the mossy f i b e r s with climbing f ibers.
[ I t 0 8 2 ]

I n o ther areas, t h e CMAC model based on
t h e Albus ce rebe l l a r theory i s now being
used t o p e r f o m dynamic computations f o r
f i n e motor control o f robot arms [ A l b 7 5 ,
M i1871 . A cont ro l system a r c h i t e c t u r e
based on CMAC pr inc ipa ls has been used f o r
the c o n t r o l o f automated manufacturing
f a c i l i t i e s [ A I b 8 l ] , f o r control l ing
Mu l t i p le Autonomous Undersea Veh ic les
[ A l b 8 8 ] , and will be implemented on t h e
Fl ight Te le robo t i c Serv icer [ A l b a 7 1 being
bui l t f o r t he NASA Space Sta t ion .
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