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CXJRTICAL AND CEREBELLAR CONTROL OF MOTOR FUNCTIONS,

AN OPTIMAL ADAPTIVE LEARNING CONTROL SYSTEM

Thomas S . B r ic k n e r ,  Ph.D .

U n iv e r s i ty  o f  N e b ra sk a , 1971

A d v is e r :  W illia m  L. B rogan

The human o rg a n ism  c o n ta in s  many advanced  c o n t r o l  s y s te m s . The 

au to n o m ic  c o n t r o l  sy s te m  r e g u l a te s  u n c o n sc io u s  body f u n c t io n s  su ch  as 

b r e a t h i n g ,  p u l s e - r a t e  and t e m p e ra tu re .  O th e r  b i o - c o n t r o l  sy s tem s 

r e g u l a t e  c o n s c io u s  f u n c t io n s  su ch  as  th o u g h t and m o tio n . The c o r t i c a l  

and c e r e b e l l a r  c o n t r o l  o f  m o to r f u n c t i o n s , an exam ple o f  th e  l a t t e r  

c a te g o r y ,  i s  d i s c u s s e d  h e r e .

A n a lo g ie s  b e tw e en  m u sc u la r  c o n t r o l  and e r r o r  n u l l i n g  se rv o -m ech an ism s 

h av e  o f t e n  b een  m ade. A b r o a d e r  v iew  i s  p r e s e n te d  h e r e  b e c a u s e  t h r e e  d i s ­

t i n c t  ty p e s  o f  e r r o r  can  b e  c o n c e iv e d . An e r r o r  can e x i s t  i n  th e  know­

le d g e  o f  th e  sy s te m  i n p u t - o u tp u t  d y n am ics . T h is  p r e s e n t s  a  p ro b lem  o f

r e a l  tim e  sy s te m  i d e n t i f i c a t i o n .  A n o th e r e r r o r  can e x i s t  in  th e  in p u t  

u sed  to  r e a l i z e  a  d e s i r e d  se q u e n c e  o f  m o tio n s . T h is  i s  an a lo g o u s  t o  th e  

o p t im a l  r e g u l a t o r  o r  o p t im a l  t r a c k in g  p ro b lem . The f i n a l  e r r o r  can a r i s e  

d u r in g  th e  t r a n s l a t i o n  o f  a  g e n e r a l  a c t  i n to  th e  se q u en c e  o f  m o tio n s  r e ­

q u i r e d  to  p e rfo rm  t h a t  a c t .  The l a t t e r  e r r o r  i s  re d u c e d  by s te p w is e  ad ­

ju s tm e n ts  b e tw een  r e p e a te d  t r i a l s .  The a d ju s tm e n ts  depend upon com p ariso n  

o f  Lhe g o a ls  w i th  th e  p e rfo rm a n c e  as  p e rc e iv e d  v i a  th e  s e n s o ry  sy s te m .

I n t e r a c t i o n s  o f  v a r io u s  a r e a s  o f  th e  b r a i n ,  th e  m usc le  u n i t s ,  n e rv e  

t r a c t s  and p r o p r io c e p to r s  a r e  d i s c u s s e d  in  r e l a t i o n  t o  t h i s  b i o - c o n t r o l  

sy s te m . P h y s io lo g ic a l  o b s e rv a t io n s  a r e  c i t e d  to  j u s t i f y  th e  p ro p o se d  

m o d el. O bvious im p l ic a t i o n s  a l s o  e x i s t  f o r  th e  d e s ig n  o f  h ig h  l e v e l  

e le c t r o m e c h a n ic a l  c o n t r o l  s y s te m s .
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CHAPTER 1

PREVIEW OF THE DISSERTATION

I n v e s t i g a t i o n  o f  b i o l o g i c a l  sy s tem s s t a r t s  by lo o k in g  a t  some fu n c ­

t io n s  o f  i n t e r e s t .  Exam ples o f  t h e s e  f u n c t io n s  c o u ld  b e  t h e  (1 ) re s p o n s e  

o f  th e  E r y th r o p o i e t i c  (b lo o d  p ro d u c t io n )  sy s te m , (2 ) dynam ics o f  th e  

K re k 's  C y c le , (3 ) r e g u l a t i o n  o f  a horm one sy s te m . In  e a ch  exam ple t h e r e  

a r e  f u n c t i o n a l  b lo c k s  t h a t  h ave  b e e n  a n a ly z e d  by e x te n s iv e  e x p e r im e n ta ­

t i o n .  The e x p e r im e n ts  p e rfo rm e d  h a v e  i n d ic a te d  th e  dynam ics o f  th e  fu n c ­

t i o n a l  b lo c k s .  I n  a d d i t i o n  to  th e  f u n c t i o n a l  r e l a t i o n s h i p s  o f  th e  i n ­

d iv id u a l  u n i t s  th e  t o t a l  re s p o n s e  o f  th e  sy s te m  i s  d e te rm in e d  by th e  i n ­

t e r a c t i o n  o f  th e s e  b lo c k s  upon each  o th e r .

I n  t h e  a r e a  o f  l i f e  s c ie n c e  t h e  l a r g e  m a jo r i ty  o f  th e  i n v e s t i g a t i o n s  

c o n s i s t  o f  e l a b o r a t e  e x p e r im e n ts  d e s ig n e d  to  e x p o se  th e  dynam ics o f  th e  

i n d iv i d u a l  b lo c k s .  I n  many c a se s  th e  t o t a l  re s p o n s e  o f  t h e  sy s tem  w i l l  

s t i l l  be  l e f t  u n s p e c i f ie d  s in c e  th e  e x a c t  i n t e r a c t i o n  o f  th e  f u n c t io n a l  

p a r t s  a r e  n o t  s p e c i f i e d .  I n  p h y s io lo g y  and b io c h e m is t ry  s tu d i e s  sy s tem s 

a r e  p r e s e n te d  w ith  v ague  l i n e s  o r  shadow ed a rro w s from  one b lo c k  to  

a n o th e r ,  i n d i c a t i n g  t h a t  th e  s y s te m 's  r e s p o n s e  i s  some co m p o site  i n t e r ­

a c t i o n  o f  a l l  th e  f u n c t i o n a l  g roups a c t i n g  t o g e t h e r .

To more f u l l y  u n d e rs ta n d  b i o l o g i c a l  sy s tem s i t  i s  m an d a to ry  t h a t  

th e  u n i t s  o f  i n t e r e s t  b e  t i e d  t o g e t h e r .  T h is  r e q u i r e s  s p e c i f y in g  o r  

h y p o th e s iz in g  th e  i n t e r a c t i o n  among th e  f u n c t i o n a l  g ro u p s .  The p ro c e s s  

o f  d o in g  t h i s  v e ry  e s s e n t i a l  w ork n e c e s s i t a t e s  th e  u n d e rs ta n d in g  o f  th e  

b i o l o g i c a l  sy s te m  one i s  t r y i n g  to  m odel. A d d i t io n a l l y ,  a  c e r t a i n  

a b i l i t y  i n  t h e  a r e a  o f  sy s tem  th e o ry  i s  b e n e f i c i a l .  T h is  ty p e  o f  w ork 

i s  b e in g  done and a  b e t t e r  u n d e rs ta n d in g  o f  b i o l o g i c a l  sy s te m s  i s
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becom ing  a v a i l a b l e  in  many a r e a s .  The book by G uyton , T ex tbook  o f  M e d ic a l 

P h y s io lo g y , u s e s  many o f  th e  n o t io n s  o f  c o n t r o l  sy s te m  th e o ry  i n  th e  p r e ­

s e n t a t i o n  o f  v a r io u s  b i o l o g i c a l  s y s te m s . A much b e t t e r  u n d e r s ta n d in g  o f  

th e  sy s te m s  i s  a c h ie v e d  u s in g  s y s te m  th e o ry  a s  com pared w i th  th e  ad h o c  

m ethods f o r  s u g g e s t in g  i n t e r a c t i o n s .

I n  t h i s  w ork a  sy s te m  r e p r e s e n t a t i o n  f o r  th e  c o n t r o l  o f  v o lu n ta r y  

m o to r f u n c t io n s  i s  p ro p o se d . The m odel i s  p r e s e n te d  c o n c e p tu a l ly  in  

C h a p te r  2. and  a n a ly z e d  in  th e  f o l lo w in g  c h a p te r s .  The sy s te m  to  be  

a n a ly z e d  i s  a  s p e c i f i c  b i o l o g i c a l  sy s te m  b u t  th e  c o n c e p t o f  r e p r e s e n t in g  

t h e s e  f u n c t io n s  in  a  s y s te m a t ic  m a th e m a tic a l  f a s h io n  can  b e  a p p l i e d  to  

o th e r  b i o l o g i c a l  s y s te m s . A v a l i d  m o d elin g  o f  t h e  b i o l o g i c a l  sy s te m  p r o ­

v id e s  an  im p o r ta n t  m echanism  f o r  o b ta in in g  a  b e t t e r  u n d e r s ta n d in g  o f  th e  

s p e c i f i c  sy s te m  u n d e r  i n v e s t i g a t i o n .  E x p e rim en ts  can  th e n  be  p e rfo rm e d  

on th e  m a th e m a tic a l  m o d el, s a v in g  u n to ld  h o u rs  o f  l a b o r a to r y  e x p e r im e n ta ­

t i o n s .  The m a th e m a tic a l  m odel can  be u se d  a s  a  g u id e  l i n e  t o  s u g g e s t  

e x p e r im e n ts  t h a t  s h o u ld  be  p e rfo rm e d  and c o n t r o l  p o in t s  f o r  a l t e r i n g  th e  

b i o l o g i c a l  r e s p o n s e .

In  t h i s  d i s s e r t a t i o n  th e  sy s te m  f o r  t h e  c o n t r o l  o f  v o lu n ta r y  m o to r 

f u n c t io n s  i s  c o n s id e r e d .  The m odel d e v e lo p e d  f o r  t h i s  sy s te m  c o n ta in s  

t h r e e  f u n c t i o n a l  lo o p s .  The f i r s t  o f  th e s e  lo o p s  i s  a sy s te m  i d e n t i f i ­

c a t i o n  lo o p . The p r e s e n t a t i o n  o f  t h i s  m a t e r i a l  w i l l  be c o v e re d  in  

C h a p te r  3 . The i d e n t i f i c a t i o n  lo o p  a d ju s t s  th e  p a ra m e te rs  o f  a  m odel 

s y s te m  to  th e  v a lu e s  o f  th e  p h y s ic a l  sy s te m  t h a t  i s  to  be i d e n t i f i e d .

The p ro c e d u re  u se d  i s  M a rg o lis  S e n s i t i v i t y  A pproach w h ich  i s  a  g r a d i e n t  

a d ju s tm e n t  schem e.

The second loop is an optimal tracking loop. The analysis of this
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lo o p  i s  p r e s e n t e d  i n  C h a p te r  4 .  The u se  o f Dynamic Program m ing i s  u t i l i z e d  

t o  o b t a in  t h e  o p t im a l  t r a c k in g  o f  a  commanded o r  d e s i r e d  seq u en ce  o f  mus­

c u l a r  m ovem ents. The r e v e r s e  i n t e g r a t i o n  r e q u i r e d  to  c a l c u l a t e  th e  co n ­

t r o l  law  i s  v e ry  a p p r o p r i a t e  i n  r e p r e s e n t in g  th e  f u n c t io n  o f th e  c o n t r o l  

p r o c e d u re  a s  s u g g e s te d  by p h y s i o l o g i s t s .

The t h i r d  lo o p  o f  th e  m odel p r o v id e s  a m echanism  f o r  e x p la in in g  th e  

t r i a l  and e r r o r  p ro c e s s  o f  s t r i v i n g  to  o b ta in  maximum s a t i s f a c t i o n  o f  an 

o v e r a l l  sy s te m  g o a l .  T h is  g o a l  s a t i s f a c t i o n  lo o p  i s  d e v e lo p e d  and d i s ­

c u s s e d  i n  C h a p te r  5 . The s a t i s f a c t i o n  o f  m ost g o a ls  p ro b a b ly  r e q u i r e s  

f in d i n g  th e  p r o p e r  t r a d e - o f f  b e tw e en  c o n f l i c t i n g  r e q u i r e m e n ts .  C o n s t r a in t s  

e x i s t  w h ich  l i m i t  p e rfo rm a n c e  t o  some f e a s i b l e  s e t  o f  o u tp u ts .  The t h i r d  

lo o p  r e p r e s e n t s  one p o s s ib l e  way o f  s y s t e m a t i c a l l y  s t r i v i n g  to  m axim ize a 

g o a l  s a t i s f a c t i o n  c r i t e r i o n  w h i le  s a t i s f y i n g  a l l  c o n s t r a i n t  e q u a t io n s .

S in c e  t h e r e  i s  no known a n a l y t i c a l  r e l a t i o n s h i p  b e tw een  sy s te m  o u tp u ts  

and g o a l  s a t i s f a c t i o n ,  su ch  a  r e l a t i o n s h i p  i s  h y p o th e s iz e d .  The p r e c i s e  

d e te r m in a t io n  o f  t h i s  r e l a t i o n s h i p  i n  th e  human c o n t r o l  sy s te m  i s  l e f t  

f o r  f u tu r e  i n v e s t i g a t i o n  by p s y c h o lo g i s t s .

The p u rp o se s  o f  t h i s  d i s s e r t a t i o n  a r e  (1) to  d e v e lo p  a  p ro p o se d  

m odel w h ich  i s  c o n s i s t e n t  w i th  p r e v io u s  p h y s io l o g i c a l  e x p e rim e n ts  and 

c u r r e n t l y  a c c e p te d  c o n c e p ts  r e g a r d in g  i n t e r a c t i o n s  o f  th e  b a s ic  u n i t s ,

(2 )  to  a n a ly z e  and  p e rfo rm  s im u la t io n  s tu d i e s  u s in g  t h i s  m odel, (3 ) to  

p r o v id e  a  m ore q u a n t i t a t i v e  means o f  e x p la in in g  some a s p e c t s  o f  sy s te m  

o p e r a t io n  i n  te rm s o f  th e  s im u la t io n  r e s u l t s ,  (4 ) to  d e m o n s tra te  t h a t  

o p t im a l  c o n t r o l  te c h n iq u e s  can  p r o v id e  a  p l a u s i b l e  e x p la n a t io n  o f  th e  

b i o l o g i c a l  s y s te m  and a  u s e f u l  a p p ro a c h  to  th e  d e s ig n  o f  man-made 

a d a p t iv e  l e a r n in g  c o n t r o l  s y s te m s .

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.

 
 
 
 

 
 
 

PREVIE
W



4

The c o n t r o l  m odel i s  n o t  n e c e s s a r i l y  in te n d e d  to  s u g g e s t  a d d i ­

t i o n a l  u n d e r s ta n d in g  o f  th e  p h y s io l o g i c a l  c o n t r o l  sy s te m  b u t  i s  in te n d e d  

to  m odel as c lo s e ly  as  p o s s ib l e  th e  a c tu a l  c o n t r o l .  The c o n t r o l  m odel 

does c o n ta in  p a ra m e te rs  t h a t  can  be a d ju s te d  to  make th e  l e a r n in g  m odel 

( lo o p  I )  l e a r n  f a s t e r  o r  s lo w e r .  The o p tim a l t r a c k in g  lo o p , w hich  a l s o  

im p ro v es w i th  r e p e a te d  l e a r n in g  t r i a l s ,  c o n ta in s  p a ra m e te rs  t h a t  can  be 

a d ju s t e d  to  make th e  sy s te m  t r a c k  m ore o r  l e s s  p r e c i s e l y  and o b ta in  a 

c e r t a i n  l e v e l  o f  a c c u ra c y  i n  a  v a r i a b l e  le n g th  o f t im e . I n  th e  o u t e r ­

m ost lo o p  th e  c o n s t r a i n t s  a p p l i e d  to  th e  s t a t e  v a r i a b l e s  can  be a d ju s te d  

f o r  d i f f e r e n t  maximum o b ta in a b le  g o a ls .

I n  a l l  t h r e e  lo o p s  th e  d i f f e r e n t  c o m b in a tio n s  o f  p a ra m e te rs  can  r e ­

p r e s e n t  i n d iv i d u a l  d i f f e r e n c e s  i n  th e  f u n c t io n in g  o f th e  c o n t r o l  sy s te m . 

Even th o u g h  th e  i n d iv i d u a l s  h a v e  d i f f e r e n t  l e v e l s  o f  p e rfo rm a n c e , by 

v i r t u e  o f  p a ra m e te r  d i f f e r e n c e s  i n  t h e i r  m o d e ls , th e  same p ro c e d u re s  o f 

m a th e m a tic a l  te c h n iq u e s  s t i l l  a p p ly .

The l a s t  r e a s o n  f o r  p u r s u in g  t h i s  s tu d y  i s  t h a t  th e  know ledge g a in ed  

can  v e ry  l i k e l y  b e  a p p l i e d  t o  th e  d e s ig n  o f  o th e r  man-made s y s te m s . The 

b i o l o g i c a l  c o n t r o l  sy s te m  c o u ld  b e  u se d  as a  g u id e  l i n e  f o r  o th e r  e l e c t r o ­

m e c h a n ic a l  sy s te m s  t h a t  c o u ld  b e  c o n t r o l l e d  by th e  same ty p e  o f  m ethods.

I n  many c a s e s  th e  c o n t r o l  p r o c e s s e s  t h a t  r e g u l a t e  th e  b i o l o g i c a l  sy s tem  

c o n s t i t u t e  an o p tim a l  d e s ig n . The c o n t r o l  o f  th e s e  sy s te m s  h ave  been  

c o n t i n u a l l y  u p d a te d  and im proved  s in c e  th e  b e g in n in g  o f  l i f e .  The b e t t e r  

c o n t r o l  gave more a d v a n ta g e  t o  th e  im proved  s y s te m , and t h a t  a l t e r a t i o n  

h a s  b e e n  m a in ta in e d  by e v o lu t io n .

B i o l o g ic a l  sy s te m s  a re  e x tre m e ly  c o m p lic a te d  and s y n e r g i s t i c .  A 

b e t t e r  u n d e r s ta n d in g  o f  th e s e  sy s te m s  w i l l  n o t  o n ly  e l u c i d a t e  th e
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p a r t i c u l a r  sy s te m  b e in g  m odeled b u t  w i l l  i n d i c a t e  p r o c e d u re s  t h a t  can  

b e  a p p l i e d  to  o t h e r  p ro b le m s .
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CHAPTER 2

PRESENTATION OF THE MODEL

INTRODUCTION

The c o r r e c t  e x e c u t io n  o f  a  c o m p lic a te d  m u sc u la r  a c t i v i t y  demands 

much th o u g h t and p r a c t i c e .  P la y in g  a  d i f f i c u l t  p a s sa g e  on th e  p ia n o  o r  

m a s te r in g  th e  game o f  g o l f  a r e  two ex am p les . In  th e  b e g in n in g , c a r e f u l  

th o u g h t m ust b e  g iv e n  to  e v e ry  d e t a i l  o f  th e  a c t i o n .  A lo n g  p e r io d  o f 

l e a r n in g ,  o f  d e v e lo p in g  h a b i t  and fo rm , i s  r e q u i r e d  b e f o r e  p r o f i c i e n c y  

and d e x t e r i t y  a r e  a t t a i n e d .  A f te r  a  p e r io d  o f r e p e t i t i o u s  p r a c t i c e ,  th e  

d e t a i l e d  movements t h a t  once w ere  c o n s c io u s  a c t io n s  can b e  e x e c u te d  a l ­

m ost u n c o n s c io u s ly .  The s im p le s t  e x p la n a t io n  o f  t h i s  i s  t h a t  th e  c e r e ­

b r a l  c o r te x  l e a r n s  how to  c o r r e l a t e  a l l  th e  r e q u i r e d  m u sc u la r  movements

. .  „ , .  ( 1 ,  p 1 6 9 1 ) (2 , pp 860-861)i n to  a  c o o rd in a te d  fo rm .

These c o o rd in a te d  a c t io n s  can be  e x e c u te d  a lm o s t a u to m a t i c a l ly ,  on

demand, and as  su ch  become a lm o s t a s  e a sy  to  p e rfo rm  as  c o n d i t io n e d  r e ­

f l e x e s .  The d e g re e  o f  p r o f i  

P  1504, 1 5 0 8 -1 5 0 9 )(3 , p 380)

f l e x e s .  The d e g re e  o f  p r o f i c i e n c y  v a r i e s  among d i f f e r e n t  i n d iv i d u a l s

Even f o r  a  g iv en  i n d i v i d u a l ,  p e rfo rm a n c e  i s  

a f f e c te d  by  p s y c h o lo g ic a l  f a c t o r s  su c h  as  d e s i r e ,  s e l f  im posed  l i m i t s  on 

a c c e p ta b le  p e rfo rm a n c e , and a  g e n e r a l  s t a t e  o f  m ind o f t e n  d e s c r ib e d  as 

b e in g  "u p "  f o r  a  g iv e n  p e r f o r m a n c e . ^

The p u rp o se  o f  t h i s  c h a p te r  i s  to  d is c u s s  p h y s io l o g i c a l  e le m e n ts  o f  

th e  m u sc u la r  c o n t r o l  sy s te m  i n  th e  lan g u a g e  o f  th e  a u to m a tic  c o n t r o l  

t h e o r i s t .  In  p a r t i c u l a r ,  i t  i s  p ro p o se d  t h a t  th e  m u sc u la r  c o n t r o l  sy stem  

i s  an o p tim a l  a d a p t iv e  l e a r n in g  c o n t r o l  sy s te m . I n  t h i s  fram ew ork , th e
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te rm s su ch  as  d e s i r e ,  and b e in g  "up" f o r  a  p e rfo rm a n c e  c an  b e  i n t e r p r e t e d  

as  w e ig h tin g  f a c t o r s  i n  th e  v a r io u s  p e rfo rm a n c e  c r i t e r i a  to  be  d i s c u s s e d .

PHYSIOLOGICAL COMPONENTS IN THE MUSCULAR CONTROL SYSTEM

The m a jo r  com ponents o f  th e  m u sc u la r  c o n t r o l  sy s te m  a r e  th e  b r a i n ,  

th e  n e rv e  t r a c t s ,  th e  m u sc le  u n i t s ,  and th e  v a r io u s  p r o p r i o c e p t o r s . In  

s im p le  te rm s , th e  b r a i n  can  b e  c o n s id e re d  as  th e  c o n t r o l l e r ,  th e  m usc le  

u n i t s  a s  th e  o b j e c t s  to  be  c o n t r o l l e d ,  th e  p r o p r io c e p to r s  a s  th e  s e n s o r s  

o r  m easu rem en t u n i t s ,  and th e  n e rv e s  as th e  w i r in g  h a rn e s s  w h ich  c o n n e c ts  

th e s e  f u n c t i o n a l  u n i t s .

THE BRAIN

In  o r d e r  t o  p r e s e n t  a  d e t a i l e d  th e o r y  o f  o p e r a t io n  f o r  th e  v o lu n ta r y  

c o n t r o l  o f  m u sc u la r  a c t i v i t y  i t  i s  n e c e s s a ry  to  d iv id e  th e  b r a i n  i n to  

s e v e r a l  d i s t i n c t  f u n c t i o n a l  p a r t s .

Cerebrum

The ce reb ru m  i s  t h e  p a r t  o f  th e  b r a i n  w h ich  a c c o m p lis h e s  c o n s c io u s

. . . .  • • ( 2 ,  p 6 5 2 ) (1 ,  p 1692) ,th o u g h ts  and i n i t i a t e s  c o n sc io u s  a c t i o n s .  I t  i s

b e l i e v e d  t h a t  th e  i n t e n t i o n  to  c a r r y  o u t a  g iv e n  a c t  a r i s e s  i n  th e

g n o s t i c ^ ’ ^ ( c o n s c io u s )  a r e a  o f  th e  ce re b ru m . T h is  " i n t e n t i o n "

i s  th e  b a s i c  in p u t  t o  th e  sy s te m  u n d e r  c o n s id e r a t i o n .

S o m atic  S e n so ry

The s o m a tic  s e n s o ry  c o r te x  i s  th e  se co n d  m a jo r  p o r t i o n  o f  th e  c e r e ­

brum o f  i n t e r e s t  h e r e .  The s e n s o ry  c o r t e x  r e c e iv e s  in f o r m a t io n  from  

v a r io u s  s e n s in g  e le m e n ts ,  s e rv e s  as a  memory s to r a g e  d e v ic e  and a l s o  

a c tu a te s  a  t h i r d  a r e a  o f  th e  ce reb ru m .
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