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FART I 

LEARNING AND ADAPTIVE CONTROL SYSTEMS 



ABSTRACT 

Resu l t s  o f  t h e o r e t i c a l  s t u d i e s  o f  l e a r n i n g  c o n t r o l  systems a r e  

presen ted .  The need f o r  d e f i n i t i o n s  i s  d i scus sed  and d e f i n i t i o n s  of  

s u c c e s s f u l ,  adapt ive ,  and l e a r n i n g  c o n t r o l  systems a r e  presen ted .  The 

. . .  
b a s i c  s t r u c t u r a l  e lements  o f  l e a r n i n g  c o n t r o l  systems a r e  d i s cus sed .  

. .  . 
The environmental  c h a r a c t e r i s t i c s  of  c o n t r o l  s i t u a t i o n s  i n  which l ea rn ing  

may be a p p l i c a b l e  a r e  d i s cus sed .  Learning c o n t r o l  systems a r e  c l a s s i f i e d  

i n  accordance w i t h  t h e  environmental  s i t u a t i o n  i n  which they might o p e r a t e .  

The s t r b c t u r e  and components s u i t a b l e  t o  v a r i o u s  environmental  s i t u a t i o n s  

a r e  d i s cus sed .  



SECTION 1.1 IN'ERODUCTION 

I n  prev ious  r e p o r t s  we have d i s cus sed  a t  some l eng th  t h e  impor- 
, , 

tance of producing a coherent  eng inee r ing  d e s c r i p t i o n  o f  t h e  processes  

loose ly  grouped under t h e  g e n e r i c  term "machine learn ing" .  I n  t h e  fol low- 

i n g  s e c t i o n s  we s h a l l  d i s c u s s  some of  t h e  a s p e c t s  of  t h i s  problem of pro- 

duc ing  a n  eng inee r ing  d e s c r i p t i o n .  F i r s t ,  we w i l l  d i s c u s s  t h e  problem of  

d e f i n i t i o n s  of t h e  terms involved.  Second, w e  w i l l  d i s c u s s  t h e  s t r u c t u r a l  

e lements  of machines and dev ices  which have t h e  c h a r a c t e r i s t i c s  of a d a p t a t i o n  

and l ea rn ing .  Third,  w e  s h a l l  cons ide r  t h e  c h a r a c t e r i s t i c s  of  environmental  
5 

s i t u a t i o n s  which might i n d i c a t e  t h e  need f o r  systems having  such c a p a b i l i t i e s .  
? . , 

, Fourth,  w e  s h a l l  cons ider  t h e  r e l a t i o n s h i p s  between t h e  problem o f  machine 
1 

l e a r n i n g  and t h e  problem of s e l f - r e p a i r i n g  systems.  F i f t h ,  we s h a l l  d i s c u s s  

t h e  problems which remain t o  be so lved  and t h e  d i r e c t i o n  which we  b e l i e v e  

f u t u r e  r e sea rch  should take .  
,.. . 



SECTION 1.2 DEFINITIONS 

I n  a t tempt ing  t o  s tudy the  c h a r a c t e r i s t i c s  of l e a r n i n g  systems 

i t  has been inc reas ing ly  obvious t h a t  some d e f i n i t i o n s  a r e  needed. It 

should be noted t h a t  t h e  d e s i r e  f o r  a  d e f i n i t i o n  i s  not motivated by the  

d e s i r e  t o  d e f i n e  p e r  s e ,  bu t  r a t h e r  by a  need t o  put  d i s c u s s i o n  on some 

f i r m  b a s i s .  For example, cons ider  t he  ques t ion  a s  t o  whether a  l ea rn ing  

system can be open loop. One method of showing t h a t  a  l ea rn ing  system 

. . 
can  be open loop i s  t o  c r e a t e  an  example, but  anybody e l s e  can  immediately 

5 

dismiss  t h e  gxample by s t a t i n g  t h a t  i t  i s  not l ea rn ing .  I f  w e  can e s t a b -  
-. . - - - -- - .- - - . 

' r 
l i s h  some s o r t  b f  f i r m  d e f i n i t i o n s ,  i t h e n  a t  l e a s t  we have a  chance of 

I._ . . .- :- 

removing such s u b j e c t i v e  f a c t o r s  from d i scuss ions .  

A s  d i scussed  i n  e a r l i e r  r e p o r t s  t h e r e  a r e  two types of d e f i n i t i o n s  

1 . . .  t h a t  we can.make, the  f u n c t i o n a l  d e f i n i t i o n  and t h e  e lementa l  d e f i n i t i o n .  

The f u n c t i o n a l  d e f i n i t i o n  is  the '  d e f i n i t i o n  i n  terms of what t he  system . . '. . ' 

does, o f  i t s  e x t e r n a l  o r  "black box" c h a r a c t e r i s t i c s .  The e l e e n t a l  d e f i n i -  

t ioq ,  on the  o t h e r  hand, i s  the  d e f i n i t i o n  i n  t e r m  o f , w h a t  t h e  system F a ,  

b u i l t  ou t  o f ,  of how t h e  b u i l d i n g  blocks a r e  t i e d  toge the r  and what is  i n  . 8 -  

t he  bu i ld ing  b locks .  The f u n c t i o n a l  d e f i n i t i o n  is, i n  genera l ,  t o  be pre-  
:w.: 

. . 
f e r r e d  where i t  i s  p o s s i b l e  t o  f i n d ;  ,one, s i n c e  t h i s  i s  t h e  type  of  d e f i n i t i o n  

which can be most e a s i l y  couched i n  mathematical terms and can t h e r e f o r e  be 

considered t o  be most p r e c i s e .  The e l emen ta l  d e f i n i t i o n  i n v a r i a b l y  involves  

a  s u b j e c t i v e  choice a s  t o  t h e  model of t h e  system which w e  wish t o  use.  

Therefore,  i f  t h e  d e f i n i t i o n s  a r e  completely elemental ,  then  the  c l a s s i f i c a t i o n  



of  a- system w i l l  va ry  depending upon t h e  model chosen. On t h e  o t h e r  

hand the  f u n c t i o n a l  behavior  i s  f i xed ,  independent of  t h e  model, s o  t h a t  

a  f u n c t i o n a l  d e f i n i t i o n  w i l l  e l i m i n a t e  some ambiguity of  c l a s s i f i c a t i o n .  

The re fo re , . ou r  a t tempt  i n  t h i s  s tudy  has  b e e n ' t o  r each  d e f i n i t i o n s  a s  

nea r ly  f u n c t i o n a l  a s  p o s s i b l e .  We have not  found i t  p o s s i b l e  t o  produce 

completely f u n c t i o n a l  "black box" d e f i n i t i o n s  o r  d e s c r i p t i o n s  of e i t h e r  

. adap t ive  o r  l e a r n i n g  processes .  I n  t h e  f i r s t  annual  r e p o r t  a n  example 

' . was given t o  show why no f u n c t i o n a l  d e f i n i r i o n  o f  a d a p t i v i t y  could.  eve r  

be completely ' s u f f i c i e n t  . 
Although ou r  primary concern has  been w i t h  l e a r n i n g  systems we 

have found i t  necessary  t o  s tudy q u i t e  c a r e f u l l y  t h e  concept o f  a d a p t i v i t y .  

.. . . 
Thi s  i s  because of  t h e  f a c t  t h a t  a d a p t i v i t y  is of  n e c e s s i t y  one o f  t he  

\ 

c h a r a c t e r i s t i c s ' o f  l e s r n i n g  systems,  So, u n t i l  w e  know what a d a p t i v i t y  is, 

we cannot have any very  c l e a r  unders tanding  of  what l e a r n i n g  is. There has  

c e r t a i n l y  been a g r e e t  d e a l  more a c t i v i t y  and e f f o r t  devoted t o  adap t ive  

systems than  t o  l e a r n i n g  systems, w i t h  t h e  r e s u l t  t h a t  a  g r e a t  d e a l  more 

has  been w r i t t e n ,  and some a t t empt s  have been made a t  d e f i n i t i o n s .  However, 

none of  them seem t o  r e a l l y  f i l l  t h e  needs of  our  s tudy .  The d e f i n i t i o n s  

so f a r  formulated by workers i n  t h e  f i e l d  have e i t h e r  been s o  g e n e r a l  a s  

t o  convey no u s e f u l  information,  o r  have been s o  t i e d  down t o  a n  a r b i t r a r y  

model a s  . to  make .it q u i t e  impossible  f o r  any two people  t o  reach  any agree-  

ment a s  t o  what i s  be ing  t a l k e d  about .  A s  a n  example of  the ' ' tbo ;  g e n e r a l  
, -* . :e I 

d e f i n i t i o n s ,  we have t h e  def  i n i t i o n - o f f e r e d  by h u x d i '  i n  "hieh. he, shiQ, 

"An adap t ive  system i s  any system designed w i t h  an  adap t ive  p o i n t  of. kiew.", 
f 

One can scarcely. argue  w i t h  t h a t  d e f i n i t i o n ,  b u t  i t  is  completely c i r c u l a r ,  
. . 

and t h e r e f o r e  d o e s n e t  r e a l l y  say ve ry  much o f  i n t e r e s t .  



4 

I n  t h e  same .category of a  t o o  genera 1 adef i n i t i o n  i s  one r e c e n t l y  

o f f e r e d  by 2adeh2. I n  t h i s  d e f i n i t i o n  Zadeh draws on t h e  b i o l o g i c a l  con- 

cep t  of a n  adap t ive  system a s  one which responds i n  a  s a t i s f a c t o r y  f a s h i o n  

t o  i t s  environment.  He simply s a y s  t h a t  we w i l l  c o n s i d e r a a ' a d a p t i v e  -*.. . 

any sys t emwhich  performs s a t i s f a c t o r i l y  w i t h  r e s p e c t  t o  some s p e c i f i c  s e t  

of  i n p u t s . a n d  some s p e c i f i c  set of  requi rements .  This r e a l l y  comes down 

t o  s ay ing  t h a t  adap t ive  i s  synonymous w i t h  s u c c e s s f u l .  Again, t h i s  does 

no t  seem t o  be a  p a r t i c u l a r l y  u s e f u l  po in t  o f  view a l though you can ' t  argue 

3 t h a t  i t  doesn ' t  make some sense .  A s  Donalson h a s  po in ted  ou t ,  i f  we accept  

t h i s  p o i n t  of view, then every c o n t r o l  system is  adap t ive ,  and t h e  word i s  

redundant when used t o  d e s c r i b e  c o n t r o l  systems. 

On t h e  o t h e r  extreme o f  t he  d e f i n i t i o n  which is perhaps t oo  s p e c i f i c  

- .ii \ 

is  t h a t  offered by ' ~ i b s o n  4 who says  t h a t  an  adap t ive  system i s  a system which 

e x h i b i t s  t h e  func t ions  of  modi f ica t ion ,  i d e n t i f i c a t i o n ,  and d e c i s i o n .  It i s  

p e r f e c t l y  t r u e  t h a t  most of t h e  systems t h a t  have been s o  f a r  cons t ruc t ed  

and which people  have labe led  adap t ive  have had t h e s e  i deas  involved i n  them. 

However, t h e s e  i d e a s  themselves a r e  s o  complex t h a t  i t  i s  d i f f i c u l t  t o  f i n d  

two eng inee r s  t h a t  w i l l  agree  on what i s  meant by i d e n t i f i c a t i o n ,  dec i s ion ,  

o r  modi f ica t ion ,  and thus  t h e  purpose o f  a  d e f i n i t i o n  i n  t r y i n g  to' provide 

a  grounds f o r  common d i s c u s s i o n  i s  d e f e a t e d .  

Thus, i t  appears  t o  us t h a t  none of t h e s e  d e f i n i t i o n s  seem t o  

accomplish any u s e f u l  purpose. We f e e l  t h a t  what is  needed i s  a  d e f i n i t i o n  

which f a l l s  somewhere i n  between, one which i s  a s  f u n c t i o n a l  a s  pos s ib l e ,  '"" 

and y e t  not  so  g e n e r a l  a s  t o  provide no u s e f u l  information,  a s  is  the  case  

of  ZadehQs completely f u n c t i o n a l  d e f i n i t i o n .  The key t o  our  p o i n t  of view 

i s  found f i r s t  of a l l  i n  T ruxa l ' s  d e f i n i t i o n ,  i n  which we f i n d  t h e  observa-  

t i o n  t h a t  t h e r e  i s  a  p o i n t  of  view involved i n  , an  adap t ive  system. I n  



5 

o t h e r  words, t he  i n t e n t  of  t h e  des igne r  i n  c r e a t i n g  t h e  system i s  somehow 

involved he re  and i t  does no t  seem p o s s i b l e  t o  s e p a r a t e  t h i s  idea  o u t  

completely.  Also, it has  been noted t h a t  a l l  systems t h a t  have adap t ive  

c h a r a c t e r i s t i c s  d i s p l a y  n o n l i n e a r i t y  i n  some manner. I n  fac . t ,  y e t  another  

d e f i n i t i o n  t h a t  has  been o f f e r e d  i s  t h a t  a n  adap t ive  system i s  a  non l inea r  

system w i t h  a  purpose. With t h i s  idea  i n  mind w e  o f f e r  t h e  fo l l owing  

def  i n i t i o n .  

F i r s t  of  a l l ,  w e  must s p e c i f y  what w e  mean by success4u1 perform- 

ance o f  a  cont ro l -gys tem.  We assume w e  a r e  concerned w i t h  a gene ra l  system 

S, which w e  assume has  a  purpose o r  goal ,  i .e., t h e r e  i s  something w e  want 

t h i s  system t o  do, and i t  is  p o s s i b l e  t o  measure t h e  degree t o  which our  

purpose is being accomplished. There is, o f  course,  always a  sub jec t ive ,  ' .  

d e c i s i o n  a s  t o  what should be considered a  p a r t  of t h e  system and what 

should be considered t h e  "rest of t h e  world". However we s h a l l  assume t h a t  

t h i s  d e c i s i o n  has  been made. Th i s  system, when sub jec t ed  t o  a n  i npu t  f l  
- - 

responds i n  a  manner which i s  ind i ca t ed  by an  ou tput  z2 (Pig.  11). zl is  i n  
I .  

- , >  . ,  - - 
!gene ra l  a  vector-valued time func t ion .  
1. ,.-23 

- 
X 1  i nc ludes  no t  on ly  i n p u t s  i n  t h e  u s u a l  sense  o f  informatdon o r  energy 

d e l i b e r a t e l y  app l i ed  w i t h  t h e  purpose of s t i m u l a t i n g  t h e  d e s i r e d  response, 

bu t  a l s o  i nc ludes  a l l ' e n v i r o n m e n t a l  i n f luences  which t o  our  knowledge have 



6 

any influence on the  success of the  system i n  achieving i ts  goals  and can 

be measured. The output  z2 is  a l s o  a vector-valued time funct ion  i n  the 

genera 1 case.  

By the  output  w e  do not necessar i ly  mean output i n  the  usual  sense o f ,  e.g., 

a  s h a f t  pos i t ion  o r  a  c e r t a i n  amount of cement per hour. Rather, z2 i s  

taken t o  be the  s e t  of t h a t  information and only t h a t  information about 

the  s t a t e  and response of the4 system which is ,per t inent  t d  t h e  problem of 

measuring the  of the system r e l a t i v e  t o  i t s  goals .  A s  w i l l  be 

discussed l a t e r ,  some i n i t i a l  condit ions of the  system may be involved i n  

the  g o a l - s t r u c t u r e .  I f  t h i s  is the  case, these  i n i t i a l  condi t ions  w i l l  be 

considered a p a r t  of $. 

It i s  important t o  no t i ce  t h a t  the re  i s  a d i f f e rence  i n  our degree 

of knowledge about t h e  inputs  and outputs .  I n  the  case of the  inpu t s  we 

can never, except f o r  t r i v i a l  cases,  be su re  t h a t  we have' considered a l l  

.' . 
of those and only those f a c t o r s  which influence the  response of t h e  system. 

: . . . .., 
On the  o the r  hand, successful  opera t ion  i s  a matter  of d e f i n i t i o n  and we,. 

can speci fy  the f a c t o r s  which a r e  t o  be cons,idered 'in.--our goal.  Further ,  
, . . . - . . . -- -' - 

we should speci fy  ; our goel  only i n  terms. o f .  those fac to r s '  which w e  can 
' '  . , . 

.measure. I n  o the r  words, we a r e  not here  concerned wi th  s i t u a t i o n s  where 

a goal  e i t h e r  cannot be defined,or  cannot be measured, o r  both. 



FIG. I BASIC MODEL OF CONTROL SYSTEM 
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Accordingly then, t h e  performance i s  measured by a performance 

f u n c t i o n . ,  
,' 

- 
a vec tor -va lued  func t ion  of X2 and t, w i t h  r e a l  components ;. . .Then we d e f i n e  . . 

- - G.Bl(t), f2(0)] a s  t h e  set of  a l l  v a l u e s  o f  P(X2;(t),t) f o r  which t h e  per -  

formance of  S is a 'cceptable .  Note t h a t  ; may be a f u n c t i o n  o f  F l ( t )  and 
- \ 

X2(0), i.e ., what i s  accep tab l e  may depend on t h e  i npu t  and t h e  i n i t i a l  

cond i t i ons  'of S . The i n c l u s i o n  of  i n i t i a l  c o n d t t i o n s  and t h e  i n c l u s i o n  
., . . . . 

of a s  an e x p l i c i t  v a r i a b l e  i n  a r e  i u i t e  important .  ','; 
? .  . . . .  

The concept of adapt iv ' l ty  imp l i e s  a change i n  t h e  system a f t e r  
, . . . .- - 

a change i n  t h e  i n p u t s  and i n  a ! c o n t r o l  system t h e r e  w i l l  always be a . .. , . . .  

_. , .  r e q u i r e q n t  f o r  some l e v e l  o f  response t o  be achieved w i t h i n  some length  
. . 

. .  . 
. . . , 

of  time. .', To p u t  i t  ano the r  way, i n  co ,n t ro l~ , sys t ems  we are. always concerned . ;  .. . 
. .  . 

. . ., . , .  , 

. , .  .._ . .. . . . . , . . . ; , .  . 
.: ',,j , !. .. . .. . . 

. : . :  . . 
, ,  . . . . .  w i t h  a c0's.t. f'ti'nctiori, -and t h e  cost. fun'cti&i'always i nvo lves  t ime. . 

' . ' A .  . : .' , . . .  
... 

. . 1 .  .. . . 
. 2 . . . .  

Thus our  m a s u r e  o f  performsnce inc ludes  no t  on ly  a measure of what 

t h e  system does, but  a l s o  o f  how long i t  t akes  t o  do i t ,  measured from s p e c i f i e d  

s t a r t i n g  t ime.  And, what l e v e l  o f  performance we cons ide r  accep tab l e  may depend 

on where we s t a r t .  It might appear  t h a t  t should be a v a r i a b l e  i n  W s i n c e  what 

is  accep tab l e  depends on when i t  happens. Th i s  f a c t o r  can be taken  i n t o  account  

by we igh t ing  t i n  t h e  e x p r e s s i o n  f o r  S i n  t h e  proper  manner, and t h e n  choosing 

acco rd ing ly .  It might be convenient  t o  cons ide r  a f u n c t i o n  of  t , 



but  w e  f e e l  t h a t  i t  i s  important  t o  emphasize t h e  f a c t o r s  involved i n  the  

measure of performance, and t h e  c r i t e r i a  o f  accep tab l e  performance. The 

l e v e l  of performance must be measured i n  terms of what t h e  system is  doing 

a t  any time, bu t  what i s  accep tab l e  is determined i n  advance, pos s ib ly  i n  

r e l a t i o n  t o  what t h e  i npu t  i o  and whcrc t h c  oyetem s t a r t e d .  

To i l l u s t r a t e  t h i s  concept o f ,  t h e  s e p a r a t i o n  of  measure of perform- 

ance and c r i t e r i o n  of  a c c e p t a b i l i t y ,  cons ide r  t h e  example o f . a n  angu la r  

p o s i t i o n  c o n t r o l  system. Assume t h a t  t h e  s t eady  s t a t e  (t > 10) e r r o r  must 

be less than  0 .01  r ad i an ,  and a l s o  assume t h e  r equ i r ed  speed of response  

a f t e r  any change of  i npu t  is s p e c i f i e d  by t h e  fo l l owing  s e t  o f  va lues :  

a t  t = l s e c  I e 1 5 0 . 0 2  rad  

a t  t = .5 s e c  I e  ( 5 0.05 r ad  

a t  e - . 2  sec I e (  < 0 . z 5  - rad .". 

Thie can be shown g r a p h i c a l l y  a s  i n  Fig. 2a, where t h e  shaded a r e a  under 

t h e  curve r e p r e s e n t s  s a t i s f a c t o r y  performance. 

I n  o rde r  t o  implement t h i s  performance , c r i t e r i o n ,  w e  s h a l l  t r y  -I 

Fig .  2b i i ' a  p l o t  of I * /  vs time f o r  PP= 0.01. Pt w i l l  be s een  t h a t  t h i s  

i s  nea r ly  i d e n t i c a l  t o  2a. However t h i e  form of  P i nc ludes  t h e  i npu t  s i n c e  

So w e  w i l l  r e d e f i n e  P as  fo l lows  
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b and d e f i n e  W a s  t h e  set of  a l l  va lues  of  P such t h a t  

Thus we have the  measure of performance dependent only on t h e  

i -..-- - .  .- 
t ime behavior  of  t h e  ou tpu t s ,  w i t h  t h e  [ c r i t e r i o n  of accep tab l e  performance 

, . . .  

dependent only on t h e  i npu t s .  We b e l i e v e  t h a t  i t  should be p o s s i b l e  t o  

' . make t h i s  s e p a r a t i o n .  A s  i n  t h i s  case ,  i t  may 'not always be convenient  

from a  computat ional  p o i n t  of view, but  we s h a l l  always i n d i c a t e  t h i s  separa-  

t i o n  i n  our  g e n e r a l  formula t ion  of  t h e  problem i n  o r d e r  t o  emphasize the  

concepts  involved.  

F i n a l l y ,  we w i l l  d e f i n e  j ~ ; > a s  some s p e c i f i e d  set of p o s s i b l e  
? 2 

v a l u e s  of , g e n e r a l l y  those  va lues  f o r  which t h e  system i s  des igned .  
1 

With a l l  t h e s e  obse rva t ions  i n  mind, w e  make the  fo l lowing  d e f i n i t i o n  of  

s u c c e s s f u l  performance. 

D e f i n i t i o n :  A system S i a  s u c c e s s f u l  on Zl w i t h  r e s p e c t  t o  i f f  

Next w e  come t o  t h e  problem of what is meant by adap t ive .  It 

appears ,  a s  d i s cus sed  above, t h a t  t h i s  cannot be done on an e n t i r e l y  func-  

t i o n a l  b a s i s . -  It is  necessary t o  make some assumption about  t h e  s t r u c t u r e .  

Therefore ,  we s h a l l  use t h e  fo l lowing  model. Let  any c o n t r o l  system be broken 

i n t o  two p a r t s ,  t h e  f i x e d  p l a n t  and t h e  c o n t r o l l e d  p l a n t  C. (F ig .  3) By 

t h e  f i xed  p l a n t  we mean t h a t  p a r t  of t h e  system which, f o r  t e c h n i c a l  o r  

economic reasons ,  i s  not  s u b j e c t  t o  s t r u c t u r a l  a l t e r a t i o n  by t h e  des igne r .  
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The contro l led  p lant  is ,  of  course, the  remainder of the  system, t h a t  p a r t  

.of the  p lant  which the  designer can organize t o  s u i t  h i s  purposes. This 

decis ion  i s  a r b i t r a r y  and i n  some cases  t h e  loca t ion  of the  i n t e r f a c e  be- 

tween f ixed and con t ro l l ed  p lan t  may be hazy, but i n  genera l  i t  should not 

be too d i f f i c u l t  t o  draw the  l i n e .  
. . 

Let the  inputs  t o  the  f ixed p lan t  be defined by the  vec to r  funct ion  
- - 

X j .  Without loss  of genera l i ty  z3 may be assumed t o  be the  output  of the  ' 

. ... c c n t r o l l e d  p lan t  s ince  i f  any component of z3 i s  a l s o  a  component of El , 
then t h a t  component w i l l  be passed through the con t ro l l ed  p lan t  wi th  unity 

gain.  The inputs  t o  the  cont ro l led  p lan t  a r e  the  components of El and 

information about the  s t a t e  and behavior of the  f ixed p lan t .  This informa- 
- 

. t i o n  c o n s i s t s  of  two pa r t s ,  the  components of X2, t h a t  inforaiation which i s  

a  f a c t o r  i n  the  computation of the  performance measure, and any o the r  i n f o r m -  

t i o n  about the  f ixed p lan t  which m y  be of use t o  the con t ro l l ed  p lan t .  This 

. . .  l a t t e r  p a r t  we s h a l l  c a l l  k+ . Again without loss  of  genera l i ty  we m y  asaume 

t h a t  a l l  components of z2 go t o  C . In  the  case of the  oeen loop system the  
- 

t r a n s f e r  funct ion  between z2 and X3 w i l l  be zero. Then w e  propose t h a t  a  

system s h a l l  be considered adaptive wi th  r espect  t o  a spec i f i ed  input  set { xl,) 
:"; 

i f  and only i f  the  r e l a t i o n s h i p s  between the inputs  and the  outputs  of the  

c o n t r o l l e r  C cannot be spec i f i ed  by a l i n e a r  i n t e g r o - d i f f e r e n t i a l  equation 

aver a l l  values of the  inputs  associa ted  wi th  the s e t  (itl) . ~ o r m a l l y ,  t h i s  

may be s t a t e d  a s  follows: 

Def in i t ion:  A system S is  success fu l ly  adapt ive  on El wi th  r e spec t  t o  
- 
W i f f  



FIG. 3 BASIC MODEL OF ADAPTIVE CONTRa SYSTEM 
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: and the  r e l a t i o n s h i p  between ' t he  i npu t  and output  of t h e  c o n t r o l l e d  p l a n t  
. , - . I  

. . . . . C cannot be descr ibed  by a n  equa t  ion  of t h e  form 
. , : ,.:, .: .: :, I . . .. .. 

< .  . . 
, . + ~ ~ ~ ~ ( t ) 1  f ( t )  f o r  a l l  jil(t)~{ii1) ' ' :, 

. . , . . .,. 

. . - Now it  will c e r t a i n l y  appear  a t  f i r s t  t h a t  a l l  we have done he re  
. . . . 

. . .  

1 i s ' . t o  . s t a t e  t h a t  any system which is non l inea r  i s  adap t ive .  However, t h e r e  ' ' 
I . . 

. . 
" is  more t o  i t  than t h i s .  It w i l l  be noted t h a t  w e  have placed no r e s t r i c t i o n '  
. . . . 

i whatsoever on t h e  form of  t h e  f i xed  p l a n t  z. We f e e l  t h a t  t h i s  d e f i n i t i o n  

: t akes  i n t o  account t h e  concept' tha't a d a p t i v i t y  g e n e r a l l y  implies.  n o n l i n e a r i t y  
' ; 

d e l i b e r a t e l y  in t roduced  i n t o  t h e  system by t h e  d e s i g n e r .  The c o n t r o l l e d  p l a n t  
! 

has been def ined  a s  t h a t  p a r t  of  t h e  system which is  under t h e  c o n t r o l  of  t h e  

,. des igne r .  We assume t h a t  a des igne r  w i l l  no t  d e l i b e r a t e l y  i n t roduce  non- 

l i n e a r i t y  i n t o  h i s  system u n l e s s  i t  is t h e  only way he can accomplish h i s  

purpose. Usual ly  l i n e a r  systems a r e  e a s i e r  t o  analyze,  to syn thes i ze ,  and 

t o  f a b r i c a t e ,  and n o n l i n e a r i t i e s  should be d e l i b e r a t e l y  r e s o r t e d  t o  on ly  i n  
I 

I 
t h e  case  where t h e  d e s i r e d  r e s u l t s  cannot  be ob ta ined  through t h e  use of  

I l i n e a r  systems. What we a r e  t r y i n k  t o  i nc lude  i s  a c o n s i d e r a t i o n  of t h e  

I; 
i dea  t h a t  t h e  i n t e n t  o f  t h e  des igne r  is important  i n  cons ide r ing  whether o r  

no t  a  system should be c a l l e d  adap t lve .  

A s  an  example, suppose t h a t  w e  a r e  des ign ing  a  system which w i l l  

be r equ i r ed  t o  handle  i n p u t s  w i t h  a n  extremely wide range of magnitude, a  

range of  magnitude beyond t h a t  of  any l i n e a r  a m p l i f i e r  t h a t  could be 

designed.  One way t o e h a n d l e  hhie  would be t o  pu t  a tieperate se rvo  loop on 
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t h e  i npu t  which $ill measure t h e  i npu t  a n 4  when t h e  i npu t  goes beyond a  

c e r t a i n  magnitude, au toma t i ca l l y  t u r n  down t h e  g a i n  o f  t he  a m p l i f i e r .  

Such a  system would f i t  i n  w i t h  t h e  no t ion  o f ,  parameter  adjustment  a s  

measure of  adap t ive  behavior .  However, i n  t h i s  s imple case  a t  l e a s t ,  i t  

i s  obvious t h a t  t h e  same p r e c i s e  r c s u l t  can be accomplished simply by 

> ,. . 
. p u t t i n g  i n  a  nonl inear  s t a g e  which w i l l  s a t u r a t e  when sub jec t ed  t o  i n p u t s  

beyond a  c e r t a i n  magnitude. Thus, t h e  des igne r  can o b t a i n  t h e  same r e s u l t  

by t he  d e l i b e r a t e  i n t r o d u c t i o n  of  a  nonlinear it^, r a t h e r  than  by p u t t i n g  

i n  a  device  which i n  a  more convent iona l  sense  " a d j u s t s  parameters" of  

t h e  system. 
. -  . 

I n  P ig .  4  we have t h r e e  somewhat more e l a b o r a t e  systems which w i l l  

i l l u s t r a t e  t h e  same idea .  The system o f  Fig. 4a  could be cons idered  a  .sys-: 
5 

tern where t h e  ga in  ' is reduced i f  t h e  product  of  t h e  i n p u t  and ou tpu t  g e t s  

, t o o  l a r g e .  Thus aga in  w e  have e f f e c t i v e l y  a n  a d j u s t a b l e  ga in ,  bu t  t h e  ' . 

mechanism f o r  s o  do ing  is  not  a n  a ' c tua l  "adjustment" of  gain; a s  by t u r n i n g  

' a '  po ten t iometer .  On t h e  o t h e r  hand, suppose w e  have a s i t u a t i o n  where kie 

wish  t o  main ta in  a  l i n e a r  r e l a t i o n  between inpu t  and ou tpu t  o f  t he  system 

S j  but  t h e  f i x e d  p l a n t  e x h i b i t s  a  saturation.characteristicP w i t h  t h e  ga in  

dec reas ing  a s  i t s  inpu t  i n c r e a s e s .  We might compensate f o r  t h i s  w i t h  t h e  

system shown i n  F ig .  4b where we e f f e c t i v e l y  i n c r e a s e  t h e  i npu t  t o  t h e  

f i x e d  p l a n t  i n  such a  manner a s  t o  compensate f o r  t h e  dec rease  i n  ga in  of  

t h e  f i x e d  p l a n t .  If t h e  r e l a t i o n s h i p s  between t h e  f i x e d  'and c o n t r o l  p l a n t s  

were a s  shown i n  4b, we would o b t a i n  t h e  d e s i r e d  r e s u l t s  of  a  l i n e a r  irlput- 

ou tput  r e l a t i o n s h i p  upon S . .  F igu re  4c  r e p r e s e n t s  a  combination of t h e  above 

two systems and might r e p r e s e n t  a s i t u a t i o n  where ou r  purpose i s  t o  main ta in  

an approximately l i n e a r  r e l a t i o n s h i p  over  a c e r t a i n  range but  a t  t h e  same 



FIG. 4 EXAMPLES OF ADAPTIVE SYSTEMS 
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time t o  l i m i t  t h e  excurs ions  of  t h e  system. Again w e  have accomplished 

a n  e s s e n t i a l l y  adap t ive  purpose but  wi thout  t h e  i n c l u s i o n  of  e x p l i c i t  

parameter v a r i a t i o n  a s  such. 

It w i l l  be noted from Eq. 1-5 t h a t  t ime-varying c o e f f i c i e n t s  

a r e  allowed i n  t h e  non-adaptive system. The use of  c o e f f i c i e n t s  va ry ing  

accord ing  t o  a p re sc r ibed  func t ion  o f  t ime provides  preprogrammed behavior .  

For example, we know t h a t  t h e  behavior  of  a m i s s i l e  changes a s  i t  g a i n s  

a l t i t u d e  and consumes f u e l .  These changes may make i t  necessary  t o  change 

t h e  gain,  o r  o t h e r  c h a r a c t e r i s t i c s ,  o f  t h e  guidance system. We could pro- 

v i d e  s enso r s  t o  determine t h e  a l t i t u d e  and weight  o f  f u e l ,  bu t  t h i s  i s  not  

necessary s i n c e  w e  knaw,in advance how f a s t  t h e  missile w i l l  rise and con- 

sume f u e l .  So we provide f o r  a n  au tomat ic  change o f  g a i n  i n  accordance 

w i t h  t he se  knarn r a t e s .  This  method i e  p e r f e c t l y  s a t i s f a c t o r y  f o r  some 

c a s e s  bu t  we do not  f e e l .  i t  should .be cons idered  adap t ive .  The system would 

no t  seem t o  be d i r e c t l y  "responding" t o  t h e  changes i n  t h e  environment. 

It may be f e l t  t h a t  t h i s  form of d e f i n i t i o n  does no t  r e a l l y  

accomplish a g r e a t  d e a l  more t han  a d e f i n i t i o n  such a s  t h e  one Gibson has  

5 
o f f e r e d .  It s t i l l  r e q u i r e s  a n  a r b i t r a r y  d e c i s i o n  on the .  p a r t  of  t h e  person 

making t h e  d e f i n i t i o n  a s  t o  whet s h a l l  be considered f i x e d  p l a n t  and what 

s h a l l  be c o n s i d e r e d ' c o n t r o l l e d  p l a n t .  It c e r t a i n l y  might be ' a sked  j u s t  why 

t h i s  s o r t  o f  a d i s t i n c t i o n  should be p r e f e r r e d  t o  a d i s t i n c t i o n  such a s  Gibson 

suggested,.involving such func t ions  a s  modi f ica t ion ,  d e c i s i o n  and i d e n t i f i c a -  

t i o n .  We f e e l  t h a t  t h e  important  f a c t o r  he re  is  t h a t  we have made t h e  

a r b i t r a r y  d e c i s i o n  f a l l  a t  a p o i n t  where i t  i s  a good d e a l  more l i k e l y  

t h a t  two d i f f e r e n t  people d i s c u s s i n g  a g iven  problem can r each  some ag r se -  

ment. I n  a d d i t i o n ,  a mathematicel d e s c r i p t i o n . ,  i s  p o s s i b l e .  The choice  of  
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. . 
what s h a l l  be considered modi f ica t ion ,  dec i s ion ,  o r  i d e n t i f i c a t i o n  is  i n  

:' mny p r a c t i c a l  c a s e s  a  very  d i f f i c u l t  d e c i s i o n  t o  make, and a  mathematical 

d e s c r i p t i o n  is  seldom p o s s i b l e .  Indeed, t h e s e  f a c t o r s  tend t o  be r a t h e r  

mixed up w i t h  one another ,  and it is  very d i f f i c u l t ,  f o r  example, t o  s e p a r a t e  

t h e  mod i f i ca t i on  and d e c i s i o n  func t ions  i n  any c l e a r  c u t  fash ion ,  a s  Gibson 

himself  has  pointed o u t .  On t h e  o t h e r  hand, i t  is d i f f i c u l t  t o  conceive o f  

8 s i t u a t i o n  invo lv ing  c o n t r o l  where i t  would no t  be f a i r l y  s t r a i g h t  forward 

t o  make a  d i s t i n c t i o n  between f i x e d  p l a n t  and c o n t r o l l e d  p l a n t .  Pn t h e  c a s e  

o f  systems whose primary f u n c t i o n  is not  c o n t r o l  i n  t h e  u s u a l  sense,  t h i s  

may become somewhat more d i f f i c u l t .  But a t  t h i s  p o i n t  i n  t h e  s tudy our  con- 

s i d e r a t i o n  i s  devoted p r imar i l y  t o  systems whose purpose i s  c o n t r o l .  I f  

t h e  d e f i n i t i o n s  and a n a l y s i s  which w e  produce f i n d  u s e f u l  a p p l i c a t i o n  t o  

I o t h e r  types  o f  systems, t h a t  i s  a l l  t o  t he  good, bu t  t h a t  i s  n o t  our  primary 
i 

purpose a t  t h i s  time. 

1 Next we must cons ide r  t h e  problem of  what we mean by a  learning '  

1 system a s  d i s t i n g u i s h e d  from an  adap t ive  system. A s  w e  have noted i n  t he  

I p a s t ,  t he  i dea  of  l e a r n i n g  seems t o  imply, among o t h e r  t h ings ,  a sense  of 

I 
I 

improvement i n  performance w i t h  t ime.  However, w e  f i n d  t h a t  i t  i s  d i f f i c u l t  

1 i n  many c a s e s  t o  d i s t inguish-be tween  an  improvement i n  time due t o  l e a r n i n g  

I and an  improvement i n  time simply due t o  t h e  t i m e  r equ i r ed  f o r  en  adap t ive  
f 
I system t o  c a r r y  o u t  i ts  func t ion .  I n  o t h e r  words, how do  we d i s t i n g u i s h  i 
I 
I 

between a  system t h a t  i s  l e a r n i n g  and a  system t h a t  is  merely s t i l l  adap t ing  

I 

I 
t o  a  g iven  inpu t  s i t u a t i o n ?  

A s  an  answer t o  t h i s  ques t i on  Gibson has  proposed t h e  fol lowing:  

"A Gedanken experiment might be proposed t o  determine i f  a g iven  

system is a  l e a r n i n g  system. Under a  g iven  set of  environmental  
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cond i t i ons  t h e  system parameters  a r e  g iven  an  i n i t i a l  o f f s e t  from I 

optimum and t h e  system i s  allowed t o  o p e r a t e .  I f  i t  a d j u s t s  i t s  

parameters  s o  a s  t o  opt imize i t s  performance i n  accordance w i t h  a  

g iven  index of  performance, i t  is  adap t ive .  A s  y e t  i t  i s  impossible  

t o  know i f  i t  a l s o  i nc ludes  a  l e a r n i n g  f e a t u r e .  Mow r e t u r n  t h e  sys -  

t e m  t o  t h e  i n i t i a l  parameter  s e t t i n g  and a l luw i t  t o  proceed. I f  

t h e  s a m . g r a d u a 1  process  of a d a p t a t i o n  t a k e s  p lace ,  t h e  system is  

not  a  l e a r n i n g  system. I f  on t he  o t h e r  hand i t  recognizes  f a m i l i a r  - 
. .  . 

p a t t e r n s  and u t i l i z e s  t h i s  in format ion  t o  move more . s u r e l y  (o r  more 

4 r a p i d l y )  t o  t h e  optimum, i t  i s  a  l e a r n i n g  system," ! 

T h i s  test  d e f i n i t i o n  seems i n t u i t i v e l y  reasonable ,  and we ag ree  

w i t h  t h e  g e n e r a l  i deas  i t  seems t o  exp re s s .  But it i s  no t  n e a r l y  s o  p r e c i s e  

a s  i t  might seem, and i n  some r e s p e c t s  seems t o  r a i s e  more ques t i ons  t han  i t  

answers.  I f  you cons ide r  it a s  a h y p o t h e t i c a l  test  t o  be app l i ed  t o  a  

completely s p e c i f i e d  system, every d e t a i l  of which i s  known, i t  is f a i r l y  

reasonable .  But such a  r e s t r i c t i o n  w i l l  l i m i t  us  t o  f a i r l y  s ' i m p l e  systems, 

and i f  t h e r e  is anyth ing  t h a t  we may be s u r e  of a t  t h i s  time, i t  i s  t h a t  

u s e f u l  l e a r n i n g  systems w i l l  not  be s imple.  On t h e  o t h e r  hand, i f  we cons ide r  

t h i s  t o  be a  s p e c i f i c a t i o n  of  a l p r a c t i c a l  test  t o  be app l i ed  t o  r e a l  systems, 

.it i s  v i r t u a l l y  u s e l e s s .  

F i r s t ,  t he  concepts  o f  recogniz ing  f a m i l i a r  p a t t e r n s  and u t i l i z i n g  

informat ion  a r e  r a t h e r  s u b j e c t i v e ,  and i t  would be d i f f i c u l t  i n  t he  g e n e r a l  

ca se  t o  s p e c i f y  what8 . sor t  of  c h a r a c t e r i s t i c s  might I n d i c a t e  t h e  e x i s t e n c e  of 

&"ch a c t i v i t y .  Second, j u s t  what parameters  a r e  t o  be r e tu rned  t o  t h e i r  

o r i g i n a l  s t a t e ?  Pf we assume t h a t  some, i f  not. a l l ,  l e a r n i n g  systems w i l l  

u t i l i z e  memory t o  s t o r e  in format ion  about  p a s t  perforamnce, t hen  s u r e l y  w e  
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: : ' should no t  r e s t o r e  & parameters  t o  t h e i r  o r i g i n a l  s t a t e ,  s i n c e  t h i s  would 1 . .  , . . 

i 

I .:mean r e t u r n i n g  t h e  mem.ry t o  i t s  ' o r i g i n a l  s t a t e .  I Thi s  would e r a d i c a t e  t h e  
I .. . 
i. '. in format ion  on which t h e  l e a r n i n g  is based ,  ~o . ' . shou ld  w e  r e t u r n  every p a r t  

o f  t h e  system except  t h e  mmory t o  i t s  o r i g i n a l  s t a t e ?  Perhaps so,  bu t  t h i s  

w i l l  be p r a c t i c a l  only i n  t h e  cas,e where t h e  memory is a c l e a r l y  i d e n t i f i a b l e  
. . 

.. . . and d i s t i n c t  p a r t  of  t he  system, ' such a s  t h e  memory u n i t  of  a  d i g i t a l  computer. 

' T h i s  mey o f t e n  be t h e  case,  bu t  we cannot  a t  t h i s  time r u i e  o u t  t h e  p o s s i b i l i t y  
:. . 
,* o f  a  ,-re s u b t l e  and s o p h i s t i c a t e d  memory a r r a n g e d n t ,  e  .g., one i n  which t h e  

s t o r e d  in format ion  i s  d i s t r i b u t e d  throughout  t h e  system. So we conclude 

t h a t  we cankot  i n  g e n e r a l  s p e c i f y  what p a r t s  of  t h e  system should be r e tu rned  

t o  t h e i r  o r i g i n a l  cond i t i on .  

F i n a l l y ,  even i f  we could ag ree  i n  some s p e c i f i c  ca se  a s  t o  what 

c o n s t i t u t e s  t h e  memory and should t h e r e f o r e  be  l e f t  a lone ,  how could w e  be 
. . 

s u r e  t h a t  we had r e tu rned  a l l  p e r t i n e n t  f a c t o r s  t o  t h e i r  o r i g i n a l  condi t ion?  
! 

i ' A s  d i s cus sed  above, i n  any p r a c t i c a l  c a s e  w e  can  seldom be s u r e  t h a t  we have 
i 

cons idered  a l l  p e r t i n e n t  f a c t o r s .  So, when w e  cons ide r  a l l  t h e s e  problems, 

. . 
it appears  t h a t  t h e  test d e f i n i t i o n  does not  r e a l l y  s p e c i f y  a  test a t  a l l ,  

! 

bu t  simply d e s c r i b e s  t h e  s o r t  o f  i n t e r n a l  a c t i v i t y  which might c h a r a c t e r i z e  

(5 l e a ~ ~ r l ~ l g  system. 

A t  one i n  t h i s  i n v e s t i g a t i o n  w e  thought i t  might be p o s s i b l e  

t o  remove t h e  ambigu i t i e s  from t h i e  test d e f i n i t i o n  by breaking  i t  down i n t o  

a  number of  p r e c i s e l y  s p e c i f i e d  s t e p s .  However, a s  was d i s cus sed  i n  an  

I 

i e a r l i e r  r e p o r t ,  no mat te r  how complex t h e  procedure w e  s p e c i f i e d ,  we found 

i , w e  could always coun te r  ' i t  w i t h  some obviously t r i v i a l  system which could 
-1, 

1 pass  t h e  test .  So, r e l u c t a n t l y ,  we must conclude t h a t  t h e r e  can be no pure ly  
1 

f u n c t i o n a l  d e f i n i t i o n  t h a t  w i l l  d i s t i n g u i s h  between l e a r n i n g  and adap t ive  



systems. S ince  i t  appears  t h a t  a  l e a r n i n g  system w i l l  always inc lude  t h e  

capac i ty  f o r  adap t ive  a c t i o n ,  t h i s  i s  n o t  s u r p r i s i n g  i n  view of  t h e  f a c t  

t h a t  we cannot f i n d  a  f u n c t i o n a l  d e f i n i t i o n  of adap t ive  a c t i o n  e i t h e r .  

The obvious s t e p ,  then, i s  t o  t r y  t o  produce a  d e f i n i t i o n  t h a t  

is a s  nea r ly  f u n c t i o n a l  a s  pos s ib l e ,  w i t h  t h e  a r b i t r a r y  d i s t i n c t i o n s  drawn 

i n  such a  manner a s  t o  make. reasonable  agreement pos s ib l e ,  a s  w e  d i d  f o r  

t h e  adap t ive  systems. A t  p r e sen t ,  w e  have no t  solved t h i s  problem t o  our 

own s a t i s f a c t i o n ,  bu t  we o f f e r  t h e  fo l lowing  a s  a  t e n t a t i v e  suggest ion, .  

F i r s t ,  we s h a l l  s t a r t  w i t h  t h e  model proposed before ,  w i t h  t h e  system d iv ided  

i n t o  a  f i x e d  and c o n t r o l l e d  p l a n t .  I n  a d d i t i o n ,  we s h a l l  s p e c i f y  a  maximum 

a d a p t a t i o n  :T , , t h e  maximum time a l lowable  f o r  t h e  system t o  ach ieve  

s a t i s f a c t o r y  behavior  under our  c r i t e r i o n  of a c c e p t a b i l i t y .  It is  apparen t  

t h a t  i n  any p r a c t i c a l  c o n t r o l  system t h e r e  i s  a  maximum time we can a l low 

f o r  t h e  system t o  respond i n  a  s a t i s f a c t o r y  manner. J u s t  what t h i s  l ength  

of  time should be i n  any p a r t i c u l a r  c a s e  must be l e f t  t o  t h e  judgment of 

t he  des igner ,  . bu t  i t  is apparen t  t h a t  t h e  minimum p o s s i b l e  va lue  f o r  T w i l l  

be governed by t h e  i nhe ren t  response ti- of  t h e  f i x e d  p l a n t .  

Then w e  no te : thaf , in  a d d i t i o n  t o  s a t i s f y i n g  t h e  requirements  

a l r eady  s t a t e d ,  a  non-learning adap t ive  system should have no komponents 

i n  t h e  c o n t r o l l e d  p l a n t  which, a t  any time, have response times longer  than 

T . By respons'e t ime w e  mean t h e  time requ i r ed  t o . r e a c h  s t e a d y - s t a t e  a f t e r  

a s i g n i f i c a n t  change i n  t h e  i npu t s .  J u s t  what i s  meant by s teady-s . ta te  and 

what is  a  s i g n i f i c a n t  change w i l l  depend 'on t h e  system, bu t  i n  any s p e c i f i c  

c a s e  t h e s e  terms should not  be d i f f i c u l t  t o  d e f i n e .  I f  t h e r e  a r e  p a r t s  of 

t he  c o n t r o l l e d  p l a n t  w i t h  response t i m  longer  t han  2 , t h e s e  w i l l  be 

s epa ra t ed  ou t  from the  c o n t r o l l e d  p l a n t  and t r e a t e d  a s  a  t h i r d  s e c t i o n ,  

which we s h a l l  r e f e r  t o  a s  t h e  memory_, . (Fig.  5) 
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I n  a  sense,  whet we a r e  doing here  'is conver t ing  t h e  system t o  

a  synchronous device,  w i th  t ime considered t o  come i n  d i s c r e t e  s t e p s ,  w i t h  

t h e  l eng th  of t hese  d i s c r e t e  s t e p s  determined by t h e  time a l lowable  f o r  

t h e  system t o  achieve  accep tab le  response.  With t h e  response time of the  

c o n t r o l l e d  p l a n t  r e s t r i c t e d  t o  be no more than  t h e  l eng th  of  t hese  d i s c r e t e  

: . . s t e p s ,  t h e  c o n t r o l l e d  p l a n t  m y  then  be regarded as a  s e q u e n t i a l  machine i n  

- : ' the c l a s s i c a l  sense,  w i t h  t h e  s t a t e  of t h e  system being def ined  only  a t  t h e s e  

d i s c r e t e  i n t e r v a l s ,  and i n p u t s  being a l l w e d  t o  change only  st these  d i s c r e t e  ; 

' i n t e r v a l s .  Thus we assume t h a t  a t  some time t h e  system is i n  a  p a r t i c u l a r  

ska t e ,  a s  i nd ica t ed  by a  p a r t i c u l a r  ou tpu t ,  and t h a t  t h i s  s t a t e  i a  not chang- 

i n g .  Now t he  i npu t  changes, marking the  s t a r t  of a  d i s c r e t e  i n t e r v a l ,  and 

': t h e  s t a t e  a t  t h e  end of t h e  i n t e r v a l  w i  11 depend only  on the  s t a t e  a t  t h e  
, , 

beginning of t he  i n t e r v a l  and t h e  na tu re  of  t he  change. 

Fur ther ,  a f t e r  t h e c o m p l e t i o n  of  the  i n t e r v a l  T, t he  system i s  

considered t o  be i n  a  "suspended" condi t ion ,  w i t h  no change i n  s t a t e  t ak ing  

p l ace  u n t i l  t h e  input -changes  again, marking t h e  s t a r t  of t h e  next i n t e r v a l .  

This  concept of "suspendedM :ope ra t ion  simply means t h a t  we a r e  not  r e q u i r i n g  

t h a t  changes of input  occur  only a t  a  f i xed  p e r i o d i c  r a t e ,  but  r a t h e r  t h a t  

t he  changes can occur no f a s t e r  t han  a  c e r t a i n  r a t e ,  and t h a t  t h e  s t a t e  of  

t h e  system s h a l l  be de f ined  only a t  t h e  time of a  change and a t  a  c e r t a i n  

f i x e d  time a f t e r  each  change. This  l a s t  d i s t i n c t i o n  is perhaps a  minor one, 
- 1 .  

bu't i t  is made t o  c l a r i f y  t he  conceptua l  s t e p s  t h a t  may be necessary i n  :-.. 

cons ide r ing  a  p r a c t i c a l  c o n t r o l  system a s  a  synchronous s e q u e n t i a l  machine. 

Within t h i s  same framework of d i s c r e t e  time i n t & r v a l s ,  t h e  slow- 
. . 

response s e c t i q n  t h a t  w e  have s e t  a p a r t  can gene ra l ly  be considered a  f i n i t e -  

memory device  i n  terms of automata theory,  . a l t hough  i t  is  not c l e a r  a t  t h i s  



point  whether such a  desc r tp t ion  w i l l  have any advantages. We w i l l  assume 

,in our model t h a t  - t h e  inputs  ' X  ' come from the  c o n t r o l l e r  and the  outputs  
. 5 :  .- - <  

' X6,,g0 t o  the  c o n t r o l l e r .  A s  before t h i s  is not  r e s t r i c t i v e ,  s ince  the  

t r a n s f e r  funct ions  through C, t o  and from M, m y  be uni ty .  

We bel ieve  t h a t  i t  should now be poss ib le  t o '  f ind  a  d e f i n i t i o n ,  

f  unct ional  wi th  r e spec t  t o  t h i s  model, which w i l l  r e l i a b l y  d i s t i n g i i s h  

between a  sys tem which is learning and a  system t h a t  i s  s t i l l  adapting.  

. , 
The concept of considering a  machine a s  a synchronous machine wi th  i t s  

. . .  

behavior measured only a t  d i s c r e t e  i n t e r v a l s  of time gives us a means of 

de f in ing  what w e  mean by improvement wi th  time of  a  learning s y s t e p  a s  

d i f f e r e n t i a t e d  from the  improvement of adaptive system i n  the  time which 

i t  requ i res  t o  adapt .  I n  order  t h a t  a  system may be considered learning 

it.must f i r s t  of a l l  be successful ly  adaptive,  and we have required t h a t  

t o  be successful ly  adapt ive  t h e  system must achieve s t eady-s ta t e  behavior 

/ 
wi th in  some spec i f i ed  length of time. This spec i f i ed  length of time i n  t u r n  

becomes the  minimum d i s t ingu i shab le  i n t e r v a l  of time wi th  respect  t o  which 

we judge learning behavior. I n  o the r  words, on the  time s c a l e  wi th  r e spec t  

t o  -which ,we jud.ge learnin&* adapta t ion  requ i res  one s i n p l e  u n i t  of time, 

whereas 1,egrning is t aken  t o  involve improvement over more than one of 

these  minimum d i s t ingu i shab le  u n i t s  of t i m e .  

This  r e d e f i n i t i o n  of time does not completely solve our problem 

s ince  we f e e l  t h a t  f o r  a learning system t o  be s i g n i f i c a n t l y  d i f f e r e n t  from 

an adapt ive  system, i t  should have the  a b i l i t y ,  because of i t s  memory, t o  

r e t a i n  i t s  adapta t ion  t o  more than one s i t u a t i o n .  The.above~~concept  of 

improved performance wi th  respect  t o  more then one d i s c r e t e  time i n t e r v a l .  

would s t i l l  allow the  stepwise adaptive system. For example, suppose we 
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have a  s i t u a t i o n  where t h e  adap t ive  process  involves  a  t r i a l - a n d - e r r o r  

o r  h i l l -c l imbkng sea rch  f o r  an opt imum'condi t ion,  and t h e  n a t u r e  o f  t h e  

process  under c o n t r o l  is such t h a t  w e  can  a l low t h e  c o n t r o l  system t o  hunt  

around f o r  only some s p e c i f i e d  l eng th  of  t ime.  A t  t h e  conc lus ion  o f  t h i s  

i eng th  of  time, w e  r e q u i r e  t he  c o n t r o l  system t o  lock i n  on t h e  b e s t  s o l u -  

t i o n  i t  has  found up t o  t h a t  per iod  o f  time, and then a l l o w  t h e  process  

t o  go on t o  i t s  complet ion.  I f ,  a f t e r  some per iod of i n a c t i v i t y ,  t h e  

i d e n t i c a l  s i t u a t i o n  occu r s  again,  we can see t h a t  t h e  c o n t r o l l e r  might 

s t a r t  hunt ing  a g a i n  from t h e  same p l ace  i t  was be fo re  and come t o  a  b e t t e r  

performance t h i s  second time around. But, u n l e s s  t h e  occur rence  o f  t h e s e  

two a p p l i c a t i o n s  of  t h e  s p e c i f i e d  i npu t  was s epa ra t ed  by some s i g n i f i c a n t l y  

d i f f e r e n t  i npu t  quan t i t y ,  then  we would not  wish t o  cons ide r  t h i s  a s  l e a rn ing .  

What is  involved he re  is a  d i s t i n c t i o n  between a  s i g n i f i c a n t l y  

d i f f e r e n t  i npu t  and simply t h e  absence o f  any inpu t  a t  a l l .  I n  o t h e r  words, 

i n  some cases  z e r o  i npu t  may be something s i g n i f i c a n t ;  i n  o t h e r  ca se s  i t  

nrerely means t h a t  w e  have e s s e n t i a l l y  turned t h e  system o f f ,  o r  t h e  system 

has  remained qu ie scen t  u n t i l  something e l s e  happens. I n  such cases ,  where 

t h e r e  is a  meaningful sense  t o  t h e  i dea  o f  the  system simply be ing  qu ie scen t ,  

we might then  have t h e  s i t u a t i o n  descr ibed ,  where t h e r e  would be a r ecu r r ence  . 

of a  p a r t i c u l a r  i npu t  and, w i th  r e s p e c t  t o  our  d i s c r e t e  t ime i n t e r v a l s ,  we 

would appa ren t ly  have some s o r t  of  l e a r n i n g  behavior .  Th i s  type  o f  improve- 

ment w e  do no t  wish t o  i nc lude  a s  l ea rn ing .  What we need i s  some means of  

s p e c i f y i n g  a  ,sequence o f  d i f f e r e n t  i n p u t s  t o  t h e  device  and measuring t h e  

performance w i t h  r e s p e c t  t o  t h i s  sequence of  d i f f e r e n t  i n p u t s .  We need 

something p r e c i s e l y  analogous t o  t h e  concept of  a n  experiments 1 sequence o f  

i n p u t s  a s  'used i n  automata theory .  Unfortunately,  we have a  d t f f i c u l t  problem 

I. 
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i i n  t h e  p r a c t i c a l  ca se  of d e f i n i n g  j u s t  what i s  meant by a  d i f f e r e n t  i n p u t .  

It is i n  o r d e r  t o  f i n d  a  way around t h i s  problem t h a t  w e  have suggested 

t he  ref inement  of  t he  model t o  t h e  e x t e n t  of s e p a r a t i n g  those  perts of  t he  

system w i t h  long response time i n t o  a  t h i r d  block.  

For r h i s  purpose w e  now sugges t  t h e  fo l lowing  test procedure w i t h  
, - *. 

r e f e r ence  t o  t he  model shown i n  P ip .  5. F i r s t  of  a l l ,  w e  open t h e  pa th  y5: 

between t h e  c o n t r o l l e r  and t h e  memory s e c t i o n  s o  t h a t  no th ing  t h a t  happens 

t o  t h e  c o n t r o l l e r  w i l l  have any e f f e c t  upon t h e  memory s e c t i o n .  Now w e  

apply  t o  , the system a n  a l t e r n a t e  sequence o f  a t  l e a s t  two d i f f e r e n t  i npu t s ,  
, , . - . -. - - - - . - - . -- . .- - . , 
t - - 

sayiX1, and X i b ! .  We w i l l  judge whether o r  not  t h e s e  a r e  d i f f e r e n t  on t he  

b a s i s  o f  t h e  response o f  t h e  system. I f  t he  response of  t h e  system t o  t he  

two i n p u t s  is  s i g n i f i c a n t l y  d i f f e r e n t ,  i n  t he  term of our  performance 

c r i t e r i a ,  then  w e ' w i l l  assume t h a t  the i n p u t s  a r e  s i g n i f i c a n t l y  d i f f e r e n t .  

We s h a l l  observe t h e  a l t e r n a t e  responses ,  and i f  t he se  responses  a r e  s o t i s -  

f a c t o r y  a s  de f ined  be fo re  and i f ,  f u r t h e r ,  they do not change over  succeeding 

app . l ica t ions  of t he  a l t e r n a t e  Lnputs, t hen  we w i l l  say  t h a t  t h e  system is 

s u c c e s a f u l l y  adap t ive .  (This  is, of  course,  assuming t h a t  i t  f u l f i l l s  t he  

c r i t e r i o n  of  t h e  adap t ive  d e f i n i t i o n  made above.) I f  we f i n d  t h a t  t h e  

responses  improve over  succes s ive  a p p l i c a t i o n s ,  then w e  must assume t h a t  
:": 

e i t h e r  (1) we have t h e  c a s e  j u s t  d i s cus sed  of  a  s tepwise  adap t ive  system 

and t h a t  t h e  responses  a r e  not  a c t u a l l y  s i g n i f i c a n t l y  d i f f e r e n t ,  o r  e l s e  

(2) w e  have a c t u a l l y  f a i l e d  t o  remove from t h e  c o n t r o l l e r  a l l  items which 

have response t ime longer  than  x. 
Mow then, i f  t h e  ,system has  passed t h e  test s o  f a r ,  f o e . ,  t h e  

a l t e r n a t e  responses  have been s u c c e s s f u l  bu t  have not improved w i t h  time, . 

we then  reconnect  t h e  memory s e c t i o n  and r e p e a t  t h e  procedure.  I@ t h e  
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a l t e r n a t e  responses  now show a  p rog re s s ive  change w i t h  repea ted  a p p l i c a t i o n s  

. ,'. of  the  a l t e r n a t i n g  sequence, then  w e  w i l l  say  t h a t  t h e  device has  a  l ea rn ing  

capac i ty .  Fur ther ,  i f  t h e  change i s  i n  t h e  na tu re  of an  improvement i n  any 

s i g n i f i c a n t  sense,  then  we w i l l  say t h a t  i t  is a  s u c c e s s f u l  l e a r n i n g  system. 

It should be emphasized t h a t  t h i s  i s  i n ' t h e  na tu re  of a pre l iminary  sugges t ion  

a s  t o  a d e f i n i t i o n .  We have not y e t  been working o n  t h i s  p a r t i c u l a r  approach 

f o r  very  long, and we a r e  f a r  from f u l l y  s a t i s f i e d  t h a t  w e  have taken  i n t o  

account  a l l  t h e  f a c t o r s .  

The d e f i n i t i o n  presented above r e p r e s e n t s  an a t tempt  t o  d e f i n e  

a l e g i t i m a t e  Gedanken experiment w i t h  r e s p e c t  t o  t h e  s p e c i f i e d  model and 

is, i n  t h a t  sense,  no t  y e t  complete.  However, i f  we r e l a x  our  r e s t r i c t i o n s ,  

\ 

we can s t i l l  use t h e  conceptua l  model of  t h e  system w i t h  synchronous t ime 

t o  'make a  v e r b a l  d e f i n i t i o n ,  somewhat mare i n t u i t i v e  i n  na ture ,  t h a t  appears  

s a t i s f a c t o r y  a t  t h i s  t i m e .  A s  before ,  w e  s h a l l  d e f i n e  t h e  d i s c r e t e  time 

i n t e r v a l  i n  terms of t he  dongest time permi t ted  f o r  the  system t o  reach  

. . 
I . j . . . .  :, . s a t i s f a c t o r y  response t o  a  p a r t i c u l a r  i npu t  cond i t i on .  With r e s p e c t  t o  

l ea rn ing ,  we-measure time only i n  terms of  t he se  d i s c r e t e  i n t e r v a l s .  We 

may then  d e f i n e  a l e a r n i n g  system as  an adap t ive  system i n  which, d u r i n g  

any d i s c r e t e  time i n t e r v a l ,  t h e  response o f  t h e  system is determined, no t  

only by t h e  input  presented and the  s t a t e  of  t h e  system a t  t h e  beginning  

of  t h i s  time i n t e r v a l ,  but  a l s o  by informat ion  s t o r e d  a s  t o  t h e  response 

of  t he  system du r ing  prev ious  time i n t e r v a l s .  

It should be noted h e r e  t h a t  t h i s  l e s t  d e f i n i t i o n  does no t  r e q u i r e  

t h e  r e p r e s e n t a t i o n  of t he  system i n  t he  form shown i n  F ig .  5. It r e q u i r e s  

only t h e  concept of  t h e  synchronous time i n t e r v a l .  The d i f f e r e n c e  between 

the  two d e f i n i t i o n s  i s  t h a t  t h e  t e s t  d e f i n i t i o n  r e p r e s e n t s  a n  a t tempt  t o  



i n d i c a t e  haJ one might de te rmine  t h a t  t h e  r e s p o n s e  o f  t h e  sys tem dependent  
. . 

upon t h e  knforrnat i 'on  s t o r e d  about '  t h e  sys tem 's  b e h a v i o r  i n  p r e v i o u s  t ime 
, . 

i n t e r v a l s .  . T h i s  is a  r e a s o n a b l y  c l e a r  i n t u i t i v e  concep t ,  and,  i n  t h a t  

s e n s e ,  t h e  second d e f i n i t i o n  of fer .ed:  may: be c o n s i d e r e d  complete .  : But i n  

t h e  c a s e  o f  complex systems t h i s  r e a s o n a b l y  c l e a r  i n t u i t i v e  concep t  may 

sometimes become c o n s i d e r a b l y  l e s s  t h a n  c l e a r .  T h e r e f o r e  we do f e e l  t h a t  

a n  impor tan t  t a s k  f o r  t h e  f u t u r e  i s  t o  c o n t i n u e  work u p o n ' t h e  test (Gedanken) 
' .  . . .  . 

def  i n i t i o i ' :  in. '  o r d e r  t o  p rov ide  a  'more f i r m  s t a t e m e n t  o f  t h e  means f o r  judging 

when t h e  sys tem is  u t i l i z i n g  i n f o r m a t i o n  s t o r e d  f rom p r e v i o u s  t i m e  i n t e r v a l s .  



It w i l l  be r e c a l l e d  t h a t  a t  one po in t  i n  t h e  s tudy  w e  suggested 

t h a t  i t  might be p o s s i b l e  t o  make a  c l a s s s i f i c a t i o n  of l e a rn ing  systems 

accord ing  t o  t h e i r  s t r u c t u r a l  o r g a n i z a t i o n .  There is  no doubt t h a t  some. 

day t h i s  w i l l  be done, but  we f e e l  now t h a t  i t  would be premature t o  

a t t empt  it a t  t h i s  t ime.  S ince  nobody has  y e t  r epo r t ed  on a  p r a c t i c a l  

l e a r n i n g  c o n t r o l  system, i t  i s  obvious t h a t  we could s c a r c e l y  make a 

r e a l i s t i c  c l a s s i f i c a t i o n  o f  systems by s t r u c t u r a l  o rgan iza t ion .  Th i s  

w i l l  be a  reasonable  t h i n g  t o  do a t  such time a s  a number of  l e a r n i n g  
\ 

c o n t r o l  systems have been b u i l t  and c e r t a i n  types  have been found t o  be 

a p p l i c a b l e  t o  c e r t a i n  s i t u a t i o n s .  This  of  course  has  been p r e c i s e l y  t h e  

a i t u a t i o n  i n  adap t ive  c o n t r o l .  It was no t  u n t i l  a cons ide rab l e  number of  

adap t ive  c o n t r o l  systems had a c t u a l l y  been b u i l t ,  o r  a t  Peast  designed,  

. t h a t  anybody could make a  very s e r i o u s  ' e f f o r t  i n  c l a s s i f y i n g  t h e  v a r i o u s  

types  of adap t ive  c o n t r o l .  Th i s  w i l l  probably be t h e  case  w i t h  l e a r n i n g  

systems. 

A t  t h i s  po in t ,  i t  would seem t h a t  our  b e s t  b e t  i s  t o  comment 

i n s t e a d  on some of  t h e  s t r u c t u r a l  e lements  t h a t  w i l l  appa ren t ly  be r equ i r ed  

i n  l ea rn ing  c o n t r o l  systems. I n  t he  next  s e c t i o n ,  under t h e  heading of 

Environmental C h a r a c t e r i s t i c s ,  we w i l l  make some sugges t ions  a s  t o  what 

s o r t  of o r g a n i z a t i o n s  might be s u i t a b l e  f o r  c e r t a i n . k i n d s  of probleus, . :but 

u n t i l  w e  have s p e c i f i c  p robleas , to  work on and t o  test,  we can do  no more 

then  make r a t h e r  t e n t a t i v e  and ske tchy  sugges t ions  a long  t h i s  l i n e .  
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The most important  e  l e m n t  i n  a  l e a r n i n g  system w i l l  g e n e r a l l y  

be t h e  memory. Indeed, t h e  presence of memory w i l l  be t h e  b a s i c  d i e t i n g u i s h -  

i ng  f e a t u r e  of a l e a r n i n g  system. By memory we mean a device  having t h e  

c h a r a c t e r i s t i c s  s p e c i f i e d  i n  a  d e f i n i t i o n  presen ted  i n  an  e a r l y  p rog re s s  

reporc. Thi s  d e f i n i t i o n  1s repeated a t  t k i e  t i m e .  

D e f i n i t i o n :  A memory device ,  a  dev ice  f o r  t h e  s t o r a g e  o f  information,  

should have t h e  fo l lowing  c h a r a c t e r i s t i c s :  

(1) It should be capable  o f  t a k i n g  on some number d i s t i n c t  

s t a b l e  s t a t e s .  

(a) Each of  t h e  p s t a t e s  i s  def ined  by a  unique combination 

of va lues  of  some fi d i s t i n c t ,  independent,  p h y s i c a l  

q u a n t i t i e s .  

(b) The 2 q u a n t i t i e s  m y  be d i s t i n c t  i n  space o r  t i m e .  

(c) 'Ehe word s t a b l e ,  i n  t h i s  con tex t  is taken t o  mean t h a t  

. . 
t h e  device,  once placed i n  one of t h e  p s t a t e s ,  can 

be maintained i n  t h a t  s t a t e ,  a s  r e l i a b l y  d i s t i n g u i s h a b l e  

from any o t h e r  s t a t e ,  f o r  a f i n i t e  per iod  o f  t ime.  There 

is no l o g i c a l  r e s t r i c t i o n  a s  t o  a  maximum o r  minimum 

t i m e  f o r  which i t  should be p o s s i b l e  t o  main ta in  a p a r t i c u -  

l a r  s t a t e .  From a  p r a c t i c a l  po in t  of  view, a  device  w i l l  

have l i t t l e  va lue  f o r  s t o r a g e  u n l e s s  a  s t a t e  can be = i n -  

t a ined  f o r  a  per iod of  time which i s  long r e l a t i v e  t o  

t h e  process ing  time of  t h e  t h e  system of which t h e  memory 

dev ice  i s  a p a r t .  

(d) The device  may be vo l a t  i le o r  non-vo l a  t i l e ,  i . e  . , t he  

maintenance of a  s t a t e  may o r  may not  r e q u i r e  power. 



(e) I f  t h e  numbers of d i s t i n g u i s h a b l e  v a l u e s  t h a t  may be 

taken  on by t h e  ; . q u a n t i t i e s  a r e  denoted b y  

. . 
a l ,  a2#  83,. . . . a m  

then  

n o a l x a 2 x . .  . . . a ,  

(2) It should be p o s s i b l e  t o  determine i n  which of t he  fi s t a t e s  

t h e  memory device  is, a t  any d e s i r e d  time, by measuring the  

va lues  o f ' t h e  2 phys i ca l  q u a n t i t i e s .  

(a)  The s t a t e  of  t h e  memory may o r  may not be changed by 

t h e  measurement process  ( d e s t r u c t i v e  o r  non-des t ruc t ive  

read -out) .  

(b) It is  g e n e r a l l y  d e s i r a b l e  t h a t  it be p o s s i b l e  t o  p a r t i a l l y  

determine t h e  s t . a t e  of t h e  device  by measuring some 

s p e c i f i e d  subse t  of t h e  2 p h y s i c a l  q u a n t i t i e s ,  e .g . ,  
, _- - - .- 

r ead ing  one ]word /o f  a  memory. 

(3) It should be pos s ib l e  t o  change t h e  s t a t e  o f  t h e  device  a t  

w i l l ,  from any one of  t he  fi s t a t e s  t o  any o t h e r  s t a t e ,  by 

changing t h e  va lues  of any one o r  a l l  of t h e  2 p h y s i c a l  

. 1. 

q u a n t i t i e s .  

(a) It should be noted t h a t  t h i s  requirement  imp l i e s  t h a t  

t h e  method o f  changing s t a t e  must no t  involve  any 

damage t o  t h e  device .  I f  t h e  device  were t o  be damaged, 

such t h a t  i t  no longer  had t h e  s p e c i f i e d  c h a r a c t e r i s t i c s ,  

then  i t  would no longer be a  memory dev ice .  

(b) For t h e  device  t o  be p r a c t i c a l ,  i t  should be p o s s i b l e  

t o  change i t s  s t a t e  a n  i n d e f i n i t e l y  l a r g e  number of  tilnes. 
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( 4 )  The information s to red  i n  a  memory device s h a l l  be spec i f i ed  

by i t s  s t a t e ,  i n  accordance wi th  some previously spec i f i ed  

code. 

Af ter  a  period of two yea r s  t h i s  d e f i n i t i o n  s t i l l  appears t o  be 

s a t i s f a c t o f y  a s  a  l i s t  of the  c h a r a c t e r i s t i c s  which'a  p r a c t i c a l  memory device 

must have. We can, however, make a few a d d i t i o n a l  observations a s  t o  the  

p a r t i c u l a r  c h a r a c t e r i s t i c s  t h a t  a  memory involved i n  a  learning con t ro l  

system should have. F i r s t  of a l l ,  we would expect t h a t  it should be a  non- 

v o l a t i l e  vmory.  I f  w e  a r e  t a l k i n g  about a  c o n t r o l  system, w e  genera l ly  

a r e  t a l k i n g  about a  system t h a t  is  working i n  a  p r a c t i c a l  workaday environ- 

. . ment, i .e . ,  not i n  a  laboratory s i t u a t i o n ,  and would thus be sub jec t  t o  

. . 
power f a i l u r e s ,  occ iden ta l  i n t e r r u p t i o n s  i n  service ,  and o the r  unforseen 

circumstances. Therefore, i t  would seem q u i t e  des i rab le  t h a t  the  memory 

be nonvola t i le .  A t  the  present  s t a t e  of our technology t h i s  would seem t o  

r e s t r i c t  us p r i m r i l y ,  i f  not e n t i r e l y ,  t o  magnetic devices.  We a r e  not 

a t  t h i s  time aware of any p r a c t i c a l  nonvola t i le  memories which a r e  nonmag- 

n e t i c  i n  na ture .  The cryogenic memory may i n  some respec t s  be considered 

nonvola t i le ,  but  the  r a t h e r  s p e c i a l  environmental requirements of the  cryo- 

genic devices would seem t o  ind ica te  t h a t  they would'hot be use fu l  i n  con t ro l  
:".: 

system s i t u a t i o n s .  

The quest ion a s  t o  which form of magnetic memory would be most 

des i rab le  i s  of course not one t h a t  can be answered f o r  the  genera l  case.  

This w i l l  depend upon the c h a r a c t e r i s t i c s  of the p a r t i c u l a r  c o n t r o l  s i t u a t i o n .  

--- - 
It i s  not hard t o  envisage s i t u a t i o n s  where any one of the '  four b a s i c  types 

L_ _. -.. . 
of magnetic memory - -  core, disk,  drum, o r  tape -- might have t h e i r  s u i t a b l e  

app l i ca t ions .  I n  a  c o n t r o l  s i t u a t i o n  of any complexity i t  i s  q u i t e  l i k e l y  

t h a t  a  combination of these  f o r m  of s to rage  would be Galuable, j u s t  a s  i n  
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present-day d i g i t a l  computers. There is no doubt t h a t  t h e  a s s o c i a t i v e  

' form of  memory is  a t t r a c t i v e  w i t h  r e s p e c t  t o  i t s  l o g i c a l  p r i n c i p l e s .  

However, a t  t h i s  time t h i s  dev ice  is  s t i l l  p r imar i l y  a  l abo ra to ry  c u r i o s i t y .  

Fu r the r  development w i l l  be r equ i r ed  before  , : t h e  device  can be proper ly  

eva lua ted ,  LclL i t  dasa seam q u i t o  peeoib le  t h a t  the devi.ce would have more 

s i g n i f i c a n t  a p p l i c a t i o n s  i n  t h e  a r e a  of c o n t r o l  than i n  t h e  more convent iona l  

a r i t h m e t i c  s p e c i e s  of computer. Th i s  is i n d i c a t e d  by t h e  concept o f  a con- 

t r o l  computer a s  being r equ i r ed  t o  a s s o c i a t e  a  p a r t i c u l a r  response w i t h  a  
: .  

p a r t i c u l a r  environmental  s i t u a t i o n .  

\ 

Thi s  concept o f ' a  l e a r n i n g  system recognizing* a  prev ious ly  encounter -  

ed s i t u a t i o n  and a s s o c i a t i n g  some previous response w i t h  i t  r a i s e s  t h e  pos s i -  

b i l i t y  of some form of  p a t t e r n  r e c o g n i t i o n  device  being incorpora ted  i n  a  

l e a r n i n g  c o n t r o l  system. However, i n  o r d e r  t o  g a i n  a  pe r spec t ive  on t h i s  

ques t ion ,  w e  should cons ide r  t h e  f a c t  t h a t  t h e  problem commonly r e f e r r e d  t o  

a s  p a t t e r n  r e c o g n i t i o n  a c t u a l l y  breaks  down i n t o  two d i s t i n c t  problems. The 

f i r s t  is t h e  problem o f  a c t u a l l y  a b s t r a c t i n g  a  s i t u a t i o n  from t h e  p h y s i c a l  

. . . . environment i n  terms of c e r t a i n  u s e f u l  measurements, i .e., t h e  i n s t rumen ta t i on  

problem. I n  gene ra l ,  w e  assume t h a t  t h e  i n s t rumen ta t i on  is something t h a t  

is  s e l e c t e d  ahead o f  t i m e  by t h e  des igner  and i s  not  i n  g e n e r a l  s u b j e c t  t o  

a l % e r a t i o n  by t h e  machine. The second problem, t h a t  of  c l a s s i f  i c a t i o n ,  i s  :".: 

a  completely s e p a r a t e  one. We recognize ,  o f  course ,  t h a t  t h e  very  process  

of measuring a  s i t u a t i o n  i n  a  sense  c l a s s i f i e s  i t ,  i n  t h a t  t h e  measurement 

accuracy of  our  t r ansduc ing  dev ices  s eg rega t e s  t h e  s i t u a t i o n s  encountered 

i n t o  c l a s s e s .  For example, i f  our  vo l tme te r  has  a n  accuracy of  1 v o l t  then  

s i t u a t i o n s  i nvo lv ing  v o l t a g e s  between 4 1 /2  and 5 112-vol t s  a r e  segrega ted  

i n t o  t h e  5 v o l t  c l a s s i f i c a t i o n .  Th i s  i s  a  crude example, but  t h e  i dea  is  

c l e a r  . , . 
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Pn p a t t e r n  r e c o g n i t i o n  systems, t h e r e  i s  usua l ly  a  f u r t h e r  

i m p l i c a t i o n  of a  l o g i c a l  r educ t ion  o f  t h e  number of i n p u t  c l a s s e s  from 

t h a t  number o f  i n p u t s  which may be d i s t i n g u i s h e d  by our  ins t ruments  t o  

some l e s s e r  number. For exemple , ' i f  w e  have a  s i t u a t i o n  t h a t  i s  measured 

by f o u r  v a r i a b l e s ,  any one of  which may t ake  on, le t  u s  say,  one of t e n  

va lues ,  t hen  w e  have a  p o s s i b i l i t y  of  10,000 d i f f e r e n t i a b l e  i npu t  s i t u a t i o n s ,  

assuming t h a t  t h e r e  a r e  no r e s t r i c t i o n s  on any p a r t i c u l a r  combinations of 

v a l u e s .  The c l a s s i f i c a t i o n  problem i s  t o  c l a s s i f y  t h e s e  10,000 s e p a r a t e  

s i t u a t i o n s  i n t o  some sma l l e r  number o f  c a t e g o r i e s  i n  whatever manner may 

be appropr  f a t e .  

Thus, p a t t e r n  r e c o g n i t i o n  involves  two d i s t i n c t  problems -- i n s t r u -  

mentat ion and c l a s s i f i c a t i o n .  The c l a s s i f i c a t i o n  problem i r n ' t h i s  sense is  
. * 

. .. simply:,a p a r t i c u l a r  type o f  l o g i c a l  problem and does no t  n e c e s s a r i l y  imply 

any s p e c i a l  appara tus ,  d i f f e r e n t i a t e d  i n  any s i g n i f i c a n t  manner from any 

o t h e r  type  o f  l o g i c a l  c a p a b i l i t y  t h a t  might 'be  provided w i t h i n  t h e  system. 

Indeed, t h e r e  i s  t h e  p o s s i b i l i t y  t h a t  i n  some c a s e s  no c l a s s i f i c a t i o n  w i l l  

be necessary  o r  d e s i r a b l e .  It may be t h a t  we cannot  group v a r i o u s  types  of 

i n p u t s  i n  any s i g n i f i c a n t  manner, s o  t h a t  i t  m y  be necessary  f o r  t h e  device  

Lu 1 L u t  exhaus t ive ly  i n  embuy a l l  t h e  i npu t  s i t u a t i o n s  t h a t  i t  has  encounter -  

e d  i n  i t s  exper ience .  Then, when such a  s i t u a t i o n  i s  encountered again; the 

problem is  no t  one o f  c l a s s i f i c a t i o n  s o  much a s  one of  s imple search .  On 

t h e  o t h e r  hand, w e  know t h a t  c l a s s i f i c a t i o n  i s  o f t e n  involved i n  s e a r c h  

where t h e r e  is  e l a r g e  number o f  i t ems  i n  o r d e r  t o  make the  procedure more 

e f f i c i e n t .  I n  summary, i t  would seem t h a t  i n  systems of any degree of 

complexity some s o r t  o f  c l a s s i f i c a t i o n  procedure i s  going t o  be involved 

somewhere i n  t h e  system. Th i s  would seem t o  be a more a c c u r a t e  s ta tement  



of  t he  s i t u a t i o n  than  t o  say t h a t  p a t t e r n  r e c o g n i t i o n  w i l l  n e c e s s a r i l y  

be involved.  

Next we might cons ider  t he  problem of  dec i s ion .  It w i l l  be 

r e c a l l e d  i n  e a r l i e r  d i s c u s s i o n  t h a t  Gibson has  s t a t e d  t h a t  d e c i s i o n  i s  one 

of ehe c h a r a c t e r i s t i c  a b l i i t i e s  of  t h e  adap t ive  process .  I n  t h i s  con tex t  

he i s  concerned w i t h  (o r  has  r e f e r ence  t o )  t h e  a b i l i t y  t o  "decide" what t o  

do  about  a  s i t u a t i o n  once i t  has  been " iden t i f i ed" .  We do nbt  f e e l  t h a t  

d e c i s i o n  i n  t h i s  s ense  i s  necessary,  a s  i n d i c a t e d  by our  d e f i n i t i o n  of  an  

adap t ive  system. It may be p re sen t  i n  more complex types  of  adap t ive  

systems, but  w e  do no t  t h i n k  i t  is necessary,  s i n c e  w e  i nc lude  among adap- 

t i v e  systems those  which ach ieve  adap t ive  behavior  through t h e  use of  

n o n - l i n e a r i t i e s  d e l i b e r a t e l y  i n s e r t e d  by t h e  des igne r .  I n  t h i s  c a s e  t h e  

idea of  d e c i s i o n  does no t  seem t o  have any p a r t i c u l a r  meaning. 

It would a l s o  appear  t h a t  i n  t h e  ca se  o f  t h e  l e a r n i n g  system, 

t h e  a b i l i t y  t o  make l o g i c a l  d e c i s i o n s  is not  a necessary  c h a r a c t e r i s t i c .  

C e r t a i n l y  one method of  implementing a  l e a r n i n g  system would simply be t o  

provide  t he  a b i l i t y  t o  a s s o c i a t e  w i t h  any given inpu t  a  c e r t a i n  response.  

Then t h e  "decis ion" procedure a c t u a l l y  amounts t o  a  s e a r c h  i n  memory f o r  . 

t h e  response a s s o c i a t e d  w i t h '  a  p a r t i c u l a r  s i t u a t i o n .  Of course,  t h i s  

imp l i e s  t h a t  t h e  s o l u t i o n  t o  any g iven  p a r t i c u l a r  s i t u a t i o n  i s  a l r eady  

i n  memory. I n  t h e  s i t u a t i o n  where t he  machine i s  s t i l l  l ea rn ing ,  o r  where 

i t  i s  s t i l l  encounter ing  s i t u a t i o n s  i t  has  no t  s een  before ,  it would appear  

t h a t  t he  d e c i s i o n  process  i s  more e x p l i c i t l y  involved.  Th i s  d e c i s i o n  

func t ion '  t h a t  w e  a r e  concerned w i t h  he re  i s  one type  of l o g i c e l  ope ra t i on .  

Thus, we a g a i n  f i n d  t h e  requirement  f o r ,  some degree  of  ' l o g i c a l  f a c i l i t y ,  

bu t  not n e c e s s a r i l y  of a b a s i c a l l y  d i f f e r e n t  na tu re  from t h a t  r equ i r ed  i f  

c l a s s i f i c a t i o n  i s  involved i n  t h e  o p e r a t i o n  of the system. 
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The t h i r d  c h a r a c t e r i s t i c  of  t h e  adap t ive  system a s  l i s t e d  by 

~ i b s o n . w i s  mod i f i ca t i on .  Again, a s  we have ind i ca t ed ,  we do  not f e e l  

, . 
t h a t  t h i s  i s  n e c e s s a r i l y  a  requirement  i n  adap t ive  systems, s i n c e  t h e  

d e l i b e r a t e  use of n o n l i n e a r i t i e s  may be used t o  provide f o r  mod i f i ca t i on ,  

You m y ,  i f  you wish, look upon t h e  change of t r a n s f e r  func t ion  a s  a  r e s u l t  

of n o n l i n e a r i t y  a s  a  form of modi f ica t ion ,  but t h i s  i s  ..not t h e  e x p l i c i t  

change of parameters  implied by Gibson. However, i t  does appear  t h a t  i n  

t h e  l e a r n i n g  system mod i f i ca t i on  i n  t he  sense  intended by Gibson w i l l ,  . i n  

gertsral ,  be involved.  

Pn our concept  of  a l e a r n i n g  system, t h e  response of  a  system 

d u r i n g  any time i n t e r v a l  i s  dependent no t  only upon t h e  c u r r e n t  i n p u t s  and 

. . 
t h e  s t a t e  of  t h e  system a t  t h e  beginning o f  t h e  i n t e r v a l ,  bu t  a l s o  on i n f o r -  

,*.,____ _._. - -------- - -.. . 
mation concerning t h e  . behavior  , o f  t h e  system du r ing  prev ious  t ime 

.,..-..., - . - 

i n t e r v a l s .  Th i s  m a n e  t h a t  t h e  ou tpu t  of  t h e  memory device  i s  going t o  have 

some i n f l u e n c e  on t h e  response of t he  system. I n  gene ra l ,  t h i s  ou tpu t  w i l l  ,. 

be  an in format ion  s i g n a l ,  t y p i c a l l y  perhaps a  set of  b inary  s i g n a l s  on some 

number of  ou tpu t  l i n e e  from t h e  memory. We might expec t  t h a t  f o r  such 

informat ion  s i g n a l s  t o  have any in f luence  on t h e  behavior  of  t h e  system, 

they  would have t o  be t r a n s l a t e d  i n t o  some f6rm more s u i t a b l e  f o r  caus ing  
:- , 

changes i n  t h e  a c t i v e  p a r t s  of t h e  system, a l though such t r a n s l a t i o n  may 

no t  always be r equ i r ed .  It is conceivable  t h a t  t h e s e  ou tput  s i g n a l s  from 

t h e  memory might, i n  t h e i r  o r i g i n a l  form, simply f u n c t i o n  a s  a d d i t i o n a l  

i n p u t s  i n  t he  system and cause t h e  response t o  change i n  some manner. This  

would not  cor,respond q u i t e  s o  d i r e c t l y  t o  t h e  i dea  of mod i f i ca t i on  a s  would 

be t h e  case ,  f o r  example, i f  t h e  memory skgna l s  were t r a n s l a t e d  i n t o  a  

c o n t r o l  s i g n a l  caus ing  a motor t o  change a  po ten t iometer  s e t t i n g .  But w e  
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b e l i e v e  t h a t  mod i f i ca t i on  i n  t h e  form of a  d i s t i n c t  change i n  t h e  a r range-  

ment of  t h e  system due t o  t h e  a c t i o n  of  s i g n a l s  from memory w i l l  u sua l ly  

be  p re sen t  i n  l ea rn ing  systems. P t  w i l l  o f t e n  t a k e  a  form s i m i l a r  t o  t he  

c o n t r o l  s e c t i o n  of a  d i g i t a l  computer, a l though o t h e r  forms a r e ,  of  course,  

conce ivable .  Experience w i l l  i n d i c a t e  which a r e  most u s e f u l .  

Next, w e  have t he  ques t i on  o f  t he  measurement~of  g o a l  i n  . t he s . l ea rn -  

in@; system. We have pointed ou t  t h a t  i n  any l e a r n i n g  system, a s  indeed 

i n  any adap t ive  system, t h e r e  i s  assumed t o  be a purpose, something t h a t  

we wish t o  happen. A l ea rn ing - sys t em cannot  be def ined  wi thout  t h e  concept 

4 

of goal ,  s i n c e  t h e  very  idea  of improvement impl ies  some s o r t  of a  r e f e r ence  

s tandard .  I t  i s  not necessary  i n  a l l  c a s e s  t h a t  t h e  l ea rn ing  system e x p l i c i t l y  

measure i t s  own p e r f o r w n c e .  I n  o t h e r  words, open loop l e a r n i n g  is  appa ren t ly  

p o s s i b l e  and i n  a r e c e n t  p rogress  r e p o r t  w e  gave an  example of  t h i s ,  However, 

w e  do ag ree  w i t h  Gibson t h a t  t h e  mst s i g n i f i c a n t  adap t ive  and l e a r n i n g  

dev ices  w i l l  be c losed  Loop i n  func t ion .  That is, they w i l l  be checking on 

t h e i r  own performance. 

Th i s  problem of  g o a l  e v a l u a t i o n  i s  no t  a  problem d i s t i n c t  from 

any of  the .  o t h e r s  we have a l r e a d y  cons idered .  It. f i r s t  o f  a l l  involves  

measurement o f  t he  per forkance  of t h e  system. ' Thi s  simply means a n  en l a rge -  

ment of  t h e  measurement appa ra tu s  t h a t  w e  have a l r eady  s p e c i f i e d  must be 
:-.: 

a s s o c i a t e d  w i t h  t h e  i d e n t i f i c a t i o n  func t ion .  I n  a d d i t i o n  t o  t h e  va r ious  

f a c t o r s  i d e n t i f y i n g  t h e  i npu t  s i t u a t i o n  and t h e  environmental  s i t u a t i o n ,  

w e  must a l s o  measure t h e  f a c t o r s  which a r e  connected w i t h  t h e  response of 

t h e  system. I n  a d d i t i o n ,  t h e r e  may be a  d e c i s i o n  f u n c t i o n  involved.  I n  

o r d e r  t o  e v a l u a t e  whether we a r e  p rog re s s ing  towards more s a t i s f a c t o r y  

s o l u t i o n 8  i n  a l e a r n i n g  s i t u a t i o n ,  w e  w i l l  have t o  compare our  p rog re s s  a t  
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one p o i n t w i t h  our progress  a t  some o t h e r  po in t  and dec ide  which i s  b e t t e r .  

This  i n  t u r n  involves  some s o r t  of  l o g i c a l  ope ra t i on ,  So t h e r e f o r e ,  w i t h  

r e s p e c t  t o  any appa ra tu s  involved, t h e  g o a l  problem i s  j u s t  a  p a r t i c u l a r  

a s p e c t  o f  t he  i d e n t i f i c a t i o n  problem, and w i l l  r e q u i r e  measurement a b i l i t y  

end some degree of logisnh a b i l i t y ,  

I n  summary then,  we see  t h a t  t h e  t y p i c a l  l e a r n i n g  system w i l l  

involve  t h r e e  b a s i c  t ypes  of  e lements  which d i f f e r  from those  found i n  t h e  , 

normal o r  o rd ina ry  feedback c o n t r o l  system. Of t h e s e  t h r ee ,  one, memory, 

would not  be found i n  an  adap t ive  system. Memory, a s  we have poin ted ,ou t ,  

i s  t h e  c h a r a c t e r i s t i c  element of the  l e a r n i n g  system t h a t  w i l l  most gene ra l l y  

d i f f e r e n t i a t e  i t  from an  adap t ive  system. The second element i s  some degree 

of l o g i c a l  a b i l i t y .  Th i s  m y  a l s o  be Pound i n  o rd ina ry  adap t ive  systems, 

bu t  i t  i s  l i k e l y  t h a t  l e a r n i n g  systems would r e q u i r e  a  h igher  l e v e l  of l o g i -  

c a l  a b i l i t y .  Third,  w e  must have some means of  t r a n s l a t i n g  in format ion  

s i g n a l s  i n t o  mod i f i ca t i on  s i g n a l s  t o  t h e  c o n t r o l  p l a n t .  Again, t h i s  s o r t  

o f  f u n c t i o n  might be found i n  an  adap t ive  system, bu t  t h e  n a t u r e  of  t h i s  

f u n c t i o n  w i l l  be more complex i n  t he  l e a r n i n g  system. 

When w e  look a t  t h e  na tu re  of t he se  t h r e e  f u n c t i o n a l  e lements ,  

memory, l o g i c a l  a b i l i t y ,  and the  a b i l i t y  t o  t r a n s  l a t e  informat  ion s i g n a l s  

i n t o  c o n t r o l  s i g n a l s ,  w e  recognize  t h a t  we a r e  b a s i c a l l y  t a l k i n g  about  t he  

s o r t s  o f  t h i n g s  t h a t  a r e  a v a i l a b l e  i n  t h e  normal d i g i t a l  computer. We c e r -  

t a i n l y  have memory i n  t h e  normal d i g i t a l  computer. W e  c e r t a i n l y  have l o g i c a l  

a b i l i t y  i n  a  normal d i g i t a l  computer, and w e  have t h e  c o n t r o l  func t ion .  The 

1 concept o f  t r a n s l a t i n g  a n  in format ion  s i g n a l  i n t o  a' c o n t r o l  s i g n a l  c o r r e s -  

ponds e x a c t l y  t o  t h e  f u n c t i o n  of  t he  c o n t r o l  s e c t i o n  of a  d i g i t a l  computer. 

This  s e c t i o n  t a k e s  i n s t r u c t i o n s  from memory i n  t h e  form of in format ion  s i g n a l s ,  



I 

+ usua l ly  b inary  numbers, and t r a n s l a t e s  t h e s e  i n t o  s i g n a l s  o f  t h e  type  
1 

/ t h a t  a r e  necessary t o  cause t h e  computer t o  do v a r i o u s  t h ings .  Therefore ,  

w e  may expec t  t h a t  t h e  t y p i c a l  l e a r n i n g  system w i l l  i nco rpo ra t e  a  d i g i t a l  

computer. 

Now t h i s  is  not  a  t e r r i b l y  remarkable conc lus ion  t o  be su re ,  bu t  

i t  i s  of i n t e r e s t  t o  no te  t h a t  t h e  need f o r  t he  d i g i t a l  computer a r i s e s  

i n  a d i r e c t  manner from t h e  c l o s e  correspondence between t h e  b a s i c  func t ions  

which mus't be performed i n  t h e  l e a r n i n g  c o n t r o l  syst'em and those  which a  

d i g i t a l  computer i s  designed t o  c a r r y  o u t .  Th i s  does no t  mean t h a t  i t  

. . would be impossible  t o  b u i l d  a  l ea rn ing  c o n t r o l  system wi thou t  s p e c i f i c a l l y  

i nc lud ing  a  d i g i t a l  computer o r  some p a r t  o f  a d i g i t a l  computer. It does 

&ke i t  seem q u i t e  l i lcely t h a t  i n  g e n e r a l  we m y  expec t  t o  f i n d  some s o r t  . 

of  d i g i t a l  computer of t h e  convent iona l  type  a s  a p a r t  of l e a r n i n g  c o n t r o l  

systems. 
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SECTION 1.4 ENVPROWNTAE CHARACTERISTICS OF LEARNING SlTUATPOMS 

. . 

I n  t h i s  p o r t i o n  of  t h e  r e p o r t  w e  wish t o  d i s c u s s  t h e  problem of  

how we,  a s  de s igne r s ,  can recognize  t he  s i t u a t i o n  i n  which a  l e a r n i n g  

,. . c o n t r o l  system may have some va lue .  It is  t o  be expected t h a t ,  a s  t h e  

5 

sc i ence  of  l e a rn ing  s y s t e m  develops,  more and more c r i t e r i a  f o r  t h e i r  

1 :: :. . use w i l l  be developed .' It a p p e a r s  t h a t  a t  t h i s  time t h e  most , u s e f u l  way 

.: . 
,of looking a t  a  problem i s  t o  a s k  t h e  ques t i on  o f  how much is t h e r e  about 

t h e  problem t h a t  w e  don ' t  know. Th i s  concept a r i s e s  from t h e  p o i n t  of  view 

'. . ' . 

t h a t  t h e  more w e  don ' t  know about  a  s i t u a t i o n  t h a t  we wish  t o  con t ro l ,  t h e  

more complex t h e  system w i l l  have t o  be i n  o r d e r  t o  be a b l e  t o  perform 

s u c c e s s f u l l y .  

To i l l u s t r a t e  t h i s  by example w e  might f i r s t  s t a r t  w i t h  a  very 

s imple type  o f  c o n t r o l .  Let us  suppose t h a t  we wish  t o  c o n t r o l  t h e  speed 

of  a dc  motor, and w e  propose t o  do s o  by c o n t r o l l i n g  t h e  c u r r e n t  t o  t h e  

f i e l d  of  t h e  motor w i t h  a  r h e o s t a t .  I f  w e  knew e x a c t l y  t h e  c h a r a c t e r i s t i c s  

of  t h e  loads t h a t  were going t o  be on t h e  s h a f t  of  t h e  motor and i f  w e  knew 

p r e c i s e l y  a l l  t h e  c h a r a c t e r i s t i c s  of  t h e  motor k t s e l f  w e  could accomplish 

t h e  d e s i r e d  r e s u l t  i n  an open loop fash ion ,  i .e. ,  we could c a l i b r a t e  the  
* I .  ' 

s e t t i n g s  of t h e  r h e o s t a t  i n  terms o f  t he  cor responding ' speed .  This ,  i n  

p o i n t  o f  f a c t ,  is o f t e n  done. 

However, i f  w e  do not  know i n  advance what kind of  loads a r e  going 

t o  be on t h e  s h a f t ,  and i f  w e  d o  no t  know i n  advance how t h e  c h a r a c t e r i s t i c s  

of  the  motor may change.. w i t h  temperature  o r  t i m e ,  t hen  we f i n d  open loop 
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c o n t r o l  i s  inadequate .  I f  t h e  load . d i f  f e r s  r a d i c a l l y ,  then  a  po ten t iometer  

s e t t i n g  t h a t  i n  one s i t u a t i o n  means 500 rpm may mean LOO0 rpm i n  ano the r .  

So w e  have a  c e r t a i n  degree of u n c e r t a i n t y .  There i s  something about  t he  

cond i t i ons  under which t h e  system is going t o  o p e r a t e  t h a t  we d o n s t  know, 

s o  w e  go t o  a  c losed  loop c o n t r o l  system. We measure t h e  speed of  t h e  motor 

and compare t h i s  w i t h  t h e  speed t h a t  w e  want, and i f  t h e r e  i s  a n  e r r o r  w e  

i n s t i t u t e  c o r r e c t i v e  a c t i o n .  Th i s  i s  the  b a s i c  i dea  o f  feedback c o n t r o l .  

Now t h e r e  is noth ing  new about t h i s ,  but t h e  po in t  i s  t o  recognize  t h a t  

i t  i s  because , - there  _is something w e  don ' t  know about  t h e  o p e r a t i n g  cond i t i ons  

o f  t h e  system t h a t  w e  a r e  r equ i r ed  t o  use feedback c o n t r o l .  I f  we have com- 

p l e t e  in format ion  about t h e  system ahead of t ime, i f  w e  can p r e d i c t  e x a c t l y  

what t h e  c h a r a c t e r i s t i c s  and t h e  o p e r a t i n g  c o n d i t i o n s  of  t h e  system w i l l  be 

a t  every i n s t a n t  of  time, then  t h e r e  i s  no need f o r  feedback c o n t r o l .  

When w e  come t o  cons ider  t h e  n e c e s s i t y  f o r  a n  adap t ive  system w e  

f i nd  t he  same concept a p p l i e s .  J u s t  a s  t h e  need t o  go from a n  open-loop 

t o  a closed-loop c o n t r o l  system is  ind i ca t ed  by a  c e r t a i n  lack  o f  knowledge 

about  some o p e r a t i n g  c h a r a c t e r i s t i c s  o r  environmental  s i t u a t i o n s  of  t h e  sys-  

t e m ,  s o  t h e  need t o  go t o  a n  adap t ive  system i s  g e n e r a l l y  ' i nd i ca t ed  by an  

even g r e a t e r  u n c e r t a i n t y  about  t he se  f a c t o r s .  For example, i n  our  s imple 

speed c o n t r o l  system t h e r e  is  a  l i m i t  t o  what range of o p e r a t i o n  w e  can g e t  
A , .  

w i t h  s imple feedback contbol .  I f  w e  know i n  advance . t h a t  t h e  system :must 

funct ion. . sat iefectori ly  over  speed ranges of 500 t o  2,000 rpm t h a t  i s  one 

s i t u a t i o n .  On t h e  o t h e r  hand, suppose w e  know less about  !ghat i s  l i k e l y  t o  

happen, i n  t h e  sense  t h a t  a  f a r  g r e a t e r  range of  speeds a r e  p o s s i b l e  a l though 

no t  n e c e s s a r i l y  c e r t a i n  t o  be encountered,  Suppose w e  want t o  ope ' ra te  s a t i s -  

f a c t o r i l y  from .l rpm t o  10,000 rpm. Then we have a c o n t r o l  problem of  a n  



: . 

e n t i r e l y ,  d i f f e r e n t  magnitude'. 
. . 

"I . . ,. . 
. O r ,  i f  w e  know f a r  less about :  t he '  o u t p u t s  ' t h a t  i t h e  system w i l l  be . . , . 

' . ,, . . 
. . .  

sub jec t ed  t o ,  we a g a i n  have a d i f f e r e n t  magnitude of  c o n t r o l  lproblem. I f  

t h e  load torques  f o r  t h e  system may vary  from 5 foot-pounds t o  25 foot-pounds, 

t h a t  i s  one s i t u a t i o n ,  I f  they a r e  going t o  vary  from one f o o t  pound t o  

1,000 foot-pounds, w e  have q u i t e  another  s i t u a t i o n .  O r ,  perhaps we know 

less about t h e  environmental  cond i t i ons .  I f  w e  know t h a t  t he  temperature  

of  t he  motor w i l l  never vary  o u t s i d e  t h e  range o f  20° t o  40°C, t hen  w e  have 

one des ign  problem. Xf, on t h e  o t h e r  hand, we d o n s t  know whether  t h e  tempera- 

t u r e  i s  going t o  be minus 20° o r ,  p l u s  120°, then  w e  have a h ighe r  degree  of  

u n c e r t a i n t y  and a n  e n t i r e l y  more complex and d i f f i c u l t  c o n t r o l  problem. 

. . 
. . It f e  i n  t h e s e  types  o f  s i t u a t i o n s  t h a t  w e  o f t e n  f i n d  ou r se lves  

. .  . forced  t o  go t o  t h e  adap t ive  system. Thus we have t h e  concept t h a t  t h e  

h ighe r  t h e  degree of  u n c e r t a i n t y  about  t h e  situation, t h e  more complex t h e  

system must be i n  o r d e r  t o  respond s a t i s f a c t o r i l y  under a l l  t h e  p o s s i b l e  

c o n d i t i o n s  t h a t  may occur .  It would seem q u i t e  reasonable  t h a t  t h i s  same 

. . 
i dea  can be extended s t i l l  f u r t h e r  t o  i n d i c a t e  t h a t  a l e a r n i n g  system,being 

a s t i l l  more complex d e v i c e , w i l l  i n  t u r n  be i n d i c a t e d  by a n  even g r e a t e r  

I . ' .  

degree o f  u n c e r t a i n t y  about  t h e  condi t ior ls  under which t h e  system w i l l  o p e r a t e .  

Not on ly  may we c l a s s i f y  t h e  system accord ing  t o  t he  degree  of  u n c e r t a i n t y  

5 
about  i t s  opera ' t ion  bu t  w e  may a l s o ,  a s  Bellman has  suggested,  c l a s s i f y  it 

acco rd ing :  .. . : to  . what i t  i s  t h a t  w e  a r e  un ,cer ta in  about .  Thus i f  w e  don ' t  

know what t he  i npu t  range  is  going t o  be, t h i s  might i n d i c a t e  one type  of  

system. I f  we don8 t knov what t he  i n c i d e n t a l  environmental  c o n d i t i o n s  a r e  

going t o  be, t h i s  might i n d i c a t e  a d i f f e r e n t  . t ype  of  system. I f  we don ' t  

knov what our  g o a l  i s  going t o  be, t h i s  might i n d i c a t e  y e t  ano the r  type  of  
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system,z.etc. It i s  t h i s  type 'of approach' which we wish t o  d i s c u s s  h e r e  i n  
: ,  % 

. . 
a t t empt ing  t o  c l a s s i f y  systems, and t o  sugges t  something about  t h e  organiza-  

' .. :. t i o n  t h a t  would be a p p r o p r i a t e ,  accord ing  t o  t h e  degree  and kind of  u n c e r t a i n -  

.' . . 
t y  about  ope ra t i ng  cond i t i ons .  

We may s t a r t  by n o t i n g  t h a t  t h e  unknown f a c t o r s  about  t h e  system 
. . . . .  ,... . ,  . 

might be .divihed i n t o  t h r e e  a r e a s :  (1) i n p u t  unknown, (2) system unknown, 

. . 
(3) g o a l  unknown. I n  most ca se s  we would probably have some combination of 

u n c e r t a i n t y  about a l l  of  t h e s e  f a c t o r s .  ' For purposes  o f  a n a l y s i s  i t  i s  con- 

. .  . ven ien t  t o  s t a r t  by cons ide r ing  only  one of  t h e  t h r e e  t o  be unknown a t  a t i m e .  

Th is  w i l l  r e q u i r e  t h a t  we s p e c i f y  what i s  meant by t h e  i n p u t  being t o t a l l y  

known, o r  t h e  system being t o t a l l y  known, o r  t h e  g o a l  being t o t a l l y  known. 

For t h i s  purpose w e  must make a few re f inements  i n  our  model. 
6 .  

. . With r e s p e c t  t o  t h e  input ,  i t  w i l l  prove .convenient t o  cons ide r  a s  

l s e p a r a t e  those  i n p u t s  which a r e  involved I n  c, and those which a r e  no t .  

Therefore  we w i l l  r e f i n e  t h e  model s l i g h t l y  a s  shown i n  F igure  6, w i t h  t h e  
- 2 - - - - 

components o f  XI,, sepa ra t ed  i n t o  two c a t e g o r i e s ,  XlWand 'ile. 'Xlw i nc ludes 
.I i 

those components of  t h e  i npu t  necessary t o  s p e c ' i f ~  what is  meant by s a t i s -  

- 
f a c t o r y  response,  and XIE i nc ludes  t h e  remaining components, which w i l l  o f t e n  

be environmental  i n p u t s  which in f luence  t h e  behavior  of  t h e  system, but do .. ,, ' 

not  occur  i n  t he  goa l  s t r u c t u r e  per se. 

We w e t  meke t h i s  same d i s t i n c t i o n  among the  i n i t i a l  va lues  of  &. 
It w i l l  be r e c a l l e d  from t h e  f i r s t  s e c t i o n  t h a t  t h e  i n i t i a l  v a l u e s  of some 

. . 
components of z2 may be involved i n  our  c r i t e r i o n  of  accep tab l e  behavior .  

These w i l l  be i n d i c a t e d  a s  &(o). 

The idea,  of a t o t a l l y  known g o a l  w i l l  a l s o  r e q u i r e  a b i t  of  r e f i n e -  

ment i n  our  concepts .  I n  t h i s  a n a l y s i s  w e  w i l l  say  t h a t  by a t o t a l l y  kn&n 

g o a l  w e  m a n  a s i t u a t i o n  wherein it is  known p r e c i s e l y  i n  advance what t h e  
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system output  should be in.  response t o  any given p a r t i c u l a r .  input .  But i f  

w e  know exac t ly  what the  output  should be, t h i s  implies t h a t  the  output  

.I. . 
should not change, and t h i s  r u l e s  out  improvement, s ince  ' the  output  must 

change t o  show improvements. 

: The answer t o  t h i s  apparent con t rad ic t ion  can be found i n  the  f a c t  

, .: . . t h a t  f o r  a  learning system the  goa l  s t r u c t u r e  must be multi-dimensional. 

Then we have the  p o s s i b i l i t y  t h a t  .during a  s i n g l e  cycle  of opera t ion  

. . .  ( i n t e r v a l  T), the  goal  w i l l  be abso lu te  wi th  r e spec t  t o  some sub-set  of the  . . 

output  v a r i a b l e s  . ' There must a l s o  be 'defined, a s  a  h igher - l eve l  goal ,  ' some 

s o r t  of a  c o s t  funct ion  dependent upon the remaining v a r i a b l e s  wi th in  the 

goal  s t r u c t u r e .  With respect  t o  these v a r i a b l e s  improvement w i l l  be poss ib le ,  

so  t h a t  we can have learning i n  a  meaningful sense.  For example, i n  a  process 

c o n t r o l  s i t u a t i o n ,  the  goal may be absolute  i n  the  sense t h a t  the  output  pro- 

duct must have a  def i n i t e l y  spec i f i ed .  chemical content  t h a t  permits i b s o l u t e l y  

no v a r i a t i o n .  So wi th  respect  t o  t h i s  s p e c i f i c a t i o n ,  the  goal  is  absolute  

and known. On the  o the r  hand, the re  is room f o r  improvement i n  t h a t ,  while 

t h i s  content  of the  output  is  absolute ly  f ixed,  the  cos t  of 'producing t h i s  

given output may very d e f i n i t e l y  be subjec t  t o  improvement. We s h a l l  r e f e r  
- 0 .  ' 

t o  the  c r i t e r i a  aga ins t  which the  adaptivtg..,performance is measured wi th in  the  

i n t e r v a l s  of length:$; a s  the  adapt ive  ~ o a l  and the  c r i t e r i a  aga ins t  which 
I 

. . -  

behavior is measured over the  sequence of i n t e r v a l s  a s  the  l ea rn ing  goal. 

Only the  adapt ive  koa l  may ever be absolute ly  known. 

Case I A  - Input Dis t r ibu t ion  Unknown. 

Here w e  a r e  concerned with one case where the  system is t o t a l l y  

known and the  adapt ive  goals  a r e  known, but something is unknown about the 

input .  We s h a l l  take t h i s  s p e c i f i c a t i o n  t o  mean the  des i red  output  f o r  any 



g iven  inpu t  is  known, t h a t  t h e  response r equ i r ed  by t h e  c o n t r o l l e r  i n  o rde r  

t o  produce t h i s  ou tput  i s  known f o r  any p o s s i b l e  i npu t  and fur thermore,  t h a t  

t h e  e n t i r e  c l a s s  of  i n p u t s  has  been t o t a l l y  and exhaus t ive ly  ca ta logued ,  bu t  

t h e  d i s t r i b u t i o n  of  t h e s e  i n p u t s  i s  unknown. That is, we do not  know whether 

any one inpu t  w i l l  occur  any .more of teh '  t han  any o t h e r .  Notice  t h a t  we do 

not  permit t h e  p o s s i b i l i t y  t h a t  some i n p u t s  a r e  going t o  occur  t h a t  w e  have 

no way of an t i c ipae , i ng .  This  c a s e  o f  unexpected i n p u t s  w i l l  be found t o  be 

l o g i c a l l y  s i m i l a r  t o  t h e  ca se  of t h e  system being unknown. 

With t h i s  r a t h e r  r e s t r i c t e d  environmental  s p e c i f i c a t i o n ,  t h e r e  would 

be a p o s s i b i l i t y  of l e a r n i n g  i f  t he  machine func t ioned  by matching t h e  i n p u t  

w i t h  a s t o r e d  c a t a l o g  of t h e  p o s s i b l e  i npu t s ,  w i t h  each  e n t r y  i n  'the c a t a l o g  *, . . ,. 

a s s o c i a t e d  w i t h  a p a r t i c u l a r  d e s i r e d  response of t h e  c o n t r o l l e r .  I f ,  & 

advance, w e  d i d  no t  h o w  anyth ing  about t h e  d i s t r i b u t i o n  of  t h e  i npu t s ,  then 

we would i n i t i a l l y  have t o  use random.search.  But suppose t h a t  t h e  d i s t r i b u -  

t i o n  o f  t h e  i npu t  is  a c t u a l l y  non-uniform, i . e  ., t h e r e  a r e  some i n p u t s  which 

occur  more o f t e n  than  o t h e r s .  We could then provide  a l e a r n i n g  c a p a b i l i t y  

by g i v i n g  t h e  machine t h e  c a p a c i t y  of reviewing t h e  p a t t e r n  o f  i n p u t s  encounter -  

ed w i t h  exper ience  and a l t e r i n g  i t s  sea rch  procedure i n  some manner s o  a s  t o  

look f i r s t  f o r  those  i n p u t s  which a r e  most l i k e l y  t o  occur .  Thus t h e  e f f i c i -  

e n c y o f  t h e  s e a r c h  procedure could be improved, and t h e  system would e x h i b i t  :,,.I 

f a s t e r  end presumably cheaper  response.  

We may no te  h e r e  t h a t  i n  o r d e r  f o r  a system of  t h i s  s o r t  t o  have any 

p r a c t i c a l  va lue ,  i . e . ,  f o r  t h i s  t o  be t h e  b e s t  way t o  do t h e  job, we have some 

very  s eve re  requirements  upon the  c h a r a c t e r i s t i c s  of  ou r  system and envfron-  

mental s i t u a t i o n .  F i r s t  of  a l l ,  t h e r e  must be a r e l a t i v e l y  l a r g e  number of  

p o s s i b l e  responses ,  s o  t h a t  a s e a r c h  f o r  a proper  one would be a lengthy 



procedure r e l a t i v e  t o  the  t i m e  .r+quirements of the  process being con t ro l l ed .  

P t  is important t o  note there  must be a la rge  number of poss ib le  responses, 
. . 

a s .  w e l l  a s  a la rge  number of poss ib le  inputs .  The reason f o r  t h i s  is t h a t  i f ,  : 

as .has  been.:specified, we.know.what' every poss ib le  response i ~ ,  and we ' fu r the r -  

more know which response should be associa ted  wi th  every poss ib le  input ,  then 

w e  have an ex pos t  f a c t o  c l a s s i f i c a t i o n  of our inputs  i n t o  a number of ca te -  

gor i e s  equal  to.  the  number of poss ib le  responses. This i n  i t s e l f  does not 

help, s ince  the  problem f o r  the  machine is  t o  f ind  which response c l a s s  the  

input belongs to .  However, s ince  our system is  t o t a l l y  known, i t  is not 

random, and the re fo re  the  a s soc ia t ion  of a p a r t i c u l a r  input  wi th  a pa r t i cu -  

l a r  response w i l l  not be random. This means t h a t  the inpu t s  associa ted  wi th  

any given response w i l l  have c e r t a i n  fac tors ,  i n  common which w i l l  make l o g i c a l  

c l a s s i f i c a t i o n  poss ib le ,  thus g r e a t l y  reducing the  search  t i m e .  

Another requirement i s  t h a t  the re  be a s u f f i c i e n t  complexity of 

r e l a t i o n s h i p  between the  inputs  and the  des i red  responses of the  c o n t r o l l e r  

t h a t  i.t would be f a s t e r  t o  search through the  t a b l e  f o r  the  proper response 

than t o  t r y  t o  compute the  response from some s o r t  of mathematical r e l a t i o n -  

sh ips .  Obviously, i f  t he  mathematical r e l a t ionsh ips  a r e  reasonably simple, 

then computation would probably be f a s t e r  than search.  Note ehae we sa id  

t h a t  these r e l a t i o n s h i p s  must be extremely complex, because we have speci -  

f i e d  t h a t  t h i s  is a known system. We know what the  r e l a t i o n s h i p s  a re ,  and 

it is  only under the  circumstances t h a t  they a r e  simply so complicated t h a t  

we cannot compute upon them i n  a reasonable length of time t h a t  a search 

procedure becomes preferable .  

Furthermore, i n  order  f o r  the re  t o  be any point  i n  bui ld ing i n  

the  learning f a c i l i t y ,  i .e . ,  t he  p a r t  of the  machine which can ca r ry  out  a 



s t a t i s t i c a l  a n a l y s i s  on the  experience of the  machine t o  determine the  

d i s t r i b u t i o n  p a t t e r n  inputs ,  i t  must f o r  some reason be impossible t o  

determine:.this d i s t r i b u t i o n  ahead of time. I f  the re  were some way t h a t  

we could make measurements o r  i n  any way p red ic t  i n  advance what the  d i s t r i -  

bution of inputs  would be, then we should simply build the  proper search 

procedure i n t o  our machine i n  the  f i r s t  place.  Thus, the re  would be no 

. need t o  supply t h i s  r e l a t i v e l y  complex s t a t i s t i c a l  c a p a b i l i t y .  Another 

p o s s i b i l i t y  i s  t h a t  the  d i s t r i b u t i o n  of t h e  inpu t s  changes i n  an unpredict-  

ab le  manner but a t  a  r a t e  which i s  slow compared t o  the  t i m e  required f o r  

the  machine t o  evaluate  the  d i s t r i b u t i o n .  For example, i f  t he  input  d i s -  

t r i b u t i o n  changed every hour i n  a  more o r  l e s s  random fashion, but it took 
\ 

the  machine only f i v e  minutes t o  f ind out  what the  new d i s t r i b u t i o n  was a f t e r  

a  change, then w e  could achieve use fu l  learning behavior. On the  o ther  hand, 

i f  t h e  change i n  d i s t r i b u t i o n  was a t  the  r a t e  of once every f i v e  minutes and 

i t  took the  machine f i v e  minutes t o  f ind  out  what had'happened, then the 

machine could never ca tch  up and no use fu l  behavior would be observed. Thus, 

the re  would again be no reason f o r  supplying t h i s  s t a t i s t i c a l  a n a l y s i s  capa- 

b i l i t y .  

With a l l  these  r e s t r i c t i o n s  'considered, we can now make a genera l  

statement a s  t o  the  form of a system of t h i s  ty,pe, The f i r s t  th ing  we note 

is t h a t  i t  would be an open..wloop system, Since we know i n  advance what r e s -  

ponse we want f o r  any given input,  and we know how t o  ge t  i t ,  the re  is  no 

need to..measure the  output  t o  be sure  t h a t  we a r e  g e t t i n g  i t .  We w i l l  need 

a l o g i c a l  ' f a c i l i t y  f o r  c l a s s i f y i n g  any given input p r i o r  t o  search and con- 

t r o l l i n g  the  search.  ..We w i l l  need a memory i n  which we w i l l  s t o r e  the  pose- . .. 

i b l e  input  c l a s s i f i c a t i o n s  i n  conjunction wi th  the  proper c o n t r o l l e r  responses. 
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We w i l l  need a l o g i c a l  f a c i l i t y  f o r  making s t a t i s t i c a l  analyses of the  

. I..'. , . . .  . . experience of the-machine i n  order  t o  determine the  input  d i s t r i b u t i o n .  

. . We w i l l  need: ,to provide a means whereby the  machine'can change i t s  search 

procedures i n  accordance with the  r e s u l t s  of the  s t a t i s t i c a l  a n a l y s i s .  

This change might be accomplished e i t h e r  by rear ranging the  information 

i n  t h e  memory, o r  by changing the  search procedure, o r  any,combination 

thereof which might seem appropr ia te  i n  the  p a r t i c u l a r  case ,  The block 

diagram of such a system is  shown i n  Fig. 7.  

Case I - B  - Inputs  Incompletely Catalogued 

Next we should consider the  s i t u a t i o n  where we do not  know i n  

advance what a l l  the  poss ib le  inputs  t o  the  s i t u a t i o n  might be. Actually, 

t h i s  reduces log ica l ly ,  end i n  terms of machine s t r u c t u r e ,  t o  the  case where 

we simply do not have enough memory capacity t o  exhaust ively ca ta log  a l l  

poss ib le  inputs .  Whatever the  case, whether we don't  know what a l l  poss ib le  

inputs  are ,  o r  w e  can ' t  ca ta log  them a l l ,  the  s i t u a t i o n  i s  the  same a s  f a r  

a s  the machine goes. When t h i s  type of input  a r r i v e s ,  the  machine cannot 

fi,nd i t  i n  memory and w i l l  t he re fo re  be faced with the  necess i ty  of a t r i a l  
. . I .  

and e r r o r  search fo r  t h e  proper so lu t ion .  ..Y : 

For t h i s  second case, then, i n  add i t ion  t o  the  items discussed 

above, we must provide the  machine wi th  the  f a c i l i t y  f o r  ' t r ia l -and-error  

search over the  opera t ing  regions of the  machine f o r  the  proper response t o  

the  unexpected inputs .  Also, i t  would be d e s i r a b l e  t o  allow f o r  the  possi-  

. . 
b i l i t y  t h a t  some of these  uncatalogued inputs  might be frequent  i n  occurrence 

and should be l i s t e d  i n  memory. We might handle t h i s  s i t u a t i o n  by providing 

some spare,  o r  standby, memory capacity,  s o  t h a t  when new inputs  occur we 

can s t o r e  them and Eeep ' track of t h e i r  frequency. I f  they seem t d  be 
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s i g n i f i c a n t ,  then they can be inse r t ed  i n t o  our r egu la r  l ist  replac ing some 

of the  i n i t i a l  items which have turned out  t o  be of l e s s e r  importance. The 

exact  nature of the  t r i a l  and e r r o r  f a c i l i t y  w i l l  be described i n  more d e t a i l  

l a t e r  i n  the  r e p o r t ,  The block diagram of such a  system is shown i n  Fig.  8. 

Case 11-A - System P a r t i a l l y  Unknown 

Mow we come t o  the  more i n t e r e s t i n g  case  where something i s  unknown 

about the system. The f i r s t  s i t u a t i o n  we take up is the  case where the  equa- 

t i o n s  of the  system a r e  not  known, o r  i f  they are. known they a r e  s o  complicated 

a s  t o  make a  s t r a i g h t  f o w s r d  mathematical a n a l y s i s  from them impossible i n  

the  length of time the  system has t o  opera te .  These two s i t u a t i o n s  a r e  essen- 

t i a l l y  equivalent  i n  terms of the  type of system t h a t  i s  appropr ia t e .  The 

e s s e n t i a l  f a c t  is t h a t  we c a n q t  compute the  answer; the  reason why we can ' t  

compute it is not important.  We f u r t h e r  speci fy  t h a t  t h i s  i s  the  only th ing 

t h a t  is not kcnoun. The inputs  a r e  known completely. W e  know what the  t o t a l  

c l a s s  of  poss ib le  inputs  is, including a l l  i n i t i a l  condi t ions .  We know the  
4 . 3 .  ' 

d i s t r i b u t i o n  of these  inputs ,  and furthermore we know whet system output  ..- : 

should be associa ted  wi th  any input  t h a t  may occur. 

The th ing  we do not know is  what s i g n a l  o r  response the  c o n t r o l l e r  
. . . . 

should have i n  order  t o  cause the  f ixed p lant  t o  achieve the  des i red  r e s u l t s .  

I n  t h i s  s i t u a t i o n  the  only poss ib le  mthod is  tr ial-and-error ,  s ince  we have 

ruled out  the  p o s s i b i l i t y  of computing the s o l u t i o n  by our s tatement of the  

problem. The machine then must have the  c a p a b i l i t y ,  given a  c e r t a i n  input ,  

t o  t r y  var ious  so lu t ions  t o  the  problem, t o  measure the  output  of the  system, 

and t o  compare t h i s  output  wi th  t h a t  which i s  des i red .  Note again t h a t  we 

know what o u t G t  we want, we j u s t  don' t  know how t o  ge t  i t .  When a  s o l u t i o n  

is found, i t  i s  s tored  i i~  w m r y ,  together  wi th  the input  wi th  which i t  is 
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associa ted .  A s  the  machine continues t o  operate,  i t s  f i r s t  s t e p  when encounter- 

ing a p a r t i c u l a r  inptit is t o  search  i t s  memory t o  t r y  t o  f ind  a s to red  solu-  
. . 

t i o n .  In  those cases where i t  ha.8 not seeti the  p a r t i c u l a r  input  before,' i t  

.. .. . . must go 'back t o  the  tr ial-and-error  method. 

,We w i l l  consider  t h i s  t o  be the  f i r s t  l e v e l  of learning i n  the  s i t u -  

a t i o n  where the  system is unknown but everything e l s e  i s  known. Higher l e v e l  

l ea rn ing  might come about i n  the  following 'manner. I n i t i a l l y , s i n c e  w e  knew 

the  inputs  and knew everything about t h e i r  d i s t r i b u t i o n ,  we would have s e t  up 

a search procedure based upon the  p robab i l i ty  d i s t r i b u t i o n  and. such knowledge 

of the  system a s  is ava i l ab le .  I f  we f ind  from experience t h a t  the  number 

, . ,  

of the  poss ib le  contro 1 responses i s  smaller  than an t i c ipa ted ,  then w e  might 

be ab le  t o  improve the  search e f f i c i e n c y  by a new c l a s s i f i c a t i o n  o r  search 

procedure based on t h i s  new knowledge. This  would requ i re  again some method 

of s t a t i s t i c a l  ana lys i s ,  and it would a l s o  requ i re  keeping records a s  t o  how 

many d i f f e r e n t  responses the re  were. 

On an  e v e n  higher l e v e l  i t  is  pdss ib le  t h a t  a s  we accumulated d a t a  
- ,. ' 

on the  proper response t o  var ious  inputs  it might be poss ib le  t o  i d e n t i f y  
.. w.: 

,- - - - 1  

the ,causa l~re la t ionsh ips  and a c t u a l l y  develop a method of computing the  res- 
-L-. -- - 

ponse, r a t h e r  than having t o  search  f o r  i t .  This is on the  assumption t h a t  

the  system was not known a t  the  s t a r t ,  r a t h e r  than known but too complex f o r  

ca lcu la t ion .  This t h i r d  l e v e l  w i l l  obviously r equ i re  complex l o g i c a l  capabi l -  

i t  i e s  . 
This method of s t o r i n g  so lu t ions  and ' l a t e r  using them, e i t h e r  d i r e c t l y  

o r  f o r  f u r t h e r  computation, is  based on the  assumption t h a t  t h e  system i t s e l f  

i s  not changing. That is, once a s u i t a b l e  response has been found, t h a t  

reaponse w i l l  always be s u i t a b l e .  This invariance of the  system i s  a c t u a l l y  
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implied by t h e  s p e c i f i c a t i o n  t h a t  i n p u t s  a r e  completely known, s i n c e  w e  

assume t h a t  any change i n  t h e  system i s  always caused by something. We must 

'. , 
s e p a r a t e  t he  system Xrom t h e  i n f luences  a c t i n g  upon i t .  I f  we have a system 

and w e  f i nd" tha . t  i t  changes i n  a manner which does no t  seem t o  have any 

. . r e l a t i o n s h i p  t o  any e x t e r n a l  i n f luences  on t h e  system of which we a r e  aware, 

t hen  w e  must assume t h a t  t h e r e  a r e  e x t e r n a l  i n f luences  of which w e  a r e  not 
- 

aware, s i n c e  something has  t o  cause t h e s e  changes i n  t h e  behavior  i n  t h e  

system. I n  o t h e r  words, w e  regard  the  system a s  a f i x e d  th ing ,  a dev i ce  . 
whose behavior  can i n  theory  be p red i c t ed  i f  a l l  t h e  f o r c e s  a c t i n g  upon i t  

a r e  known. The s i t u a t i o n  where we f i nd  t h a t  t h e  system is changing i n  some 

unpred ic t ab l e  manner w i t h  t ime a c t u a l l y  reduces t o  a s i t u a t i o n  where w e  do 

not  know a l l  t h e  i npu t s .  Th i s  is t h e  case  we wish  t o  cons ider  next .  It 

may seem t h a t  t h i s  should be a Class  I s i t u a t i o n  s i n c e  we have unknown i n p u t s .  
. . - - -  -.  . 

However,the e f f e c t  of t h e s e  unknowns is  seen  a s  a change i n  t h e  r e l a t i o n s h i p s  
! . ,  - .  . i 

between the  known i n p u t s  and ou tpu t s ,  i .e. ,  a s  a n  apparent  change i n  t h e  s y s -  

t e m  parameters .  Also, t h e  methods of handl ing  t h i s  s i t u a t i o n  a r e  more l i k e  

t hose  of  Case 1 1 - A  t han  Case I -A'O~'I -B.  
1--4 

Case 1 1 - B  - System Apparently Changing 
:- 

I n  t h i s  s i t u a t i o n  some of t he  .gle i n p u t s  a r e  unknown. There is a 

. s i g n i f i c a n t  d i f f e r e n c e  between t h i s  s i t u a t i o n  and Case I-B, I n  t h a t  ca se  

- 
( I - B )  w e  assume t h a t  a l l  components o f  Xle have been i d e n t i f i e d  i n  t h e  sense  

t h a t  they have been t aken  i n t o  account i n  t h e  equa t ions  of  t h e  system. But, 

we do not  know, o r  cannot ca t a log ,  a l l  t he  p o s s i b l e  v a l u e s  which they may t a k e  
- 

on. I n  Case 1 1 - B  w e  assume t h a t  t h e r e  a r e  components of  1 x 1 ~  t h a t  we have no t  

t aken  i n t o  account ,  e i t h e r  because w e  a r e  unaware of  t h e i r  i n f luence  on t h e  

systemp' or because we cannot meaoure them. 



.' . .  - 

.: .. ' 1 .  'However, t h e  XI, i npu t s ,  t h e  i n p u t s  which a r e  involved i n  t h e  per -  
; . .  . 

I. ,- ' . ,.. . 
. .  * ,  . . 

. .. f o r m a n c e : ~ ~ r l t e r i a ,  a r e  t o t a l l y  known, i .e,, they a r e  t o t d l l y  ca ta logued  and 

t h e i r  d i s t r i b u t i o n s  a r e  known, and t h e  d e s i r e d  response  of  . t he  system is  
'. . 

i . . 
. . 

..? 

. , . .  
known f o r  each one o f  t h e s e  i npu t s .  I n  t h i s  s i t u a t i o n  some of  t h e  procedures  

' '  ' . I  

. . .  . .  . . . . . .  
I . . .  

L ' . .  ' .  
used above would s t i l l  be a p p l i c a b l e .  The system would i n i t i a l l y  have t o  

. . I :  . ,. . . ' : . .  .,.. . . . . . .  . . . ., . . . 
. . .  . 

. , . . , .  
/ .  , . .  . ~. . . . ... . . . . f u n c t i o n  'on "e . s e a r c h  . b a s i s  end would record  any s o l u t i o n s  it had found 

. . .  
! L . ' .  . '.. 
1 

. . , .  . 2 .  

, .. . . .. . .  
i i. 1. '. . . .  

corresponding t o  v a r i o u s  i npu t  s i t u a t i o n s .  ..But t h e r e  is  a  compl ica t ion  i n  
. . .  1 . . , ,  ; " : . ,  :, '. 

. . 
. . t h a t  w e  can. no ' longer assume t h e  ttme of t h e  system. The system . - - . .. 

! 
1 i s  be ing  inf luenced  by f a c t o r s  which a r e  no t  known and which may be caus ing  

t h e  syste'm t o  change w i t h  t ime.  Th i s  f a c t o r  nsekes i t  necessary t o  c o n t i n u a l l y  

, check on t h e  system t o  be s u r e  t h a t  i t  i s  s t i l l  performing proper ly .  I n  

Case 11-A, w e  assumed t h e  system was t o t a l l y  'known and time i n v a r i a n t ,  s o  

t h a t  once t h e  proper  response f o r  a  g iven  inpu t  had been found (and s t o r e d  

i n  a s s o c i a t i o n  w i t h  t h a t  input  p a t t e r n )  t h e  system could o p e r a t e  on a n  open 

loop b a s i s .  I f .  t h e  system does no t  change, any s o l u t i o n  w i l l  con t inue  t o  be 

a  s o l u t i o n ,  s o  t h a t  f u r t h e r  checks on t h e  performance w i l l  no t  be necessary .  

I n  Case 1 1 - B ,  t h e  p o s s i b i l i t y  of  change i n  t h e  system behavior  w i l l  
, . 

make cont inued rechecking  necessary .  I n  terms o f  a d d t i o n a l  equipment, t he  

, . ,  
main d i f f e r e n c e  between t h i s  ca se  and Case XI-A w i l l  be a d d i t i o n a l  memory. 

. . 

I n  Case HI-A, t h e  memory w i l l  i n i t i a l l y  c o n t a i n  t h e  proper  o u t p u t  i n  a s s o c i a -  

t i o n  w i t h  each  i n p u t  c l a s s .  t h e n  t h e  proper  s o l u t i o n  f o r  a  p a r t i c u l a r  i npu t  

i s  found, i t  can r e p l a c e  t h e  ou tpu t  in format ion ,  which w i l l  no longer  be need- 

ed .  For Case 11-B,  t h e  ou tpu t  in format ion  must be r e t a i n e d  f o r  f u t u r e  checks, 

s o  e x t r a  memory space  must be a v a i l a b l e  f o r  s t o r i n g  t h e  s o l u t i o n s .  I n  opere-  

t i o n ,  t h e  system, on i t s  f i r s t  encounter  w i t h  a  p a r t i c u l a r  i npu t  p a t t e r n  w i l l  

o p e r a t e  j u s t  a s  i n  t h e  prev ious  ca se .  It w i l l  s e a r c h  f o r  a  p roper  s o l u t i o n  



and i t  w i l l  store t h i s  s o l u t i o n  i n  conjunction wi th  the  input  p a t t e r n  i n  
.. . . . 

quest ion.  : 0n \ 'yecurrence - . .- .of t h i s  input  pa t tern ,  it w i l l ,  a s  before, use ., . 

the s tored  s o l u t i o n  of  t h i s  input ,  but it w i l l  check the  r e s u l t s  t o  see  t h a t  

the system i s  s t i l l  performing a s  it did before.  I f  i t  is not, i t  w i l l  then 

have t o  e n t e r  again i n t o  a search procedure t o  f ind  the  proper response 

corresponding t o  the  new s i t u a t i o n .  We may assume t h a t  the  previous s o l u t i o n  

w i l l  be the  s t a r t i n g  point  f o r  the  new search.  I f  our d e s c r i p t i o n  of the  

system is a t  a11 reasonable, the re  should be some c o r r e l a t i o n  between the  o ld  

and new responses. It should be noted t h a t  i f  t h e  s y s t e m ' i s  changing q u i t e  

rapid ly  the  provision of t h i s  1 e a r n i n g . f a c i l i t y  m y  not a c t u a l l y  r e s u l t  i n  

improved performance s ince  the  "experience" of the  system may not i n  such a 

case be of value.  

For t h i s  ease  (If-B).,there a r e  s e v e r a l  higher l e v e l s  of learning 

which might be useful .  F i r s t ,  w e  might provide f o r  observation of the  long- 

time pa t t e rns  of behavior i n  order  t o  deduce the  p robab i l i ty  d i s t r i b u t i o n s  

o r  p a t t e r n s  of the  unknown v a r i a b l e s .  For example, i f  w e  observed a c y c l i c  

v a r i a t i o n  of c e r t a i n  system c h a r a c t e r i s t i c s  i n  time, we could take  t h i s  i n t o  

account i n  our c o n t r o l  mechanism and provide f o r  improved behavior. Another 
A * .  

poss ib i&i ty  f s  t h a t  long term observation of the  performance of the  system 

might provide a means of deducing the  r e l a t i o n s h i p s  between the  measurable 

q u a n t i t i e s  and c e r t a i n  unknown s t a t e  va r i ab les .  For example, i n  c e r t a i n  

chemical process s i t u a t i o n s  the re  a r e  devices which can be completely des- 

cr ibed by equations,  but  the  v a r i a b l e s  needed i n  so lv ing these  equations a r e  

inaccess ib le  f o r  measurements. It i s  poss ib le  t h a t  i n  some. cases long-term 

observation of the  behavior of the  system might provide .c lues  a s  t o  computa- 

t i o n a l  methods which would e n a b l e ' u s  t o  deduce these  unknown s t a t e  v a r i a b l e s .  

. . .  
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. . 
This i n  t u r n  would enable us t o  do more computing about the  behavior of the 

system, wi th  a r e s u l t a n t  reduct ion  o r  even e l iminat ion  of the  search procedure. 

The- case of unknown i n i t i a l  condit ions '  i s  p a r t i c u l a r l y  i n t e r e s t i n g  

i n  t h a t  t h i s  may be considered, i n  some cases, s i m i l a r  t o  the  case of heredi -  

. . t a r y  systems. A heredi tary  system i s  defined a s  one i n  which. the  behavior 

a t  any time. i s  dependent not only upon the  present  s t a t e  and inputs  but a l s o  
. . . - upon what has happened t o  the  system i n  the  pas t .  I n  o the r  words, behavior 

\ 

i s  dependent upon how the  system got t o  where i t  is, as wel l  a s  on where i t  

is  now. The simplest  example of t h i s  i s  any kind of a  system e x h i b i t i n g  

h y s t e r e s i s .  We may regard a system with unknown i n i t i a l  condit.ions a s  s i m i l a r .  
+ 

I f  we have a s i t u a t i o n  where some of the  i n i t i a l  condi t ions  which a r e  important 

i n  speci fy ing the  behavior of the  system a r e  unknown, we might be a b l e  t o  pre-  

d i c t  them, o r  account for  them, on t h e  bas i s  of knowledge of the system behavior 

on p r i o r  cycles  of opera t ion .  Suppose, f o r  example, t h a t  i t  had been observed 

t h a t ,  .whenever input  s i t u a t i o n  A occurred, response X was appropr ia te  i f  the  

i ,.<:. :.; 
previous input  s i t u a t i o n  had been s i t u a t i o n  Bi whereas response Y was appropri-  

a t e  i f  the  previous input  s i t u a t i o n  had been C. Then we could account f o r  the  
. . I .  

s i t u a t i o n  by making the  r e sponse . t s . . i npu t  A dependent not only upon t h a t  input  

but upon s tored  fnformation a s  t o  the  previous s i t u a t i o n  encountered. 

We note t h a t  i n  t h i s  example we have two d i f f e r e n t  responses appro- 

p r i a t e  t o  s i t u a t i o n s  which appear t o  be i d e n t i c a l  on t h e  b a s i s  of cu r ren t  

information. Actually, the  problem is  t h a t  the  system was not t o t a l l y  i d e n t i f  l ed  
I 

by the  cu r ren t  Information. There were v a r i a b l e s  unaccounted fo r ,  and we could 

e f f e c t i v e l y  deduce what these  v a r i a b l e s  were, i n  an  opera t iona l  sense, by know- 

ledge of what had happened before.  The h y s t e r e s i s  type of s i t u a t i o n  may be 

considered t o  be , %  l og ica l ly  equivalent .  For examples, consider  a  magnetic 



device  w i t h  h y s t e r e s i s .  With t h e  subs tance  i n  one p a r t i c u l a r  s t a t e  o f  

e g n e t i z a t i o n ,  w e  cannot p r e d i c t ,  on t h e  b a s i s  o f  any measurements w e  can 

make, where i t  w i l l  go upon the  a p p l i c a t i o n  of  some new magnet iz ing fo rce .  

Th i s  depends, a s  w e  know, on how it g o t  t o  where i t  is now. However, we 

could regard  t h i s  a s  a l ack  of in format ion .  P t  i s  q u i t e  probable  t h a t  i f  
. I  

t h e r e  were s o w  way t h a t  we could measure t h e  molecular  s t a t e  of  t h e  magnetic 
- 

. . domains o r  s o m t h i n g  of t h i s  s o r t ,  t h a t  w e  could make t h i s  p r e d i c t i o n .  It 

. . d o e s n 8 t  metter whether i t  would even be theo ;e t ica l ly  p o s s i b l e  t o  acqu i r e  

such informat ion  o r  not ,  t he  l og i ca l . .  idea  i s  t h e  same. This  p o i n t  i s  

I 
i n t e r e s t i n g ,  no t  only because i t  provides  a n  a l t e r n a t e  way of  looking a t  t h e  

h e r e d i t a r y  system, but  a l s o  because i t  i n d i c a t e s  t h a t  a pos s ib ly  s u c c e s s f u l  

way of  handl ing  the  h e r e d i t a r y  s i t u a t i o n  is. through t h e  use of  systems memory. 

Next, let  us cons ide r  t he  s t r u c t u r a l  arrangements  o f  t h e  systems 

designed t o  cope w i t h  the  s i t u a t i o n s  of unknown systems (Cases XI-A and 11-B). 

One device  t h a t  i s  obviously r equ i r ed  i s  a l o g i c a l  c o n t r o l  mechanism capable  

o f  i n s t i t u t i n g  a n  organized s e a r c h  f o r  t h e  proper  response p a t t e r n s .  The e x a c t  

n a t u r e  of t he  s ea rch  procedure t o  be used w i l l  depend upon t h e  p a r t i c u l a r  

s i t u a t i o n .  However, we may assume t h a t  i n  g e n e r a l  w e  w i l l  have something on 
:LI. .. 

t h e  o rde r  of e i t h e r  h i l l - c l imb ing ,  o r  succes s ive  approximations,  o r  some 

v a r i a t i o n  of  t h e s e  techniques .  ,The  fmplemantation o f  such proce'dur@s w i l l  

r e q u i r e  among o t h e r  t h i n g s  a f a i r l y  complex l o g i c a l  c a p a b i l i t y .  We w i l l  

r e q u i r e  a l s o  some sho r t - t e rm tnemory w i t h  s u f f i c i e n t  capac i ty  t o  keep t r a c k  

o f  whether one try was b e t t e r  than  the  prev ious  t r y .  

A c a p a b i l i t y  f o r  random a c t i o n  w i l l  be necessary,  a l t hough  w e  may 

suppose t h a t  i n  most c a s e s  t h e  s e a r c h  w i l l  not  be completely random. Even 

though we may n o t  understand t h e  system f u l l y ,  w e  u s u a l l y  would be a b l e  t o  



d e r i v e  some c l u e s  from t h e  i npu t  s i t u a t i o n  a s  t o  what types  of  s o l u t i o n s  should 

be t r i e d .  However, a s  d i s cus sed  i n  a n  e a r l i e r  r e p o r t ,  t h e r e  i s  a  f i n i t e  amount 

of in format ion  t h a t  we can provide,  and w e  may t h e r e f o r e  expec t  t h a t  s i t u a t i o n s  

w i l l  occur  i n  which t h e r e  i s  no correspondence between t h e  s i t u a t i o n  we a r e  

encounter ing  and anyth ing  about  which w e  have any knowledge. Therefore  a  r an -  

dom t r i a l  w i l l  be necessary .  Again, a s  pointed ou t  before ,  t h i s  does not  mean 

n e c e s s a r i l y  a  "co in- f l ipp ing"  ope ra t i on ,  bu t  r a t h e r  t h e  a b i l i t y  t o  simply t r y  

a  pe r f ec t l y .  a r b i t r a r y  method i f  t h e r e  i s  no method i n d i c a t e d  by any previous 

knowledge o r  expe r i ences .  
4 

Next, we can  s e e  t h a t  w e  must always provide f o r  ou tpu t  measurement 

i n  systems o f  t h i s  type .  Any t r i a l - a n d - e r r o r  system by' i t s  very  n a t u r e  reki res  

output  measurement s o  t h a t  we can judge whether o r  not  t h e  method we.appl ied  is  

s u c c e s s f u l .  A s  noted above, f o r  t h e  ca se  where t h e  i n p u t s  a r e  t o t a l l y  known 

and t h e  system i s  unknown but  i n v a r i a n t ,  t h e  ou tpu t  measuring device  w f l l  no t  

be needed a f t e r  t h e  system has  learned  t o  cope w i t h  a l l  p o s s i b l e  i n p u t s .  As 

a  ma t t e r  of f a c t ,  i n  any s i t u a t i o n  where t h e  problem is  bounded and i t  can be 

meaningfully s a i d  t h a t  t h e r e  i s  a  s o l u t i o n  t h a t  can be found o r  lea rned ,  then 

w e  may expec t  t h a t  c e r t a i n  p a r t s  of  t h e  l e a r n i n g  appa ra tu s  w i l l  not  be necessary  

a f t e r  t h e  dev ice  has  gained -'a-. c e r t a i n  deg ree  o f  exper ience .  One excep t ion  

t o  t h i s  would be ca se s  where t h e  system v a r i e s  i n  time i n  an unp red i c t ab l e  

fash ion ,  bu t  a t  a  r a t e  slow enough t h a t  t h e  l e a r n i n g  c a p a b i l i t y  of t h e  system 

can keep up w i t h  i t .  I n  such a ca se  t h e  l e a r n i n g  c a p a b i l i t y  i n  i t s  e n t i r e t y  

may be r equ i r ed  f o r  t h e  e n t i r e  l i f e  of t h e  dev ice .  

A s  f o r  a l l  l e a rn ing  systems, t h e r e  must be long-term memory f o r  s t o r -  

age of  t he  p o s s i b l e  i n p u t s  t o g e t h e r  w i t h  t h e  a s s o c i a t e d  system ou tpu t  d e s i r e d ,  

and lo r  t h e  proper  c o n t r o l l e r  response.  As d i s cus sed  above, Case X I - B  w f l l  



i n  genera l  r equ i re  more memory, s ince  information on t h e , d e s i r e d  outputs  must 

be re t a ined  u n t i l ,  and unless,  enough information is acquired f o r  the  system 

t o  be regarded a s  t iaze-invariant . 
. . 

' '  Input c l a s s i f i c a t i o n  w i l l  be u s e f u l  only i f  the  number of poss ib le  

c o n t r o l l e r  responses is cons ide rab ly ' l e s s  than the  number of poss ib le  inputs .  
. . 

I f  the re :  i s  a. unique response p a t t e r n  associa ted  wi th  each.8nd ,every input,  

then i t  wi.11 not .be poss ib le  t o  reduce the., number of inpu t '  c l a s ses ,  s ince  

the re  must. , then, ,be a separa te  i tem in-  memory f o r  each input  and its associa ted  
. . 

unique reipons8. On the  o the r  hand, i f  ' t he re  a r e  many inputs  a,ssociated wi th  . 

any p a r t i c u l a r  response, then a l l  those inputs  a r e  automatfcal ly grouped to-  

gether ,  a s  pointed out  e a r l i e r .  The search  procedure w i l l ,  therefore ,  bg 

rnor'e e f f i c i e n t  i f  the  inputs  a r e  ' c lass i f ied  before search.  Even i f  the re  is  

a unique output  f o r  each input ,  c l a s s i f i c a t i o n  may be involved i n  the  sense 

t h a t  e f f i c i e n t  search  involves a systematic reduct ion  of the  area  i n  which 

a match is  sought, but t h i s  is  log ica l ly  d i f f e r e n t  from an a c t u a l  reduction 

i n  the  number of input  c l a s s e s .  

The var ious  types of higher-order learning systems discussed w i l l  

o b v f o u s ~ y  requ i re  g r e a t e r  l o g i c a l  complexity. For the  case where we may wish 

t o  r e v i s e  the  input  c l a s s i f i c a t i o n  on the  b a s i s  of  observations of system. 

responses, w e  w i l l  need the  same devices w e  needed f o r  the  Type I - A  system. 

We w i l l  need a system capable of making a s t a t i s t i c a l  a n a l y s i s  of the  response 

and of a l t e r i n g  i t s  own search and c l a s s i f i c a t i o n  procedures. The higher . 

l e v e l  of opera t ion  beyond t h i s ,  the  .,type of device which may be a b l e  t o  de- 

duce the ' equa t ions  of the  system from the  accumulated experience, we cannot 

say much about a t  t h i s  t i m e .  Very l i t t l e  is  known about the  type of log ica l  

opera t ions  t h a t  a r e  involved i n  these. extremely complex a c t i v i t i e s .  A l l  w e  



can s a f e l y  say is t h a t  t h i s  type of opera t ion  w i l l  r equ i re  l o g i c a l  c a p a b i l i t y  

of extremely high order .  I t  w i l l  a l s o  r equ i re  more memory s ince  we w i l l  have 

t o  keep t r a c k  not only of what inpu t s  have been associa ted  wi th  what outputs  

but a l s o  of the  r a t e  of occurrence of var ious  types of inputs .  The l o g i c a l  . 

process of drawing conclusions and genera l i za t ions  from them w i  P i  a l s o  requf re  

intermediate s torage .  

The same comments apply t o  the  type of system spec i f i ed  f o r  the  

s i t u a t i o d  where the re  a r e  unknown' inf luences  ac t ing .  We w i l l  have t o  keep 

t r a c k  of not only what input  p a t t e r n s  and behaviors occur but a l s o  t h e i r  time 

sequence. This w i l l  r equ i re  a d d i t i o n a l  memory capaci ty  a s  we l l  a s  f a i r l y  

high l e v e l  computational and l o g i c a l  a b i l i t i e s .  The case of the  he red i t a ry  

system o r  i t s  l o g i c a l  equivalent ,  t he  system i n  which we don' t  knuw the  

i n i t i a l  condit ions but  can deduce them on the  b a s i s  of  what came before, w i l l  

a l s o  r equ i re  a d d i t i o n a l  memory. We have t o :  keep t r a c k  not only of where 

the system is  now, but a l s o  of where it has been on some number of previous 

s t eps .  So we can make the  f a i r l y  obvious statement t h a t ,  the  higher the  , 

l e v e l  of op6ration we expect of the  machine, the  more l o g i c a l  capaci ty  and 

memory capaci ty  we w i  .... 11 ,have t o  provide. 

:-.: I n  terms of  block diagram organizat ion,  the  var ious  5 p e  XI systems 

w i l l  be s i m i l a r  t o  t h e  Type I-B system (Fig. 8). The main d i f fe rences  w i l l  

be i n  what i s  going on i n s i d e  the  var ious  blocks.  The f i r s t  l e v e l  Type 1 1 - A  

system w i l l  be i d e n t i c a l  t o  Fig. 8, except t h a t . t h e  d i s t r i b u t i o n  analyzer  

. _.. . -  . 
w i l l  be missing and the  input  c l a s s i f i c a t i o n  block w i l l  be o p t i o n a l .  The' ' ( .  . 

second l e v e l  Type 11-A system w i l l  be i d e n t i c a l  t o  Fig. 8. The d i f fe rence  

between t h i s  system and the  1-8 system is t h a t  the  d i s t r i b u t i o n  analyzer  w i l l  

be analyzing the  response p a t t e r n s  f o r  Case PI-A,  r a t h e r  than the  input  pa t t e rns .  



\ The t h i r d  l e v e l  Type 11-8 system w i l l  include a l l  the  blocks of Fig. 8 as  - 
J 

w e l l  a s  a high-order l o g i c a l  f a c i l i t y  i n  the  g sec t ion .  

' The v p e  1 1 - B  system a t  the  f i r s t ,  second, and t h i r d  l eve l s  w i l l  

. ... . .  .: . . . .  . be i d e n t i c a l  i n  organiza t ion  t o  the  corresponding l eve l s  of Type 1 1 - A  
. . . .. . ... . . .  . . 

3 . .  . . .  . . ,  ,. . . system. "Again the  d i f fe rences  w i l l  be i n  what is  going on i n  the  var ious  
. . 

blocks. These a c t i v i t i e s  have been discussed i n  d e t a i l  above,,: s o  we need 
:. : . . 
. .  . 

. . , .  not consider  them here.  
. . .  i .  . .  . 

:, . 
. ' ,  . . 
. . 

Case I11 .- Penrtially Unspecif Led Goal (Opt Lmizing Systems), 

. . Final ly ,  we should consider  the  case where the  ad ip t ive  goal  i s  
. .. 
. . 

not t o t a l l y  spec i f i ed .  This may a t  f i r s t  seem contradic tory ,s ince  i n  the  

f i r s t  s e c t i o n  of t h i s  r epor t  we indica ted  t h a t  we were not  i n t e r e s t e d  i n  

the  system where the  goal  is unknown. By t h i s ,  we meant t h a t  we a r e  not 

t.' i n t e r e s t e d ,  i n  the  s i t u a t i o n  where the re  f s . n o  poss ib le  way of knowing whether 

. . 
o r  not we a r e  improving our performance. We do not mean by t h i s  r e s t r i c t i o n  

t o  r u l e  out  the  optimizing system. For t h i s  type of system we do not know 

s p e c i f i c a l l y  what our u l t imate  goal is .  Ide may know t h a t  the  performance 

has t o  be above some l eve l ,  but  our u l t imate  goal  i s  t o  do the  bes t  possible, 

and i n  many cases  we don't  know what t h e ,  bes t  poss ib le  output may be. . . 

. . 
Thie case  of the  goal  not being t o t a l l y  spec i f i ed  is a c t u a l l y  a  

:+,. 

s p e c i a l  case of the  unknown system, because it is  f a i r l y  obvious t h a t ,  i f  
.. . 

we knew the  system t o t a l l y  and knew. the  inputs ,  we could speci fy  what the  bes t  

poss ib le  performance was j u s t  a s  w e l l  a s  we could speci fy  what should be done 

t o  ge t  t o  t h i s  des i red  response. Thus w e  may expect  the  system organiza t ion  

w i l l  be s imi la r  t o  the  organiza t ion  i n  those cases where the  system i s  not 

t o t a l l y  defined.  The main d i f fe rence  i s  t h a t  the re  would be a  continuing 

t r i a l - and-e r ro r  a c t i v i t y  over successive i n t e r v a l s  of the  app l i ca t ion  of any 



p a r t i c u l a r  ' input s i t u a t i o n .  I n  the  case where the  goal  is spec i f i ed  a s  a 
. . . .. 

def inite:known . . l e v e l  of performade, ,  we have tr ial-and-err&@ d u r i n g  any one 
. . 

i n t e r v a l .  We apply input  A f o r  the  f i r s t  tfme and the  system hunts around 

u n t i l  i t  f i n d s  the  c o n t r o l l e r  response t h a t  gives the  des i red  output .  The 

system s t o r e s  the  response and does not  again go , i n t o  the  t r i a l - and-e r ro r  

mode unless the .sys tem changes i n  some manner s o  t h a t  i t  no longer is achiev- 

ing  the  des.ired output .  However, i n  the  .case where we a r e  looking f o r  an 

optimum 5 t  'is poss ib le  t h a t  the  f ind ing  of the  optimum may occur over many 

successive i n t e r v a l s  of time. 

I n  a system of any r e a l i s t i c  degree of complexity, the  f ind ing  and 

i d e n t i f i c a t i o n  of an optimum mode of behavior w i l l  be a complex and lengthy 

procedure. In  most p r a c t i c a l  cases i t  may be expected t h a t  the re  w i l l  be a 

f i n i t e  length of time we may allow the  system t o  hunt around f o r  a s o l u t i o n  

before we f i n a l l y  have t o  say, "Well, t h i s  is  the  b e s t  we can do f o r  now, s o  

we w i l l  have t o  buy it." The next tfme the  same input  occurs, the system 

may continue the  search,  using the  previously found s o l u t i o n  a s  a s t a r t i n g  

point  i n  an at tempt t o  f ind  something b e t t e r .  T h i ~ ~ p r o c e s s  w i l l  be repeated 

on each successive occurrence of a p a r t i c u l a r  input ,  u n t i l  the  optimum is 
*.+ ' 

reached. 
. '.".. 

The i d e n t i f i c a t i o n  of the  optimuni. is  something of a problem i n  

i t s e l f .  We do not  know i n  advance what the optimum is, s ince  i f  we d id  w e  

would have a t o t a l l y  spec i f i ed  goal .  It is conceivable t h a t  we might have 

a s i t u a t i o n  where we would not i n  advance know what the  b e s t  poss ib le  output  

was, but t h a t  we could absolute ly  i d e n t i f y  i t  when i t  was found. It  is not 

c e r t a i n  whether o r  not t h i s  can happen, but experience suggests  t h a t ,  i n  any 

except a t r i v i a l  case, i t  i s  not a c t u a l l y  i n  p r a c t i c e  poss ib le  t o  ident i fy ,  



I 

1 1  
with  absolute  certainty,optimum behavior i n  a system t h a t  is  not t o t a l l y  

t .  known. 

Nevertheless, i n  .any p r a c t i c a l  case we a r e  going t o  have t o  decide, 

. sooner o r  l a t e r ,  t h a t  we have done a s  w e l l  a s  can possibly be done. I n  general ,  
. . .. ' 

t h i s  w i l l  r equ i re  looking f o r  a ."steady-stateq'  s i t u a t i o n .  I f  we have been 

. , 
searching f o r  the  optimum f o r  many t r i a l s  and f o r  the  l a s t  n t r i a l s  we have 

not been ab le  t o  improve, then w e  w i l l  have 'to assume tha t .  we have found the  

optimum, although the re  may be no way of proving i t .  What 2 should be w i l l  

depend. on the  s i t u a t i o n .  Once the  system has decided t h a t  i t  has achieved 
\ 

the  optimum, i t  w i l l  d iscontinue the  search mode and use the  s to red  s o l u t i o n  

. . 
on f u t u r e  cycles  . 

- ... -. 
, , 

I n  terms of organizat ion,  the  Class I11 system w i l l  be i d e n t i c a l  t o  

the  Class I1 system except t h a t  i t  w i l l  r equ i re  considerably more memory i n  

order  t o  keep t r a c k  of i t s  long term progress towards opt imizat ion .  
. - 

It is  q u i t e  obvious t h a t  i n  most p r a c t i c a l  s i t u a t i o n s  w e  w i l l  have 

var ious  combinations of the c l a s s e s  of environmental s i t u a t i o n s  : described 

i n  the preceding paragraphs. Whenever these  combinations occur, a l l  of the 

c a p a b i l i t i e s  described i n  each one of them w i l l  be necessary i n  order  t o  pro- 

v ide  the  optimum learning system. P t  is a l s o  app i ren t  t h a t  i n  many cases  

c e r t a i n  of the  opera t ions  involved i n  one s i t u a t i o n  o r  another a r e  s imi la r ,  

and the  equipment could be shared i n  some manner t o  make const ruct ion  more 

e f  f i c i e n t  . 
.The form of ana lys i s  we have suggested i n  t h i s  s e c t i o n  of the  r epor t  

i s  not the only one t h a t  can be taken, nor a r e  t h e  desc r ip t ions  given the  only 

ones t h a t  can be applied t o  any given c l a s s  o r  group of systems. However, 

we bel ieve  t h i s  method of ana lys i s ,  the  c l a s s i f i c e t i o n  of a system i n  accord- 

ance with what i s  unknown, w i l l  provide a use fu l  method of a n a l y s i s  i n  any case.  



We b e l i e v e  t h a t  v i r t u a l l y  any system could be put  i n t o  t h i s  framework, and 

..i( . 
t h a t  t o . d o  s o  would provide a  u s e f u l  method of g e t t i n g  s t a r t e d  (on t h e  problem 

I)_. . .. . 

, of f i n d i n g  o u t  what s o r t  of appa ra tu s  w i l l  be r equ i r ed  and whether o r  not  

t he  s i t u a t i o n  is of t h e  type where Learning c h a r a c t e r i s t i c s  may be of r e a l  
- 

va lue  . 
. . ,  

I n  t h i s  l a t t e r  connect ion,  w e  must no te  t h a t  what we have i n d i c a t e d  

he re  i s  what kind of c a p a b i l i t y  would be r equ i r ed  on t h e  p a r t  o f  t h e  machine 

i f  i t  were t o  achieve l e a r n i n g  behavior .  Our a n a l y s i s  w i l l  no t  answer t h e  

ques t i on  a s  t o  whether i t  is economically o r  p r a c t i c a l l y  d e s i r a b l e  t o  t r y  

t o  provide t h i s  c a p a b i l i t y .  I n  t h e  f i r s t  p lace ,  i n  o r d e r  f o r  a  l e a r n i n g  

device  t o  be u se fu l ,  t h e r e  must be enough information,  being presen ted  a t  a  

r ap id  enough r a t e ,  t h a t  t he  machine can i n  a  u s e f u l  sense  l e a r n  by exper ience .  

J u s t  what t h i s  amount and r a t e  should be w i l l  be dependent upon t h e  i n d i v i d u a l  

s f  t u e t i o n .  For example, suppose t h a t  exper iences  o f  t h e  type from which t h e  

system might l e a r n  a r e  going t o  b e , p r e s e n t e d  a t  t h e  r a t e  of  one every t e n  

minutes,  and it t akes  10,000 such exper iences  f o r  t h e  system t o  make any use-  

f u l  g e n e r a l i z a t i o n s .  Then you a r e  c e r t a i n l y  going t o  have t o  ques t i on  very  

s t r o n g l y  whether you should put  t h e  l e a r n i n g  a b i l i t y  "on t h e  l ine" ,  o r  whether  

4. # 

you should simply put  a  r eco rde r  on the  system t o  keep a  record  o f  system 
1".( 

expe r i ence  which can l a t e r  be processed by a machine o r  human beings i n  a  

more e f  f  f c i e n t  manner. 

It is necessary t o  cons ide r  whether o r  not  c e r t a i n  of  t h e s e  jobs, 

even though they could be done by machines, could be done b e t t e r  o r  more 

e f f i c i e n t l y  by human beings.  Consider t h e  type  o f  system i n  which you provide 

f o r  t h e  c a p a b i l i t y  o f  making a  s t a t i s t i c a l  a n a l y s i s  of  t h e  exper ience  i n  o r d e r  

t o  determine b e t t e r  s e a r c h  procedures .  It may be t h a t  a  machine could do  i t ,  

b u t  perhaps a  human be ing  could do i t  b e t t e r  o r  more cheaply.  Thie would o f  
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course depend upon the  individual  circumstances. This same philosophy of 

skepticism should be applied a t  every s t age  of the  design and the quest ion 

* 
, . t o  be asked i s  not, "Is it poss ib le  f o r  a  learning machine t o  do the  job?" 

but r a the r ,  "Is the re  any benef i t  t o  b e  gained from having a  learning machine 
- 

do the  job r a t h e r  than a  human being?'". This  is a  type of philosophy t h a t  any 

designer should apply, and i t  should not be necessary t o  warn good des igners  

t o  apply t h i s  philosophy. However, the re  seems t o  be a  very s t rong  psycho- 

log ica l  a t t r a c t i o n  t o  the  idea of bui ld ing l ea rn ing  devices j u s t  t o  s e e  i f  

you can do i t .  ,Thereforep i t  is more important i n  t h i s  s i t u a t i o n  t o  caut ion  

the  prospective designer t o  always consider  the  more conventional methods 
\ 

which might do the  job. 



SECTION 1.5 SELF-REPAIRING DEUICES 

I n  t h i s  s e c t i o n  we wish t o  cons,ider b r i e f l y  the  r e l a t i o n s h i p s  

between the  p r inc ip les  of machine-learning and the  problem of developing 

self -segeir6n~ devices.  F i r s t  we should comment on a f a i r l y  common m i s -  

conception. Many people who a r e  concerned wi th  the  problem of producing 

. u l t r a - r e l i a b l e  systems w i l l  t e l l  you t h a t  we need t o  dup l i ca te  the a b i l i t y  

of human beings t o  l e a r n  from experience how t o  d e a l  wi th  new and unexpected 

s i t u a t i o n s .  It should be recognized t h a t  the re  is  a con t rad ic t ion  here .  I f  

a s i t u a t i o n  i s ' t r u l y  new and unexpected, then our pas t  experience w i l l  be 

of no value and our only poss ib le  method of approach i s  t r i a l - and-e r ro r .  

Consider a r e f i n e r y  c o n t r o l  system. We bui ld  a l a rge  and complex 

system t o  con t ro l  a r e f ine ry .  We include a l l  s o r t s  of emergency procedures 

t o  dea l  wi th  malfunctions, but the  yltimatei-emergency procedure i s  t o  c a l l  

i n  a human overseer .  When the  c o n t r o l  system encounters a s i t u a t i o n  t h a t  . . 
. . ". .. . .( ~. . . 

i s  unlike any i t  has ever  encountered o r  been to ld  about, i t  sends f o r  . . .. -. 

human a i d .  But why? Why should the  human be a b l e  t o  do more than the  

machine? It i s  mainly because the  human being has more information a t  h i s  

d i spose l  then we y e t  know haw t o  put i n t o  a machine. He has more experience 
I:. ' 

than the  machine, s o  i t  is more l i k e l y  t h a t  he can c o r r e l a t e  the  present  
.-.; 

s i t u a t i o n  wi th  something he has seen before which suggests  a proper procedure. 

I f  the  s i t u a t i o n  i s  a s  new t o  the  human a s  it was t o  the  machine, the  human 

must use the  same procedure t h a t  the  machine would use, t r i a l - and-e r ro r .  

So w e  see  t h a t  when i t  comes t o  "unexpected s i tua t ions" ,  it i s  

not the  .learning a b i l i t y  of the  machine t h a t  is important, i t  i s  t h e  amount 

of information i t  has ava i l ab le .  I f  the  machine can f ind  a s o l u t i o n  t o  the  

problem by t r i a l - and-e r ro r ,  it can s t o r e  i t ,  s o  t h a t  i f  the s i tua t iu r l  crccui-s 
3 
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again, i t  w i l l  not be "unexpected", but  t h i s  does not he lp  us wi th  the  

unique s i t u a t i o n .  Learning by i t s  very nature  involves r e p e t i t i v e  e i t u a -  

t ions ,  not "unexpected" s i t u a t i o n s .  However, the re  i s  s t i l l  the  p o s s i b i l -  

i t y  t h a t  some of the  c a p a b i l i t i e s  o r  components associa ted  with learning 

systems might prove of value i n  s e l f - r e p a i r i n g  systems, and i t  i s  t h i s  

approach t o  the  problem t h a t  we s h a l l  explore i n  the  following. 

It is  convenient t o  break the  problem of s e l f - r e p a i r  down i n t o  

. . 
. . t h ree  f a i r l y  d i s t i n c t  problems: recognit ion,  diagnosis ,  and cor rec t ion .  

. . 
_ - .  . .  . . ': . Recognition i s  the problem of recognizing t h a t  the re  i s  something wrong 

. .. 
. . 

with the system. \Di&gnosis is  the  problem of loca t ing  t h e  source of t h e  

t rouble .  Correct ion is  the  problem of a c t u a l l y  e l iminat  ing the  t rouble .  

We s h a l l  d i scuss  these  problems i n  r e l a t i o n  t o  the  c l a s s e s  of environmental 

1 s i t u a t i o n s  discussed i n  the  previous sec t ion .  

Recognition is  a more d i i f i c u l t  problem than it may a t  f i r s t  

appear t o  be, p a r t i c u l a r l y  f o r  adapt ive  systems. Generally we consider  

t h a t  the re  i s  something wrong wi th  e system when i t  f a i l s  t o  do what i t  i s  

supposed t o  do. Bu't i n  an adaptive system we m y  not know i n  advance what 

the  system i s  supposed t o  do, so how do we know i f  there! is something wrong? 

' For Case I -A,  the  s i t u a t i o n  i s  f a i r l y  simple. We know a l l  poss ib le  inputs ,  
...a ' 

s o  there  can be no unexpected s i t u a t i o n s .  We know what the  system i s  sup- 
'." .' 

posed t o  do f o r  any input,  so a l l  we need t o  do is  t o  provide a means of 

measuring performance and comparing i t  with t h a t  des i red .  That is, we must . 

c l o s e  the loop. This may requfre  a considerable amount of equipment beyond 

t h a t  found i n  the  normal Class I -A system, but , t h e  l o g i c a l  problem is simple. 

For Cases 1-8, If-A, and 11-B,  o r  any combination of them, the  

s i t u a t i o n  is  s i m i l a r .  Even though more and asore f a c t o r s  'mey be unknown, 



. L we s t i l l  know what the adaptive goal  is ,  s o  we can always' check the  

I 
1 performance aga ins t  t h i s  goal .  ~ o t e  t h a t  w e  speci fy  the  adapt ive  goal .  

A s  discussed e a r l i e r ,  the  learning goa l  is not d e f i n i t e l y  known. . The 

' detect iori  of f a u l t y  behavior on the learning l e v e l  w i l l  t he re fo re  be much 

more d l f  f  i c u l t ,  though not necessa r i ly  impossf b le .  Fortunately,  malfunctions 

a t  the  learning l e v e l  w i l l  not i n  genera l  be a s  se r ious  a s  a t  the  adaptive 

l eve l .  The adaptive goal  usual ly  r ep resen t s  some l e v e l  of .behavior which 

. . 
. . the  system.must achieve t o  be considered success fu l  i n  any sense.  Learning . . .  

., ' 

. .. . .. 
. . behavior usually r e s u l t s  i n  a  lower cos t  f o r  t h i s  successful  behavior. This 

lower c o s t  is  des i rab le ,  but not o f t e n  e s s e n t i a l .  
,.. - . . 

.. . . ! .  Case I11 presents  the  most d i f f i c u l t  s i t u a t i o n ,  f o r  here  we do 

not  know what the  system should be do'ing. I f  the re  is some minimum l e v e l  

of acceptable  performance, i n  a d d i t i o n  t o  the  optimum c r i t e r i o n ,  we can 

use t h i s  a s  a  f i r s t  t e s t  of proper opera t ion .  With re spec t  t o  t h e  optimum, 

while we may not know exact ly  what the  optimum is, we know t h a t  the  perform- 

ance should not d e t e r i o r a t e  s i g n i f i c a n t l y  from one cycle  t o  the  next .  So 

w e  could t e s t  f o r  malfunction i n  the  "optimum-seeking" behavior by comparing 

performance on one occurrence of a  given input  with performance on the  pre- 

vious occurrence. It should be noted t h a t  t h i s  f e a t u r e  of comparison wi th  

previous behavior is  a l ready included i n  a  Class I11 system, sc no e x t r a  

equipment w i l l  be necessary. This  procedure of comparison wi th  previous 
.,.. 

behavior w i l l  p r w i d e  a genera l  check on learning behavior, :-... but w i l l  r equ i re  

a d d i t i o n a l  equipment i n  the Class  I and 11 systems. 

Diagnosis i s  probably the  most d i f f i c u l t  problem of the  th ree .  

Recognition a s  discussed above determines on1y:that theleystem is  not per- 

forming a s  i t  should. The f i r s t ,  and most d i f f i cu1 t ;pa r t  of the  diagnosis  
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procedure i s  t o  determine whether the  f a u l t y  behavior i s  due t o  f a i l u r e s  

. ' . . i n  the  system o r  t o  e x t e r n a l  causes. We s h a l l  consider  t h i s  problem f i r s t .  
-.. 

For Case I - A  the re  is nd : problem. Unknown e x t e r n a l  inf luences  ' 

a r e  by d e f i n i t i o n  excluded, s o  i f  t h e  system performance is f a u l t y ,  the  

system must be a t  f a u l t .  For Case I-B t he  s i t u a t i o n  may be more complicated. 

Suppose we. know the  range of inpu t s  over which the  system can perform s a t i s -  

f a c t o r i l y  even though w e  have not catalogued a l l  poss ib le  inputs  i n  t h i s  

range. Then improper behavior f o r  any input  i n  t h i s  range w i l l  i n d i c a t e  

a . sys tem malfunction, s ince  unknown inf luences  a r e  s t i l l . e x c l u d e d  by our 

d e f i n i t i o n .  

On the  o the r  hand, suppose we .encounter a n  input  t o t a l l y  unanti-  
. . 

cipated  by the designer and ou t s ide  the  range of inpu t s  f o r  which the  system 
\ 

was designed.; Then improper behavior may simply i n d i c a t e  a s i g n a l  ou t s ide  

the  system's~maximum range of adap t iv i ty .  The most obvious procedure i n  

such a case would be t o  t e s t  the  system on a s i g n a l  which we know i t  should 

be a b l e  t o  handle. Of course, any time a system i s  success fu l  i n  adapting 

t o  an input  ou t s ide  the  range spec i f i ed  by the  designer,  the  range i s  

accordingly enlarged.  

It should be noted t h a t  the  r e s t r i c t i o n  of t o t a l l y  known goal  

implies tha t ,  i f  any components of the  input  a r e  involved i n  W, these  muet 

be t o t a l l y  catalogued. I f  they were not,  the  system would have no knowledge 

of i t s  goal  and could not possibly opera te .  Thus, a cataloguing of inputs  

could be incomplete only wi th  r e spec t  t o  those components of the  input  not 

involved i n  the  goal  s t r u c t u r e .  For example, suppose the  inputs  t o  a system 
.. - 

had s i x  components, with only two involved i n  the  goal  d e f i n i t i o n .  ,. :On r e -  ' - 

ce ip t ,  of e p a r t i c u l a r  input ,  the  system would check t o  see  i f  the  exact  
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input  were catalogued. I f  i t  were catalogued, the  proper c o n t r o l l e r  

response would be known. I f  i t  were not, the  system would check the  

l i s t i n g  of a l l  va lues  of the  two components involved i n  the  goal i n  order  

to .de termine  t h a t  goal .  It would then go i n t o  a t r i a l - and-e r ro r  search 

f o r  the proper c o n t r o l l e r  response t o  achieve t h i s  goal ,  

I n  Case 1 1 - A  we have the  s i t u a t i o n  t h a t  we knot; a l l  poss ib le  
. . 

input* and :the corresponding outputs  b u t  do not have a complete i d e n t i f i -  
. . . . 

ca t ion  of the  system. This implies t h a t  ,though we know what the  system 

should do f o r  each input ,  w e  do not k n m ' t h a t  it w i l l  be capable of proper 

behavior i n  every case,  even i f  a l l  components a r e  functioning .properly . 
I n  such a case the  f i r s t  s t e p  would be a check t o  determine i f  the  system 

has ever adapted ' successful ly  t o  the  cu r ren t  inpu t .  An a c t u a l  search  would 

not be required,  s ince  a search f o r  a previous s o l u t i o n  i s  the  f i r s t  s t e p  

taken by a Class 1 1 - A  system. A l l  we need t o  do is have ' the system s e t  an 

ind ica to r  according t o  the  r e s u l t  of i t s  search.  I f  the  s i t u a t i o n  has not 

been encountered before, one p o s s i b i l i t y  would be t o  t e s t  the system wi th  

a s i t u a t i o n  which had been encountered before and i s  a s  s i m i l a r  a s  poss ib le  
:" : 

t o  the  present  s i t u a t i o n .  

Case 1 1 - B  presents  the  most d i f f i c u l t  case.  I f  the re  a r e  

completely unknown fo rces  a c t i n g  i n  the  system, then b y d e f i n i t i o n  we done t  

know what e f f e c t s  they w i l l  have on the  system. So we cannot r e l i a b l y  

d i s t i n g u i s h  these  e f f e c t s  from those of internal mlfunct$on.  One poss ib le  

technique. i s  . t o  . t r y  t o  i s o l a t e  the system .from these  influences,  but  t o  the  

degree t h a t  they a r e  unknown t h i s  w i l l . n o t  be poss ib le .  The most powerful 

technique, and sometimes the  simplest ,  i s  t o  r ep lace  a l l  o r  .some p a r t  of 

the  system wi th  u n i t s  assumed t o  be good. Of course, i f  t h i s  .works, we have 



solved t h e  whole s e l f - r e p a i r  problem. 

The u l t i m a t e .  s o l u t i o n  t o  any r e p a i r  problem i s  replacement .  

To the  degree  t h a t  w e  have a  l a r g e  s tock  of spa re  p a r t s  and a  r ap id  and 

economical method of p u t t i n g  them i n  t h e  system, we e l i m i n a t e  t h e  need f o r  

any o t h e r  d i a g n o s t i c  techniques .  The b e s t  way t o  test a  tube  i s  t o  t r y  a  

new one. I f  you can a f f o r d  a  l a r g e  enough s t o c k  of tubes,  you don ' t  need 

a  tube  tester.  Of course,  t h e  f a i l u r e  of  a tube may have been caused by 

some o t h e r  f a i l u r e ,  and i f  you put i n  a  new tube  you may burn i t  o u t  t oo .  

S t i l l ,  i f  you have a  l a r g e  enough s t o c k  of tubes,  t h i s  m y  be t h e  cheapest  

way t o  f i n d  t h e s o t h e r  f a i l u r e .  (It is  necessary t o  know t h a t  t h e  "newg' tube  

i s  a  "good" tube,  a l so . )  

Constder t h e  techniques  used i n  computers today.  We have a l l  . . s o r t s  

of  checks f o r  e r r o r s ,  and we have d i a g n o s t i c  r o u t i n e s  t o  f i n d  t h e  cause  of 

t he  t r o u b l e .  But why bother  w i t h  d i a g n o s t i c  r o u t i n e s ?  The s u r e s t  way t o  

t rouble-shoot  a computer is t o  r e p l a c e  c i r c u i t  c a r d s  u n t i l  you c o r r e c t  t h e  

t r o u b l e .  But t h i s  ha s  t o  be done manually and, w i t h  t h e  number of  c a r d s  

. in  a  modern computer, t h i s '  may t ake  t o o  long. But t h e  computer can  run  l o g i -  

c a l  d i a g n o s t i c  checks a t  e l e c t r o n i c  speeds.  When you cons ide r  t h e  problem 

t. 
. .¶ 

i n  t h i s  , l i g h t ,  i t  becornes'apparent t h a t  t h e  u l t i l n a t e a n s w e r  t o  t h e  problem o f  
'." . 

s e l f  r e p a i r  lies not  i n  t h e  development of more complex and ingenious l o a i c a l  

t echniques ,  bu t  r a t h e r  i n  t h e  development of  e l e c t t o n i c  techniques  f o r  r e p l a c i n g  

components. However, we m y  expec t .  t h a t  t he  development o f  such techniques is 

some y e a r s  away, s o  a  c o n s i d e r a t i o n  o f  l o g i c a l  t echniques  o f  d i a g n o s i s  i s  s t i l l  

p e r t i n e n t  . 
Case 111 seems t o  be e s s e n t i a l l y  t h e  same a s  Case 1 1 - A ,  w i t h  

r e s p e c t  t o  t h e  d i agnos i e  problem. For prev ious ly  encountered inpu t s ,  w e  w i l l  
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compare w i t h  p a s t  performance. For new inpu t s ,  w e  w i l l  test  t h e  system 

on s i m i l a r ,  bu t  p r ev ious ly  encountered,  s i t u a t i o n s .  I n  summary, t h e  main 

a b i l i t y  needed f o r  t h i s  p a r t  of  t he  d i a g n o s t i c  problem i s  t h e  ' a b i l i t y  t o  

compare p re sen t  w i t h  p a s t  performance. Th i s  would be t r u e  even i f  t h e  

systems were not  l e a rn ing ,  but  only adapt ive ,  s i n c e  i t  i s  p r imar i l y  t h e  

adap t ive  behavior  t h a t  we e r e  checking on. Thus, t h e  main component needed 

is memory, and ou r  l e a r n i n g  systems a l r eady  have t h i s .  So we m y  expec t  

t h a t  when w e  have produced a l e a r n i n g  system, w e  w i l l  have taken  a l a r g e  

s t e p  towards producing a s e l f  - r e p a i r i n g  system, and v i ce -ve r sa  . 
Next, assuming t h a t  i t  has  been determined t h a t  t h e  t r o u b l e  i s  

i n  t h e  system i t s e l f ,  how do we loca t e  t h e  f a u l t y  com$onentt With r e s p e c t  

t o  t h i s  a spec t  of t h e  problem, t h e r e  does not  seem t o  be much s i g n i f i c a n t  

d i f f e r e n c e  among t h e  ca se s  d i scussed  e a r l i e r .  A s  d i scussed  above, r e p l a c e  

ment o f  p a r t s  u n t i l  t h e  t r o u b l e  i s  c o r r e c t e d  is  the  most powerful technique,  

but  w e  w i l l  assume f o r  t h e  p re sen t  t h a t  t h i s  i s  p r a c t i c a l  only t o  a l im i t ed  

e x t e n t .  The a l t e r n a t i v e  w i l l  be t o  run  c e r t a i n  t e s t s  on t h e  e n t i r e  system 

and v a r i o u s  p a r t s  of  t he  system. The l e v e l  a t  which we make t h e  tests w i l l  

depend on the  l e v e l  a t  which w e  can make r e p a i r s .  I f  our re -pa i r  c a p a b i l i t y  

i s  l imi t ed  t o  t o t a l  replacement of v a r i o u s  major b locks  of  t h e  system, then 

our  test procedure should be capable  only o f  i s o l a t i n g  t h e  f a u l t y  block.  

We w i l l  not waste  equipment t r y i n g  t o  f i n d  ou t  why t h e  block i s  f a u l t y  i f  :-. 

we' cannot r e p a i r  f t anyway. 

The main equipment requirements  f o r  t h i s  t e s t i n g  w i  11 be a cons ide r -  

a b l e  amount o f  memory, a means of gene ra t i ng  and i n j e c t i n g  t e s t  s i g n a l s  a t  

va r ious  l e v e l s ,  and a means of  measuring performance a t  a p p r o p r i a t e  l e v e l s .  

The need f o r  s i g n a l  gene ra t i on  and meaeurrnent i a  obvious.  The mamory w i l l  
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be r equ i r ed  because it w i l l  be necessary t o  s t o r e  a  g r e a t  d e a l  of informa- 
. . 

. .. t i o n  about  t h e  system, such a s  t a b l e s  of  tests a p p r o p r i a t e  t o  v a r i o u s  
. . 

symptdms and l is ts  o f  t h e  proper  va lues  of v a r i o u s  i n t e r n a l  : s i g n a l s .  It 

.may be expected t h a t  t h e  in format ion  needed w i l l  o f t e n  be q u i t e  d i f f e r e n t  

from t h a t  r equ i r ed  f o r  o p e r a t i o n  of t h e  system. Por example, we can  ope ra t e  

. . an  o s c i l l o s c o p e  wi thout  knowing much about  what goes on i n s i d e  of i t .  But 

i f  we a r e  going t o  s e r v i c e  i t ,  w e  w i l l  need a schematic  diagram and a l ist  

of  t h e  proper va lues  of  v a r i o u s  v o l t a g e s .  
, . 

It might be p o s s i b l e  t o  s u b s t i t u t e  l o g i c a l  c a p a b i l i t y  f o r  some 

. . 
of t h e  memory, s o  t h a t  t h e  .system might " f i gu re  ohto '  c e r t a i n  t e s t s ,  r a t h e r  

than looking them up. Nevertheless ,  a  cons ide rab l e  amount of  memory would 

. . s t i l l  be r e q u i r e d .  The succes s  of  t he  most ingenious t e c h n i c i a n  i n  d e v i s i n g  

tests f o r  a p i ece  of  f a u l t y  equipment w i l l  be d i r e c t l y  r e l a t e d  t o  t h e  amount 
\ 

. I  . of  in format ion  a v a i l a b l e  t o  him. 

I n  summery, w e  s ee  t h a t  t he  c a p a b i l i t i e s  r equ i r ed  a r e  not  b a s i c a l l y  

d i f f e r e n t  from those  involved i n  any l e a r n i n g  system, bu t  more of them w i l l  

be r e q u i r e d .  Memory, t h e  b a s i c  d i s t i n g u i s h i n g  c h a r a c t e r i s t i c  of  l e a r n i n g  

systems, i s  a g a i n  an  e s s e n t i a l  f a c t o r ,  and i n  t h i s  sense  l e a r n i n g  and s e l f -  

r e p a i r  over  lap .  

Next, we come t o  t h e  problem o f  c o r r e c t i o n .  Again t h e r e  is no 

s i g n i f i c a n t  d i f f e r e n c e  among ' the environmental  c l a s s e s .  We assume t h a t  we 

may r u l e  ou t  t h e  p o s s i b l i t y  of  a  s e t  of "mechanical hands" s o l d e r i n g  i n  

new p a r t s .  The only technique which appears  g e n e r a l l y  reasonable  i s  t o  have 
'.".. 

s p a r e  u n i t s  a v a i l a b l e  which can be switched i n t o  t he  system, e i t h e r  e l e c t r o n i -  

c a l l y  o r  by means of r e l a y s .  To the  degree t h a t  w e  develop techniques  f o r  

d o i n g  t h i s  economically for larger and l a r g e r  numbers of p a r t s ,  we s o l v e  t h e  
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e n t i r e  problem of  s e l f  - r epa i r ,  a s  d i s cus sed  above.. 

An a l t e r n a t i v e  approach t o  t h e  c o r r e c t i o n  problem would be t h e  

development of u n i t s  which a r e  s e l f - h e a l i n g  i n  t h e  manner o f  b i o l o g i c a l  

organisms. Unfortunately,  p r a c t i c a l l y  no th ing  is  known about  such processes .  

There i s  some evidence t h a t  t h e  proper  s t r u c t u r a l  forms a r e  l o c a l l y  s t o r e d  

i n  some chemical code. A l t e r n a t i v e l y ,  t h e  b a s i c  b u i l d i n g  bloclcs may be s o  

- 
r e l a t e d  t h a t  t h e  p rope r  form i s  the  on ly  s t a b l e  one. j < ~ h i s  . - . . . . . may be two 

' 

ways of looking a t  the  same phenomena.) I n  any event ,  w e  must adopt  a  "wait 

and see" a t t i t u d e  totlard t h i s  approach and c o n c e n t r a t e  our  a t t e n t i o n  on 

more convent iona l  t echniques .  

F i n a l l y ,  we no te  t h a t  t h e  a c t u a l  l e a r n i n g  a b i l i t y  might have va lue  

' i f  we expec t  r e p e t i t i v e  f a i l u r e s .  I f  a  system f a i l e d  and was a b l e  t o  r e p a i r  

. . 
i t s e l f ,  i t  could s t o r e  in format ion  on t h i s  exper ience  which might make 

r e p a i r  more e f f i c i e n t  i f  t h e r e  should be a  r ecu r r ence  of  t h e  same f a i l u r e .  

  ow ever, .the l i ke l i hood  of  s i n g l e  system be ing  s u b j e c t  t o  a  r e c u r r e n t  bu t  

unan t i c ipa t ed  f a i l u r e  seems r a t h e r  remote. A more l i k e l y  s i t u a t i o n  might 

be t h a t  we would have a  l a r g e  number of i d e n t i c a l  independent u n i t s  which 

could  sha re  t h e i r  expe r i ences .  For example, we might have a  hundred i d e n t i c a l  

s a t e l l i t e s  which could communciate w i t h  one another  and b u i l d  up a common 

fund of  f a i l u r e  in format ion .  We s t i l l  have t o  dec ide  i f  t h i s  i s  t h e  b e s t  

way t o  s o l v e  t h e  'pkoblem. I f  w e  a r e  going t o  provide communciation f a c i l i -  
tr.; 

t ies.  anyway, why. no t  send the  in format ion  back t o  e a r t h  f o r  p roces s ing  by 

humans? We must recognize  t h a t ,  b a r r i n g  a  ,major breakthrough i n  t he  a r e a s  

of  s e l f - h e a l i n g  o r  e l e c t r o n i c  p a r t s  replacement,  s e l f - r e p a i r  i s  going t o  

be a  very expensive p ropos i t i on .  It should' g e n e r a l l y  be cons idered  a  l a s t  

r e s o r t .  



SECTION 1.6. SUGGJBTIONS FOR FUTURE WORK 

We f e e l  t h a t  t h e r e  a r e  b a s i c a l l y  two jobs which remain t o  be done 

t o  b r i n g  t h i s  g e n e r a l  s tudy o f  machine l e a r n i n g  t o  a  l o g i c a l  conc lus ion .  

The f i r s t  i s  f u r t h e r .  s tudy  on the  d e f i n i t i o n  and model of t h e  l e a r n i n g  

system d i scus sed  i n  S e c t i o n  1.2. A s  i n d i c a t e d  t h e r e ,  t h i s  d e f i n i t i o n  is  

i n  t h e  na tu re  of a  p re l iminary  r e s u l t ,  and w e  d e f i n i t e l y  f e e l  t h a t  a d d i t i o n a l  

work i s  r equ i r ed .  

The second job is  t o  apply t he  concepts  of Sec t ions  1.2 and 1.4 

t o  p a r t i c u l a r  examples of l a r g e  s c a l e  c o n t r o l  problems. We f e e l  t h a t  such 

a n  a p p l i c a t i o n  i s  important ,  both t o  c l a r i f y  t h e  concepts  and t o  t e s t  t h e i r  

' v a l i d i t y .  It is l i k e l y  t h a t  mod i f i ca t i ons  of t h e  model and concepts  would 

be suggested and our  o v e r a l l  unders tanding  g r e a t l y  broadened. Among t h e  

a r e a s  t h a t  might be s t u d i e d  a r e  a i r  t r a f f i c  c o n t r o l ,  m i s s i l e  and s a t e l l i t e  

c o n t r o l ,  p rocess  c o n t r o l  and r e a c t o r  c o n t r o l .  We would welcome any sugges-; 

' t i o n s  from-.the c o n t r a c t i n g  agency a s  t o  a r e a s  t h a t  might b e . o f  p a r t i c u l a r ,  

i n t e r e s t .  .It should be emphasized t h a t  we do not  propose t o  become e x p e r t s  

i n  any of t he se  a r e a s .  Our i n t e n t  would be t o  g a i n  s u f f i c i e n t  understanding 

o f  the genera I. prohl.eas. .involved that  we might meaning£ u l l y  test  our  i deas  

on them. 

We b e l i e v e  t h a t  t h e  work o u t l i n e d  above would b r i n g  t h i s  g e n e r a l  

s tudy  of  machine l e a r n i n g  t o  a  reasonable  s topp ing  po in t .  Beyond t h i s  

po in t ,  d e t a i l e d  s tudy o f  s p e c i f i c  problems and techniques  would probebly 

prove amre p r o f i t a b l e .  F u r t h e r  g e n e r a l  s t u d i e s  should awa i t  t h e  accumulat ion 

; of  more expe r i ence  and exper imenta l  d a t a  on p r a c t i c a l  problems 



1. T r w a l ,  John G., "Trends i n  Adaptive Cont ro l  Systems,'" P r o c e e d i n ~ s  
of t he  Nat iona l  E lec t ron ic s  Conference, 15: 1- 16, Oct . 1959. 

2 .  Zadeh, E. A., "On t h e  D e f i n i t i o n  of Adaptivi ty ,"  Proc. IEEE, Vol. 51, 
pp b?n-471,  Match 1963. 

3. Donalson, Dale D.; The Theory and S t a b i l i t y  Analysis  of . a  Model Ekfer- 
enced Parameters Tracking Technique f o r  Adaptive Automatic Cont ro l  
Systems, Ph.D. D i s s e r t a t i o n ,  Univ. Of C a l i f o r n i a  a t  Los Angeles, 1961. 

4 .  Gibson, John E., Non-Linear Automatic Control ,  McCrsw-Hill, New York, 
1963. 

5. Bellman, Richard, Adaptive Control  Processes ,  Pr ince ton  Un ive r s i t y  Press ,  
Pr inceton,  N. J., 1961. 




