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P R E F A C E  

The work r e p o r t e d  on h e r e i n  was a u t h o r i z e d  u n d e r  
C o n t r a c t  NAS1-6739, t h i s  s t u d y  b e i n g  conducted u n d e r  t h e  
d i r e c t i o n  .of P. G a i n e r ,  Control  and Guidance Branch,  Langley 
Research C e n t e r ,  N A S A .  A .  Vogeley, Head o f  t h a t  Branch ,  
a n d  Dr. R .  Sauce r  o f  Langley Research Cen te r  o f f e r e d  t e c h n i -  
c a l  c o n s u l t a t i o n  and gu idance  th roughou t  t h i s  s t u d y .  

T h i s  s t u d y  was performed a t  Decis ion S c i e n c e ,  I n c .  
under  t h e  d i r e c t i o n  of  Dr. L .  J .  Fogel ,  w i t h  R .  A .  Moore 
a c t i n g  a s  p r i n c i p a l  i n v e s t i g a t o r .  W .  D. D i e t r i c h s o n  a n d  
J .  P r e s l e y  coope ra t ed  i n  v a r i o u s  a s p e c t s  o f  t h i s  work. Drs. 
A .  J .  Owens and M .  J .  Walsh served a s  t e c h n i c a l  a d v i s o r s  
t h roughou t  t h i s  program of  i n v e s t i g a t i o n .  

Under t h i s  c o n t r a c t ,  Decis ion  S c i e n c e ,  Inc .  was t o  e v a l -  
u a t e  t h e  use  of  f i n i t e - s t a t e  machines and t h e  e v o l u t i o n a r y  
programming t e c h n i q u e  f o r  r e p r e s e n t i n g  and a n a l y z i n g  t h e  pe r -  
formance of  t h e  human o p e r a t o r  i n  c o n t r o l  o f  dynamic sys t ems .  
T h i s  work i n c l u d e d ,  

An  expans ion  o f  t h e  e x i s t i n g  e v o l u t i o n a r y  

$9 

program t o  permit t h e  use of  64-symbol i n p u t  and 
o u t p u t  a l p h a b e t s ;  

Use o f  t h e  e v o l u t i o n a r y  programming t e c h n i q u e  
f o r  d e r i v i n g  l o g i c a l  r e p r e s e n t a t i o n s  o f  g iven  
l i n e a r  and n o n l i n e a r  t r a n s d u c e r s  based upon t h e i r  
i n p u t - o u t p u t  h i s t o r i e s ,  t h i s  w i t h  r e s p e c t  t o  v a r i -  
ous c r i t e r i a  ( e x p r e s s i o n s  o f  t h e  l o s s  f u n c t i o n ) ;  

f i c i t y  i n  t h e  language  and r e p r e s e n t a t i o n  o f  t h e  
g iven  t r a n s d u c e r ;  

t o r  i n  a s i n g l e  a x i s  t r a c k i n g  t a s k  w i t h  r espec t  t o  
v a r i o u s  performance c r i t e r i a ;  t h i s  under  v a r i o u s  l e v e l s  
o f  s p e c f f i c i t y  and complexi ty  of r e p r e s e n t a t i o n ,  
t he  i n t e n t  be ing  t o  i d e n t i f y  t h e  " s t r a t e g y "  of  t h e  
human o p e r a t o r  and t h e  e x t e n t  t o  which t h i s  s t r a t e g y  
i s  a c t u a l l y  f o l l o w e d ;  and ,  l a s t l y ,  

t h e  t e c h n i q u e  p r e v i o u s l y  used f o r  t h e  a n a l y s i s  of  
i n p u t - o u t p u t  h i s t o r y  t aken  i n - f l i g h t  a t  Edwards F l i g h t  
Research C e n t e r ,  N A S A .  

I n v e s t i g a t i o n  of  t h e  worth o f  g r e a t e r  s p e c i -  

Ana lys i s  of t h e  performance of t h e  human ope ra -  

Comparison o f  t h e  above-mentioned t e c h n i q u e  w i t h  

T h i s  r e p o r t  c o n t a i n s  background i n f o r m a t i o n  p e r t i n e n t  t o  
f i n i t e - s t a t e  machines and e v o l u t i o n a r y  programming, a d e t a i l e d  

i i i  



examinat ion  o f  t h e  f i n d i n g s  o f  t h e  above - re fe renced  t a s k ,  
a n d  an i n t e r p r e t a t i o n  o f  t h e s e  r e s u l t s .  
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MODELING THE H U M A N  O P E R A T O R  

WITH FINITE-STATE MACHINES 

By Dr. L .  J .  Fogel and Roger A.  Moore 
Decis ion  S c i e n c e ,  Inc .  

S U M M A R Y  

The p r o s p e c t  o f  u s i n g  f i n i t e - s t a t e  machines t o  r e p r e s e n t  
a r b i t r a r y  ana log  t f -ansducers  and t h e  human o p e r a t o r  i n  h i s  
performance o f  f l i g h t  c o n t r o l  i s  cons ide red  i n  t h i s  e x p e r i -  
mental  i n v e s t i g a t i o n ,  t o g e t h e r  w i t h  t h e  use o f  e v o l u t i o n a r y  
programming a s  a means f o r  f i n d i n g  such r e p r e s e n t a t i o n s .  A 
s e r i e s  of  t a s k s  of  in .c reas ing  d i f f i c u l t y  which demons t r a t e  
t h i s  c a p a b i l i t y  a r e  p r e s e n t e d ,  r ang ing  from t h e  c h a r a c t e r i z a -  
t i o n  o f  r e l a t i v e l y  s imple  l i n e a r  ana log  " p i l o t s " ,  through 
more complex n o n l i n e a r  ana log  " p i l o t s " ,  and on t o  the  human 
p i l o t  a c t i n g  both i n  a s i m u l a t o r  and i n  f l i g h t .  Cons ider -  
a t i o n  i s  g iven  t o  t h e  t r a d e - o f f  o f  worth i n  terms o f  t h e  ade-  
quacy o f  r e p r e s e n t a t i o n  a g a i n s t  t h e  r e s u l t i n g  complexi ty  o f  
t h e  i n p u t  and o u t p u t  f u n c t i o n s  i n  terms o f  t h e  s i z e  o f  t h e  
a l p h a b e t  and t h e  complexi ty  of  c h a r a c t e r i z a t i o n  o f  t h e  l o g i c  of  
t h e  g iven  t r a n s d u c e r .  The f i n d i n g s  of  the  i n v e s t i g a t i o n  demon- 
s t r a t e  t h a t  f i n i t e - s t a t e  machines do o f f e r  a s u i t a b l e  means f o r  
r e p r e s e n t i n g  t h e  human o p e r a t o r  i n  terms o f  h i s  s t i m u l u s -  
r e sponse  behav io r  w i t h  r e s p e c t  t o  non-convergent  t r a c k i n g  t a s k s .  

In a d d i t i o n ,  a l t e r n a t i v e  hypotheses  concern ing  t h e  l o g i c  
of  p i l o t  behav io r  were examined i n  o r d e r  t o  r e v e a l  t h e i r  r e l a t i v e  
w o r t h  on t h e  bas i s  o f  t h e  a v a i l a b l e  e m p i r i c a l  e v i d e n c e .  A d d i -  
t i o n a l  t a sks  a r e  o u t l i n e d  which may well  be addres sed  through 
t h e  use o f  t h e  t e c h n i q u e  d e s c r i b e d  i n  t h i s  r e p o r t .  These i n c l u d e  
the  des ign  o f  c o n t r o l  s y s t e m s ,  t h e  development o f  t r a i n i n g  
sequences  s u i t a b l e  t o  t h e  needs o f  t he  i n d i v i d u a l  s t u d e n t ,  t h e  
assessment  of  d i s p l a y s  and c o n t r o l s  i n  te rms  o f  t h e i r  m o d i f i -  
c a t i o n  o f  t he  goal e x h i b i t e d  by human b e h a v i o r ,  and t h e  compara- 
t i v e  e v a l u a t i o n  o f  t h e  worth o f  i n c l u d i n g  a d d i t i o n a l  r e a l i t y  i n  
t r a i n i n g  d e v i c e s  and s i m u l a t o r s .  
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An e x t e n s i v e  h i s t o r y  t e s t i f i e s  t o  t h e  l o n g - s t a n d i n g  
-' i n t e r e s t  i n  deve lop ing  s u i t a b l e  models o f  human behav io r .  

In r e c e n t  y e a r s ,  t h e s e  e f f o r t s  have inc luded  a t t e m p t s  t o  
deve lop  e x p l i c i t  mathematical  r e p r e s e n t a t i o n s  i n  the  hope 
t h a t  t h e s e  m i g h t  f a c i l i t a t e  t h e  d e s i g n  o f  sys tems which i n -  
c l u d e  t h e  human o p e r a t o r .  From an e n g i n e e r i n g  v i e w p o i n t ,  i t  

2 i s  of  i n t e r e s t  t o  e n q u i r e  a s  t o  t he  worth o f  modifying the  
p l a n t  dynamics i n  o r d e r  t o  make i t  more compa t ib l e  w i t h  t h e  
dynamics o f  human c o n t r o l ;  "Will t h e  e x p e c t e d  e r r o r s  of  human 
c o n t r o l  s e r i o u s l y  degrade  system per formance?" ;  " M i g h t  t h e s e  
e r r o r s  i n t r o d u c e  u n d e s i r a b l e  v i b r a t i o n s ,  improper  modes o f  
r e s p o n s e ,  and so f o r t h ? "  

A t  t h e  same t i m e ,  t h e r e  i s  t h e  concern f o r  g a i n i n g  a 
d e e p e r  unde r s t and ing  of  t h e  human o p e r a t o r .  Such knowledge 
shou ld  h e l p  t o  i n t r o d u c e  h i m  i n t o  v e h i c l e  sys tems i n  a most 
meaningful  way. I t  i s  i m p o r t a n t  t o  r e s o l v e  such q u e s t i o n s  
a s  "How does t h e  -human o p e r a t o r  o r g a n i z e  h i s  p e r c e p t i o n  of  
the  dynamic p l a n t  u n d e r  h i s  cogn izance?" ;  " H O W  well  does he 
know t h e  c r i t e r i a  a g a i n s t  which he o p t i m i z e s  h i s  per formance?" ;  
"TO what e x t e n t  a r e  t h e s e  c r i t e r i a  a f f e c t e d  by t h e  immediate 
d i s p l a y s  and c o n t r o l s ,  t o  s ay  no th ing  of  t h e  i n s t r u c t i o n s  he 
r e c e i v e s ? " ;  "What kind o f  d i s p l a y e d  i n f o r m a t i o n  would be 
most s u i t a b l e  i n  t e rms  of  t h e  d e s i r e d  performance o f  t h e  sys t em?" ;  
and so  f o r t h .  

T r a d i t i o n a l l y ,  t h e  s e a r c h  f o r  adequa te  models of  t h e  human 
o p e r a t o r  has begun w i t h  l i n e a r  dynamic r e p r e s e n t a t i o n s  g e n e r -  
a l l y  e x p r e s s e d  i n  t h e  form of d i f f e r e n t i a l  equat i .ons ;  t h i s  
i n  s p i t e  of t h e  f a c t  t h a t  i t  i s  u n i v e r s a l l y  r ecogn ized  t h a t  
t h e  human o p e r a t o r  i s  n o n l i n e a r  i n  h i s  t r a n s d u c t i o n .  Hopefu l ly  
t h e  bes t  l i n e a r  r e p r e s e n t a t i o n  would accoun t  f o r  a major  p o r t i o n  
o f  t h e  observed  b e h a v i o r ,  t h u s  l e a v i n g  o n l y  a small  r e s i d u e  i n  
t h e  form o f  unaccoun tab le  d e v i a t i o n s  of t h e  a c t u a l  o u t p u t  from 
t h a t  o f  the  model when both a r e  d r i v e n  by t h e  same sequence o f  
i n p u t  symbols.  Although such l i n e a r  t r a n s f e r  r e p r e s e n t a t i o n s  
o f  t h e  human o p e r a t o r  have proven s u i t a b l e  f o r  c e r t a i n  g r o s s  
e n g i n e e r i n g  p u r p o s e s ,  more s p e c i f i c  a p p l i c a t i o n  would r e q u i r e  
c o n s i d e r a b l e  r e d u c t i o n  i n  t h e  amount of r e s i d u a l  e r r o r  which 
u s u a l l y  remains .  U n f o r t u n a t e l y  t h i s  remnant g e n e r a l l y  depends 
upon t h e  dynamics o f  t h e  p l a n t  and upon t h e  p a r t i c u l a r  human 
o p e r a t o r  under  c o n s i d e r a t i o n .  There w i l l  remain doubt  a s  t o  
t h e  l e g i t i m a c y  of  i n t e r p r e t i n g  t h e  model i n  any psycho log ica l  
s e n s e  u n t i l  i t  becomes p o s s i b l e  t o  d i s t i n g u i s h  t h a t  component 
o f  t h e  remnant which i s  s t r i c t l y  random from t h e  remainder  which 
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i s  due t o  t h e  n o n l i n e a r i t y  o f  t h e  human o p e r a t o r .  

t h a t  p o s s i b l y  a sequence o f  l i n e a r  t r a n s f e r  f u n c t i o n s  m i g h t  
form an adequa te  model f o r  the  human o p e r a t o r ,  t h i s  model 
being c o n s i s t e n t  w i t h  t h e  psychology of C. E.  H u l l ,  which 
p r e d i c t s  random v a r i a t i o n s  of r e sponse  a s  well  a s  v a r i a t i o n s  
of  r e sponse  due t o  r e a c t i v e  i n h i b i t i o n  and i t s  spontaneous  
decay .  A d e t a i l e d  a n a l y s i s  based upon t h e  assumption of  a 
t ime-va ry ing  l i n e a r  o p e r a t o r  d i d ,  i n  f a c t ,  produce a r e d u c t i o n  
i n  t h e  remnant ;  however, t h i s  approach would o n l y  appea r  r eason-  
a b l e  i f  some r e a l i s t i c  r e s t r i c t i o n s  were p l a c e d  upon t h e  
c h a n g e a b i l i t y  o f  t h e  model ( i n  t ime and i n  s t r u c t u r e ) .  Unfor- 
t u n a t e l y  no such n a t u r a l  c o n s t r a i n t s  have y e t  been demons t r a t ed .  
T h u s , ,  t h e  psycho log ica l  s i g n i f i c a n c e  of t h i s  model a l s o  remains 
i n  doub t .  

In view o f  t h i s  d i f f i c u l t y ,  t h e  t h e s i s  was advanced 

A key t o  t h i s  problem may be i n  t h e  use o f  a d i f f e r e n t  
c l a s s  o f  mathemat ica l  f u n c t i o n s  f o r  modeling human b e h a v i o r .  
F i n i t e - s t a t e  machines c o n s t i t u t e  a very  g e n e r a l  c l a s s  o f  
f u n c t i o n s .  Any t r a n s d u c t i o n  which can be r e p r e s e n t e d  by a 
f i n i t e  number o f  i n p u t  symbols being mapped i n t o  a f i n i t e  
number o f  o u t p u t  symbols i n  a f i n i t e  number o f  mutua l ly  e x c l u -  
s i v e  ways i s  a f i n i t e - s t a t e  machine.  That  i s  t o  s a y ,  t h e  
r e sponse  o f  a f i n i t e - s t a t e  machine t o  any p a r t i c u l a r  i n p u t  
symbol depends n o t  on ly  upon t h a t  symbol b u t  upon t h e  i n t e r n a l  
s t a t e  o f  t h a t  machine a t  t h e  t ime i t  r e c e i v e s  t h e  i n p u t  
symbol. While i n  p r i n c i p l e  i t  i s  p o s s i b l e  t o  r e p r e s e n t  any 
e x h i b i t e d  behav io r  o f  the human o p e r a t o r  by a f i n i t e - s t a t e  
machine,  and t h i s  t o  an a r b i t r a r y  l e v e l  of  p r e c i s i o n ,  i t  i s  
f a r  more i m p o r t a n t  t o  f i n d  a s u i t a b l e  r e p r e s e n t a t i o n  of  
the same behav io r  a t  a l e s s e r  l e v e l  o f  s p e c i f i c i t y  and t h i s  
w i t h  r e s p e c t  t o  t h e  min imiza t ion  of some g iven  c o s t  f u n c t i o n .  
Although no a n a l y t i c  method e x i s t s  f o r  per forming  t h i s  o p e r a -  
t i o n , ' t h e  d e s i r e d  f i n i t e - s t a t e  machine r e p r e s e n t a t i o n  can be 
found t h r o u g h  a t r i a l  and e r r o r  s e a r c h  t e c h n i q u e  which b e n e f i t s  
from t h e  i m p l i c i t  r e c a l l  o f  each p a s t  a t t e m p t ;  t h a t  i s ,  a 
s i m u l a t i o n  of  e v o l u t i o n .  A more e x p l i c i t  d e s c r i p t i o n  o f  t h e  
n a t u r e  of finite-state machines and e v o l u t i o n a r y  programming i s  
c o n t a i n e d  i n  t h e  f o l l o w i n g  s e c t i o n  o f  t h i s  r e p o r t .  

The body of  t h i s  r e p o r t  i s  devoted  t o  a summary of  some 
background m a t e r i a l  p e r t i n e n t  t o  t h e  c u r r e n t  i n v e s t i g a t i o n ,  t o  
a b r i e f  d e s c r i p t i o n  o f  t h e  f i n d i n g s  o f  t h i s  i n v e s t i g a t i o n ,  and 
t o  an i n t e r p r e t a t i o n  of t h e s e  r e s u l t s  a s  t h e y  p e r t a i n  t o  answer- 
i n g  t h e  need f o r  an adequa te  mathemat ica l  model o f  t h e  human 
o p e r a t o r .  
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A N A L Y T I C A L  TECHNIQUES 

E a r l y  a t t e m p t s  t o  f i n d  a u s e f u l  mathematical  r e p r e s e n t a t i o n  
OT t h e  human t r a n s f e r  c h a r a c t e r i s t i c s  proceeded under t h e  

s u m p t i o n  t h a t  t h e  o p e r a t o r ' s  behav io r  was t i m e - i n v a r i a n t  and 
l i n e a r  w i t h  r e s p e c t  t o  a s i n g l e  i n p u t - s i g n a l  s t i m u l u s .  V a r i a b l e  
g a i n  and r e sponse  d e l a y ,  p robab ly  t h e  most obvious  o f  human 
c p n t r o l  c h a r a c t e r i s t i c s ,  were i n c l u d e d  i n  one o f  t h e  f i r s t  
m"ahematica1 mode-1s w h i c h  e x p r e s s e d  the  human o p e r a t o r ' s  t r a n s -  
d u c t i o n  i n  t h e  Laplace domain. The g a i n  was r ecogn ized  t o  be 
dependent  upon many f a c t o r s  i n c l u d i n g  t h e  t r a n s f e r  f u n c t i o n  
o f  t h e  c o n t r o l l e d  v e h i c l e ,  t h e  a b s o l u t e  range  o f  t h e  d i s p l a y  
and c o n t r o l l e d  d i s p l a c e m e n t s ,  t h e  amount and t h e  n a t u r e  o f  t h e  
n o i s e  imposed u p o n  t h e  sys tem,  t h e  p h y s i c a l  and emotional  s t a t u s  
o f  t h e  man i n  c o n t r o l ,  and t h e  n a t u r e  o f  the  t a s k  a t  hand a s  
seen  i n  terms o f  t h e  performance c r i t e r i o n .  

In a c t u a l  p r a c t i c e ,  human r e a c t i o n  time i s  a l s o  a f u n c t i o n  
o f  t h e  immediate s i t u a t i o n ,  being p a r t i c u l a r l y  dependent  upon 
t h e  n a t u r e  o f  t he  d i s p l a y e d  s i g n a l .  In g e n e r a l ,  t h e  p r e s e n t a -  
t i o n  o f  a t i m e - p a t t e r n e d  and t h e r e f o r e  more p r e d i c t a b l e  s i g n a l  
i s  r e a d i l y  r ecogn ized  by t h e  o b s e r v e r .  Upon r e a l i z a t i o n  o f  i t s  
r e g u l a r i t y  ( i n  a lmos t  any r e g a r d ) ,  he may be expec ted  t o  i n s t i -  
t u t e  a new t r a c k i n g  p rocedure  wherein t h a t  p o r t i o n  of  the  s i g n a l  
which i s  p r e d i c t a b l e  w i l l  be s e l f - g e n e r a t e d  i n  synchronism w i t h  
t h e  d i s p l a y e d  s i g n a l .  In t h e  c a s e  o f  a p e r f e c t l y  p r e d i c t a b l e  
s i g n a l ,  t h e  human becomes a p r e c o g n i t i v e  s i g n a l  g e n e r a t o r  and 
t h u s  e l i m i n a t e s  t h e  r e sponse  d e l a y .  He m o d i f i e s  h i s  behav io r  
from a c t i v e  t r a c k i n g  t o  what i s  u s u a l l y  termed "mon i to r ing"  
and thus r educes  h i s  workload wh i l e  accompl i sh ing  s u p e r i o r  system 
c o n t r o l ,  c o n t i n u i n g  i n  t h i s  mode of o p e r a t i o n s  a t  l e a s t  u n t i l  
t h e  s i g n a l  becomes a g a i n  u n p r e d i c t a b l e .  Completely u n p r e d i c t a b l e  
d i s p l a y e d  s i g n a l s  a r e  g e n e r a l l y  accompanied by r e a c t i o n  times i n  
e x c e s s  o f  o n e - h a l f  s econd ,  t h i s  r e a c t i o n  t ime b e i n g  a measure 
o f  t h e  d i f f i c u l t y  o f  i n t e r p r e t i n g  t h e  d i s p l a y .  

In 1947,  T u s t i n  s u g g e s t e d  t h a t  t h e  human o p e r a t o r  a l s o  
c o n s i d e r s  t h e  d e r i v a t i v e  and i n t e g r a l  of t h e  p r e s e n t e d  time- 
dependent  d a t a .  T h i s  concep t  r e c e i v e d  a s e r i e s  of  c a r e f u l  
examina t ions  i n  t h e  succeed ing  y e a r s .  As a r e s u l t ,  i t  became 
p o s s i b l e  t o  s e p a r a t e l y  i d e n t i f y  i n d i v i d u a l  te rms  of  t h e  t r a n s f e r  
f u n c t i o n  which co r re spond  t o  p h y s i c a l  l i m i t a t i o n s  o f  t he  human 
o p e r a t o r .  S p e c i f i c a l l y ,  a neuromuscular  t ime l a  r ang ing  from 
abou t  0 .1  t o  0.16 s e c o n d s ,  a l e a d - t i m e  c o n s t a n t  4 u s u a l l y  f a l l i n g  
i n  t h e  range o f  0 . 2 5  t o  2 .5  s e c o n d s )  and a l a g - t i m e  c o n s t a n t  ( o f  
from 5 t o  20 s e c o n d s )  were i n t r o d u c e d .  The l e a d - l a g  f a c t o r  r e p r e -  
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s e n t e d  t.he e q u a l i z a t i o n  performed by the  human o p e r a t o r  i n  
o r d e r  t o  a d j u s t  f o r  the  observed  c h a r a c t e r i s t i c s  o f  t he  i n p u t  
s t imulus s i g n a l  and the  c o n t r o l l e d  v e h i c l e .  E f f e c t i v e l y ,  t h e  
o p e r a t o r  t h u s  p l a c e d  g r e a t e r  impor tance  upon h i g h e r  f r equency  
components i n  o r d e r  t o  e x t r a c t  a n t i c i p a t o r y  i n f o r m a t i o n  and ,  
a t  t h e  same t ime, performed an i n t e g r a t i v e  smoothing s o  a s  t o  
c o n s t r a i n  the  d i s p l a y e d  s i g n a l  t o  b e t t e r  f i t  t he  f r equency  
response c a p a b i l i t i e s  o f  the c o n t r o l l e d  v e h i c l e .  In e s s e n c e ,  
t h e  more t h i s  l a g  term approaches  pu re  i n t e g r a t i o n ,  t he  g r e a t e r  
t h e  r e l a t i v e  impor tance  the  p i l o t  i s  a t t r i b u t i n g  t o  t h e  " d r i f t  
components" o f  t h e  d i s p l a y e d  s i g n a l .  i 

B u t  t h e  human o p e r a t o r  does n o t  always a t t e m p t  t o  comple te -  
l y  e l i m i n a t e  the  p e r c e i v e d  t r a c k i n g  e r r o r .  A t  t i m e s ,  he may 
f e e l  t h a t  t he  amount o f  e f f o r t  r e q u i r e d  on h i s  p a r t  i s  a t  a 
g r e a t e r  c o s t  than  t h e  va lue  which would be ga ined  through t h e  
e x p e c t e d  improvement of  system performance.  O n  t h e  o t h e r  hand,  
he may obse rve  t h a t  the  p r e s e n t  e r r o r  i s  most p robab ly  t h e  
d i r e c t  r e s u l t  o f  a c y c l i c  d i s t u r b a n c e  i n  t h e  system which,  i f  
a l lowed t o  complete  i t s  a c t i v i t y ,  would l e a v e  t h e  pr imary  
t r a j e c t o r y  o f  the  v e h i c l e  e s s e n t i a l l y  u n d i s t u r b e d .  I f  t h e  
d i s p l a y e d  s i g n a l  i s  c h a r a c t e r i z e d  by h i g h  f r equency  components,  
t h e s e  may be i n t e r p r e t e d  a s  s ensed  n o i s e  which a r e  b e s t  d i s -  
ca rded  from t r a n s d u c t i o n  i n  view of t h e  low f r equency  bandpass 
c h a r a c t e r i s t i c  of  t h e  c o n t r o l l e d  system and v e h i c l e  r e sponse .  

In a d d i t i o n  t o  t h e s e  r easons  f o r  t h e  accep tance  o f  some 
e r r o r ,  t h e r e  remains o t h e r  e q u a l l y  v a l i d  p o s s i b i l i t i e s .  For 
many r easons  the  human o p e r a t o r  may n o t  hold a l e v e l  of a s p i r -  
a t i o n  toward s u p e r i o r  system performance g r e a t e r  than  t h a t  
a l r e a d y  be ing  ach ieved .  The n a t u r e  of  t h e  t r a i n i n g  a n d / o r  
s p e c i f i c  i n s t r u c t i o n  p r i o r  t o  t h e  t r a c k i n g  t a s k  may have a s i g -  
n i f i c a n t  b e a r i n g  upon t h i s  f a c t o r .  He may be f a t i g u e d ,  bo red ,  
o r  under t h e  i n f l u e n c e  o f  d r u g s .  In any c a s e ,  t h e  man a t  the  
c o n t r o l s  j u s t  may n o t  c a r e .  

Whenever t h e s e  c o n d i t i o n s  e x i s t ,  an i n d i f f e r e n c e  t h r e s h o l d  
a p p e a r s ;  t h a t  i s ,  t h e r e  i s  some range around t h e  s i g n a l  which 
i s  c o n s i d e r e d  t o  be " z e r o  e r r o r "  i n  t h e  s e n s e  t h a t  i t  f a i l s  t o  
e l i c i t  any a s s o c i a t e d  c o n t r o l  r e sponse .  T h i s  i n d i f f e r e n c e  
t h r e s h o l d  always e x i s t s  even i n  t h e  l i m i t  o f  an " a l l - o u t "  e f f o r t  
when i t  i s  reduced t o  t h e  l i m i t  o f  v i s u a l  a c u i t y .  C l e a r l y ,  t h i s  
form o f  n o n l i n e a r i t y  must be e x h i b i t e d  i n  any adequa te  mathemati-  
c a l  model o f  t h e  human o p e r a t o r .  

o u t p u t  b e i n g  assumed s t a t i o n a r y  p r o c e s s e s ) ,  such n o n l i n e a r  t r a n s -  
d u c t i o n  can be d e s c r i b e d  i n  terms o f  a l i n e a r i z e d  component, 
c a l l e d  t h e  " d e s c r i b i n g  f u n c t i o n "  and some u s u a l l y  l e s s  s i g n i -  
f i c a n t  "remnant"  term. Even though t h e  s i g n a l  may appea r  random 

For a p a r t i c u l a r  c l a s s  o f  i n p u t  s i g n a l s  ( b o t h  t h e  i n p u t  and 
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t o  t h e  t r a c k e r ,  i t  may s t i l l  be d e s c r i b a b l e  i n  t e rms  of some 
o f  i t s  s t a t i s t i c a l  p a r a m e t e r s .  These ,  t o g e t h e r  w i th  t h e  f i x e d  
t ransduc  t i on c h a r a c  t e  r i  s t i  c , f u r n  i s h t h e  requ i r ed  i n f o  rmat i on 
t o  de t e rmine  t h e  e q u i v a l e n t  pure g a i n  which i s  a f u n c t i o n  o f  
b o t h  t h e  i n d i f f e r e n c e  t h r e s h o l d  and t h e  v a r i a n c e  ( o r  s t a n d a r d  - d e v i a t i o n )  of  t h e  i n p u t  s i g n a l .  

Here i s  a n a t u r a l  o u t g r o w t h  o f  t h e  f r equency  r e sponse  
a n a l y s i s  t e c h n i q u e  due t o  Nyqu i s t .  I f  a l i n e a r  system i s  s t i m -  
u l a t e d  w i t h  a s i n u s o i d a l  f o r c i n g  f u n c t i o n ,  t h e  o u t p u t  w i l l  a l s o  
be s i n u s o i d a l  h a v i n g  some ampl i tude  r a t i o  a n d  phase r e l a t i o n  
t o  t h e  i n p u t ,  b o t h  be ing  a f u n c t i o n  o f  t h e  s i n u s o i d a l  f r equency .  
N e i t h e r  o f  t h e s e  p a r a m e t e r s ,  t h e  ampl i tude  r a t i o  n o r  t h e  phase 
s h i f t ,  a r e  dependent  u p o n  t h e  i n p u t  ampl i tude  or i t s  t ime of 
o r i g i n ,  t h u s  i t  becomes p o s s i b l e  t o  u t i l i z e  t h e s e  pa rame te r s  
t o  f u l l y  d e s c r i b e  t h e  l i n e a r  system i n  terms o f  i t s  t r a n s f e r  
f u n c t i o n .  I f ,  however, t h e  same s i n u s o i d a l  i n p u t  were a p p l i e d  
t o  a n o n l i n e a r  s y s t e m ,  t h e  o u t p u t  would n o t ,  i n  g e n e r a l ,  be 
s i n u s o i d a l .  The o u t p u t  can be expanded in  a F o u r i e r  S e r i e s  t o  
e v i d e n c e  t h e  v a r i o u s  s p e c t r a l  components. I t  then  becomes 
p o s s i b l e  t o  use t h e  r a t i o  o f  t h e  o u t p u t  t o  t h e  i n p u t  t o  d e f i n e  
a f u n c t i o n  which i s  dependent  u p o n  t h e  i n p u t  ampl i tude  and 
f r equency .  This  r a t i o  d e f i n e s  t h e  d e s c r i b i n g  f u n c t i o n ,  where 
c o n v e n t i o n a l l y  on ly  t h e  f i r s t  harmonic component o f  t h e  o u t p u t  
i s  c o n s i d e r e d  f o r  a s i n u s o i d a l  i n p u t .  Note t h a t  t h i s  t e c h n i q u e  
r e p r e s e n t s  a system o n l y  f o r  a p a r t i c u l a r  c l a s s  o f  i n p u t s  
( t h e s e  being c o n v e n t i o n a l l y  presumed t o  be s imple  s i n u s o i d s ) .  

A c o n s i d e r a b l e  amount o f  e m p i r i c a l  ev idence  has been 
g a t h e r e d  i n  v a r i o u s  e f f o r t s  t o  de t e rmine  t h e  d e s c r i b i n g  f u n c -  
t i o n  f o r  t h e  h u m a n  o p e r a t o r  i n  the c o n t r o l  o f  v a r i o u s  t y p e s  
o f  v e h i c l e s .  According t o  McRuer, Krendel and S e n d e r s ,  

"There  a r e  many f a c t o r s  which l i m i t  t h e  g e n e r a l i t y  o f  t h e  
d e s c r i b i n g  f u n c t i o n s  o b t a i n e d  e x p e r i m e n t a l l y  and l i s t e d  i n  t h e  
t a b l e s .  Among t h e s e  a r e  t h e  f o l l o w i n g :  

( 1 )  T h e  magni tude of t h e  remnant term i s  l a r g e  
i n  a lmos t  a l l  c a s e s  e x c e p t  f o r  t h e  s i m p l e s t  c o n t r o l l e d  
e l e m e n t s  and in 'pu ts .  I t  may indeed  be l a r g e r  than  t h e  
l i n e a r  p o r t i o n  of  t h e  d e s c r i b i n g  func t ion , . .  The remnant 
must be t r e a t e d  a s  a n o i s e  g e n e r a t e d  by t h e  man a s  an 
i n p u t  t o  t h e  c o n t r o l l e d  sys tem.  I t  must, however, be 
remembered t h a t  t h i s  ' n o i s e '  i s  a r e s u l t  o f  t h e  method 
of a n a l y s i s  r a t h e r  than  o f  t h e  o b s e r v a t i o n  o f  b e h a v i o r .  
The a t t e m p t  t o  l i n e a r i z e  behav io r  g i v e s  r i s e  t o  a l a r g e  
n o i s e  component. With more s o p h i s t i c a t e d  t e c h n i q u e s  of 
a n a l y s i s ,  t h e  n o i s e  o r  u n c o r r e l a t e d  p a r t  o f  t h e  b e h a v i o r  
w o u l d  be reduced i n  magni tude .  

( 2 )  Most o f  t h e  d a t a  on  which t h e  c o n c l u s i o n s  
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t a b u l a t e d  a r e  based a r e  themselves  t h e  r e s u l t  o f  
e x p e r i m e n t a t i o n  on a ve ry  few s u b j e c t s  (and f o r  
s h o r t  p e r i o d s  o f  t i m e ) .  No p o p u l a t i o n  d a t a  a r e  
a v a i l a b l e ,  o r  d a t a  abou t  f a t i g u e  and l e a r n i n g .  

( 3 )  Most o f  the  d a t a  app ly  o n l y  t o  s p e c i f i c  
a i r c r a f t  dynamics,  r a t h e r  than  t o  a sample of  con- 
t r o l l e d  e l emen t s  s e l e c t e d  f o r  the  purpose o f  e x p l o r i n g  
t h e  n a t u r e  o f  the man's a d a p t a t i o n  t o  d i f f e r e n t  
c o n t r o l  1 ed e l  emen t s  . 

( 4 )  Most of t h e  d a t a  were o b t a i n e d  i n  e x p e r i -  
ments i n  which the  s u b j e c t  o p e r a t e d  o n l y  one channel  
a t  a t i m e ,  o r  i n  some c a s e s ,  two. In most o p e r a -  
t i o n a l  s i t u a t i o n s ,  t h e  human o p e r a t o r  i s  c o n f r o n t e d  
w i t h  many i n d i c a t o r s  and many c o n t r o l s .  He must 
d i s t r i b u t e  h i s  a t t e n t i o n  among a l l  of  t h e s e  r a t h e r  
t han  c o n c e n t r a t e  on one. I t  m i g h t  be expec ted  t h a t  t h e  
d e s c r i b i n g .  f u n c t i o n  a p p r o p r i a t e  t o  such a sampling 
system would be d i f f e r e n t  from t h o s e  found even i f  t h e  
major  i n p u t s  and c o n t r o l l e d  e l emen t s  were t h e  same i n  
t h e  two c a s e s .  

( 5 )  In a d d i t i o n  t o  such d e f i c i e n c i e s  w i t h  r e g a r d  
t o  sampl ing ,  t h e r e  e x i s t s  a l s o  t h e  l i k e l i h o o d  o f  
i n t e r f e r e n c e  and "coup1 i n g "  among t h e  many channe l s  which 
a man m i g h t  be c a l l e d  upon t o  o p e r a t e .  

In s p i t e  o f  t h e s e  d e f i c i e n c i e s ,  t h e  d e s c r i b i n g  f u n c t i o n s  
f o r  human o p e r a t o r s  have c o n s i d e r a b l e  u t i l i t y ,  both i n  e s t a b l i s h -  
i n g  boundar i e s  f o r  t h e  c o n t r o l l e d  e l emen t s  which men a r e  t o  
use,  and i n  e s t i m a t i n g  t h e  e f f e c t s  o f  d i f f e r e n t  i n p u t s  on 
behav iour  and performance.  'I 

Other  t e c h n i q u e s  have been c o n s i d e r e d  i n  e f f o r t s  t o  o v e r -  
come t h e  d i f f i c u l t y  in$roduced  by t h e  n o n l i n e a r i t y  o f  human 
performance.  One of these  i s  based on t h e  phase-space  method 
o f  a n a l y s i s  i n t r o d u c e d  by Po inca re  i n  1881.  For t h e  simple 
t r a c k i n g  s i t u a t i o n ,  t h e  phase-space  i s  reduced t o  a phase-  
p l a n e  s h o w i n g  t h e  p o s i t i o n  e r r o r  on t h e  a b s c i s s a  and t h e  f i r s t  
d e r i v a t i v e  o f  t h i s  e r r o r  on the  o r d n a t e .  T h e  o r i g i n  d e s c r i b e s  
t h e  system when i t  i s  i n  s t e a d y - s t a t e  z e r o  e r r o r .  Sudden s h i f t  
o f  t h e  r e f e r e n c e  s i g n a l  p r o v i d e s  a d i sp l acemen t  e r r o r  and a 
"proper"  c o r r e c t i v e  a c t i o n  shou ld  n u l l  t h e  e r r o r  th rough a 
s i n g l e  b a l l i s t i c  a c t i o n .  U n f o r t u n a t e l y ,  i n  r e a l  world s i t u a t i o n s  
t h i s  r a r e l y  o c c u r s .  There i s  e i t h e r  an undershoot  o r  an o v e r -  
s h o o t  w i t h  t h e  t r a j e c t o r y  i n  t h e  phase -p lane  c o n t i n u i n g  i n  a 
c o u n t e r c l o c k w i s e  movement u n t i l  the  e r r o r  i s  e l i m i n a t e d .  W i t h i n  
such a view, i t  i s  p o s s i b l e  t o  s e p a r a t e  modes of  b e h a v i o r ,  thus  
o f f e r i n g  a s i m p l i f i e d  model o f  t h e  human o p e r a t o r  f o r  each 

8 



i n d i v i d u a l  mode a n d  some r e l a t i v e l y  simple s e t  o f  r u l e s  f o r  
the t r a n s i t i o n  between modes. In one s t u d y  performed by 
Sende r s  and Fogel ,  s i x  modes were s e p a r a t e l y  i d e n t i f i e d  ... 
r e a c t i o n ,  a c q u i s i t i o n ,  t r a c k i n g ,  synchronism,  s t e a d y - s t a t e  
* t r e m o r ,  a n d  r e a s s u r a n c e .  

t Another t e c h n i q u e  i s  based on a s t o c h a s t i c  model which 
t r a c e s  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  o f  t h e  t r ans fo rmed  
v a r i a b l e  through a l o g i c a l  f low r e p l i c a t i n g  t h e  h e u r i s t i c  

o f f e r s  a c h a r a c t e r i z a t i o n  of t h e  t ime-va ry ing  human o p e r a t o r  
th rough c o n t i n u a l l y  v a r y i n g  l i n e a r  a n d  n o n l i n e a r  models ( r e f .  
2 ) .  U n f o r t u n a t e l y ,  acco rd ing  t o  Gagne and Wie rwi l l e .  "There 
a p p e a r s  t o  be no  d e t e r m i n i s t i c  mechanism f o r  e x p l a i n i n g  the  
l i n e a r  t i m e - v a r i a b i l i t y  of the h u m a n  o p e r a t o r " .  F u r t h e r ,  
"There a p p e a r s  t o  be no s imple  r e l a t i o n s h i p  between t h e  t ime-  
va ry ing  t r a n s f e r  c h a r a c t e r i s t i c s  and t h e  s i g n a l s  of t h e  
co r re spond ing  manual c o n t r o l  sys tem" e Nonl inea r  c o n s t a n t -  
c o e f f i c i e n t  models were then  used t o  r e p l i c a t e  the  l o g i c  o f  
human t r a n s d u c t i o n ,  " T h e  n o n l i n e a r  f i l t e r  which was s y n t h e -  
s i z e d  i n  o r d e r  t o  o b t a i n  t h i s  ( s a t i s f a c t o r y )  r e s u l t  h a d  68  
l i n e a r  and n o n l i n e a r  component f i l t e r  o u t p u t s ,  and t h e r e f o r e ,  
i s  t o o  compl i ca t ed  t o  y i e l d  i n t u i t i v e  i n f o r m a t i o n  abou t  the  
l o g i c - s t r a t e g y  o f  t h e  human o p e r a t o r . "  C l e a r l y ,  what i s  
needed i s  a mathemat ica l  model of a d i f f e r e n t  k i n d ,  one which 
e x t r a c t s  a c o n s i d e r a b l e  amount of redundancy from t h e  e m p i r i c a l  
d a t a  i n  such a way a s  t o  o f f e r  a r e l a t i v e l y  s imple  and c o n s i s -  
t e n t  view o f  i n d i v i d u a l  f e a t u r e s  o f  t h e  t r a n s d u c t i o n ,  h o p e f u l l y  
i n  a manner s u i t a b l e  f o r  d i r e c t  i n t e r p r e t a t i o n  w i t h i n  a psycho-  
l o g i c a l  frame o f  r e f e r e n c e .  

r o p e r t i e s  o f  human d e c i s i o n  behav io r  ( r e f .  1 ) .  S t i l l  a n o t h e r  

A c o n v e n i e n t  form of  mathematical  f u n c t i o n  for  t h i s  purpose  
appea r s  t o  be t h e  f i n i t e - s t a t e  machine ... a "machine" b e i n g  
d e f i n e d  i n  terms o f  t h e  f i n i t e  a l p h a b e t  of  p o s s i b l e  i n p u t  symbols ,  
t h e  f i n i t e  a l p h a b e t  o f  p o s s i b l e  o u t p u t  symbols ,  and some 
f i n i t e  number o f  p o s s i b l e  d i f f e r e n t  i n t e r n a l  s t a t e s .  To s p e c i f y  
such a machine ,  each o f  t h e s e  s t a t e s  must be d e s c r i b e d  i n  
terms o f  the symbols which would emerge from t h e  machine and 
t h e  next  s t a t e  o f  t h e  machine when t h e  machine i s  i n  t h a t  
s t a t e  and r e c e i v e s  each o f  t h e  p o s s i b l e  i n p u t  symbols.  For 
example,  a t h r e e - s t a t e  machine i s  shown i n  t h e  f o l l o w i n g  s k e t c h .  

The a l p h a b e t  o f  i n p u t  symbols i s  comprised o f  0 and 1 ,  
whereas t h e  a l p h a b e t  o f  o u t p u t  symbols i s  comprised o f  a ,  g,  and 
y ( i n p u t  symbols a r e  shown t o  t h e  l e f t  o f  the  v i r g u l e ,  o u t p u t  
symbols a r e  shown t o  the r i g h t ) .  As shown i n  t h e  " s t a t e  d i a -  
g r a m , "  an i n p u t  o f  l t o  the machine wh i l e  i t  i s  i n  s t a t e  B w i l l  
cause  t h e  machine t o  o u t p u t  an a and change i t s  i n t e r n a l  s t a t e  
from B t o  C .  
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On t h e  
i s  i n  
i n  s t a  
i n t o  a 

W 
1 / B  

o t h e r  h a n d ,  an  i ' n p u t  o f  t h e  symbol 0 when t h e  machin 
s t a t e  B causes  a n  o u t p u t  symbol y a n d  t h e  machine rem 
t e  B .  T h u s  a sequence of i n p u t  symbols i s  t r a n s f o r m e  

sequence o f  o u t p u t  symbols ,  

4 

J 

e 
a i n s  
d 

P r e s e n t  S t a t e  C B C A A B 
I n p u t  Symbol 0 1 1 1 0 1 
Next S t a t e  .B C A A B- C 
O u t p u t  Symbol B a Y B B c% 

assuming t h a t  t h e  machine i s  in s t a t e  C when t h e  f i r s t  i n p u t  
i s  r e c e i v e d .  In g e n e r a l ,  t h e  o u t p u t  sequence  would have been 
d i f f e r e n t  had  t h e  machine been in  a n o t h e r  " i n i t i a l  s t a t e . "  A 
f i n i t e - s t a t e  machine,  t h e r e f o r e ,  i s  comple t e ly  s p e c i f i e d  by 
t h e  s t a t e  diagram and an i d e n t i f i c a t i o n  o f  i t s  i n i t i a l  s t a t e .  
I t  i s  assumed t h a t  t h e  machine a c t s  o n l y  when an  i n p u t  symbol 
i s  r e c e i v e d  a n d  t h a t  t h e  o p e r a t i o n  i s  always completed b e f o r e  
t h e  n e x t  i n p u t  symbol i s  r e c e i v e d .  

In e s s e n c e ,  a f i n i t e - s t a t e  machine r e p r e s e n t a t i o n  o f  t h e  
. h u m a n  o p e r a t o r  p o r t r a y s  h i s  behav io r  a s  being dependent  u p o n  
h i s  i n t e r n a l  ( p s y c h o l o g i c a l )  s t a t e .  For each such s t a t e ,  
he i s  presumed t o  behave in  a c o n s i s t e n t  manner wi th  r e s p e c t  
t o  s t i m u l u s - r e s p o n s e  and wi th  r e s p e c t  t o  t h e  r e s u l t  o f  each 
s t i m u l u s  i n  terms o f  h i s  n e x t  i n t e r n a l  s t a t e .  For  example ,  
i f  t h e  p i l o t  i s  i n  t h e  " i n d i f f e r e n t  s t a t e "  f o r  some c l a s s  o f  
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st imuli  his r e sponse  i s  n i l  and he remains i n  t h a t  s t a t e .  
For some o t h e r  c l a s s  o f  s t i m u l i ,  h i s  r e sponse  may a l s o  be n i l ,  
b u t  any one o f  t h e s e  w i l l  t r a n s f e r  h i m  i n t o  a new s t a t e  ... 
a " r e s p o n s i v e  s t a t e " .  S t i l l  a n o t h e r  c l a s s  o f  stimuli w i l l  
p l a c e  h i m  i n  a r e s p o n s i v e  s t a t e  and ,  a t  t he  same t ime, wi l l  

i c i t  a p a r t i c u l a r  o u t p u t  symbol ( h i s  o v e r t  r e a c t i o n ) .  

of d i s c r i m i n a b l y  d i f f e r e n t  s t imu l i  and responding  w i t h i n  a 
f j n i t e  s e t  o f  d i s c r i m i n a b l y  d i f f e r e n t  o u t p u t  symbols can be 
e g a c t l y  r e p r e s e n t e d  by a f i n i t e - s t a t e  machine.  The hope i s  
t h a t  a c t u a l  human performance can be represented i n  t e rms  of  
a r e l a t i v e l y  s i m p l e  f i n i t e - s t a t e  machine,  t h u s  d e p i c t i n g  t h e  
e s s e n t i a l  i n g r e d i e n t s  o f  h i s  b e h a v i o r ,  and t h i s  i n  an i n t u i -  
t i v e l y  s a t i s f y i n g  manner. That  i s  t o  s a y ,  g i v e n  any f i n i t e  
sequence o f  i n p u t - o u t p u t  d a t a ,  i t  i s  always p o s s i b l e  t o  f i n d  
a f i n i t e - s t a t e  machine which w i l l  e x a c t l y  r e p r e s e n t  t he  g iven  
t r a n s d u c t i o n .  The problem i s  t o  f i n d  a meaningful  a p p r o x i -  
mation t o  such a machine i n  t h e  s e n s e  t h a t  t h i s  r e p l i c a t i o n  
r e f l e c t s  n o t  o n l y  the  measured i n p u t - o u t p u t  b e h a v i o r  o f  t he  
human o p e r a t o r  b u t  a l s o  h i s  g o a l - s e e k i n g  i n t e n t .  Such a model 
m i g h t  be e x p e c t e d  t o  r e v e a l  t h e  i m p o r t a n t  c o n s i s t e n c i e s  o f  
human b e h a v i o r ,  n o t  on ly  a s  these  a r e  ev idenced  i n  t e rms  o f  
o v e r t  t r a n s d u c t i o n ,  b u t  a l s o  i n  terms o f  s t a t e  p r o p e r t i e s  
having psycho1 ogi  c a l  s i g n i  f i cance.  

C l e a r l y ,  any f i n i t e  organism o p e r a t i n g  upon a f i n i t e  s e t  
I 

One means f o r  f i n d i n g  such a f i n i t e - s t a t e  machine r e p r e s e n t -  
a t i o n  f o r  the human o p e r a t o r  i s  t o  perform a s i m u l a t e d  e v o l u t i o n  
of f i n i t e - s t a t e  machine-organisms w i t h  i t e r a t i v e  muta t ion  
and s e l e c t i o n  conducted i n  f a s t - t i m e ,  s c o r i n g  each organism i n  
terms o f  i t s  a b i l i t y  wi th  r e spec t -  t o  t h e  g iven  goal  ( p e r f o r -  
mance c r i t e r i o n )  i n  t h e  l i g h t  o f  t h e  a v a i l a b l e  e x p e r i e n c e .  
That  i s  t o  s a y ,  i f  t h e  t a s k  i s  t o  p r e d i c t  each nex t  i n p u t  
symbol, then an a r b i t r a r y  i n i t i a l  machine-organism i s  d r i v e n  by 
the  r e c a l l  ( t h e  sequence  o f  i n p u t  symbols on r e c o r d  u p  t o  t h e  
p r e s e n t  moment) a n d  t h e  o u t p u t  symbol co r re spond ing  t o  each of 
t h e s e  i n p u t  symbols i s  s c o r e d  i n  terms o f  i t s  wor th  a s  a p r e -  
d i c t i o n  o f  the  n e x t  i n p u t  symbol. T h e  cumula t ive  s c o r e  i n  t h i s  
r ega rd  represents  the  worth o f  the  organism w i t h  r e s p e c t  t o  t h i s  
g o a l - s e e k i n g  t a s k .  T h i s  organism i s  randomly muta ted  t o  form an 
" o f f s p r i n g "  which i s  then  s i m i l a r l y  e v a l u a t e d  i n  t e rms  o f  i t s  
r e sponse  behav io r  when d r i v e n  by t h e  same sequence o f  i n p u t  
symbols.  A comparison i s  made between the  o f f s p r i n g  a n d  i t s  
p a r e n t ,  the  b e t t e r  o f  t h e s e  two b e i n g  r e t a i n e d  t o  s e r v e  a s  t h e  
new p a r e n t  o f  a n o t h e r  o f f s p r i n g  ... and so t h e  p r o c e s s  g o e s ,  f i n d -  
i n g  l o g i c s  more a n d  more a p p r o p r i a t e  t o  t h e  g i v e n  goal  i n  view of 
t h e  a v a i l a b l e  ev idence  u n t i l  art e x t e r n a l l y  imposed c r i t e r i o n  has  
been met. This c r i t e r i o n  concerns  t he  c o s t  o f  computa t ion  and i s  
e s s e n t i a l l y  d i f f e r e n t  from the  presumed goal  of  t h e  b e h a v i o r  t o  
be r e p r e s e n t e d  i n  t e rms  of  the  evolved  f i n i t e - s t a t e  machines .  For 
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example,  t h e r e  m i g h t  be some maximum c o s t  c o n s t r a i n t  imposed 
upon t h e  computat ion o r  some m i n i m u m  l e v e l  o f  con f idence  m i g h t  
be r e q u i r e d  ( t h i s  being measured i n  t e rms  o f  t he  s c o r e d  worth 
o f  each machine-organism) o r  t h e  computat ion m i g h t  be c a r r i e d  
on w i t h i n  r e a l - t i m e  c o n s t r a i n t s  so t h a t  t h e  bes t  approximat ion  
t o  t h e  d e s i r e d  f i n i t e - s t a t e  machine r e p r e s e n t a t i o n  m i g h t  be 
f o r c e d  through e x t e r n a l  c o n d i t i o n s .  

Note t h a t  t h i s  n o n r e g r e s s i v e  e v o l u t i o n  y i e l d s  a l o g i c  
which m i g h t  wel l  form the  i n i t i a l  organism f o r  a n e x t  model o f  
the  human o p e r a t o r  . . . a model d e p i c t i n g  h i s  g o a l - s e e k i n g  
r e sponse  behav io r  ove r  t h e  o r i g i n a l  r e c a l l ,  p l u s  his nex t  
s t i m u l u s - r e s p o n s e  t r a n s d u c t i o n .  I f  t h e  human o p e r a t o r  i s  
s t r o n g l y  c o n s i s t e n t  o v e r  t i m e ,  t h e  modeling may be e x p e c t e d  
t o  converge  r a p i d l y  a s  each t r a n s d u c t i o n  i s  accompanied by 
an updated model. O n  t h e  o t h e r  hand,  t h i s  p r o c e s s  a l s o  p e r m i t s  
t h e  presumption t h a t  t h e  human behav io r  i s  responding  t o  a 
sequence o f  g o a l s .  N a t u r a l l y ,  t h e  more v a r i a b l e  t h i s  goal  
d i r e c t i o n ,  t h e  l e s s  t h e  l i k e l i h o o d  o f  convergence upon a 
s i n g u l a r  r e p r e s e n t a t i o n  i n  t h e  form of  a f i n i t e - s t a t e  machine.  
A t  t h i s  p o i n t  i t  i s  a p p r o p r i a t e  t o  ment ion t h a t  the e v o l u t i o n -  
a r y  program may wel l  i n c l u d e  a c o s t - f o r - c o m p l e x i t y  which r educes  
t h e  w o r t h  o f  each e v a l u a t e d  machine organism ( t h u s  i n c o r p o r a t i n g  
a n  embodiment o f  t he  Maxim o f  Pars imony) .  The r e s u l t  o f  t h e  
s i m u l a t e d  e v o l u t i o n  can be o f  any d e s i r e d  complex i ty ,  ranging  
from a o n e - s t a t e  machine ( a f t e r  each t r a n s d u c t i o n ,  the  human 
o p e r a t o r  i s  presumed t o  r e t u r n  t o  t h e  o r i g i n a l  s t a t e ,  much 
a s  a t y p e w r i t e r  d o e s ) ,  o r  an ex t r eme ly  complex machine o f  many 
s t a t e s .  In g e n e r a l ,  the  g r e a t e r  t h e  number of  s t a t e s ,  t h e  
lower  the  s t a t i s t i c a l  c o n f i d e n c e  accompanying each o f  t he  t r a n -  
s i t i o n s  w i t h i n  t h e  machine,  and thus t h e  lower  t h e  c r e d i b i l i t y  
o f  t h e  o v e r a l l  model. A more e x t e n s i v e  d i s c u s s i o n  o f  evo lu -  
t i o n a r y  programming may be found i n  t h e  book e n t i t l e d  " A r t i f i c i a l  
I n t e l l i g e n c e  Through Simula ted  Evo lu t ion"  ( r e f .  3 ) .  

In o r d e r  t o  examine e v o l u t i o n a r y  programming i n  g r e a t e r  
d e t a i l ,  i t  i s  bes t  t o  begin w i t h  t h e  p r e l i m i n a r y  concept  of  a 
Moore-machine, a t r i p l e t  ( I ,  c ,  f ) ,  c o n s i s t i n g  of  an i n p u t  
a l p h a b e t  I ,  a s e t  o f  s t a t e s  c ,  and a t r a n s f e r  f u n c t i o n  f ,  from 
I x c t o  the s e t  o f  s t a t e s .  When an e lement  of  t h e  i n p u t  a l p h a -  
b e t  i s  r e c e i v e d  by a Moore-machine, i t  w i l l  t r a n s f e r  from one 
s t a t e  t o  a n o t h e r  i n  accordance  w i t h  t h e  r u l e  l a i d  down by t h e  
t r a n s f e r  f u n c t i o n .  The p r e s e n t  program i s  c a p a b l e  o f  r e p r e -  
s e n t i n g  Moore-machines of  u p  t o  32 s t a t e s  t h a t  w i l l  a c c e p t  an 
a l p h a b e t  o f  u p  t o  64  symbols.  Once t h e  i n p u t  a l p h a b e t  and t h e  
n u m b e r  o f  s t a t e s  a r e  s p e c i f i e d ,  t h e  f u n c t i o n  f i s  g iven  i n  
t a b u l a r  form s p e c i f y i n g  f o r  each i n p u t ,  and each s t a t e  t h e  n e x t -  
s t a t e  r e f e r e n c e .  
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A f i n i t e - s t a t e  machine c o n s i s t s  o f  a q u i n t u p l e t  ( I ,  
c ,  f ,  0, g ) ;  where I i s  an i n p u t  a l p h a b e t ,  c i s  a s e t  o f  
s t a t e s ,  f a next  s t a t e  t r a n s i t i o n  f u n c t i o n ,  0 an  o u t p u t  a l p h a -  
b e t  w h i c h  may or may n o t  be i d e n t i c a l  w i t h  I ,  and g an o u t p u t  
f u n c t i o n .  For a g iven  Moore-machine and a given o u t p u t  a l p h a -  

* b e t  0 the  s p e c i f i c a t i o n  of g w i l l  un ique ly  d e t e r m i n e  a f i n i t e -  
! s t a t e  machine.  T h i s  i s  e x a c t l y  t h e  purpose  o f  t h e  o u t p u t  

d e t e r m i n a t i o n  a l g o r i t h m .  R e f e r r i n g  t o  t h e  f o l l o w i n g  ske tch ,  
i t  can be seen t h a t  e v o l u t i o n a r y  programming i n c o r p o r a t e s  an 

I env i ronmen ta l  comparison p r o c e d u r e ,  a s e l e c t i o n  p r o c e d u r e ,  and 
* an o u t p u t  d e t e r m i n a t i o n  a l g o r i t h m .  

(Housekeeping ] 

F o r  a g iven  Moore-machine, t h e  o u t p u t  d e t e r m i n a t i o n  a l g o r i -  
t h m  s e l e c t s  an o u t p u t  f u n c t i o n  g s o  a s  t o  minimize l o s s e s  w i t h  
r e s p e c t  t o  a g iven  l o s s  f u n c t i o n  and a g iven  sensed o u t p u t  
envi ronment .  Suppose t h a t  two f i n i t e - s t a t e  machines g 1  and g 2  
be d e r i v e d  i n  t h i s  f a s h i o n  from two g i v e n  Moore-machines f l  and 
f 2 .  I f  t h e  comparison module i n d i c a t e s  t h a t  g 1  i s  p r e f e r a b l e  
t o  g 2  then f l  w i l l  be s a i d  t o  be more s u c c e s s f u l  t h a n  f 2 .  

o r  mutants  a r e  o b t a i n e d  by means o f  t he  s e l e c t i o n  and muta t ion  
module. This module o p e r a t e s  u p o n  t h e  s t o r e d  s t a t e - t r a n s i t i o n  
t a b l e  and i s  s t o c h a s t i c  i n  n a t u r e .  A d e s c r i p t j o n  o f  t h e  o p e r a -  
t i o n  o f  t h i s  m o d u l e  f o l l o w s .  

Given an  i n i t i a l  Moore-machine f , s u c c e s s i v e  Moore-machines 

Cons ide r  t h e  n e x t - s t a t e  t r a n s i t i o n  t a b l e  for  a g iven  Moore- 
machine.  One o f  t h e  f o u r  p o s s i b l e  modes o f  m u t a t i o n i s  t o  s e l e c t  
an e n t r y  i n  t h i s  t a b l e  a t  random and t o  r e p l a c e  i t  w i t h  a 
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random d * i g i t .  (The p r e s e n t  program a l s o  p r o v i d e s  f o r  r e p l a c i n g  
two o r  more such e n t r i e s  i n  a s i n g l e  f u n c t i o n a l  o p e r a t i o n . )  

The second mode o f  muta t ion  i s  t o  permute the s t a r t i n g  
s t a t e .  The o u t p u t  o f  a f i n i t e - s t a t e  machine depends upon the  
p r e s e n t  s t a t e  o f  t h e  machine.  Th-erefore ,  a g iven  f i n i t e - s t a t e  
machine w i l l  r e a c t  i n  v a r y i n g  f a s h i o n  t o  i d e n t i c a l  s equences  
o f  i n p u t  symbols depending upon the s t a t e  o f  t h a t  machine w h e n  
the  f i r s t  i n p u t  symbol was received.  

The s t a r t i n g  machine m i g h t  have t h r e e  s t a t e s ,  b u t  f o r  a 
g iven  envi ronment  i t  may be more a p p r o p r i a t e  t o  have two s t a t e s ,  
or f o u r  s t a t e s .  A d d i t i o n a l  modes of  m u t a t i o n  p r o v i d e  f o r  t h e  
a d d i t i o n  or d e l e t i o n  o f  a s t a t e .  D e l e t i o n  of  a s t a t e  i s  accom- 
p l i s h e d  by d e l e t i n g  a row a t  random from t h e  n e x t - s t a t e  t r a n s i -  
t i o n  t a b l e  and a l t e r i n g  a l l  r e f e r e n c e s  t o  t h e  d e l e t e d  s t a t e .  
The p r o c e s s  by which a s t a t e  i s  added i s  somewhat more complex. 

Summarizing, t h e  m u t a t i o n  p rocedure  c o n s i s t s  i n  a p r e l i m -  
i n a r y  c h o i c e  among t h e  f o u r  p o s s i b l e  modes o f  m u t a t i o n ,  fo l lowed  
by t h e  e x e c u t i o n  o f  one of  t h e  modes. Given an i n i t i a l  m,achine 
f ,  and a second Moore-machine f '  deve loped  by t h e  m u t a t i o n  
p r o c e d u r e ,  t h e  comparison r o u t i n e  i s  a p p l i e d  t o  f a n d  f ' .  The 
more s u c c e s s f u l  i s  p r e s e r v e d  and used a s  t h e  p r o g e n i t o r  o f  
f u t u r e  m u t a n t s .  

S u p p o s e  t h e  goal  o f  an e v o l u t i o n a r y  program i s  t o  match t h e  
o u t p u t  o f  a b l a c k  b o x .  T h e  e v o l u t i o n a r y  program and t h e  b l ack  
box  a r e  f e d  t h e  same s t r e a m  o f  i n p u t  symbols .  A s t r e a m  o f  
o u t p u t  symbols i s  produced by t h e  b l ack  box. S i m u l t a n e o u s l y ,  
a s t r e a m  of  o u t p u t  symbols i s  produced by t h e  e v o l u t i o n a r y  
program. I f  t h e  o u t p u t  o f  t h e  b l ack  box and t h e  e v o l u t i o n a r y  
p r o g r a m  c o i n c i d e  a z e r o  l o s s  m i g h t  be r e c o r d e d ;  w h i l e  i f  t h e  
o u t p u t s  d i f f e r ,  a u n i . t  l o s s  w o u l d  be i n c u r r e d .  A l t e r n a t i v e l y ,  
t h e  l o s s  m i g h t  be s e t  equal  t o  t h e  magnitude o f  t h e  d i f f e r e n c e  
between t h e  o u t p u t  of  t h e  p l a n t  and the  program or  t o  t h e  s q u a r e  
o f  t h i s  d i f f e r e n c e .  A p rede te rmined  i n p u t  t o  t h e  e v o l u t i o n a r y  
program i s  a l o s s  m a t r i x  s p e c i f y i n g  f o r  each  p o s s i b l e  p a i r  o f  
o u t p u t  symbols an a s s o c i a t e d  l o s s .  

A comparison i s  made each t ime an o u t p u t  symbol i s  produced .  
I t  would be p o s s i b l e ,  t h e r e f o r e ,  t o  use  a d i f f e r e n t  l o s s  m a t r i x  
a t  each  s t a g e  o f  t he  p r o c e s s .  T h e  p r e s e n t  v e r s i o n  o f  t h e  program, 
however,  uses o n l y  a s i n g l e  p re -de te rmined  l o s s  m a t r i x  read  i n t o  
t h e  program p r i o r  t o  t h e  e x e r c i s e  o f  the p r e d i c t i o n  r o u t i n e .  

T h i s  a l g o r i t h m  d e t e r m i n e s  an o u t p u t  f o r  each i n p u t - s t a t e  
p a i r  o f  a g iven  Moore-machine; w h e n  t h i s  machine i s  e x e r c i s e d  
o v e r  an i n p u t  envi ronment  o f  f i x e d - l e n g t h ,  t h e  o u t p u t s  o f  t he  

I 
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machine a r e  s e t  so a s  t o  minimize t h e  l o s s e s  or f i t  s c o r e  
r eco rded  by t h e  comparison r o u t i n e .  F o r  a g iven  r e c a l l ,  
n o t  a l l  i n p u t - s t a t e  t r a n s i t i o n  p a i r s  of t h e  machine w i l l  
have been e x e r c i s e d .  Accord ing ly ,  t h e  a l g o r i t h m  d i s t i n g u i s h e s  

During t h e  c o u r s e  of  t h e  s e l e c t i o n  p r o c e s s  t h e  same 
s t o r a g e  a r e a  i s  used over  and o v e r  aga in  for  s t o r i n g  t h e  
o u t p u t  t a b l e .  The p r e s e n t  v e r s i o n  of  t h e  e v o l u t i o n a r y  program 

t o  r e z e r o  them; t h u s ,  i n f o r m a t i o n  r e g a r d i n g  p o s s i b l e  p a s t  
e x e r c i s e  o f  t h e s e  t r a n s i t i o n s  i s  p r e s e r v e d .  

.T' between e x e r c i s e d  p a i r s  and unexe rc i sed  pa i r s .  
H 

I s e t s  t h e  o u t p u t  of  u n e x e r c i s e d  s t a t e - i n p u t  p a i r s  by o m i t t i n g  

Suppose t h a t  f o r  a g iven  e x e r c i s e d  s t a t e - i n p u t  p a i r  a 
unique o u t p u t  symbol was t o  be f o u n d  in  t h e  co r re spond ing  
comparison environment  - -  t h e  symbol 2 ,  f o r  example.  I f  t h e  
program's  goal  i s  t o  match i t s  environment  t h e  o h t p u t  f o r  
t h a t  p a r t i c u l a r  s t a t e - i n p u t  p a i r  w i l l  a l s o  be s e t  t o  2 .  I n  
a ' n o i s y '  envi ronment  s e v e r a l  d i f f e r e n t  symbols would be 
obse rved ;  i t  w o u l d  be n e c e s s a r y  t o  t r y  each p o s s i b l e  o u t p u t  
symbol a n d  s e e  which r e s u l t e d  i n  a minimum t o t a l  l o s s .  

The phi losophy unde r ly ing  t h i s  a l g o r i t h m  i s  t h a t  t h e  
d i s t r i b u t i o n  o f  symbols i n  t h e  sample or r e c a l l  r e f l e c t s  t h e  
d i s t r i b u t i o n  t h a t  would be e x p e r i e n c e d  i n  t h e  f u t u r e ;  t h e  
l o n g e r  t h e  r e c a l l  t h e  more a c c u r a t e l y  w i l l  t h e  sample r e f l e c t  
t h e  d i s t r i b u t i o n .  I f  t h e  environment  were changing r a p i d l y ,  
i t  w o u l d  be b e t t e r  t o  focus  a t t e n t i o n  on r e c e n t l y  r e c e i v e d  
o u t p u t s ;  by t h e  use of a s h o r t e r  r e c a l l ,  f o r  example.  Such 
c o n s i d e r a t i o n s  have d i c t a t e d  s e v e r a l  m o d i f i c a t i o n s  t o  t h e  b a s i c  
e v o l u t i o n a r y  p r o g r a m .  These a r e  d i s c u s s e d  l a t e r  i n  t h e  t e x t .  

I t  was noted t h a t  a long r e c a l l  i s  d e s i r a b l e  f o r  most  
problems i n v o l v i n g  a ' no i sy ' env i ronmen t .  I f  t o o  s h o r t  a r e c a l l  
i s  used ,  even a p e r i o d i c  envi ronment  may appea r  n o i s y .  Recal l  
l e n g t h  shou ld  be a t  l e a s t  as long a s  t h e  p e r i o d  o f  t h e  e n v i r o n -  
ment, ( i f  such e x i s t s ) .  O n  t h e  o t h e r  h a n d ,  t h e  l o n g e r  t h e  
r e c a l l  t h e  more t ime-consuming t h e  f i t t i n g  p r o c e s s ,  a n d  t h e  more 
expens ive  t h e  e x e c u t i o n  of t h e  program.  There would appear  t o  
be some opt imal  r e c a l l  l e n g t h  fo r  any g iven  env i ronmen t ,  b u t  
i f  t h e  n a t u r e  o f  t h e  environment  i s  u n k n o w n  i n  advance then  t h e  
optimum cannot  be d e r i v e d  a n a l y t i c a l l y .  Accord ing ly ,  a n  
a d a p t i v e  f e a t u r e  was b u i l t  i n t o  t h e  program. A t  any g iven  
s t a g e ,  two e v o l u t i o n a r y  p r o c e s s e s  o p e r a t e  i n  p a r a l l e l .  One uses  
a r e c a l l  of  l e n g t h  nl , t h e  o t h e r  a r e c a l l  of l e n g t h  n 
two  p r o c e s s e s  a r e  compared p e r i o d i c a l l y  by means o f  t 
s c o r e .  

Act ion s c o r e  i s  o b t a i n e d  by comparing t h e  o u t p u t  o f  t h e  
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e v o l u t i o n a r y  p r o c e s s e s  w i t h  t h a t  o f  t h e  comparison e n v i r o n -  
ment w i t h  r e s p e c t  t o  a g iven  l o s s  f u n c t i o n .  T h i s  l o s s  f u n c t i o n  
may d i f f e r  from t h e  l o s s  f u n c t i o n  p r e v i o u s l y  d i s c u s s e d .  The 
a c t i o n  s c o r e s  a r e  p e r i o d i c a l l y  r e z e r o e d .  

A t  i n t e r v a l s ,  t h e  a c t i o n  s c o r e s  o f  t h e  two p r o c e s s e s  
a r e  compared. Suppose t h a t  t he  a c t i o n  s c o r e  i s  g r e a t e r  f o r  
t h e  p r o c e s s  u s i n g  n l ;  n 2  would then  be r e s e t  t o  some new va lue .  

Note t h a t  a c t i o n  s c o r e  i s  a measure o f  t h e  p r e d i c t i v e  
a b i l i t y  o f  a p r o c e s s  o r  s e r i e s  of  models whereas f i t  s c o r e ,  i s  
a measure of  t h e  matching a b i l i t y  o f  an i n d i v i d u a l  model and 
i s  the  c r i t e r i a  used i n  t h e  s e l e c t i o n  o f  a ' b e s t '  model. 

The system c o n t a i n s  t h e  c a p a c i t y  f o r  a l t e r i n g  t h e  number 
o f  s t a t e s  d u r i n g  t h e  muta t ion  p r o c e s s .  I t  i s  e a s y  t o  s e e  t h a t  
f o r  any envi ronment ,  t h e  l a r g e r  t h e  machine,  t h e  b e t t e r  t h e  
f i t  s c o r e .  Consequent ly ,  t h e r e  i s  a tendency  f o r  t h e  s u c c e s s i o n  
o f  machines t o  grow t o  a maximum p e r m i s s i b l e  s i z e .  The p r e s e n t  
v e r s i o n  o f  t he  program c o n t a i n s  s u f f i c i e n t  s t o r a g e  a r e a  t o  
accommodate u p  t o  a 3 2 - s t a t e  6 4 - i n p u t  symbol machine ,  b u t  a l s o  
c o n t a i n s  p r o v i s i o n  f o r  r e s t r i c t i n g  t h e  maximum s i z e  o f  t he  
machines f o r  any g iven  computer r u n ,  a s  the  l a r g e r  t h e  machine 
the  g r e a t e r  t h e  t ime consumed. I f  t h e  comparison envi ronment  
i s  being g e n e r a t e d  by a f i v e - s t a t e  machine,  s a y ,  then  i t  i s  
i n e f f i c i e n t  t o  a t t e m p t  t o  m a t c h  t h i s  environment  by any machine 
l a r g e r  than  f i v e - s t a t e s ,  ( a l t h o u g h ,  i t  would be e n t i r e l y  pos- 
s i b l e  t o  f i n d  a 75- o r  2 0 - s t a t e  machine t h a t  would p r o v i d e  
a p e r f e c t  f i t  t o  t h e  comparison env i ronmen t ) .  There a r e  
c e r t a i n  problems f o r  which a l a r g e r  machine i s  comple t e ly  u n -  
d e s i r a b l e ;  fo r  example,  a sequence  o f  i ndependen t  i d e n t i c a l l y  
d i s t r i b u t e d  random v a r i a b l e s  cou ld  be matched e q u a l l y  wel l  by 
a o n e - s t a t e  o r  a 1 0 - s t a t e  machine,  b u t  f o r  a g iven  r e c a l l  t h e  
o n e - s t a t e  machine w i l l  always make b e t t e r  use o f  t h e  e n v i r o n -  
ment. The f u l l  r e c a l l  i s  used f o r  t h e  d e t e r m i n a t i o n  o f  t h e  
o u t p u t s  o f  a o n e - s t a t e  machine,  b u t  t h e  r e c a l l  w i l l  be p a r t i -  
t i o n e d  i n t o  a l a r g e  number o f  subsamples  i n  f i t t i n g  the  o u t p u t  
o f  a 1 0 - s t a t e  machine.  I f  the  envi ronment  were known i n  advance ,  
i t  would be p o s s i b l e  t o  use  an opt imal  machine s i z e  i n i t i a l l y ,  
and suppress the  a d d i t i o n  o r  d e l e t i o n  o f  s t a t e s .  S i n c e  such 
i n f o r m a t i o n  conce rn ing  t h e  envi ronment  i s  u s u a l l y  n o t  s p e c i f i e d  
i n  advance ,  i t  was n e c e s s a r y  t o  b u i l d  an a d a p t i v e  f e a t u r e  i n t o  
t he  program. E s s e n t i a l l y ,  two p r o c e s s e s  a r e  c o n s t r u c t e d ;  one 
useg machines  conf ined  t o  Mi s t a t e s ,  t h e  o t h e r  machines w i t h  
M2 s t a t e s .  Each p r o c e s s  p e r m i t s  o n l y  two p o s s i b l e  modes o f  m u -  
t a t i o n ;  a l t e r i n g  t h e  s t a t e  t r a n s i t i o n  t a b l e  o r  permuting t h e  
s t a r t i n g  s t a t e .  P e r i o d i c a l l y  a -compar ison  i s  made between t h e  
two p r o c e s s e s  on t h e  b a s i s  o f  a c t i o n  s c o r e .  The p r o c e s s  w i t h  
t he  i n f e r i o r  a c t i o n  s c o r e  i s  suppres sed  and i s  r e p l a c e d  by a 
p r o c e s s  w i t h  a d i f f e r e n t  number o f  s t a t e s .  
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T h e  p r e s e n t  v e r s i o n  o f  t h e  program c o n s i d e r s  f o u r  p r o c e s s e s  
o r  p l a y e r s  sirnul taneous’ ly .  Suppose these p l a y e r s  be  denoted  
a s  A, B, C ,  a n d  D. A and B m i g h t  be r e s t r i c t e d  t o  one number 
o f  s t a t e s ,  C and D t o  some o t h e r  number o f  s t a t e s .  A a n d  C 
would have t h e  same r e c a l l  l e n g t h ,  wh i l e  B and D would u s e  a 
d i f f e r e n t  r e c a l l  l e n g t h .  In  t h i s  f a s h i o n ,  s i m u l t a n e o u s  a d a p t a -  
t i o n  o f  s t a t e  s i z e  and r e c a l l  l e n g t h  i s  accompl ished .  F i g .  7 

program. 
J shows a l o g i c a l  f l o w  c h a r t  f o r  t he  64 symbol e v o l u t i o n a r y  
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The p r e v i o u s l y  d e s c r i b e d  t e c h n i q u e s  o f  f i n i t e - s t a t e  
machine r e p r e s e n t a t i o n  were used i n  t h i s  i n v e s t i g a t i o n  t o  model 
a l i n e a r  dynamic sys tem,  a n o n l i n e a r  dynamic sys tem,  and a 
human o p e r a t o r  i n  s i n g l e  a x i s  t r a c k i n g  t a s k s .  A d d i t i o n a l l y ,  

* a c t u a l  i n  f l i g h t  p i l o t  r e sponse  d a t a  was examined. The r e s u l t s  
! of  t h i s  e x p e r i m e n t a t i o n  a r e  d e s c r i b e d  below. 

Modeling a L i n e a r  Dynamic System 
3 

A l i n e a r  dynamic system of  t h e  form 

K I A  + K1K2s 

( A  + s ) '  

i s  commonly used t o  model t h e  human o p e r a t o r  i n  t r a c k i n g  c o n t r o l ,  
t h e  c o n s t a n t s  being chosen t o  t y p i f y  t h e  human o p e r a t o r  i n  con- 
t r o J  of  a second o r d e r  p l a n t  having t h e  t r a n s f e r  c h a r a c t e r i s t i c  
K/s through t h e  use o f  compensatory t r a c k i n g .  W i t h  t h i s  dynamic 
system being d r i v e n  by a random d i s t u r b a n c e ,  t h e  i n p u t  and o u t p u t  
were r e c o r d e d ,  t h e  d a t a  being q u a n t i z e d  i n t o  6 4  equal  c l a s s  i n t e r -  
v a l s  of  a m p l i t u d e ,  t h e r e  being some 350 envi ronmenta l  p o i n t s  
t r a n s c r i b e d  t o  punched c a r d s  a t  f i v e  p o i n t s  p e r  second.  These 
d a t a  were then  used f o r  a t r i a l  r u n  u s i n g  t h e  e v o l u t i o n a r y  pro-  
gram under t h e  goal t o  minimize t h e  magnitude-of-the-difference; 
t h a t  i s  t o  s a y ,  t h e  e r r o r  f o r  each  d a t a  p o i n t  i s  t aken  t o  be t h e  
number of symbols between t h e  a c t u a l  o u t p u t  and t h e  o u t p u t  of  
t h e  f i n i t e - s t a t e  machine.  The e v o l u t i o n a r y  program was i n i t i a t e d  
w i t h  two machines ,  t h e s e  being s i m i l a r  i n  s t r u c t u r e  b u t  d i f f e r e n t  
i n  s i z e  ( 5  and 15  s t a t e s ,  r e s p e c t i v e l y ) .  Tab le  1 i n d i c a t e s  t h e  
i n i t i a l  1 5 - s t a t e  machine.  This t a b l e  i s  r e a d  a s  f o l l o w s :  Assume 
t h e  machine i s  p r e s e n t l y  i n  s t a t e  2 w i t h  an i n p u t  o f  symbol 2 9 .  
By look ing  a t  t h e  major  column l a b e l e d  " S t a t e  2 "  o p p o s i t e  an 
i n p u t  symbol of  2 9 ,  i t  can be seen  t h a t  t h e  nex t  s t a t e  w i l l  be 7 
and t h e  p r e s e n t  o u t p u t  symbol w i l l  be 0 .  The s t r u c t u r e  o f  t h i s  
machine i s  such t h a t  an  o r d e r i n g  can be g iven  t o  t h e  s t a t e s  i n  
t h e  f o l l o w i n g  manner: For any s t a t e ,  i f  under t h e  i n p u t  x t h e  
t r a n s i t i o n  i s  t o  s t a t e  A ,  and under i n p u t  y t h e  t r a n s i t i o n  i s  t o  
s t a t e  B ,  t hen  A i s  g r e a t e r  t han  o r  equal  t o  B so  long a s  x i s  
g r e a t e r  t han  y e  

In t h e  t r i a l  expe r imen t ,  t h e  e v o l u t i o n a r y  program was pe r -  
m i t t e d  t o  o p e r a t e  f o r  on ly  10  moves a f t e r  f i t t i n g  t h e  i n i t i a l  
r e c a l l  o f  300 d a t a  p o i n t s .  T h e  r e s u l t s  i n d i c a t e d  t h a t  t h e  15- 
s t a t e  machine was s u p e r i o r  t o  t h e  5 - s t a t e  machine and t h a t  t h e  
chosen s t r u c t u r e  f o r  t h e  i n i t i a l  machine was indeed a p p r o p r i a t e .  
The b e s t  machine evolved  a t  t h e  end of  t h i s  exper iment  f i t t e d  t h e  
r e c a l l  o f  300 d a t a  p o i n t s  w i t h  an a v e r a g e  " f i t  s co re ' '  o f  0 .85;  
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t h a t  i s ,  an ave rage  e r ror  p e r  d a t a  p o i n t  o f  0 .85 symbol. Over 
t h e  10 moves, t h e  a v e r a g e  " a c t i o n  s c o r e "  was 1 . 7 .  Table  2 i n d i -  
c a t e s  t he  f i n a l  machine evolved by the  program i n  t h i s  f i r s t  
expe r imen t .  The o u t p u t  symbols f o r  t h e  unused s t a t e - i n p u t  p a i r s  
ove r  t h e  i n i t i a l  r e c a l l  were s e t  t o  t h e  most f r e q u e n t l y  used 
o u t p u t  symbols ( i n  t h i s  c a s e ,  t h e  symbol 3 3 ) .  The r e l a t i v e l y  
l a r g e  d i f f e r e n c e  between t h e  f i t  and a c t i o n  s c o r e s  i n d i c a t e s  
t h a t  t h e  i n i t i a l  r e c a l l  of  300 d a t a  p o i n t s  was i n a d e q u a t e  and 
t h a t  t h e  machine was e n c o u n t e r i n g  new s i t u a t i o n s  i n  t he  10 moves; 
t h a t  i s ,  s i t u a t i o n s  which were not  i n  t he  o r i g i n a l  300 d a t a  
p o i n t s .  

To g a i n  a b e t t e r  unde r s t and ing  o f  t he  n a t u r e  of t h e  e r r o r s  
which were encoun te red  and t h e i r  e f f e c t  on t h e  o v e r a l l  problem, 
a program was wr i t ten  which would t a k e  the  f i n a l  f i n i t e - s t a t e  
machine evolved  by t h e  e v o l u t i o n a r y  program and d r ive  i t  ove r  t h e  
350 d a t a  p o i n t s ,  comparing t h e  t r u e  symbols with t h e s e  g e n e r a t e d  
o u t p u t  symbols.  The f i n i t e - s t a t e  machine was s t a r t e d  i n  an a r b i -  
t r a r y  s t a t e  such t h a t  t h e  s t a r t i n g  p o s i t i o n  would not  cor respond 
t o  t h e  c o n d i t i o n s  used i n  t h e  i n i t i a l  r e c a l l .  A f t e r  a few moves, 
t h e  machine became synchron ized  and p r e d i c t e d  55.4% of  t h e  sym- 
b o l s  c o r r e c t l y .  Twenty-nine and s e v e n - t e n t h s  p e r c e n t  of  t h e  
e r r o r s  were w i t h i n  t w o  symbols of t h e  c o r r e c t  symbol. The a v e r -  
age e r r o r  p e r  p r e d i c t i o n  ove r  t h e  350 d a t a  p o i n t s  was 0.965 
symbols.  F igu re  2 i n d i c a t e s  t h e s e  r e s u l t s .  C l e a r l y ,  t h e  f i n i t e -  
s t a t e  machine p r o v i d e s  a s u r p r i s i n g l y  good f i t  t o  t h e  a c t u a l  
o u t p u t  sequence .  The n o t i c e a b l e  e r r o r s  were o f  two k inds .  The 
d e v i a t i o n s  f l a g g e d  w i t h  a 1 were due t o  a p r e v i o u s l y  unexe rc i sed  
s t a t e - i n p u t  p a i r  o c c u r r i n g  such t h a t  t h e  o u t p u t  was a 33;  t h a t  
i s ,  n e a r  t o  t h e  0 l e v e l .  Th i s  d i f f i c u l t y  i s  c o r r e c t a b l e  by 
i n c r e a s i n g  t h e  l e n g t h  of  r e c a l l .  The more common e r r o r  o c c u r r e d  
a t  t h e  peaks o f  t h e  o u t p u t  v a r i a b l e .  The s o u r c e  of  t h e s e  e r r o r s  
was t h e  time i n t e r v a l  of  5 d a t a  p o i n t s  per second which was e v i -  
d e n t l y  t o o  l a r g e  t o  d e p i c t  t h e  d i f f e r e n c e  i n  t h e  r a t e s  o f  change 
o c c u r r i n g  a t  t he  peaks .  T h i s  e r r o r  was reduced by i n c r e a s i n g  t h e  
number of  samples p e r  second i n  o r d e r  t o  e s t a b l i s h  a more s u i t -  
a b l e  t ime i n t e r v a l  f o r  t h e  q u a n t i z e d  d a t a .  

i 
7 
f 

& 

Modeling o f  t h e  above -desc r ibed  a n a l o g  " p i l o t "  th rough t h e  
use of  f i n i t e - s t a t e  machines o p e r a t i n g  upon d i s c r e t e  i n p u t s  can 
be compared t o  numerical  i n t e g r a t i o n  wherein each sensed  ampl i -  
t u d e  i s  t aken  t o  co r re spond  w i t h  a r e c t a n g u l a r  segment of  t h a t  
h e i g h t .  I f  t h e  t ime i n t e r v a l  between samples  i s  t o o  l a r g e ,  t h e r e  
w i l l  be an e r r o r  due t o  t h e  poor approximat ion  o f  t h e  s t e p  func -  
t i o n  assumed a t  each p o i n t  i n  t ime .  On t h e  o t h e r  hand, i f  t h e  
t ime i n t e r v a l  becomes too  s m a l l ,  t h e  round-off  e r ror  becomes p re -  
dominant.  In t h i s  c a s e ,  t h e  range o v e r  which t h e  t ime  i n t e r v a l  
between d a t a  p o i n t s  can be v a r i e d  was r a t h e r  s e v e r e l y  c u r t a i l e d  
i n  view o f  t h e  r e s t r i c t i o n  t o  t h e  64-symbol a l p h a b e t .  That  i s  t o  
s a y ,  ampl i tude  q u a n t i z a t i o n  p l a c e s  an i m p o r t a n t  c o n s t r a i n t  upon 
t h e  l i m i t  of  h i g h e s t  meaningful  t i m e  i n t e r v a l  sampl ing .  Tab le  3 
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summarizes t h e  r e s u l t s  o f  t h e  expe r imen t s  performed i n  o r d e r  t o  
de t e rmine  t h e  p rope r  t ime i n t e r v a l  of sampl ing .  E v i d e n t l y  t h e  
r e c a l l  l e n g t h  used i n  Experiment 1 was t o o  s h o r t  f o r  a t r u e  i n d i -  
c a t i o n  of t h e  ave rage  e r r o r  b u t  i t  was observed  t h a t  a p p r e c i a b l e  
e r r o r  was p r e s e n t ,  t h i s  being due t o  t h e  c o a r s e n e s s  of  t h e  t ime  

s i n t e r v a l  sampl ing .  The round-of f  e r r o r s  were e v i d e n t l y  n o t  
* e x c e s s i v e .  : 

I n  Experiment 2 t h e  o p p o s i t e  s i t u a t i o n  p r e v a i l e d .  The 
r o u n d - o f f  e r r o r  became predominant  which caused  a l a r g e  ave rage  

$ e r r o r .  In Experiments  3 and 4 ,  a l a r g e r  machine ( o f  31 s t a t e s )  
having t h e  same b a s i c  s t r u c t u r e  a s  t h e  o r i g i n a l  1 5 - s t a t e  machine 
was used.  The r e c a l l  was l o n g e r  than  t h a t  used i n  Experiment 1 
b u t  was s t i l l  found t o  be t o o  s h o r t  t o  y i e l d  a t r u e  p i c t u r e  i n  
t e rms  of t h e  ave rage  e r r o r .  These expe r imen t s  d id  show, however, 
t h a t  t h e  g r e a t e r  number o f  s t a t e s  d i d  indeed  reduce  t h e  l a r g e r  
e r r o r s .  I n  t h e  f i r s t  f o u r  e x p e r i m e n t s ,  i t  was observed  t h a t  o n l y  
a small  p o r t i o n  o f  t h e  f i n i t e - s t a t e  machine used was being e x e r -  
c i s e d .  This  i s  u n d e r s t a n d a b l e  in  t h a t  s i n c e  t h e  sensed  v a r i a b l e  
was c o n t i n u o u s ,  i t  i s  h i g h l y  improbable  f o r  t h e  i n p u t  t o  change 
from symbol 0 t o  symbol 63  i n  a s i n g l e  t ime  i n t e r v a l .  I n  f a c t ,  
t h e  l a r g e s t  such change a p p e a r s  t o  be i n  t h e  o r d e r  o f  1 0  symbols.  

I n  Experiment 5 ,  a n  i n i t i a l  machine o f  d i f f e r e n t  s t r u c t u r e  
was used ,  t h i s  being a f o l d e d - o v e r  e q u i v a l e n t  t o  a 6 3 - s t a t e  
machine. Th i s  f o l d i n g  i s  accomplished by o v e r l a y i n g  t h e  u s e f u l  
t r a n s i t i o n s  on  t o  t h e  nonused p o r t i o n s  o f  t h e  machine.  Th i s  
machine,  shown in  Tab le  4 ,  p e r m i t s  a f u l l e r  u t i l i z a t i o n  o f  t h e  
s t a t e  i n p u t  combina t ions  w i t h i n  t h e  s i z e  c o n s t r a i n t .  The 800 
d a t a  p o i n t s  which formed t h e  r e c a l l  used i n  t h i s  exper iment  were 
s t i l l  n o t  enough. However, a s i g n i f i c a n t  improvement in  t h e  
ave rage  e r r o r  over  t h a t  o b t a i n e d  i n  Experiment 4 was ach ieved .  

I n  t h e  subsequent  e x p e r i m e n t s ,  a l a r g e r  r e c a l l  o f  4,000 d a t a  
p o i n t s  was used wi th  t h e  above - re fe renced  3 1 - s t a t e  i n i t i a l  
machine.  A sampling t ime i n t e r v a l  o f  0.12 seconds  was f o u n d  t o  
p rov ide  t h e  b e s t  r e s u l t s .  The q u a n t i z i n g  i n t e r v a l  used t o  e s t a b -  
l i s h  t h e  64-symbol e x p r e s s i o n  o f  t h e  d a t a  base was changed i n  
Experiment 10 .  I n  t h e  expe r imen t s  which preceded t h i s  o n e ,  t h e  
q u a n t i z i n g  i n t e r v a l  was e s t a b l i s h e d  by p l a c i n g  equal  c l a s s  i n t e r -  
v a l s  between t h e  r e f e r e n c e d  l e v e l s  provided  o n  t h e  t a p e .  Thus 
t h e  a c t u a l  i n p u t  symbols ranged from 9 t o  52. In Experiment 10 
and i n  t h e  succeed ing  e x p e r i m e n t s ,  t h e  ampl i tude  q u a n t i z a t i o n  was 
based o n  t h e  a c t u a l  maximum and minimum expe r i enced  i n p u t  s i g n a l .  
Th i s  improved t h e  r e s u l t s  s i g n i f i c a n t l y ,  a s  e x p e c t e d ,  s i n c e  i t  
e f f e c t i v e l y  provided  a l a r g e r  i n p u t  a l p h a b e t  a n d  t h e r e f o r e  
g r e a t e r  r e s o l u t i o n .  

s c o r i n g  used f o r  s e t t i n g  t h e  o u t p u t  symbols of t h e  f i n i t e - s t a t e  
Tab le  5 o f f e r s  a comparison of t h r e e  d i f f e r e n t  methods o f  
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machine model. For each s t a t e - i n p u t  p a i r  e x e r c i s e d  o v e r  t h e  
r e c a l l  of  4 ,000  d a t a  p o i n t s ,  t h e  e v o l u t i o n a r y  program chooses  
t h a t  o u t p u t  symbol which minimizes  t h e  e r r o r  s c o r e .  Table  6 
i n d i c a t e s  t h e  f i n a l  machine evolved  by t h e  e v o l u t i o n a r y  program. 
In t h i s  c a s e ,  the  o u t p u t  symbols o f  t h e  u n u s e d  s t a t e - i n p u t  
p a i r s  were a r b i t r a r i l y  s e t  by t h e  program t o  be symbol 33. 
F igu re  3 d e s c r i b e s  t h e  r e l a t i o n s h i p  between the  i n p u t  symbol 
sequence ,  t h e  a c t u a l  o u t p u t  s equence ,  a n d  t he  f i n i t e - s t a t e  
machine o u t p u t  sequence found i n  Experiment 9 .  A n  " a l l - o r -  
n o t h i n g "  s c o r i n g  was used i n  Experiment 1 1 ,  t h a t  i s  t o  s a y ,  the 
e r r o r  f o r  each d a t a  p o i n t  i s  t aken  t o  be one i f  t h e  a c t u a l  o u t -  
p u t  a n d  the o u t p u t  of  t h e  f i n i t e - s t a t e  machine d t f f e r ,  and z e r o  
o t h e r w i s e .  As shown i n  Table  5 ,  t he  number o f  c o r r e c t  p r e d i c t i o n s  
r i s e s  from 33.1% t o  36.26%. On t h e  o t h e r  hand,  t h e  l a r g e r  
e r r o r s  o c c u r  more f r e q u e n t l y .  Table  7 i n d i c a t e s  t h e  machine 
l a s t  evolved  i n  Experiment 11 and F igure  4 o f f e r s  t h e  r e s u l t s  
o f  t h i s  exper iment  i n  g r a p h i c  form,  In t h i s  expe r imen t ,  t h e  
o u t p u t  symbols f o r  t h e  unused s t a t e - i n p u t  p a i r s  were a u t o m a t i c -  
a l l y  s e t  t o  symbol 43. In Experiment 1 2 ,  t h e s e  o u t p u t  symbols 
were s e t  by means of  ave rag ing .  T h i s  method can be shown t o  be 
e q u i v a l e n t  t o  a c c e p t i n g  t h e  l e a s t  s q u a r e ' s  c r i t e r i o n ;  t h a t  i s  

N 
2 E r r o r  = E ( x )  = ( X i  -x 1 

i = l  

where x i s  t h e  o u t p u t  s e t t i n g ,  X i  i s  t h e  a c t u a l  o u t p u t  symbol,  
and N i s  t h e  number o f  d a t a  p o i n t s .  x i s  t o  be chosen so a s  
t o  minimize t h e  above-def ined  e r r o r .  Taking t h e  d e r i v a t i v e ,  
and s e t t i n g  t h a t  d e r i v a t i v e  equal  t o  0 pe rmi t s  f i n d i n g  t h e  m i n i -  
m u m  va lue  of  x ;  t h a t  i s ,  

N 

N 

i = l  

N 
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t h u s  x i s  chosen t o  be t h e  a r i t h m e t i c  mean. This method f o r  s e t -  
t i n g  t h e  o u t p u t  symbols reduced t h e  number  o f  c o r r e c t  p r e d i c t i o n s  
t o  24.7% a n d ,  a t  t h e  same t ime, s i g n i f i c a n t l y  reduced t h e  pe r -  
c e n t a g e  o f  l a r g e  e r r o r s .  Tab le  8 i n d i c a t e s  t h e  machine which 
f i n a l l y  evolved  i n  Experiment 1 2 .  Figure 5 i n d i c a t e s  t h e  r e s u l t s  
o f  t h i s  exper iment  i n  g r a p h i c  form. 

I t  was o f  i n t e r e s t  t o  examine the  r e l a t i o n s h i p  between t h e  
s i z e  o f  the  f i n i t e - s t a t e  machines and the a v e r a g e  e r r o r  r e s u l t i n g  
from t h e i r  u s e ,  r e f e r e n c e  Tab le  9 .  A n  e q u i v a l e n t  6 3 - s t a t e  
machine was used i n  Experiment 9 .  Experiment 14 used a 3 1 - s t a t e  
machine which could  a l s o  be r e p l a c e d  by a f o l d e d - o v e r  1 5 - s t a t e  
machine.  As e x p e c t e d ,  t h e  r e d u c t i o n  i n  machine s i z e  i n c r e a s e d  
t h e  ave rage  e r r o r .  A 1 5 - s t a t e  machine was used i n  Experiment 13.  
T h i s  r e d u c t i o n  i n  t h e  number of  s t a t e s  a l s o  i n c r e a s e d  t h e  ave rage  
e r r o r .  

I t  was a l s o  of  i n t e r e s t  t o  examine t h e  e f f e c t  o f  a l p h a b e t  
s i z e  upon t h e  modeling c a p a b i l i t y  w i t h  r e s p e c t  t o  t h e  l i n e a r  
dynamic ana log  " p i l o t " .  T h i s  modeling i s  measured i n  t e rms  o f  
t h e  a d j u s t e d  accu racy  which i s  d e f i n e d  a s  t h e  a l p h a b e t  r e s o l u t i o n  
m u l t i p l i e d  by t h e  ave rage  e r r o r  measured i n  number o f  symbols.  
For a 64-symbol a l p h a b e t ,  t h e  symbol r e s o l u t i o n  e r r o r  i s  1 .56%.  
This f i g u r e  m u l t i p l i e d  by t h e  ave rage  e r ror  a s s o c i a t e d  wi th  a 
g iven  machine y i e l d s  t h e  accu racy .  F igu re  6 i n d i c a t e s  t h e  e f f e c t  
o f  machine s i z e  upon accuracy  f o r  an i n p u t  a l p h a b e t  o f  64 symbols 
and a t ime i n t e r v a l  of sampling o f  0.12 seconds .  A s  can be s e e n ,  
t h e  cu rve  f l a t t e n s  w i t h  i n c r e a s i n g  number of s t a t e s  so t h a t  
l i t t l e  improvement can be expec ted  by i n c r e a s i n g  t h e  s i z e  o f  t h e  
machine beyond 31 s t a t e s .  F igu re  7 i n d i c a t e s  t h e  accu racy  a s  a 
f u n c t i o n  of  a l p h a b e t  s i z e .  The number of s t a t e s  f o r  each machine 
was chosen t o  f a l l  upon t h e  f l a t  r e g i o n  of  t h e  cu rve  shown i n  
F igu re  6 .  A program was w r i t t e n  t o  use t h e  same s t r u c t u r e  a s  t h e  
p rev ious  expe r imen t s  and t o  f i t  o u t p u t  symbols t o  a machine of 
t h e  same s t r u c t u r e  f o r  a 100-symbol a l p h a b e t .  F igure  7 i n d i c a t e s  
t h a t  t h i s  c u r v e  a l s o  f l a t t e n s  s o  l i t t l e  improvement can be 
expec ted  by i n c r e a s i n g  t h e  a l p h a b e t  s i z e  f u r t h e r .  I t  shou ld  be 
n o t e d ,  however, t h a t  w i t h  a s t i l l  l a r g e r  number  of symbols ,  i t  
would be p o s s i b l e  t o  reduce  t h e  time i n t e r v a l  of sampling which 
would then  g e n e r a t e  a new cu rve  having lower  v a l u e s  than  t h a t  
shown i n  F igu re  7 .  

Modeling a Nonl inear  Dynamic System 

In a more d i f f i c u l t  problem, an a t t e m p t  was made t o  model a 
n o n l i n e a r  dynamic sys tem,  t h i s  being comprised of  l i n e a r  segments ,  
i t s  l o g i c  be ing:  When t h e  motion of  t h e  p l a n t  i s  away from t h e  
r e f e r e n c e ,  t h e  ana log  " p i l o t "  responds  i n  p r o p o r t i o n  t o  t h e  r a t e  
of t h i s  motion.  I f  t h e  p l a n t  i s  n o t  moving o r  i s  moving toward 
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t h e  r e f e r e n c e ,  t h e r e  i s  no r e sponse  u n l e s s  t h e  r a t e  i s  such t h a t  
a s i m p l e  p r e d i c t i o n  i n d i c a t e s  t h a t  t h e  p l a n t  would c r o s s  t he  
r e f e r e n c e  i n  l e s s  t han  T s e c o n d s ,  t h i s  c a u s i n g  t h e  " p i l o t "  t o  
respond i n  p r o p o r t i o n  t o  t h e  r a t e  o f  motion.  The p r e d i c t i o n  i s  
o f  t h e  form X ( t + T )  = X ( T )  + T R ( T )  where X ( T )  i s  t h e  p r e s e n t  
d i s p l a c e m e n t  o f  t h e  p l a n t  from t h e  r e f e r e n c e  and W(T) i s  t h e  
p r e s e n t  r a t e  of  t he  p l a n t .  All o u t p u t s  of  t h e  system were t r a n s -  : 
formed by a second o r d e r  approximat ion  t o  a t r a n s p o r t  d e l a y  and 
by a l a g  f i l t e r  t o  r e p r e s e n t  t h e  i n e r t i a  of  t h e  " p i l o t ' s "  muscu- 
l a t u r e .  The i n p u t  and o u t p u t  of  t h e  n o n l i n e a r  system were 
r eco rded  wh i l e  i t  c o n t r o l l e d  a second o r d e r  p l a n t  i n  o r d e r  t o  
t r a c k  a random v a r i a b l e .  

Here t h e  sampling r a t e  was i n c r e a s e d  from 25 t o  100 d a t a  
p o i n t s  per second i n  d i g i t i z i n g  t h e  ana log  t a p e  produced by 
d r i v i n g  t h e  n o n l i n e a r  dynamic system w i t h  an a n a l o g  v a r i a b l e .  
In a d d i t i o n  t o  t h e  d i s p l a y e d  e r r o r ,  t h e  t a p e  a l s o  i n c l u d e d  
t r a c k s  o f  e r r o r  r a t e  i n f o r m a t i o n .  The programs were modi f ied  t o  
accommodate t h e  change i n  t a p e  fo rma t  due t o  t h e  i n c r e a s e  i n  
sampling r a t e  and t h e  i n c l u s i o n  of  e r r o r  r a t e  i n f o r m a t i o n .  

Before e s t a b l i s h i n g  a s u i t a b l e  t ime i n t e r v a l ,  two p r e l i m i -  
nary  expe r imen t s  were performed i n  o r d e r  t o  e s t a b l i s h  which o f  
t h e  two i n p u t  envi ronments  appeared  most promising ( t h e  d i s -  
p layed e r r o r  o r  d i s p l a y e d  e r r o r  r a t e ) .  The e r r o r  d i s p l a y  was 
used f o r  t h e  i n p u t  i n  Experiment 20 w i t h  t h e  same i n i t i a l  31- 
s t a t e  machine used a s  i n  t h e  p rev ious  expe r imen t s  a t t e m p t i n g  t o  
model t h e  l i n e a r  dynamic sys tem.  The t ime i n t e r v a l  of  sampling 
was 0.15 seconds .  In Experiment 2 1 ,  t h e  e r r o r  r a t e  was used as  
t h e  i n p u t  sequence w i t h  t h e  same i n i t i a l  machine and sampling 
r a t e .  In t h e s e  e x p e r i m e n t s ,  t h e  ave rage  e r r o r  was 2 . 6  symbols 
a n d  1 . 7 2  symbols ,  r e s p e c t i v e l y ,  over  a r e c a l l  o f  4,000 d a t a  
p o i n t s .  F i g u r e s  8 and 9 i n d i c a t e  t h e  r e s u l t s  o f  t h e s e  e x p e r i -  
ments.  The time i n t e r v a l  of  sampling o f  0 .15  seconds  was chosen 
on t h e  b a s i s  o f  t h o s e  expe r imen t s  which used t h e  e r r o r  r a t e  f o r  
i n p u t  i n  t h a t  t h e y  c o n s i s t e n t l y  produced t h e  lowes t  e r r o r  s c o r e .  
The r e s u l t s  o f  t h e s e  expe r imen t s  a r e  summarized i n  Tab le  10 .  
The column l a b e l e d  "Adjus ted  Error '  i n  P e r c e n t "  i s  t h e  e r r o r  i n  
number of  symbols c o r r e c t e d  f o r  t h e  a l p h a b e t  s i z e .  The e r r o r  
was f u r t h e r  reduced by i n c r e a s i n g  t h e  a l p h a b e t  s i z e  t o  100 sym- 
b o l s .  While t h e  ave rage  error i n  t h e s e  expe r imen t s  i s  q u i t e  
low, t h e r e  were s t i l l  s e v e r a l  e r r o r s  o f  l a r g e  magnitude.  For 
example,  i n  Experiment 29, 10% of  t h e  p o i n t s  were i n  e r r o r  by 
f o u r  o r  more symbols.  

From F i g u r e  9 ,  i t  can be observed  t h a t  t he  f i n i t e - s t a t e  
machine l e d  the  a c t u a l  o u t p u t  by a n o t i c e a b l e  amount and t h a t  
t h e  peaks o f  t h e  a c t u a l  o u t p u t  were l a g g i n g  the  peaks of  t h e  
e r r o r  r a t e  i n p u t .  I t  was,  t h e r e f o r e ,  found wor thwhi le  t o  i n t r o -  
duce a d e l a y  i n  t he  o u t p u t  t o  co r re spond  t o  t h e  r e a c t i o n  t i m e  o f  
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t h e  human o p e r a t o r .  T h i s  d e l a y  was i n t r o d u c e d  by f i t t i n g  t h e  
( n + d ) t h  o u t p u t  symbol w i t h  t h e  i n p u t  symbol n where d i s  t h e  
d e l a y  i n  an i n t e g r a l  number of  sampling i n t e r v a l s .  Tab le  11 
summarizes t h e  r e s u l t s  o f  these  expe r imen t s .  While t he  s c o r e s  
f o r  t h e  3 1 - s t a t e  machine d i d  no t  show a ve ry  d r a m a t i c  change 
w i t h  t h e  i n t r o d u c t i o n  of  d e l a y ,  t h e  s c o r e  f o r  t h e  o n e - s t a t e  
machine changed d r a s t i c a l l y .  In t h a t  t h e  s c o r e s  f o r  t h e  b e s t  

: o n e - s t a t e  machine and t h e  3 1 - s t a t e  machine were s i m i l a r ,  expe r -  
iments  were performed u s i n g  t h e  d i s p l a y e d  e r r o r  a s  t h e  i n p u t  
s i g n a l  w i t h  a d e l a y  of  0 . 3  seconds .  Tab le  12 summarizes t h e  

g r e s u l t s  of t h e s e  expe r imen t s .  

F i g u r e s  1 0 ,  1 1 ,  and 12 i n d i c a t e  t h e  r e s u l t s  of  Exper i -  
ments 36 ,  38 ,  and 39, r e s p e c t i v e l y .  The i n i t i a l  machine i n  
each o f  t h e s e  expe r imen t s  was t h e  same a s  t h a t  used i n  Exper i -  
ment 5.  The f i n a l  machines f o r  Experiments  3 6 ,  38,  and 39 a r e  
shown i n  Tab le s  1 3 ,  1 4 ,  and 1 5 ,  r e s p e c t i v e l y .  To b e t t e r  i l l u s -  
t r a t e  t h e  e f f e c t s  o f  t h e s e  t h r e e  d i f f e r e n t  s c o r i n g  m a t r i c e s ,  
a p p r o p r i a t e  e r r o r  h i s tog rams  a r e  shown i n  F i g u r e s  1 3 ,  14 ,  and 
1 5 ,  r e s p e c t i v e l y .  As  can be s e e n ,  " ave rage"  s c o r i n g  p r e d i c t s  
37% of  t he  symbols c o r r e c t l y  ( r e f e r e n c e  F i g .  1 3 ) ,  t h i s  being 
compared t o  47.8% f o r  t h e  " m a g n i t u d e - o f - t h e - d i f f e r e n c e "  ( r e f e r -  
ence  F i g .  1 4 )  and 50.6% f o r  t h e  " a l l - o r - n o t h i n g "  s c o r i n g  ( r e f e r -  
ence  F i g .  1 5 ) .  However, 90% of  t h e  d a t a  p o i n t s  a r e  i n  e r r o r  by 
l e s s  t han  2.5 symbols i n  u s i n g  t h e  "ave rage"  s c o r i n g ,  wh i l e  f o r  
t h e  " m a g n i t u d e - o f - t h e - d i f f e r e n c e " ,  90% o f  t h e  d a t a  p o i n t s  f a l l  
w i t h i n  2 .9  symbols and f o r  t h e  " a l l - o r - n o t h i n g "  s c o r i n g ,  90% 
f a l l  w i t h i n  3 .5  symbols.  Note t h a t  t h e  symmetry i n  t h e s e  f i g u r e s  
i s  a r t i f i c i a l  i n  t h a t  t h e  e r r o r  d i s t r i b u t i o n s  were c a l c u l a t e d  
on ly  i n  t e rms  of magni tude.  I t  was r e a s o n a b l y  assumed t h a t  t h e r e  
would b e  an equal number of p o s i t i v e  a n d  n e g a t i v e  e r r o r s  o f  each 
ampl i tude .  I t  was of  i n t e r e s t  t o  de t e rmine  t h e  e f f e c t  of  machine 
s i z e  upon t h e  modeling c a p a b i l i t y  w i t h  r e s p e c t  t o  t h e  n o n l i n e a r  
dynamic ana log  " p i l o t " .  The r e s u l t  i s  shown i n  F i g u r e  16 .  

Modeling t h e  Human O p e r a t o r  

While t h e  r e c o r d i n g  of  t h e  n o n l i n e a r  ana log  " p i l o t "  was being 
made, t h e  i n p u t  and o u t p u t  o f  a human o p e r a t o r  were r eco rded  
wh i l e  he was i n  c o n t r o l  o f  a second o r d e r  p l a n t .  In  t h i s  pe r -  
formance,  t he  human o p e r a t o r  a t t empted  t o  e x e c u t e  t h e  s t r a t e g y  
e x h i b i t e d  by t h e  n o n l i n e a r  sys tem.  T h e  r e su l t s  of  p r e l i m i n a r y  
expe r imen t s  on modeling t h e  human o p e r a t o r  a r e  summarized i n  
Tab le  16 .  A d e l a y  o f  0 .15 seconds  s i g n i f i c a n t l y  reduced t h e  
e r r o r  s c o r e  i n  comparison t o  no d e l a y  and the  d e l a y  o f  0 . 3  
seconds .  C l e a r l y  f u r t h e r  e x p e r i m e n t a t i o n  was r e q u i r e d  t o  e s t a b -  
l i s h  t h e  p rope r  d e l a y .  The r e s u l t s  o f  Experiments  40 ,  43 ,  44 ,  
45 ,  and 47 a r e  shown i n  F i g u r e s  17 through 21 ,  r e s p e c t i v e l y .  
F i g u r e s  2 2  th rough 26  i n d i c a t e  t h e  e r r o r  d i s t r i b u t i o n  fo r  t h e s e  
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expe r imen t s .  Here t h e  same assumption o f  symmetry i s  made. 
As e x p e c t e d ,  t h e  s u c c e s s  o f  p r e d i c t i n g  the  a c t u a l  p i l o t  was 
c o n s i d e r a b l y  l e s s  than  t h a t  o b t a i n e d  a s  a r e s u l t  of  modeling 
and p r e d i c t i n g  t h e  ana log  i ' p i l o t "  o f  n o n l i n e a r  dynamic fo rm.  
In g e n e r a l ,  however, the  h u m a n  o p e r a t o r  was seen  t o  behave 
q u i t e  c o n s i s t e n t l y  a s  ev idenced  by t h e  deg ree  o f  f i t  o b t a i n e d  
i n  Experiments  45 a n d  47. The h i s tog rams  shown i n  F i g u r e s  25 

t o  model t h e  n o n l i n e a r  ana log  " p i l o t " .  The "magnitude-of-  
t h e - d i f f e r e n c e "  ( r e f e r e n c e  F igu re  25) c o r r e c t l y  p r e d i c t s  L 

28.3% o f  t h e  time w h i l e  t h e  "ave rage"  method ( r e f e r e n c e  F igu re  
2 6 )  a c h i e v e s  a comparable  s c o r e  of  o n l y  17%. As e x p e c t e d ,  
however, t h e  l a r g e r  e r r o r s  a r e  s i g n i f i c a n t l y  reduced through 
the  use o f  t h e  "ave rage"  s c o r i n g  method. 

t i o n  i n t e n d e d  t o  de t e rmine  t h e  p rope r  time i n t e r v a l  o f  sampling 
a n d  d e l a y  i n  o r d e r  t o  o p t i m i z e  t h e  r e p r e s e n t a t i o n  o f  t h e  
human o p e r a t o r .  For t ime d e l a y s  of  0 and 0 . 3  seconds,  a 
sampling t ime i n t e r v a l  o f  0.15 seconds was used. In a l l  o t h e r  
c a s e s ,  a t ime i n t e r v a l  equal  t o  t h e  del-ay was chosen a s  most 
a p p r o p r i a , t e .  As shown i n  F igu re  27,  a d e l a y  o f  about  0 .15 
seconds  y i e l d s  lowes t  average  e r ro r .  

c *  and 26 e x h i b i t  t h e  same c h a r a c t e r i s t i c s  w i t h  regard t o  the  - i  
s c o r i n g  methods a s  t h a t  o b t a i n e d  from e x e r c i s i n g  t h e  program B 

Figure  27 i n d i c a t e s  t h e  r e s u l t s  o f  con t inued  expe r imen ta -  

W i t h  r e s p e c t  t o  modeling o f  t h e  human o p e r a t o r  i n  h i s  
performance of  s i n g l e  a x i s  t r a c k i n g ,  f o u r  d i s t i n c t  p o s s i b l e  
m a t r i x  e x p r e s s i o n s  o f  goal  were used:  T h e  "magni tude-of - the-  
e r r o r " ,  " a l l  -o r -none" ,  " a v e r a g e " ,  and " z e r o  band magnitude-  
o f - t h e - e r r o r " .  The f i r s t  t h r e e  of  t h e s e  c o s t  m a t r i c e s  have 
been p r e v i o u s l y  d e s c r i b e d .  The " z e r o  band magn i tude -o f - the -  
e r r o r "  i s  s i m i l a r  t o  t h e  "magnitude-of-the-error" goal  
e x p r e s s i o n  e x c e p t  t h a t  no p e n a l t y  i s  a s s o c i a t e d  w i t h  e r r o r s  
o f  p l u s  or m i n u s  one symbol from the  c o r r e c t  v a l u e ;  t h a t  i s ,  
a band o f  z e r o s  e x i s t s  around the  c o r r e c t  symbol. Table  17 
i n d i c a t e s  t h e  r e s u l t s  of u s i n g  t h e s e  f o u r  m a t r i c e s  i n  s e p a r a t e  
expe r imen t s .  In a l l  of t h e s e  e x p e r i m e n t s ,  t h e  s t r u c t u r e  of  
t he  i n i t i a l  f i n i t e - s t a t e  machine was t h e  same a s  t h a t  used i n  
the  p rev ious  expe r imen t s  concerned w i t h  modeling the ana log  
" p i l o t " .  The f i n a l  machines i n  Experiments  45 ,  47 ,  6 0 ,  and 
61 a r e  i n d i c a t e d  i n  Tables  18,  1 9 ,  20 ,  and 21, r e s p e c t i v e l y .  
T h e  r e su l t s  o f  these expe r imen t s  a r e  g r a p h i c a l l y  i n d i c a t e d  i n  
Figures 20 ,  2 1 ,  2 8 ,  and 29 ,  r e s p e c t i v e l y .  Note t h a t  Table  17 
f a i l s  t o  i n d i c a t e  a t r u e  p i c t u r e  of t h e  r e su l t s  i n  t h a t  i t  o n l y  
p e r t a i n s  t o  ave rage  e r r o r .  To more f u l l y  e v a l u a t e  t h e  e f f e c t  
o f  u s i n g  d i f f e r e n t  e r r o r  c o s t  m a t r i c e s  ( e x p r e s s i o n s  o f  g o a l ) ,  
t h e  f r equency  d i s t r i b u t i o n s  o f  t h e  r e s u l t i n g  e r r o r  must be 
examined i n  d e t a i l .  F igu res  25,  26,  3 0 ,  and 31 o f f e r  t h e  h i s t o -  
grams o f  e r r o r  found i n  Experiments  45 ,  47,  6 0 ,  and 61 ,  r e s p e c -  
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t i v e l y .  In a l l  o f  these  expe r imen t s ,  a r e c a l l  of  4 ,000  d a t a  
p o i n t s  was used. The assumption o f  symmetric error d i s t r i -  
b u t i o n  was made a s  p r e v i o u s l y  i n d i c a t e d .  The e f f e c t  o f  these 
d i s t i n c t  expressions o f  goal  on t h e  d i s t r i b u t i o n  o f  e r r o r  i s  
summarized i n  Table  2 2 .  Each c o s t  m a t r i x  r e p r e s e n t s  a 
d i f f e r e n t  s t r a t e g y  acco rd ing  t o  which the  program a l g o r i t h m i c -  
a l l y  determines. the  o u t p u t  symbols f o r  each s t a t e - i n p u t  p a i r .  

: The goal  i n  Experiment 45 was t o  minimize the  ave rage  e r r o r  and,  
a s  can be seen,  t h i s  expe r imen t  demonst ra ted  the s m a l l e s t  
ave rage  e r ror .  T h e  goal  i n  Experiment 4 7  was t o  minimize l a r g e  

1 errors. T h i s  i s  c l e a r l y  e v i d e n t  from the  demonst ra ted  r e s u l t .  
* The i n t e n t  i n  Experiment 60 was t o  a c h i e v e  the  maximum number  

o f  c o r r e c t  p r e d i c t i o n s  under  the  ph i losophy  t h a t  ''a miss i s  
as  good a s  a mile".  ' In Experiment 61 ,  a l l  e r r o r s  which were 
n o t  i n  e x c e s s  o f  one symbol were accep ted  as being c o r r e c t ,  the 
a t t e m p t  be ing  t o  minimize t h e  ave rage  e r r o r  w i t h  r e s p e c t  t o  
a l l  o t h e r  d e v i a t i o n s .  

A f t e r  t h e  expe r imen t s  d i r e c t e d  toward modeling t h e  human 
o p e r a t o r  were comple te ,  a s t u d y  was under taken  t o  g a i n  a b e t t e r  
i n s i g h t  i n t o  h i s  b e h a v i o r .  From t h e  expe r imen ta l  r e s u l t s ,  i t  
was e v i d e n t  t h a t  t h e  n o n l i n e a r  ana log  " p i l o t "  was a " r a t e  
machine".  Comparison o f  these resu l t s  w i t h  comparable r e s u l t s  
t aken  on the  human p i l o t  i n d i c a t e d  t h a t  the  h u m a n  o p e r a t o r  h a d  
a s i m i l a r  s t r a , t e g y .  In t h e s e  e x p e r i m e n t s ,  t h e r e  was t h e  
concern t h a t  t h e  r e c a l l  used f o r  f i t t i n g  t h e  machine m i g h t  be 
s o  small  t h a t  t h e  r e s u l t i n g  small  remnant may be due t o  t h e  
uniqueness  o f  e x e r c i s i n g  t h e  s t a t e - i n p u t  p a i r s .  Experiment 36H 
was conducted i n  o r d e r  t o  c l a r i f y  these  p o i n t s ,  This exper iment  
c o n s i s t e d  o f  t a k i n g  t h e  f i n a l  machine from Experiment 36 (which 
had a t t empted  t o  model t h e  n o n l i n e a r  ana log  " p i l o t " ) ,  d r i v i n g  
t h i s  machine by the  i n p u t  used by the  human p i l o t ,  and comparing 
t h e  machine o u t p u t  wi th  t h e  p i l o t ' s  o u t p u t .  The r e s u l t  o f  t h i s  
exper iment  was s u r p r i s i n g l y  good, t h e  ave rage  e r r o r  being 3.65 
symbols.  While t h i s  was n o t  a s  l o w  a s  t h a t  o b t a i n e d  from model- 
i n g  the  human o p e r a t o r  d i r e c t l y ,  i t  d i d  indeed conf i rm t h a t  
t h e  l e n g t h  o f  r e c a l l  was adequa te  and th'a,t t h e  pr imary s t r a t e g y  
o f  t h e  h u m a n  p i l o t  was r a t e  c o n t r o l .  F igu re  32 i n d i c a t e s  the  
r e s u l t s  o f  t h i s  exper iment  i n  g raph , ic  form. The d i f f e r e n c e  i n  
ave rage  e r r o r  a n d  t h e  co r re spond ing  l a r g e r  remnant found f o r  t h e  
human o p e r a t o r  i n d i c a t e d ,  however, t h a t  the  man was n o t  u s ing  
a pure r a t e  c o n t r o l  s t r a t e g y .  

F u r t h e r  s t u d i e s  were conducted  i n  o r d e r  t o  e s t a b l i s h  t h e  
d i f f e r e n c e  between the  f i n i t e - s t a t e  machines o b t a i n e d  by 
modeling t h e  human o p e r a t o r  and t h o s e  o b t a i n e d  by modeling t h e  
n o n l i n e a r  ana log  " p i l o t " .  The f i r s t  of t h e s e  expe r imen t s  i s  
d e s c r i b e d  i n  F igu res  33 through 4 7 .  These d a t a  were o b t a i n e d  
from t h e  f i n a l  machines o f  Experiments 36 and 45 by ho ld ing  r a t e  
Cons tan t  a n d  p l o t t i n g  t h e  o u t p u t  symbol a s  a f u n c t i o n  o f  t h e  
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i n p u t  symbol. For  example,  the  cu rve  f o r  z e r o  r a t e  i s  a p l o t  
o f  t h e  o u t p u t  symbols f o r  an i n p u t  of  1 i n t o  s t a t e  1 ,  an i n p u t  
o f  2 i n t o  s t a t e  2 ,  a n d  so  f o r t h .  The f a m i l y  o f  c u r v e s  d e s c r i b e d  
i n  t h e s e  f i gu res  show t h a t  t h e  human o p e r a t o r  was n o t  u s i n g  a 
pure r a t e  mode o f  c o n t r o l .  This  i s  m o s t  c l e a r l y  shown i n  
F igu re  33. T h e  n o n l i n e a r  ana log  " p i l o t "  m a i n t a i n e d  an a lmost  
c o n s t a n t  o u t p u t  of  symbol 32 r e g a r d l e s s  o f  t h e  l e v e l  o f  i o p u t  
symbol while t h e  human o p e r a t o r  ma in ta ined  a tendency  t o  c o r r e c t  
f o r  p o s i t i o n a l  errors .  T h i s  may be seen  i n  t h a t  f o r  a l l  l e v e l s  
l e s s  t han  t h e  m i d p o i n t  (symbol 32), t he  human o p e r a t o r ' s  o u t p u t  
symbols were above the  l i n e  d e r i v e d  from t h e  n o n l i n e a r  " p i l o t "  
model and f o r  a l l  l e v e l s  g r e a t e r  than  t h e  symboT 32 ,  t h e  human 
o p e r a t o r ' s  o u t p u t  symbols were below t h a t  of  t h e  n o n l i n e a r  
ana log  " p i l o t " .  In g e n e r a l ,  a l l  o f  t h e  remain ing  c u r v e s  i n  
t h i s  f a m i l y  demons t r a t e  t h i s  same c h a r a c t e r i s t i c .  W i t h  l a r g e r  
e x c u r s i o n s  from t h e  c e n t e r  p o s i t i o n ,  t h e  d i s c r e p a n c y  between 
t h e  model o f  the  human o p e r a t o r  and t h a t  o f  t h e  n o n l i n e a r  
ana log  " p i l o t "  becomes g r e a t e r .  I t  i s  a l s o  e v i d e n t  from t h e s e  
d a t a  t h a t  w i t h  l a r g e r  r a t e s ,  t h e  human o p e r a t o r ' s  o u t p u t  becomes 
more e r r a t i c .  In summary, t h e  r e s u l t s  o f  t h e s e  expe r imen t s  
i n d i c a t e  t h a t  t h e  human s u b j e c t  was t r y i n g  t o  f l y ' b y  r a t e  b u t  
t h a t  he was a l s o  i n f l u e n c e d  by p o s i t i o n .  A s  e x p e c t e d ,  he 
demons t r a t ed  g r e a t e r  d e v i a t i o n  a t  h igher  r a t e s .  These same 
r e s u l t s  a r e  shown i n  Figures 48 t h r o u g h  6 0 ,  he re  being 
p l o t t e d  a s  a f u n c t i o n  o f  a s e t  o f  c o n s t a n t  l e v e l s  r a t h e r  t han  
c o n s t a n t  r a t e s .  

An a t t e m p t  was made t o  r educe  t h e  machine and a l p h a b e t  
s i z e  used t o  r e p r e s e n t  the  human o p e r a t o r .  A 64-symbol 
1 5 - s t a t e  machine p rov ided  an adequa te  r e p r e s e n t a t i o n  o f  t h e  
human o p e r a t o r ' s  t r a n s d u c t i o n ,  y i e l d i n g  an ave rage  s c o r e  of  
3.5 symbols ( r e f e r e n c e  Experiment 4 0 ) .  The r e s u l t  o f  u s i n g  
a reduced a l p h a b e t  s i z e  i s  shown i n  Figure 61.  C l e a r l y  t h e s e  
r e su l t s  a r e  degraded beyond t h e  p o i n t  o f  u s e f u l n e s s ,  t h e  l o s s  
o f  a c c u r a c y  r e su l t i ng  from an i n a b i l i t y  t o  d i s t i n g u i s h  r a t e  
a t  t h e  lower a l p h a b e t  s i z e  w h e n  u s i n g  a t ime  i n t e r v a l  o f  sampl ing  
o f  0 .15 seconds  ( r a t e  b e i n g  e s t a b l i s h e d  a s  the f i r s t  d i f f e r e n c e  
t aken  on  s u c c e s s i v e  i n p u t  d a t a  p o i n t s ) .  As p r e v i o u s l y  n o t e d ,  
t h e  human o p e r a t o r ' s  p r imary  mode o f  b e h a v i o r  was r a t e - d i r e c t e d  
and t h e r e f o r e  a c o n s i d e r a b l e  l o s s  o f  i n f o r m a t i o n  i s  t o  be 
expec ted  t h r o u g h  c u r t a i l m e n t  o f  t h e  a l p h a b e t  s i z e .  Two means 
f o r  overcoming t h i s  d i f f i c u l t y  were a p p a r e n t .  F i r s t ,  i t  w o u l d  
be p o s s i b l e  t o  i n c r e a s e  t h e  t ime i n t e r v a l  o f  sampl ing .  T h i s  
w o u l d  once a g a i n  e s t a b l i s h  a s i g n i f i c a n t  measure f o r  r a t e .  
However, i t  would a l s o  c o n t r i b u t e  e r r o r  d u e  t o  any l a r g e  changes 
i n  r a t e  o v e r  t h e  s e l e c t e d  time i n t e r v a l  o f  sampl ing .  An a l t e r n a -  
t i v e  approach w o u l d  be t o  e s t a b l i s h  a n o t h e r  method f o r  d e t e r m i n i n g  
r a t e  ( a  method which does n o t  depend s o l e l y  u p o n  the  f i r s t  
d i f f e r e n c e  o f  s u c c e s s i v e  q u a n t i z e d  i n p u t  d a t a  p o i n t s ) .  T h i s  cou ld  
be ach ieved  by e i t h e r  d e t e r m i n i n g  r a t e  by t a k i n g  f i r s t  d i f f e r -  
ences  o f  t h e  raw d i g i t i z e d  p o s i t i o n a l  d a t a  b e f o r e  q u a n t i z a t i o n  



o r  by u s i n g  t h e  r a t e  i n p u t  t h a t  was g iven  on  t h e  t a p e  a s  a s e c -  
o n d a r y  i n p u t .  The l a t t e r  method appeared  t o  be more r e a d i l y  
implemented a n d  was t h e r e f o r e  f o l l o w e d .  

Seve ra l  methods a r e  p o s s i b l e  f o r  hand l ing  t h e  double  i n p u t  
of s imul t aneous  p o s i t i o n  and r a t e .  Probably  t h e  s i m p l e s t  
approach i s  t o  map t h e  two  a l p h a b e t s  of p o s i t i o n  a n d  r a t e  i n t o  

s i n g l e  unique i n p u t  a l p h a b e t .  Thus a 4-symbol p o s i t i o n  and 
$-symbol r a t e  d e s c r i p t i o n  o f  t h e  i n p u t  r e q u i r e s  a 16-symbol 
i n p u t  a l p h a b e t .  The a v a i l a b i l i t y  o f  6 4  symbol s ' i n  t h e  p r o g r a m  
! l imi t ed  t h e  p o s i t i o n  a n d  r a t e  t o  8 symbols each ( a s suming ,  o f  
c o u r s e ,  t h a t  equal r e s o l u t i o n  i s  d e s i r e d ) .  I f ,  however, c e r t a i n  
assumpt ions  can be made w i t h  r e s p e c t  t o  t h e  s t r u c t u r e  o f  t h e  
machine,  t h e  p r o c e s s  o f  double  i n p u t  coding can be s i m p l i f i e d .  
I n  t h i s  c a s e ,  t h e  s t r u c t u r e  o f  t h e  machine was f i x e d  a n d  a 
m a t r i x  was e s t a b l i s h e d  so t h a t  a l l  o c c u r r e n c e s  were r e p r e s e n t e d .  
Columns were t aken  t o  r e p r e s e n t  t h e  ( n - 1 )  r a t e  symbols wh i l e  
rows were taken  t o  r e p r e s e n t  t h e  ( n - 1 )  p o s i t i o n  symbols.  The 
o u t p u t  f o r  t h e  n - t h  move was then  added t o  t h e  p rev ious  v a l u e  i n  
t h e  l o c a t i o n  co r re spond ing  t o  t h e  row-column d e s i g n a t i o n  f o r  
p o s i t i o n  and r a t e  i n f o r m a t i o n  f o r  t h e  i n p u t  a t  ( n - 1 )  a n d  a coun- 
t e r  was indexed f o r  t h e  f r equency  o f  o c c u r r e n c e  o f  t h i s  combina- 
t i o n .  A f t e r  t h e  i n i t i a l  r e c a l l  was e x e r c i s e d ,  t h e  o u t p u t  symbol 
was de te rmined  f o r  each o f  t h e  p o s i t i o n - r a t e  combina t ions  by 
d i v i d i n g  eve ry  p o i n t  i n  t h e  m a t r i x  ( t h e  sum o f  t h e  o u t p u t  symbols)  
by t h e  co r re spond ing  f r equency  o f  o c c u r r e n c e .  This  method y i e l d s  
a p s e u d o - f i n i t e - s t a t e  machine f o r  a n  rms c a s t  m a t r i x .  

Three expe r imen t s  were performed wi th  t h e  program w r i t t e n  on 
t h e  l a t t e r  b a s i s  s t a r t i n g  wi th  a 31-symbol a l p h a b e t  machine.  
S u b s e q u e n t l y ,  t h e  number o f  s t a t e s  a n d  t h e  a l p h a b e t  s i z e  were 
reduced u n t i l  t h e  r e s u l t s  were s i g n i f i c a n t l y  degraded .  T a b l e s  
23, 2 4 ,  a n d  25 i n d i c a t e  t h e  machines used i n  Experiments  63 ,  6 4 ,  
and 6 5 ,  r e s p e c t i v e l y .  The machine used i n  Experiment 63 c o n s i s t e d  
o f  31 s t a t e s  and a 31-symbol a l p h a b e t ;  t h a t  used in  Experiment 64 
c o n s i s t e d  o f  15  s t a t e s  and a 15-symbol a l p h a b e t ;  a n d  t h a t  used i n  
Experiment 65 was of 7 s t a t e s  w i t h  a 7-symbol a l p h a b e t .  F i g u r e s  
6 2 ,  63,  and 64 i n d i c a t e  t h e  r e s u l t s  o f  t h e s e  e x p e r i m e n t s .  

ment 63 y i e l d e d  a n  a v e r a g e  s c o r e  of 2 . 8  symbols a n d  t h u s  
provided  a g o o d  approximat ion  t o  t h e  h u m a n  o p e r a t o r ' s  r e sponse  
behav io r .  With t h e  number of s t a t e s  a n d  a l p h a b e t  s i z e  reduced 
t o  1 5 ,  t h e  ave rage  s c o r e  i n c r e a s e d  t o  3 .2  symbols ( r e f e r e n c e  
F i g u r e  6 3 ) ,  t h u s  o f f e r i n g  a l e s s  a c c u r a t e  a l t h o u g h  s t i l l  ade-  
q u a t e  r e p r e s e n t a t i o n  of t h e  h u m a n  o p e r a t o r .  F u r t h e r  r e d u c t i o n  
i n  t h e  number o f  s t a t e s  and a l p h a b e t  s i z e  t o  7 y i e l d e d  a n  
ave rage  s c o r e  of 3 .76 ( r e f e r e n c e  F igu re  6 4 ) .  I t  appeared  t h a t  
f u r t h e r  r e d u c t i o n  i n  t h e  number o f  s t a t e s  and  a l p h a b e t  s i z e  
would produce on ly  i n a d e q u a t e  r e p r e s e n t a t i o n s  o f  t h e  p i l o t ' s  

As may be seen from F i g u r e  6 2 ,  t h e  machine used i n  Exper i -  
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r e s p o n s e .  

Experiment 65A was performed i n  order  t o  de t e rmine  
whether  o r  n o t  t h e r e  e x i s t e d  any s i g n i f i c a n t  v a r ' t a t i o n  in  t h e  
human o p e r a t o r ' s  performance w i t h  r e s p e c t  t o  time. Table  26 
i n d i c a t e s  t h e  r e s u l t s  of u s ing  t h e  7 - s t a t e  7-symbol machine 
of Experiment 65 w i t h  t h e  o u t p u t  computed over  each s u c c e s s i v e  * 
q u a r t e r  o f  t h e  t o t a l  r e c a l l  o f  4 ,000 d a t a  p o i n t s .  E v i d e n t l y  t 

no s i g n i f i c a n t  t r e n d  o r  v a r i a t i o n  i n  human performance was 
ev idenced  d u r i n g  t h e  t ime o v e r  which t h e  h i s t o r y  was r eco rded .  

In a f u r t h e r  t e s t  of t h e  t e c h n i q u e  d e s c r i b e d  above ,  a 
t ime h i s t o r y  o f  t h e  human o p e r a t o r ' s  i n - f l i g h t  r e sponse  was 
examined in  d e t a i l .  A t ime i n t e r v a l  sampling o f  0.2  seconds  
was chosen t o  y i e l d  s u i t a b l e  r e s o l u t i o n  a n d  s i g n i f i c a n t  r a t e  
of change d i s c r i m i n a t i o n  on b o t h  the  i n p u t  and o u t p u t  d a t a .  
Accord ing ly ,  eve ry  f i f t h  d a t a  p a i r  o f  t h e  o r i g i n a l  r e c o r d  was 
q u a n t i z e d  i n t o  a 63-symbol "envi ronment" .  These d a t a  a r e  shown 
as  a f u n c t i o n  o f  t ime in  t h e  t o p  two c u r v e s  of F igu re  65. 

As p r e v i o u s l y  d e s c r i b e d ,  a machine was c o n s t r u c t e d  which 
used p o s i t i o n  a s  i n p u t  d a t a  a n d  y i e l d e d  o u t p u t  symbols on  t h e  
b a s i s  of t h i s  i n p u t  a n d  t h e  d i f f e r e n c e  from t h e  l a s t  i n p u t  
symbol ... t h i s  be ing  e s s e n t i a l l y  a p o s i t i o n - r a t e  i n p u t  machine.  
This  machine was t h e n  d r i v e n  ove r  t h e  same envi ronment  i n  o r d e r  
t o  compare i t s  o u t p u t  wi th  t h a t  o f  t h e  h u m a n  o p e r a t o r .  The 
r e s u l t  o f  doing t h i s  f o r  a 3 1 - s t a t e  machine i s  shown in  F igu re  
65 and f o r  a 1 5 - s t a t e  machine,  i n  F igu re  6 6 .  The mean e r r o r  
f o r  t h e s e  expe r imen t s  i s  shown in Table  2 7 .  As can be s e e n ,  most 
o f  t h e  e r r o r  i s  due t o  t h e  ave rag ing  p r o c e s s  i n  t h e  g e n e r a t i o n  
of  t h e  m a t r i x  e l e m e n t s .  The t imes  o f  g r e a t e s t  e r r o r  and t h e  
p e r i o d s  o f  z e r o  e r r o r  a r e  b o t h  a s s o c i a t e d  w i t h  t h e  most r a d i c a l  
p i l o t  r e s p o n s e .  A t  such t i m e s ,  t h e  environment  appea r s  t o  pass  
t h r o u g h  a t y p i c a l  s i t u a t i o n s ,  t h u s  c o n t r i b u t i n g  t o  t h e  unique-  
n e s s  o f  r e p r e s e n t a t i o n .  When t h e  machine s i z e  i s  r educed ,  t h e  
mean e r r o r  i s  i n c r e a s e d  by about  one symbol,  b u t  t h e  number of 
ex t reme e r r o r s  i s  reduced .  

B u t  t h e  p re sence  o f  a number of r a d i c a l  a d j u s t m e n t s  by t h e  
p i l o t  i m p l i e s  t h a t  he i s  n o t  c o n s i s t e n t l y  f o l l o w i n g  a r a t e -  
p o s i t i o n  s t r a t e g y .  Visual  i n s p e c t i o n  o f  t h e  d a t a  i n d i c a t e s  
t h a t  t h e  p i l o t ' s  r e sponse  t o  p o s i t i o n  i n f o r m a t i o n  m i g h t  well  be 
a f f e c t e d  by h i s  p r e s e n t  " s t i c k  p o s i t i o n ' '  i n  r e l a t i o n  t o  t h e  
i n p u t  symbol,  or his  l a s t  r e sponse .  T h u s  a p o s i t i o n - l a s t  
o u t p u t  machine was d e v i s e d  i n  an ana logy  t o  t h e  r a t e - p o s i t i o n  
machines d e s c r i b e d  above. I n  e f f e c t ,  t h e  m a c h i n e ' s  s t a t e  
a t  any  g iven  t ime i s  t h e  p i l o t ' s  p r e v i o u s  o u t p u t ,  and t h e  
mach ine ' s  i n p u t  i s  t h e  p o s i t i o n .  In o r d e r  t o  minimize t h e  mean- 
squa red  e r r o r ,  t h e  mean of  t h e  observed  p i l o t  r e s p o n s e s  was used 
f o r  any s t a t e - p o s i t i o n  combinat ion which o c c u r r e d  more than  
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once. 

A 6 4 - s t a t e  64-symbol machine g e n e r a t e d  in  t h i s  manner 
was d r i v e n  by t h e  a c t u a l  d a t a  base w i t h  a r e s u l t i n g  good f i t  
( r e f e r e n c e  F igu re  6 7 ) ,  t h i s  be ing  l a r g e l y  due t o  t h e  f a c t  t h a t  
most of t h e  t r a n s i t i o n s  i n  t h i s  machine were e x e r c i s e d  
o n l y  a s ing le  time, t h u s  m a k i n g  the machine a r a t h e r  unique 
d e s c r i p t i o n  o f  the  r e c o r d .  T h i s  un iqueness  i s  most n o t i c e a b l e  
&hen t h e  p i l o t  makes ex t reme moves. Reducing t h e  machine t o  
1 6 - s t a t e  16-symbol and then  t o  8 - s t a t e  8-symbol i n  e f f e c t  
performs an a v e r a g i n g  on t he  obse rved  r e s p o n s e s .  Th i s  g r e a t l y  
$educes t h e  number of c o r r e c t  r e s p o n s e s  y e t  remains a good  
r e p r e s e n t a t i o n  of t h e  t r a c k  ( r e f e r e n c e  F i g u r e s  68  a n d  6 9 ,  
r e s p e c t i v e l y ) .  Ifere g r e a t e s t  e r r o r s  a r e  seen  t o  o c c u r  d u r i n g  
v i o l e n t  maneuvers ,  t h a t  i s ,  w h e n  t h e  p i l o t ' s  b e h a v i o r  i s  l e a s t  
t y p i c a l .  The i n f l u e n c e  o f  s t i c k  p o s i t i o n  i s  shown i n  Tab le  
2 8  wherein the  1 6 - s t a t e  mach ine ' s  o u t p u t  i s  e x p r e s s e d  a s  t h e  
change o f  s t a t e ,  t h a t  i s ,  t h e  c o n t r o l  s t i c k  a d j u s t m e n t .  Except 
fo r  a few e l e m e n t s ,  t h i s  o u t p u t  ''map" shows  t h e  s t r o n g  
dependency of  each n e x t  o u t p u t  on t h e  p r e v i o u s  o u t p u t .  

s i t u a t i o n s ,  t h e  p r o g r a m  was mod i f i ed  t o  make i t  p r e d i c t  each 
n e x t  p i l o t  r e sponse  on t h e  b a s i s  of t h e  c u r r e n t  r e c a l l .  I n  
t h i s  c a s e ,  newly e x p e r i e n c e d  s i t u a t i o n s  a r e  a r b i t r a r i l y  p r e -  
d i c t e d  a s  be ing  wi thou t  change from t h e  p r e v i o u s  s i t u a t i o n .  
W i t h  r e s p e c t  t o  t h e  6 4 - s t a t e  64-symbol machine,  t h i s  amounted 
t o  p r e d i c t i n g  the  l a s t  s t a t e ,  t h u s  t h e  p r e d i c t i o n  was a lmos t  
i d e n t i c a l  t o  t h e  a c t u a l  r e sponse  w i t h  a o n e - i n t e r v a l  l e n g t h  
d e l a y .  Under t h i s  c o n d i t i o n ,  t h e  e r r o r  p l o t  becomes v i r t u a l l y  
t h e  n e g a t i v e  of t h e  s t i c k  v e l o c i t y  ( r e f e r e n c e  F igu re  7 0 ) .  

In o r d e r  t o  t e s t  t h e  machine i n  t h e  p r e d i c t i o n  of new 

As m i g h t  be e x p e c t e d ,  t h e  1 6 - s t a t e  16-symbol and 8 - s t a t e  
8-symbol machines y i e l d e d  p r e v i o u s - p o i n t  p r e d i c t i o n  du r ing  
t h e  e a r l y  p o r t i o n  o f  t h e  r u n  b u t  a s  t h e  machine becomes more 
comple t e ly  s p e c i f i e d ,  t h e  l a g  d isapp 'ears  a n d  s o o n  most o f  t h e  
e r r o r s  r e s u l t  from t h e  a v e r a g i n g  o f  pr l 'o r  " e x p e r i e n c e "  ( r e f e r e n c e  
F igu re  7 1 ) .  Doubling o f  t h e  t ime i n t e r v a l  o f  sampling f o r  t h e  
1 6 - s t a t e  16-symbol machine g r e a t l y  i n c r e a s e s  t h e  magn i tude -o f -  
t h e - e r r o r  because p r e v i o u s  p o s i t i o n  p r e d i c t i o n  becomes l e s s  
r e l i a b l e  a s  t h e  r e p r e s e n t a t i o n  o f  t h e  v e l o k i t y  measured i n  
symbols p e r  i n t e r v a l  i n c r e a s e s  and a s  more a n d  more d e t a i l s  o f  
t h e  environment  a r e  l o s t  ( r e f e r e n c e  F igu re  7 2 ) .  

I t  i s  o f  i n t e r e s t  t o  compare t h e  r e s u l t s  o b t a i n e d  t h r o u g h  
t h e  use of t h e  f i n i t e - s t a t e  machine r e p r e s e n t a t i o n  (Exper iment  
6 9 )  wi th  t h e  more conven t iona l  t e c h n i q u e  f o r  modeling t h e  h u m a n  
o p e r a t o r .  The t e c h n i q u e  used fo r  comparison purposes  was a 
t ime-va ry ing  r e p r e s e n t a t i o n  c o n s i s t i n g  of a seven p o l e  f i l t e r  
having a 20  second i n t e r p o l a t i o n  window wi th  t h e  f i l t e r  p o l e s  
be ing  l o c a t e d  a t  o n e - q u a r t e r ,  o n e - h a l f ,  one ,  t w o ,  f o u r ,  e i g h t ,  
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a n d  16  p e r  second, t h i s  model and the  e m p i r i c a l  r e s u l t s  under 
i n v e s t i g a t i o n  being f u r n i s h e d  by personnel  o f  t h e  F l i g h t  
Research C e n t e r ,  N A S A .  The rms e r r o r  of  t h i s  t e c h n i q u e  was 
18.39% whi l e  Experiment 69 produced an rms e r r o r  o f  on ly  5.9% 
a g a i n s t  hhese same d a t a .  That  i s  t o  s a y ,  t h e  same d a t a  p o i n t s  
were used f o r  the f i t t i n g  and t h e  e r r o r  measurement i n  both R 

i n s t a n c e s .  Temporal v a r i a b i l i t y  was found t o  be i n s i g n i f i c a n t  
i n  t h e  two d i f f e r e n t  approaches  t o  t h e  problem o f  r e p r e s e n t i n g  

I t  i s  impor t an t  t o  n o t e ,  however, t h a t  t h e  two t e c h n i q u e s  
the human o p e r a t o r .  i 

d i f f e r  i n  o b j e c t i v e .  The f i n i t e - s t a t e  machine model was d e v i s e d  
i n  o r d e r  t o  y i e l d  a deepe r  unde r s t and ing  of  t he  behav io ra l  
p r o p e r t i e s  and s t r a t e g i e s  of  t h e  human p i l o t .  Consequent ly ,  
f i t t i n g  i s  performed in  t h e  t ime domain. In c o n t r a d i s t i n c t i o n ,  
t h e  f i l t e r  model grows o u t  of conven t iona l  c o n t r o l  system 
t h e o r y  w h i c h  i s  f o r m u l a t e d  i n  t h e  f r equency  domain. W i t h  t h i s  
t r ans fo rmed  back i n t o  t h e  t ime domain, i t  i s  r e a s o n a b l e  t o  
e x p e c t  g r e a t e r  e r r o r .  I f  t h e  f i n i t e - s t a t e  machine model i s  
p l aced  w i t h i n  a closed.-loop c o n f i g u r a t i o n ,  t h e  r e s u l t s  would 
d i f f e r  c o n s i d e r a b l y  from t h o s e  o b t a i n e d  through the above- 
d e s c r i b e d  at tempt .  t o  r e p r e s e n t  t h e  human p i l o t  because ,  a s  
p r e v i o u s l y  i n d i c a t e d ,  t h e  l a r g e  e x c u r s i o n s  p r e s e n t  i n  t h e  p i l o t ' s  
o u t p u t  a r e  a p p a r e n t l y  caused by p e r i o d s  o f  i n a t t e n t i o n  t o  t h e  
pa rame te r  under  c o n s i d e r a t i o n  a s  a r e s u l t  o f  t h e  e x i g e n c i e s  of  
f l i g h t  c o n t r o l .  This c o n d i t i o n  may be expec ted  t o  e x i s t  so long  
as t h e  spans  o f  i n a t t e n t i o n  a r e  n o t  r eco rded  a s  p a r t  o f  t h e  
r ' e levant  d a t a  base .  

C l e a r l y ,  r e p r e s e n t a t i o n  o f  t h e  human o p e r a t o r ' s  i n - f l i g h t  
c o n t r o l  r e q u i r e s  r e c o g n i t i o n  o f  t h e  f a c t  t h a t  he performs 
w i t h i n  a h i e r a r c h y  o f  s u b g o a l s .  T h u s  modeling o f  h i s  t r a c k i n g  
performance on s i n g l e  v a r i a b l e s  o f f e r s  o n l y  a f i r s t  s t e p  toward 
unde r s t and ing  h i s  o v e r a l l  b e h a v i o r .  C l e a r l y ,  a t t e n t i o n  must 
a l s o  be g iven  t o  the  problem o f  modeling t h e  human o p e r a t o r ' s  
s w i t c h i n g  f u n c t i o n  o v e r  t h e  v a r i o u s  p a r a m e t e r s ,  t h i s  a s  a 
f u n c t i o n  o f  t h e s e  pa rame te r s  and the  v a l u e s  observed  on each 
of  them d u r i n g  h i s  r e c e n t  e x p e r i e n c e .  The f i n i t e - s t a t e  machine 
r e p r e s e n t a t i o n  t e c h n i q u e  a l s o  a p p e a r s  a p p r o p r i a t e  i n  t h i s  r e g a r d .  
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C O N C L U S I O N  

The expe r imen ta l  f i n d i n g s  o f  t h i s  i n v e s t i g a t i o n  
demons t r a t e  t h a t  f i n i t e - s t a t e  machines do indeed o f f e r  a 
s u i t a b l e  means f o r  r e p r e s e n t i n g  t h e  h u m a n  o p e r a t o r  i n  t e rms  
Qf h i s  s t i m u l u s - r e s p o n s e  behav io r  w i t h  r e s p e c t  t o  noncon-  
vergent t r a c k i n g  t a s k s .  In  p o i n t  o f  f a c t ,  t h e  l o g i c a l  
r e p r e s e n t a t i o n  e x p r e s s e d  i n  t h i s  form serves t o  produce a 
s g a l l e r  r e s i d u a l  e r r o r  ( remnant )  t han  i s  ach ieved  t h r o u g h  more 
Convent ional  t e c h n i q u e s  o p e r a t i n g  on a s i m i l a r  d a t a  base .  
Further ,  t he  f i n i t e - s t a t e  machine models a r e  d e r i v e d  through a 
g o a l - s e e k i n g  t e c h n i q u e  which r e p l i c a t e s  t he  h e u r i s t i c  behav io r  
of  t he  h u m a n  o p e r a t o r  i n  t h e  sense t h a t  he a t t e m p t s  t o  m i n i -  
mize some lo s s  f u n c t i o n ,  Add i t iona l  expe r imen t s  performed on 
t h e  same d a t a  base  b u t  w i t h  r e s p e c t  t o  a l t e r n a t i v e  e x p r e s s i o n s  
o f  goal can be used t o  d e r i v e  approximate  r e p r e s e n t a t i o n s  f o r  
t h e  e x h i b i t e d  goal  o f  the  human o p e r a t o r .  In p o i n t  o f  f a c t ,  
t h e  s t r a t e g y  o f  t he  human o p e r a t o r  was c l e a r l y  d i s c e r n i b l e  on 
the  b a s i s  o f  t h e  f i n i t e - s t a t e  machine a n a l y s i s  o f  h i s  i n p u t -  
o u t p u t  t ime h i s t o r y  i n  t h e  above -desc r ibed  expe r imen t s .  

This i n v e s t i g a t i o n  marks t h e  i n i t i a t i o n  o f  a p o i n t  o f  
view i n  r e p r e s e n t i n g  t h e  human o p e r a t o r  t h r o u g h  f i n i t e - s t a t e  
machines .  C l e a r l y ,  a d d i t i o n a l  work i s  i n  o r d e r .  F i r s t ,  i t  
would be d e s i r a b l e  t o  improve the  r e p r e s e n t a t i o n  i n  s i t u a t i o n s  
wherein t h e  h u m a n  o p e r a t o r  i s  simul t a n e o u s l y  m o n i t o r i n g  a number 
o f  v a r i a b l e s  o f f e r e d  t o  h i m  by s e p a r a t e  d i s p l a y s .  There i s  need 
f o r  r e p r e s e n t i n g  h i s  s w i t c h i n g  f u n c t i o n  among d i s p l a y s ,  t h i s  i n  
a d d i t i o n  t o  his  t r a c k i n g  f u n c t i o n  on each i n d i v i d u a l  d i s p l a y .  
Then, t o o ,  i t  i s  i m p o r t a n t  t o  examine t h e  dependency o f  t h e  
f i n i t e - s t a t e  machine behav io r  o f  t h e  human o p e r a t o r  a s  he 
r e f l e c t s  d i f f e r e n t  t r a n s f e r  p r o p e r t i e s  of t h e  equipment  system 
under  h i s  c o n t r o l .  There i s  a l s o  the  q u e s t i o n  o f  t h e  deg ree  of  
u n i v e r s a l i t y  o f  t h i s  r e p r e s e n t a t i o n ;  t h a t  i s  t o  s a y ,  presumably 
g i v e n  a s u f f i c i e n t  time h i s t o r y  o f  human per formance ,  i t  shou ld  
be p o s s i b l e  t o  a c h i e v e  a s u f f i c i e n t l y  p r e c i s e  r e p r e s e n t a t i o n  of 
t h e  i n d i v i d u a l  t o  c h a r a c t e r i z e  t h i s  person  and no o t h e r .  On 
t h e  o t h e r  hand, i t  shou ld  be p o s s i b l e  t o  f i n d  f i n i t e - s t a t e  machines 
which a r e  o f  1 e s s e r  comp.1 exi t y ,  and t h u s  become more a p p r o p r i a t e  
f o r  modeling of  a c l a s s  o f  o p e r a t o r s  r a t h e r  t han  a s i n g l e  
i n d i v i d u a l .  F u r t h e r  r e s e a r c h  i n  t h i s  d i r e c t i o n  i s  i n  o r d e r .  

Mot iva t ion  f o r  f u r t h e r  s t u d i e s  may a l s o  be found i n  t h e  
p o s s i b i l i t y  o f  o b j e c t i v e l y  de t e rmin ing  t h e  h u m a n  o p e r a t o r ' s  goal  
on t h e  b a s i s  o f  his e x h i b i t e d  b e h a v i o r ,  t h i s  goal  b e i n g  
d i s t i n c t  from t h e  goal  he i s  i n s t r u c t e d  t o  f o l l o w  and p o s s i b l y  
even t h e  g o a l  he b e l i e v e s  he i s  f o l l o w i n g  T h i s  t e c h n i q u e  may 
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then be used f o r  evaluating alternative displays, for assessing 
the degree of capability o f  trainees, for designing optimal + 

training sequences and instruction, and for the design o f  
control systems for complex man-machine mechanisms. 

Decision Science, Inc. 
San Diego, California, October 23, 1967 
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TABLE 24 

.? 

MATRIX REPRESENTATION OF 1 5  STATE AND 1 5  S Y M B O L  ALPHABET 
MACHINE OF EXP. 64 

1 

2 

3 

4 

5 

6 

7 

8 

I 4 9  
z 
0 

I- 

0 
a 

W 

10 

11 

12 

12 

14 

1E 

RATE 
1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5  

34 37 35 44  

33 43  45 45 60 

33 33 35 36 39 46 51 61 62 59 

29 32 33 34 36 39 44 50 51 5 8  

29  31 33 34 36 39 43 47 54 59 60 60  

23  25 28 31 32 33 35 40 44 4 8  53  56 5 5  

21 23 27 30 32 35 40  44  47  51 55  52 

1 2  1 4  15  20 25 29 32 36 40 46 50  5 0  62 

1 1  1 1  1 4  1 6  21 25 30 31 32 37 4 1  4 8  

9 9 1 3  1 6  1 8  25 2 8  30 30 32 37 3 8  

4 1 0  1 2  15 1 9  23 28 2 8  29 30 33 

1 4  6 1 3  1 5  1 7  23  2 8  2 8  30 29  3 3  

5 7 1 4  1 6  22 24 2 8  33 

1 2  25 31 

18  1 0  1 0  32 32 
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T A B L  E 25 

B 

M A T R I X  R E P R E S E N T A T I O N  OF 7 S T A T E  AND 7 SYMBOL A L P H A B E T  
M A C H I N E  OF E X P .  65 

v 

1 

2 

3 z 
0 
8-4 

I- H 4  
v, 
0 
p. 

5 

6 

7 

1 

23 

1 

8 

14 

2 

31 

26 

16 

13 

1 1  

R A T E  

3 

33 

33 

32 

25 

19 

18 

12 

4 

40 

37 

36 

32 

28 

26 

28 

5 

46 

43 

45 

39 

30 

29 

32 

6 7 

44 59 

55 54 

52 59 

49 52 

36 

33 

14 5 



TABLE 26 
TIME VARIANT ANALYSIS OF HUMAN PILOT (EXP. 65A) 

d 

1 

2 

R A T E  
1 1 2 3 4 5 6 7  

33 39 44 44 59 

30 33 36 4 1  53 

R A T  E 
1 1 2 3 4 5 6 7 '  

E 3  
w 

4 

n 5  

6 

fn 
0 

23 24  33 36 44 54  

1 1  1 6  25 32 40 49  

7 1 2  1 8  2 7  30 40 

9 1 8  26 28  

3 

" 4  
z 
0 

I- 
C) 

z5 
0- 

6 

26 32 35 44 51 62 

9 1 5  2 5  32 38  46 47 

7 1 3  1 9  2 8  29 3 4  

10  1 8  26  2 8  

7 26 7 1  

R A T  E 

33 33 36 42 54 54 

26 33 36 45 49 56 

i 5  
0, 

6 

1 3  1 4  20 2 8  31 37 

1 4  12  1 8  26 31 33 

1 3  29 32 7 1  

R A T  E 
1 1 2 3 4 5 6 7  

2 32  33  37 45 56  

3 2 7  32 36 45 55 59  

- 4  6 1 6  24 33 39 49 60  

z 5  3 1 2  1 9  2 7  31 34 

6 9 1 7  26 29 

7 1 2  24 

z 
0 

I- 
n 

p. 
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T A B L E  28 
S T A T E - C H A N G E  RESPONSE OF A 16 S T A T E  M A C H I N E  4 

P R E V I O U S  O U T P U T  

1 5 9 13  17 21 25 29 33 37 41 45 49 53  57 6 1  

1 0  -2  -.2 -1  2 

5 - 1  0 0 -1  - 1  -1  - 4  

9 +1 - 1  0 0 0 -1  -1  - 2  -2 -1  

13 +1 -1  0 -1  -1 - 1  -1  -1  -2  - 2  

17 0 +l  0 0 O -1 -1 -1 -1 -2 -1  -2 

21 +1 +1 0 0 0 0 - 1  - 1  - 1  -1 - 2  -3  - 4  

-6 

-1  

25 

5 29 

= 33 
e 
U 

k 3 7  
z 

41 
ni 
a 45 

49 

5 3  

57 

61  

+1 0 0 0 0 0 -1 -1  - 1  -2 - 1  

+1 0 +1 0 0 -1  0 -1  0 0 -2 - 2  +2 

+ 1 - 2  0 0 0 0 0 - 1  0 - 1  0 - 5  

0 + 3  0 0 0 + 1  0 0 0 0 - 1  

+2 +1 +1 +1 0 0 0 +1 0 -1 0 

+ 2 + 2 + 1  0 + 1  0 0 0 0 0 

+ 1 + 1 + 1  0 0 0 0 0 0 +3 

+1 0 0 0 +1 +1 -2  

0 0 0  

+2 0 

-1  
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