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Abstract  

An a c t i v e  c o n t r o l l e r  was used t o  h e l p  t r a i n  n a i v e  S u b j e c t s  involved  
i n  a compensatory t r a c k i n g  t a s k .  The c o n t r o l l e r  i s  c a l l e d  a c t i v e  i n  
t h i s  c o n t e x t  because i t  moves t h e  S u b j e c t ' s  hand i n  a d i r e c t i o n  t o  
improve t r a c k i n g .  It  i s  of  i n t e r e s t  here t o  q u e s t i o n  whether  t h e  a c t i v e  
c o n t r o l l e r  h e l p s  t h e  Subjec t  t o  l e a r n  a t a s k  more r a p i d l y  t h a n  t h e  
p a s s i v e  c o n t r o l l e r .  

A t  The A i r  Force  Aerospace Medical Research Labora tory  s i x  s u b j e c t s ,  
i n e x p e r i e n c e d  t o  compensatory t r a c k i n g ,  were run  t o  asymptote  r o o t  mean 
s q u a r e  e r r o r  t r a c k i n g  l e v e l s  w i t h  a n  a c t i v e  c o n t r o l l e r  o r  a p a s s i v e  
c o n t r o l l e r .  The time r e q u i r e d  t o  l e a r n  t h e  t a s k  was d e f i n e d  s e v e r a l  
d i f f e r e n t  ways. The r e s u l t s  of  t h e  d i f f e r e n t  measures o f  l e a r n i n g  were 
examined a c r o s s  p o o l s  of s u b j e c t s  and a c r o s s  c o n t r o l l e r s  u s i n g  
s t a t i s t i c a l  t e s t s .  The comparison between t h e  a c t i v e  c o n t r o l l e r  and 
p a s s i v e  c o n t r o l l e r  as t o  t h e i r  a b i l i t y  t o  a c c e l e r a t e  t h e  l e a r n i n g  
p r o c e s s  as w e l l  as reduce l e v e l s  o f  asymptot ic  t r a c k i n g  e r r o r  is  
r e p o r t e d  here.  

I n t r o d u c t i o n  

t h e  

With t h e  advent  of  microprocessor  computer technology,  one would 
l i k e  t o  u s e  t h i s  new technology t o  h e l p  improve t h e  i n t e r a c t i o n  o f  
humans w i t h  machines.  One method t o  a c h i e v e  t h i s  r e s u l t  i s  t o  use  
c o n t r o l l e r s  o r  d i s p l a y s  which e x h i b i t  t h e  a b i l i t y  t o  a d a p t  o r  change 
w i t h  t ime. An example of  t h i s  t y p e  of a p p l i c a t i o n  o c c u r s  w i t h  quickened 
d i s p l a y s  where v i s u a l  i n f o r m a t i o n  i s  used t o  improve t h e  man-machine 
i n t e r a c t i o n .  I n  t h i s  c a s e  t h e  d i s p l a y  i s  "quickened" i f  i t  p r o v i d e s  t h e  
o p e r a t o r  w i t h  immediate knowledge of  t h e  e f f e c t s  of h i s  own responses .  
Thus t h e  human o p e r a t o r  i s  a b l e  t o  more e f f i c i e n t l y  p r o c e s s  i n f o r m a t i o n  
w i t h  t h i s  t y p e  o f  d i s p l a y .  

Another way t o  use computers t o  improve man-machine i n t e r a c t i o n  
o c c u r s  i f  t h e  hand c o n t r o l l e r  t h e  human i n t e r a c t s  w i t h  i s  computer 
c o n t r o l l e d  t o  move t h e  human arm and assist i n  t h e  t r a c k i n g .  
I n t u i t i v e l y  t h i s  makes s e n s e  because i t  is  known t h a t  g o l f  o r  t e n n i s  
t e a c h e r s  111 p h y s i c a l l y  f o r c e  t h e  l i m b s  o f  a s t u d e n t  th rough t h e  
a p p r o p r i a t e  movements f o r  a s p e c i f i c  s t i m u l u s .  This  a p p e a r s  t o  g i v e  
rise t o  t h e  q u i c k e s t  i n i t i a l  l e a r n i n g ,  however, t h e  r e t e n t i o n  of  t h i s  
l e a r n i n g  may b e  poor.  

dimension l a t e r a l l y .  The s t i c k  c o n t r o l l e r  a c t u a l l y  p u t s  a f o r c e  on t h e  
human s u b j e c t ' s  arm as a f u n c t i o n  of  a smart s t i c k  a l g o r i t h m  and 

I n  t h i s  paper  w e  c o n s i d e r  a s ide  s t i c k  c o n t r o l l e r  which moves i n  one 
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p h y s i c a l l y  moves t h e  s u b j e c t ' s  hand. The s u b j e c t  can o v e r r i d e  t h i s  
f o r c e  depending on t h e  commands he wishes t o  make. 

p r e v i o u s l y  i n  t h e  manual c o n t r o l  a r e a .  For  example, i n  1968, Herzog [2]  
i n v e s t i g a t e d  a manipula tor  t h a t  had mechanical  c h a r a c t e r i s t i c s  matching 
t h e  p l a n t ' s  c h a r a c t e r i s t i c s  i n  such  a way t h a t  t h e  c o n t r o l  t a s k  of  t h e  
o p e r a t o r  i s  reduced t o  t h e  problem o f  p o s i t i o n i n g  t h e  c o n t r o l  s t i c k .  
T h i s  was shown c2] t o  s i g n i f i c a n t l y  improve t r a c k i n g  performance. 

One must ,  however, s e p a r a t e  t h e  e f f ec t s  of  p r a c t i c e  from t h e  e f f e c t  
of t h e  s u b j e c t  i n t e r a c t i n g  w i t h  t h e  smart s t i c k .  I n  r e a c t i o n  time 
exper iments  one s c h o o l  of thought  [5] views performance changing a t  a l l  
l e v e l s  o f  p r a c t i c e .  I n  f a c t  i n  r e f e r e n c e  151 t h e  a u t h o r s  r e f e r  t o  a 
s t u d y  i n  which performance of a s imple  manual o p e r a t i o n  i n v o l v i n g  a 
d e c i s i o n  by o p e r a t o r s  i n  a n  i n d u s t r i a l  p l a n t  was found t o  b e  s t i l l  
improving a f t e r  a m i l l i o n  r e p e t i t i o n s .  C l e a r l y ,  such i n v e s t i g a t i o n s  are  
beyond all pragmatic  e f f o r t s  w i t h i n  a l a b o r a t o r y .  

The o b j e c t i v e  i n  t h i s  paper  i s  t o  use the a c t i v e  ( f o r c e  producing)  
c o n t r o l l e r  t o  observe  t h e  e f f e c t  of t h i s  c o n t r o l l e r  t o  h e l p  t r a i n  
s u b j e c t s  r a p i d l y .  It i s  des i r ed  t o  see i f  t h e  use of  a n  a c t i v e  
c o n t r o l l e r  may e i t h e r  reduce t h e  time r e q u i r e d  t o  l e a r n  a t a s k  o r  
p o s s i b l y  t o  h e l p  l e a r n i n g  i n  some o t h e r  manner. 

The idea of  us ing  a d a p t i v e  c o n t r o l l e r s  has  been cons idered  

The 8 x p e r i m e n t a l  Apparatus  
F i g u r e  ( 1  ) i l l u s t r a t e s  a block diagram d e s c r i p t i o n  [s]  o f  how t h e  

"smart s t i c k "  o r  a c t i v e  c o n t r o l l e r  i s  presumed t o  work. The human body 
i s  modelled as a mass-spring-dashpot system. Within t h e  d o t t e d  box i s  
t h e  "smart s t i c k "  c o n t r o l l e r  which, f o r  t h i s  paper ,  c o n s i s t s  o f  a 
v a r i a b l e  mass, s p r i n g ,  and dashpot ,  o r  p o s s i b l y  a programmed 
biomechanical  f o r c e .  The computer a l g o r i t h m  may p o s s i b l y  produce a 
programmed biomechanical f o r c e  which w i l l  move t h e  s t i c k  i n  a l a t e r a l  
d i r e c t i o n  t o  i n t e r a c t  w i t h  t h e  hand movements o f  t h e  s u b j e c t .  

F i g u r e  ( 2 )  i l l u s t r a t e s  t h e  mechanical  components of  t h i s  s t i c k .  A 
r a c k  and p i n i o n  assembly i s  coupled t o  a g e a r  and t r a n s m i t s  f o r c e  t o  
the s t i c k .  A p i s t o n  o f  area A w i t h i n  an  a i r t i g h t  c y l i n d e r  i s  moved t o  
t h e  r i g h t  and l e f t  as  a f u n c t i o n  of  t h e  p r e s s u r e  on each s i d e  of t h e  
p i s t o n .  The p r e s s u r e s  PI and P2 are c o n t r o l l e d  by t h e  two 
c u r r e n t - p r e s s u r e  t r a n s d u c e r s  which r e g u l a t e  PI and P2 v i a  e l e c t r i c a l  
c u r r e n t s  11 and 12. The a l g o r i t h m  from t h e  computer de te rmines  t h e  
c u r r e n t s  11 and 1 2  which produces t h e  d e s i r e d  f o r c e  on t h e  s t i c k .  
F i g u r e  ( 3 )  i l l u s t r a t e s  t h e  a c t u a l  d e v i c e .  

Exper imenta l  Design 
I t  i s  des i r ed  i n  t h i s  s t u d y  t o  examine how t h i s  d e v i c e  may h e l p  o r  

h i n d e r  t h e  a b i l i t y  t o  l e a r n  a t r a c k i n g  t a s k .  S i x  young, h e a l t h y ,  male 
a c t i v e  d u t y  A i r  Force  personnel  p a r t i c i p a t e d  i n  t h i s  experiment .  They 
were r e q u i r e d  t o  b e  "na ive"  t r a c k e r s  which, i n  t h i s  exper iment ,  meant 
t h e y  had n o t  p r e v i o u s l y  p a r t i c i p a t e d  i n  a t r a c k i n g  experiment  a t  o u r  
l a b o r a t o r y  i n v o l v i n g  compensatory t r a c k i n g .  A l l  r u n s  were conducted i n  
a s t a t i c  (1Gz) environment on f o u r  days o f  a normal work week. Three of 
t h e  s u b j e c t s  were t h e  c o n t r o l  group.  The o t h e r  t h r e e  s u b j e c t s  were the  
e x p e r i m e n t a l  group. Each day a S u b j e c t  t r a c k e d  n ine  t r i a l s  of  85 
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seconds d u r a t i o n  each wi th  a 120 second res t  between each t r i a l .  T h i s  
r e q u i r e d  approximate ly  31 minutes  d a i l y  o f  t h e  s u b j e c t ' s  time. A t  t h e  
end of each t r i a l  t h e  s u b j e c t  was g i v e n  a d i s p l a y  of h i s  s c o r e  on t h e  
s c r e e n  o f  t h e  CRT. The s c o r e  number d i s p l a y e d  was p r o p o r t i o n a l  t o  t h e  
r o o t  mean s q u a r e  t r a c k i n g  e r r o r  l e v e l  d u r i n g  t h e  run. T h i s  s c o r e  was 
i l l u s t r a t e d  t o  provide  feedback t o  t h e  s u b j e c t  on h i s  performance 
l e v e l .  

The t h r e e  s u b j e c t s  i n  t h e  c o n t r o l  group t r a c k e d  t h e  n i n e  t r i a l s  e a c h  
day f o r  4 d a y s  u s i n g  a p a s s i v e  s t i c k .  The p a s s i v e  s t i c k  i s  d e f i n e d  as  a 
s imple  a i s p l a c e m e n t  s t i c k  141 w i t h  a r e l a t i v e l y  low s p r i n g  c o n s t a n t .  
The remaining t h r e e  s u b j e c t s  i n  t h e  e x p e r i m e n t a l  group had t h e  f irst  
two days of  t r a c k i n g  w i t h  t h e  p a s s i v e  s t i c k ,  similar t o  the  c o n t r o l  
group. On t h e  t h i r d  day ,  however, t h e  e x p e r i m e n t a l  group t r a c k e d  w i t h  
t h e  smart s t i c k .  On t h e  f o u r t h  day t h e  exper imenta l  group t r a c k e d  a g a i n  
w i t h  t h e  p a s s i v e  s t i c k .  I t  was i n i t i a l l y  hoped t h a t  a comparison o f  
performance on t h e  l a s t  day between t h e  two groups may e a s i l y  
demonst ra te  t h e  d i f f e r e n c e  between t h e  two t r a i n i n g  schemes. I f ,  l i k e  
t h e  example from g o l f  o r  t e n n i s ,  t h e  smart s t i c k  can demonstrate  t o  t h e  
s u b j e c t  a n  improved method of  t r a c k i n g ,  t h e n  on t h e  f o u r t h  day t h e  
S u b j e c t s  i n  t h e  exper imenta l  group w i l l  presumeably t r a c k  b e t t e r  w i t h  
t h e  p a s s i v e  s t i c k .  

R e s u l t s  

t h e  e x p e r i m e n t a l  group who t r a c k e d  w i t h  both t h e  p a s s i v e  and ac t ive  
s t i c k ) .  I t  is  observed from t h i s  p l o t  t h a t  t h e  RMS e r r o r  s c o r e s  were 
lower on t h e  t h i r d  day ( t h e  a c t i v e  s t i c k  day)  as compared t o  t h e  
prev ious  two days i n v o l v i n g  t h e  p a s s i v e  s t i c k .  On day 4 ,  t h e  s u b j e c t  
now seems t o  perform s l i g h t l y  b e t t e r  w i t h  t h e  p a s s i v e  s t i c k  as  compared 
t o  days 1 and 2.  It i s  n e c e s s a r y ,  however, t o  t a k e  o u t  t h e  e f f e c t  o f  
l e a r n i n g  t h a t  would normally occur  i n  t h e  absence  of an  exposure t o  t h e  
smart s t i c k .  

F i g u r e  ( 5 )  i l l u s t r a t e s  t h e  data from s u b j e c t  1P ( t h e  f irst  s u b j e c t  
i n  t h e  c o n t r o l  g r o u p ) .  The s c o r e s  seem t o  asymptote  on t h e  second day 
w i t h  l i t t l e  change t h e r e a f t e r .  These r e s u l t s  were p a r t i c u l a r  t o  t h e s e  
i n d i v i d u a l s  but  a c r o s s  s u b j e c t s  t h e r e  e x i s t e d  o t h e r  t y p e s  of  v a r i a t i o n .  
F i g u r e  ( 6 )  i l l u s t r a t e s  d a t a  from a p i l o t  ( f l i g h t  i n s t r u c t o r ) .  H i s  
r e a c t i o n  t o  t h e  smart s t i c k  was of  g r e a t  i n t e r e s t  because he was a n  
exper ienced  p i l o t  as well as a f l i g h t  i n s t r u c t o r .  On h i s  f irst  exposure  
t o  t he  smart s t i c k  he t r i e d  d i f f e r e n t  s t r a t e g i e s  and by t h e  e i g h t  t r i a l  
he had s e t t l e d  down t o  h i s  b e s t  performance l e v e l .  On the  f o u r t h  day he 
d i d  show a s m a l l  improvement i n  h i s  e r r o r  s c o r e s .  I t  i s  n e c e s s a r y ,  
however, t o  a v e r a g e  t h e s e  e f f e c t s  a c r o s s  s u b j e c t s  t o  see what can be 
sa id  i n  a s t a t i s t i c a l  s e n s e .  

e n t r i e s  i n  t h e  t a b l e  are t h e  minimum eRMS s c o r e  each day,  t h e  mean and 
s t a n d a r d  d e v i a t i o n  eRMS s c o r e  each day,  and t h e  c o e f f i c i e n t  o f  
v a r i a t i o n  ( r a t i o  of  s,d./mean).  I t  i s  impor tan t  t o  c o n s i d e r  t h a t  
l e a r n i n g  data are e x p o n e n t i a l  i n  n a t u r e  [6] and t h e  mean and s t a n d a r d  
d e v i a t i o n  a c r o s s  a l l  t h e  t r i a l s  t h a t  p a r t i c u l a r  day does n o t  have a 
g r e a t  dea l  of  meaning. I t  p r o v i d e s ,  a t  b e s t ,  a crude estimate of  

F i g u r e  ( 4 )  i l l u s t r a t e s  data from s u b j e c t  3-PA ( t h e  t h i r d  s u b j e c t  i n  

T a b l e  I i l l u s t r a t e s  t h e  RMS s c o r e s  f o r  each day and s u b j e c t .  The 
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performance t h a t  p a r t i c u l a r  day. 
Table  

The c o e f f i c i e n t  o f  v a r i a t i o n  a p p e a r s  t o  b e  re la ted t o  l e a r n i n g  because 
one would e x p e c t  ( a s  a d e f i n i t i o n  o f  l e a r n i n g )  l i t t l e  v a r i a t i o n  from 
t r i a l  t o  t r i a l  ( s m a l l  v a l u e s  of  s.d./mean) . I n  a l a b o r a t o r y  s e t t i n g ,  w e  
normally a c c e p t  data as  being c o n s i s t e n t  i f  the  CV i s  .2 o r  l e s s .  T h i s  
a p p e a r s  t o  o c c u r  on t h e  second day f o r  bo th  t h e  p a s s i v e  and a c t i v e  
s t i c k  d a t a .  

s u b j e c t  on day 2 and day 4 ,  and the  p e r c e n t  change from day 2 t o  day 4 
was c a l c u l a t e d .  These p e r c e n t  changes were used i n  a 2-sample T-test  
which found no s i g n i f i c a n t  d i f f e r e n c e  between t h e  PA group (mean=-5.0, 
s .d .=7.5)  and t h e  P group (mean=3.5, s .d .=9 .4) ,  T(4)=-1.2,  p=.2876. 
Thus,  u s i n g  t h e  a c t i v e  s t i c k  on day 3 d i d  n o t  r e s u l t  i n  s i g n i f i c a n t l y  
lower ing  t h e  minimurn e r r o r  RMS s c o r e s  f o r  day 4 as compared w i t h  t h e  P 
group. The f o l l o w i n g  t a b l e  c o n t a i n s  t h e  minimum e r r o r  HMS s c o r e s  used 
i n  t h e  a n a l y s i s :  

To a n a l y z e  t h e s e  d a t a ,  t h e  minimum e r r o r  RMS was determined f o r  each 
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The c o e f f i c i e n t  o f  v a r i a t i o n  f o r  e r r o r  RMS was determined f o r  each 
s u b j e c t  on d a y  2 and day 4 ,  and t h e  p e r c e n t  change from day 2 t o  day 4 
was c a l c u l a t e d .  These p e r c e n t  changes were used i n  a 2-sample T-test 
which found no s i g n i f i c a n t  d i f f e r e n c e  between t h e  PA group (mean=-56, 
s .d .=21)  and t h e  P group (mean=-51 , s . d . = 1 9 ) ,  T(4)=-0.3,  p=.75238. Thus 
u s i n g  t h e  a c t i v e  s t i c k  on day 3 d i d  n o t  r e s u l t  i n  s i g n i f i c a n t l y  
lowering t h e  v a r i a b i l i t y  of  t h e  e r r o r  RMS s c o r e s  f o r  day 4 a s  compared 
w i t h  t h e  P group.  Table  I11 c o n t a i n s  t h e  c o e f f i c i e n t s  of  v a r i a t i o n  
obta ined  from t h e s e  data.  

T a b l e  I11 - C o e f f i c i e n t  of V a r i a t i o n  * 100 

- --- ---I_ - 

The minimum e r r o r  RMS was determined f o r  each  S u b j e c t  on day 2 and day 
3, and t h e  p e r c e n t  change from day 2 t o  day 3 t h e n  c a l c u l a t e d .  These 
p e r c e n t  changes were used i n  a 2 sample T- tes t  which found a 
s i g n i f i c a n t  d i f f e r e n c e  between t h e  PA group (mean=-37.1 , s. d .  = I  2 . 5 )  and 
the  P group ( m e a ~ O . 3 ,  s .d=7.2) ,  T(4)=-4 .5 ,  p=.0109. Thus, t h e r e  was a 
g r e a t e r  decrease i n  the minimum e r r o r  RMS from day 2 t o  day 3 f o r  t h e  
PA group t h a n  f o r  t h e  P group. The f o l l o w i n g  t a b l e  c o n t a i n s  t h e  minimum 
e r r o r  RMS s c o r e s  used i n  t h e  a n a l y s i s :  

8 5 I __ 

*--_̂-_=..XI-?- 

D i s c u s s i o n  
I t  was i n i t i a l l y  hoped t h a t  a comparison o f  performance r e s u l t s  on 

t h e  f o u r t h  day between t h e  c o n t r o l  group and t h e  exper imenta l  g roup 
would demonst ra te  t h e  advantage of  t h e  use  of  the  smart s t i c k  t o  reduce 
the  t i m e  t o  l e a r n  a task.  Three q u e s t i o n s  were answered from t h i s  
s t u d y .  F i r s t ,  t h e  q u e s t i o n  of whether t h e  exper imenta l  group performed 
b e t t e r  on t h e  f o u r t h  day as compared t o  t h e  c o n t r o l  group? I t  was 
demonstrated t h a t  the exposure t o  t h e  smart s t i c k  d i d  n o t  produce any 
a d d i t i o n a l  improvement i n  t h e  p a s s i v e  s t i c k  s c o r e s  from day 2 t o  day 4. 

The second q u e s t i o n  of  whether o v e r a l l  v a r i a b i l i t y  decreased  w a s  
answered by s t u d i n g  t h e  c o e f f i c i e n t  o f  v a r i a t i o n .  One could use  a s  a 
d e f i n i t i o n  of l e a r n i n g  a measure o f  c o n s i s t e n t  and r e p e a t a b l e  s c o r e  
l e v e l s .  Perhaps  t h e  exposure t o  t h e  smar t  s t i c k  would make t h e  s c o r e s  
on day 4 more c o n s i s t e n t  which could be d e t e c t e d  by a smaller v a l u e  of  
t h e  c o e f f i c i e n t  of v a r i a t i o n .  The r e s u l t s  o f  t h e  a n a l y s i s  o f  T a b l e  I11 
i n d i c a t e d  t h a t  s u b j e c t s  were no more c o n s i s t e n t  on day 4 f o l l o w i n g  t h e  
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smart s t i c k  as  t h e  c o n t r o l  group had f o l l o w i n g  t h e  p a s s i v e  s t i c k  on day 

The t h i r d  q u e s t i o n  as t o  whether t h e  smart s t i c k  a c t u a l l y  improved 
5 .  

t r a c k i n g  performance was obta ined  from a n a l y s i s  of  Table  I V .  A 
s i g n i f i c a n t  d i f f e r e n c e  was found a c r o s s  s u b j e c t s  and c o n t r o l l e r s  i n  
comparing Day 2 t o  Day 3 between t h e  c o n t r o l  group and t h e  e x p e r i m e n t a l  
group. The p e r c e n t  change r e d u c t i o n  i n  eRMS due t o  t h e  smart s t i c k  
exceeded 50% of  t h e  p a s s i v e  s t i c k  v a l u e  f o r  one s u b j e c t .  

Conclusions 

compensatory t r a c k i n g  t a s k .  The s u b j e c t s  a p p a r e n t l y  d i d  n o t  improve 
t h e i r  p a s s i v e  s t i c k  s c o r e s  a f t e r  being exposed t o  the a c t i v e  s t i c k  
anymore t h a n  a s u b j e c t  t h a t  had j u s t  t r a c k e d  w i t h  t h e  p a s s i v e  s t i c k .  
The amount of  v a r i a b i l i t y  a c r o s s  r e p l i c a t i o n s  d i d  n o t  d e c r e a s e  a f t e r  
exposure t o  t h e  smart s t i c k .  F i n a l l y ,  i t  was demonstrated t h a t  t r a c k i n g  
w i t h  t h e  a c t i v e  c o n t r o l l e r  w i l l  s i g n i f i c a n t l y  reduce e r r o r  s c o r e s  t o  
l e v e l s  sometimes 50% below t h e  a s y m p t o t i c  l e v e l s  f o r  a p a s s i v e  s t i c k .  

An a c t i v e  c o n t r o l l e r  was used t o  t r a i n  n a i v e  s u b j e c t s  i n  a 
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