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ABSTRACT 

Conven t iona l  human-machine sys t ems  u s e  t a s k  a l l o c a t i o n  p o l i c i e s  
which are based  on t h e  p remise  of a f l e x i b l e  human o p e r a t o r ,  T h i s  
i n d i v i d u a l  is  most o f t e n  r e q u i r e d  t o  compensa te  f o r  and  augment t h e  
c a p a b i l i t i e s  o f  t h e  machine. The deve1.opment of a r t i f i c i a l  i n t e l l i g e n c e  
and improved t e c h n o l o g i e s  have  a l lowed  f o r  a wider  r a n g e  of t a s k  
a l l o c a t i o n  s t r a t e g i e s .  I n  r e s p o n s e  t o  t h e s e  i s s u e s  a Knowledge-Based 
Adapt ive  and 
machine i n  r ea l  time, u s i n g  a l o a d  l e v e l i n g  p o l i c y .  T h i s  mechanism 
employs a n  o n l i n e  workload a s ses smen t  and compensa t ion  s y s t e m  which i s  
r e s p o n s i v e  t o  v a r i a t i o n s  i n  l o a d  t h r o u g h  a n  i n t e l l i g e n t  i n t e r f a c e .  T h i s  
i n t e r f a c e  c o n s i s t s  o f  a l o a d i n g  s t r a t e g y  r e a s o n e r  which h a s  a c c e s s  t o  
i n f o r m a t i o n  abou t  t h e  c u r r e n t  s t a t u s  o f  t h e  human-machine sys t em as well 
as a d a t a b a s e  of a d m i s s i b l e  human/machine l o a d i n g  s t r a t e g i e s .  
D i f f i c u l t i e s  s t a n d i n g  i n  t h e  way of success fu l .  imp lemen ta t ion  of t h e  
l o a d  l e v e l i n g  s t r a t e g y  are examined. 

Mechanism (KBAM) i s  proposed  f o r  a s s i g n i n g  t a s k s  t o  human 

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

S i n c e  t h e  i n d u s t r i a l  r e v o l u t i o n ,  human-machine sys t ems  of 
i n c r e a s i n g  complex i ty  have  been developed .  I n i t i a l l y ,  machine 
c a p a b i l i t y  was bo th  l i m i t e d  and i n f l e x i b l e  and human o p e r a t o r s  were 
r e q u i r e d  t o  a d a p t  t hemse lves  t o  t h e  n e e d s  of t h e  machine,  o f t e n  c a r r y i n g  
o u t  b o r i n g  and r e p e t i t i v e  t a s k s  i n  cramped q u a r t e r s  and under haza rdous  
c o n d i t i o n s .  The development of a human f a c t o r s  o r i e n t a t i o n ,  coup led  
w i t h  advances  i n  t e c h n o l o g y ,  has  improved working c o n d i t i o n s  and  human- 
machine per formance .  A s  human-machine sys t ems  become more complex, 
however, t h e  d i v i s i o n  of l a b o r  between human and  machine becomes l e s s  
c l e a r - c u t .  I d e a l l y ,  t a s k s  s h o u l d  b e  a l l o c a t e d  t o  t h e  sys t em component 
b e s t  s u i t e d  t o  per form them. Machines t e n d  t o  be  s u p e r i o r  i n  
c a l c u l a t i o n ,  r o t e  memory and c o o r d i n a t i o n  o f  s i m u l t a n e o u s  a c t i v i t i e s  
w h i l e  humans e x c e l  i n  c r e a t i v e  problem s o l v i n g ,  p a t t e r n  r e c o g n i t i o n ,  and 
d e c i s i o n  making under u n c e r t a i n t y .  

The r e s o l u t i o n  of t h e  t a s k  a l l o c a c t i o n  problem i s  n o t  a lways  
s t r a i g h t f o r w a r d .  While many t a s k s  as y e t  can  be performed 
s a t i s f a c t o r i l y  on ly  by humans, advances  i n  machine i n t e l l i g e n c e  and 
au tomated  sys t ems  have i n c r e a s e d  t h e  number of t a s k s  which may be  
per formed bo th  by human and machine. Cons ider  t h e  t a s k  of r e g u l a t i n g  
t h e  speed  o f  a n  au tomobi l e .  On an open f r eeway ,  c o n t r o l  might be  pas sed  
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t o  a n  au tomated  sys t em (cruise c o n t r o l ) ,  whereas t h e  human o p e r a t o r  ( t h e  
d r i v e r )  shou ld  be o p e r a t i n g  t h e  accelerator and b r a k e  i n  c i t y  t r a f f i c .  
Changing t a s k  d e f i n i t i o n  and  envi ronment  may n e c e s s i t a t e  a r e v i s i o n  o f  
t h e  t a s k  a l l o c a t i o n  p o l i c y .  T h i s  p o l i c y  w i l l  a l s o  be  a f f e c t e d  by 
changes  i n  t h e  s ta te  o f  t h e  i n d i v i d u a l .  When t h e  o p e r a t o r  i s  f a t i g u e d ,  
under stress, o r  o v e r l o a d e d  t h e r e  i s  a tendency  t o  f o c u s  on r e s t r i c t e d  
e l emen t s  of t h e  t a s k  as e x h i b i t e d  by a t t e n t i o n a l  nar rowing  (Hancock & 
D i r k i n ,  1983) .  To c o n t i n u e  w i t h  t h e  au tomobi l e  example,  p a r t  of a c a b  
d r i v e r ' s  t a s k  might i n v o l v e  c a r r y i n g  o u t  a c o n v e r s a t i o n  w i t h  t h e  
p a s s e n g e r ,  bu t  t h e  d r i v e r  may avo id  t h i s  when f a t i g u e d  or o v e r l o a d e d  
(Brown, 1967).  The t a s k  o f  e n t e r t a i n i n g  and in fo rming  might t h e n  be  
c a r r i e d  o u t  by t h e  r a d i o ,  a l t h o u g h  pe rhaps  n o t  as w e l l  as  by a t a l k a t i v e  
cab  d r i v e r .  

I n  complex s y s t e m s  where bo th  t a s k  d e f i n i t i o n s  and s y s t e m  
c a p a b i l i t i e s  v a r y  o v e r  time, t a s k  a l l o c a t i o n  s h o u l d  be  viewed as a 
dynamic r a t h e r  t h a n  s t a t i c  p r o c e s s .  Adapt ive  mechanisms a re  r e q u i r e d  
which can  d i a g n o s e  t h e  s t a t e  o f  t h e  machine and o p e r a t o r  i n  o r d e r  t o  
r e a l l o c a t e  s u b t a s k s  a c c o r d i n g l y  and t h e r e b y  o p t i m i z e  per formance .  T h i s  
pape r  w i l l  c o n s i d e r  how t h e s e  a d a p t i v e  mechanisms c a n  be des igned  and 
implemented and w i l l  d i s c u s s  some of t h e  problems which may be  
encoun te red .  

Human-Machine C o o p e r a t i o n  

Convent iona l  v iews  of human-machine sys t ems  have  t h e  human 
c o n t r o l l i n g ,  o r  b e i n g  c o n t r o l l e d  by, t h e  machine component. I n  machine- 
paced assembly ,  f o r  i n s t a n c e ,  t h e  human i s  e f f e c t i v e l y  c o n t r o l l e d  by t h e  
machine,  whereas  i n  d r i v i n g  a car ,  t h e  human a p p e a r s  t o  be  i n  c o n t r o l ,  
a t  least  under normal  o p e r a t i n g  c o n d i t i o n s .  We f o l l o w  a n  a l t e r n a t i v e  
p e r s p e c t i v e  o f  human-machine s y s t e m s  i n  r e g a r d i n g  them a s  a c o o p e r a t i v e  
e n t e r p r i s e .  I n  t h i s  v iew,  human and machine work t o g e t h e r  t o  e n s u r e  
s u c c e s s f u l  s y s t e m  per formance  and t h e  s a t i s f a c t i o n  o f  t a s k  demands. The 
a s sumpt ion  of a s y n e r g i s t i c  and c o o p e r a t i v e  r e l a t i o n s h i p  between t h e  
components of a human-machine s y s t e m  l e a d s  t o  a new t y p e  of sys t em 
d e s i g n .  F i r s t l y ,  c o o p e r a t i o n  p resupposes  communication between 
i n t e l l i g e n t  e n t i t i e s .  Expe r t  s y s t e m  c o n s u l t a n t s  (Hayes-Roth, Vaterman, 
& L e n a t ,  1983) p r o v i d e  low- leve l  examples of t h i s  communication. 
Second ly ,  an  i n t e r f a c e  ( t r a n s l a t i o n  p r o c e s s )  i s  r e q u i r e d  f o r  t h e  
communication of needs ,  r e q u e s t s  and  i d e a s  between t h e  e n t i t i e s ,  

E a r l y  human-machine sys t ems  f o r c e d  t h e  human t o  f i t  i n  w i t h  t h e  
r e q u i r e m e n t s  of t h e  machine ,  i . e . ,  t h e  human b e n t  w h i l e  t h e  machine was 
s t r a i g h t .  Human f a c t o r s  e n g i n e e r s  des igned  machines  and t o o l s  which 
f i t t e d  human c a p a b i l i t i e s ,  i n  keep ing  w i t h  t h e  maxim "bend t h e  t o o l ,  n o t  
t h e  person"  (McCormick & S a n d e r s ,  1982, Chap te r  l o ) .  The i d e a l  
s i t u a t i o n  would be  one where bo th  t h e  pe r son  and  t h e  machine s t o o d  
s t r a i g h t  ( i . e . ,  performed a c c o r d i n g  t o  t h e i r  d e s i g n  p r i n c i p l e s )  w h i l e  a 
t r a n s l a t i n g  i n t e r f a c e  a d a p t e d  i n p u t s  and  o u t p u t s  so as t o  r e n d e r  them 
compa t ib l e .  

Task S t r u c t u r i n g  

The t y p e  of a d a p t i v e  i n t e r f a c e  n e c e s s a r y  f o r  genu ine  human-machine 
c o o p e r a t i o n  would be  c a p a b l e  of r e s t r u c t u r i n g  t h e  t a s k  i n  acco rdance  
w i t h  sys tem g o a l s  and  env i ronmen ta l  c o n s t r a i n t s ,  and o f  r e a l l o c a t i n g  
t a s k  components between human and machine f o r  a g i v e n  t a s k  s t r u c t u r e .  
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F i g u r e  1 shows t h e  o v e r a l l  c o n t r o l  s t r u c t u r e  f o r  such a n  a d a p t i v e  
i n t e r f a c e .  Task s t r u c t u r i n g  would be  c a r r i e d  o u t  by a t a s k  d e f i n i t i o n  
s u p e r v i s o r .  A s  technology advances and human-machine s y s t e m s  deve lop ,  
t h e  t a s k  w i l l  no  longe r  be  set as a f i x e d  e n t i t y .  I n s t e a d ,  t h e  
d e f i n i t i o n  l e v e l  
g o a l s  se t  by some e x t e r n a l  agency and w i t h  changes i n  t h e  number and 
t y p e  of  env i ronmen ta l  c o n s t r a i n t s  a c t i n g  on t h e  human-machine system. 
Given a p a r t i c u l a r  d e f i n i t i o n  of t h e  t a s k ,  a l l o c a t i o n  of  t a s k s  t o  human 
and machine would be c a r r i e d  o u t  by an i n t e l l i g e n t  i n t e r f a c e .  

of t h e  t a s k  w i l l  change i n  acco rdance  w i t h  t h e  h i g h e r  

SYSTEM 
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F i g u r e  1. An o v e r a l l  c o n t r o l  s t r u c t u r e  f o r  a human-machine s y s t e m  which 
a l l o w  f l e x i b l e  r e s t r u c t u r i n g  and r e a l l o c a t i o n  o f  t a s k s .  

Task A l l o c a t i o n  

It is  clear t h a t  o p t i m a l  a l l o c a t i o n  of  t a s k  f u n c t i o n s  between 
o p e r a t o r  and system r e q u i r e s  a knowledge of human v e r s u s  machine 
c a p a b i l i t i e s .  Some of t h e  t a s k  f u n c t i o n s  w i l l  n o t  be  i n v o l v e d  i n  t h e  
a l l o c a t i o n  d e c i s i o n  because they  are  clearly s u i t e d  o n l y  f o r  t h e  machine 
o r  o n l y  f o r  t h e  human component of t h e  system. A l l o c a t i o n  w i l l  be 
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r e l e v a n t  f o r  t a s k s  which c a n  be s w i t c h e d  between human and machine 
w i t h o u t  

P r i c e  (1985)  h a s  deve loped  a method f o r  a l l o c a t i n g  f u n c t i o n s  
between humans and  machines  which r e q u i r e s  human d e s i g n e r s  t o  c o n s t r u c t  
a p r e s e t  and f i x e d  t a s k  a l l o c a t i o n .  The o p t i m a l  a l l o c a t i o n  w i l l  n o t  be  
f i x e d  ( s e e  a b o v e ) ,  however, bu t  w i l l  be c o n d i t i o n a l  on t h e  t a s k  
d e f i n i t i o n ,  working  env i ronmen t ,  and c u r r e n t  c a p a b i l i t i e s  of sys t em 
components. Given a p a r t i c u l a r  t a s k  d e f i n i t i o n  and sys tem w i t h  
c u r r e n t l y  s p e c i f i e d  c a p a b i l i t i e s ,  o p t i m a l  t a s k  a l l o c a t i o n  r e q u i r e s  a 
d e t a i l e d  u n d e r s t a n d i n g  o f  human c o g n i t i o n  and c a p a b i l i t y .  A t  p r e s e n t ,  
knowledge a b o u t  t h e  human a b i l i t i e s  t h a t  a re  r e l e v a n t  t o  t h e  per formance  
of v a r i o u s  t a s k s  i s  i n c o m p l e t e ,  bu t  t h e r e  are several major 
c h a r a c t e r i s t i c s  which s h o u l d  be  t a k e n  i n t o  accoun t  These i n c l u d e  
human s e n s i t i v i t y  t o  re la t ive r a t h e r  t h a n  a b s o l u t e  change ,  l i m i t a t i o n s  
i n  a t t e n t i o n  and memory, c o m p a t i b i l i t y  of v a r i o u s  i n p u t / o u t p u t  
m o d a l i t i e s  f o r  d i f f e r e n t  t a s k s ,  performance v a r i a b i l i t y ,  e r r o r  
c o r r e c t i o n  c a p a b i l i t i e s ,  f a t i g u e  and r e a c t i o n s  under stress ( C h i g n e l l  & 
Hancock, 1985, Hancock & C h i g n e l l ,  1985) .  

having  a d e t r i m e n t a l  impact  on o v e r a l l  per formance  ( F i g u r e  2 ) .  
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F i g u r e  2. D e c i s i o n  s p a c e  f o r  a l l o c a t i o n  o f  t a s k s  w i t h i n  a human-machine 
sys tem.  
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Opt ima l ,  o r  c l o s e  t o  o p t i m a l ,  t a s k  a l l o c a t i o n  w i l l  r e q u i r e  a 
s o p h i s t i c a t e d  r e a s o n i n g  p r o c e s s  based on models of human and machine 
c a p a b i l i t y  and a d e t a i l e d  a n a l y s i s  of t h e  c u r r e n t  o p e r a t i n g  envi ronment .  
The p r e v i o u s  d i s c u s s i o n  h a s  o u t l i n e d  a n  i d e a l  approach  t o  s y n e r g i s t i c  
and c o o p e r a t i v e  human-machine s y s t e m s .  T h i s  approach  p r e s u p p o s e s  a n  
i n t e l l i g e n t  i n t e r f a c e  which w i l l  a l l o w  communication between human and  
machine. The i n t e r f a c e  w i l l  t h e n  ac t  i n  much t h e  same way as a n  
i n t e r m e d i a r y  h e l p s  t h e  u s e r  communicate w i t h  an  o n l i n e  i n f o r m a t i o n  
re t r ieva l  s y s t e m  o r  as  a n  i n t e r p r e t e r  t r a n s l a t e s  t h e  communications of 
two p e o p l e  who speak  d i f f e r e n t  l a n g u a g e s ,  I n t e l l i g e n t  s y s t e m s  are  a 
powerfu l  t o o l  f o r  improving  t h e  c o o p e r a t i o n  between human and machine.  
B u i l d i n g  such  s y s t e m s  i n t o  t h e  machine a l l o w s  it t o  f u n c t i o n  as a n  
i n t e l l i g e n t  e n t i t y .  Des igning  t h e  i n t e r f a c e  as a n  i n t e l l i g e n t  sys t em 
a l l o w s  e f f e c t i v e  communication between human and machine. Fo r  a g i v e n  
s y s t e m ,  i t  becomes d e b a t a b l e  a s  t o  whether  t h e  i n t e l l i g e n c e  r e s i d e s  i n  
t h e  machine o r  t h e  i n t e r f a c e .  I n  t h i s  paper w e  s h a l l  f o c u s  on 
augmen ta t ion  of t h e  i n t e r f a c e .  

S t a t i c  t a s k  a l l o c a t i o n  p o l i c i e s  i g n o r e  i n t r i n s i c  v a r i a b i l i t y  i n  t h e  
n a t u r e  of t h e  t a s k  and t h e  human-machine s y s t e m ' s  r e s p o n s e .  Tak ing  t h e  
human's p o i n t  of view, t h e  p e r c e i v e d  d i f f i c u l t y  o f  t h e  t a s k  i s  a 
r e f l e c t i o n  of t h e  mismatch between t a s k  demands and a v a i l a b l e  r e s o u r c e s  
( c a p a c i t y ) .  T h i s  mismatch w i l l  v a r y  over  time, as  i l l u s t r a t e d  i n  F i g u r e  
3, w i t h  t h e  human t o l e r a t i n g  t h e  v a r i a t i o n  i n  most cases. A t  times, 
however, t h e  mismatch may be s o  g r e a t  as t o  produce i n a d m i s s i b l e  
o v e r l o a d  o r  unde r load  w i t h  consequent  dec remen t s  i n  per formance .  
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F i g u r e  3. Schemat ic  r e p r e s e n t a t i o n  o f  t h e  t ime-vary ing  mismatch between 
t a s k  demands and a v a i l a b l e  c a p a c i t y ,  Shaded r e g i o n s  i n d i c a t e  
i n a d m i s s i b l e  l o a d i n g  c o n d i t i o n s .  
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I n  t h e  
human-machine sys tem w i l l  need t o  cope  w i t h  l a r g e  t a s k  and pe r son  
f l u c t u a t i o n s .  I n  many cases, humans w i l l  be  ab1.e t o  a d a p t  t o  mismatches 
between c u r r e n t  t a s k  demands and  t h e i r  a v a i l a b l e  c a p a c i t y .  I n  some 
s i t u a t i o n s ,  however, t h e  mismatch between t a s k  demands and a v a i l a b l e  
c a p a c i t y  w i l l  be  so  g r e a t  as t o  p r e c l u d e  s u f f i c i e n t  a d a p t a t i o n  by t h e  
human o p e r a t o r ,  I n  s u c h  cases, r e t u r n  t o  t h e  zone  of a d a p t a b i l i t y  t o  
t h e  t a s k  demand-resource mismatch ( s e e  F i g u r e  3 )  r e q u i r e s  dynamic 
r e a l l o c a t i o n  o f  t h e  t a s k  components, and p o s s i b l e ,  r e s t r u c t u r i n g  of t h e  
t a s k .  The p r o c e s s  of dynamic r e a l l o c a t i o n  r e q u i r e s  a n  a d a p t i v e  
i n t e r f a c e  which i s  o u t l i n e d  below. 

o r d e r  t o  a c h i e v e  a c o n s i s t e n t l y  h i g h  l e v e l  of per formance ,  

A Knowledge-Based Adapt ive  Mechanism (KBAM) 

Although t h e  c o n c e p t  of a n  a d a p t i v e  i n t e r f a c e  h a s  been d i s c u s s e d  
( e . g . ,  Edmonds, 1981; M o r r i s ,  Rouse & Ward, 1984) ,  a d a p t i v e  i n t e r f a c e s  
which a l l o c a t e  t a s k s  dynamica l ly  have  y e t  t o  be  implemented. P a r t  o f  
t h e  r e a s o n  is t h a t  a d a p t i v e  i n t e r f a c e s  w i l l  b e  u s e f u l  o n l y  w i t h  c e r t a i n  
t y p e s  o f  t a s k .  F i r s t l y ,  t h e  t a s k  must be  per formed by a human-machine 
sys t em and ,  s e c o n d l y ,  t h e  t a s k  must be  of modera te  complex i ty ,  b e i n g  
n e i t h e r  s o  d i f f i c u l t  a s  t o  t a x  t h e  sys t em as a whole,  nor  s o  e a s y  as t o  
a l l o w  t h e  s y s t e m  t o  per form a d e q u a t e l y  whatever  a l l o c a t i o n  p o l i c y  is 
a d o p t e d ,  as d e p i c t e d  i n  F i g u r e  4 .  I n  g e n e r a l ,  t h e r e  w i l l  be  some 
combina t ion  of t a s k  complex i ty  and v a r i a b i l i t y  where a n  a d a p t i v e  
r e a l l o c a t i o n  p o l i c y  w i l l  improve per formance  s i g n i f i c a n t l y .  P e r s o n n e l  
t r a i n i n g  and s e l e c t i o n  w i l l  t e n d  t o  s h i f t  t h e  b o u n d a r i e s  o f  t h e  r e g i o n  
upwards,  a s  shown i n  F i g u r e  4 .  

Adap t ive  i n t e r f a c e s  have  a l s o  been  c o n s p i c u o u s l y  a b s e n t  i n  t h e  p a s t  
because  t h e  t echno logy  was n o t  a v a i l a b l e .  Recent  deve lopments  i n  
computer hardware ,  menta l  workload a s ses smen t  (PIWL) and a r t i f i c i a l  
i n t e l l i g e n c e  now make dynamic t a s k  r e a l l o c a t i o n  t e c h n i c a l l y  f e a s i b l e ,  
a l t h o u g h  d i f f i c u l t  t o  implement.  

t a s k  r e a l l o c a t i o n  r e q u i r e s  a n  a d a p t i v e  mechanism which c a n  
assess t h e  mismatch between t a s k  demands and a v a i l a b l e  c a p a c i t y  ( F i g u r e  
3) and r e d e f i n e  t h e  t a s k  so as t o  r e d u c e  t h i s  mismatch. T h i s  a d a p t i v e  
mechanism w i l l  r e p r e s e n t  more t h a n  a s i m p l e  r e f l e x i v e  a c t i o n  ( e . g . ,  
t a b l e  lookup)  i n  many cases, s i n c e  t h e  c o m p l e x i t i e s  o f  human 
c a p a b i l i t i e s ,  t a s k  f l e x i b i l i t y  ( i . e . ,  t h e  e x t e n t  t o  which ,  and  
c o n d i t i o n s  under which ,  i t  can  be r e d e f i n e d )  and p h y s i o l o g i c a l  
v a r i a b i l i t y  w i l l  r e q u i r e  some d e g r e e  o f  knowledge-based r e a s o n i n g .  

The f i r s t  s t e p  i n  d e v e l o p i n g  t h e  knowledge-based a d a p t i v e  mechanism 
(KBAM) f o r  l o a d - l e v e l i n g  is  t h e  i d e n t i f i c a t i o n  of t h e  error s i g n a l  
r e p r e s e n t i n g  t h e  mismatch between t h e  c u r r e n t  t a s k  demands and t h e  
a v a i l a b l e  c a p a c i t y  o f  t h e  human o p e r a t o r .  Task demands c a n  be  a s s e s s e d  
e i t h e r  by examining t a s k  c h a r a c t e r i s t i c s  d i r e c t l y ,  o r  i n d i r e c t l y  t h r o u g h  
a s ses smen t  of MWL. MWL as ses smen t  w i l l  be  n e c e s s a r y  i n  many s i t u a t i o n s  
because  of v a r i a b i l i t y  i n  r e s p o n s e  t o  s p e c i f i c  t a s k  c h a r a c t e r i s t i c s ,  
b o t h  w i t h i n  and between i n d i v i d u a l s .  T h e o r e t i c a l l y ,  t h e  e r r o r  s i g n a l  
can  b e  e x p r e s s e d  l ) ,  c a p a c i t y  
and t a s k  r e q u i r e m e n t s  ( c f .  Kahneman, 1973) ,  o r  2 ) ,  a s  a mismatch 
i n v o l v i n g  m u l t i p l e  a t t e n t i o n a l  r e s o u r c e s  (Wickens,  1980) .  

Dynamic 

as a mismatch between g l o b a l  a t t e n t i o n a l  
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F i g u r e  4 .  The e f f e c t s  o f  t a s k  complexi ty  and d e g r e e  o f  au tomat ion  on 
t h e  a p p l i c a b i l i t y  of a d a p t i v e  i n t e r f a c e s .  

The f o r m a t i o n  o f  t h e  error s i g n a l  i s  p rob lema t i c .  MWL measures  may 
be  used  t o  d e r i v e  t h e  error s i g n a l  d i r e c t l y ,  b u t  t h e y  are l i k e l y  t o  be 
confounded by a number of f a c t o r s ,  n o t  t h e  least  of which i s  e m o t i o n a l  
r e s p o n s e  t o  t h e  t a s k  s i t u a t i o n  and  per formance  f eedback .  I d e a l l y ,  t h e  
e r r o r  s i g n a l  would be  based on a t h e o r y  of a t t e n t i o n a l  r e s o u r c e  
u t i l i z a t i o n  and  t h e  v a r i o u s  r e l a t i o n s h i p s  between t a s k  demands, workload 
and  p h y s i o l o g i c a l  r e s p o n s e  ( s e e  Hancock, Meshka t i ,  & Rober t son ,  1985). 
A t  p r e s e n t ,  we f a v o r  redundancy i n  e r r o r  s i g n a l  d e r i v a t i o n ,  Direct 
measurement of t h e  e r r o r  s i g n a l  v i a  MlJL a s ses smen t  would be  augmented by 
c a l c u l a t i o n s  of t h e  mismatch between t a s k  demands and a t t e n t i o n a l  
r e s o u r c e s .  I n d i r e c t  a s ses smen t  o f  t h e  mismatch by c a l c u l a t i o n  r e q u i r e s  
a n  u n d e r s t a n d i n g  of t h e  demands g e n e r a t e d  by d i f f e r e n t  t a s k s  and 
estimates of r e s o u r c e  c a p a c i t y  based ,  p o s s i b l y ,  on  per formance  measures .  
S p e c i f i c a t i o n  of how t h e  e r r o r  s i g n a l  s h o u l d  be  d e r i v e d  under  d i f f e r e n t  
c i r c u m s t a n c e s  i s  a s u b j e c t  t h a t  is  b e i n g  i n v e s t i g a t e d  i n  o u r  l a b o r a t o r y .  

Once t h e  e r r o r  s i g n a l  i s  d e r i v e d ,  i t  i s  i n p u t  t o  t h e  a d a p t i v e  
mechanism. Models of t h e  t a s k ,  sys t em,  and  p e r s o n  t h e n  a l l o w  p r e d i c t i o n  
of t h e  e f f e c t  of a l t e r n a t i v e  t a s k  r e d e f i n i t i o n s ,  w h i l e  1.ookup of a 
d a t a b a s e  of 
whether o r  n o t  a p roposed  s t r a t e g y  v i o l a t e s  g u i d e l i n e s  r e l a t i n g  t o  
minimum t a s k  per formance  and imposed s a f e t y  s t a n d a r d s .  Only t a s k s  which 
can  be s w i t c h e d  r e a s o n a b l y  between t h e  human and machine components of 

of a d m i s s i b l e  l o a d i n g  s t r a t e g i e s  w i l l  e n a b l e  a q u i c k  check  
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t h e  s y s t e m  ( F i g u r e  1) w i l l  be  c o n s i d e r e d  f o r  r e a l l o c a t i o n ,  e x c e p t  under  
emergency c o n d i t i o n s  which demand c o n t i n u e d  pe r fo rmance ,  w i t h  t h e  r e s u l t  
of sys t em f a i l u r e  hav ing  f a t a l  consequences .  

The o u t p u t  of t h e  a d a p t i v e  mechanism w i l l  be  a r e a l l o c a t i o n  a n d ,  
p o s s i b l y ,  r e s t r u c t u r i n g  of t h e  t a s k  which a l t e r s  (where n e c e s s a r y )  t h e  
l o a d i n g  o f  t a s k  components between t h e  human and machine so  as  t o  r e d u c e  
t h e  e r r o r  s i g n a l .  Thus a human-machine i n t e r f a c e  is developed  which 
acts  as  a servomechanism minimiz ing  t h e  d i f f e r e n c e  between c u r r e n t  
demands and a v a i l a b l e  c a p a c i t y .  The o v e r a l l  s t r u c t u r e  of t h i s  i n t e r f a c e  
i s  shown i n  F i g u r e  5. It i s  r e f e r r e d  t o  as a n  i n t e l l i g e n t  i n t e r f a c e  
because  of t h e  e x t e n s i v e  u s e  of knowledge and r e a s o n i n g  i n  f o r m u l a t i n g  
t h e  l o a d  l e v e l i n g  s t r a t e g y .  C e n t r a l  t o  t h e  r e a s o n i n g  p r o c e s s  is a 
knowledge b a s e  c o n t a i n i n g  i n f o r m a t i o n  a b o u t  a l l  t h e  f a c t s  deemed t o  be  
r e l e v a n t  t o  t h e  per formance  of t h e  t a s k .  F i g u r e  5 shows o n l y  one  o f  a 
number of w a y s  i n  which a KBAM might be  d e s i g n e d ,  a l t h o u g h  w e  e x p e c t  any  
v a r i a t i o n  t o  c o n t a i n  t h e  components i d e n t i f i e d  h e r e ,  a l b e i t  i n  d i f f e r e n t  
c o n f i g u r a t i o n s .  

F i g u r e  5. The o v e r a l l  s t r u c t u r e  of a knowledge-based a d a p t i v e  mechanism 
t h a t  c o u l d  be  used as  an  a d a p t i v e  i n t e r f a c e  f o r  dynamic t a s k  
r e a l l - o c a t i o n .  
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Load L e v e l i n g  and Task Allocat ion 

Adap t ive  mechanisms of  v a r y i n g  s o p h i s t i c a t i o n  c o u l d  be  deve loped ,  
d i f f e r i n g  i n  t h e  amount and complex i ty  o f  t h e  r e a s o n i n g  used  i n  l o a d  
l e v e l i n g .  The s i m p l e s t  sys tem would have  a lookup  t a b l e  which a s s i g n e d  
a l o a d i n g  l e v e l  t o  e a c h  t a s k  d e f i n i t i o n .  The t a b u l a t e d  t a s k  l o a d i n g  
would be  a d j u s t e d  on t h e  b a s i s  of t h e  a p p a r e n t  e f f o r t  b e i n g  u s e d  by t h e  
pe r son  (measured e i t h e r  p h y s i o l o g i c a l l y  o r  a s  a s u b j e c t i v e  r a t i n g )  i n  
per forming  t h e  t a s k .  

A d d i t i o n a l  c o m p l i c a t i o n s  would be  i n t r o d u c e d  i f  a m u l t i v a r i a t e  
e r r o r  s i g n a l  were u s e d ,  as would occur  i f  t h e  e r r o r  s i g n a l  was 
c o n s t r u c t e d  u s i n g  a m u l t i p l e  r e s o u r c e  model o f  a t t e n t i o n a l  c a p a c i t y  and 
multicomponent a n a l y s i s  o f  t h e  t a s k .  Even s o ,  t h e  r e a s o n i n g  p r o c e s s  
might n o t  be  t o o  complex p r o v i d i n g  t h a t  t h e  r e d e f i n i t i o n  o f  t h e  t a s k  
were r e g a r d e d  a s  a c l a s s i f i c a t i o n  t a s k .  Conven t iona l  e x p e r t  s y s t e m s  a re  
well equipped  t o  h a n d l e  t h e  c l a s s i f i c a t i o n  problem and e x i s t i n g  
t e c h n i q u e s  u s i n g  a w e l l  d e f i n e d  knowledge b a s e  and a p r o d u c t i o n  r u l e  
i n f e r e n c e  e n g i n e  ( e . g . ,  Hayes-Roth, Waterman & L e n a t ,  1983) might  b e  
s u f f i c i e n t  t o  accompl i sh  t h i s  purpose .  

The t a s k  r e d e f i n i t i o n  p r o c e s s  c a n  be  viewed as one  o f  c l a s s i f y i n g  a 
g iven  e r r o r  s i g n a l  i n  terms of a f i x e d  s e t  of t a s k  d e f i n i t i o n  c h o i c e s ,  
as o c c u r s  i n  t h e  t a b l e  lookup methods. I n  t h e  more complex v e r s i o n s  o f  
KBAM, however, t h e  t a b l e  lookup p rocedure  o f  c l a s s i f i c a t i o n  i s  r e p l a c e d  
by r u l e  based  i n f e r e n c e .  The s u c c e s s  of t h i s  s t r a t e g y  w i l l  depend t o  a 
l a r g e  e x t e n t  on t h e  q u a l i t y  o f  t h e  i n f o r m a t i o n  s t o r e d  i n  t h e  knowledge 
b a s e ,  i . e . ,  whether o r  n o t  t h e  set of a l lowed  t a s k  d e f i n i t i o n s  o r  t h e  
s p e c i f i c  r u l e s  are  a p p r o p r i a t e .  One f a c t o r  which w i l l  a f f e c t  t h e  
complex i ty  of r e a s o n i n g  r e q u i r e d  w i l l  be  t h e  v a r i a b i l i t y  of t h e  
e n v i r o n m e n t a l  c o n t i n g e n c i e s  a f f e c t i n g  t h e  t a s k .  T a s k s  c a n  be  c l a s s i f i e d  
as open ,  i . e . ,  s u b j e c t  t o  v a r i a b l e  env i ronmen ta l  c o n t i n g e n c i e s ,  o r  
c l o s e d ,  where env i ronmen ta l  c o n t i n g e n c i e s  do n o t  v a r y  and t a s k  
r e s t r u c t u r i n g  will n o t  be  r e q u i r e d ,  e x c e p t  when s a t i s f a c t o r y  a l l o c a t i o n  
is  n o t  p o s s i b l e  w i t h i n  t h e  c u r r e n t  t a s k  s t r u c t u r e .  An example of t h i s  
open /c losed  t a s k  d i s t i n c t i o n  o c c u r s  i n  f l y i n g  where good weather  and 
s a f e  f l y i n g  c o n d i t i o n s  w i l l  p r o v i d e  a c l o s e d  t a s k ,  whereas  poor wea the r  
and i n t e r m i t t e n t  h a z a r d s  w i l l  r e s u l t  i n  a n  open  t a s k  which r e q u i r e s  more 
f l e x i b l e  r e s p o n s e s .  I n  g e n e r a l ,  t h e  more c l o s e d  a t a s k  i s ,  t h e  easier 
it w i l l  b e  t o  model i t  and  b u i l d  an  a p p r o p r i a t e  a d a p t i v e  mechanism. 

pu rpose  of KBAM i s  a n  a l l o c a t i o n  of t a s k  f u n c t i o n s  between 
human and machine which maximizes per formance  outcome. The p r o c e s s  of 
t a s k  r e a l l o c a t i o n  s h o u l d  n o t  be d i s r u p t i v e .  A l a r g e  number of sudden ,  
d i s c r e t e  changes  might  l e a d  t o  a worsen ing ,  r a t h e r  t h a n  a n  improvement,  
i n  per formance .  It i s  l i k e l y  t h a t  smooth and r e l a t i v e l y  c o n t i n u o u s  
changes  i n  t a s k  d e f i n i t i o n  w i l l  b e  p r e f e r a b l e .  

The manner i n  which t h e  change i n  t a s k  demands i s  b e s t  communicated 
t o  t h e  human o p e r a t o r  w i l l  depend t o  some e x t e n t  on t h e  t a s k  be ing  
performed. One c a n  d i s t i n g u i s h  between i n s i d i o u s  sys t ems  which 
reallocate t a s k s  w i t h o u t  d i r e c t l y  warn ing  t h e  human, and c o n v e r s a t i o n a l  
s y s t e m s  and 
a l l o c a t i o n .  A l t e r n a t i v e l y ,  t h e  a d a p t i v e  i n t e r f a c e  may b e  c o n s u l t a t i v e ,  
s u g g e s t i n g  a b e t t e r  t a s k  a l l o c a t i o n  p o l i c y ,  w h i l e  a l l o w i n g  t h e  human 
o p e r a t o r  t o  d e c i d e  whether  o r  n o t  t h e  s u g g e s t e d  t a s k  r e a l l o c a t i o n  s h o u l d  
t a k e  p l a c e .  I n  o r d e r  t o  minimize a v a r i e t y  o f  stresses a s s o c i a t e d  w i t h  
t h e  l a c k  of autonomy, i t  i s  s u g g e s t e d  t h a t  t h e  l a t te r  p r o p o s a l  w i l l  
g e n e r a l l y  b e  more u s e f u l  f o r  dynamic human-machine s y s t e m s .  

The 

which s i g n a l  e x p l i c i t l y  each  change  i n  t h e  t a s k  d e f i n i t i o n  

9 . 9  



Implementa t ion  Problems 

Development of t h e  t y p e  of a d a p t i v e  mechanism o u t l i n e d  h e r e  e n t a i l s  
a number o f  d i f f i c u l t i e s  which are summarized b r i e f l y  below. It is  n o t  
d e a r  what t a s k  s h o u l d  be  used  i n  b u i l d i n g  a KBAM p r o t o t y p e .  A s u i t a b l e  
t a s k  w i l l  have  components which c a n  be s w i t c h e d  between human and  
machine,  well d e f i n e d  p a r a m e t e r s  ( f o r  t a s k  d e f i n i t i o n  and a n a l y s i s ) ,  
w i l l  t e s t  a v a r i e t y  o f  human r e s o u r c e s ,  and p o s s e s s  c o n t i n u o u s  measu res  
of s u c c e s s  and  f a i l u r e .  Fl.ying t a s k s  a p p e a r  t o  b e  a p p r o p r i a t e ,  b u t  t h e y  
are  n o t  r e a d i l y  amenable t o  e x p e r i m e n t a l  m a n i p u l a t i o n  w i t h o u t  access t o  
a s o p h i s t i c a t e d  ground-based s i m u l a t o r .  Video games are l i k e l y  t o  b e  
among t h e  f i r s t  t a s k s  f o r  which a KBAM p r o t o t y p e  i s  deve loped .  

S i n c e  KBAM i s  des igned  t o  
d e a l  w i t h  complex t a s k s  where o v e r l o a d i n g  may be  a problem, d u a l  t a s k  
a s ses smen t  methods may n o t  be  a p p r o p r i a t e .  S i m i l a r l y ,  r e l i a n c e  of 
s u b j e c t i v e  r a t i n g s  would be unwise i n  s i t u a t i o n s  where t h e  pe r son  is 
f u l l y  occupied  by t h e  t a s k .  We f a v o r  us ing  p h y s i o l o g i c a l  measu res  i n  
t h i s  i n s t a n c e ,  supplemented  w i t h  d i r e c t  a s ses smen t  o f  per formance .  More 
r e s e a r c h  i s  r e q u i r e d  b e f o r e  MWL measures  can  be  used  w i t h  c o n f i d e n c e  i n  
g e n e r a t i n g  a n  e r r o r  s i g n a l .  The development o f  p h y s i o l o g i c a l  r e c o r d i n g  
sys t ems  which are u n o b t r u s i v e  and r e l i a b l e  i s  a t e c h n i c a l  problem t h a t  
r ema ins  t o  be  s o l v e d  (Hancock, Meshka t i ,  & Rober t son ,  1985). 

A s  s p e c i f i e d  e a r l i e r ,  KBAM s h o u l d  o p e r a t e  i n  c l o s e  t o  rea l  t i m e .  
I n  t h e  p r o t o t y p e  t h a t  we are d e v e l o p i n g ,  p r o c e s s i n g  t a s k s  are d i v i d e d  
between t h r e e  computers .  The f i r s t  computer carries o u t  d a t a  
a c q u i s i t i o n ,  w h i l e  t h e  second does  t h e  au tomated  r e a s o n i n g  and t h e  t h i r d  
p r e s e n t s  t h e  t a s k .  Given c u r r e n t  l a b o r a t o r y  f a c i l i t i e s ,  it i s  l i k e l y  
t h a t  t h e r e  w i l l  b e  a d e l a y  of a p p r o x i m a t e l y  h a l f  a minute  between t h e  
p h y s i o l o g i c a l  r e s p o n s e  and  t h e  r e s u l t i n g  t a s k  r e a l l o c a t i o n ,  w i t h  up t o  
10 seconds  b e i n g  r e q u i r e d  f o r  e a c h  of t h e  t h r e e  major s t e p s  i n  t h e  
p r o c e s s .  T h i s  may be  a c c e p t a b l e  i n  a l a b o r a t o r y  d e m o n s t r a t i o n  of t h e  
c o n c e p t ,  b u t  t h i s  l a g  w i l l  be e x c e s s i v e  and i m p r a c t i c a l  i n  a p p l i c a t i o n s  
such  as f l y i n g .  While improvements c a n  be  made i n  t h e  s p e e d  of d a t a  
a c q u i s i t i o n  and t a s k  p r e s e n t a t i o n ,  au tomated  r e a s o n i n g  i s  l i k e l y  t o  
remain  a b o t t l e n e c k  f o r  t h e  f o r s e e a b l e  f u t u r e .  Thus t h e r e  w i l l  be a 
t r a d e o f f  between s o p h i s t i c a t i o n  of r e a s o n i n g  and r e s p o n s e  l a t e n c y  with 
t h e  hardware  and t e c h n i q u e s  a v a i l a b l e  now and i n  t h e  immedia te  f u t u r e .  

The f i n a l  d i f f i c u l - t y  c o n s i d e r e d  h e r e  ( a l t h o u g h  t h e r e  are o t h e r s )  is 
t h a t  of p u t t i n g  a number o f  c o m p l i c a t e d  components t o g e t h e r  i n t o  a 
working  sys tem.  A working  p r o t o t y p e  i s  n e c e s s a r y  t o  d e m o n s t r a t e  t h e  
f e a s i b i l i t y  of t h e  c o n c e p t .  Each o f  t h e  components of KBAM, MWL 
a s s e s s m e n t ,  model ing  of a t t e n t i o n a l  r e s o u r c e s ,  t a s k  a n a l y s i s ,  au tomated  
r e a s o n i n g ,  and t a s k  r e a l l o c a t i o n ,  i s  a major t e c h n i c a l  c h a l l e n g e .  

MWL asses smen t  i s  a c o n t r o v e r s i a l  t o p i c .  

Summary 

The knowledge-based a d a p t i v e  mechanism (KBAM) i s  a power fu l  method 
f o r  implement ing  dynamic r e a l l o c a t i o n  of t a s k  components between human 
and machine. Implemen ta t ion  of t h i s  method r e q u i r e s  models of 
a t t e n t i o n ,  c o g n i t i o n  and p h y s i o l o g i c a l  r e s p o n s e ,  as well as e x p e r t  
sys t ems  and r e l a t e d  t e c h n i q u e s .  D e s p i t e  p o t e n t i a l  p roblems,  t h e  
b e n e f i t s  of t h e  KBAM t echno logy  j u s t i f y  a l a r g e  scale r e s e a r c h  and  
development e f f o r t .  A s  t echno logy  advances ,  p a r t i c u l a r l y  i n  a e r o s p a c e  
a p p l i c a t i o n s ,  KBAM s y s t e m s  may be  t h e  on ly  way o f  p r e s e r v i n g  harmonious ,  
c o o p e r a t i v e  and  s u c c e s s f u l  human-machine r e l a t i o n s h i p s .  
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