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SUMMARY 

T h i s  t u t o r i a l  reviews t h e  Optimal C o n t r o l  Model of t h e  human o p e r a t o r .  
F i r s t ,  u n d e r l y i n g  m o t i v a t i o n  and concep t s  a r e  p r e s e n t e d ,  a l o n g  w i t h  a 
review of t h e  development and a p p l i c a t i o n  of t h e  model. Then, t h e  
s t r u c t u r e  of t h e  model i s  d e s c r i b e d .  F i n a l l y ,  r e s u l t s  v a l i d a r i n g  t h e  
model a r e  p r e s e n t e d .  

INTRODUCTION 

This  paper  reviews t h e  Optimal Cont ro l  Model (OCM) of t h e  human 
o p e r a t o r  developed p r i n c i p a l l y  by Kleinman, Levison,  and t h e  a u t h o r  
( r e f s .  1 and 2 ,  f o r  example) a t  B o l t  Beranek and Newman I n c .  The OCM 
was o r i g i n a l l y  developed f o r  d e s c r i b i n g  and p r e d i c t i n g  t o t a l  s y s  tem 
performance i n  con t inuous ,  manual c o n t r o l  t a s k s .  However, t h e  model ( o r  
p o r t i o n s  of i t )  h a s  proven t o  be u s e f u l  i n  a  b r o a d e r  range of problems. 
Moreover, though n o t  i n t e n d e d  t o  b e  a  s t r u c t u r a l  ana log  o f  t h e  human 
o p e r a t o r ,  many f e a t u r e s  o f  t h e  model have i n t e r e s t i n g  i n t e r p r e t a t i o n s  
f rom an i n f o r m a t i o n  p r o c e s s i n g  view of human performance ( r e f .  3 ) .  The 
a i m  of t h i s  paper  i s  t o  p r o v i d e  t h e  r e a d e r  w i t h  a n  overview of t h e  OCM 
and a guide t o  t h e  l i t e r a t u r e  f o r  more d e t a i l e d  i n f o r m a t i o n .  Accordingly ,  
i t  b e g i n s  w i t h  a d i s c u s s i o n  of u n d e r l y i n g  m o t i v a t i o n  and a review of t h e  
development and a p p l i c a t i o n  o f  t h e  model. Th i s  i s  fo l lowed  by a 
d i s c u s s i o n  of t h e  i m p o r t a n t  s t r u c t u r a l  f e a t u r e s  of t h e  model, some b a s i c  
v a l i d a t i o n  r e s u l t s  and b r i e f  conc lud ing  remarks.  

MOTIVATION AND REVIEW 

The human c o n t r o l l e r  i s  s e l f - a d a p t i v e  and,  i f  mot iva ted  and given 
i n f o r m a t i o n  abou t  h i s  performance,  w i l l  a t t e m p t  t o  change c h a r a c t e r i s t i c s  
s o  as t o  perform b e t t e r .  On t h e  o t h e r  hand ,  human performance is  l i m i t e d  
by c e r t a i n  i n h e r e n t  c o n s t r a i n t s  o r  l i m i t a t i o n s  and by t h e  e x t e n t  t o  which 
t h e  human unders tands  t h e  o b j e c t i v e s  of t h e  t a s k .  These o b s e r v a t i o n s  
s e r v e  a s  t h e  b a s i s  f o r  t h e  fundamental  assumption u n d e r l y i n g  t h e  OCM, 
namely,  t h a t  t h e  wel l -mot ivated,  w e l l - t r a i n e d  human o p e r a t o r  w i l l  a c t  i n  
a n e a r  o p t i m a l  manner s u b j e c t  t o  t h e  o p e r a t o r ' s  i n t e r n a l  l i m i t a t i o n s  and 



understanding of t h e  t a sk .  This assumption i s  n o t  new i n  manual c o n t r o l  
(e. g. , ( r e f .  4))  o r  i n  t r a d i t i o n a l  human engineer ing  (e .  g. , Simon ( r e f .  5) 
c a l l s  i t  t h e  P r i n c i p l e  of Bounded Ra t iona l i t y ) .  What i s  novel  a r e  t h e  
methods used t o  r ep re sen t  human l i m i t a t i o n s ,  t h e  inc lus ion  i n  t h e  model of 
elements t h a t  compensate opt imally f o r  t hese  l i m i t a t i o n s ,  and t h e  ex t ens ive  
use  of s ta te -space  concepts and t h e  techniques of modern c o n t r o l  theory.  

C lea r ly ,  i f  t h e  b a s i c  op t ima l i t y  assumption i s  t o  y i e l d  good r e s u l t s ,  
i t  is  necessary  t o  have r e l i a b l e ,  accu ra t e ,  and meaningful models f o r  
human l i m i t a t i o n s .  I n s o f a r  a s  p o s s i b l e ,  t hese  models ( o r  t h e i r  
parameters)  should r e f l e c t  i n t r i n s i c  human l i m i t a t i o n s  o r  should depend 
p r imar i ly  on t h e  i n t e r a c t i o n  of t he  ope ra to r  w i th  t h e  environment and no t  
on t h e  s p e c i f i c s  of t h e  c o n t r o l  t a sk .  It i s  a l s o  d e s i r a b l e  t h a t  t h e  
d e s c r i p t i o n  of human l i m i t a t i o n s  involves  a s  f e w  parameters as p o s s i b l e  
and t h a t  i t  be commensurate with t h e  modern c o n t r o l  system framework t h a t  
i s  be ing  employed. These p r i n c i p l e s  have guided t h e  development of t h e  
models f o r  human l i m i t a t i o n s  t h a t  w i l l  be descr ibed below. 

There were s e v e r a l  reasons f o r  employing a  modem c o n t r o l  approach 
t o  ana lyz ing  manual c o n t r o l  t a sks ,  even though methods based on c l a s s i c a l  
c o n t r o l  techniques had been f a i r l y  succes s fu l .  I n i t i a l l y ,  t he  p r i n c i p a l  
motivat ion was provided by t h e  b a s i c  l o g i c  of t he  op t ima l i t y  assumption 
and by t h e  b e l i e f  t h a t  s ta te -space  techniques provided a  sys t ema t i c  
approach t o  mul t i - input ,  multi-output systems t h a t  avoided some of t h e  
d i f f i c u l t i e s  a s soc i a t ed  wi th  t h e  app l i ca t ion  of multi-loop a n a l y s i s  t o  
man-in-the-loop problems. The powerful computational schemes a s s o c i a t e d  
wi th  t h e s e  techniques a l s o  were a t t r a c t i v e  i n  l i g h t  of t he  complex monitoring 
and c o n t r o l  problems t h a t  were becoming of i n t e r e s t .  The b a s i c  approach 
t o  human l i m i t a t i o n s  and t h e  op t ima l i t y  assumption appeared t o  sugges t  a  
model t h a t  might adapt  t o  t a sk  s p e c i f i c a t i o n s  and requirements 
"automatical ly"  and n o t  through a  subs id i a ry  s e t  of adjustment r u l e s .  
F i n a l l y ,  i t  was expected t h a t  t h e  use  of a  normative modell and time-domain 
a n a l y s i s  would f a c i l i t a t e  "modular" and "graceful"  development of t h e  model 
a s  new f a c e t s  of human behavior  were considered and understood. 

A review of t he  progress  and evo lu t ion  of the  OCM w i l l  provide some 
f e e l  f o r  t h e  e x t e n t  t h a t  t h e  above-mentioned ob jec t ives  and expec ta t ions  
have been f u l f i l l e d .  Fur ther  i n s i g h t s  w i l l  be  provided by t h e  
d iscuss ions  of t h e  model and t h e  v a l i d a t i o n  r e s u l t s .  

'The model is  normative i n  t h a t  i t  p r e d i c t s  what t h e  human should do, 
given h i s  l i m i t a t i o n s  and t h e  task .  Thus, f o r  a  new s i t u a t i o n ,  one need 
only determine t h e  ope ra t ive  l i m i t a t i o n s  and what should be  done. The 
f a c t  t h a t  t h i s  assumption works w e l l  i s  testimony t o  t h e  a d a p t a b i l i t y  and 
c a p a b i l i t y  of t h e  t r a i n e d  human opera tor .  



The f i r s t  l a rge-sca le  at tempt  a t  using t h e  machinery of optimal 
c o n t r o l  theory t o  model t he  human c o n t r o l l e r  was i n i t i a t e d  by Elkind e t  a l .  
( r e f .  6). Their  s tudy  demonstrated t h e  f e a s i b i l i t y  of p r e d i c t i n g  c o n t r o l  
c h a r a c t e r i s t i c s  and d i sp l ay  requirements by systems a n a l y s i s  techniques 
based on opt imal  c o n t r o l  theory.  However, extremely s imple ve r s ions  of 
t h e  human's l i m i t a t i o n s ,  information process ing  behavior ,  and compensation 
were used, l ead ing  t o  gaps and d e f i c i e n c i e s  i n  t h e  r e s u l t s .  What is  
e s s e n t i a l l y  t h e  cu r r en t  s t r u c t u r e  of t h e  OCM w a s  f i r s t  proposed by Baron 
and Kleinman ( r e f .  1 ) .  They a l s o  proposed a  v i s u a l  scanning model t h a t  
could be included i n  t h e  opt imiza t ion  framework. Levison, Baron, and 
Kleinman ( r e f .  7 )  e s t a b l i s h e d  t h e  connection between observa t ion  n o i s e  and 
c o n t r o l l e r  remnant, thus  r e l a t i n g  a  measurable human l i m i t a t i o n  t o  
parameters of t he  OCM and provid ing  a  mechanism f o r  p r e d i c t i n g  remnant. 
Baron, Kleinman, e t  al .  ( r e f .  8) used t h e  remnant r e s u l t s  and the  s t r u c t u r e  
developed previous ly  t o  p r e d i c t  human performance i n  a  complex, multi-loop 
VTOL hover t a sk .  These r e s u l t s  demonstrated t h a t  one could proceed from 
r e l a t i v e l y  simple c a l i b r a t i o n  experiments on s i n g l e  d i sp l ays  t o  p r e d i c t i o n  
and explana t ion  of human behavior  i n  more r e a l i s t i c  t a s k s  involv ing  two 
d i sp l ays .  This s tudy  a l s o  revealed t h e  importance of i nc lud ing  bandwidth 
l i m i t a t i o n s  and randomness (motor-noise) a t  t he  c o n t r o l l e r ' s  output  a s  
p a r t  of r ep re sen ta t ion  of human l i m i t a t i o n s .  

Kleinman, Baron, and Levison ( r e f .  2) showed t h a t  t h e  model could be  
used wi th  a r e l a t i v e l y  i n v a r i a n t  s e t  of parameters quan t i fy ing  human 
l i m i t a t i o n s  t o  p r e d i c t  performance i n  t h r e e  b a s i c  t r ack ing  t a s k s  involv ing  
a range of c o n t r o l  s t r a t e g i e s .  Exce l len t  agreement between experimental  
d a t a  and model p r e d i c t i o n s  of desc r ib ing  func t ions ,  remnant s p e c t r a ,  and 
s t a t e  and c o n t r o l  var iances  was obtained.  This provided t h e  most d e t a i l e d  
v a l i d a t i o n  of t h e  model and demonstrated i t s  c a p a b i l i t y  f o r  adapt ing  t o  
d i f f e r e n t  c o n t r o l  s i t u a t i o n s  wi thout  r e s o r t i n g  t o  a u x i l i a r y  adjustment 
r u l e s .  

Baron and Kleinman ( r e f .  9)  app l i ed  the  model t o  s tudy  t h e  human's 
p r e c i s i o n  c o n t r o l  of a hovering VTOL-type veh ic l e .  The e f f e c t s  of 
changes i n  a i r c r a f t  s t a b i l i t y  d e r i v a t i v e s  on rms hovering performance 
were computed us ing  t h e  model. The r e s u l t s  were compared wi th  
experimental  s imula tor  d a t a  and showed e x c e l l e n t  c o r r e l a t i o n  (wi th in  + 1 a 
i n  t h e  da t a )  i n  most cases .  I n  t h i s  s tudy ,  parameters c h a r a c t e r i z i n g  t h e  
p i l o t  were e s s e n t i a l l y  t h e  same as f o r  t h e  b a s i c  t r ack ing  t a s k s  mentioned 
above . 

Kleinman and Baron ( r e f .  10) analyzed a  p i l o t e d  approach-to-landing 
t a s k  t o  eva lua t e  p i c t o r i a l  d i sp l ay  requirements.  This problem involved 
a time-varying information base f o r  t h e  p i l o t .  The e f f e c t s  of d i f f e r e n t  
d i sp l ay  formats and d i sp l ay  symbology were p red ic t ed  i n  cases  where t h e  
a i r c r a f t  was sub jec t ed  t o  turbulence and/or  cons tan t  updra f t s .  The 
a b i l i t y  of t h e  p i l o t  t o  e s t ima te  t hese  e x t e r n a l  d i s turbances  and t ake  the  
app ropr i a t e  c o r r e c t i v e  a c t i o n  t o  minimize g l i d e  pa th  e r r o r s  was analyzed. 
P red ic t ions  of system performance were compared wi th  d a t a  obta ined  i n  
independent experimental  i n v e s t i g a t i o n s .  The model-data agreements were 
e x c e l l e n t  and demonstrated t h e  model's a b i l i t y  t o  p r e d i c t  t h e  time-varying 
a d a p t a b i l i t y  of a  p i l o t  t o  updra f t  d i s turbances .  I n  a d d i t i o n ,  t h e  



agreement between model r e s u l t s  and d a t a  f o r  ca ses  i n  which t h e r e  was no 
turbulence  d i s t u r b i n g  t h e  a i r c r a f t  provided f u r t h e r  evidence of t h e  v a l i d -  
i t y  of t h e  model f o r  human randomness (remnant). 

Theore t i ca l  and empi r i ca l  work proceeded t o  extend t h e  model t o  more 
r e a l i s t i c  s i t u a t i o n s  and more complex systems. Levison e t  a l .  ( r e f .  11) 
developed and t e s t e d  a  mechanism f o r  p red ic t ing  t a sk - in t e r f e rence  i n  
mul t i - task  environments (not  involv ing  scanning) .  I n  a d d i t i o n ,  a  method 
f o r  e s t ima t ing  t h e  r e l a t i v e  a t t e n t i o n a l  workload a s soc i a t ed  wi th  a  given 
t a s k  was devised.  Levison ( r e f .  1 2 )  a l s o  i n v e s t i g a t e d  t h e  r e l a t i o n s h i p  
between observa t ion  n o i s e  and c e r t a i n  d i sp l ay  c h a r a c t e r i s t i c s .  This 
provided d i r e c t  empir ica l  evidence f o r  t h e  s c a l i n g  observa t ion  n o i s e  model 
and a l s o  showed how an equiva len t  observat ion no i se  could be  used t o  
account f o r  pe rcep tua l  th resholds .  Levison and Kleinman ( r e f .  13) modeled 
a  carr ier-approach t a s k  t h a t  involved varying d i sp l ay  ga ins ,  sudden changes 
i n  informat ion  base ,  and a more complex time-varying d is turbance .  Baron 
and Levison ( r e f .  14) used t h e  model as a b a s i s  f o r  a  d i sp l ay  a n a l y s i s  
methodology and app l i ed  i t  t o  t h e  ana lys i s  of v e r t i c a l  s i t u a t i o n  d i sp l ays  
f o r  STOL. The response t o  wind shea r s  and t h e  design of f l i g h t  d i r e c t o r s  
were a l s o  considered.  These l a t t e r  two s t u d i e s  were a n a l y t i c  i n  n a t u r e  
and d i d  n o t  involve  any experimental v e r i f i c a t i o n .  

Kleinman and Kil l ingsworth ( r e f .  15) used the  OCM t o  p r e d i c t  p i l o t  
performance dur ing  t h e  f l a r e  and touchdown phase of STOL a i r c r a f t  landing.  
This  was an ambitious modelling e f f o r t  s i n c e  t h e  veh ic l e  dynamics were 
h igh ly  complex, ground e f f e c t s  and turbulence a f f e c t e d  the  motion of t h e  
a i r c r a f t ,  and t h e  p i l o t  was requi red  t o  land  wi th in  a  s h o r t  touchdown 
a rea .  To ana lyze  t h i s  s i t u a t i o n ,  t he  model was extended t o  i nc lude  the  
genera t ion  of open-loop commands by the  human opera tor .  I n  t h i s  s tudy ,  
model p r e d i c t i o n s  were made f i r s t ;  subsequent comparison of t hese  r e s u l t s  
wi th  t h e  t e s t  d a t a  showed very good agreement. 

Kleinman and Perk ins  ( r e f .  16) used the  OCM i n  an a n t i a i r c r a f t  
t r a c k i n g  t a sk .  The o p e r a t o r ' s  t a s k  was t o  t r a c k  an a i r c r a f t  t a r g e t  i n  
both azimuth and e l e v a t i o n  us ing  a  v i s u a l  gunsight .  The dynamics of t he  
s i g h t  and a s soc i a t ed  gun mount va r i ed  with t ime,  making t h e  t r a c k i n g  
t a s k  very d i f f i c u l t .  I n  a d d i t i o n ,  t h e  t a r g e t  motion could b e  q u i t e  
a r b i t r a r y  (although n o t  s t o c h a s t i c )  and was unknown a  p r i o r i  by t h e  gunner. 
Comparison of model v s .  human ensemble s t a t i s t i c s  f o r  t h e  s e v e r a l  t y p i c a l  
a i r c r a f t  t r a j e c t o r i e s  showed good q u a l i t a t i v e  and q u a n t i t a t i v e  agreement. 
Baron and Levison ( r e f .  17) a l s o  appl ied  t h e  OCM t o  d a t a  obta ined  from a  
s imula ted  a n t i a i r c r a f t  t r ack ing  task .  This a p p l i c a t i o n  demonstrated the  
model's u t i l i t y  i n  a n a l y s i s  and i n t e r p r e t a t i o n  of experimental  da ta .  I n  
p a r t i c u l a r ,  i t  showed t h a t  parameters of t h e  pe rcep tua l  p o r t i o n  of t h e  
OCM were a f f e c t e d  i n  consistent:  ways by manipulation of experimental  
v a r i a b l e s  r e l a t e d  t o  v i s u a l  processing.  

Harvey and Dillow ( r e f .  18)  appl ied  t h e  OCM t o  p r e d i c t  p i l o t  per for -  
mance i n  a i r - t o - a i r  combat. They repor ted  t h a t  "The major conclusion 
is  t h a t  t h e  model worked!" and t h a t  i t  w a s  "reasonably s imple t o  develop." 
S i g n i f i c a n t l y ,  they used model parameters which, wi th  t h e  except ion  of 
motor n o i s e ,  corresponded t o  t hose  used i n  previous a p p l i c a t i o n s  of t h e  OCM. 



The model w a s  a l s o  being used t o  develop sys temat ic  design procedures 
f o r  systems involv ing  closed-loop con t ro l .  As  noted above, Baron and 
Levison ( r e f .  14) proposed a d i sp l ay  design methodology based on the  OCM. 
This methodology u t i l i z e d  performance/workload t r a d e o f f s  generated by t h e  
OCM t o  a r r i v e  a t  information requirements and c e r t a i n  d i sp l ay  requirements 
t o  meet system s p e c i f i c a t i o n s .  S imi la r  i d e a s  were u t i l i z e d  t o  analyze 
both d i sp l ay  and c o n t r o l  c h a r a c t e r i s t i c s  f o r  an a i r c r a f t  wi th  an advanced 
av ion ic s  conf igura t ion  ( r e f .  19) .  Hess ( r e f .  20) proposed a more formal 
d i sp l ay  design procedure us ing  t h e  OCM and included p r e d i c t i o n s  of p i l o t  
r a t i n g  a s  p a r t  of t he  process .  Hoffman, Curry, e t  a l .  ( r e f .  21) developed 
a methodology aimed a t  d i sp l ay  design f o r  h igh ly  automated a i r c r a f t .  
They examined problems of simultaneous monitoring and con t ro l  and explored 
d i f f e r e n t  met r ics  f o r  monitoring performance and workload wi th  the  aim 
of developing techniques f o r  i n v e s t i g a t i n g  t r adeo f f s  between c o n t r o l  and 
d i sp l ay  s o p h i s t i c a t i o n .  

Although d i sp l ay  problems have rece ived  t h e  most a t t e n t i o n ,  o t h e r  
a spec t s  of t h e  system design problem have no t  been neglec ted  completely. 
Levison ( r e f .  22) has  explored t h e  use of t h e  model i n  analyzing c o n t r o l  
s t i c k  design problems i n  a v i b r a t i o n  environment. S tengel  and Broussard 
( r e f .  23) have used t h e  b a s i c  s t r u c t u r e  of t h e  OCM, a long wi th  some 
assumptions concerning suboptimal adap ta t ion ,  t o  determine s t a b i l i t y  
boundaries  i n  high-g maneuvering f l i g h t .  And, r e c e n t l y ,  Schmidt ( r e f .  24) 
has  proposed a design procedure f o r  s t a b i l i t y  augmentation systems based 
on closed-loop a n a l y s i s  wi th  t h e  OCM. 

The increased  i n t e r e s t  i n  f l i g h t  s imu la to r s  has  spur red  some 
a d d i t i o n a l  ex tens ions  and app l i ca t ions  of t he  model. Grunwald and Merhav 
( r e f .  25)  and Wewerinke ( r e f .  26) have incorpora ted  mechanisms f o r  
desc r ib ing  t h e  u t i l i z a t i o n  of e x t e r n a l  v i s u a l  cues i n  t h e  OCM and have 
obta ined  pre l iminary  experimental  v a l i d a t i o n  of t h e i r  approaches. Although 
t h e  s u b t l e t i e s  and complexi t ies  a s soc i a t ed  wi th  human percept ion  of a 
complex scene a r e  by no means reso lved ,  t hese  s t u d i e s  do suggest  t h a t  t he  
OCM could be use fu l  f o r  analyzing closed-loop c o n t r o l  behavior  based on 
e x t e r n a l  v i s u a l  cues. The OCM has  a l s o  been used t o  model continuous 
c o n t r o l  performance i n  a multi-cue environment. Levison and Junker ( r e f .  27) 
s t u d i e d  r o l l - a x i s  t r a c k i n g  i n  d is turbance- regula t ion  and ta rge t - fo l lowing  
t a s k s  and compared performance when only v i s u a l  cues were a v a i l a b l e  with 
performance when t h e  v i s u a l  cues were augmented wi th  confirming motion 
cues.  They found t h a t  t h e  OCM could provide a task-independent framework 
f o r  exp la in ing  performance under a l l  p o s s i b l e  experimental  condi t ions .  
The a v a i l a b i l i t y  of motion cues was modelled by augmenting t h e  s e t  of 
pe rcep tua l  v a r i a b l e s  t o  i nc lude  p o s i t i o n ,  r a t e ,  a c c e l e r a t i o n ,  and 
a c c e l e r a t i o n  r a t e  of t h e  motion s imu la to r .  This s t r a igh t fo rward  
informat iona l  model allowed accu ra t e  model p r e d i c t i o n s  of t h e  e f f e c t s  of 
motion cues on a v a r i e t y  of response measures, f o r  both t h e  t a r g e t -  
fol lowing and d is turbance- regula t ion  t a s k s .  



I n  a somewhat d i f f e r e n t  ve in ,  Baron, Muralidharan, and Kleinman 
( r e f .  28) used t h e  OCM t o  develop a closed-loop model f o r  ana lyz ing  
engineer ing  requirements f o r  f l i g h t  s imula tors .  They p red ic t ed  the  e f f e c t s  
on performance of c e r t a i n  s imula t ion  design parameters,  such a s  an i n t e -  
g r a t i o n  scheme and a sample r a t e .  Model p red ic t ions  were l a t e r  v e r i f i e d  
i n  an empi r i ca l  s tudy  by Ashworth e t  al.  ( r e f .  2 9 ) .  

The above s t u d i e s  a l l  focused on t h e  ope ra to r  i n  continuous c o n t r o l  
t a s k s .  But t h e  s t r u c t u r e  of  t h e  OCM, p a r t i c u l a r l y  t h e  informat ion  
process ing  submodel, a l s o  lends  i t s e l f  t o  modelling t a s k s  i n  which 
monitoring and decision-making a r e  t h e  major concerns of t h e  opera tor .  The 
f i r s t  a t tempt  t o  e x p l o i t  t h i s  aspec t  of t h e  OCM was by Levison and Tanner 
( r e f .  30) who s tud ied  t h e  problem of how w e l l  s u b j e c t s  could determine 
whether a s i g n a l ,  embedded i n  added n o i s e ,  was wi th in  s p e c i f i e d  to l e rances .  
Thei r  experiments were a v i s u a l  analog of c l a s s i c a l  s i g n a l  d e t e c t i o n  
experiments except  t h a t  "s ignal-present"  corresponded t o  t he  s i t u a t i o n  of 
the  s i g n a l  being w i t h i n  to l e rance .  They r e t a ined  t h e  e s t i m a t o r / p r e d i c t o r  
and t h e  equ iva l en t  perceptua l  models of t he  OCM and replaced the  c o n t r o l  
law wi th  an opt imal  (Bayesian) dec is ion  r u l e  j u s t  a s  has been used i n  
some popular  behav io ra l  decis ion-theory models. Model p r e d i c t i o n s  compared 
favorably  wi th  experimental  d a t a  f o r  a v a r i e t y  of condi t ions  involv ing  
d i f f e r e n t  s i g n a l l n o i s e  r a t i o s  and d i f f e r e n t  n o i s e  bandwidths. 

Phatak and Kleinman ( r e f .  31) examined t h e  a p p l i c a t i o n  of t he  OCM 
information process ing  s t r u c t u r e  t o  f a i l u r e  d e t e c t i o n  and suggested 
s e v e r a l  p o s s i b l e  t h e o r e t i c a l  approaches t o  t h e  problem. Gai and Curry 
( r e f s .  32 and 33) used t h e  OCM information process ing  s t r u c t u r e  t o  
analyze f a i l u r e  de t ec t ion  i n  a simple l abo ra to ry  t a s k  and i n  an experiment 
s imu la t ing  p i l o t  monitoring of an automatic  approach. They r epor t ed  good 
agreement between p red ic t ed  and observed de t ec t ion  times f o r  both the  
s imple and more r e a l i s t i c  s i t u a t i o n s .  I n  t h e  l a t t e r  ca se ,  t he  model was 
used i n  a mult i - instrument  monitor ing t a s k  and accounted f o r  a t t e n t i o n  
s h a r i n g  i n  t h e  usua l  OCM fash ion .  

F i n a l l y ,  a s  i n d i c a t i v e  of f u t u r e  d i r e c t i o n s  f o r  OCM r e sea rch ,  a 
r ecen t  s tudy  of Muralidharan and Baron ( r e f .  34) should b e  mentioned. 
In  t h i s  work, t h e  information process ing  s t r u c t u r e  of t h e  OCM w a s  used 
i n  conjunct ion wi th  c o n t r o l  and dec i s ion  t h e o r e t i c  i deas  t o  model 
ground-based ope ra to r  c o n t r o l  of a number of remotely p i l o t e d  veh ic l e s .  
Though t h e  r e s u l t s  have no t  been sub jec t ed  t o  experimental  v a l i d a t i o n ,  they 
demonstrate t h a t  t hese  techniques a r e  s u i t e d  t o  the  a n a l y s i s  of systems i n  
which ope ra to r s  make dec is ions  a t  d i s c r e t e  t imes and e x e r c i s e  d i r e c t  
c o n t r o l  i n f r equen t ly .  I n  o t h e r  words, t he  techniques appear s u i t a b l e  
f o r  superv isory  c o n t r o l  problems. 

MODEL DES CRIPTI ON 

I n  t h i s  s e c t i o n ,  t h e  d e t a i l e d  s t r u c t u r e  of t h e  OCM i s  reviewed. The 
d i scuss ion  w i l l  be  conceptual  and ve rba l ;  t he  reader  i s  r e f e r r e d  t o  t he  



previous  r e f e rences ,  p a r t i c u l a r l y  re ferences  2 and 8, f o r  mathematical 
d e t a i l s .  Also, some r e l a t i o n s  t o  more t r a d i t i o n a l  human performance 
t h e o r i e s  w i l l  b e  mentioned. 

I n  o rde r  t o  apply t h e  OCM, t h e  fol lowing f e a t u r e s  of t h e  environment 
must be  given: 1 )  a l i n e a r i z e d  s t a t e  v a r i a b l e  r ep re sen ta t ion  o r  model of 
t h e  system be ing  c o n t r o l l e d ;  2)  a s t o c h a s t i c  o r  d e t e r m i n i s t i c  represen-  
t a t i o n  of t h e  d r i v i n g  func t ion  o r  environmental d i s turbances  over which 
t h e  ope ra to r  must e x e r t  c o n t r o l ;  3) a l i n e a r i z e d  "display vec tor"  
summarizing t h e  sensory information u t i l i z e d  by t h e  ope ra to r  ( i nc lud ing  
v i s u a l ,  v e s t i b u l a r ,  and o t h e r  sources  as appropr ia te )  ; and 4) a  
q u a n t i t a t i v e  s ta tement  of t h e  c r i t e r i o n  o r  performance index f o r  
a s s e s s i n g  operator/machine performance. C r i t e r i a  such a s  minimizing rms 
t r a c k i n g  e r r o r  and c o n t r o l  e f f o r t  a r e  t y p i c a l .  The s p e c i f i c  assumptions 
concerning t h i s  d e s c r i p t i o n  t h a t  a r e  necessary  t o  apply t h e  theory a r e  
given i n  r e f e rence  2. 

Given t h i s  environmental d e s c r i p t i o n ,  t h e  model of t h e  o p e r a t o r ' s  
behavior  i nco rpora t e s  t h e  elements shown i n  Figure 1. The f i g u r e  
i l l u s t r a t e s  only a s i n g l e  dimensional c o n t r o l  t a s k  but  t h e  v a r i a b l e s  
i l l u s t r a t e d  should b e  regarded as multi-dimensional vec to r s .  F i r s t ,  t h e  
d isp layed  v a r i a b l e s  a r e  assumed t o  be  cor rupted  by "observa t iona l  noise"  
in t roduced  by t h e  human operator .2  This no i se  i s  analogous t o  t h e  i n t e r n a l  
n o i s e  l e v e l  p o s t u l a t e d  i n  s i g n a l  de t ec t ion  theory and provides one means 
by which t h e  model can mimic human l i m i t a t i o n s  i n  process ing  and 
a t t e n t i o n a l  capac i ty .  D i f f e ren t  n o i s e  l e v e l s  may b e  assumed f o r  d i f f e r e n t  
d i sp layed  v a r i a b l e s ,  and, i f  s e v e r a l  v i s u a l  d i sp l ays  a r e  provid ing  u s e f u l  
in format ion ,  t h e  n o i s e  l e v e l  a s soc i a t ed  wi th  each may b e  ad jus t ed  t o  
account f o r  t h e  d i s t r i b u t i o n  of a t t e n t i o n  assigned by t h e  ope ra to r .  
A l t e r n a t i v e l y ,  a model of a t t e n t i o n a l  scanning ( r e f .  11)  may be in t roduced  
t o  p r e d i c t  the  n o i s e  l e v e l  a s soc i a t ed  wi th  each v a r i a b l e  i n  o r d e r  t o  
produce opt imal  performance wi th  r e spec t  t o  t h e  c r i t e r i o n  v a r i a b l e .  This 
a t t e n t i o n  s h a r i n g  model i s  c r u c i a l  f o r  p r e d i c t i n g  performance i n  complex, 
m u l t i v a r i a b l e  t a s k s .  It can a l s o  s e r v e  as a b a s i s  f o r  developing a  
v a r i e t y  of ope ra to r  monitor ing models ( r e f .  35). 

A t  t h i s  po in t  t h e  model is  dea l ing  wi th  a  noisy  r ep re sen ta t ion  of 
t h e  d isp layed  q u a n t i t i e s .  That r ep re sen ta t ion  is  then delayed by an 
amount, T ,  r ep re sen t ing  i n t e r n a l  human process ing  delays.  It i s  p o s s i b l e  
t o  assume d i f f e r e n t i a l  de lays  f o r  d i f f e r e n t  sensory channels ,  b u t  t h i s  
a d d i t i o n a l  complication has  n o t  been found necessary i n  p a s t  model 
a p p l i c a t i o n s  t o  manual c o n t r o l  da ta .  

L 
I f  v i s u a l  o r  i n d i f f e r e n c e  thresholds  a r e  important ,  such a s  wi th  

nonidea l  d i s p l a y s  o r  e x t e r n a l  v i s u a l  cues,  t h e s e  can b e  in t roduced  i n  
t h e  model a t  t h i s  po in t  ( r e f .  10) .  The method employed involves  a  
s t a t i s t i c a l  t h re sho ld  t h a t  r e s u l t s  i n  a r ap id  i n c r e a s e  i n  observa t ion  
n o i s e  when t h e  s i g n a l  i s  below t h e  assumed threshold  value.  This i s  
d i r e c t l y  analogous t o  t h e  th re sho ld  not ions  of s i g n a l  de t ec t ion  theory.  



The c e n t r a l  elements of t he  model a r e  represented  i n  the  blocks 
descr ibed as t h e  Kalman e s t ima to r  and p red ic to r .  Thei r  purpose i s  t o  
genera te  t h e  b e s t  e s t ima te  of t h e  cu r r en t  s t a t e  of t h e  displayed v a r i a b l e s ,  
based on t h e  n o i s y ,  delayed pe rcep tua l  information a v a i l a b l e .  These 
blocks compute t h e  e s t ima te  of t h i s  s t a t e  s o  a s  t o  minimize the  r e s i d u a l  
e s t ima t ion  unce r t a in ty .  What i s  being captured is  a  r ep re sen ta t ion  of 
t he  o p e r a t o r ' s  a b i l i t y  t o  c o n s t r u c t ,  from h i s  understanding of t h e  system 
and h i s  incomplete knowledge of t he  moment-by-moment s t a t e  of t h e  system, 
a  s e t  of expec tanc ies  concerning t h e  system behavior  at t h e  nex t  moment 
i n  time. It i s  i n  t hese  blocks t h a t  i t  i s  assumed t h a t  t h e  ope ra to r  has  
both  an i n t e r n a l  model of t h e  dynamics of t h e  system be ing  con t ro l l ed  and 
a  r ep re sen ta t ion  of  t h e  s t a t i s t i c s  of t h e  d is turbances  d r i v i n g  t h e  system. 
This r e p r e s e n t a t i o n  i s  analogous t o  t h e  schema of cu r r en t  human performance 
t h e o r i e s ,  and i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t ,  i n  t h i s  formulat ion,  t he  
schema must i nco rpora t e  knowledge of bo th  t h e  expected s i g n a l s  and t h e  
system dynamics be ing  con t ro l l ed .  

Given t h e  b e s t  e s t ima te  of t h e  cu r r en t  system s t a t e ,  t he  next  block 
a s s igns  a  s e t  of c o n t r o l  ga ins  o r  weight ing f a c t o r s  t o  t h e  elements of 
t he  es t imated  s t a t e  i n . o r d e r  t o  produce c o n t r o l  a c t i o n s  t h a t  w i l l  minimize 
t h e  de f ined  performance c r i t e r i o n .  As might be  expected, t he  p a r t i c u l a r  
choice of t h e  performance c r i t e r i o n  determines t h e  weight ing f a c t o r s  and 
thus  t h e  e f f e c t i v e  con t ro l  law ga ins .  

J u s t  as an observa t ion  no i se  i s  pos tu l a t ed  t o  account f o r  i n p u t  
process ing  inadequacies ,  a motor n o i s e  is introduced t o  account f o r  an 
i n a b i l i t y  t o  genera te  noise- f ree  output  c o n t r o l  a c t i o n s .  I n  many 
a p p l i c a t i o n s  t h i s  n o i s e  l e v e l  i s  i n s i g n i f i c a n t  i n  comparison t o  t h e  
observa t ion  no i se ,  bu t  where very p r e c i s e  c o n t r o l  is  important t o  the  
condi t ions  be ing  analyzed, motor n o i s e  can assume g r e a t e r  s i g n i f i c a n c e  i n  
t h e  model. F i n a l l y ,  t h e  noisy  output  i s  assumed t o  be f i l t e r e d  o r  smoothed 
by a  f i l t e r  t h a t  accounts  f o r  an ope ra to r  bandwidth c o n s t r a i n t .  I n  t h e  
model, t h i s  c o n s t r a i n t  a r i s e s  d i r e c t l y  a s  a r e s u l t  of a  pena l ty  on 
excess ive  c o n t r o l  r a t e s  introduced i n t o  t h e  performance c r i t e r i o n .  The 
c o n s t r a i n t  may mimic a c t u a l  phys io log ica l  c o n s t r a i n t s  of t he  neuromotor 
system o r  i t  may r e f l e c t  s u b j e c t i v e  l i m i t a t i o n s  imposed by t h e  ope ra to r .  

As  t h e  previous d i scuss ion  shows, c o n t r o l  s t r a t e g y  and motor 
response a r e  s epa ra t ed  from information process ing  i n  t h e  OCM. This 
s t r u c t u r e  a l lows  t h e  OCM t o  b e  modified s o  a s  t o  t r e a t  decision-making 
problems. The e s t ima to r /p red ic to r  po r t ion  of t h e  model genera tes  a l l  
t h e  s t a t i s t i c a l  information necessary f o r  optimal decision-making, given 
t h e  assumptions t h a t  have been made concerning the  system. Thus, by 
simply r ep lac ing  t h e  c o n t r o l  law wi th  an  appropr i a t e  dec is ion  r u l e ,  one 
has  a  t h e o r e t i c a l  model f o r  human dec is ion  making. For a  normative 
model, t h e  dec i s ion  r u l e  must be  determined from opt imiza t ion  of an 
appropr i a t e  dec is ion  c r i t e r i o n  (such a s  expected u t i l i t y ) .  



This ,  t hen ,  provides a  conceptual  d e s c r i p t i o n  of t he  elements of t he  
Optimal Control  Model of the  human opera tor .  I t  should be  emphasized 
t h a t  t he  parameter values t h a t  must  be provided by the  i n v e s t i g a t o r  
correspond t o  t h e  human l i m i t a t i o n s  t h a t  cons t r a in  behavior.  With these  
l i m i t a t i o n s  a s  t h e  c o n s t r a i n t s  w i th in  which performance is produced, the  
model p r e d i c t s  t h e  b e s t  t h a t  t h e  opera tor  can do. A l a r g e  backlog of 
empi r i ca l  research  provides t h e  d a t a  necessary t o  make r e a l i s t i c  e s t ima te s  
of t h e  app ropr i a t e  parameter s e t t i n g s  i n  t h e  manual c o n t r o l  contex t .  This 
research  has shown t h a t  t hese  parameters a r e  r e l a t i v e l y  i n v a r i a n t  wi th  
r e spec t  t o  changes i n  t a s k  environment, thus  enhancing t h e  model's 
p r e d i c t i v e  capac i ty .  

OCM VALIDATION STUDIES 

The Optimal Control  Model has  been va l ida t ed  a g a i n s t  experimental  
d a t a  f o r  a  v a r i e t y  of t a s k s ,  and d e t a i l e d  r e s u l t s  may be found i n  t h e  
previous ly  c i t e d  re ferences .  Here, a few of t h e s e  r e s u l t s  a r e  presented  
i n  o rde r  t o  provide t h e  reader  w i th  more of t h e  background and wi th  some 
f e e l i n g  f o r  t h e  modelling accuracy a t t a i n a b l e  w i th  t h e  OCM. 

F igures  2 and 3 (from r e f .  2) i l l u s t r a t e  t h e  model's v a l i d i t y  f o r  
two s imple ,  b u t  important systems : r a t e  (K/s) and a c c e l e r a t i o n  ( ~ 1 s ~ )  
command systems. I n  t h e  f i g u r e s ,  measured and t h e o r e t i c a l  human 
c o n t r o l l e r  desc r ib ing  func t ions  (he) and remnant s p e c t r a  (arr)  a r e  
compared. The desc r ib ing  func t ion  gain and phase may be  thought of a s  
measures of c o n t r o l  s t r a t e g y ,  whereas t h e  remnant may be considered a  
measure of ope ra to r  randomness. As  can be seen ,  t h e  model reproduces t h e  
c h a r a c t e r i s t i c s  of t h e  s u b j e c t s  wi th  remarkable f i d e l i t y .  Moreover, t h e  
parameters of t h e  model t h a t  quan t i fy  p i l o t  l i m i t a t i o n s  a r e  v i r t u a l l y  
constant  f o r  t h e  two s i t u a t i o n s .  Table 1 compares measured and t h e o r e t i c a l  
s co re s  f o r  t h e  above cases .  Resul ts  f o r  a  p o s i t i o n  command (K) system 
and f o r  two t a sks  involv ing  a t t i t u d e  r egu la t ion  of a  high performance 
a i r c r a f t  a r e  a l s o  shown. It i s  important  t o  n o t e  t h a t  t hese  r e s u l t s  were 
obtained wi th  a  h ighly  cons tan t ,  though no t  i d e n t i c a l ,  s e t  of parameter 
va lues .  (See r e f .  36.) 

These e a r l y  s ingle- input  s ingle-output  s t u d i e s  served  as the  b a s i c  
means of v a l i d a t i n g  t h e  model, b u t  t h e  OCM was p r i n c i p a l l y  d i r e c t e d  a t  
modelling human performance i n  more complicated s i t u a t i o n s .  As  w e  have 
d iscussed ,  an important  p a r t  of t h i s  modelling is  accounting f o r  
a t t en t ion - sha r ing  on t h e  p a r t  of t he  opera tor .  The b a s i c  empi r i ca l  
v a l i d a t i o n  f o r  t h e  a t t en t ion - sha r ing  model was obtained i n  a  four-axis  
t r a c k i n g  t a s k  ( r e f .  11) .  In  t h i s  t a s k ,  s u b j e c t s  had t o  c o n t r o l  f o u r  
independent ra te -cont ro l  systems wi th  the  e r r o r s  i n  each system presented  
on sepa ra t ed  d i sp l ays .  The s u b j e c t s  were requi red  t o  f i x a t e  one d i sp l ay  
and use p e r i p h e r a l  v i s i o n  f o r  t r ack ing  t h e  o t h e r  axes throughout the  
experiment ( i .  e .  , scanning was no t  allowed).  The r e s u l t s  f o r  each a x i s  



performed a lone  and f o r  a l l  fou r  t oge the r  a r e  presented  i n  Table 2. Again, 
t h e o r e t i c a l  and measured r e s u l t s  a r e  i n  c l o s e  agreement. Note t h a t  t h e  
e f f e c t  of i n t e r f e r e n c e  on t o t a l  s c o r e  i s  p red ic t ed  b e t t e r  than i t s  e f f e c t  
on i n d i v i d u a l  scores .  This appears t o  be t r u e  i n  o t h e r  tests of t h e  
i n t e r f e r e n c e  model, too. Analy t ic  i n v e s t i g a t i o n s  of t h e  t a s k s  show t h a t ,  
f o r  t h e s e  experiments ,  t r a d e o f f s  i n  performance between subtasks  do n o t  
e f f e c t  o v e r a l l  performance s u b s t a n t i a l l y .  $Then t h i s  i s  t h e  case ,  t h e  
s u b j e c t s  a r e  not  motivated t o  seek  t h e  "absolute" opt imal  a l l o c a t i o n  (and 
they may no t  o b t a i n  t h e  necessary feedback i n  t r a i n i n g ) .  Then, 
i d i o s y n c h r a t i c  behavior  becomes more acceptab le .  The e f f e c t s  of a t t e n t i o n  
s h a r i n g  on t h e  ope ra to r ' s  desc r ib ing  func t ion  and remnant a r e  given i n  
r e f e rence  16. The r e s u l t  of adding a  t a s k  i s  an inc rease  i n  remnant, a  
decrease i n  ope ra to r  ga in ,  and an inc rease  i n  high frequency phase l ag .  
A l l  t h e s e  e f f e c t s  a r e  p red ic t ed  q u i t e  accu ra t e ly  by t h e  OCM and t h e  
a t t en t ion - sha r ing  model. 

CONCLUDING REMARKS 

To summarize, t h e  OCM has  proven capable of p r e d i c t i n g  o r  matching 
human performance wi th  cons iderable  f i d e l i t y  i n  a  v a r i e t y  of t a s k s .  Model 
parameters  t h a t  account f o r  b a s i c  human l i m i t a t i o n s  have been i s o l a t e d  
and shown t o  be  e s s e n t i a l l y  independent of system dynamics and fo rc ing  
func t ion  c h a r a c t e r i s t i c s ;  t h i s  enhances t h e  model's p r e d i c t i v e  c a p a b i l i t y .  
Furthermore, submodels and parameters t h a t  r e f l e c t  changes i n  d i sp l ay  
c h a r a c t e r i s t i c s  (such a s  t h re sho lds ,  mu l t ip l e  d i sp l ays ,  e t c . )  have been 
developed. An advantage of t h e  OCM is  t h a t  i t  conta ins  an e x p l i c i t  model 
f o r  information process ing  t h a t  a l s o  allows i t  t o  be used f o r  ana lyz ing  
monitor ing and decision-making behavior.  

There a r e ,  of course,  l i m i t a t i o n s  and problems a s soc i a t ed  wi th  t h e  
model and i t s  app l i ca t ion .  A major problem i s  t h e  s e l e c t i o n  of an 
appropr i a t e  performance index i n  complex, r e a l i s t i c  t a sks .  Though f a i r l y  
sys t ema t i c  methods e x i s t  f o r  making t h i s  s e l e c t i o n ,  t h e r e  i s  no guarantee 
t h a t  human ope ra to r s  w i l l  optimize t h e  c r i t e r i o n  s e l e c t e d  by t h e  t h e o r i s t  
r a t h e r  than some o t h e r ,  s u b j e c t i v e  one. Another l i m i t a t i o n  is  the  
assumption of a  p e r f e c t  i n t e r n a l  model. While t h i s  works q u i t e  w e l l  f o r  
t r a i n e d  ope ra to r s ,  i t  can cause problems i n  modeling t h e  performance of 
na ive  s u b j e c t s  (such a s  t hose  i n  t r a i n i n g )  and can inc rease  computational 
complexity beyond t h a t  which i s  necessary .  
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TABLE 1.- MEASURED AND THEORETICAL HUMAN PERFORMANCE 

TABLE 2.- COMPARISON OF i%ASURED AND PREDICTED ERROR VARIANCE 

SCORES FOR 4-AXIS EXPERIMENT 

S y s  tern 

P o s i t i o n  C o n t r o l  

Rate C o n t r o l  

A c c e l e r a t i o n  
C o n t r o l  

High  P e r f o r m a n c e  
A i r c r a f t  ( P i t c h )  

High  P e r f o r m a n c e  
A i r c r a f t  ( R o l l )  

MS E r r o r  
Meas. 

. 1 3  

. 1 3  

- 0 1 4  

- 0 2 6  

. 0 3  

r 

l a )  Measured  

(b) P r e d i c t e d :  

O p t i m a l  B e h a v i o r  

T h e o r .  

. 1 4  

. 1 2  

.014 

.026 

.026 

Viewinq  

MS C o n t r o l  
Meas. 

. 5 3  

4 . 2  

1 . 4 3  

.0032 

.080 

C o n d i t i o n  

Measurement  

I - a x i s  1 

4 - a x i s  

1 - a x i s  

4 - a x i s  

1 

T h e o r .  

. 5 4  

3 . 8 3  

1 . 2 8  

.0034  

- 0 8 6  

16O P e r i p h  
N O  Ref Ext 

.42 

1 . 3  

- 3 9  

1.1 

F o v e a l  

.11 

. 2 7  

-11 
- 4 9  

22O P e r i p h  
No Ref Ext 

-96 

1 . 6  

.98 

1 . 8  

16" P e r i p h  
Ref E x t .  

- 2 5  

- 3 4  

.25  
.U2 

T o t a l  
S c o r e  - 
1 .7  

4 . 1  

1 . 7  

4 . 2  
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Figure  1.- S t r u c t u r e  of OCM ope ra to r  model. 
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Figure  2.- Operator response - K / S  dynamics. 
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Figure  3 . -  Operator response - K / s  dynamics. 




