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INTRODUCTION 

The o p e r a t i o n  of v e h i c l e s  t h a t  t r a n s p o r t  men and m a t e r i e l  
i s  s t i l l  l a r g e l y  under t h e  c o n t r o l  of  peop le .  Research i n  human 
response  t h e o r y ,  or i n  t h a t  a s p e c t  of  t h e  theo ry  commonly r e f e r r e d  
t o  as "manual c o n t r o l , "  i s  aimed a t  deve lop ing  t h e  data, models 
and procedures  t h a t  w i l l  a l low such human-controlled v e h i c l e s  t o  
be des igned  i n  a n  e f f i c i e n t  manner. For  some time now, B o l t  
Beranek and Newman I n c .  h a s  been conduct ing  a comprehensive pro- 
gram i n  manual c o n t r o l  r e s e a r c h .  An e s s e n t i a l  p a r t  o f  t h i s  pro- 
gram has been a ser ies  of  t h e o r e t i c a l  s t u d i e s  performed under 
c o n t r a c t  t o  NASA-ERC (NAS12-104). The b a s i c  goa l  of  these e f f o r t s  
was t h e  development of models of  t h e  human o p e r a t o r  t h a t  could be 
s y s t e m a t i c a l l y  and e a s i l y  used  t o  p r e d i c t  p i l o t  behav io r  and sys- 

t e m  performance i n  complex c o n t r o l  tasks.  T h i s  r e p o r t  p r e s e n t s  
t h e  l a t e s t  r e s u l t s  of these t h e o r e t i c a l  s t u d i e s  and r e f l e c t s  o u r  
c u r r e n t  s t a t u s  w i t h  r e s p e c t  t o  a c h i e v i n g  t h e  above g o a l .  

Modern r e s e a r c h  i n  manual c o n t r o l  had i t s  o r i g i n s  i n  t h e  

1940 ' s .  U n t i l  r e c e n t l y ,  t h e  e f f o r t s  were based p r i m a r i l y  on 
s t a t i s t i c a l  communications theo ry  and on what has become known as 
c l a s s i c a l  c o n t r o l  t h e o r y .  A s  might b e  expec ted ,  most of t h e  work 
was devoted  t o  ob+,aining a n  unde r s t and ing  of human c o n t r o l  be- 
h a v i o r  i n  t h e  performance of  r e l a t i v e l y  s imple  tasks.  T y p i c a l l y ,  
t h e  c o n t r o l l e r ' s  t ask  was one of compensatory t r a c k i n g ,  i n v o l v i n g  
a s i n g l e  d i s p l a y  i n d i c a t o r  and a s i n g l e  c o n t r o l  i n p u t .  The work 
of R u s s e l l  El], Elk ind  [ 2 ] ,  McRuer and Krendel C31 and McRuer, 
Graham, Krendel and Re i sne r  [ 4 ] ,  r e s u l t e d  i n  a set  of  q u a s i - l i n e a r  
models t h a t  were s u r p r i s i n g l y  adept a t  p r e d i c t i n g  human behav io r  
i n  t h i s  simple b u t  impor t an t  c l a s s  of problems. I n  e s s e n c e ,  t h i s  
work i n d i c a t e d  t h a t  t h e  human c o n t r o l l e r  a t t empted  t o  adopt  a 
c o n t r o l  s t r a t e g y  that  would r e s u l t  i n  c losed- loop  performance 
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comparable t o  that  of  a good feedback c o n t r o l  system. The work 
i s  w e l l  summarized i n  t h e  e x c e l l e n t  r e p o r t  of McRuer, e t . a l .  [4]. 

Attempts  t o  ana lyze  more complex manual c o n t r o l  s y s t e m s  began 
about  1960.  For  t h e  most part  these e f f o r t s  concen t r a t ed  on 
t h e  problem of  deve loping  l i n e a r  models f o r  t h e  human c o n t r o l l e r  
i n  m u l t i v a r i a b l e ,  mu l t i -d i sp l ay  s i t u a t i o n s .  A s  regards t h i s  prob- 
l e m ,  two b a s i c  approaches have been emerging. The ea r l i e r  approach,  
developed p r i m a r i l y  by McRuer and h i s  c o l l e a g u e s  [5,6] ,  seeks t o  
ex tend  t h e  methods and i n s i g h t s  developed f o r  s i n g l e - a x i s  s t u d i e s  
t o  t h e  m u l t i v a r i a b l e  c a s e .  T h e i r  approach i s  based on c l a s s i c a l  
mu l t i l oop  c o n t r o l  t h e o r y  and r e l i e s  h e a v i l y  on judgements concern- 
i n g  the  closed-loop sys tem s t r u c t u r e .  

While mul t i l oop  a n a l y s i s  has been appl ied  t o  manual c o n t r o l  
problems w i t h  r easonab le  success  i n  s e v e r a l  i n s t a n c e s  (See, e.g., 
References 7 and 8.), d i f f i c u l t i e s  and l i m i t a t i o n s  ar ise  i n  em- 
p loy ing  i t  i n  a s y s t e m a t i c  f a s h i o n .  Rather, one r e l i e s  on i n t u i -  
t i o n  and a good deal of  " a r t i s t ry"  i n  a p p l y i n g  the mul t i l oop  
methods, p a r t i c u l a r l y  when p i l o t  c o n t r o l  i s  involved .  

The second approach t o  human c o n t r o l l e r  model l ing  i s  r o o t e d  
i n  modern c o n t r o l  and o p t i m i z a t i o n  theo ry .  It i s  based on t h e  

assumption that  t h e  human c o n t r o l l e r  i s  "opt imal"  i n  some s e n s e .  
The n o t i o n  of t h e  o p t i m a l i t y  of t he  human o p e r a t o r  i s  not  a new 
one. S e v e r a l  r e s e a r c h e r s  have a t t empted  t o  e x p l o i t  t h i s  g e n e r a l  
idea i n  t h e  development of  models of human c o n t r o l  behav io r .  
Some of t h e  more r e c e n t  at tempts have been made by McRuer, e t . a l .  
[ S I ,  E lk ind ,  e t . a l .  [ l o ]  and B u r c h f i e l ,  E lk ind  and Miller [ll]. 

McRuer, e t . a l .  [ g ]  attempted t o  use  an  I n v e r s e  op t ima l  con- 
t r o l  approach t o  p i l o t  model l ing.  T h i s  was mot iva ted  by a n  
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attempt t o  remove some of  the e n g i n e e r i n g  a r t i s t r y  a s s o c i a t e d  
w i t h  t he  use of  t h e i r  v e r b a l  ad jus tment  r u l e s  f o r  the q u a s i - l i n e a r  
model. The approach a l s o  has merit from the  p o i n t  of view that  
t h e  p i l o t  i s  minimizing some s u b j e c t i v e  c o s t  f u n c t i o n a l .  Unfor- 
t u n a t e l y  , t h e y  report  l i t t l e  success  w i t h  t h i s  approach,  probably  
because of  the  i n h e r e n t  d i f f i c u l t y  of t he  i n v e r s e  problem. They 
r e p o r t  be t te r  s u c c e s s  i n  u s i n g  opt imal  c o n t r o l  t heo ry  i n  a model 
matching scheme where t h e  model t o  be  matched i s  t h e  s o - c a l l e d  
" c r o s s o v e r  model." They conclude t h a t  op t ima l  c o n t r o l  theory  and 
the  c r o s s o v e r  models can be used e f f e c t i v e l y  t o  develop a p i l o t -  
d e s c r i b i n g  f u n c t i o n  a p p r o p r i a t e  t o  a p a r t i c u l a r  c o n t r o l l e d  element .  
It i s  impor tan t  t o  unders tand  t h a t  t h i s  approach does no t  r e a l l y  
e x p l o i t  t he  f u l l  p o t e n t i a l  of  modern c o n t r o l  t h e o r y .  The c ros s -  
ove r  model i s  a s i n g l e  loop model and when one i s  conf ron ted  w i t h  
m u l t i v a r i a b l e  problems t h i s  approach w i l l  encoun te r  t he  same 
d i f f i c u l t i e s  as m u l t i l o o p  a n a l y s i s .  

E lk ind ,  e t . a l .  [lo] used modern o p t i m i z a t i o n  theo ry  t o  pre- 
d i c t  human behav io r  i n  a m u l t i v a r i a b l e  t r a c k i n g  task,  correspond-  
i n g  t o  a V/STOL v e h i c l e  i n  hover .  The r e s u l t s  of  that  s tudy  were 
q u i t e  promising.  P r e d i c t e d  c o n t r o l l e r  g a i n s  were w i t h i n  a f a c t o r  
of  two of  measured g a i n s .  Techniques f o r  de t e rmin ing  v a r i a b l e s  
of  importance were sugges ted  and p a r t i a l l y  v e r i f i e d .  P i l o t  samp- 
l i n g  behav io r  was a l s o  predicted wi th  r e a s o n a b l e  accuracy a l though  
t h e  p r e d i c t i o n  scheme l e f t  something t o  b e  desired. P r e d i c t i o n s  
of  performance s c o r e s  were no t  very  good. T h i s  was p r i m a r i l y  due 
t o  t h e  f a c t  t h a t  c o n t r o l l e r  remnant was n e g l e c t e d .  

B u r c h f i e l ,  E lk ind  and Miller [ll] attempted t o  e v a l u a t e  the  
h y p o t h e s i s  of human o p e r a t o r  o p t i m a l i t y  i n  a p re l imina ry  s tudy  
conducted under  t h i s  c o n t r a c t .  They compared human o p e r a t o r  be- 

h a v i o r  w i t h  that  of  a n  op t ima l  c o n t r o l l e r  i n  a simple c o n t r o l  task 
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i n v o l v i n g  a q u a d r a t i c  o p t i m i z a t i o n  c r i t e r i o n .  Good agreement 
between human and op t ima l  c o n t r o l l e r  behav io r  was ob ta ined  w i t h  
d i f f e r e n c e s  between the  two behav io r s  accounted f o r  by assuming 
that  t h e  human opt imized  a s l i g h t l y  d i f f e r e n t  ( s u b j e c t i v e )  c o s t  
f u n c t i o n a l  . 

We have a l s o  used a modern c o n t r o l  t heo ry  approach i n  t he  

model development t o  be  described i n  t h i s  r e p o r t .  Our b a s i c  as- 
sumption i s  t h a t  the w e l l - t r a i n e d ,  wel l -motivated human o p e r a t o r  
behaves i n  an  op t ima l  manner, s u b j e c t  to has  i n h e r e n t  l i m i t a t i o n s  
and c o n s t r a i n t s .  We are a t t e m p t i n g  t o  pursue  t h i s  assumption t o  
i t s  l o g i c a l  conc lus ions .  Thus, we d e r i v e  a model f o r  t h e  human 
o p e r a t o r  t h a t  c o n t a i n s  e lements  t h a t  compensate op t ima l ly  f o r  h i s  
i n h e r e n t  l i m i t a t i o n s .  Indeed,  these compensating elements  a long  
w i t h  t h e  methods f o r  r e p r e s e n t i n g  t h e  human's l i m i t a t i o n s  are the 
unique and c r u c i a l  f e a t u r e s  of  t h e  model. 

There are s e v e r a l  r easons  f o r  choosing t o  work w i t h i n  a 
modern c o n t r o l  framework. The powerfu l  s t a t e - s p a c e  t echn iques  
a s s o c i a t e d  w i t h  modern c o n t r o l  are i d e a l l y  su i ted  t o  the  s tudy  of 
m u l t i v a r i a b l e  sys t ems .  The s y s t e m a t i c  manner i n  which these tech-  
n iques  can  b e  appl ied t o  m u l t i - i n p u t ,  mul t i -ou tput  sys tems sug- 
gests that  many of  t h e  d i f f i c u l t i e s  i n  u s i n g  mul t i l oop  a n a l y s i s  
w i t h  a "man i n  t h e  loop" might be  overcome. 

The approach a l s o  f ac i l i t a t e s  modular development of  t h e  
human o p e r a t o r  model, so  t h a t  t h e  model can grow " g r a c e f u l l y "  
as more f a c e t s  of human behav io r  are cons ide red  and unders tood .  
Thus, w e  have been able t o  use the  same approach t o  ex tend  the 
model t o  account  f o r  v i s u a l  scanning ,  task i n t e r f e r e n c e  and 
o p e r a t o r  workload [12] .  T h i s  was p o s s i b l e  because of  t he  s i n g l e  
concep tua l  framework provided  by t he  o p t i m a l i t y  hypotheses .  t 

'The h y p o t h e s i s  i m p l i e s  tha t  w e  a lways seek a normative model,. 
That i s ,  w e  at tempt t o  de te rmine  what t he  human should  do,  g iven  
h i s  l i m i t a t i o n s  and t h e  requi rements  of t h e  t a s k .  The f a c t  t h a t  
t h i s  assumpt ion  works so w e l l ,  when the  human is  p r o p e r l y  t r a i n e d ,  
is convinc ing  ev idence  o f  human c a p a b i l i t y  and a d a p t a b i l i t y .  
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I n  t h i s  r e p o r t  w e  first p r e s e n t  t h e  t h e o r e t i c a l  basis f o r  
t he  model of  t h e  human o p e r a t o r  a l o n g  w i t h  a l l  t h e  equa t ions  
necessary  f o r  i t s  use .  R e s u l t s  f o r  some s imple  c o n t r o l  tasks 
t h a t  demonstrate  t h e  model 's  v a l i d i t y  are a l s o  p r e s e n t e d .  Then, 
w e  examine t h e  s e n s i t i v i t y  of  model and sys t em o u t p u t s  t o  changes 
i n  parameters of t h e  model. Next, t h e  model i s  used t o  ana lyze  
a more complex t a s k  re la ted t o  hover  c o n t r o l  of VTOL-type v e h i c l e s .  
Pre l iminary  s t u d i e s  t o  extend t h e  model a long  w i t h  sugges t ions  
f o r  f u r t h e r  work fo l low.  A manual f o r  t h e  use  of computer programs 
t h a t  implement t h e  model i s  inc luded  as an  Appendix. 
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T H E O R E T I C A L  D E V E L O P M E N T  

In this chapter the mathematical and conceptual developments 
that underscore our modern control approach to human operator 
modeling are presented. Since much of the mathematical details 
of the problem have appeared elsewhere [131, only the major equa- 
tions that serve to describe the model will be presented, with 
reference made to any lengthy derivations. 

We begin by discussing the class of manual control problems 
for which the model is designed. Representations of various human 
limitations are incorporated and their effects are discussed. For 
simplicity, we analyze first the case where there is no scanning 
of instruments. Next, the case where the human is free to scan is 
presented and a means for predicting average sampling behavior is 
derived within the overall optimization framework. 

S i n g l e - A x i s  C o n t r o l  - No S c a n n i n g  

Vehicle' d y n a m i c s  and d i s p l a y .  - A simplified representation 
of  the pilot-vehicle-display system considered is shown in Fig. 1. 
The human operator's basic task is to control, in some prescribed 
way, a dynamical system that is subject to external random dis- 
turbances. 
may be of concern, and it is assumed that they are presented con- 
tinuously to the human via some visual display or instrument panel. 

One or more system outputs x(t) = col[yl,(t),y2(t) ...y ,(t)] 

t 

For simplicity, we assume that the human manipulates a single 
(scalar) control u(t) through which he can exercise control over 

'We examine situations in which visual cues dominate. However, 
there is no apparent mathematical restriction that would prohibit 
the consideration of motion or kinesthetic cues. 
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the vehicle. The equalization network E ( . )  of Fig, 1 represents 
the means by which the human attempts to optimize his control 
stratem for a given situation. Thus, E ( * )  i s  dependent on the 
system being controlled and on the control task. The more general 
case, where the human may have several control manipulators, is 
mathematically,a simple extension of the single control case. 

It is assumed that the system dynamicg, which may include 
actuator and sensor dynamics, are described by the linear: time- 
invariant equations of motion 

where the n-vector - x(t) represents the vehicle state, u(t) is the 
human's control input to the system, and where w_(t) represents 
random external disturbances. w(t) - is assumed to be a vector of 
independent, zero-mean, gaussian white-nC5ises with autocovariance 

i.e., 

In most physical situations the disturbances that act directly on 
the system are represented by colored noises with rational power- 

'We do not consider any system nonlinearities in the present con- 
text. However, certain types of nonlinearities may be included. 
A discussion is presented in a later chapter. 
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d e n s i t y  spectra. 
Eq. (l), where a d d i t i o n a l  s ta tes  are in t roduced  t h a t  arise from 
v a r i o u s  noise-shaping  f i l t e r s .  
w i t h  t h e  n o i s e  p r o c e s s ,  A, 2 and W_ w i l l  have t h e  f o l l o w i n g  s t r u c -  
t u r e  

T h i s  s i t u a t i o n  i s  inc luded  mathemat ica l ly  w i t h i n  

If nc such s ta tes  are a s s o c i a t e d  

where All i s  ncx n A i s  (n-nc)x nc ,  e t c .  c '  -21 

The d isp layed  v a r i a b l e s  y l ( t ) ,  . . . ,ym( t ) ,  mzn are l i n e a r  com- 
b i n a t i o n s  of  t he  v e h i c l e  s ta tes  and may be c o r r e l a t e d  o r  l i n e a r l y  
independent .  Thus, 

where - C i s  an  mxn c o n s t a n t  ma t r ix .  

Genera l ly ,  t h e  components of ;r(t) w i l l  be  some s u b s e t  of  t h e  
sys t em states;  i t  i s  no t  necessary  t o  assume t h a t  a l l  states are 
e x p l i c i t l y  displayed.  We shal l  assume, however, tha t  i f  a quan- 
t i t y  i s  d i s p l a y e d  e x p l i c i t l y  t o  t he  human c o n t r o l l e r ,  he can a l s o  
e x t r a c t  t h e  ra te  of change of  that q u a n t i t y  [14]. Thus, x ( t )  w i l l  
c o n t a i n  t h o s e  sys t em v a r i a b l e s  e x p l i c i t l y  d i sp layed  t o ,  as w e l l  as 
t h o s e  i m p l i c i t l y  de r ived  by ,  t h e  human. 

t 

'It i s  assumed t h a t  t he  human i s  not  able t o  e x t r a c t  h igher  d e r i v -  
a t i v e  in fo rma t ion ,  nor  can  he estimate t h e  t i m e  i n t e g r a l  o f  a 
d isp layed  v a r i a b l e ,  
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Control t a s k  representation. - It i s  assumed t h a t  t h e  con- 
t r o l  task i s  adequate ly  r e f l e c t e d  i n  t h e  human's cho ice  of  a feed- 
back c o n t r o l  u ( * )  which, i n  t h e  s t e a d y - s t a t e ,  minimizes t h e  

c o s t  f u n c t i o n a l  

on t h e  basis of  t h e  in fo rma t ion  obta ined  from viewing t h e  d i s p l a y .  

A q u a d r a t i c  performance index  of  t h i s  t y p e  r e p r e s e n t s  a 
n a t u r a l  e x t e n s i o n  of  t h e  c l a s s i c a l  manual c o n t r o l  compensatory 
t r a c k i n g  experiments  i n  which t h e  s u b j e c t  was u s u a l l y  i n s t r u c t e d  
t o  minimize mean-squared e r r o r .  It was chosen here because of i t s  
p h y s i c a l  appea l ,  i t s  mathematical  t r a c t a b i l i t y  and t h e  r e s u l t i n g  
a n a l y t i c  s i m p l f i c a t i o n s  i t  p r o v i d e s .  

The c o s t  f u n c t i o n a l  weight ings  qiLO, r > O  - and g>O i n  Eq. (4) 
may b e  e i t h e r  o b j e c t i v e  ( s p e c i f i e d  by t h e  expe r imen te r  o r  d e s i g n e r )  
o r  s u b j e c t i v e  (adopted  by t h e  human i n  per forming  and r e l a t i n g  
t o  t h e  task) .  C l e a r l y ,  t h e  s e l e c t i o n  of  any s u b j e c t i v e  c o s t  weight- 
i n g s  i s  a n o n t r i v i a l  matter and i s  tantamount  t o  mathemat ica l ly  
q u a n t i f y i n g  the  human's c o n t r o l  o b j e c t i v e s .  I n  some s imple  cases  
t h i s  can  b e  accomplished a p r i o r i ,  s i n c e  t h e  a c t u a l  weight ings  
may o f t e n  correspond t o  t h e  o b j e c t i v e  we igh t ings .  However, i n  
more complex m u l t i v a r i a b l e  s i t u a t i o n s ,  r e p r e s e n t a t i v e  r e l a t i v e  
va lues  of qi ,  r and g may have t o  be  e l i c i t e d  by model-data match- 
i n g  procedures  o r  by q u e s t i o n n a i r e .  

One approach t o  de te rmine  the  weight ings  i s  t o  r e g a r d  the  

human as a t t e m p t i n g  t o  minimize a p r e s p e c i f i e d  e r r o r  c r i t e r i a  
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s u b j e c t  t o  t he  c o n s t r a i n t s  of keeping one o r  more secondary s y s t e m  
q u a n t i t i e s  w i t h i n  some desired t o l e r a n c e s .  I n  t h i s  c a s e ,  t h e  sub- 
j e c t i v e  we igh t ings  may be  viewed as Lagrange m u l t i p l i e r s  t h a t  are 
a d j u s t e d  t o  s a t i s fy  the  c o n s t r a i n t s  imposed by t h e  human (because  
of h a b i t  o r  des i r e ) .  For example, c o n s i d e r  a h e l i c o p t e r  s t a t i o n -  
keeping  t a s k  where i t  i s  desired t o  minimize mean-squared p o s i t i o n  
e r r o r .  It i s  most l i k e l y  t h a t  a t r a i n e d  p i l o t  i n  per forming  t h i s  
task w i l l  no t  cause  t h e  h e l i c o p t e r  t o  p i t c h  e x c e s s i v e l y  (or too  
r ap id ly )  and w i l l  t r y  t o  keep the  p i t c h  v a r i a n c e  w i t h i n  some t o l e r -  
ance .  T h i s  tendency w i l l  be r e f l e c t e d  i n  a s u b j e c t i v e  weight ing  
on t h e  mean-squared p i t c h  ( o r  p i t c h  r a t e ) .  

The nonzero c o n t r o l  ra te  we igh t ing  g i s  a c e n t r a l  element i n  
o u r  op t ima l  c o n t r o l  model. A s  i n d i c a t e d ,  t h i s  term may r e p r e s e n t  
an o b j e c t i v e  o r  a s u b j e c t i v e  weight ing  on c o n t r o l  ra te .  It should  
be noted ,  f o r  example, that  r a p i d  c o n t r o l  movements are rarely 
made by t r a i n e d  p i l o t s .  A l t e r n a t i v e l y ,  t h i s  term could  be used t o  
account  i n d i r e c t l y  f o r  t h e  p h y s i o l o g i c a l  l i m i t a t i o n s  on the  ra te  
a t  which a human can e f f e c t  c o n t r o l  a c t i o n .  Regard less  of  which 
of  t h e  above i n t e r p r e t a t i o n s  one a d o p t s ,  one would expec t  t h e  g 
we igh t ing  t o  b e  an  a d j u s t a b l e  parameter  of  t h e  model. We s h a l l  
r e t u r n  t o  t h i s  p o i n t  s h o r t l y .  

H u m a n  l i m i t a t i o n s .  - Any reasonab le  mathematical  model of  t h e  

human o p e r a t o r  must i n c l u d e  w i t h i n  i t s  framework t h e  v a r i o u s  psycho- 
p h y s i c a l  l i m i t a t i o n s  i n h e r e n t  i n  t h e  human. Our model c o n t a i n s  
t ime-delay , c o n t r o l l e r  "remnant" and a r e p r e s e n t a t i o n  of "neuro- 
motor" dynamics as l i m i t a t i o n s ,  as i n d i c a t e d  i n  F ig .  1. P o s s i b l e  
n o n l i n e a r  o r  d i scon t inuous  c o n t r o l l e r  behavior  i s  no t  cons idered .  
I n  F i g .  1, t h e  v a r i o u s  i n t e r n a l  t ime-de lays  a s s o c i a t e d  w i t h  v i s u a l ,  
c e n t r a l  p r o c e s s i n g  and neuro-motor pathways have been combined and 
conven ien t ly  r e p r e s e n t e d  by a lumped e q u i v a l e n t  p e r c e p t u a l  t i m e -  
d e l a y  f. 
i s  necessa ry  i n  t h e  model 's  development o r  a p p l i c a t i o n .  

No aPProximation t o  t h i s  e x p l i c i t  d e l a y  ( e .g .  ,Pade'network) 
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We assume that  t h e  v a r i o u s  sources  of i n h e r e n t  human random- 
ness  are mani fes ted  as e r r o r s  i n  observ ing  d i s p l a y e d  ou tpu t s  and 
i n  execu t ing  in t ended  c o n t r o l  movements. Thus, obse rva t ion  n o i s e  
and motor n o i s e  are lumped r e p r e s e n t a t i o n s  of "remnant." They are 
shown i n  Fig.  1 and have been d i scussed  a t  l e n g t h  i n  Levison [14] 
These n o i s e s  r e p r e s e n t  t h e  combined e f f e c t s  of random p e r t u r b a t i o n s  
i n  human response  c h a r a c t e r i s t i c s ,  t i m e  v a r i a t i o n s  i n  response 
parameters, and random e r r o r s  i n  observ ing  sys tem o u t p u t s  and i n p u t s .  

P re l imina ry  evidence had i n d i c a t e d  that  i t  would b e  extremely 
d i f f i c u l t  t o  d i f f e r e n t i a t e  exper imenta l ly  between motor no i se  and 
o b s e r v a t i o n  n o i s e  and t h a t  combining them i n t o  an  "equ iva len t "  
o b s e r v a t i o n  n o i s e  seemed a p e r f e c t l y  v a l i d  procedure .  For  t h e  
time be ing  w e  sha l l  adopt  t h i s  p rocedure ,  b u t  we s h a l l  see l a t e r  
why t h i s  approach r e q u i r e s  mod i f i ca t ion .  

I n  t h e  model of  Fig.  1 an "equ iva len t "  obse rva t ion  no i se  vec- 
A s i n g l e  n o i s e  v ( t )  i s  a s s o c i a t e d  

Recent s t u d i e s  of c o f t t r o l l e r  remnant C14 1 
t o r  i s  t h u s  added t o  x ( t ) .  
w i t h  each output  y i ( t ) .  
have shown tha t  ove r  a wide range of t r a c k i n g  tasks,  t h e  i n j e c t e d  
no i ses  v ( t )  i=1,. . . , m  are c l o s e l y  approximated by independent 

white-noise  p rocesses  w i t h  au tocovar iances  

Y 

y i  

o r  ( 5 )  

I n  g e n e r a l ,  a numer ica l  de t e rmina t ion  of t he  ( d i a g o n a l )  no i se  co- 
v a r i a n c e  ma t r ix  V w i l l  depend, among o t h e r  t h i n g s ,  on the  rele- 
vant  f e a t u r e s  ( q u a l i t y ,  t y p e  and form) of t h e  d i s p l a y  p a n e l  and 
on where the  human i s  f i x a t i n g ,  i . e . ,  whether he i s  viewing a 

-Y 
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q u a n t i t y  f o v e a l l y  o r  p e r i p h e r a l l y .  T h i s  f a c t  w i l l  be used l a t e r  
i n  ex tend ing  t h e  model t o  i n c l u d e  v i s u a l  scanning  c o n s t r a i n t s .  

I n  summary then ,  t he  human p e r c e i v e s  

xp( t )  = x(t-.r) + v (t- .r)  = x(t-.r) + v ( t - T )  
-Y -Y 

a delayed, no i sy  r e p l i c a  of  t he  s y s t e m  ou tpu t .  y ( t )  i s  p rocessed  
-P 

by t h e  human (by means of  some e q u a l i z a t i o n  network) t o  y i e l d  a 
"commanded" c o n t r o l  i n p u t  u c ( t ) .  T h i s  l a t e r  q u a n t i t y  i s  i n  t u r n  
ope ra t ed  on by t h e  "neuro-motor" dynamics, H n ( - )  t o  g i v e  t h e  re- 
s u l t a n t  c o n t r o l  i n p u t  u ( t ) .  

We do not  i n c l u d e  "neuro-motor" dynamfcs d i r e c t l y  among t h e  

i n h e r e n t  l i m i t a t i o n s  of  t h e  human o p e r a t o r .  R e c a l l ,  however, t h a t  
we have inc luded  a term t h a t  depends on c o n t r o l  rate i n  ou r  c o s t  
J ( u ) .  Rynaski i  and Whitbeck E151 have shown that  t he  i n c l u s i o n  of  
t h i s  term r e s u l t s  i n  a f i r s t - o r d e r  l a g  be ing  in t roduced  i n  t h e  
opt imal  feedback c o n t r o l l e r .  Thus, t h e  c o n t r o l - r a t e  weight ing  g 
could  be  used t o  account  f o r  t h e  l a g  o f t e n  a t t r i b u t e d  t o  t he  neuro- 
motor system (a l though  there  i s  no a p r i o r i  r ea son  t o  make t h i s  

ana logy) .  I n  any even t ,  an  analogy of t h i s  t y p e  may prove u s e f u l  
i n  h e l p i n g  t o  choose numer ica l  va lues  f o r  g based on human pe r -  
formance data concern ing  neuro-muscular l a g s ,  

Model s truc ture .  - Within t h e  above framework, t h e  human's 
c o n t r o l  c h a r a c t e r i s t i c s  are determined by t h e  s o l u t i o n  of  a well- 
de f ined  op t ima l  l i n e a r  r e g u l a t o r  problem wi th  time-delay and ob- 
s e r v a t i o n  n o i s e .  T h i s  o p t i m i z a t i o n  problem has  been so lved  by 
Kleinman C161 f o r  t he  case  when g=O. 
are found i n  [13]  o r  [17]. 

The r e s u l t s  f o r  nonzero g 
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It has been snown that  t h e  c o n t r o l  u * ( t )  which minimizes J(u), 
cond i t ioned  on the  o b s e r v a t i o n s  ( e ) ,  i s  gene ra t ed  by the  l i n e a r  
feedback law 

P 

TN G * ( t )  + u * ( t )  = -R* - -  2 ( t )  E u c h )  ( 7 )  

where - z ( t )  i s  t h e  best  estimate o f  t he  sys tem s ta te  x ( t )  based on 
the  observed data ~ + , ( c r ) ,  crct. - T~ and the  op t ima l  g a i n s  &* depend 
only on t h e  g iven  s y s t e m  parameters A, b I and on t h e  c o s t  f u n c t i o n a l  
we igh t inas .  
one-to-one correspondence between g and 'rN: 

smaller i s  'rN. 

Moreover, f o r  g iven  va lues  of  qi and r there  i s  a 
t h e  smaller g, t h e  

The parameters - R* and T~ are ob ta ined  numer ica l ly  from 

-rN = l / X n + l  , fif = 'rN Xi ; i = 1 , 2 , . . . , n  ( 8 )  

where = ( X l , A 2 , . . . , A n + 1 )  i s  ob ta ined  from 

and go i s  the  unique p o s i i i v e  d e f i n i t e  s o l u t i o n  of  t he  n + l  dimen- 
s i o n a l  R i c c a t i  e q u a t i o n  

w i t h  go = diag(q1,q2, ....,q,., r )  ; bo = col[O,O, ..., 0 ,1 ]  and 
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As shown i n  t he  o v e r a l l  c losed- loop  s y s t e m  of F i g .  2 ,  t he  

op t ima l  estimate g ( t>  i s  gene ra t ed  from 
b l n a t i o n  of  a Kalman f i l t e r  and a least-mean-squared p r e d i c t o r .  'The 
f i l t e r  and t h e  p r e d i c t o r  are l i n e a r  dynamic elements  tha t  r e q u i r e  
f o r  t h e i r  implementat ion a model of  t h e  dynamic s y s t e m  (l), o r  
p u t  a n o t h e r  way, an  i n t e r n a l  model of t h e  environment.  The Kalman 
e s t i m a t o r  models t he  human's deduc t ion  of  system s ta tes  from d i s -  
played Informat ion  while  t he  p r e d i c t o r  models t h e  human's compensa- 
t i o n  f o r  h i s  i n h e r e n t  time delay. The combination of  e s t i m a t o r ,  
p r e d i c t o r  and ga ins  r e p r e s e n t s  t he  op t ima l  model's e q u a l i z a t i o n  
network cor responding  t o  t he  €I(*) - of Fig.  1. 

( t )  by t h e  cascade com- 
P 

E f f e c t s  o f  motor noise. - Before proceeding  f u r t h e r  w i t h  t h e  
model, w e  e x p l a i n  t h e  need f o r  motor n o i s e  v,(t) and show how the  
above r e s u l t s  become modif ied w i t h  i t s  i n c l u s i o n .  

The problem l i e s  i n  t h e  e s t i m a t o r  p o r t i o n  of t h e  model. I n  
t he  absence of  motor n o i s e  t h e  op t ima l  model has p e r f e c t  knowledge 
of  the  c o n t r o l  i n p u t  u * ( t ) .  It i s  then  appa ren t  that  i n  some 
s i t u a t i o n s  t h e  Kalman f i l t e r  w i l l  perform l i n e a r  o p e r a t i o n s  upon 
u%(t) i n  o r d e r  t o  gene ra t e  p e r f e c t  estimates of  some sys t em s ta tes .  
A s  an example f o r  which t h i s  i s  t r u e  c o n s i d e r  the sys t em governed 
by t he  equa t ions  

For s i m p l i c i t y  w e  se t  T=O. 

'This feedback s t r u c t u r e  i s  f i x e d .  However, t he  v a r i o u s  feedback 
parameters depend f u n c t i o n a l l y  and numer ica l ly  on A , b , C , W , V  ,qi ,r ,g.  

-Y - - - -  
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It i s  easy t o  show i n  t h i s  c a s e  t h a t  t h e  Kalman f i l t e r  can 
o b t a i n  a p e r f e c t  estimate of  x 2 ( t ) ,  i . e . ,  fi,(t) f x 2 ( t ) ,  by s imply  
"ignoring:" t he  noisy  o b s e r v a t i o n  y 
d i r e c t  i n t e g r a t i o n  of u * ( t ) .  

( t )  and d e r i v i n g  G 2 ( t )  by  
P2 

I n  g e n e r a l ,  t h e  model w i l l  o b t a i n  a perfect estimate of  any 
state t h a t  i s  related only  t o  t h e  c o n t r o l  u * ( t )  . ( I n  cases  where 
i n p u t  d i s t u r b a n c e s  e n t e r  t h e  dynamical sys t em i n  paral le l  w i t h  
u * ( t )  such a s i t u a t i o n  w i l l  n o t p e r v a i l . )  T h i s  a b i l i t y  t o  perform 
p e r f e c t  e s t i m a t i o n  i s  a l i m i t a t i o n  w i t h  t h e  model as i t  p r e s e n t l y  
e x i s t s .  

- 

It i s  r e l a t i v e l y  c lear  that  t he  sources  of t h e  l i m i t a t i o n  
are: (1) t h e  e s t i m a t o r  employs a perfect r e p r e s e n t a t i o n  of t h e  
sys t em and can i n t e g r a t e  e x a c t l y ;  and ( 2 )  t h e  e s t i m a t o r  knows t h e  
c o n t r o l  i n p u t  u * ( t )  e x a c t l y .  Obviously,  t he  human o p e r a t o r  en joys  
n e i t h e r  of these advantages ,  nor  d i d  w e  p o s t u l a t e  t h a t  such was 
t h e  case. We d id ,  however, lump a l l  sou rces  of remnant i n t o  an 
o b s e r v a t i o n a l  p rocess .  It i s  now appa ren t  t h a t  t h i s  p rocedure  
b r e a k s  down i n  c e r t a i n  i n s t a n c e s .  

The most d i r e c t  way of overcoming the  problem i s  t o  i n c l u d e  
an  i n j e c t e d  motor n o i s e ,  as wel l  as an o b s e r v a t i o n  n o i s e  as human 
l i m i t a t i o n s .  T h i s  c o n s t r u c t  would c e r t a i n l y  p reven t  t h e  model 
from having  p e r f e c t  knowledge of t h e  c o n t r o l  i n p u t f  
w e  p r e s e n t l y  do n o t  know how t o  measure an  i n j e c t e d  motor n o i s e  
d i r e c t l y .  Furthermore,  t h e  best  method f o r  i n c l u d i n g  such a n o i s e  
i n  t h e  model i s  not  immediately obvious.  A s  a f i rs t  approximation 
w e  have inc luded  motor n o i s e  i n  ou r  human o p e r a t o r  model i n  t h e  

Unfo r tuna te ly ,  

'An i n j e c t e d  motor n o i s e  i s ,  i n  some r e s p e c t s ,  e q u i v a l e n t  t o  an  
imper fec t  s y s t e m  model i n  t h e  e s t i m a t o r .  



manner i n d i c a t e d  i n  F i g .  2. 
added d i r e c t l y  t o  t he  "commanded c o n t r o l "  u c ( t )  w i t h  

A gauss i an  white-noise  v m ( t )  i s  

E { V m ( t ) V m ( G ) )  = V m * b ( t - U )  

t t h u s  cor responding  t o  t h e  s i m p l i f i e d  model of  Fig.  1. 

With t h e  i n c l u s i o n  of v m ( t ) ,  t h e  c o n t r o l  t h e o r e t i c  model 
human response  becomes modif ied.  However, it i s  assumed tha t  
model r e t a i n s  t h e  c o n t r o l  s t ruc tuCe  that  was ob ta ined  i n  t h e  

(13) 

of 
t h e  

absence of motor n o i s e .  Thus t he  human's c o n t r o l  i n p u t  i s  assumed 
t o  be genera ted  by 

+ v m ( t )  

where T~ and a* a r e  determined by Eqs. (8)-(11) a s b e f o r e .  - at> 
aga in  denotes  t h e  best  e s t i m a t e  of  - x ( t )  cond i t ioned  on t h e  obser-  
v a t i o n s  y (o ) ,uZ t .  

-P 

The e s t i m a t e  i ( t )  i s  ob ta ined  from t h e  cascade combination of 
a Kalman f i l t e r  and a p r e d i c t o r ,  that  must be modif ied t o  i n c l u d e  
the  a d d i t i o n a l  n o i s e  term v m ( t ) .  We d e f i n e  t h e  "augmented" s ta te  
v e c t o r  x ( t )  = [ z ( t ) , u ( t ) ]  where, by combining E q s .  (1) and (14), 
x( t )  s a t i s f i e s  

'An a l t e r n a t e  r e p r e s e n t a t i o n  of motor n o i s e  t h a t  has  more p h y s i c a l  

"The r a m i f i c a t i o n s  of  t h i s  assumption have y e t  t o  b e  i n v e s t i g a t e d .  
appea l  i s  p resen ted  i n  a l a t e r  c h a p t e r .  

The assumption i s  i n t u i t i v e l y  t e n a b l e  s i n c e  Vm w i l l  a lways be 
small r e l a t i v e  t o  E(u 1 .  However, from a p u r e l y  t h e o r e t i c a l  

( s i n c e  E l t i 2 1  i s  undef ined)  and must be regarded as a "subopt imal"  
c o n t r o l  law. 

viewpoint ,  t h e  c o n t r o  ! s t r a t e g y  (14 )nO longe r  minimizes J(u) 
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The Kalman f i l t e r  g e n e r a t e s  i ( t - . r ) ,  the  least-mean-square estimate 
of  t he  delayed s ta te  X( t - . r )  from 

where C1 = [C:d] - -  and where C 1 i s  t h e  cova r i ance  of t h e  e s t i m a t i o n  
e r r o r  e ( t - T )  = X ( t - T ) - X ( t - T ) .  s a t i s f ies  the  Variance Equat ion 

h 

- - -1 

w i t h  El = diag[wll,...,w,,,Vm/~NI. 2 

The p r e d i c t o r  g e n e r a t e s  t he  bes t  estimate i ( t )  = [g(t),G(t)] 
from t h e  e s t i m a t o r  ou tpu t  E ( t )  E - i ( t - T )  a cco rd ing  t o  t h e  e q u a t i o n  

Thus, t h e  human operator model remains l i n e a r  w i t h  t he  i n t r o -  
d u c t i o n  of  motor n o i s e .  I ts  b a s i c  s t r u c t u r e  remains the  same as 
i n  F ig .  2 ;  however, i t s  detai led s t r u ' c t u r e  i s  now d i f f e r e n t  as a 
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r e s u l t  of  v ( t ) .  ( I f  V +O i t  i s  s t r a i g h t f o r w a r d  t o  show tha t  
(Cl)n+l ,n+l+O, i . e . ,  g ( t )  becomes estimated p e r f e c t l y . )  

m m 

Model o u t p u t s .  - Once the  o p t i m i z a t i o n  problems a s s o c i a t e d  
w i t h  t h e  model are so lved  i t  becomes p o s s i b l e  t o  p r e d i c t  v a r i o u s  
f a c e t s  of  human c o n t r o l l e r  behav io r  as might be measured i n  ex- 
per iment .  I n  t h i s  s e c t i o n  w e  d i s c u s s  these model p r e d i c t i o n s  and 
p r e s e n t  equa t ions  u s e f u l  i n  app ly ing  t h e  c o n t r o l  t h e o r e t i c  model 
t o  t h e  s tudy  of  a c t u a l  man-machine s y s t e m s .  t 

Immediately o b t a i n a b l e  w i t h i n  the  o p t i m i z a t i o n  c o n t e x t  i s  a 
c l o s e d  form e x p r e s s i o n  f o r  t he  covar iance  of  x ( t ) .  
16 f o r  a d e r i v a t i o n . )  Thus, 

(See Reference 

; 
x = E { X ( t ) X '  ( t ) }  = &lTxeAiT + 1 e-1 A u w e-1 A'a da 

-1 
0 1 - 

0 
where h = A1 - blZ , 1 = (&*,O). 

Since  x = ( 5 , ~ )  t h e  v a r i a n c e s  of s y s t e m  q u a n t i t i e s  are thus  
given by 

f o r  i = 1 , 2 , . . . , n  2 E i X i ( t ) 1  = xi, 

'A conc i se  summary of model i n p u t s  and o u t p u t s  i s  found i n  
Appendix B. 
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and ,neg lec t ing  t h e  e x p l i c i t  w h i t e  n o i s e  component of  G ( t ) .  

Equat ions (20-22) e x p l i c i t y  show the  manner i n  which the  human's 
l i m i t a t i o n s  affect  o v e r a l l  c losed-loop performance. These v a r i -  
ances  can be measured e a s i l y  i n  an expe r imen ta l  s i t u a t i o n .  

A s  we,have noted  ear l ie r ,  t h e  op t ima l  feedback c o n t r o l l e r  is 
l i n e a r  and t ime- inva r i an t ;  i t s  s t r u c t u r e  be ing  expres sed  i n  t h e  
time-domain by E q s .  (15-19). T h i s  s t r u c t u r e  can t h e r e f o r e  be  
expressed  e q u a l l y  w e l l  i n  t he  frequency-domain by  a t r a n s f e r  
v e c t o r  r e l a t i n g  3i. t o  u,  i . e . ,  

Various e x p r e s s i o n s  f o r  h ( s )  - can be d e r i v e d  from E q s .  (15-19) o r  
from block diagram manipula t ions .  One such e x p r e s s i o n  ' is 

where 3 = -ziCixlT1gl 
l a r l y  i n t e r e s t i n g  s i n c e  

and f = (&*,O). 
i t  e x p l i c i t l y  shows how t h e  time-delay T 

Equat ion (24') i s  p a r t i c u -  

modi f ies  t h e  op t ima l  feedback c o n t r o l l e r .  

An a l t e r n a t e  expres s ion  f o r  h ( s )  t h a t  i s  more amenable t o  - 
computation i s  g iven  by 
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where 

These e q u a t i o n s  s i m p l i f y  g r e a t l y  f o r  computat ion s i n c e  
b = (0,O ,..., 0, 'r i1).  -1 

The e lements  hl,h2, ..., hm of  - h(s), c a l l e d  t he  " i n t e r n a l "  
t r a n s f e r  f u n c t i o n s  are no t  expe r imen ta l ly  measurable ,  b u t  i n  
c a s e s  where t he re  i s  a s i n g l e  i n p u t  n o i s e  d i s t u r b a n c e ,  i . e . ,  
- w ( t )  = w - E ( t ) ,  a c losed-loop d e s c r i b i n g  f u n c t i o n  r e l a f i n g  t h e  
c o n t r o l  u ( t )  t o  any s i n g l e  o u t p u t ,  s a y  y i ( t ) ,  can be easi ly  
measured. Expe r imen ta l ly ,  t h i s  i s  accomplished by r e c o r d i n g  
t h e  t i m e  h i s t o r i e s  of  yi and u ,  and computing t h e  F o u r i e r  t r a n s -  
forms yi(w) and u(w) t o  o b t a i n  

A t h e o r e t i c a l  e x p r e s s i o n  f o r  t h i s  " equ iva len t "  t r a n s f e r  
f u n c t i o n  can b e  ob ta ined  i n  s e v e r a l  ways. S ince  there i s  only 
one i n p u t  n o i s e , a  convenient  method i s  t o  take t h e  r a t i o  of t he  
p o r t i o n  of u(s) and y i ( s )  that re la te  d i r e c t l y  t o  the  i n p u t  d i s -  

t u rbance  w. - Thus, from E q s .  (11, (3 )  and (231, 
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o r  

where 

S ince  u ( t )  and S ( t )  are both  s c a l a r s ,  

S u b s t i t u t i n g  f o r  u ( s )  and forming t h e  r a t i o  u/yi g i v e s  t h e  r e s u l t  

Note tha t  i f  v2 = v1-6(s) where 6 ( s )  = s c a l a r  ( a  c o n d i t i o n  tha t  

i s  sa t i s f ied  i f ,  f o r  example, t h e  i n p u t  f o r c i n g  f u n c t i o n  i s  added 
i n  para l le l  w i t h  t h e  c o n t r o l  s i g n a l  u ( t ) )  t h e n  Eq.(32)  reduces  t o  

T h i s  i s  a p a r t i c u l a r l y  i n t e r e s t i n g  e x p r e s s i o n  s i n c e  h_y1 i s  t h e  

open-loop t r a n s f e r  f u n c t i o n  (cor responding  t o  t h e  familiar Y Y ) 
P C  

which, a t  least  i n  s imple  c a s e s ,  i s  i d e n t i c a l  t o  kie vli. 
The model can also s e r v e  t o  p r e d i c t  t h e  power s p e c t r a l  den- 

s i t y  of any s i g n a l  i n  t he  closed-loop sys t em.  Moreover, s i n c e  
t h i s  sys t em i s  l i n e a r ,  any power d e n s i t y  spectrum can be consid-  
ered as t h e  sum of two par t s :  
related,  and t h e  o t h e r  a r i s i n g  from the  n o i s e  sou rces  v ( t )  and 

one a r i s i n g  from w ( t ) ,  - i . e . ,  i n p u t -  

-Y 
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v,( t ) ,  i .e . ,  remnant related.  
Vm d e n s i t y  are obtained'by s u b s t i t u t i n g  u ( s )  = h C x + h v 

i n  Eq. (1) and performing t h e  s imple  m a t r i x  manipula t ions .  The 
r e s u l t a n t  expres s ions  are ( p o s i t i v e  f r e q u e n c i e s  o n l y )  

The p e r t i n e n t  equa t ions  f o r  power 
+ - - - -  - -y T N S + l  

where 

@ and 5 X X  are ,  r e s p e c t i v e l y ,  t h e  i n p u t  ( i . e . ,  w_(t)) and 

remnant - re la ted  p o r t i o n s  of t h e  - x spectrum. S i m i l a r l y ,  
r -xxi 

'Se t t i ng  - -  d=O f o r  s i m p l i c i t y .  
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The i n t e g r a l  (ove r  w)  o f  any of t h e  above q u a n t i t i e s  g i v e s  t he  
t o t a l  remnant and/or c o r r e l a t e d  power i n  any desired s i g n a l .  
The t o t a l  power i s ,  of  cour se ,  g iven  by E q . ( 2 1 ) .  

S ince  t h e  s y s t e m  i s  l i n e a r  i t  i s  s imple  t o  r e f l e c t  t h e  
remnant p , rocesses  v ( t )  and v m ( t )  i n t o  a s i n g l e  (mathematically) 
e q u i v a l e n t  n o i s e  p rocess  r ( t )  i n j e c t e d  on to  a p a r t i c u l a r  o u t p u t ,  
s a y  y j .  
been used f o r  measuring remnant i n  c a s e s  where there is  a s i n g l e  
i n p u t  n o i s e  d i s t u r b a n c e  [14]. The e x p r e s s i o n  d e r i v e d  i n  [14] f o r  
i n j e c t e d  remnant power (regarded as a s i n g l e  n o i s e  on y ( t ) )  i s t  

Y 

T h i s  approach of combining a l l  sou rces  of remnant has 

j 

uu 1 @rr ( w )  = - f * / x 2 j ( ~ ) 1 2  
uui 

(39)  

( w )  can  b e  computed easily by s u b s t i t u t i n g  Eqs . (38)&(30)  i n t o  @rr 
Eq. (39) .  T h e o r e t i c a l  p r e d i c t i o n s  are t h u s  a v a i l a b l e  of y e t  an- 
o t h e r  s t a n d a r d  measure of  human re sponse  i n  t r a c k i n g  tasks. 

Model  application. - I n  t h i s  s e c t i o n  the  procedure  that  one 
would use  i n  app ly ing  &e f o r e g o i n g  model t o  p red ic t  human opera- 
t o r  performance i s  d i s c u s s e d .  It i s  assumed t h a t  t h e  parameters 
A_,b,C,W that  spec i fy  t h e  inpu t -ou tpu t  c h a r a c t e r i s t i c s  of t he  s y s -  
t e m  t o  be c o n t r o l l e d  are g iven .  S i m i l a r l y ,  t h e  c o s t  f u n c t i o n a l  
weight ings  qi ,  r on s ta te  and c o n t r o l  v a r i a n c e s  are assumed speci- 
f ied.  As d i s c u s s e d  p r e v i o u s l y ,  t h e  s p e c i f i c a t i o n  of s u b j e c t i v e  
we igh t ings  may b e  a n o n t r i v i a l  matter. 

'Note t h a t  from a n  expe r imen ta l  p o i n t  of  view, only power measure- 
ment of u ( t )  are needed t o  compute @,, . One does no t  need an  
e x p r e s s i o n  f o r  h ( s )  - . J 
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I n  o r d e r  t o  app ly  the opt in?al  c o n t r o l  model it i s  necessa ry  
t o  know t h e  human response  parameters T, rN, V -y, Vm. Reasonable 
approximat ions  t o  these q u a n t i t i e s  are o f t e n  a v a i l a b l e .  For  ex- 
ample, pub l i shed  data i n  t he  manual c o n t r o l  f i e l d  E 4 1  I n d i c a t e s  
that  t y p i c a l  v a l u e s  f o r  t he  e f f e c t i v e  time-delay are ~=.15-.25 s e c .  
The analogy between T~ and the "neuro-motort1 t ime-cons tan t  i s  
useful.  i n  h e l p i n g  t o  choose a va lue  f o r  T ~ .  

data concern ing  neuro-muscular lags i n d i c a t e s  t h a t  T~ i s  of  t h e  

o r d e r  T~ = .l-.3 w i t h  T~ "N .1 be ing  t y p i c a l  C31. 

Human performance 

e n t l y  a d i f f i c u l t  task. These q u a n t i t i e s  
t h e  d i s p l a y ,  t h e  p h y s i c a l  environment,  as 
human p r o p e r t i e s .  One encouraging  r e s u l t  
C141. Over a wide range  o f  f o v e a l  viewing 
o b s e r v a t i o n  n o i s e  v,,(t) has a covar iance  

The d e t e r m i n a t i o n  of numer ica l  va lues  f o r  V and Vm i s  pres- -Y 
depend-on t h e  n a t u r e  of 
w e l l  as on i n t r i n s i c  
has been found, however 
c o n d i t i o n s ,  each w h i t e  
t h a t  i s ,  on t h e  average ,  

-I- about  .018 times th; v a r i a n c e  of i t s  a s s o c i a t e d  ou tpu t  y i ( t ) .  
Thus 

(yylii = npi ~ ( y i 2 )  ; i = 1 , 2 , .  . . ,m 

where t h e  o b s e r v a t i o n - n o i s e - r a t i o ,  pi = .01. Thus, v ( t ) ,  when 
normalized w i t h  r e s p e c t  t o  t he  v a r i a n c e  a 2  has a p o s i t i v e  fre- 
quency power densi ty  l e v e l  of -20 dB. 

Y i  
Y i '  

The motor n o i s e ,  v m ( t ) ,  which i s  added t o  t he  "commanded" 
c o n t r o l  u c ( t ) , i s  assumed t o  have a cova r i ance  

'This i s  i n d i c a t i v e  of  an  unde r ly ing  m u l t i p l i c a t i v e  n o i s e  p rocess  
of  t he  form v 
T h i s  m u l t i p l i c a t i v e  aspect of o b s e r v a t i o n  n o i s e  i s  d i s c u s s e d  i n  
Reference 1 4 .  

( t )  = c i ( t ) y i ( t )  wher.e S i ( t )  i s  a white-noise .  
Y 1. 
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Values for the 
mod e 1- mat chin g 

motor-noise-ratio, pm, have been obtained from 
analysis of some simple tracking tasks. We found, 

typically, pu=.003 (corresponding to a normalized motor noise of 
approximately -25 dB), although a further study of motor-noise 
is warranted. 

The sources of human randomness are thus modelled by additive 
white-noises, each of whose covariance scales (with factor pi or 
pm) with the variance of the quantity to which it is associated. 
From a mathematical viewpoint this representation introduces a 
subtlety in the theoretical developments. The (sub)optimality of 
the control law (14) depended on the separability of estimation 
and control processes, i.e., on cl being independent of uc(t). 
If the noise covariances are given by Egs. (40-41), then C1 de- 
pends on the control, and separability cannot be guaranteed. 
This point is too complex to be investigated within the scope of 
this report. However, it seems plausible to assume that even if 
(14) is nonoptimal, it is a reasonable suboptimal (separable) 
control law, provided the noise covariances are suitably adjusted, 

Once the value of ' c ~  is specified, it is a simple matter to 
choose a "control rate weighting" g in Eq. (4) such that the 
corresponding gains - X determined by Eqs. ( 8 )-(11) have 'C~=~/X,+~ 
as required. Next, values of V 
way that when the variances (20) are computed: 

and Vm are adjusted in such a -Y 
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S i n c e  t h e  n o i s e - r a t i o s  pi and p have been  d e s i g n a t e d  as 
both  i n p u t s  and o u t p u t s  of  o u r  model, (inasmuch as t h e y  depend 
on t h e  s o l u t i o n  t o  t h e  Var iance  Equation ( 1 8 ) ) , t h e  ad jus tment  
p r o c e s s  r e q u i r e s  s e v e r a l  i t e r a t i o n s  on V 

a sequence o f  o p t i m i z a t i o n  problems i n  which w e  choose v a l u e s  
f o r  V and V and compute t h e  r e s u l t a n t  n o i s e - r a t i o s .  The se- 
quence i s  t e r m i n a t e d  when v a l u e s  f o r  t h e  cova r i ances  are found 
such t h a t  t h e  computed n o i s e - r a t i o s  a re  e q u a l  t o  t h e  p r e - s p e c i f i e d  
n o i s e - r a t i o s .  

m 

and Vm. We t h u s  s o l v e  
-Y 

-Y m 

t 

When t h e  model has been a d j u s t e d  t o  t h e  r e q u i s i t e  va lues  o f  
pi and pm ( o r  V 
s e r v e  t o  p r e d i c t  d i f f e r e n t  f a c e t s  of human re sponse  as d i s c u s s e d  
i n  t h e  p reced ing  s e c t i o n .  An i n t e r a c t i v e  computer program, 
Human Response Analyzer I11 (HRA3), has been developed f o r  ac- 
compl ish ing  these p r e d i c t i o n s .  A manual d e s c r i b i n g  i n  d e t a i l  t h e  
program and i t s  usage i s  i n c l u d e d  as Appendix B. The manual con- 
t a i n s  a n  example ( a l o n g  w i t h  a c t u a l  computer type-out )  t h a t  ex- 
p l i c i t l y  Shows the  manner i n  which one uses  t h e  model. 

and Vm) numerous o u t p u t s  can be ob ta ined  t h a t  
-Y 

M o d e l  v a l i d a t i o n .  - - To v a l i d a t e  t h e  model and t o  i l l u s t r a t e  
t h e  procedure  f o r  app ly ing  i t ,  model p r e d i c t i o n s  are compared 
w i t h  data o b t a i n e d  from a set  of manual c o n t r o l  exper iments .  
Each of  these exper iments  c o n s i s t e d  of  a compensatory t r a c k i n g  
task i n  which t h e  human c o n t r o l l e r  was p rov ided  w i t h  a s i n g l e  
man ipu la to r  and was g iven  a n  e x p l i c i t  d i s p l a y  of s y s t e m  e r r o r ,  e ,  
(a  s c a l a r ) .  The c o n t r o l l e r  cou ld  t h e r e f o r e  o b t a i n  e r r o r  ra te ,  6 ,  
d i r e c t l y  by o b s e r v i n g  t h e  v e l o c i t y  of t h e  d i s p l a y  i n d i c a t o r .  
F i g u r e  1 c o n t a i n s  a b lock  diagram of t he  c o n t r o l  s i t u a t i o n .  

'A new s o l u t i o n  t o  t h e  problem t h a t  a l lows  f o r  d i r e c t  s p e c i f i c a -  
t i o n  of t h e  n o i s e - r a t i o s  i s  p r e s e n t e d  i n  a l a t e r  chapter.  T h i s  
a l l e v i a t e s  t h e  need f o r  on - l ine  i t e r a t i o n s .  
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Three  sets of  v e h i c l e  dynamics were i n v e s t i g a t e d :  pure  g a i n  
2 ( k ) ,  v e l o c i t y  c o n t r o l  ( k / s ) ,  and a c c e l e r a t i o n  c o n t r o l  ( k / s  ) .  

The s y s t e m  i n p u t  d i s t u r b a n c e  was composed of  a set  o f  s i n u s o i d s  
whose ampl i tudes  were chosen t o  approximate a r a t i o n a l  power 
s p e c t r a l  d e n s i t y  f u n c t i o n .  
f i r s t - o r d e r  n o i s e  spectrum having  a break frequency of  2 r ad / sec  
was a p p l i e d  as a v e l o c i t y  d i s t u r b a n c e  t o  t h e  v e h i c l e .  For  t h e  

experiments  w i t h  k dynamics, a s imula t ed  second-order n o i s e  spec- 
trum having  a break frequency o f  2 r ad / sec  was a p p l i e d  as a pos i -  
t i o n  d i s t u r b a n c e .  I n  a l l  c a s e s  t h e  s u b j e c t s  were i n s t r u c t e d  t o  
minimize mean-squared s y s t e m  e r r o r .  The exper imenta l  c o n d i t i o n s  
are desc r ibed  i n  more d e t a i l  i n  References 12 and 17. 

For k / s  and k / s2  dynamics, a s imula t ed  

I n  t he  t h e o r e t i c a l  a n a l y s i s  of each of t h e  t h ree  c a s e s ,  t h e  
c o s t  f u n c t i o n a l  ( 4 )  was t a k e n  t o  be of t h e  form 

The normalized obse rva t ion  n o i s e s  on e r r o r  and e r r o r  r a t e  were 
a d j u s t e d  t o  -20 d B  (white  n o i s e  power d e n s i t y  l e v e l )  correspond-  
ing t o  f o v e a l  viewing c o n d i t i o n s .  Normalized motor n o i s e  was 
u n i v e r s a l l y  a d j u s t e d  t o  -25 dB. Nominal va lues  of T and T~ were 
.15 and .1 s e c ,  r e s p e c t i v e l y .  
a p p r o p r i a t e  c o n t r o l  ra te  we igh t ing ,  g .  

T~ was a d j u s t e d  by p i c k i n g  an 

k / s  Dynamics ( k = l )  - 
If x l ( t )  denotes  t he  n o i s e  d i s t u r b a n c e  and x 2 ( t )  deno tes  t h e  

system e r r o r ,  e ,  t hen  

= -2x1(t)  + w l ( t )  ( 4 4 )  
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where w , ( t )  i s  whi te  noise  with cova r i ance  wll  = 8.8 ( so  as t o  
y i e l d  a r e q u i r e d  v a l u e  of E i x l )  = 2 . 2 ) .  

"d i sp l ayed"  q u a n t i t i e s )  y1 and y 2  were r e s p e c t i v e l y  e r r o r  (x,) 
and e r r o r  r a t e  (i2 = x1 + u )  . 

2 The system ou tpu t s  ( i . e . ,  

The a n a l y s i s  was conducted w i t h  g = .00017 s o  as t o  y i e l d  
T~ = . 08  s e c  ( s l i g h t l y  below nominal). '  The nominal e f f e c t i v e  
t ime-delay ~ = . 1 5  s e c  was taken .  Next, as o u t l i n e d  i n  t h e  preced- 
i n g  s e c t i o n ,  va lues  of  Vyl ,Vy2 and Vm were chosen which corresponded 

t o  normalized wh i t e  n o i s e  power d e n s i t y  l e v e l s  of -20 ,  - 2 0 ,  and 
-25 dB,  r e s p e c t i v e l y .  The v a r i a n c e s  which r e s u l t  from these n o i s e  
va lues  c o n s t i t u t e  t h e  p r e d i c t i o n  of c losed-loop performance. 
Table 1 c o n t a i n s  t h e  exper imenta l  and t h e o r e t i c a l  va lues  of mean- 
squared  e r r o r ,  e r r o r  r a t e  and c o n t r o l  i n p u t .  Both s e t s  of numbers 
correspond t o  w i t h f n  1 0  p e r c e n t .  

Having spec i f ied  all of t h e  model 's  pa rame te r s ,  E q .  (25 )  was 
used t o  determine t h e  human's t r a n s f e r  f u n c t i o n .  S ince  there  are 
two d i s p l a y e d  q u a n t i t i e s  y1 and y 2  and a s i n g l e  c o n t r o l  i n p u t  u ,  

The t r a n s f e r  f u n c t i o n s  h l ( s )  and h 2 ( s )  are no t  d i r e c t l y  measurable 
b u t  a closed-loop d e s c r i b i n g  f u n c t i o n  r e l a t i n g  c o n t r o l  t o  e r r o r  
can b e  measured. S ince  y 2 ( s )  = s y , ( s ) ,  t h i s  " equ iva len t "  t r a n s f e r  
between u and y l  i s  g iven  by 

*It was found t h a t  T~ = .08 r e s u l t e d  i n  s l i g h t l y  b e t t e r  agreement 
w i t h  expe r imen ta l  q u a n t i t i e s  t h a n  d i d  T~ = .l. 
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FREQUENCY (rad/sec) 
F I G . 3  M E A S U R E D  AND P R E D I C T E D  F R E Q U E N C Y  D O M A I N  M E A S U R E S ,  k / s  

D Y N A M I C S  ( A v e r a g e  o f  f o u r  s u b j e c t s )  
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Figure  3 shows a comparison of t he  measured and p r e d i c t e d  d e s c r i b -  
i n g  f u n c t i o n s  f o r  t h i s  example ( c r o s s o v e r  f requency i s  a t  

- 4.8 r a d / s e c ) .  The measured and p r e d i c t e d  e q u i v a l e n t  i n j e c t e d  
remnant s p e c t r a  (39)  ( r e f l e c t e d  and normalized t o  system e r r o r )  
a r e  a l s o  shown i n  F ig .  3.  A s  can b e  seen ,  t h e  p r e d i c t e d  r e s u l t s  
are i n  remarkable apreement w i t h  t h e  measured data. 

wc - 

The manner i n  which t h e  model’s “ i n t e r n a l ”  t r a n s f e r s  h l ( s ) ,  

h 2 ( s )  combine t o  g ive  h l e ( s )  i s  shown i n  F i g .  4 .  
major c o n t r i b u t i o n  of  hl  i s  a t  low f r e q u e n c i e s  ( i . e . ,  below c r o s s -  
ove r )  whi le  t h a t  of h2  i s  a t  h i g h  f r equenc ie s  (beyond c r o s s o v e r ) .  
T h i s  i s  i n t u i t i v e l y  expected s i n c e  a t  low [h igh ]  f r e q u e n c i e s  t h e  

human responds p r i m a r i l y  t o  p o s i t i o n  [ r a t e l  in format ion .  

Note t h a t  t h e  

2 k/s  Dynamics (k=l)- 

The s y s t e m  s t a t e  equa t ions  are (xl = n o i s e ,  x2 = e r r o r )  

i 3 w , ( t )  h a s  covar iance  wll = .217 t o  g ive  E x 
output  q u a n t i t i e s  are y l  = x2, y 2  = x3 + x1 = e r r o r  ra te .  

= .054.  The two 

The a n a l y s i s  was conducted as f o r  k/s dynamics. TN was se t  

t o  .1 s e c  by  p i c k i n g  g = i ’ ~ l O - ~ .  

Observat ion and motor n o i s e  l e v e l s  were a d j u s t e d  t o  t h e i r  r equ i -  
s i t e  va lues .  

The t ime d e l a y  ‘c was .21  s e e .  
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Table 1 

k / s  * .10 .21 

k .ii .15 

Measured a n d  Theoretical Human Performance 

,014 .G14 .10 .11 1.43 1.28 

1 3  .14 4.8  5 0 3 ~  . 5 3  9 54 

-- Parameters  

System T~ 

k / s  .08 .15 

The r e s u l t a n t  c losed-loop perforrrance , e q u i v a l e n t  human 
d e s c r i b i n p  f u n c t i o n  and remnant spectrum ( r e f l e c t e d  t o  e r r o r  r a t e )  
are compared w i t h  t h e  cor respond?  n p  expe r imen ta l ly  ob ta ined  auan- 
t i t i e s  i n  Table 1, and F i g .  5 .  The i n t e r n a l  d e s c r i b i n g  f u n c t i o n s  
h ( s )  and h 2 ( s )  for this ease ape p l o t t e d  i n  P ig .  6 .  

see t h a t  a t  low f r e q u e n c i e s  h le (s )  Z n , ( s ) ,  w h l l e  a t  !-A??- f r e -  
quenc ie s  h l e ( s )  % h 2 ( s ) ,  i n d i c a t i n g  t h e  manner i n  which d i sp layed  
in fo rma t ion  i s  used i n  g e n e r a t i n e  t h e  c o n t r o l  i n p u t .  

Again, we 1 

k Dynamics ( k = l )  

I n  o r d e r  t o  r educe  h i g h  frequency n o i s e ,  t h e  pu re  g a i n  dy- 

---_I_ 

namics were approximated by a f i l t e r  f ( s )  = 40 / (s+40) .  

c o n s t a n t  T~ was set  t o  .1 s e c  and t h e  t ime de lay  t o  .l5 s e c .  

Observa t ion  and motor n o i s e s  were a d j u s t e d  t o  t h e i r  r e s p e c t i v e  
l e v e l s .  The comparison of  t h e o r e t i c a l  and measured q u a n t i t i e s  
i s  g iven  i n  Table  1 and F ig .  7 .  

The time 

'In t h e  measurement f requency range  w < 3 2  r ad / sec  . 
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The remarkable agreement between p r e d i c t e d  and measured 
q u a n t i t i e s  as demonstrated above i s  extremely encouraging and 
underscores  ou r  modern c o n t r o l  theory  approach t o  human o p e r a t o r  
s t u d i e s .  The model was capable  of a c c u r a t e l y  p r e d i c t i n g  and/or  
reproducing  v a r i o u s  p r o p e r t i e s  of human response  i n  s imple  t r a c k -  
i n g  tasks, us ing  r e l a t i v e l y  few parameters .  O f  course  t he  model 
does not  t e l l  us whether observed c h a r a c t e r i s t i c s  of t h e  human's 
response  (e..g., t h e  high-frequency resonant  p e a k s )  a r e  implemented 
by muscles i n  t he  a r m  o r  i n  t h e  head. However, t h e  model does 
sugges t  reasons  why these c h a r a c t e r i s t i c s  are p r e s e n t .  Fo r  our  
purposes ,  unders tanding  why i s  u s u a l l y  more impor tan t  t h a n  under- 
s t a n d i n g  where.  
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S i n g l e - A x i s  C o n t r o l  - S c a n n i n g  

We now d i s c u s s  t h e  mod i f i ca t ions  t o  t h e  above r e s u l t s  when 
there  are m u l t i p l e  i n s t rumen t s  and scanning  among ins t rumen t s  is 
al lowed.  We s h a l l  remain w i t h i n  our  concep tua l  o p t i m i z a t i o n  
framework t o  develop and s o l v e  an  "opt imal  sampling problem".[ 181 

- P r e l i m i n a r i e s .  - R e c a l l  t h a t  i n  deve loping  ou r  model of t h e  

human o p e r a t o r , a  whi te  obse rva t ion -no i se  v e c t o r  v ( t )  i s  a s s o c i a t e d  
w i t h  t h e  ou tpu t  p rocess  y ( t ) .  The n o i s e s  v ( t )  depend paramet r ic -  
a l l y  on t h e  v a r i o u s  d i s p l a y  f e a t u r e s  and ( i n  cases  where t he re  a r e  
s e v e r a l  i n s t rumen t s  t o  moni tor )  on the f i x a t i o n  p o i n t  of t h e  eye ,  
r ep resen ted  mathemat ica l ly  h e r e i n  by  w. Thus, p a r a m e t r i c a l l y  

-Y 

Y i  - 

Numerical v a l u e s  f o r  t h e  covar iance  m a t r i x  V ( w )  w i l l  depend on 
where t h e  human o p e r a t o r  i s  f i x a t i n g  ( i . e . ,  whether he i s  viewing 
an  in s t rumen t  f o v e a l l y - o r  p e r i p h e r a l l y ) .  

-Y 

We d e f i n e  a scannlng  s t r a t e g y  - as a method f o r  p i c k i n g  t h e  

f i x a t i o n  p o i n t  o f  t h e  e y e  a t  d i f f e r e n t  t ime i n s t a n c e s ,  i . e . ,  a 
procedure  f o r  choosing w ( t ) .  We s h a l l  assume t h a t  t h e r e  are k 
i n s t rumen t s  t o  b e  viewed. Therefore ,  a t  any t ime t t h e  human i s  
f i x a t i n g  on one of t h e  in s t rumen t s  or else  i s  swi t ch ing  h i s  f o v e a l  
a t t e n t i o n  between ins t rumen t s  .' These p o s s i b i l i t i e s  a r e  denoted 

'Since the  human's f i x a t i o n  p o i n t  cannot  be changed i n s t a n t a n e o u s l y  
we a s s o c i a t e  a f i n i t e  t r a n s i t i o n  t i m e  w i t h  any saccade .  Typ ica l ly  
to  = .1-.15 s e c .  
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by l e t t i n g  w ( t )  = j ,  j = l Y 2 , . . . , k  o r  w ( t )  = 0 ,  r e s p e c t i v e l y .  Note 
t h a t  w ( t ) ,  so  defined, i s  p iecewise  c o n s t a n t  and ove r  any t i m e  
i n t e r v a l  may be  r e p r e s e n t e d  b’y a sequence of va lues  of t h e  form 
{1,0,3,0,2,0,3,. . . I .  

When t h e  f i x a t i o n  p o i n t  of t h e  eye v a r i e s  w i t h  t ime, t h e  

observa t ion-noise  covar iance  m a t r i x  V ( w ( t ) )  w i l l  a l s o  vary w i t h  

t ime.  However, f o r  each ( c o n s t a n t )  va lue  of w=O,l, ..., k we asso- 
c i a t e  a cons t an t  covar iance  m a t r i x  V ( O ) ,  V (1) ,.. . ,V ( k ) .  These 
ma t r i ces  are d iagona l  s i n c e  t h e  observa t ion-noise  p rocesses  
v ( w )  a r e  assumed independent .  I f  V ( i )  i s  t h e  cova r i ance  m a t r i x  
cor responding  t o  w = i  t hen  t h e  j - t h  d i agona l  element [V ( I ) ]  i s  
t h e  n o i s e  covar iance  a s s o c i a t e d  w i t h  viewing y ( t )  whi le  f i x a t i n e :  
d i s p l a y  i. The m a t r i x  V ( w ( t ) )  i s  thus  p iecewise  c o n s t a n t ,  i . e . ,  

-37 

-Y -Y -Y 

Y i  -Y 
-Y .i J 

j 

-Y 

Each of t h e  ma t r i ces  V ( i )  have elements  cor responding  t o  
viewing each of t h e  d i sp layed  q u a n t i t i e s  y i ( t )  on a cont inuous 
bas i s .  Some of  these elements  w i l l  correspond t o  f o v e a l  viewinp 
and o t h e r s  t o  p e r i p h e r a l  viewing. However, t h e  s i g n a l s  on t h e  
f i x a t e d  in s t rumen t  w i l l  g e n e r a l l y  have lower observa t ion-noise  
l e v e l s  a s s o c i a t e d  w i t h  t h e i r  r ead ings ;  t h i s  i n f l u e n c e s  scanning  
behavior .  

-Y 

I n  fo rmula t ing  t h e  method f o r  p r e d i c t i n p  scanning  behav io r  
i t  i s  assumed t h a t  t h e  ma t r i ces  V ( i ) , i # O  are g iven .  T h i s  i s  a 
n o n t r i v i a l  assumption s i n c e  p r e c i s e  q u a n t i t a t i v e  de t e rmina t ion  
of these  va lues  i s  a d i f f i c u l t  t ask .  However, i n  some cases  a 
coarse  approximation t o  V ( w )  s u f f i c e s  ( s e e  R e f .  1 7  1. F i n a l l y ,  
the  elements  of  V ( 0 )  a r e  assumed t o  be  i n f i n i t e ,  i . e . ,  n o t h i n g  
i s  seen  du r ing  a saccade .  

-Y 

-Y 
-Y 
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O p t i m a l  s a m p l i n g  problem. - We now d i s c u s s  ou r  method f o r  - 
f o r  p r e d i c t i n g  human scann ing  behavior .  We f i rs t  assume, wi thout  
loss of g e n e r a l i t y  (see R e f .  18  ) t h a t  t h e  scanniny  s t r a t e g y  i s  
p e r i o d i c  w i t h  a f i x e d ,  b u t  a r b i t r a r y ,  s can  p e r i o d  T .  Using t h e  

t echn iques  of [ I 8 1  it i s  p o s s i b l e  t o  show t h a t  f o r  a f i x e d  scan- 
n i n p - . s t r a t e g g ,  w ,  t h e  minimum va lue  of  t h e  c o s t  f u n c t i o n a l  
Eq.  ( 4  ) ( n e g l e c t i n g  t h e  whi te -noise  component of  i) i s  given by  

J*(w) = min J (w ,u )  
U 

h 

- - 4 Zavp. ( w ) Z ' +  - y ( o )  t terms independent  of  w 

where 

t. 

(51)  
- 

T 

I: ( w )  = C ( w , t ) d t  
-avg 'I 

0 

and _ _  C ( w , t , )  i s  t h e  ( p e r i o d i c )  s o l u t i o n  o f  t h e  Variance Equat ion 

w i t h  p e r i o d i c  boundary c o n d i t i o n s  

* R e c a l l  t h a t  f = ( a * , O > .  
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The c o r r e c t i o n  term y ( w )  a r i s e s  because of t h e  method we 
have chosen t o  r e p r e s e n t  motor no i se . t  It is given  by 

and w i l l  be small i n  cases  when T~ i s  small ( i . e . ,  when l / ~ ~  i s  
s u f f i c i e n t l y  greater than  t h e  bandwidth of  t h e  o v e r a l l  c losed-loop 
s y s t e m ) .  F o r t u n a t e l y ,  t h i s  i s  almost  a lways  t h e  case s o  t h a t  w e  
can approximate J*(w) by 

... ( 5 5 )  

t o  correspond i n  form w i t h  t h e  resu l t s  r e p o r t e d  i n  Refs. [171-[181. 
( I n  a l a t e r  chap te r  w e  sha l l  p r e s e n t  a d i f f e r e n t  c h a r a c t e r i z a t i o n  
f o r  motor n o i s e  t h a t  does not  r e s u l t  i n  t h e  i n t r o d u c t i o n  of a 
c o r r e c t i o n  term y ( w ) ,  and which i s  more a p p e a l i n g  fron! a p h y s i c a l  
viewpoint .  ) 

The de te rmina t ion  of t h e  human o p e r a t o r ' s  sampling s t r a t e p y  
r e s t s  on t h e  assumption t h a t  t h e  o p e r a t o r  behaves i n  an approxi-  
mately opt imal  f a s h i o n  and samples h i s  i n s t rumen t s  a c c o r d i n r l y .  
I n  o t h e r  words, t h e  human chooses a samplinp s t r a t e g y  w % ( t )  t h a t  

minimizes J * f w ) ,  o r  e q u i v a l e n t l y ,  he  chooses t h e  w *  t h a t  minimizes 

tReca l l  t h a t  i n  Ref. 1 8  , where motor n o i s e  i s  a b s e n t ,  s o  t o o  i s  
the  a d d i t i o n a l  term y ( w ) .  

as Vm+O. 

e s t i m a t i n g  u ( t ) .  

It i s  easy t o  see t h a t  [ ~ ~ a v p ( w ) ] n + l , n + l  +O 
Reca l l  t h a t  t h i s  term i s  t h e  e r r o r  a s s o c i a t e d  w i t h  
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h 

Note t h a t  s i n c e  - L depends on t h e  c o s t  f u n c t i o n a l  we igh t ings ,  
t h e  t i m e  d e l a y ,  and t h e  s y s t e m  dynamics, t h e  humants moni tor ing  
behavior  depends upon the  c o n t r o l  requi rements  and t h e  c o n t r o l  
a c t i o n s  i n  an  e x p l i c i t  manner. T h i s  i s  i n t u i t i v e l y  appea l ing .  

Problem s o l u t i o n .  - - I n  t h e  above development w e  reduced - 
t h e  sampling problem t o  a d e t e r m i n i s t i c  n o n l i n e a r  ( m a t r i x )  opt imi-  
z a t i o n  problem, t h e  s o l u t i o n  of which p rov ides  our  p r e d i c t i o n s  of 
human v i s u a l  sampling.  S o l v i n e  t h i s  problem f o r  w* i s ,  i n  g e n e r a l ,  
a d i f f i c u l t  t a sk .  I n  some cases  numerical  s ea rch  t echn iques  can  b e  

used t o  p r e d i c t  average scann ine  behav io r ,  e s p e c i a l l y  when there  a r e  
only two d i s p l a y s .  

I n  t h e  two d i s p l a y  c a s e ,  t h e  scan  sequences o f  i n t e r e s t  have 
t h e  form { 1 , 0 , 2 , 0 )  and average  scan  behavior  can b e  r ep resen ted  
by t h e  numbers t l  and t2  which are t h e  d u r a t i o n s  of  t ime spen t  
f i x a t i n g  d i s p l a y s  1 and 2 r e s p e c t i v e l y .  Thus 

T = t l  + t2 + 2 t o  , to = g iven  

and f o r  a p a r t i c u l a r  T ,  t h e  va lue  of t l  t h a t  minimizes I (@)  may 
be  found by a s c a l a r  s e a r c h .  We t h e n  vary T and f o r  each T com- 
p u t e  t he  op t ima l  tl. I n  t h i s  way w e  s ea rch  f o r  t h e  opt imal  p a i r  
( t f , T * )  o r  ( t f , t $ )  cor responding  t o  t h e  opt imal  sampling s t r a t e g y  
w * ( t ) .  

Once w *  i s  computed, i t  then  becomes p o s s i b l e  t o  p r e d i c t  
v a r i o u s  measures of human response ,  as i n  t he  no-scan c a s e .  It 
i s  s imple  t o  show t h a t  a l l  of t h e  c o s t  computations f o r  t h e  scan- 
n i n g  case  are e q u i v a l e n t  t o  t h o s e  of t h e  no-scan c a s e  b u t  w i t h  
C ( w * )  r e p l a c i n g  2 i n  Eqs . (20) - (22) .  -avg 

- 
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When there  i s  scanning,  t h e  n o t i o n  of a frequency-domain 
r e p r e s e n t a t i o n  of the  human o p e r a t o r  i s  somewhat tenuous from 3. 
t h e o r e t i c a l  s t a n d p o i n t ,  s i n c e  one i s  now d e a l i n g  w i t h  o v e r t  and 
purposefu l  nons t a t iona ry  behav io r .  The equa t ions  (17)-(19) t h a t  
d e f i n e  human s t r a t e g y  become t ime-varying w i t h  t h e  replacements  
C + C ( w , t >  and V +V ( w ( t ) ) .  However, t h e  same exper imenta l  mea- 
s u r e s  t h a t  are made i n  t h e  no-scan case  can b e  made when t h e  
human i s  scanning.  These measurements may be thought  of  as rep-  
r e s e n t i n g  "average" frequency-domain c h a r a c t e r i s t i c s  of the  human. 
I n  o r d e r  t o  p r e d i c t  t h e s e  average  c h a r a c t e r i s t i c s  w i t h  t h e  model, 
we must r e p l a c e  t h e  t ime va ry ing  q u a n t i t i e s  r ( w , t )  and V ( w ( t ) )  
w i t h  s u i t a b l e  "average" v a l u e s .  Such an  average  va lue  f o r  t h e  
e r r o r  covar iance  m a t r i x  i s  already a v a i l a b l e  from t h e  s o l u t i o n  
of t h e  "opt imal  sampling problem" namely ( W * > .  An average  
va lue  f o r  V ( m * >  can b e  de f ined  i n  a s imilar  manner. Noting t h a t  -Y 
V - l ( w ) ,  r a t h e r  t h a n  V ( W )  i t s e l f  appears i n  a l l  c a l c u l a t i o n s ,  w e  
-37 -Y 
d e f i n e  

-Y -Y - -  

-Y - 

-avg 

T 

0 

where T i s  t h e  s can  per icd .  But s i n c e  V (0 )  i s  p iecewise  c o n s t a n t  
-Y 

k 
V-I  = xV-l(i) f i  ; f i  = t i / T  -ava -Y 

i=1 

where f i  i s  the  f r a c t i o n a l  time s p e n t  i n  f i x a t i n g  ins t rument  i. 
Note t h a t  s i n c e  t h e  obse rva t ion  n o i s e  m a t r i c e s  are d i agona l ,  t h e  
average n o i s e  covar iance  a s s o c i a t e d  w i t h  t h e  j - t h  d i s p l a y e d  
v a r i a b l e ,  y j ( t )  i s  s i m p l y  
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The frequency domain expres s ions  (24 ) - (26 )  can now be e v a l u a t e d  
and V r e p l a c i n g  C and V r e s p e c t i v e l y .  

-Y w i t h  -avg C -avg - 

A s i m p l i f i e d  a p p r o a c h  f o r  t a s k s  i n v o l v i n g  s c a n n i n g .  - The 
ma3 o r  drawback w i t h  t h e  above approach t o  scanning  p r e d i c t i o n s  
i s  t h e  need t o  s o l v e  a formidable  o p t i m i z a t i o n  problem. Only i n  
t h e  s i m p l e s t  c a s e s  i s  i t  p o s s i b l e  t o  minimize I(w) t o  f i n d  w *  

( a l though  it may be p o s s i b l e  t o  f i n d  s u i t a b l e  approximations t o  
w * ,  i . e . ,  subopt imal  s cann ing  p a t t e r n s ) .  

Eq 

T $ 1  
0 

F o r t u n a t e l y ,  there i s  a reasonab le  approximate method f o r  
p r e d i c t i n g  human response  i n  cases  f o r  which there i s  sampling. 
The method i n v o l v e s  f i n d i n g  an approximation t o  L a v n ( w ) .  S ince  

(52 )  over-one p e r i o d  T 

S ince  C'V-lC 

r ea sonab le  approximation t o  t h e  i n t e g r a l  average  i s  mere ly  t h e  
product  of t h e  averages',  v i z ,  

and L(w, t )  are both  p o s i t i v e  d e f i n i t e  f o r  a l l  t ,  a -1-y -1 

'In a d d i t i o n ,  w e  have g e n e r a l l y  found C ( w , t )  t o  be s lowly va ry fng  
o v e r  a p e r i o d ,  g i v i n g  f u r t h e r  cause  to t h i s  approximation.  
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Thus, f o r  a g iven  s t r a t e g y  w (described p a r a m e t r i c a l l y  by 
t he  f r a c t i o n a l  a l l o c a t i o n s  f i ) ,  t h e  s o l u t i o n  - i ( w )  of  

w i l l  p rov ide  an approximation t o  C that  i s  very easy t o  com- 
p u t e .  The minimiza t ion  of 

-avg 

w i l l  t h u s  i n v o l v e a  minimizat ion over  t h e  q u a n t i t i e s  f i  s u b j e c t  t o  
t h e  c o n s t r a i n t  

f i = l -  2 
where f o  i s  t h e  f r a c t i o n a l  t i m e  spen t  i n  s w i t c h i n g  f o v e a l  a t t e n -  
t i o n ,  and must b e  p r e s p e c i f i e d  i n  t h e  problem fo rmula t ion .  The 
s o l u t i o n  of t h i s  problem f o r  t h e  opt imal  a l l o c a t i o n  of f i x a t i o n  
time i s  much s i m p l e r  t h a n  the  op t ima l  sampling problem posed 
ear l ie r .  It i s  a s t a n d a r d  t y p e  of  ( a l g e b r a i c )  c o n s t r a i n e d  mini- 
miza t ion  problem. Technlques f o r  i t s  s o l u t i o n  are well-developed 
and i n c l u d e  n o n l i n e a r  programming, s t e e p e s t  d e s c e n t ,  e t c .  The 
r e s u l t a n t  - c ^ ( w * )  i s  t h e n  used i n  t h e  e x p r e s s i o n s  f o r  s c o r e s ,  
d e s c r i b i n g  f u n c t i o n s ,  s p e c t r a ,  e t c .  

Note t h a t  t he  sampling p e r i o d  T does no t  appear  e x p l i c i t l y  i n  
i n  t h e  r e fo rmula t ed  sampling problem. However, as p a r t  of the  

problem s p e c i f i c a t i o n  w e  must choose a v a l u e  of f o  = t o / T  = f r a c -  
t i o n a l  "dead-time". 
p e r i o d  T. 

Choosing f o  i s  t h u s  tantamount t o  p i c k i n g  a 
For a g iven  va lue  of f o  ( o r  T )  t h e  model op t ima l ly  
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a d j u s t s  t h e  free parameters  f i  t o  minimize Eq. (63). '  We n o t e  
t h a t  I ( w )  i s  a monotonica l ly  d e c r e a s i n g  f u n c t i o n  of  fo .  

There i s  some evidence  t o  show t h a t  t h e  cho ice  o f  f o  ( o r  T )  
i s  no t  c r u c i a l  i n  p r e d i c t i n g  human re sponse  c h a r a c t e r i s t i c s .  
R e s u l t s  of  some experiments [l7] s u g g e s t  t h a t  t h e  human's cho ice  
of a s c a n  p e r i o d  T may be  governed by s u b j e c t i v e  c o n s i d e r a t i o n s  
( o r  h a b i t )  r a ther  t h a n  by s t r i c t  o p t i m a l i t y  c r i t e r i a .  I n  addi- 

t i o n ,  numer ica l  expe r i ence  i n  computing I ( w )  as g i v e n  i n  Eq.  ( 5 6 )  
has i n d i c a t e d  t h a t  t h e  minimum of I(w) i s  f a i r l y  i n s e n s i t i v e  t o  
v a r i a t i o n s  i n  T ,  bu t  i s  s e n s i t i v e  t o  v a r i a t i o n s  i n  t h e  f r a c t i o n a l  
a l l o c a t i o n s  t i / T .  
o f t e n  s u f f i c e  i n  p r a c t i c e .  

Thus, r e l a t i v e l y  c rude  e s t i m a t e s  of  f o  may 

Summary 

I n  t h e  f o r e g o i n g  w e  have shown how op t ima l  c o n t r o l  and e s t i -  
mation theo ry  may b e  used t o  develop a model of human re sponse  i n  
manual t r a c k i n g  tasks.  The tasks  w e  cons ide red  were t h o s e  i n  
which t h e  c o n t r o l l e d  element was l i n e a r  and t h e  system was d i s -  
t u r b e d  by a wh i t e  n o i s e  i n p u t .  The model i nc luded  r e p r e s e n t a t i o n s  
o f  human l i m i t a t i o n s  and a cascade  combination of a Kalman f i l t e r ,  
a least-mean-squared p r e d i c t o r  and a s e t  of  op t ima l  feedback g a i n s  
as compensating e lements .  An "opt imal  scanning  mechanism" was 
a l s o  added t o  t h e  model t o  account  f o r  s i t u a t i o n s  where t h e  human 
o p e r a t o r  must v i s u a l l y  s c a n  s e v e r a l  i n s t r u m e n t s  i n  o r d e r  t o  
achieve  h i s  c o n t r o l  o b j e c t i v e s .  

'For va lues  of T much l a r g e r  t h a n  t h e  " t ime-cons tan t"  of Eq .  (521, 
o u r  assumptions l e a d i n g  t o  Eq.  ( 6 3 )  become r e l a t i v e l y  p o o r e r .  
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The use  of t h e  model i n  p r e d i c t i n g  task performance, con- 
t r o l l e r  d e s c r i b i n g  f u n c t i o n s  and power s p e c t r a  was demonst ra ted .  
The model was t h e n  v a l i d a t e d  by comparing model r e s u l t s  w i t h  ex- 
p e r i m e n t a l  data from three  s imple ,  b u t  c l a s s i c a l ,  manual c o n t r o l  
tasks.' The  a b i l i t y  o f  t he  model t o  reproduce  a l l  t h e  e s s e n t i a l  
data i n  these exper iments ,  u s i n g  r e l a t i v e l y  few pa rame te r s ,  i s  
most encouraging .  N e v e r t h e l e s s ,  b e f o r e  t h e  model can  b e  t r u l y  
u s e f u l  as a d e s i g n  t o o l ,  g r e a t e r  i n s i g h t  i n t o  I ts  detai led be- 
h a v i o r ,  more s y s t e m a t i c  methods f o r  p i c k i n g  i t s  pa rame te r s ,  and 
t echn iques  f o r  e x t e n d i n g  I t s  range  of  v a l i d i t y  and a p p l i c a b i l i t y  
are a l l  needed. These i s s u e s  are addres sed ,  i n  va ry ing  degrees  
of d e t a i l ,  i n  subsequent  c h a p t e r s .  

*Data v a l i d a t i n g  t h e  scann ing  model were not p r e s e n t e d .  
a r e c e n t  r e p o r t  [l7] s u g g e s t s  that  good p r e d i c t i o n s  of human 
scann ing  b e h a v i o r  shou ld  be p o s s i b l e  w i t h  t h i s  model. 

However, 

49 





SENSITIVITY STUDIES 

I n  t h i s  c h a p t e r  we i n v e s t i g a t e  t h e  manner i n  which changes 
i n  model i n p u t  parameters  produce changes i n  model o u t p u t s .  The 

cases  t o  be ana lyzed  i n c l u d e  f o v e a l  t r a c k i n g  of K/s, K/s and 
K/s(s-1) dynamics. We w i l l  s t udy  t h e  e f fec ts  of changes i n  
"neuromotor t ime-cons tan t"  ( T ~ ) ,  t ime-delay (T) , o b s e r v a t i o n  

t t n o i s e  r a t i o s  ( p i ) ,  motor n o i s e  r a t i o  ( Q ~ ) ,  c o s t  f u n c t i o n a l  
weight ings  ( q i , r )  and i n p u t  d i s t u r b a n c e  bandwidth.  
w i l l  b e  v a r i e d  about  t h o s e  va lues  t h a t  y i e l d e d  a "best" match t o  
data ob ta ined  from a c t u a l  exper iments .  

2 

Parameters 

The o b j e c t i v e  of t h i s  s tudy  i s  t o  l e a r n  which model ou tpu t s  
are most a f f e c t e d  by a g iven  model i n p u t ,  and t o  unders tand  how 
and why changes i n  t h e  model parameters  shape p r e d i c t i o n s  of human 
response .  A desirable, i f  n o t  necessa ry ,  g o a l  of such a s tudy  i s  
t o  o b t a i n  a method f o r  choos ing  model parameters that  w i l l  p rov ide ,  
i n  some d e f i n i t i v e  way, a "best"  match t o  human response da ta .  
T h i s  i s  a necessary  f i rs t  s t e p  b e f o r e  one can u s e  t h e  model as an  
a n a l y s i s  t o o l  o r  i n  a pu re ly  p r e d i c t i v e  manner i n  complex s i t u a -  
t i o n s .  

K / s  Dynamics 

The parameters  t ha t  were found t o  g ive  a good match t o  ex- 
p e r i m e n t a l  data were T~ = . 0 8 ,  T = .15, p1 = p2 = -20 d B ,  pm = -25 dB.  

The model p r e d i c t i o n s  t h a t  r e s u l t  from t h i s  s e t  of v a l u e s  were 
p r e s e n t e d  i n  the  last c h a p t e r .  Here in ,  these v a l u e s  w i l l  b e  

v a r i e d  (one a t  a t i m e )  and t h e  r e s u l t i n g  changes i n  model ou tpu t s  
shown. 

'We choose t o  vary  t h e  n o i s e  r a t i o s  ra ther  t h a n  t h e  n o i s e s  yy,Vm 
themselves ,  s i n c e  t h e  r a t i o s  appear t o  be more i n t r i n s i c  t o  the  
f o v e a l  t r a c k i n g  s i t u a t i o n s  s t u d i e d  h e r e i n .  
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'rN v a r i a t i o n s .  - Changing -rN i s  tantamount t o  changing t h e  

bandwidth and g a i n  of t h e  human o p e r a t o r  model. 
( i . e . ,  dec reas ing  g )  p l a c e s  r e l a t i v e l y  more importance on keeping  
t h e  e r r o r  va r i ance  low i n  t h e  c o s t  f u n c t i o n a l  J ( u ) .  Thus, e r r o r  
s c o r e  w i l l  a l w a y s  dec rease  whi le  c o n t r o l  i n p u t  power i n c r e a s e s ,  
e s p e c i a l l y  a t  h i g h e r  f r e q u e n c i e s .  Wi th  i n c r e a s i n g  -rN t h e  feedback 
system becomes more s l u g g i s h  and performance a t  h i p h e r  f r e q u e n c i e s  
becomes r e l a t i v e l y  poore r .  

Decreas ing  -rM 

Figure  8 shows t h e  e f f e c t  of  v a r i a t i o n s  i n  T~ upon t h e  
equ iva len t  d e s c r i b i n g  f u n c t i o n  between d i s p l a y e d  e r r o r  and c o n t r o l .  
Note t ha t  f o r  d e c r e a s i n p  -rN, t h e  ga in  i n c r e a s e s  
w i t h  t h e  g r e a t e s t  v a r i a t i o n  o c c u r r i n g  beyond c rossove r .  I n  g e n e r a l ,  
t h i s  w i l l  a lways  be t r u e  s i n c e  t h e  dominant e f f e c t  of T~ i s  f e l t  
i n  t h e  r a t e  of  c o n t r o l  ( i . e .  , ;) which i s  mani fes ted  i n  t h e  h i p h  

frequency c h a r a c t e r i s t i c s .  

as expec ted ,  b u t  

Note f u r t h e r  t h a t  T~ v a r i a t i o n s  have only a small e f f e c t  
upon d e s c r i b i n g  f u n c t i o n  phase i n  t h e  range u=4 t o  30 r ad / sec .  
The po le  in t roduced  by t h e  f i r s t - o r d e r  l a p  (-rNs+l)-l  c o n t r i b u t e s  
up t o  90' of phase lag i n  t h e  feedback c o n t r o l l e r .  
from . 0 6 - . l 4  moves t h i s  p o l e  from 1 6  t o  7 r ad / sec .  which accounts  
f o r  t h e  (approximately 4 5 O )  phase v a r i a t i o n s .  

Changinp -rN 

Normalized remnant,  shown i n  F i g .  9 , i s  s e e n t o  b e  a f f e c t e d  
l i t t l e  by  -rN. 
f i r s t - o r d e r .  
a t  h i g h  f r equenc ie s  s i n c e  t h e  o v e r a l l  bandwidth of  t h e  feedback 
c o n t r o l l e r  i s  i n c r e a s e d  and g r e a t e r  amounts of  high-frequency 

The shape of t h e  remnant spectrum i s  b a s i c a l l y  
For low v a l u e s  of T~ t h e  remnant i n c r e a s e s  somewhat 

'Thus i n c r e a s i n g  c rossove r  f requency .  
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remnant (as w e l l  as c o r r e l a t e d  power! c i r c l e  iiI Che c losed- loop  
s y s t e m .  However, t h e  major c o n t r i b u t i o n  t o  t h e s e  remnant v a r i a -  
t i o n s  occur s  from changes i n  t h e  c h a r a c t e r i s t i c s  of t h e  motor 
n o i s e  (as i t  i s  c u r r e n t l y  b e i n g  t r ea t ed ) .  The motor n o i s e ,  be- 

cause  of i t s  b e i n g  f i l t e r e d  by (rNs+1)-l, appears a t  t h e  s y s t e m  
i n p u t  as a n  i n j e c t e d  f i r s t - o r d e r  n o i s e  w i t 3  hrerik frequency a t  
1/TN Chanpes i n  T~ reshape t h i s  n o i s e  ( f o r  w > l / r N )  which causes  
t h e  appa ren t  b r e a k  frequency o f  t h e  remnant spectrum t o  vary from 
3.5 t o  6.0 r a d / s e c  as T~ i s  dec reased  from .14 t o  .06. 

motor n o i s e  were z e r o ,  o r  i f  i t  d i d  no t  depend i n  such a d i r e c t  
manner on T ~ ,  t h e  e f f e c t s  of  changes i n  T~ upon remnant would b e  

n e g l i g i b l e .  

If t h e  

The s e n s i t i v i t y  o f  s c o r e s  ( e r r o r ,  c o n t r o l ,  c o n t r o l - r a t e )  are 
shown i n  F ig .  9 .  These curves  s k ~ w  the  t r ade -o f f  betwe€n s y s t e n  
e r r o r  and i n p u t  c o n t r o l  s i g n a l  as i n d i c a t e d  e a r l i e r .  For  sr?a:.ler 
T~ t h e  sys tem expends more energy and ach ieves  a lower e r r o r  s c o r e .  

An i n t e r e s t i n g  s i d e l i g h t  o f  t h i s  s tudy  concerns t h e  r e l a t i o n -  
s h i p  between c r o s s o v e r  f requency ,  w c ,  and t h e  c o n t r o l  r a t e  weight- 
i n g ,  g. Hofmann s u g g e s t s  t h a t  an approximate r e l a t i o r q k  i! i e W - e n  
wc and g i s  -t 

wc .707 E-’ 

T h i s  e x p r e s s i o n  was d e r i v e d  under  z e r o  remnant c o n d i t i o n s .  I n  
Fig.10 w e  compare wc as p r e d i c t e d  by  t h e  model, w i t h  t h a t  g iven  
by Eq. ( 6 5 ) .  Note t h a t  Eq.  ( c 5 )  i s  a good approximat ion  f o r  
h i g h e r  v a l u e s  o f  g (4.10 
of  g t h e  d i f f e r e n c e s  between Eq. (65) and model p r e d i c t i o n s  can 
be a t t r i b u t e d  t o  remnant e f f e c t s .  Decreas ing  t h e  o b s e r v a t i o n  
n o i s e s  w i l l  i n c r e a s e  gain and @.ve h i g h e r  c r o s s o v e r  f r e q u e n c i e s .  
(See F ig .  13. ) 

‘p r iva t e  Comm.iicLtioz, L. G. :!ofmann. 

4 corresponds  t o  ~~=.1). For low va lues  

--- 

55 



55 

5.0 
0 a 
\" 4.5 

- 4.0 
Y 

3.5 

3.0 

\.\\- 
- \- 

s 

1 3 5 7 9 1 1  
CONTROL RATE WEIGHTING gx104 
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T v a r i a t i o n s .  - The e f f e c t s  of t ime-delay v a r i a t i o n s  ( f rom 
.1 - . 2  s e c . )  upon t h e  d e s c r i b i n p  f u n c t i o n  are shown i n  Fig.11.  
The most n o t i c e a b l e  e f f e c t  i s  seen  i n  t h e  h igh  frequency phase.  
Such i s  expected s i n c e  t h i s  f requency range i s  w e l l  beyond c ross -  
over  and t h e  only model element s t i l l  c o n t r i b u t i n g  t o  t h e  phase 
l a g  i s  t h e  t ime d e l a y  e-". 
of t h e  phase curve i s  a lmost  e n t i r e l y  governed by t h e  t ime-delay,  
and 

Thus, f o r  high f r e q u e n c i e s ,  t h e  shape  

The e f f e c t s  of t ime-delay upon t h e  magnitude of  he(w) are c l e a r l y  
e v i d e n t .  I n c r e a s i n g  t ime-delay dec reases  t h e  g a i n ,  as might b e  

expected,  except  about  t he  high frequency r e sonan t  peak. Here, 
t h e  resonance becomes more pronounced f o r  i n c r e a s i n g  t ime-delay,  
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probably as a r e s u l t  of t h e  p r e d i c t o r ' s  need t o  e x t r a p o l a t e  ove r  
a longe r  t i m e  i n t e r v a l .  Also,  from a c l a s s i c a l  servo-mechanism 
viewpoin t ,  a greater time-delay moves t h e  s y s t e m  c l o s e r  t o  i n s t a -  
b i l i t y . +  Thus, w e  see a more sha rp ly  d e f i n e d  resonance as T 

i n c r e a s e s .  

The e f f e c t s  of  t ime-delay v a r i a t i o n s  upon remnant were found 
t o  be minimal and t h e r e f o r e  a r e  not  shown. The e f f e c t s  were s i m -  
i l a r  t o  t h o s e  of  F ig .  9 - t h e  f i r s t - o r d e r  break  frequency of  t h e  

remnant spectrum v a r i e d  from only 4 t o  5 rad /sec  as T decreased  
from . 2  t o  .1 s e c .  

I n c r e a s e s  i n  T caused i n c r e a s e s  i n  a l l  s c o r e s .  The most 
o o t a b l e  i n c r e a s e  was i n  t h e  e r r o r  s c o r e  which doubled from .093 
t o  .184 as T i n c r e a s e d  from .1 t o  . 2 .  O t h e r  s c o r e s ,  however, 
were fa r  less s e n s i t i v e .  Con t ro l  and c o n t r o l  ra te  s c o r e s  i n -  
c r eased  by  less than  20% o v e r  t h i s  same range .  

O b s e r v a t i o n  n o i s e  v a r i a t i o n s .  - To s tudy  t h e  e f f e c t s  of 
changes i n  pi w e  f i rs t  vary  p1 and p2  s e p a r a t e l y  and then  t o g e t h e r .  
V a r i a t i o n s  i n  descr ibi-ng f u n c t i o n  and remnant caused by  changinp 
p1 are shown i n  F igs .  1 2  and 14, w h i l e  p2  v a r i a t i o n s  a r e  g iven  i n  
F i g s .  1 3  and 14. 
d e s c r i b i n g  f u n c t i o n  are n e g l i g i b l e .  
does i n f l u e n c e  g r e a t l y  t he  low frequency normalized remnant.  

- --- 

Mote t h a t  t h e  e f f e c t s  of  p1 upon c o n t r o l l e r  
However, t h e  va lue  of p1 

V a r i a t i o n s  i n  p2  have a very pronounced e f f e c t  on t h e  desc r ib -  
i n g  f u n c t i o n .  Gain i n c r e a s e s  over  t h e  e n t i r e  f requency range as 

'Decreasing phase  margins ,  e t c .  
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obse rva t ion  n o i s e  dec reases .  T h i s  r e s u l t ,  coupled w i t h  t h e  i n -  
s e n s i t i v i t y  w i t h  r e s p e c t  t o  p1 i n d i c a t e s  th,at, f o r  K/s dynamics, 
t he  c o n t r o l l e r  responds more t o  e r r o r  ra te  t h a n  t o  e r r o r  informa- 
t i o n .  
i n p u t s  t o  be genera ted  w h i l e  a l lowing  f o r  a h i g h e r  ga in  on y 2 ( t > .  
Note t h a t  i n  t h i s  r e s p e c t  d e c r e a s i n g  p2 or  d e c r e a s i n g  T~ have t h e  

same e f f e c t  on t h e  d e s c r i b i n g  f u n c t i o n  - bo th ,  e i t h e r  d i r e c t l y  o r  

Bet te r  e s t i m a t i o n  of y 2 ( t )  p e r m i t s  more a c c u r a t e  c o n t r o l  

i n d i r e c t l y ,  i n c r e a s e  t h e  c o n t r o l l e r  g a i n .  

Lower v e l o c i t y  n o i s e  w i l l  n e c e s s a r i l y  r e s u l t  i n  lower remnant 
a t  high f r equenc ie s .  F igu re  1 4  shows t h i s  t r e n d .  Note t h a t  low 
frequency remnant,  r e s u l t i n g  p r i m a r i l y  from p o s i t i o n  n o i s e  V 
i s  v i r t u a l l y  una f fec t ed  by changes i n  p2 ( o r  V y 2 ) .  

Y l '  

The i n f l u e n c e  of o b s e r v a t i o n  n o i s e  r a t i o  on s c o r e s  i s  shown 
i n  F ig .  1 5 .  A lowering o f  any obse rva t ion  n o i s e  must n e c e s s a r i l y  
r e s u l t  i n  lower s c o r e s ,  however, t h e  s e n s i t i v i t i e s  w i l l  v a r y ,  
depending on t h e  importance of t h e  va r ious  d i s p l a y e d  ou tpu t s  t o  
t h e  o v e r a l l  c o n t r o l  task. We t h u s  f i n d  t h e  s c o r e s  t o  b e  more 
s e n s i t i v e  t o  p2  t han  t o  p1 i n  t he  range - 1 4  t o  -26 dB, s i n c e  
v e l o c i t y  in fo rma t ion  i s  more u s e f u l  f o r  c o n t r o l  purposes .  

We have seen  t h a t  t h e  dominant e f f e c t s  of p o s i t i o n  n o i s e  are 
a t  low f r e q u e n c i e s  w h i l e  those o f  v e l o c i t y  n o i s e  a r e  a t  h i g h  fre- 
quencies .  Thus, s imul taneous  v a r i a t i o n s  i n  bo th  p1 and p2  should 
a f f e c t  s y s t e m  response  i n  an a d d i t i v e  way. Accordingly,  F i g .  16  
i s  t h e  r e s u l t  of va ry ing  p1 and p2 s imul taneous ly .  
d e s c r i b i n g  func t ion '  and remnant v a r i a t i o n s  are e s s e n t i a l l y  t h e  

s u p e r p o s i t i o n  of  t h e  v a r i a t i o n s  seen  i n  F igs .  12 -14 .  

Note that  

'We show only Ihe(u)  I .  The phase i s  v i r t u a l l y  i n d i s t i n g u i s h a b l e  
from t h a t  o f  Fig.13.  
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P, v a r i a t i o n s .  - Motor n o i s e  was in t roduced  as a n  a d d i t i o n a l  

( u n c o r r e l a t e d )  s y s t e m  i n p u t  t o  account  f o r  t h e  f a c t  t ha t  t h e  human 
can no t  e s t i m a t e  p e r f e c t l y  t h e  c o n t r o l  i n p u t ,  u ( t ) ,  o r  s i g n a l s  
l i n e a r l y  re la ted  t o  u ( t ) .  I n  c a s e s  where t h e  i n p u t  n o i s e  d i s t u r b -  
ance e n t e r s  t h e  s y s t e m  i n  p a r a l l e l  w i t h  u ( t )  ( such  as p r e v a i l s  
h e r e ) ,  t h e  need f o r  such a c o n s t r u c t  i s  obv ia t ed .  I n  such c a s e s ,  
t h e r e f o r e ,  motor-noise should  no t  apprec i ab ly  a f f e c t  t h e  Kalman 
e s t i m a t o r  o r ,  i n  t u r n ,  the  feedback s t r a t em,  & ( L O ) .  On t h e  o t h e r  
hand, i n c r e a s i n g  t h e  motor n o i s e  i n t r o d u c e s  more remnant i n  t h e  

c losed-loop s y s t e m .  T h i s  i n c r e a s e s  a l l  v a r i a n c e s ,  e s p e c i a l l y  t h a t  
of u and 6 ,  s i n c e  the motor n o i s e  i s  i n j e c t e d  i n  p a r a l l e l  w i t h  t h e  
c o n t r o l  s i g n a l .  

F igu re  1 7  shows t h e  dominant effects  of motor-noise 
v a r i a t i o n s .  A s  expec ted ,  he(w)  i s  a f f e c t e d  l i t t l e  by pm. With 

i n c r e a s i n g  pm, t h e  magnitude of he(w) a o e s  dec rease  s l i g h t l y  due 
t o  a s l i g h t  lowering of e s t i m a t o r  ga ins  - e s t i m a t i o n  of a l l  system 
s ta tes  becomes more d t f f i c u l t .  The s c o r e s  and normalized remnant 
have a more pronounced response  t o  motor n o i s e  changes.  Note t h a t  
t h e  dominant e f f e c t  on remnant i s  a t  h i g h  f r e q u e n c i e s .  T h i s  i s  
because motor n o i s e ,  i n  be ing  t r e a t e d  l i k e  an  a d d i t i o n a l  (wideband) 
s y s t e m  i n p u t  , f i n d s  i t s  low-frequency components b e i n p  more e a s i l y  
" t racked-out"  by  t h e  feedback sys tem t h a n  are i t s  high-frequency 
s i g n a l s .  t 

I n p u t  b a n d w i d t h  v a r i a t i o n s .  - I n  t h e  c a s e s  s t u d i e d  t h u s  f a r ,  

We now s tudy  t h e  e f f e c t s  of  p o l e  l o c a t i o n  on s y s -  
t h e  i n p u t  f o r c i n g  f u n c t i o n  was f i r s t - o r d e r  n o i s e  w i t h  a p o l e  a t  
wi = 2 rad /sec .  
tem performance. We keep T~ = . 0 8 ,  T = .15, p1 = p2 = -20 d B ,  
p, = -25 dB. 

'Recall  t he  manual c o n t r o l  experiments  i n  which a low bandwidth 
d r i v i n g  s i g n a l  had a small high-frequency "she l f"  added. It was 
o f t e n  found t h a t  most of  t h e  e r r o r  power was due d i r e c t l y  t o  t h i s  
high-frequency component. 
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Figure  18 shows the  dominant e f f e c t  of i n p u t  bandwidth,  wi. 
As wi d e c r e a s e s ,  he(w) i n c r e a s e s  ( a l o n g  w i t h  some phase v a r i a t i o n ) ,  
e s p e c i a l l y  a t  low f r e q u e n c i e s ,  s i n c e  it i s  r e l a t i v e l y  easy t o  
t r a c k  a low-frequency s i g n a l .  O f  s p e c i a l  i n t e r e s t  i n  t h i s  ca se  i s  
t h e  c r o s s o v e r  f r equency ,  wc. It i s  s ta ted i n  R e f .  4 t ha t  as 
i n p u t  bandwidth i n c r e a s e s  beyond c r o s s o v e r ,  t he  s y s t e m  c r o s s o v e r  
w i l l  " r e g r e s s "  t o  lower f r e q u e n c i e s .  Accordingly,  Fig.18 shows 
system c r o s s o v e r  ( t h e  i n t e r s e c t i o n  of t h e  l i n e  A A '  = w2 w i t h  h e ( w ) )  
as a f u n c t i o n  of  wi. For l o w  bandwidth,  c ros sove r  i s  r e l a t i v e l y  
i n v a r i a n t  a t  wc = 4.8 r ad / sec .  However, as wi nea r s  t h i s  v a l u e ,  
t h e  c r o s s o v e r  f requency  i s  p r e d i c t e d  t o  indeed  " r e g r e s s "  towards 
lower v a l u e s .  

Bandwidth v a r i a t i o n s  were found t o  have a n e g l i g i b l e  e f f e c t  
on s y s t e m  remnant.  T h i s  i s  i n  accord  w i t h  t h e  expe r imen ta l  r e s u l t s  
r e p o r t e d  i n  R e f .  1 4  where i t  was found t h a t  bandwidth d i d  not  seem 
t o  a f f e c t  normalized remnant.  

2 K/s Dynamics 

The same type  of  S e n s i t i v i t y  s t u d y  as performed f o r  K/s dynam- 
i c s  was done f o r  t he  K/s2 dynamics of Eq. ( 47 1. 
parameters  t a k e n  f o r  t h i s  c a s e  were T~ = .1, T = .2, p1 = p2 = -20 d B ,  

= -25 dB. The r e s u l t a n t  nominal d e s c r i b i n g  f u n c t i o n  and remnant Pm 
spec t rum appea r  i n  F i g .  5 . .  

The nominal 

T~ v a r i a t i o n s .  - A s  i n  t h e  K / s  dynamics case  s t u d i e d  b e f o r e ,  
v a r i a t i o n s  i n  T~ (or e q u i v a l e n t l y  g )  s c a l e  t he  opt imal  g a i n s  - R* and 
a l s o  a l low f o r  more r a p i d  c o n t r o l  movements.' Thus, F ig .  19 shows 

'If t he re  were a we igh t ing  r on c o n t r o l ,  t h e n  v a r i a t i o n s  i n  g would 
have a reduced e f f e c t  on E". However, t h e  1:l correspondence 
between g and T~ would strll remain.  
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t h a t  as T~ d e c r e a s e s  t h e  feedback g a i n  i n c r e a s e s ,  w i t h  t h e  g r e a t e s t  
i n c r e a s e  be ing  f o r  0 1 0  r ad / sec .  
small and are much the same as f o r  K / s  dynamics. 

E f f e c t s  of T~ upon t h e  phase are 

Decreasing T~ i n t r o d u c e s  a t r ade -o f f  i n  t h e  c o s t  f u n c t i o n a l  
E r r o r  s c o r e  dec reases  a t  t h e  expense of  i n c r e a s e d  c o n t r o l  J ( u 1 .  

r a t e  and more c o n t r o l  e f f o r t .  F igu re  20 c l e a r l y  shows t h i s  trade- 
o f f .  Note t h a t  l a r g e  i n c r e a s e s  i n  c o n t r o l  e f f o r t  r e s u l t  i n  rela- 
t i v e l y  small dec reases  i n  e r r o r  s c o r e .  T h i s  i s  because of  t h e  

second-order f i l t e r i n g  of  t h e  p l a n t .  I n  g e n e r a l ,  t h e  more f i l t e r -  
i n g  between c o n t r o l  and e r r o r ,  t h e  less s e n s i t i v e  w i l l  be ae t o  
changes i n  c o n t r o l  power r e s u l t i n g  from T~ v a r i a t i o n s .  
w i t h  F ig .  9 ,  f o r  example, where t h e  p l a n t  i n t r o d u c e s  only a 
f i r s t - o r d e r  f i l t e r . )  

2 

(Compare 

The e f f e c t s  of T~ upon normalized remnant spectrum ( r e f l e c t e d  
on e r r o r - r a t e )  were found t o  be  minimal and are no t  shown. As T~ 

was v a r i e d  over  a range .07 t o  .12 t h e  normalized remnant changed 
by only 1-2 d B  a t  h igh  and low f r e q u e n c i e s .  I n  t he  mid-frequency 
range  l.O<w<lO. remnant v a r i e d  less t h a n  1 d B  about  t h e  nominal of  
Fig.  6. 

T v a r i a t i o n s .  - Time-delay v a r i a t i o n s  have t h e  same e f f e c t  on 
d e s c r i b i n g  f u n c t i o n  ( F i g .  2 1 )  as was observed f o r  K / s  dynamics. 
I n c r e a s i n g  T dec reases  l h e ( u ) I  s l i g h t l y  a t  lower f r e q u e n c i e s  wh i l e  
a t  t h e  same t i m e  i t  sharpens  t h e  high-frequency r e sonan t  peak. 
However, t h e  most n o t i c e a b l e  e f f e c t  of t ime-delay v a r i a t i o n s  i s  
s e e n  i n  t he  high-frequency phase lag.  It i s  a p p a r e n t l y  t r u e  t h a t  
t h e  high-frequency phase c h a r a c t e r i s t i c s  a r e  a lmost  e n t i r e l y  t h e  
r e s u l t  of time-delay . 

- 
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Once a g a i n ,  normalized remnant i s  v i r t u a l l y  u n a f f e c t e d  by 

changes i n  T .  However, s y s t e m  v a r i a n c e s  a l l  s c a l e  monotonica l ly  
w i t h  T .  Table 2 g i v e s  s y s t e m  s c o r e s  f o r  three d i f f e r e n t  v a l u e s  
of  T .  Note t h e  ( a l m o s t )  l i n e a r  i n c r e a s e  i n  s c o r e s  as T v a r i e s  
from .15 t o  .25. 

Table 2 

System Variances as a Function o f  Delay 
T ~ = .  1 ,  Vyl=Vy2=-20- d B ,  Vm=-25 dB 

Variance T=. 15 Tr.2 .r=.25 

e .011 .014 .017 

e 093 . i o 8  .125 
t 

U 1 .16  1.33 1 . 5 3  

il 57.7 67.3 77.8 

- Observation noise  v a r i a t i o n s .  - The e f f e c t s  of  o b s e r v a t i o n  
n o i s e  r a t i o  upon s y s t e m  performance was s t u d i e d  by  va ry ing  both  
p1 and p about t h e i r  nominal -20 d B  v a l u e s .  2 

V a r i a t i o n s  w i t h  r e s p e c t  t o  p1 were s t u d i e d  f i rs t .  It was 
found t h a t  changing p1 over  t h e  range  -10 t o  -30 dB r e s u l t e d  i n  
l i t t l e ,  i f  any, change i n  t h e  d e s c r i b i n g  f u n c t i o n ,  s c o r e s  o r  
remnant. 
t h e  feedback s y s t e m  i s  a c t i n g  e s s e n t i a l l y  l i k e  a d i f f e r e n t i a t o r  
( i . e . ,  u ( t )  i s  p r o p o r t i o n a l  t o  &( t ) ) .  
t h e  key q u a n t i t y  t o  be estimated by the  model. 
l i t t l e  e f f e c t  on t h i s  e s t i m a t i o n ,  s i n c e  t h e  Kalman f i l t e r  makes 
l i t t l e  u s e  of y l ( t )  i n  e s t i m a t i n g  y 2 ( t ) ,  excep t  p o s s i b l y  when y 2 ( t )  
i s  small o r  when p2  i s  l a r g e .  

T h i s  g ros s  i n s e n s i t i v i t y  t o  p1 i s  unde r s t andab le  s i n c e  

T h e r e f o r e ,  &(t) = y 2 ( t )  i s  
Changes i n  p1 have 
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On the  o t h e r  hand, it i s  expected t h a t  p2 would have a more 
pronounced e f f ec t  on s y s t e m  per forpance .  T h i s  i s  indeed  t r u e  and 
F igs .  (22) - (23)  show t h e  e f f e c t s  of  p2 v a r i a t i o n s .  The b a s i c  
e f f e c t s  a r e  as found f o r  K / s  dynamics: 
allows f o r  h i g h e r  c o n t r o l l e r  ga ins  and more p r e c i s e  i n p u t  genera- 
t i o n .  T h i s  i s  e s p e c i a l l y  t r u e  a t  h i g h e r  f r e q u e n c i e s  where 
h e ( s )  s h 2 ( s ) .  Decreasing p2 r e s u l t s  i n  a u n i v e r s a l  lower ing  of 
s c o r e s  (F ig .  23)  as w e l l  as a dec rease  i n  remnant]. The major 
changes i n  remnant spectrum occur  beyond c rossove r ,  i . e . ,  i n  t h e  

frequency ranpe where t h e  feedback c o n t r o l  sys tem responds a lmost  
e n t i r e l y  t o  y 2 ( t ) .  
dominant e f f e c t  a t  h i g h e r  f r e q u e n c i e s ,  as expected.  

Bet ter  e s t i m a t i o n  of  y 2 ( t )  

Thus, v e l o c i t y  n o i s e  v a r i a t i o n s  f i n d  t h e i r  

Because of t h e  g r o s s  i n s e n s i t i v i t y  w i t h  r e s p e c t  t o  p l ,  t h e  
r e s u l t s  cor responding  t o  s imul taneous  v a r i a t i o n  of p1 and p2 are  
almost i d e n t i c a l  t o  t h o s e  cor responding  t o  v a r i a t i o n s  i n  p2  a l o n e .  
We t h e r e f o r e  do not  show t h e  e f f e c t s  of va ry ing  bo th  n o i s e s  t o g e t h e r .  

- Motor n o i s e  v a r i a t i o n s .  - Unlike t h e  c a s e  for K / s  dynamics, 
t h e  i n p u t  n o i s e  d i s t u r b a n c e  i n  t he  K / s 2  sy s t em be ing  s t u d i e d  does 
no t  e n t e r  t h e  s y s t e m  i n  para l le l  w i t h  t h e  c o n t r o l  s i g n a l  u ( t ) .  
(See Eq.  ( 4 7 ) . )  It e n t e r s  i n  pa ra l l e l  w i t h  x = J u ( t ) d t ,  i . e . ,  
as a v e l o c i t y  rather t h a n  as an a c c e l e r a t i o n  d i s t u r b a n c e .  There- 
f o r e ,  r e c a l l i n g  t h e  d i s c u s s i o n  on motor-noise i n  t h e  l a s t  c h a p t e r ,  
one would expec t  motor-noise t o  have a n o t i c e a b l e  e f f e c t  on s y s t e m  
response .  Such i s  indeed t h e  case  as seen  i n  F igs .  (24 ) - (25 ) .  
The reasons  f o r  t h e  observed v a r i a t i o n s  are d i s c u s s e d  below. 

3 

= u and t h e  Kalman e s t i m a t o r  
o b t a i n s  a p e r f e c t  estimate of  x ( t )  simply by i n t e g r a t i n g  u ( t ) .  3 
S ince  x2 = Y *  = x3 + x1 (where x1 i s  t h e  f i r s t - o r d e r  n o i s e  d i s t u r b -  
a n c e ) ,  e s t i m a t i o n  of y 2 ,  coupled w i t h  knowledge of x , prov ides  a 

x3  
I n  t h e  absence of  motor-noise,  

3 
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d i r e c t  estimate of xl. 
low v a l u e s  o f  i2 and i n  t u r n  of  x2. 

Thus, s e t t i n g  u ( t )  -il w i l l  r e s u l t  i n  

I n  g e n e r a l ,  when bo th  p o s i t i o n  and v e l o c i t y  i n f o r p a t i o n  are 
( t ) )  i s  of  l i m i t e d  

1 P  
a v a i l a b l e ,  t h e  p o s i t i o n  in fo rma t ion  ( i . e . ,  
u se  i n  e s t i m a t i n p  v e l o c i t y  [lg]. Veloc i ty  i s  e s t ima ted  almost  
d i r e c t l y  from t h e  o b s e r v a t i o n  y 

absence of motor-noise,  p o s i t i o n  in fo rma t ion  i s  v i r t u a l l y  unneeded 
( h l ( s ) + O )  and h e ( s )  z s h 2 ( s )  as s e e n  i n  F i g .  2 4 .  

= y 2  t vy2.  The re fo re ,  i n  t h e  
2P 

On t h e  o t h e r  hand, when motor-noise i s  p r e s e n t ,  x ( t )  can no 3 
longe r  b e  estimated from u ( t )  by i n t e g r a t i o n  and p o s i t i o n  informa- 
t i o n  i s  u s e f u l .  
on proper  use  of y ( t ) .  C l e a r l y ,  t h e  importance of p o s i t i o n  i n -  

I P  
format ion  w i l l  depend monotonical ly  on t h e  l e v e l  of motor-noise:  
t h e  greater Vm, t h e  more the  use  of y 
F i g s .  ( 2 4 ) - ( 2 5 )  c l e a r l y  show t h i s  phenomena. The i n c r e a s e  i n  
remnant r e s u l t s  from both  i n c r e a s e d  motor-noise as w e l l  as from 
t h e  h igher .  ga ins  p l a c e d  on y , ( t )  and i t s  a s s o c i a t e d  n o i s e  v 
Note t h e  extreme s e n s i t i v i t y  i n  s c o r e s  f o r  p, >-25 d B .  
p r i m a r i l y  a r e s u l t  o f  t h e  i n p u t  d i s t u r b a n c e  e f f e c t s  a s s o c i a t e d  
w i t h  t r e a t i n g  v m ( t )  as a d r i v i n g  n o i s e .  

The re fo re ,  a good estimate of x1 depends i n d i r e c t l y  

( t  1. The t r e n d s  of  
I P  

( t ) .  Y l  
Th i s  i s  

From t h e  above r e s u l t s  i t  i s  c l e a r  that  motor-noise w i l l  have 
a major e f f e c t  on sys tem behavior  ( e s p e c i a l l y  a t  low f r e q u e n c i e s )  
when t h e  i n p u t  d i s t u r b a n c e  does n o t  e n t e r  w i t h  u ( t ) .  To unders tand  
t h e  cause  and e f f e c t  r e l a t i o n s h i p  r e q u i r e s  a n  a n a l y t i c  s tudy  of 
motor-noise,  and t h e  phenomena t h a t  i t  attempts t o  r e p r e s e n t .  I n  
a l a t e r  c h a p t e r  w e  i n v e s t i g a t e  t h i s  p o i n t  i n  more de t a i l .  
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B a n d w i d t h  v a r i a t i o n s .  - The e f f e c t s  of i n p u t  f o r c i n g  f u n c t i o n  
bandwidth upon human c o n t r o l l e r  d e s c r i b i n g  f u n c t i o n  i s  i n v e s t i g a t e d .  
The r e s u l t s  are shown i n  F ig .  26.  It i s  seen  tha t  i n c r e a s e d  band- 
wid th  r e s u l t s  i n  lower d e s c r i b i n g  f u n c t i o n  ga ins  (phase  remains 
e s s e n t i a l l y  u n a l t e r e d ) .  System c r o s s o v e r  f requency  (where Ihe(w) l  

i n t e r s e c t s  t h e  l i n e  AA' = w4 i n  F ig .  26 )dec reases  a lmost  l i n e a r l y  
from 3.2 t o  2 . 2  as i n p u t  b r e a k  f requency  i n c r e a s e s  from .5 t o  8 
r a d / s e c .  The re fo re ,  w e  a g a i n  see a "CrDssover r e g r e s s i o n "  phenom- 
ena .  

V e l o c i t y  w e i g h t i n g ,  q 3 .  - U n t i l  now, t h e  e f f e c t s  on s y s t e m  
---I 

performance of changing t h e  c o s t  f u n c t i o n a l  we igh t ings  have no t  
been s t u d i e d .  Herein w e  i n v e s t i g a t e  t h e  r e s u l t s  of adding  a 
v e l o c i t y  we igh t ing ,  q where g may b e  regarded e i t h e r  as a sub- 
j e c t i v e  o r  as an  o b j e c t i v e  weight ing .  t 

3' 3 

S ince  t h e  c o s t  f u n c t i o n a l  we igh t ings  are paramount i n  t h e  

d e t e r m i n a t i o n  o f  t h e  feedback g a i n s  - 2 %  (see E q .  101, changing J ( u )  
w i l l  h a v e ' n o t i c e a b l e  e f f e c t  on s y s t e m  re sponse .  Furthermore,  
i n t r o d u c i n g  a we igh t ing  on, s a y  x , w i l l  n e c e s s a r i l y  e f f e c t  a 
t r a d e o f f :  a2 

system v a r i a n c e s .  

3 
w i l l  d e c r e a s e  a t  t h e  expense o f  i n c r e a s e s  i n  o t h e r  

x3 

The e f f e c t s  of v a r y i n g  q3 from 0 t o  .5 are shown i n  F i g s .  
( 2 7 ) - ( 2 8 ) .  I n  t h i s  s t u d y  t h e  c o n t r o l  r a t e  we igh t ing  g was a d j u s t e d  
each  time t o  g i v e  T~ = .l. 
u n i v e r s a l  d e c r e a s e  i n  l h e ( u ) I .  T h i s  d e c r e a s e  i s  somewhat more 
pronounced a t  low f r e q u e n c i e s .  S i n c e  more importance i s  b e i n g  
a t t a c h e d  t o  y 2 ( t ) ,  t he  p o s i t i o n  y , ( t )  becomes l e s s  impor t an t  f o r  
c o n t r o l  and h e ( s )  more c l o s e l y  resembles sh2is), owing t o  t h e  
d e c r e a s e  i n  h l ( s ) .  

p o s i t i o n  of t he  r e s o n a n t  peak does no t  change.)  

'x3 is  one component of t h e  v e l o c i t y  s i g n a l .  The n o i s e  x1 i s  t h e  

Note t h a t  i n c r e a s i n g  q r e s u l t s  i n  a 3 

(Note t h a t  s i n c e  T~ = .1 i n  a l l  c a s e s ,  t h e  

o t h e r .  
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The t r ade -o f f  i n  s y s t e m  s c o r e s  i s  shown i n  F i g .  28. ( C o n t r o l  
2 2 Note t h a t  t h e  in -  rate sco re  i s  n o t  shown s i n c e  u6 P 50 bu here . )  

t r o d u c t i o n  of  a small ( . 05 )  v e l o c i t y  weight ing  r e s u l t s  i n  a sub- 
s t a n t i a l  dec rease  i n  uU (and a;) accompanying t h e  d e c r e a s e  i n  error  
ra te  s c o r e .  However, no te  t h a t  e r r o r  s c o r e  i s  not  very s e n s i t i v e  
t o  q3. 
c o n t r o l  and e r r o r  r a t e  va r i ances  a t  t h e  expense of only small 
i n c r e a s e s  i n  e r r o r  s c o r e .  

2 2 

By r e a d j u s t i n g  t h e  opt imal  g a i n s  - E*, t h e  sys t em reduces  

I n  g e n e r a l ,  t h e  i n t r o d u c t i o n  of  a d d i t i o n a l  weight ings  i n t o  
t h e  c o s t  f u n c t i o n a l  J ( u )  w i l l  r e s u l t  i n  new c o n t r o l  ga ins  and a 
t rade-of f  i n  v a r i a n c e s .  The n a t u r e  and s e n s i t i v i t y  o f  t h e  trade- 
o f f  w i l l  depend s t r o n g l y  on t h e  r e s u l t i n g  ga ins  and t h e  system 
parameters A,k. There does not appear  t o  be any g e n e r a l  r u l e s  as 
r e g a r d s  d e s c r i b i n g  f u n c t i o n s ,  s p e c t r a ,  e t c .  However, by s t u d y i n g  
the  consequences of i n t r o d u c i n g  a d d i t i o n a l  we igh t inps ,  i t  may be  

p o s s i b l e  t o  determine t h e  e x i s t e n c e  of s u b j e c t i v e  weight ings  i n  
a c t u a l  s i t u a t i o n s  by  "matching" t h e  human response  data,  

K / s ( s - 1 )  Dynamics 

As a f u r t h e r  s tudy  of  t h e  model, w e  decided t o  i n v e s t i g a t e  
t h e  manual t r a c k i n g  of an  u n s t a b l e  sys tem.  The dynamics cons idered  
were t h o s e  s t u d i e d  i n  R e f .  1 2  . The p e r t i n e n t  equa t ions  are 
(xl = f i r s t - o r d e r  n o i s e  d i s t u r b a n c e ,  x3 = e r r o r ,  x = e r r o r  r a t e ) .  2 

i,(t) = -2 x , ( t )  + w ( t )  ; wll = 20.94 
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The d isp layed  q u a n t i t i e s  are y1 = x3, y2  = x 2 .  
d i s t u r b a n c e  x1 e n t e r s  t h e  s y s t e m  i n  p a r a l l e l  w i t h  u ( t )  f o r  t h i s  

Note t h a t  the  i n p u t  

case .  

The model parameters  t ha t  provided a bes t  match t o  expe r imen ta l  
data were found t o  b e  T~ = .09, T = .2, p1 = p2  = -26 d B ,  pm = -30 dB.  
The l a r g e  d e v i a t i o n  i n  o b s e r v a t i o n  n o i s e  r a t i o s  (-26 d B )  from t h e  

-20 d B  va lues  found t y p i c a l l y  i n  most o t h e r  s i t u a t i o n s  was a most 
unexpected r e s u l t  r e p o r t e d  i n  R e f .  1 2  . I n  ou r  s e n s i t i v i t y  s t u d i e s  
w e  s h a l l  sugges t  a reason  as t o  why t h e  o b s e r v a t i o n  n o i s e  was s o  
low. 

A comparison of  mociel " p r e d i c t i o n s "  w i t h  exper imenta l  data i s  
shown i n  F ig .  2 9 .  The r e s u l t s  appear  very s i m i l a r  t o  t h o s e  of K / s  
Dynamics ( F i g .  5 1. T h i s  i s  expec ted .  However, i n  t h i s  system 
t h e  high-frequency r e sonan t  peak i s  much more pronounced t h a n  i t  
was f o r  K / s 2  due t o  t h e  i n h e r e n t  i n s t a b i l i t y  in t roduced  by the  
p l a n t .  Because.of  t h i s  i n s t a b i l i t y  i t  i s  expected t h a t  i n p u t  
parameter v a r i a t i o n s  w i l l  have n o t a b l e  e f f e c t s  on model o u t p u t s .  
We s h a l l  see t h a t  such  i s  indeed  t h e  c a s e .  

2 

T,,, v a r i a t i o n s .  - The e f f e c t s  of -rN v a r i a t i o n s  are shown i n  

Gains i n c r e a s e  as 
F igs  .~m)-(31). 
much t h e  same c h a r a c t e r  as f o r  K / s 2  dynamics. 
T~ i s  lowered. 
r e sonan t  peak. 

t h e  apparent  resonance,  due i n  great measure t o  t h e  p l a n t  i n s t a -  
b i l i t y .  Descr ib ing  f u n c t i o n  phase l a g  v a r i e s  s l i g h t l y  i n  t h e  
r e g i o n  5 < w < 1 5  as t h e  po le  a s s o c i a t e d  w i t h  T~ v a r i e s  from 9 t o  1 4  
rad /sec .  These same phase e f f e c t s  were noted  i n  a l l  t h e  systems 
previous  l y  s t u d i e d  . 

Note tha t  d e s c r i b i n g  f u n c t i o n  v a r i a t i o n s  have 

The g r e a t e s t  i n c r e a s e  i s  a t  f r e q u e n c i e s  beyond t h e  
Here, s l i g h t  changes i n  T~ cause  l a r g e  changes i n  
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The e f f e c t s  of  ' I ~  upon normalized remnant are minimal, 
e s p e c i a l l y  f o r  w>1.0  rad/sec. Thus, as observed i n  a l l  p rev ious  
c a s e s ,  remnant spec t rum i s ,  f o r  t he  most p a r t ,  no t  a f u n c t i o n  of 

fN. I n  r e t r o s p e c t ,  t h e  i n s e n s i t i v i t y  of normalized remnant wi th  
r e s p e c t  t o  ' I ~  i s  expec ted .  
i n c r e a s e s  o r  d e c r e a s e s  i n  a l l  of t h e  op t ima l  ga ins  - RE. T h i s  i n  
t u r n  uniformly i n c r e a s e s  o r  dec reases  t he  c o n t r o l  power ( P u u ( w ) ,  

wi thout  changing i t s  s p e c t r a l  "shape".  S ince  remnant depends only 
on t h e  r a t i o  aUu ( w ) / Q  

c i a b l y  i n f l u e n c e  t h i s  r a t i o  o r  t h e  remnant. 

Varying g (hence T ~ )  r e s u l t s  i n  uniform 

( w ) ,  as i n  E q .  (391, ' I ~  w i l l  no t  appre- 
r u'i 

The s c o r e s  t h a t  r e s u l t  from tN v a r i a t i o n s  show the  t r e n d s  
expec ted :  E r r o r  dec reases  as c o n t r o l  power i n c r e a s e s .  O f  p a r t i c -  
u l a r  i n t e r e s t  i s  t h e  h i g h  s e n s i t i v i t y  of e r r o r  and c o n t r o l  s c o r e s  
t o  T ~ ,  due t o  t h e  p l a n t  i n s t a b i l i t y .  Note, however, t h e  r e l a t i v e  
i n s e n s i t i v i t y  of e r r o r - r a t e .  T h i s  probably arises s i n c e  i n c r e a s e s  
i n  u (which t end  t o  i n c r e a s e  6 )  and dec reases  i n  e (which t e n d  t o  
dec rease  6 )  have coun te rba lanc inp  e f f e c t s .  

- T v a r i a t i o n s .  - The e f f e c t s  of t ime-delay changes upon human 
c o n t r o l l e r  d e s c r i b i n g  f u n c t i o n  are shown i n  F ig .  32. The t r e n d s  
are much t h e  same as those of F i g s .  (11) and (211, a l though some- 
what more pronounced. Gain dec reases  as t i n c r e a s e s ,  except  about 
t h e  h igh  frequency resonance .  S ince  t h e  i n t r o d u c t i o n  of a d d i t i o n a l  
t ime-delay can only have more of  a d e s t a b i l i z i n g  e f f e c t  on t h e  

o v e r a l l  s y s t e m ,  t h e  r e sonan t  peak sharpens .  

The phase v a r i a t i o n s  a t  high frequency are, of cour se ,  a 
d i r e c t  r e s u l t  o f  t h e  delay e-'', and 

A +  e - l8Oo T A W  f o r  w > 1 0  r ad / sec  IT 
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The changes i n  s c o r e s  l i s t e d  i n  T a b l e  3 r e f l e c t  t h e  s y s t e m ’ s  
i n s t a b i l i t y .  All s c o r e s  are h igh ly  s e n s i t i v e  t o  T and i n c r e a s e  
s h a r p l y  ( b u t  l i n e a r l y )  a s  T i s  i n c r e a s e d .  E r r o r  and e r r o r  ra te  
almost  t r i p l e  and c o n t r o l  q u a n t i t i e s  double  as T i n c r e a s e s  from 
.15 t o  .25 s e c .  

T a b l e  3 

S y s t e m  V a r i a n c e s  a s  a F u n c t i o n  o f  D e l a y  
~ ~ z . 0 9 ,  V = V  = - 2 6  dB, Vm=-30  dB 

Y l  Y 2  

Variance T=. 15  T=.2 ‘I=. 25 

e 137 .230 379 
e 1.23 1.91 2-95 
U 34.8 48.4 68.5 

i 10-3 1.6 2.3 3.3 

A s  was found i n  t h e  c a s e s  cons ide red  ear l ie r ,  normalized 
remnant showed no a p p r e c i a b l e  change w i t h  r e s p e c t  t o  changes i n  T. 
Over t h e  frequency range  ~ 1 . 0  remnant v a r i e d  by less t h a n  1 dB 
as T v a r i e d  from .15 t o  .25 s e c .  

2 p 1  a n d  p2  v a r i a t i o n s .  - As was found t o  be t h e  case  f o r  X / s  

had l i t t l e  e f f e c t  
Y l ’  

dynamics, v a r i a t i o n s  i n  p o s i t i o n  n o i s e ,  V 

upon sys t em performance.  
there  was no p e r c e p t i b l e  change i n  he(w) .  
t h a n  10% and normalized remnant i n c r e a s e d  by about  2-3 dB only a t  
f r e q u e n c i e s  below 1 .5  r ad / sec .  The reasons  f o r  t h i s  i n s e n s i t i v i t y  
are much t h e  same as f o r  K/s : p o s i t i o n  in fo rma t ion  i s  r e l a t i v e l y  

A s  p1 was i n c r e a s e d  from -20 t o  -30 dB 
Scores  i n c r e a s e d  by less 

2 
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unimportant f o r  c o n t r o l ,  i . e . ,  h e ( s )  % s h 2 ( s ) ,  and t h e  e s t i m a t i o n  
of v e l o c i t y  i s  not  very dependent upon having a good estimate of 
p o s i t i o n .  

On t h e  o t h e r  hand, a good estimate of v e l o c i t y  i s  most import-  
a n t  f o r  c o n t r o l  purposes and sys t em performance i s  indeed s e n s i t i v e  
t o  changes i n  p2 as shown i n  F i g s .  (33 ) - (34 ) .  
d e s c r i b i n g  f u n c t i o n  are very much similar t o  those  due t o  T~ (see 
Fig.  30). 
quencies  and shows a marked i n c r e a s e  beyond t h e  r e sonan t  peak. 

The v a r i a t i o n s  i n  

As p2 dec reases ,  Ihe(w) I i n c r e a s e s  somewhat a t  low fre- 

The s i m i l a r i t y  between T~ and p2 v a r i a t i o n s ,  as r ega rds  t h e i r  

e f f e c t  on he(w) ,  has  been n o t i c e d  b e f o r e .  
no t  s u r p r i s i n g  s i n c e  decreases  i n  e i the r  parameter  a l low t h e  feed- 
back c o n t r o l l e r  t o  respond more p o s i t i v e l y  t o  v e l o c i t y  i n f o r n a t i o n ,  
thereby  i n c r e a s i n g  Ihe(w) l  a t  high f r e q u e n c i e s .  

These s imi la r i t i es  are 

1- 

A s  p2 i n c r e a s e s ,  so  does t h e  normalized remnant. T h i s  i n c r e a s e  
i s  p a r t i c u l a r l y  n o t a b l e  a t  high f r equenc ie s  where v e l o c i t y  informa- 
t i o n  i s  most p e r t i n e n t  f o r  c o n t r o l  purposes .  

Sys tem va r i ances  ( F i g .  34)  are very s e n s i t i v e  t o  p2 as i s  
expected.  Note t h a t  there  i s  almost  a 2:l correspondence between 
obse rva t ion -no i se - r a t io  and s c o r e s .  Decreasing p2 by 6 d B  ( i . e . ,  
a f a c t o r  of 4 )  reduces s c o r e s  by almost  a f a c t o r  of 2. T h i s x i s  a 
much g r e a t e r  s e n s i t i v i t y  t h a n  has been observed i n  o t h e r  c a s e s ,  
and i s  a r e s u l t  of t he  sys tem's  u n s t a b l e  mode. I n  t h i s  s i t u a t i o n ,  
t hen ,  a s u b s t a n t i a l  dec rease  i n  e r r o r  s c o r e  can be achieved by a 

'Decreases i n  T~ al low a h ighe r  f requency con ten t  i n  u ( t ) ,  w h i l e  
dec reases  i n  p2 a l low f o r  a more a c c u r a t e  e s t i m a t i o n  of v e l o c i t y .  
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moderate lower ing  of o b s e r v a t i o n  no i se .  It appears that  t h e  human 
o p e r a t o r  i n  performing t h i s  task was capable  of  lowering h i s  asso- 

c i a t e d  o b s e r v a t i o n  n o i s e  ( e .g . ,  by "concen t r a t ing"  h a r d e r )  t o  take 
advantage of  t h e  l a r g e  dec rease  i n  s c o r e s  t h a t  r e s u l t .  T h i s  lower- 
i n g  of  n o i s e  r a t i o  coupled w i t h  t h e  s c o r e  s e n s i t i v i t i e s  i s  d i scussed  
f u r t h e r  i n  R e f .  1 2  . 

-- Motor n o i s e  v a r i a t i o n s .  - Inasmuch as t h e  i n p u t  d i s t u r b a n c e  
t o  t h e  s y s t e m  e n t e r s  i n  pa ra l l e l  w i t h  t h e  c o n t r o l  s i g n a l ,  i t  i s  
expected t ha t  v a r i a t i o n s  i n  Vm about  t h e  nominal of -30 dB would 
r e s u l t  i n  only s l i g h t  e f f e c t s  upon s y s t e m  d e s c r i b i n g  f u n c t i o n .  

Indeed t h i s  was found t o  b e  t h e  case .  S ince  t h e  motor no i se  i s  
t r e a t e d  as a n  a d d i t i o n a l  ( u n c o r r e l a t e d )  i n p u t  d i s t u r b a n c e ,  i n c r e a s -  
i n g  p, r e s u l t s  i n  i n c r e a s e d  normalized remnant and i n  i n c r e a s e d  
s y s t e m  v a r i a n c e s .  For  motor n o i s e  l e v e l s  above -20 d B  t he  model 
p r e d i c t s  t h e  c losed-loop s y s t e m  t o  b e  e s s e n t i a l l y  u n c o n t r o l l a b l e .  
T h i s  i s  a d i r Jec t  r e s u l t  of ou r  d r i v i n g  a n  u n s t a b l e  system w i t h  
wideband n o i s e .  (See Fig .  35) 

Summary 

I n  t h i s  s e c t i o n  w e  summarize t h e  r e s u l t s  of our  s e n s i t i v i t y  
s t u d i e s  of s imple  manual c o n t r o l  tasks ( i . e . ,  s i n g l e  i n p u t ,  s i n g l e  
d i s p l a y  i n d i c a t o r ) .  To  avoid  r e p e t i t i o n  w e  summarize only t h e  
s a l i e n t  e f f e c t s  of v a r i a t i o n s  i n  each of t h e  human response  param- 
eters TN, T, P i ,  Pm* 

T~ v a r i a t i o n s .  - Decreas ing  T~ i n c r e a s e s  t h e  opt imal  feedback 
ga ins .  Desc r ib ing  f u n c t i o n  magnitude i n c r e a s e s  over  the  e n t i r e  
f requency range  w i t h  a p r o p o r t i o n a t e l y  g r e a t e r  i n c r e a s e  i n  t he  
h igh  frequency range  010. r ad / sec .  Phase and normalized remnant 
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are a f f e c t e d  l i t t l e  by T~.' Decreasing T~ ( i . e . ,  d e c r e a s i n g  g) 
lowers t h e  e r ror  s c o r e  a t  t he  expense of i n c r e a s e s  i n  c o n t r o l  r a t e  
and c o n t r o l  power. 

T v a r i a t i o n s .  - I n c r e a s e s  i n  time-delay are r e f l e c t e d  by 

i n c r e a s e s  i n  h igh  frequency phase lag.  Desc r ib ing  f u n c t i o n  ga in  
dec reases ,  except  about  t h e  r e sonan t  peak where i n c r e a s e s  i n  T 
r e s u l t  i n  a s h a r p e r  resonance.  T h i s  seems t o  i n d i c a t e  t h a t  t h e  
h i g h  frequency peaking  can b e  a s s o c i a t e d  i n  l a r g e  measure w i t h  t h e  

t ime-delay and compensating op t ima l  p r e d i c t o r .  F i n a l l y ,  a l l  s c o r e s  
i n c r e a s e  monotonical ly  w i t h  'I, i n  a n  almost l i n e a r  manner. 

O b s e r v a t i o n  n o i s e  v a r i a t i o n s .  - The n o i s e  r a t i o s  pi and t h e  

Kalman f i l t e r  p l a y  t h e  major r o l e  i n  shaping  t h e  normalized remnant 
spectrum. 
whereas t he  e f f e c t s  of  p1 a r e  seen  a t  low f r e q u e n c i e s .  p2  v a r i a -  
t i o n s  have t h e  same g e n e r a l  e f f e c t  on d e s c r i b i n g  f u n c t i o n  as have 
T~ v a r i a t i o n s .  
system s c o r e s  i n c r e a s e  w i t h  i n c r e a s e s  i n  e i t h e r  p1 o r  p2 because 
of  the  h i g h e r  remnant i n t roduced .  

High frequency remnant i s  p r i m a r i l y  i n f luenced  by  p2, 

V a r i a t i o n s  i n  p1 have l i t t l e  e f f e c t  on h e ( w ) .  All 

We found tha t  model p r e d i c t i o n s  are far less s e n s i t i v e  t o  
p1 ( o r  V t h a n  t o  p2 ( o r  V 1. T h i s  i s  because p o s i t i o n  ( e )  may 
be estimated from ra te  ( 6 )  obse rva t ion  even when p1 i s  r e l a t i v e l y  
l a r g e .  On t h e  o t h e r  hand, p o s i t i o n  in fo rma t ion  i s  almost  u s e l e s s  
i n  e s t i m a t i n g  r a t e .  
e f f e c t ,  b u t  i n c r e a s i n g  p2 ( f o r  f i x e d  pl) preven t s  t h e  model from 
a c c u r a t e l y  e s t i m a t i n g  e r r o r  ra te .  

Y l  Y2 

Thus, i n c r e a s i n g  p1 ( f o r  f i x e d  p 2 )  has l i m i t e d  

'In ou r  s t u d i e s  t h e  n o i s e  r a t i o s  pi ,  pm were kept  c o n s t a n t .  Thus, 

and Vm c o n s t a n t ,  i n  which c a s e  t h e  

-- 
normalized remnant was the  s y s t e m  q u a n t i t y  t o  be examined. How- 
e v e r ,  one may wish  t o  keep V 
unnormalized remnant i s  t h e  p e r t i n e n t  model ou tpu t .  E i t h e r  approach 
i s  v a l i d  provided t h a t  one s t a y s  c o n s i s t e n t .  

Y i  
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Motor noise variations. - When t h e  i n p u t  n o i s e  d i s t u r b a n c e  -- 
e n t e r s  t h e  s y s t e m  i n  para l le l  w i t h  t h e  human''s c o n t r o l  i n p u t ,  
small amounts of  motor n o i s e  have only minor e f fec t  upon model 
o u t p u t s .  
system s c o r e s  ( e s p e c i a l l y  c o n t r o l  related s c o r e s )  i n c r e a s e .  These 
i n c r e a s e s  a r e  a r e s u l t  o f  ou r  t r e a t i n g  t h e  motor n o i s e  as a n  addi- 

t i o n a l  i n p u t  d i s t u r b a n c e  t o  t h e  s y s t e m .  

However, as pm i s  i n c r e a s e d ,  t h e  normalized remnant and 

When t h e  i n p u t  d i s t u r b a n c e  does n o t  e n t e r  i n  p a r a l l e l  w i t h  

u ( t ) ,  motor n o i s e  p r e v e n t s  t h e  Kalman e s t i m a t o r  from i n t e g r a t i n g  
t h e  c o n t r o l  s i g n a l  t o  o b t a i n  p e r f e c t  s t a t e  e s t i m a t e s .  I n  t h i s  
c a s e ,  small amounts of  motor no i se  have a dominant e f f e c t  on low 
frequency remnant and d e s c r i b i n g  f u n c t i o n  c h a r a c t e r i s t i c s .  

A Technique for Model-Matching 

It i s  most i n p o r t a n t  t o  be  able t o  use  t h e  model t o  match 
expe r imen ta l  data i n  a s y s t e m a t i c  f a s h i o n .  T h i s  model-matching 
i s  necessary  t o  determine r easonab le  estimates f o r  i n t r i n s i c  
p i l o t  parameters  t o  b e  used i n  p r e d i c t i n g  performance i n  a new 
s i t u a t i o n .  I n  a d d i t i o n ,  t h e  model parameters  themselves  may be 
u s e f u l  as d e r i v e d  measures of performance. Thus, f o r  example, 
measuring o b s e r v a t i o n  n o i s e s  by  matching data  from s imple  t r a c k i n g  
exper iments  may prove t o  b e  a u s e f u l  way of e v a l u a t i n g  c e r t a i n  
d i s p l a y s .  Under c e r t a i n  c i rcumstances  t h e  de r ived  measures can 
b e  a good deal  more s e n s i t i v e  t h a n  d i r e c t  measures of  performance. 

One p l a u s i b l e  t echn ique  f o r  choosing parameters  t h a t  match 
model o u t p u t s  w i t h  exper imenta l  measurements of s c o r e s ,  d e s c r i b i n g  
f u n c t i o n  g a i n  and phase,  and remnant i s  the  fo l lowing :  



t 1. Choose a " reasonable"  set of va lues  f o r  t h e  human 
response  parameters T N J  T, Pi ( o r  V and Pm (or Vm) . 

Y i  

2 .  Pick v a l u e s  of P1 and P2 ( o r  V 
r e s u l t  i n  good approximations t o  t h e  measured remnant 
s pe c t rum. 

h igh  frequency phase measurements. 

Adjust  TN u n t i l  p r e d i c t e d  ga in  ( l . O < W < l O . )  matches 
d e s c r i b i n g  f u n c t i o n  data. 

Choose a v a l u e  of Pm ( o r  Vm) t h a t  g i v e s  a match t o  
c o n t r o l  s c o r e .  

and V y 2 )  t h a t  
Y l  

3. Adjust  T such t h a t  model p r e d i c t i o n s  match observed 

4 .  

5. 

6 .  Compare a l l  model p r e d i c t i o n s  w i t h  t h e  data. I f  

7 .  "Fine tune"  T N ,  T, Pi ,  Pm. The r e s u l t i n g  v a l u e s  

r e s u l t s  are u n s a t i s f a c t o r y , t t  r e t u r n  t o  step 2 .  

a r e  t he  human response  parameters  that  b e s t  match 
t h e  data. 

The above model-matching scheme i s  no t  meant t o  e s t a b l i s h  univer -  
s a l  g u i d e l i n e s .  However, i t  i s  a r easonab le  way f o r  one t o  proceed ,  
based on t h e  r e s u l t s  o f  ou r  s e n s i t i v i t y  s t u d i e s  of s i m p l e  manual con- 
t r o l  s y s t e m s .  S ince  T and T do no t  a f f e c t  remnant,  t h e  o b s e r v a t i o n  
no i ses  can be chosen p r i m a r i l y  on t h e  basis of matching remnant spec- 
trum. T and T N  may t h e n  be chosen t o  match d e s c r i b i n g  f u n c t i o n  da ta .  

N 

A mathematical  c r i t e r i a  f u n c t i o n  tha t  can be  used t o  "grade" t h e  
c loseness  of model p r e d i c t i o n s  w i t h  data  i s  needed i n  any matching 
scheme. The p r e c i s e  form of t h i s  f u n c t i o n  would depend on the  s p e c i f i c  

e .g . ,  T~ Z .l, T = .2, pi = -20 dB,  pm = -25 d B  f o r  f o v e a l  viewing 
c o n d i t i o n s .  

t 

"An adjustment  o f  c o s t  f u n c t i o n a l  weight ings  ql, r may be called 
f o r  i f  r e s u l t s  are c o n t i n u a l l y  poor .  
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a p p l i c a t i o n .  For  example, it may be of  g r e a t e r  importance t o  match 
remnant spectrum than ,  s a y ,  s c o r e s  i n  o b t a i n i n g  estimates of obser -  
v a t i o n  n o i s e  r a t i o s .  The c r i t e r i o n  f u n c t i o n  would t h u s  p l a c e  rela- 
t i v e l y  more weight  on t h o s e  manual c o n t r o l  c h a r a c t e r i s t i c s  t h a t  are 
r e q u i r e d  t o  be  more c l o s e l y  matched. 

The d e t e r m i n a t i o n  of s u i t a b l e  matchfng c r i t e r i a  and matching 
t o l e r a n c e s  i s  a d i f f i c u l t ,  and impor t an t ,  problem. Its s o l u t i o n  
would go a long  way towards d e f i n i n g  a s t a n d a r d i z e d  and s y s t e m a t i c  
s e t  of  procedures  f o r  e x t r a c t i n g  model parameters from data. t 

'A pre l imina ry  t echn ique  f o r  e x t r a c t i n g  estimates of  o b s e r v a t i o n  
n o i s e  a s s o c i a t e d  w i t h  d i f f e r e n t  viewing c o n d i t i o n s  i s  r e p o r t e d  
i n  Levison [33 ] .  
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P R E D I C T I O N  O F  P I L O T  P E R F O R M A N C E  I N  A H O V E R I N G  T A S K  

I n  t he  f i rs t  th ree  c h a p t e r s  of t h i s  r e p o r t  we developed an 
opt imal  c o n t r o l  model of t he  human o p e r a t o r  and examined i n  d e t a i l  
i t s  a p p l i c a t i o n  t o  t h e  p r e d i c t i o n  of human response  i n  some b a s i c ,  
s i n g l e - a x i s  c o n t r o l  tasks. I n  t h i s  c h a p t e r ,  we use t h e  model t o  
ana lyze  a more complex c o n t r o l  s i t u a t i o n ,  namely t h e  manual c o n t r o l  
of t h e  l o n g i t u d i n a l  p o s i t i o n  of  a hover ing  VTOL-type a i r c r a f t .  

T h i s  i s  n o t  t h e  f i r s t  t i m e  t h a t  t h e  model w i l l  b e  employed i n  
such a t a s k .  I n  a p rev ious  s t u d y  (Ref .  1 7 )  we analyzed 10npitUd- 
i n a l  hover ing  c o n t r o l  f o r  a p a r t i c u l a r  VTOL c o n f i g u r a t i o n  ( X V - 5 A ) .  
I n  t h a t  s tudy  semi-empir ical  t echn iques ,  i n v o l v i n g  a f a i r l y  exten-  
s i v e  p re l imina ry  exper imenta l  p rogram,wereused  t o  determine most 
of t h e  parameters o f  t h e  opt imal  c o n t r o l  model. Then, usine: these 
parameters ,  human performance i n  t h e  hover  t a s k  was p r e d i c t e d  and 
compared w i t h  data ob ta ined  from s i m u l a t i o n  experiments  i n  which 
s k i l l e d  p i l o t s  executed t h e  t a s k .  The r e s u l t s  showed t h a t  t h e  
model could  indeed  reproduce  most o f  t h e  e s s e n t i a l  c o n t r o l  charac-  
t e r i s t i c s  of t h e  p i l o t s  as w e l l  as closed-loop s y s t e m  performance. 
Good p r e d i c t i o n s  o f  v i s u a l  scanning  behavior  were a l s o  ob ta ined ,  
us ing  t h e  opt imal  sampling model d e s c r i b e d  e a r l i e r  i n  t h i s  r e p o r t .  
F i n a l l y ,  a s i m p l i f i e d  technique  f o r  e s t i m a t i n g  average  c o n t r o l  
behavior  and performance was sugges ted  and p a r t i a l l y  v a l i d a t e d .  
T h i s  t echnique  had t h e  advantage that  e x t e n s i v e  pre-exper imenta t ion  
was no t  r e q u i r e d  f o r  t h e  a n a l y s i s .  

Here, w e  w i l l  show t h a t  t h e  model may be  used t o  p r e d i c t  t h e  ' e f f e c t s  on performance of changes i n  a i r c r a f t  s t a b i l i t y  parameters. 

..- 
'In Ref. 17 t h e  only c o n f i g u r a t i o n a l  change i n v e s t i g a t e d  involved  

t h e  presence  o r  absence of  a n  e x p l i c i t  d i s p l a y  of l o n g i t u d i n a l  
v e l o c i t y .  
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The r e s u l t s  t h a t  we o b t a i n  w i l l  p rov ide  f u r t h e r  v a l i d a t i o n  of t h e  

model and g r e a t e r  i n s i g h t  i n t o  i t s  use.  More impor t an t ly ,  t h e y  
w i l l  demonst ra te  t h e  r e a l  p o t e n t i a l  of the o p t i m i z a t i o n  approach 
t o  manned-vehicle s y s t e m s  a n a l y s i s .  

The  H o v e r i n g  T a s k  

Vinje  and M i l l e r  [ 2 0 ,  211 have conducted and analyzed a 
ser ies  o f  s i m u l a t o r  experiments  i n v o l v i n g  p r e c i s i o n  hover ing  
c o n t r o l  of a VTOL-type v e h i c l e .  A s  p a r t  of t he i r  i n v e s t i g a t i o n ,  
t h e y  measured t h e  e f f e c t s  of v a r i a t i o n s  i n  a i r c r a f t  s t a b i l i t y  
p a r a n e t e r s  on r m s  hove r ing  performance. As a f u r t h e r  t e s t  of  
ou r  model, w e  s h a l l  a t t empt  t o  p r e d i c t  these e f f e c t s  and co r re -  
l a t e  ou r  r e s u l t s  w i t h  t h e  exper imenta l  data. 

B r i e f l y ,  t h e  p i l o t ' s  task was t o  minimize l o n g i t u d i n a l  pos i -  
t i o n  e r r o r s  w h i l e  hover ing  i n  t u r b u l e n t  air.' Only l o n g i t u d i n a l  
motions were cons idered  and t h e  p i l o t  was not  r e q u i r e d  t o  c o n t r o l  
t h e  h e i g h t  o f  t h e  a i r c r a f t .  With these assumptions,  t h e  follow- 
i n g  l i n e a r i z e d  equa t ions  o f  motion were used t o  s i m u l a t e  t h e  

hover  t a s k  

l Y u u + M  q - i = - M 6 6 - M u u  
q R 

-xu ug xu u - ge - u = 

where 

U l o n g i t u d i n a l  component of  gus t  v e l o c i t y  , f t / s e c  

u= x v e l o c i t y  p e r t u r b a t i o n s  a l o n g  t h e  x-axis  , f t / s e c  

e p i t c h  a t t i t u d e ,  rad 

'The VTOL hove r ing  experiments  are d e s c r i b e d  i n  d e t a i l  i n  R e f .  20. 
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q= 6 p i t c h  ra te ,  rad/sec 

8 c o n t r o l  s t i c k  i n p u t ,  i n  

speed s t a b i l i t y  parameter ,  r a d / f t - s e c  

p i t c h  rate damping, l / s e c  

c o n t r o l  s e n s i t i v i t y ,  ( r ad / sec  ) / i n  

l o n g i t u d i n a l  d r a g  parameter ,  l / s e c  

MU 

Mti 

9 
M 

2 

g g r a v i t a t i o n a l  c o n s t a n t ,  32 .2  f t / s e c 2  

0 1 0 0 0  

O M  0 
MU MU 9 

0 0 0 1 o 4  

The s imula ted  g u s t  u was e q u i v a l e n t  t o  f i r s t - o r d e r  f i l t e r e d  
white  n o i s e  w i t h  f i l t e r  p o l e  a t  .314 r ad / sec .  The r m s  l e v e l  of 
t h e  g u s t ,  uu , was set  a t  5.14 f t j s e c .  

g 

g 

Thus, t h e  equa t ions  of s t a t e  f o r  t h e  t a s k  could b e  w r i t t e n  
i n  t h e  fo l lowing  form: 

-.314 0 0 0 0 1  

0 0 -g 

U 
Es 

U 

X 

9 

e 

t 

0 

0 

0 

M6 

0 

The p i l o t s  were provided w i t h  a Norden c o n t a c t  ana log  d i s p l a y  
on which both  a i r c r a f t  a t t i t u d e  ( e )  and p o s i t i o n  (x) were i n d i c a t e d  
e x p l i c i t l y .  (The d i s p l a y  i s  desc r ibed  i n  R e f .  20.) Hence, i n  
accordance w i t h  our  u s u a l  assumptions,  t h e  d i s p l a y e d  ou tpu t s  were 
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- -  - - , -  - 
€5 

U 0 1 0 0 0  U 

x = o  0 1 0  0 U 

9 0 0 0 1 0  X 

0 0 0 0 0 1  9 - -  - - 
l e  J 

MU 

i . e . ,  x , 0  and t h e i r  f i r s t  d e r i v a t i v e s  u and q r e s p e c t i v e l y .  

M6 M 
9 

The experiments  t h a t  w e  w i l l  c o n s i d e r  i nvo lve  changes i n  X u ,  
MU and M 

i n g  t o  v a l u e s  of  -.l, .O207, and -3.0, r e s p e c t i v e l y .  For each 
c o n f i g u r a t i o n ,  t h e  s u b j e c t  p i l o t  was i n s t r u c t e d  t o  s e l e c t  a con- 
t r o l  s e n s i t i v i t y  M g  t ha t  he cons ide red  "optimum" for performance 
w i t h  t h a t  p a r t i c u l a r  c o n f i g u r a t i o n .  The parameter  va lues  co r re s -  
ponding t o  t h e  cases  i n v e s t i g a t e d  here are l i s t e d  i n  T a b l e  4 .  
The case  numbers i d e n t i f y i n g  t h e  v a r i o u s  c o n f i g u r a t i o n s  are t h o s e  
a s s igned  i n  R e f .  2 1 .  

about  a common or "nominal" o p e r a t i n g  p o i n t  correspond- 
9 

t 

-.l 
0 

T a b l e  4 

,0207 -3.0 .431 
I I .287 

V a r i a t i o n s  i n  VTOL S t a b i l i t y  D e r i v a t i v e s  

-.l 
-.l 

Case 

0 .300 
.0104 .360 

No m i  n a l  
( PH8 1 

t 

PH1 

.0312 + .481 

.9207 -1.0 -369 

.0207 -5.0 493 

PH2 

PH5 
PH6 

PH7 
PH9 
PHlO 
PH12 

-005 I I I I I .420 

- 0  3 I + I I I .516 

tWe r e s t r i c t  a t t e n t i o n  t o  r e s u l t s  f o r  a s i n g l e  p i l o t  ( p i l o t  B ) .  
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Multiloop-Model A n a l y s i s  

A c losed- loop  p i l o t - v e h i c l e  a n a l y s i s  of  t h e  above hover  task, 
u s i n g  q u a s i - l i n e a r ,  mu l t i l oop  p i l o t  models ( R e f s ,  5 ,6  ) was used by 

Vin je  and Miller i n  a n a l y z i n g  t h e i r  data. We p r e s e n t  t h e  high- 
l i g h t s  o f  t h e i r  approach i n  a n  a t t e m p t  t o  p rov ide  f u r t h e r  c o n t e x t  
f o r  t h e  r e s u l t s  we have ob ta ined  w i t h  ou r  model. t 

I n  app ly ing  t h e  multiloop-model approach, one must assume an  
a p r i o r i  closed-loop s y s t e m  s t r u c t u r e .  I n  o t h e r  words, a n  assump- 
t i o n  must b e  made concern ing  t h o s e  loops "c losed"  by t h e  p i l o t .  
Vin je  and Miller assumed t h e  "series loop" model i l l u s t r a t e d  i n  
F ig .  36. 
( R e f .  81.) Once the  loop topology has been dec ided  upon, i t  i s  
t h e n  necessary  t o  assume s p e c i f i c  forms f o r  t h e  i n d i v i d u a l  t r a n s -  
fers comprising t h e  p i l o t  model. For t h e  s t r u c t u r e  o f  F i g .  36 
t h i s  means choosing f i x e d  forms f o r  Y and Y . The forms 

chosen by Vin je  and Miller were 

( A  p a r a l l e l  loop model f o r  t h i s  task is  a l s o  a p o s s i b i l i t y  

PX Pe  

-TxS 
Y = K ( T  s + l ) e  

px px Lx 

I n  Eqns. (69 -70  1, t he  "neuromuscular l a g "  ( T N ) ,  the  0-loop t r a n s -  
p o r t  l a g  ( T ~ ) ,  and t h e  x-loop t r a n s p o r t  l a g  ( T ~ )  were cons ide red  
t o  b e  f i x e d  parameters w i t h  v a l u e s  of .35 s e c ,  .09 s e c  and .08 s e c ,  
r e s p e c t i v e l y ;  the g a i n s  (K , K  ) and the  lead t i m e  c o n s t a n t s  

Pe PX 
(TLe,TLx) were assumed t o  b e  "adaptable" parameters  , chosen by 

'Again, detai ls  may be  found i n  Reference 21. 
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INNER LOOP 
- - 

OUTER LOOP - - 

F I G . 3 6  S E R I E S  L O O P  M O D E L  F O R  P I L O T  L O N G I T U D I N A L  C O N T R O L  I N  H O V E R  
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t h e  p i l o t  t o  achieve  c e r t a i n  desired closed-loop c h a r a c t e r i s t i c s .  

Inasmuch as Y and Y cannot  be measured d i r e c t l y  i n  t h i s  
P X  P 0  

task,  Vin je  and Miller dev i sed  a t echn ique  f o r  " i d e n t i f y i n g "  t h e  
adaptable parameters. I n  p a r t i c u l a r ,  t h e y  i terated on K , K , 

Pe  P X  
and TL u n t i l  t h e  rms v a l u e s  uu, ux, u0 and u computed by 

9 TLO X 
u s i n g  t h e  closed-loop model of Fig. 36 "matched" t h e  cor responding  
r m s  hover  performance (as measured i n  t h e  s i m u l a t o r  exper iments )  
t o  w i t h i n  0.5%. Vin je  and Miller d i d  no t  use  r m s  c o n t r o l  a c t i v i t y  
(u6) i n  the i r  matching procedure  
e f f e c t s  of i g n o r i n g  p i l o t  remnant i n  t he  computation of t h e  p i l o t -  
model adapted parameters. However, t h e y  compared measured v a l u e s  
of u6 w i t h  t hose  ob ta ined  from c a l c u l a t i o n s  based on the  computed 
pi lot-model  parameters and found t h a t  these va lues  of u6 d i f f e red ,  
on t h e  average,  by about 17%. 

i n  an attempt t o  minimize t h e  

Once va lues  f o r  t h e  parameters of Y and Y are g iven ,  it 
PX P0 

i s  p o s s i b l e  t o  compute va r ious  loop  c l o s u r e  c h a r a c t e r i s t i c s ,  e.g. 
inne r -  and outer - loop  c rossove r  f r e q u e n c i e s  and phase margins.  
The inner- loop c h a r a c t e r i s t i c s  are ob ta ined  from Bode p l o t s  of 
Y [0/61. The outer - loop  c h a r a c t e r i s t i c s  are c a l c u l a t e d  by 

assuming t h e  inne r -  ( p i t c h )  loop  i s  c l o s e d ;  Bode p l o t s  of 
p0 

y i e l d  t he  desired r e s u l t s .  



Before l e a v i n g  t h i s  d i s c u s s i o n  of  t h e  mul t i l oop  a n a l y s i s ,  it 
i s  worth r e p e a t i n g  and re-emphasizing t h a t  the  p i lo t -model  adap ted  
parameters  and t h e  computed loop c l o s u r e  c h a r a c t e r i s t i c s  are 
de r ived  measures of human performance tha t  are des igned  t o  p rov ide  
a d d i t i o n a l  unde r s t and ing  of  t h e p i l o t ' s  behav io r .  The only d i r e c t  
measures made by Vin je  and Miller i n  t h e i r  expe r imen ta l  s t u d y  
were t h e  measures of  closed-loop r m s  hove r ing  performance 

t 
(ax,  (Tu,  08, Uq' 0s). 

Predict ions with the Optimal Control Model 

I n  t h i s  s e c t i o n  w e  p r e s e n t  t he  r e su l t s  of  a p p l y i n g  t h e  o p t i m a l  
c o n t r o l  model of  t h e  human o p e r a t o r  t o  t h e  a n a l y s i s  cf' t h e  hover  
t a s k  d e s c r i b e d  e a r f i e r .  We beg in  w i t h  a b r i e f  d i s c u s s i o n  of t he  
choice  of  parameters  f o r  t h e  op t ima l  c o n t r o l  model. Then we p re -  
s e n t  and d i s c u s s  model p r e d i c t i o n s  f o r  t h e  v a r i o u s  c o n f i g u r a t i o n s  
l i s t e d  i n  Tab le  4 .  
o f  t h e  r e s u l t s .  

We end w i t h  a b r i e f  summary and d i s c u s s i o n  

Model parameters. - I n  o r d e r  t o  apply  ou r  model t o  t h i s  t a sk ,  

va lues  f o r  T ~ ,  T ,  t he  p i ' s ,  and p m 
weight ings  had t o  be chosen. We f e l t  t h a t ,  w i t h  r e s p e c t  t o  t h o s e  
parameters re la ted p r i m a r i l y  t o  i n t r i n s i c  human l i m i t a t i o n s ,  
va lues  r e p r e s e n t a t i v e  of t h o s e  used i n  t h e  s i n g l e - a x i s  s t u d i e s  
c o n s t i t u t e d  a good a p r i o r i  cho ice .  Thus, w e  l e t  T~ = .1 s e c ,  

t h a t  a l l  t h e  o b s e r v a t i o n  n o i s e s  were set  e q u a l  and a t  t h e i r  

as w e l l  as c o s t  f u n c t i o n a l  

T = .15 s e c ,  p1 = p 2  - - p3 = p4 = -20 d B  and p, = -25 dBTt Note 

tAnother ( s u b j e c t i v e )  measure , namely, p i l o t  o p i n i o n  r a t i n g  was 

"Noise r a t i o s  were chosen w i t h i n  - + .5 d B  and T~ was w i t h i n  10% 

a lso  t aken  b u t  we w i l l  n o t  d i s c u s s  t h i s  measure a t  l e n g t h  here.  

of .1 s e c  f o r  a l l  cases. 
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" s ing le -ax i s "  va lues . '  It i s  s i g n i f i c a n t  t h a t  w e  were able t o  keep 

t h i s  ( i n i t i a l )  s e t  o f  model i n p u t  parameters  f i x e d  throughout  t h e  

e n t i r e  subsequent  s t u d y .  

The cho ice  of  a " s u b j e c t i v e "  c o s t  f u n c t i o n a l  i s  a b i t  more 
s u b t l e .  R e c a l l  that  t h e  p i l o t s  were i n s t r u c t e d  t o  minimize pos i -  
t i o n  e r r o r  ( ax ) .  
must suppres s  p i t c h  e r r o r s  inasmuch as such e r r o r s  i n t r o d u c e  d i s -  
t u r b i n g  l o n g i t u d i n a l  f o r c e s .  I n  a d d i t i o n ,  one may expec t  t h a t  
p i l o t s  t r y  t o  avo id  e x c e s s i v e  a t t i t u d e  changes d u r i n g  t h e  p rocess  
of minimizing hove r ing  e r r o r s .  Accordingly,  i t  seems reasonab le  
t o  i n c l u d e  a p i t c h  o r  p i t c h - r a t e  term i n  the  c o s t  f u n c t i o n a l ;  w e  

Given t h i s  cho ice ,  a s u b j e c t i v e  weight ing  f o r  p i t c h - r a t e  must b e  

s e l e c t e d .  I n  t h e  absence of  any data, one might choose t h i s  

weight ing  by a s k i n g  p i l o t s  how much p o s i t i o n  e r r o r  t h e y  would 
trade f o r  ma in ta in ing  low a t t i t u d e  rates.  If,  f o r  example, t h e y  

However, i n  o r d e r  t o  accomplish t h i s  t h e  p i l o t  

2 chose t o  add a t e r m  p r o p o r t i o n a l  t o  mean-squared p i t c h  r a t e  Y Uq '  

were w i l l i n g  t o  a c c e p t  a mean-squared hove r ing  e r r o r  of 1 f t 2  i n  
o r d e r  t o  avoid  mean-squared a t t i t u d e  rates i n  excess  of 0.5 
deg / s ee2  (z.01 rad / sec  ) t h e n  one might s e l e c t  a p i t c h - r a t e  
we igh t ing  t h a t  was 100 times g r e a t e r  t h a n  t h e  p o s i t i o n  weight ing .  
For  t h i s  s t u d y ,  such a q u e s t i o n i n g  o f  p i l o t s  was not  p o s s i b l e .  
We, t h e r e f o r e ,  p i cked  the  p i t c h - r a t e  we igh t ing  on t h e  basis of 
t h e  measured s c o r e s  f o r  t he  "nominal" c o n f i g u r a t i o n .  I n  t ha t  

c a s e ,  va lues  of  a: and a2 of  approximately 1.2 f t 2  and .0024 

rad /sec2 were found. 
we igh t ing  of 400 and w e  used t h i s  va lue  i n  a l l  subsequent  calcu-  
l a t i o n s .  Thus, t h e  c o s t  f u n c t i o n a l  f o r  t h i s  a n a l y s i s  was 

2 2 2 

2 9 
On t h i s  basis, we s e l e c t e d  a p i t c h - r a t e  

J = a: + 400 a* + g a& ir 
4 (72 )  

'This i s  a r e f l e c t i o n  of  t h e  f a c t  t h a t  an  i n t e g r a t e d  d i s p l a y  was 
used so  t h a t  v i s u a l  scanning  d i d  not  appear  t o  be necessa ry .  
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t where g was chosen so t h a t  T~ .1 s e c .  

uU OX 4 ‘e 
Measured .79(.09) 1.16(.10) .050( .003)  .032(.002’) . 5 9 ( : 0 3 )  

Predicted .82 1.08 055 .036 .63 

(3 

r 

-- Nominal case .  - We now compare model p r e d i c t i o n s  w i t h  measured 
and d e r i v e d  data f o r  t h e  nominal ca se  (PH8 i n  Table  4 1. Measured 
and p r e d i c t e d  s c o r e s  are compared below i n  Table 5. The measured 
v a l u e s  are averages  of  t e n  r u n s  and the q u a n t i t i e s  i n  p a r e n t h e s i s  
i n d i c a t e  t he  co r re spond ing  s t a n d a r d  d e v i a t i o n s .  It can  be seen  
that  t h e  agreement between p r e d i c t e d  and measured s c o r e s  i s  
e x c e l l e n t .  

Table 5 

Comparison o f  Measured a n d  Predicted Scores 

Nominal Conf lgu ra t ion  ( X u = - . l ,  MUg=.667, Mq=-3, Mg=.431) 

It would b e  desirable  t o  o b t a i n  comparisons of measured and 
p r e d i c t e d  frequency domain data f o r  t h i s  s tudy  tha t  might  provide  
a more complete v a l i d a t i o n  of  t h e  model. Unfo r tuna te ly ,  t he  data 
of Reference 21 does n o t  i n c l u d e  frequency domain measurements. 
I n s t e a d ,  t h e  f ixed-form expres s ions  f o r  Y and Y were assumed 

‘In a r e c e n t  s t u d y  aimed a t  deve loping  a scheme f o r  p r e d i c t i n g  
p i l o t  r a t i n g s  f o r  VTOL v e h i c l e s ,  Anderson E221 sugges ted  t h a t  p i l o t s  
might a t t e m p t  t o  minimize a performance measure of  uX + 1 0 0  . 
T h i s  s u g g e s t i o n  was based on ad hoc c o n s i d e r a t i o n s ,  and a rough 
c o r r e l a t i o n  w i t h  data ( i n c l u d i n g  t h a t  of  R e f .  21). I n  terms of 
a q u a d r a t i c  p’erformance index ,  Anderson’s c r i t e r i o n  becomes 
o’, + 200 u 
w e  see that  t he  p i t c h - r a t e  weight ing  of  400 i s  not  s i g n i f i c a n t l y  
d i f f e r e n t  from Anderson s weight ing .  

P X  Pe 

4 

9’ 
+ 1 0 0 ~ ~  Noting that  i n  t h e  nominal ca se  O x %  200 

x q  4’ 
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, T ) were adjusted t o  
K ~ , '  T ~ g  LX 

and t h e  parameter va lues  (K 

match s c o r e s .  

I n  an  attempt t o  c o r r e l a t e  t h e  mult i - loop s t r u c t u r e  o f  ou r  
optimal-control-model w i t h  that  o f  Vin je  and Miller 's  model, w e  

and Y i n  the  
P X  

s i m p l y  computed t h e  e q u i v a l e n t  t r a n s f e r s ,  

fo l lowing  manner. From F ig .  36, w e  see that t h e  c o n t r o l  i n p u t  

e - 6 =-Y Y 
PX P e  

(73 )  

On t h e  o t h e r  hand, t h e  opt imal  c o n t r o l  model o f  t h e  human o p e r a t o r  
y i e l d s  (see Eq. ( 2 3 ) ) .  

Comparing equa t ions  ( 7 3 )  and (74 )  g ives  

sh  +h 
1 2 t y  

sh3+h4 P X  

(75)  

(76 )  

Consequently,  w i t h  these expres s ions  f o r  Y and Y , it is  pos- 
Po px 

s i b l e  t o  use t h e  opt imal  c o n t r o l  model t o  compute e q u i v a l e n t  
" inner"  and "ou te r "  loop c h a r a c t e r i s t i c s ,  j u s t  as i s  done i n  the 
fixed-form mul t i l oop  a n a l y s i s .  
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Figures  37-40 show t h e  r e s u l t s  of performing some of t he  fre- 
quency domain c a l c u l a t i o n s  f o r  t h e  "nominal" c o n f i g u r a t i o n .  (As 

a matter of  i n t e r e s t ,  c o r r e l a t e d  and u n c o r r e l a t e d  c o n t r o l  s p e c t r a  
are shown i n  F ig .  37 . )  Bode p l o t s  of Y and Y , as computed 

from E q s .  ( 7 5 )  and (761, are p resen ted  i n  F igs .38  and 39. Also  

shown i n  these f i g u r e s  are t h e  f ixed-form Y and Y correspond- 

i n g  t o  t h e  parameter v a l u e s  (K 

Vin je  and Mil ler .  As can  be seen ,  t h e  cor responding  Y - t r a n s f e r s  

are i n  e x c e l l e n t  agreement up t o  about  4 r ad / sec ;  cor respondingly  

P9  P X  

P9  P X  
, TLg, K , e t c . )  determined by 

PI3 px 

P 9  

good agreement between t h e  Y - t r a n s f e r s  i s  e v i d e n t  up t o  about  
P X  

1 .5  r ad / sec  . 
I n  F ig .  40 ,  t h e  Bode p l o t s  f o r  t h e  t r a n s f e r  \ Y p g *  81 , neces- 

s a r y  t o  de te rmine  " inner"- loop c l o s u r e  c h a r a c t e r i s t i c s ,  i s  pre- 
sented. t  We f i n d  t h a t  t h e  opt imal  c o n t r o l  model y i e l d s ,  f o r  t he  

p i t c h  loop ,  "c rossove r"  f requency and phase margin of  approximately 
3.2 rad/sec and 30 degrees, r e s p e c t i v e l y .  V in je  and Miller o b t a i n  
a p i t c h  loop c r o s s o v e r  f requency and phase margin of  3 .1  r ad / sec  
and 8 degrees. S imi la r  computat ions f o r  t h e  "ou te r "  o r  p o s i t i o n  
loop r e s u l t  i n  model c r o s s o v e r  and phase margin of 1.1 rad / sec  
and 2 1  degrees as compared t o  v a l u e s  of  1 . 0  r ad / sec  and 15 degrees 
d e r i v e d  by Vin je  and Mil ler .  Thus, t h e  agreement 
t e r i s t i c s  i s  good, w i t h  t he  op t ima l  c o n t r o l  model 
greater s t a b i l i t y  margins .  

i n  these charac-  
p r o v i d i n g  s If gh t ly 

'The dashed p o r t i o n s  of these curves  cor respond t o  what we b e l i e v e  
are reasonab le  t r e n d s  i n  t h e  data. Unfo r tuna te ly ,  o u r  programs 
were des igned  t o  compute q u a n t i t i e s  a t  discrete f r e q u e n c i e s  ( co r -  
responding  t o  va lues  a t  which w e  normally measure) .  Time did not  
permit the recomputa t ions  necessary  t o  d e f i n e  these frequency 
p l o t s  i n  more de t a i l .  

112 



\ 
U 
W 
? 

a 
Y 

U 

W a 
tn 

L 

0 

- 20 

0 
W 

;;;$ 

$$! 
-0 

-40 

tnK 
\ O  
n o  a a 

- 60 

- 80 
0 

-20 - 

- 40 

-600.1 0.2 0.5 

FREQUENCY (radlsec) 

FIG.37 PREDICTED P I L O T  CONTROL SPECTRA FOR NOMINAL CONFIGURATION 

113 



100 

0 
c5 

v) 
W 
W 

(3 
a 
x -100 
Y 

0 
n 

>- 
w 
(3 z 
U 

-J -200 

-300 

-400 
I 0.2 0.5 1.0 2 5 10 20 50 

FREQUENCY (rad/sec) 

FIG.38 PITCH-LOOP P I L O T  DESCRIBING FUNCTIONS ( Y  ) FOR NOMINAL 
CONFIGURATION pe  

114 



O 

z 
0 
U 

I- 
< 
tx 
3 
CI 

LL 
z 
0 
0 

J 
< z 

U 

v) z 
0 

t- u 
z 
3 
L L  

c3 z 

U 

U 

m 
U 
tx 
0 
v) 
w 
n 
I- 
O 
J 
Y 

n 

n 
0 
0 

I 
z 
0 
U 

I- 

v) 
0 

U 

n 

0 
'f 

0 
0 
r 

I 

0 

? 
Q, 
m 
CI 

LL 
U 

I I 

115 



o 300 
Q 

G 

200 
c 
0 
0) 
-0 
v 

’0’ 
Q) - 100 + 
W cn 
I 
a 
& 

0 -  

-100 
0.05 

I 

- 

i 

0.1 0.2 0.5 1 .o 2 

FREQUENCY (radlsec) 
5 10 20 

 FIG.^^ O P E N  LOOP DESCRIBING FUNCTION F O R  PITCH L O O P ,  { Y  . e / s )  
pi3 

116 



Thus, t h e  loop c l o s u r e  c h a r a c t e r i s t i c s  r e v e a l  t h a t  t he  Y and 

p r e d i c t e d  by t h e  op t ima l  c o n t r o l  model a g r e e  c l o s e l y  y d t h  t h e  
p 0  

de r ived  va lues  of  V in je  and Miller up t o  f r e q u e n c i e s  s l i g h t l y  
g r e a t e r  t h a n  the  r e s p e c t i v e  loop c rossove r s .  The disagreements  
a t  h i g h e r  f r e q u e n c i e s  cannot be r e s o l v e d  on t h e  basis of t h e  
a v a i l a b l e  data and they  do n o t  appear t o  be. s i g n i f i c a n t  from t h e  

s t a n d p o i n t  of system performance. We can be reasonably  c e r t a i n ,  
however, t h a t  t h e  h igh  frequency d e v i a t i o n s  of  t h e  Y ' s  r e s u l t  
from t h e  longe r  time de lay  and t h e  i n c l u s i o n  of t h e  p r e d i c t o r  i n  
t h e  op t ima l -con t ro l  model. 

P 

E f f e c t s  o f  p i t c h  r a t e  d a m p i n g ,  Ma'. - P r e d i c t e d  and measured 

rms-scores as a f u n c t i o n  of changes i n  p i t c h  rate damping ( w i t h  
o t h e r  d e r i v a t i v e s  he ld  a t  "nominal" v a l u e s )  are p l o t t e d  i n  Fig.41.  
It shou ld  be  re-emphasized t h a t  no changes i n  t h e  parameters  of 
t h e  p i l o t  model are made i n  computing t h e  e f f e c t s  of  changing 
a i r c r a f t  parameters .  Again, agreement i s  q u i t e  good, e s p e c i a l l y  
f o r  t h e  c a s e s  w i t h  h i g h e r  damping. For  M = -5.0, a l l  t h e  pre-  
d i c t e d  s c o r e s  are w i t h i n  t h e  s t a n d a r d  d e v i a t i o n s  of t h e  data and 
w e  have a l r e a d y  s e e n  similar agreement f o r  t h e  M = -3.0 c a s e .  
Model p r e d i c t i o n s  are p o o r e s t  f o r  t h e  c o n f i g u r a t i o n  w i t h  t h e  
least  damping (M = -l.O), a l though  t h e  maximum d e v i a t i o n  between 
p r e d i c t e d  and measured s c o r e s  does not  exceed 25%. Unfor tuna te ly ,  
it is  d i f f i c u l t  t o  assess t h e  t r u e  mismatch between model s c o r e s  
and data f o r  t h i s  ca se  because s t a n d a r d  d e v i a t i o n s  o f  t h e  measured 
averages  were n o t  a v a i l a b l e .  

'The p h y s i c a l  s i g n i f i c a n c e  o f  t h e  changes i n  v a r i o u s  s t a b i l i t y  
d e r i v a t i v e s  and the  e f f e c t s  on a i r c r a f t  response  t o  c o n t r o l  
o r  gus t  i n p u t s  w i l l  n o t  b e  d i s c u s s e d  here.  A de ta i led  and 
i l l u m i n a t i n g  d i s c u s s i o n  may b e  found i n  Reference 21.  

9 

Q 

9 

i t  

"Standard d e v i a t i o n s  were pub l i shed  f o r  t h e  r e s u l t s  of  a second, 
d i f f e r e n t ,  s u b j e c t .  A s  might b e  expec ted ,  s t a n d a r d  d e v i a t i o n s  
i n c r e a s e d  as damping dec reased .  
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What i s  perhaps most s u r p r i s i n g  about  t he  s c o r e  data f o r  t h e  
low damping case  i s  t h a t  a l l  t h e  s c o r e s  p r e d i c t e d  by the  opt imal-  
c o n t r o l  model of  t h e  human o p e r a t o r  exceed t h o s e  achieved  by t h e  
p i l o t .  T h i s  s u g g e s t s  t h a t  t h e  obse rva t ion  n o i s e - r a t i o s  i n  t h e  
model may have been t o o  high.  We decreased  these n o i s e - r a t i o s  
t o  approximately -23 dB and found t h a t  - a l l  p r e d i c t e d  s c o r e s  were 
t h e n  w i t h i n  1 0 %  of  measured va lues .  T h i s  i s  an  i n t e r e s t i n g  r e s u l t  
because i t  i m p l i e s  t h a t  t he  p i l o t s  became less "random", i n  an 
at tempt  t o  main ta in  t he  lower s c o r e s .  O r ,  i n  Levison ' s  terms 
[23] t h e  p i l o t s  worked harder t o  ach ieve  a c r i t e r i o n  l e v e l .  
c o r r e l a t e s  wi th  t h e  f a c t  that  t he  M = -1.0 ca se  was r a t e d  u n s a t i s -  
f a c t o r y  by t h e  p i l o t s  [21] whereas the  c a s e s d t h  h i g h e r  damping 
were ra ted s a t i s f a c t o r y .  

T h i s  

9 

The e q u i v a l e n t  Y and Y ob ta ined  from the  op t ima l  c o n t r o l  
px 

model are p l o t t e d  i n  F i g s .  42-43.  N a t u r a l l y ,  t h e  s i m p l i f i e d  f ixed -  
form expres s ions  of  Reference 2 1  w i l l  no t  d u p l i c a t e  t h e  low- 
frequency v a r i a t i o n s  seen  i n  t h e  Y t r a n s f e r  w i t h  M = -1.0. Pe 9 
Nor w i l l  t he  h igh  frequency behav io r  of  cor responding  t r a n s f e r s  
b e  d u p l i c a t e d  f o r  t h e  r eason  mentioned ea r l i e r .  However, i t  can 
b e  v e r i f i e d  t h a t  i n  t he  neighborhood of c r o s s o v e r ,  bo th  models 
y i e l d  p i t c h  and p o s i t i o n  loop g a i n s  that  a g r e e  q u i t e  w e l l .  Thus, 
w e  found i n n e r  and o u t e r  loop c rossove r  f r e q u e n c i e s  that  affreed 
w i t h  t h o s e  of Reference 2 1  t o  w i t h i n  p l o t t i n g  a c c u r a c i e s .  

Effects  o f  speed s t a b i l i t y  parameter, M,,. - The e f f e c t s  on 
~~ - 

p r e d i c t e d  and measured s c o r e s  of  changing t h e  speed s t a b i l i t y  
parameter  MU are 'shown i n  F i g .  4 4 .  The agreement i s  a g a i n  very 
good excep t  f o r  t h e  smallest va lue  of MU=O. The less p r e c i s e  
agreement f o r  t h e  MU=O ca se  i s  probably a t t r i b u t a b l e  t o  a va lue  
of  motor n o i s e  t h a t  i s  t o o  small. I n  t h i s  c a s e  there  i s  no gus t  
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component e n t e r i n g  i n  para l le l  w i t h  t h e  s t i c k  s o  t h e  Kalman f i l t e r  
can o b t a i n  very good estimates of  q and 9. As we saw i n  a n  ear l ie r  
c h a p t e r  (and i n  Reference 1 7 ) ,  such a s i t u a t i o n  may r e q u i r e  va lues  
of motor no i se  somewhat greater t h a n  -25 dB t o  model t h e  human 
o p e r a t o r  a c c u r a t e l y .  t 

Equiva len t  Y and Y t r a n s f e r s  f o r  t h e  c a s e s  Mug = .33 and 
P9 P X  

Mug = 1 . 0  are shown i n  F i g s .  45-46 . V a r i a t i o n s  i n  Y w i t h  Mug 
P 0  

take p l a c e  a lmost  e n t i r e l y  below 1 rad / sec .  (The nominal Y f o r  
Mug = .667 f a l l s  w i t h i n  t h o s e  shown.) I n  t he  neighborhood of 
p i t c h  loop c rossove r  ( - 3  r a d / s e c ) ,  p i t c h  loop g a i n  d e c r e a s e s  
very s l i g h t l y  w i t h  i n c r e a s i n g  Mug. 
fixed-form model of  Reference 2 1 .  The v a r i a t i o n s  i n  Y (F ig .  46)  
w i t h  Mug are no t  very d rama t i c ,  w i t h  r e l a t i v e l y  small changes i n  
g a i n  appea r ing  t o  be t h e  p r i n c i p a l  e f f e c t .  It should  be  noted  
tha t  t h e  p o s i t i o n  g a i n  of t h e  op t ima l  c o n t r o l  model dec reases  

P9 

T h i s  was a l s o  t r u e  f o r  t h e  

Px 

w i t h  i n c r e a s i n g  Mug, whereas the  K o f  

shows the  oppos i t e  t r e n d .  However, t h e  
t i o n  loop g a i n  f o r  t h e  f ixed-form model 
observed t r e n d  may n o t  b e  s i g n i f i c a n t .  

P X  
t h e  f ixed-form model 

t o t a l  v a r i a t i o n  i n  pos i -  
i s  less t h a n  2 dB and t h e  

E f f e c t s  o f  v a r i a t i o n s  in l o n g i t u d i n a l  d r a g  p a r a m e t e r ,  Xu. - 
P r e d i c t e d  s c o r e s  were computed f o r  v a r i o u s  v a l u e s  of  Xu ( w i t h  Mq 
and Mug kep t  a t  t h e i r  nominal v a l u e s )  and are p resen ted  a l o n g  
w i t h  measured data i n  Fig.  47f t  Again, t he  data agree a lmost  

'Note that  moderately higher  v a l u e s  of motor n o i s e  would n o t  i n -  
c r e a s e  t h e  s c o r e s  s i g n i f i c a n t l y  i n  t h e  remaining c a s e s  examined 
i n  t h i s  c h a p t e r  because of  the  r e l a t i v e l y  large nominal va lue  
f a r  Mug. 

"Frequency domain data were a l s o  computed b u t  t h e y  evidenced 
similar phenomena as i n  t he  o t h e r  cases  and are t h e r e f o r e  not  
p re sen ted .  
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everywhere; major t r e n d s  are reproduced and a c t u a l  va lues  are i n  
c l o s e  agreement.  The only excep t ion  i s  t h e  Xu = - .3  case where 
t h e  model p r e d i c t s  lower p o s i t i o n ,  and h ighe r  p i t c h  s c o r e s  t h a n  
were a c t u a l l y  measured. 

9 
CY 

OX 

Measured 1 .67( .20)  2 .88( .45)  .069( .005)  

q4=400  1 .58  2.10 0 9 5  

qb=lOOO 1.66 2.52 079 

P r e d i c t e d  and measured s c o r e s  could be brought  i n  c l o s e r  
agreement f o r  Xu = - .3 by i n c r e a s i n g  the p i t c h  rate weight ing .  
We t h e r e f o r e  ob ta lned  model p r e d i c t i o n s  f o r  a weight ing  o f  
q 4  = 1000,  a two and one-half-fold i n c r e a s e .  
w i t h  t h e  measured va lues  and t h o s e  ob ta ined  w i t h  t h e  lower weight- 
i n g ,  are p r e s e n t e d  i n  T a b l e  6 . .  (Numbers i n  pa ren theses  are 
s t a n d a r d  d e v i a t i o n s . )  

The r e s u l t s ,  a long  

% 
.064( .005)  

.074 

.070 

Table 6 

S c o r e  C o m p a r i s o n  f o r  D i f f e r e n t  P i t c h  R a t e  
W e i g h t i n g s  i n  H i g h  D r a g  C o n f i g u r a t i o n  

.76(  .07) 

.82 

.68 

Thus, i t  would appear from these r e s u l t s  t h a t  the  p i l o t  was un- 
w i l l i n g  t o  accep t  t h e  h ighe r  p i t c h  ra te  s c o r e s  a s s o c i a t e d  w i t h  

t h e  larger t u r b u l e n c e  (xu m u l t i p l i e s  t h e  i n p u t ) '  and i n c r e a s e d  
h i s  p i t c h  ra te  we igh t ing  acco rd ing ly .  It is i n t e r e s t i n g  t o  no te  
that  t h i s  c o n f i g u r a t i o n  had t h e  p o o r e s t  p i l o t  r a t i n g  of a l l  t h e  
c a s e s  tha t  w e  i n v e s t i g a t e d .  

'Vinje and Miller a l s o  draw t h e  same i n f e r e n c e  from t h e i r  data. 
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Summary a n d  remarks. - We have a p p l i e d  t h e  op t ima l  c o n t r o l  
model of t he  human o p e r a t o r  t o  p r e d i c t  performance i n  a series 
o f  l o n g i t u d i n a l  hove r ing  tasks. The c o n f i g u r a t i o n a l  changes 
t ha t  were cons ide red  s i g n i f i c a n t l y  a l te red  t h e  s y s  t e m  response  
t o  both  c o n t r o l  and d i s t u r b a n c e  i n p u t s ,  y e t  t h e  model was able  

t o  p r e d i c t  performance w i t h  e x c e p t i o n a l  accuracy i n  almost a l l  
c a s e s .  Moreover, t h i s  was accomplished w i t h  a f i x e d  s e t  o f  model 
i n p u t  parameters, whose va lues  were v i r t u a l l y  i d e n t i c a l  t o  t h o s e  
used i n  s i n g l e - a x i s  s t u d i e s .  Also needed i n  t he  a n a l y s i s  was a 
" s u b j e c t i v e "  we igh t ing  on r m s  p i t c h - r a t e  e r r o r  ( i . e . ,  a measure 
of performance i n  t he  " a d d i t i o n a l  l oop" ) .  R e s u l t s  f o r  a l l  b u t  
one case  were q u i t e  good keeping  t h i s  parameter  i n v a r i a n t  and 
r easonab le  methods f o r  s e l e c t i n g  i t s  va lue  appear  t o  b e  g e n e r a l l y  
a v a i  l a b  l e .  

Inasmuch as no f requency  domain measurements were a v a i l a b l e  
f o r  comparison, t h e  op t ima l  c o n t r o l  model was used t o  p r e d i c t  
d e s c r i b i n g  f u n c t i o n s  t h a t  corresponded t o  t h e  "loop c l o s i n g "  
p i l o t  t r a n s f e r  f u n c t i o n s  t h a t  are f r e q u e n t l y  employed i n  " c l a s s i c a l "  
mul t i l oop  manual c o n t r o l  a n a l y s e s .  These "equ iva len t -op t ima l "  
d e s c r i b i n g  f u n c t i o n s  were compared w i t h  fixed-form t r a n s f e r  func- 
t i o n s  tha t  had been d e r i v e d  i n  t he  o r i g i n a l  a n a l y s i s  of  t h e  data  
c211. The fixed-for'm t r a n s f e r  f u n c t i o n s  were of  t h e  "crossover -  
model" gen re ,  and had some p r e s e l e c t e d  parameters  ( t ime  de lays  
and neuromotor t i m e  c o n s t a n t )  and some parameters ( g a i n s  and lead 
t i m e  c o n s t a n t s )  t ha t  were a d j u s t e d  t o  match measured s c o r e  data. 

I n v a r i a b l y ,  t h e  op t ima l  c o n t r o l  and fixed-form d e s c r i b i n g  
f u n c t i o n s  a g r e e d q u i t e  w e l l  i n  t h e  neighborhood of loop  "c rossove r s . "  
T h i s  i s  no t  s u r p r i s i n g  because t h e  op t ima l  c o n t r o l  model p r e d i c t s  
t h e  measured s c o r e s  and t h e  fixed-form model, which i s  des igned  
p r i m a r i l y  f o r  t h e  c r o s s o v e r  r e g i o n ,  i s  a d j u s t e d  t o  match the  



"same" measured s c o r e s .  For  f r e q u e n c i e s  o u t s i d e  t h e  c ros sove r  
range, agreement between t h e  d i f f e r e n t l y  ob ta ined  d e s c r i b i n g  
f u n c t i o n s  i s  g e n e r a l l y  no t  good. Th i s  i s  p a r t i c u l a r l y  e v i d e n t  
f o r  p i tch- loop  p i l o t  d e s c r i b i n g  f u n c t i o n s .  Those d e s c r i b i n g  
f u n c t l o n s  ob ta ined  from the  op t ima l  c o n t r o l  model e x h i b i t  much 
more complex behavior  t h a n  do t h e  s imple r  fixed-form t r a n s f e r s .  
Many of  these complex response  c h a r a c t e r i s t i c s  are q u i t e  similar 
t o  t h o s e  p r e d i c t e d  by t h e  mode1,and a l s o  observed exper imenta l ly ,  
i n  s i n g l e - a x i s  tasks. On t h i s  basis w e  b e l i e v e  that  measured 
d e s c r i b i n g  f u n c t i o n s  would bear a c l o s e r  resemblance t o  those  
p r e d i c t e d  by t h e  op t ima l  c o n t r o l  model t han  t o  t h o s e  obta ined  
from the  fixed-form model w i t h  "measured" parameters .  

There  were three  cases f o r  which t h e  op t ima l  c o n t r o l  model d i d  

no t  y i e l d  very a c c u r a t e  s c o r e  p r e d i c t i o n s .  For one of t h e s e  cases  
(MUg=O) t h e  d i s c r e p a n c i e s  could  b e  l a r g e l y  a t t r i b u t e d  t o  ou r  
t r ea tmen t  of motor n o i s e .  I n  t h e  o t h e r  two c a s e s ,  more a c c u r a t e  
p r e d i c t i o n s  were achieved  by changing model i n p u t  parameters .  I n  
one case  ( lowes t  p i t c h  ra te  damping),  t h e  o b s e r v a t i o n  no i se  r a t i o  
was dec reased ,  and i n  t h e  o t h e r  c a s e  ( h i g h e s t  d rag )  the  p i t c h - r a t e  
we igh t ing  was i n c r e a s e d .  It i s  i n t e r e s t i n g  and impor tan t  t o  n o t e  
t h a t  bo th  of these cases were ones i n  which s i g n i f i c a n t l y  poore r  
p i l o t  r a t i n g s  were ob ta ined .  It would appear  t o  be  more than  
c o i n c i d e n t a l  that  a change i n  t h e  b a s i c  model parameters  corre-  
lated w i t b a  s u b s t a n t i a l  d e g r a d a t i o n  i n  p i l o t  r a t i n g .  Although, 
much work remains t o  b e  done, w e  are reasonably  convinced tha t  
t he  op t ima l  c o n t r o l  model w . i l l  u l t i m a t e l y  p rov ide  a v e r s a t i l e  and 
f a i r l y  g e n e r a l  appi-oach t o  p r e d i c t i n g  a i r c r a f t  f l y i n g  q u a l i t i e s .  
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EXTENSIONS AND FURTHER RESEARCH 

There are v a r i o u s  problems d e s e r v i n g  o f  f u r t h e r  r e s e a r c h  t ha t  
arise i n  our  modern c o n t r o l  approach t o  human o p e r a t o r  model l ing.  
Some of these problems have been mentioned b r i e f l y  ea r l i e r  i n  t h e  
r e p o r t .  I n  t h i s  c h a p t e r  we d i s c u s s  our  p re l imina ry  research on 
s e v e r a l  problems of a t h e o r e t i c a l  n a t u r e  t h a t  r e l a t e  t o  t h e  model's 
development, e x t e n s i o n s  and p r a c t i c a l  a p p l i c a t i o n s .  

A New C h a r a c t e r i z a t i o n  o f  M o t o r  N o i s e  

R e c a l l  t h a t  motor no i se  was inc luded  i n  ou r  opt imal  c o n t r o l  
model i n  a somewhat a r t i f i c i a l  way t o  p reven t  t he  Kalman e s t i m a t o r  
from knowing p e r f e c t l y  t he  c o n t r o l  s i g n a l ,  u ( t ) .  I n  t h i s  s e c t i o n  
w e  p r e s e n t  a new method f o r  t r e a t i n g  motor n o i s e  t h a t  has more 
p h y s i c a l  and i n t u i t i v e  appeal. I n  a d d i t i o n ,  ou r  p r e l i m i n a r y  re- 
s u l t s  show t h a t  t h i s  new r e p r e s e n t a t i o n  g ives  model p r e d i c t i o n s  
t h a t  more a c c u r a t e l y  reproduce exper imenta l  data,  e s p e c i a l l y  i n  
t he  low frequency range ,  w<l r ad / sec .  

T h e o r e t i c a l  d e v e l o p m e n t .  - Our new approach i s  t o  model 
d i r e c t l y  t h e  f a c t  that  t h e  human can  o b t a i n  only  imperfect obser -  
v a t i o n s  of h i s  own o u t p u t s .  We t h u s  a s s o c i a t e  w i t h  bo th  u ( t )  and 
h ( t )  "obse rva t ion"  n o i s e s  v u ( t )  and v, i ( t )  w i t h  cova r i ances  Vu and 
Vi, r e s p e c t i v e l y .  The re fo re ,  t h e  human i s  assumed t o  p e r c e i v e  

and he must estimate u ( t )  and/or  h ( t )  f o r  purposes  of c o n t r o l .  
t h i s  manner w e  t rea t  motor n o i s e  i n  t h e  same concep tua l  way as we 

I n  

13 1 



t rea t  o b s e r v a t i o n  n o i s e  v ( t ) .  T h i s  imparts  a conc i seness  and 
u n i f o r m i t y  t o  t h e  model's r e p r e s e n t a t i o n  of human l i m i t a t i o n s .  

-Y 

The "obse rva t ions"  of Eq. (77 )  are inc luded  w i t h i n  the  o p t i -  
m i z a t i o n  framework as fo l lows .  Recall that  i n  deve lop ing  the  

human o p e r a t o r  model w e  d e f i n e d  a n  "augmented" s t a t e  v e c t o r  
x = ( 5 , ~ )  where 

z(t)  = c , X ( t )  = d i s p l a y e d  o u t p u t s  

It was found t h a t  t he  c o n t r o l  l a w  

& ( t )  = -1 

( 7 9 )  

minimizes J ( u )  based on n o i s y  o b s e r v a t i o n s .  
estimate o f  x ( t ) +  and t h e  g a i n s  - X are g i v e n  by Eq. ( 9 ) .  

i ( t )  i s  t h e  bes t  

S i n c e  & ( t ) ,  and n o t  u ( t ) ,  i s  e x p l i c i t l y  gene ra t ed  by t h e  

feedback c o n t r o l l e r ,  w e  may , nclude t h e  "obse rva t ions"  of Eq. ( 7 7 )  
d i r e c t l y  w i t h i n  t h e  o p t i m i z a  l i o n  framework by merely d e f i n i n g  a n  
a d d i t i o n a l  o u t p u t  

'In t h e  absence of motor n o i s e  x ,+~ h 

u .  
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w i t h  an  a s s o c i a t e d  "observa t ion"  n o i s e  v ( t )  = v u ( t ) .  Thus, 
Ym+ 1 ~ 

u ( t )  i s  t r e a t e d  as an  "observed" o r  "d isp layed"  ou tpu t  t h a t  must 
b e  estimated by t h e  feedback c o n t r o l l e r .  Unfo r tuna te ly ,  i t  i s  
not  p o s s i b l e  t o  t r ea t  ;(t) i n  t h i s  same s imple  way. However, we 
can show t h a t  as r e g a r d s  t h e  Kalman e s t i m a t o r ,  i t  i s  p o s s i b l e  t o  
r e p r e s e n t  t h e  model 's  imper fec t  p e r c e p t i o n  of ;(t) by adding  a 
d r i v i n g  n o i s e  b_gv;(t) i n  para l le l  w i t h  ; ( t)  i n  Eq. ( 7 9 ) .  

I n  o r d e r  f o r  t h i s  l a t t e r  c o n s t r u c t  t o  t r u l y  model o b s e r v a t i o n a l  
o r  sensory  e f f e c t s  i t  i s  necessary  t h a t  v $ t )  be  much s m a l l e r  t han  
b ( t ) ,  i . e . ,  i t s  e x p l i c i t  d r i v i n g  e f f e c t s  on t h e  closed-loop system 
must be n e g l i g i b l e .  F o r t u n a t e l y ,  t h i s  appears  t o  b e  t h e  case .  
We have found, t y p i c a l l y ,  t h a t  

v; 10-4 
2 =  

TU; 

i . e . ,  v;(t) when normalized t o  02 has a whi te -noise  power d e n s i t y  
l e v e l  of -40 dB. Thus, over  t he  frequency range  O<wc30 r a d / s e c . ,  

2 V b ( t )  w i l l  d i r e c t l y  c o n t r i b u t e  less t h a n  1% t o  t h e  va lue  of  01;. 
However, v , ( t )  can have a l a r g e  e f f e c t  on t h e  Kalman e s t i m a t o r  
which, i n  t u r n ,  can grea t ly  i n f l u e n c e  system v a r i a n c e s .  

Under our  new assumptions,  t h e  Kalman f i l t e r  gene ra t e s  t h e  
best  e s t i m a t e  i ( t - . r )  from t h e  pe rce ived  q u a n t i t i e s  
ip( t )  = col[y ( t ) , u  ( t ) ]  and ; ( t )  accord ing  t o  

P P P 
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where t h e  e r r o r  covar iance  m a t r i x  sa t i s f ies  - 

w i t h  

The bes t  e s t i m a t e  of t h e  _.__- c u r r e n t  s t a t e ,  i . e . ,  i ( t )  i s  genera ted  by 
a least-mean-squared p r e d i c t o r  as i n  E q .  (19). 

Once t h e  va r i ance  e q u a t i o n  (84)  i s  so lved  for e i t  i s  p o s s i b l e  
t o  g e n e r a t e  p r e d i c t i o n s  of c losed-loop response  such as i n  
E q s .  ( 20 ) - (26 ) .  These l a t e r ' e q u a t i o n s  remain v a l i d  i n  t h e  p r e s e n t  
con tex t  w i t h  t h e  replacements  (TNs+l)+s, &+A, A1+$, bl+ko, L+C, 
e t c .  I n  a d d i t i o n ,  t h e  scann ing  r e s u l t s  a l s o  remain v a l i d ,  where 
t h e  scanning  c o s t  I ( w ) ,  (see Eq.  5 6 )  i s  now given p r e c i s e l y  by 

h N 

_--- R e l a t i o n s h i p s  w i t h  e a r l i e r  m e t h o d .  - I n  our  r e v i s e d  approach 
f o r  i n c l u d i n g  motor n o i s e  i t  i s  no l o n g e r  necessary  t o  s ing le -ou t  
t h e  l a g  network (rNs+1)-l o r  t o  d e f i n e  a supposed "commanded" con- 
t r o l  s i g n a l .  I n  ou r  new scheme v e h i c l e  ou tpu t s  and c o n t r o l  i n p u t s  
( i . e . ,  human o u t p u t s )  are t reated as q u a n t i t i e s  t h a t  are pe rce ived  
by t h e  human.' Time-delay and "observa t ion"  n o i s e  are a s s o c i a t e d  

'Typical ly ,  v e h i c l e  o u t p u t s  are observed v i s u a l l y  and c o n t r o l  
i n p u t s  are sensed  through muscular feedback.  K i n e s t h e t i c  cues  
may a l s o  b e  inc luded .  
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w i t h  each pe rcep t ion .  Thus, obse rva t ion  n o i s e s  re la te  d i r e c t l y  
t o  p h y s i c a l  q u a n t i t i e s  t h a t  def ine t h e  n a t u r e  of the  man-machine 
i n t e r f a c e .  F igu re  48 shows t h e  c losed-loop s t r u c t u r e  of  t h e  re- 
v i sed  model. 

It i s  worthwhile t o  p o i n t  ou t  tha t  there e x i s t s  a mathematical  
comparison between the  o l d  and new motor n o i s e  r e p r e s e n t a t i o n s .  I n  
t h e  l a t t e r  case  i t  i s  p o s s i b l e  t o  show t h a t  t h e  e r r o r  a s s o c i a t e d  w i t h  

e s t i m a t i n g  u ( t )  from t h e  obse rva t ions  ( 7 7 )  i s  g iven  approximately by 

and has power densi ty  spectrum, 

vt; + $vu - - -----.- 2vu 
-2 2 (SI = 

@,eu s 2 + 6 2  6 s + 1 '  

T h i s  sugges t s  t h a t  i f  we choose Vu and V; t o  s a t i s fy  

2vu = vm 

2 
'M 6-2 = vu/v; = 

( 8 3 )  

t hen  t h e  model r e s u l t s  t h a t  a r e  ob ta ined  w i t h  ou r  new approach 
should approximate p r e d i c t i o n s  u s i n g  t h e  ea r l i e r  model.' We found 
t h i s  t o  b e  t r u e  i n  s e v e r a l  ca ses  analyzed.  

-- New model p r e d i c t i o n s .  - The numerical  de t e rmina t ion  of  
s u i t a b l e  va lues  f o r  Vu and V i ,  o r  t he  n o i s e  r a t i o s  

'In t h e  o l d  method a d r i v i n g  n o i s e  w i t h  power d e n s i t y  spectrum 
2 2  Vm/(- rNs  +1> e f f e c t i v e l y  r e p r e s e n t s  t h e  "e s t ima t ion"  e r r o r  i n  u ( t ) .  
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- 2 
Pu = Vu/?Tuu 

i s  a matter f o r  f u r t h e r  research . '  These q u a n t i t i e s  depend on t h e  

type  of  c o n t r o l  manipula tor  (e .g . ,  f o r c e  s t i c k ,  p o s i t i o n  s t i c k ,  
e t c . )  as w e l l  as on i n t r i n s i c  human c h a r a c t e r i s t i c s .  I n  g e n e r a l ,  
one might expec t  Vu ( o r  p,) t o  be  large,  owtng t o  t h e  d i f f i c u l t y  
i n  a c c u r a t e l y  s e n s i n g  p o s i t i o n  through muscular feedback.  On the  
o t h e r  hand, s e n s i n g  of movement i s  more n a t u r a l l y  accomplished 
and V; (p;) should be small. 
V; smal l ) ,  t h e  e s t i m a t i o n  e r r o r  e u ( t )  g iven  by Eq.  (87)  w i l l  have 
c o n s i d e r a b l e  power a t  only low f r e q u e n c i e s  i . e . ,  w < 

our  new motor-noise r e p r e s e n t a t i o n  would b e  expec ted  t o  have i t s  

Under these c o n d i t i o n s  (Vu large, 

e* Thus' 

dominant e f f e c t s  on sys tem re sponse  i n  

Accordingly,  w e  a p p l i e d  t h e  model 
s tudy  t h e  manual c o n t r o l  of k ,  k / s  and 

t h e  l o w  frequency range .  

i n  a p re l imina ry  manner t o  
k /s2  dynamics. We v a r i e d  

both  model parameters  Vu and V i  t o  g ive  a good match t o  expe r i -  
mental  data. ( A  f o r c e  s t i c k  manipula tor  was used i n  t he  a c t u a l  
exper iments . )  
were kept  a t  (approximate ly)  t h e  va lues  used p r e v i o u s l y .  It was 
found that  r e l a t i v e l y  small va lues  o f  V i  ( t y p i c a l l y  p i  = -40 t o  

gave model r e s u l t s  t h a t  were e n t i r e l y  c o n s i s t e n t  w i t h  t he  data." 

The o t h e r  human response  parameters -rM, T, Vyl, Vy2 

-50 d B ) ,  and n e g l e c t i n g  t h e  o b s e r v a t i o n s  of u ( t ) ,  i . e . ,  vu - - 0 0 ,  

'Model matching t echn iques ,  coupled w i t h  t h e  r e s u l t s  o f  b a s i c  

"This seems t o  v e r i f y  that  motor s e n s i n g  of p o s i t i o n  i s  g r o s s l y  

exper iments ,  could  prove ex t remely  u s e f u l  i n  such a s tudy .  

i n a c c u r a t e  whereas s e n s i n g  of r a t e  i s  e a s i l y  accomplished. 
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The r e s u l t s  f o r  k/s dynamics are shown i n  F ig .  49. The motor 
n o i s e  parameters  are p *  = -40 dB, pu = 0 0 .  

d i f f e r e n c e  between t h e  d e s c r i b i n g  f u n c t i o n  r e s u l t s  of F ig .  49 and 
t h o s e  ob ta ined  ear l ie r  ( d o t t e d  l i n e s  i n  F ig .  49 )  l i e s  i n  t h e  low- 
frequency range  as expec ted .  Observed low-frequency phenomena 
(e .g . ,  phase drooping)  are reproduced w i t h  an accuracy  p r e v i o u s l y  
unob ta inab le .  I n  a d d i t i o n ,  ou r  r e s u l t s  have  shown t h a t  chancing 
Vh causes  large v a r i a t i o n s  i n  t h e  low-frequency phase lag bu t  does 
n o t  g rea t ly  a f f e c t  o t h e r  system measures.  Thus t h e  l a r g e  v a r i a -  
t i o n s  i n  low-frequency phase observed expe r imen ta l ly  may be re la ted 
t o  i n t e r s u b j e c t  v a r i a t i o n s  i n  the  parameter  ph.  

Note that  t h e  major 
U 

On t h e  basis of these p re l imina ry  s t u d i e s  i t  appears  t h a t  ou r  
new t r ea tmen t  o f  motor n o i s e  provides  a be t t e r  r e p r e s e n t a t i o n  of 
t h e  human's motor l i m i t a t i o n s  and i s  capable  of  d u p l i c a t i n g  more 
a c c u r a t e l y  human response  c h a r a c t e r i s t i c s .  F u r t h e r  r e s u l t s  are 
needed t o  v e r i f y  t h e s e  conc lus ions ,  however. 

Optimal Estimation with O u t p u t  Related Noise 

R e c a l l  t h a t  i n  a p p l y i n g  t h e  op t ima l  c o n t r o l  model of t h e  
human o p e r a t o r  t o  f o v e a l  viewing c o n d i t i o n s ,  t h e  o b s e r v a t i o n  
n o i s e s  V ( t )  are assumed t o  s c a l e  w i t h  t h e i r  a s s o c i a t e d  v a r i a n c e s ,  
v i  z 

Y i  

= P i  E(Y2) ; i=1,2, . . . ,m 

The a p p l i c a t i o n  of  t h e  model t hus  r e q u i r e s  i t e r a t i n g  on equa t ions  
of t h e  form 

0 = P A '  + A P + E - P C'V-lC P 
-Y - - - - -  - -  - -  (92) 
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and 

i n  o rde r  t o  a d j u s t  V such tha t  Eq .  (91) i s  s a t i s f i e d .  
-37 

I n  t h i s  s e c t i o n  (and Appendix A )  w e  p r e s e n t  a method f o r  
s o l v i n g  Eq.  ( 9 2 )  d i r e c t l y ,  g iven  t h e  n o i s e  r a t i o s  ply t he reby  
e l i m i n a t i n g  t h e  bothersome i t e r a t i o n  p rocess .  

The method we use  t o  s o l v e  E q .  (92 )  i s  based upon t h e  r e s u l t s  
of  Refs.  24 and 25 . The fo l lowing  theorem i s  p a r t i c u l a r l y  
impor tan t  : 

Theorem 1: 
l i n e a r  equa t ion  

L e t  gk, k=0,1, ... be  t h e  (unique)  s o l u t i o n  of t h e  

where - n ( * )  i s  a l i n e a r  ma t r ix  f u n c t i o n  and 

and where i s  chosen such t h a t  %>g. 

Then l i m  = - P i s  t h e  s o l u t i o n  of  
k- 
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C l e a r l y ,  t h i s  a l g o r i t h m  w i l l  be  of  use i n  s o l v i n g  Eq. (92)  s i n c e  
V i s  i n  f a c t  a l i n e a r  f u n c t i o n  of - P. The problems are t o  f i rs t  -Y 
d e f i n e  t h e  l i n e a r  o p e r a t o r  - -  JI(P) i n  terms of s y s t e m  parameters  and 
t o  t h e n  develop a s imple  means for s o l v i n g  Eq.  (94 )  .' These prob- 
lems are so lved  completely i n  Appendix A .  A l l  necessary  equa t ions  
are  inc luded .  

I n  o r d e r  t o  use  t h e  computa t iona l  a lgo r i thm i t  i s  necessary  
t o  choose an  4, such t h a t  Po i s  p o s i t i v e  d e f i n i t e .  
n o n t r i v i a l  and p r e s e n t l y  unsolved problem. One scheme t h a t  w e  
have found u s e f u l  i s  t o  f i r s t  choose a ( d i a g o n a l )  ma t r ix  V w i t h  

T h i s  i s  a 

-Y 

where 

and where B i s  a n  a d j u s t a b l e  parameter  ( t y p i c a l l y  B=2-5). We t h e n  
s o l v e  t h e  v a r i a n c e  e q u a t i d n  

h 

f o r  - P and s e t  

L = $ ctv-1 (100)  -Y -0 - -  

+When TI(  *>=g t he  computa t iona l  a lgo r i thm i s  i d e n t i c a l  t o  t h a t  used 
t o  s o i v e  t h e  v a r i a n c e  equa t ion .  (See Refs. 24 and 26 .) 
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If t h i s  choice  of  
w e  i n c r e a s e  B i n  Eq. (97 )  and r e p e a t  t he  p rocess .  

does no t  r e s u l t  i n  Po be ing  p o s i t i v e  d e f i n i t e  

We have developed computer programs f o r  s o l v i n g  Eqs . (91 ) - (93 )  
d i r e c t l y ,  g iven  t h e  n o i s e  r a t i o s  pi. We f i n d  t y p i c a l l y  t h a t  t h e  

above i t e r a t i v e  scheme takes 3-4 times l o n g e r  t o  converge t h a n  does 
a s i n g l e  s o l u t i o n  of t he"s t anda rd"va r i ance  equa t ion  (18). Since  
s e v e r a l  on- l ine  i t e r a t i o n s  of t h e  s t a n d a r d  equa t ion  are u s u a l l y  
needed b e f o r e  t h e  n o i s e  l e v e l s  a r e  p rope r ly  a d j u s t e d ,  t h e  d i r e c t  
approach can r e s u l t  i n  a s u b s t a n t i a l  s a v i n g  of time and e f f o r t .  

Manual Control in the Presen.ce o f  System Nonl inear i t i e s  

Our op t ima l  c o n t r o l  model of  t h e  human o p e r a t o r  was d e r i v e d  
under  t h e  assumption t h a t  t h e  s y s t e m  be ing  c o n t r o l l e d  i s  l i n e a r .  
However, i t  i s  p o s s i b l e  t o  extend the  o p t i m i z a t i o n  framework t o  
i n c l u d e  i h o s e  sys t em n o n l i n e a r i t i e s  t h a t  bound and/or  l i m i t  t h e  
c o n t r o l  i n p u t  s i g n a l .  To b e  more p r e c i s e ,  t h e  l i n e a r  s t a t e  equa- 
t i o n  (1) can be  r e p l a c e d  by 

where @ ( * )  i s  a s i n g l e - i n p u t ,  s i n g l e - o u t p u t ,  memoryless n o n l i n e a r  
e lement .  An example of $ ( * )  i s  t h e  s a t u r a t i o n  element 

which i s  t y p i c a l  of the  c h a r a c t e r i s t i c s  of  a l i m i t e d  o r  "backup" 
c o n t r o l l e r .  
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With t h e  i n c l u s i o n  of a n o n l i n e a r  element i n  t h e  c o n t r o l  loop ,  
w e  now assume tha t  t h e  human behaves op t ima l ly  s u b j e c t  t o  h i s  own 
psycho-physical  l i m i t a t i o n s  and t o  t h e  s y s t e m  l i m i t a t i o n s  impl ied  
by t h e  n o n l i n e a r i t y .  Thus, f o r  the  i n p u t  c o n s t r a i n e d  s y s t e m  of 
Eq.(lOl), w e  assume t h a t  t h e  human chooses h i s  ou tpu t  u ( t )  t o  mini- 
mize t h e  c o s t  f u n c t i o n a l  

I_ 

based on d i sp layed  in fo rma t ion .  

There  are numerous approaches t o  t h e  s tudy  and o p t i m i z a t i o n  
of n o n l i n e a r  systems of  t h e  t y p e  (101). However, t echn iques  of 
s t a t i s t i c a l  l i n e a r i z a t i o n  [27] f i n d  p a r t i c u l a r  a p p l i c a t i o n  i n  t h e  
p r e s e n t  con tex t  s i n c e  w e  assume that the  s i g n a l s  c i r c u l a t i n g  i n  
t h e  closed-loop s y s t e m  are Gaussian.  (See Wonham and Cashman C281, 
f o r  example.) The e s sence  of t h i s  approach i s  t o  approximate t h e  
n o n l i n e a r i t y  I $ ( * )  by an  e q u i v a l e n t  ga in  o r  random-input d e s c r i b i n g  

2 f u n c t i o n  k ( o U ) .  The re ro re ,  from a s t a t i s t i c a l  viewpoint w e  r e p r e -  
s e n t  t h e  n o n l i n e a r i t y  by 

For example, t h e  d e s c r i b i n g  f u n c t i o n  a s s o c i a t e d  w i t h  t h e  s a t u r a t i o n  
element  ( 1 0 2 ) i s  [291 
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The above q u a s i - l i n e a r  approach i s  p a r t i c u l a r l y  a p p e a l i n g  i n  
that  t h e  o v e r a l l  c o n t r o l  system t o  be  opt imized  i s  l i n e a r ,  b u t  

2 w i t h  an  e f f e c t i v e  g a i n  b+ = k ( o  )b t h a t  depends on t h e  va r i ance  
of t h e  human's ou tpu t  u ( t ) . +  Thus, i t  i s  p o s s i b l e  t o  opt imize  t h e  

new s y s t e m  ( 1 0 1 ) w i t h  t h e  same mathematical  t echniques  as were used 
t o  develop ou r  b a s i c  op t ima l  c o n t r o l  model. Furthermore,  most of 
t h e  u s u a l  measures of human performance a r e  p re se rved  and t h e  

e f f e c t s  of system n o n l i n e a r i t i e s  on t h e  human's Rain,  p h a s e  l a p  

and remnant can be  i n v e s t i g a t e d .  However, i n s o f a r  as k ( * )  i s  
h i g h l y  dependent on ou,  an  a c c u r a t e  p r e d i c t i o n  of t h e  c o n t r o l  
va r i ance  i s  r e q u i r e d .  F o r t u n a t e l y ,  ou r  model i s  capab le  of makinp 
such p r e d i c t i o n s ,  .--___ even i n  cases  where c o n t r o l l e r  remnant c o n t r i b u t e s  
s i g n i f i c a n t l y  t o  t h i s  v a r i a n c e .  

u -  

There i s  an immediate r e s u l t  of c o u p l i n r  l i n e a r  o p t i m i z a t i o n  
theory  w i t h  d e s c r i b i n p  f u n c t i o n  a n a l y s i s :  I f ,  i n  t h e  absence of 
n o n l i n e a r i t y ,  t h e  c o n t r o l  s t r a t e g y  u* (x )  minimizes a q u a d r a t i c  
c o s t  f u n c t i o n a l  of  t h e  form ( l O 3 ) , i t  i s  p o s s i b l e  t o  show t h a t  t h e  

n o n l i n e a r  s y s t e m  ( 1 O l ) w i l l  be -- s t a b l e  - w i t h  u = u * ( x )  - provided 

-- 

Thus, i t  i s  a lways  p o s s i b l e  f o r  t h e  human t o  c o n t r o l  t h e  n o n l i n e a r  
s y s t e m  by means of  a l i n e a r  c o n t r o l  s t r a t e g y ,  provided  t h e  desc r ib -  
i n g  f u n c t i o n  pa in  i s  s u f f i c i e n t l y  large.  T h i s  i s  a powerful  (and 
somewhat unexpected) r e s u l t  s i n c e  it depends only on i n t r i n s i c  
p r o p e r t i e s  of op t imal  l i n e a r  s y s t e m s  and no t  e x p l i c i t l y  on t h e  

a c t u a l  system be ing  c o n t r o l l e d .  

--- 
'Clearly t he  v a l i d i t y  of such an approach i s  h igh ly  dependent on 

the  degree t o  which t h e  n o n l i n e a r i t y  can be approximated by an  
e q u i v a l e n t  g a i n .  A good approximation i s  no t  a lways  p o s s i b l e  [3O]. 
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Note t h a t  t h i s  r e s u l t  can  be  used t o  o b t a i n  bounds on permis- 
s ib l e  v a l u e s  of u; once t h e  n o n l i n e a r i t y  $ ( o )  i s  s p e c i f i e d .  
a t i v e l y ,  i f  a r easonab le  a p r i o r i  estimate of u t  can be found,  
a p r i o r i  r e s t r i c t i o n s  can b e  p l aced  on t h e  deg ree  of  t he  non l inea r -  
i t y .  For example, c o n s i d e r  t h e  s a t u r a t i n g  n o n l i n e a r i t y  of E q . ( 1 0 2 ) .  

I n  o r d e r  f o r  k ( a u )  > 1 / 2  w e  r e q u i r e  

Al te rn-  

2 

a 
. .,) > 1/2 

o r ,  approximate ly ,  

a 2 u  

(107)  

When t h i s  i n e q u a l i t y  h o l d s ,  manual c o n t r o l  of t h e  n o n l i n e a r  sys tem 
( 1 O l ) w i l l  b e  feasible.  

To i l l u s t r a t e  t h e  a n a l y s i s  t echn iques  w e  a p p l i e d  t h e  above 
approach,  u s i n g  ou r  op t ima l  c o n t r o l  model, t o  a s imple  manual 
t r a c k i n g  t a s k  f o r  k/s  dynamics. The i n p u t  d i s t u r b a n c e  i s  a f i r s t -  
o r d e r  n o i s e  w i t h  a break frequency a t  1 . 0  r ad / sec .  The c o n t r o l  
t a s k  is t o  minimize mean-squared t r a c k i n g  e r r o r .  The c o n t r o l l e r  
i n p u t  n o n l i n e a r i t y  $ ( e )  i s  the  s a t u r a t i o n  element ( 1 0 2 ) .  

v a r i a n c e  
e a r i  t y  . 
o p e r a t o r  
i f  a> l .  4 

A s  a f irst  a n a l y s i s  w e  o b t a i n  an a p r i o r i  bound on t h e  s a t u r a -  
t i o n  l e v e l ,  a ,  f o r  which s t a b i l i t y  i s  guaranteed .  From Eq. (108)  
we have a> .707  cu. A r easonab le  a p r i o r i  estimate of u i  i s  t h e  

of the  human's c o n t r o l  s i g n a l  i n  the  absence of nonl in-  
For  t h i s  example u; = '4 .0 ,  'as p r e d i c t e d  by ou r  human 
model, ( a s s o c i a t e d  mean-squared e r r o r  = . 0 3 9 ) ,  s o  t h a t  
t he  system w i l l  be s tab le .  
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T h e o r e t i c a l  p r e d i c t i o n s  of mean-squared e r r o r  as a f u n c t i o n  
of s a t u r a t i o n  v o l t a g e  are shown i n  F i g .  50. Also  shown are s e v e r a l  
exper imenta l  data p o i n t s  f o r  t h i s  same s i t u a t i o n ,  ob ta ined  from 
the  r e s u l t s  of Duggar, Mannen and Hannen [3l]. The v e r t i c a l  l i n e  
AA'  corresponds t o  a = 1 . 4 .  It i s  c l e a r  from t h e  f i g u r e  t h a t  a 
s a t u r a t i o n  v o l t a g e  less t h a n  1 . 4  r a p i d l y  t ends  t o  b e  u n d e s i r a b l e .  
For  a = 1 . 4  there i s  a l r e a d y  a 3-fold i n c r e a s e  i n  mean-squared 
e r r o r  over  no s a t u r a t i o n .  However, f o r  a = 1 . 3  and a = 1 . 2  there  
i s  a 5-fold a.nd 8- fo ld  i n c r e a s e ,  r e s p e c t i v e l y .  

The c l o s e  agreement between exper imenta l  and t h e o r e t i c a l  re- 
s u l t s  f u r t h e r  underscores  t h e  p o t e n t i a l  of t h i s  approach t o  non- 
l i n e a r  s y s t e m  a n a l y s i s .  The major f e a t u r e s  of t h e  t echn ique  are 
i t s  s i m p l i c i t y ,  i t s  a b i l i t y  t o  t r ea t  bo th  s imple  and complex sys- 

tems w i t h i n  one concep tua l  framework, and i t s  b e i n g  a n a t u r a l  
e x t e n s i o n  of  o u r  ear l ie r  r e s u l t s .  

Predict ion o f  Task Interference a n d  Workload 

Although t echn iques  f o r  u s i n g  our  model t o  s t u d y  task i n t e r -  
f e r e n c e  and workload have been developed elsewhere ( R e f .  12), w e  
f ee l  t h a t  i t  i s  u s e f u l  t o  i n d i c a t e  t h e  unde r ly ing  concepts  here.  
I n  t h i s  way w e  can show how t h e  human o p e r a t o r  model might be 
a p p l i e d  t o  s o l v e  h i g h e r  l e v e l  problems such as p r e d i c t i n g  t a s k  
i n t e r f e r e n c e ,  workload and p i l o t  op in ion .  

Because t h e  human can e x e r t  only a l i m i t e d  amount of  p h y s i c a l  
o r  mental  e f f o r t ,  h i s  performance on a g iven  psychomotor t a s k  de- 
grades  as he i s  r e q u i r e d  t o  per form more and more t a s k s  s imul tan-  
eous ly .  The e x i s t e n c e  of these i n t e r f e r e n c e  e f f e c t s  r e q u i r e s  that  
w e  t a k e  i n t o  c o n s i d e r a t i o n  t h e  "workload" that  i s  expec ted  t o  b e  

imposed on a human i n  any s i t u a t i o n  where m u l t i p l e  tasks must be 
performed. 
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NORMALIZED MOTOR NOISE=-25 dB 

THEOR ETlCAL 

n 

z 
W 
a 

SATURATION VOLTAGE, Q. 

FIG.50 PERFORMANCE CHARACTERISTICS: INTEGRAL CONTROLLER 
WITH SATURATION 

147 



Laboratory s t u d i e s  have led t o  a model f o r  i n t e r f e r e n c e  t h a t  
app l i e s  when K independent ,  cont inuous c o n t r o l  tasks are performed 
(Refs. 1 2  and 23 ) .  The human o p e r a t o r  i s  assumed t o  have a 
f i x e d  amount of c e n t r a l  p r o c e s s i n g  c a p a c i t y  ( o r  " a t t e n t i o n " )  that  
i s  d i s t r i b u t e d  among t h e  tasks t o  be  performed. T h i s  l i m i t a t i o n  
imposed by human c a p a c i t y  i s  accounted f o r  by modifying t h e  effec- 
t i v e  o b s e r v a t i o n  n o i s e  r a t i o s .  We a s s o c i a t e  w i t h  t h e  k- th  task m. 

k k  k K  
pmk 

and mk n o i s e  r a t i o s  p1 ,p2 ,  ..., 
'"'y% 

displayed o u t p u t s  y1,y2, 

that  are measured i n  per forming  t a s k  k a l o n e ,  i . e . ,  i n  a s i n g l e  
t a s k  environment.  When t h e  human i s  r e q u i r e d  t o  per form t h e  K 
tasks s imul taneous ly ,  these n o i s e  r a t i o s  are modif ied acco rd ing  t o  

k 
pi 6; = ; i = 1 , 2  ,..., mk , k=1,2 ,..., K 

f k  

where the  f k f s  sa t i s fy  

K c f k  = 1 (110)  
k = l  

The f k l s  are assumed t o  be  a d j u s t e d  by t h e  human, s u b j e c t  t o  
the c o n s t r a i n t  of Eq. ( l l O ) , t o  opt imize  s y s t e m  performance. The 
opt imal  c o n t r o l  model can be used t o  p r e d i c t  t h i s  ad jus tment  as 
w e l l  as t o  p r e d i c t  t h e  r e s u l t i n g  human o p e r a t o r  d e s c r i b i n g  fun@- 
t i o n s  and s y s t e m  performance measures.  

The workload a s s o c i a t e d  w i t h  a s p e c i f i c  t a s k  i s  o f t e n  d e f i n e d  
as t h e  " a t t e n t i o n a l  demand" o f  t h a t  task.  The r e p r e s e n t a t i o n  of  
t a s k  i n t e r f e r e n c e  s u g g e s t s  a me t r i c  f o r  o p e r a t o r  workload that  i s  
c o n s i s t e n t  w i t h  t h i s  d e f i n i t i o n .  S ince  the  q u a n t i t i e s  fk  sum t o  
u n i t y  (analogous t o  a f i x e d  amount of  t o t a l  a t t e n t i o n ) ,  w e  asso-  
c ia te  f k  w i t h  t h e  f r a c t i o n  of a t t e n t i o n  devoted t o  t h e  k - t h . s u b t a s k .  
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We t h e n  d e f i n e  the  workload index  o f  a s u b t a s k  as t h e  minimum v a l u e  
of f k  t h a t  w i l l  p rov ide  s a t i s f a c t o r y  sys tem performance. 
a t  a n o t h e r  way, workload i s  d i r e c t l y  related t o  t h e  s igna l - to -no i se  
r equ i r emen t s  imposed by t h e  p i l o t ' s  response  s t r a t e g y .  

Looked 

The op t ima l -con t ro l  model has been used t o  o b t a i n  p r e d i c t i o n s  
of t h e  workload index  f o r  v a r i o u s  c o n t r o l  s i . t u a t i o n s .  These pre- 
d i c t i o n s  have been t e s t ed  a g a i n s t  p i l o t  o p i n i o n  data found i n  t h e  

l i t e r a t u r e ,  and good agreement has been found between p r e d i c t e d  
workload and p i l o t  op in ion  ( R e f .  1 2 ) .  However, f u r t h e r  experimen- 
t a t i o n  i s  needed t o  v a l i d a t e  t h e  r e l a t i o n s h i p  between n o i s e  r a t i o ,  
workload, and p i l o t  o p i n i o n .  

149 





CONCLUDING REMARKS 

We have seen  how modern c o n t r o l  and e s t i m a t i o n  theory  can 
provide  a u n i f i e d  approach t o  t h e  a n a l y s i s  of  manual c o n t r o l  
sys t ems .  Within a s i n g l e  o p t i m i z a t i o n  hypo thes i s  we can d e r i v e  
mathematical  r e p r e s e n t a t i o n s  for t he  human o p e r a t o r ' s  c o n t r o l  
behavior ,  for h i s  ins t rument  moni tor ing  behav io r  and even f o r  
workload and t a s k  i n t e r f e r e n c e .  

I n  t h e  preceding  c h a p t e r s  w e  d e r i v e d  an opt imal  c o n t r o l  model 
of human behavior  t h a t  i s  capable  o f  p r e d i c t i n g  human response  
c h a r a c t e r i s t i c s  i n  s imple as w e l l  as i n  complex t r a c k i n g  tasks .  
The techniques  f o r  u s i n g  t h e  model were d i s c u s s e d ,  model i n p u t s  
and ou tpu t s  were d e l i n e a t e d  and model s e n s i t i v i t i e s  t o  i n p u t  
parameters were s t u d i e d .  We t h e n  took a s i n g l e  s e t  of i n p u t  
parameters obta ined  from simple exper iments ,  and used t h e  model 
t o  a c c u r a t e l y  p r e d i c t  p i l o t  performance a c r o s s  a wide range of  
s imula ted ,  VTOL hover ing  tasks.  T h i s  a n a l y s i s  demonstrated con- 
v inc ing ly  t h e  p o t e n t i a l  and y e t  the  s i m p l i c i t y  of our approach 
t o  manual c o n t r o l .  

We do not  c l a im t h a t  our work on t h e  model is  f i n i s h e d .  There 
i s  much t h a t  remains t o  be accomplished i n  t h e  manual c o n t r o l  
f i e l d  and numerous ex tens ions  and improvements of t h e  model a r e  
p o s s i b l e  ( s e v e r a l  o f  which w e  d i s c u s s e d ) .  However, w e  do b e l i e v e  
t h a t  t h e  r e s u l t s  p re sen ted  here provide  i r r e f u t a b l e  ev idence  o f  
t h e  va lue  of a n  op t imiza t ion  approach t o  manned-vehicle s y s t e m s  
a n a l y s i s .  
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A P P E N D I X  A 

USE O F  T H E O R E M  1 T O  F I N D  T H E  K A L M A N  E S T I M A T O R  

I n  o r d e r  t o  use t h e  a lpo r i thm of  Theorem 1 t o  s o l v e  t h e  opt imal  
e s t i m a t i o n  problem, when t h e  n o i s e s  are ou tpu t  dependent ,  i t  i s  
necessary  t o  d e f i n e  t h e  n o i s e  covar iance  m a t r i x  i n  t h e  form 

and t o  develop a means f o r  solvinK r e p e a t e d l y  t h e  l i n e a r  m a t r i x  
equa t ion  

w i t h  Lo given.  
a t  t h e  d e s i r e d  r e s u l t s .  

I n  t h i s  appendix w e  use  m a t r i x  algebra t o  a r r i v e  

The i d e n t i f i c a t i o n  of V i n  t h e  form (Ai) i s  r e l a t i v e l y  
-Y 

s t r a i g h t f o r w a r d  by combining Eqs. (91) and ( 9 3 )  t o  o b t a i n  

= part  of  V independent of - P -Y 
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where gi i s  an  m-dimensional u n i t  v e c t o r  i n  t he  i - t h  d i r e c t i o n .  
The p a r t  of V related t o  - P i s  g iven  by 

-Y 

It i s  p o s s i b l e  t o  show, by  ma t r ix  and v e c t o r  man ipu la t ions , tha t  
- -  I I (P )  may be w r i t t e n  as 

m m n  

i= 1 i=1 j=1 

- lT(p) = xp i-i e g ' P  i- -i-i ĉ  e '  +E x p  i-i-j- e S ' P  - H i s  -j-i e '  

h A 

where gi 'is t h e  i - t h  row of  C = C ebT 
u n i t  v e c t o r  and 

5 i s  a n  n-dimensional , -J - -  

0 

Equat ion ( A 5 )  c l e a r l y  shows t h e  r e l a t i o n s h i p  between I I ( P ) ,  o r  
e q u i v a l e n t l y  V and E. Note t h a t  s i n c e  S ' P  H i t  i s  a s c a l a r ,  

-j -j- - 
- It(*) i s  symmetric,  i . e . ,  - n ( * )  = - I I 1 ( * ) .  

- -  
-Y ' 

Having ob ta ined  a n  e x p r e s s i o n  f o r  - II w e  can t u r n  t o  t h e  s o l u t i o n  
We first  w r i t e ,  d ropping  t h e  k s u b s c r i p t ,  f o r  of Eq. (A2) f o r  J&. 

n o t a t i o n a l  ease 
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S u b s t i t u t i n g  Eq. ( A 5 )  for - II(*), t h e  second term becomes 

i '  where !ti i s  t h e  i - t h  column of 4 and hi i s  t h e  j - t h  row of - H 
Thus, Eq.  (A7) may be  w r i t t e n  i n  t h e  form 

. 
-j 

Consequently, the  s o l u t i o n  of Eq.  ( A 2 )  is tantamount t o  s o l v i n g  
a l i n e a r  e q u a t i o n  of t h e  form 

T h i s  e q u a t i o n  may be  so lved  w i t h  t h e  h e l p  of  Kroneker p roduc t  
n o t a t i o n  (see Ref.[32]). We d e f i n e  t h e  n2 -vec to r ,  F&, as 
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and make a similar d e f i n i t i o n  f o r  (W+L - - - -  R L f ) v .  
t o  show t h a t  

It i s  t h e n  p o s s i b l e  

= -&-l(W + L R L ' ) v  - - - -  p V  

( A 1 2 1  

Consequently,  f o r  a g iven  i t e r a t e  k, t h e  s o l u t i o n  of E q .  ( A 2 )  

f o r  pk i s  e q u i v a l e n t  t o  t h e  s o l u t i o n  of a set  of  n2 s imultaneous 
l i n e a r  e q u a t i o n s .  The  use  of Theorem 1 t o  s o l v e  f o r  t h e  opt imal  
e s t i m a t o r ,  g iven  t h e  n o i s e  --- r a t i o s  p i ,  i s  thus  e a s i l y  accomplished 
u s i n g  t h e  same i t e r a t i v e  technique  as is  used t o  s o l v e  t h e  
" s t anda rd"  e s t i m a t i o n  problem (1.e. , g iven  t h e  n o i s e  - covar iances  
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A P P E N D I X  B 

A N  O P T I M A L  C O N T R O L  M O D E L  F O R  P R E D I C T I N G  H U M A N  R E S P O N S E  

A M A N U A L  F O R  T H E  U S E  O F  C O M P U T E R  P R O G R A M S  

T h i s  Appendix i s  a guide f o r  u s i n g  t h e  computer programs 
t h a t  have been developed t o  s o l v e  t h e  o p t i m i z a t i o n  problems 
a s s o c i a t e d  w i t h  ou r  human o p e r a t o r  model. T h i s  appendix i s  
inc luded  as a s e p a r a t e  s e c t i o n ,  independent  of t h e  main body 
of t h e  r e p o r t ,  i n  o r d e r  t o  f a c i l i t a t e  i t s  u s e .  A s  a matter of 
convenience w e  have res ta ted t h e  b a s i c  assumptions o f  t h e  model, 
which r e s u l t s  i n  some r e p e t i t i o n  of  t h e  r e s u l t s  already p r e s e n t e d .  
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INTRODUCTION 

T h i s  manual i s  a guide  f o r  u s i n g  on- l ine  i n t e r a c t i v e  computer 
programs t h a t  p r e d i c t  human o p e r a t o r  performance and response  char -  
a c t e r i s t i c s  i n  t r a c k i n g  tasks. The human o p e r a t o r  model i s  based 

on opt imal  c o n t r o l  and e s t i m a t i o n  t h e o r y  coupled w i t h  a mathematical  
d e s c r i p t i o n  of  t h e  human's l i m i t a t i o n s .  The basic unde r ly ing  as- 
sumption i s  t h a t  t h e  wel l -mot iva ted ,  w e l l - t r a i n e d  human o p e r a t o r  
behaves i n  a n e a r  op t ima l  manner s u b j e c t  t o  h i s  i n h e r e n t  lirnita- 
t i o n s  and c o n s t r a i n t s ,  and h i s  c o n t r o l  task.  The de ta i l s  o f  t h e  

t h e o r e t i c a l  development appear i n  Kleinman, Baron and Levison [l] 
where t h e  node l  was d e s c r i b e d  i n  d e t a i l  and was a p p l i e d  t o  s t u d y  
s e v e r a l  s imple  manual t r a c k i n g  tasks a 

Here in  w e  p r e s e n t  a thoroughly de ta i led  and documented guide  
f o r  us ing  computer programs a s s o c i a t e d  w i t h  t h e  op t ima l  c o n t r o l  
model. Inpu t  q u a n t i t i e s  a r e  c l e a r l y  d e s c r i b e d  as are t h e  v a r i o u s  
o p t i o n s  f o r  model o u t p u t s .  The coniputer programs are  w r i t t e n  i n  
F o r t r a n  I V  for u s e  on a Di(rita1 Equipment PDP-10 t ime-shared com- 
p u t e r  w i t h  d i s k  s t o r a g e .  t 

F i n a l l y ,  a n  example i s  p resen ted  that  demonst ra tes  t h e  on - l ine  
use  of  t h e  model w i t h  sample p r i n t - o u t s .  

t 
The m o d i f i c a t i o n s  t o  a DEC-TAPE s y s t e m  a r e  t r i v i a l .  
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MODEL SUMMARY 

Controlled Element Dynamics 

The human o p e r a t o r ' s  b a s i c  task i s  t o  c o n t r o l  i n  some pre- 
s c r i b e d  way, a dynamical s y s t e m .  The v e h i c l e  dynamics are assumed 
t o  be r e p r e s e n t e d  adequate ly  by t h e  l i n e a r i z e d  s t a t e  e a u a t i o n s  

where - x ( t )  i s  a n  n-vector  t h a t  d e s c r i b e s  t h e  s t a t e  of t h e  v e h i c l e  
and u ( t )  i s  t h e  human's s c a l a r  c o n t r o l .  w ( t )  - i s  a v e c t o r  of ( ze ro -  
mean) independent  "white'! d r i v i n g  no i se  p rocesses  w i t h  au tocova r i -  
anc e 

If t h e  e x t e r n a l  f o r c i n g  f u n c t i o n s  have r a t i o n a l  power d e n s i t y  
s p e c t r a  o f  f i r s t  o r d e r  o r  h i g h e r ,  t h e  r e s u l t i n E  ' s h a p i n p  f i l t e r ' '  
dynamics a r e  i n c o r p o r a t e d  i n t o  Eq.  (1). We assume t h a t  t h e  s t a t e s  
are o rde red  such t h a t  t h e  f i r s t  nc states x1,x2, ..., x 
c i a t e d  w i t h  t h e  n o i s e  dynamics ( n c = l  f o r  f i r s t  o rde rncno i se ,  e t c .  ) 

are asso-  

The p e r t i n e n t  system o u t p u t s  y ( t )  - = (y1,y2,. . . , y m )  are l i n e a r  
combinations of s y s t e m  states md eontrol, namely 

and are p resen ted  t o  t h e  human by way o f  some d i s p l a y .  

Thus t h e  e x t e r n a l  system; S t o  b e  c o n t r o l l e d  by t h e  human i s  
desc r ibed  by t h e  q u a n t i t i e s  
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H u m a n ' s  L i m i  t a t 1  ons 

The v a r i o u s  psycho-physical  l i m i t a t i o n s  i n h e r e n t  i n  t h e  human 
are r e p r e s e n t e d  by a lumped e q u i v a l e n t  p e r c e p t u a l  t i m e  de lay  T and 
a t m o d e l  f o r  remnant c o n s i s t i n g  of  an  e q u i v a l e n t  o b s e r v a t i o n  n o i s e  
v e c t o r  v ( t ) .  A s e p a r a t e  ( w h i t e )  o b s e r v a t i o n  n o i s e  v ( t )  i s  asso- 
c i a t e d  w i t h  each d i s p l a y e d  ou tpu t  y i ( t ) .  

-Y Y 
The autocovahiance of  

v ( t )  i s  
y i  

Thus, the  human p e r c e i v e s  

a de layed ,  no i sy  r e p l i c a  of t h e  d i s p l a y e d  s y s t e m  o u t p u t .  

I n  o r d e r  t o  model c e r t a i n  c o n t r o l  s i t u a t i o n s  adequa te ly ,  w e  
have found it necessa ry  t o  i n c l u d e  a motor n o i s e  term v u ( t )  i n  ad- 

d i t i o n  t o  t h e  o b s e r v a t i o n  n o i s e  v e c t o r .  T h i s  i s  h e l p f u l  p r i m a r i l y  
when t h e  i n p u t  d i s t u r b a n c e  i s  no t  a p p l i e d  i n  p a r a l l e l  w i t h  t h e  p i -  

l o t ' s  c o n t r o l  s i g n a l .  I n  t h i s  s i t u a t i o n ,  motor no i se  s e r v e s  t o  
p reven t  t h e  model from a c q u i r i n g  p e r f e c t  knowledge o f  v a r i o u s  s y s -  
t e m  i n p u t s  o r  o u t p u t s  which, i n  f a c t ,  are not  known p e r f e c t l y  by 

t h e  human. Use o f  motor n o i s e  h e r e  i s  s t r i c t l y  a mathematical  con- 
venience  and does no t  i m p l y  t h a t  we are a b l e  t o  d i s t i n g u i s h  expe r i -  
menta l ly  t h e  v a r i o u s  s o u r c e s  of  remnant,  which w e  cannot  do a t  p re s -  
e n t .  The motor n o i s e  i s  assumed t o  be w h i t e  w i t h  au tocovar iance  
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Control Task 

It i s  assumed that  t h e  o v e r a l l  c o n t r o l  t a s k  i s  adequa te ly  r e -  
f l e c t e d  i n  t he  human's cho ice  of  a c o n t r o l  i n p u t  u * ( t )  t h a t  mini- 
mizes a weighted sum of averaged s t a t e  and c o n t r o l  v a r i a n c e s  

n 
J ( u )  = 0 2 i- ' ea; 2 

xi i=l 

condi t ioned  on t h e  human's obse rva t ions  y ( - 1 .  
-P 

The weight ings  i n  J ( u )  s a t i s f y  q i  - > 0 ,  r - > 0, g > 0 and may 
be o b j e c t i v e l y  and/or  s u b j e c t i v e l y  determined.  

Note t h a t  neuro-motor dynamics have n o t  been inc luded  among 
t h e  human's i n h e r e n t  l i m i t a t i o n s .  However, i nc luded  i n  J ( u )  i s  a 
c o s t  which depends on c o n t r o l  r a t e .  T h i s  term can r e p r e s e n t  an  
a c t u a l  c o s t  on h ( t >  o r  i t  can be used t o  account  i n d i r e c t l y  f o r  
t h e  p h y s i o l o g i c a l  l i m i t a t i o n s  on t h e  ra te  a t  which a human e f f e c t s  
c o n t r o l  a c t i o n .  It can be shown t h a t  t h e  I n c l u s i o n  of such a term 
r e s u l t s  i n  a f i r s t - o r d e r  l a g  ( o f t e n  a s s o c i a t e d  w i t h  t h e  neuro- 
muscular s y s t e m )  be ing  gene ra t ed  i n  t h e  op t ima l  c o n t r o l l e r .  

Model Structure 

With t h e  above assumptions,  t h e  human's c o n t r o l  c h a r a c t e r i s t i c s  
are determined by t h e  s o l u t i o n  o f  a n  op t ima l  r e g u l a t o r  problem w i t h  
t ime-delay and o b s e r v a t i o n  n o i s e .  It has been shown (Ref .1 )  t ha t  
t h e  r e s u l t a n t  op t imal  c losed-loop system has t h e  g e n e r a l  s t r u c t u r e  
shown i n  F ig .  1. The human o p e r a t o r  model c o n s i s t s  of t he  cascade 
combination of a Kalman e s t i m a t o r ,  a least-mean-squared p r e d i c t o r  
and a s e t  of ga ins  a c t i n g  on ff(t), - t h e  bes t  e s t i m a t e  of t h e  s y s t e m  
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s t a t e  - x ( t ) . '  
r a t e  we igh t ing ,  g. 
to-one correspondence between g and T ~ :  t h e  smaller g ,  t h e  smaller 
i s  T 
a d j u s t i n g  g. 

The lag f a c t o r  T~ depends on the  choice  of' c o n t r o l  
For g iven  va lues  of  qi  and r there i s  a one- 

Thus, a p r e s p e c i f i e d  va lue  of 'tN may be ob ta ined  by s u i t a b l y  N '  

S ince  the  op t ima l  feedback c o n t r o l l e r  i s  l i n e a r  and t ime- 
i n v a r i a n t ,  t h e  human can a l s o  be modelled i n  t h e  frequency domain 
by  a ( v e c t o r )  t r a n s f e r  f u n c t i o n  

There fo re ,  i n  a s t r a i g h t f o r w a r d  manner, one can p r e d i c t  human oper- 
a t o r  d e s c r i b i n g  f u n c t i o n s  (and i n j e c t e d  remnant) t h a t  are e q u i v a l e n t  
t o  t h o s e  t h a t  are normally measured i n  an  experiment .  Furthermore,  
t he  model a l lows  us  t o  p r e d i c t  t h e  power spectrum ( i n p u t  and remnant 
r e l a t e d )  of any s y s t e m  s t a t e ,  of any o u t p u t ,  o r  of  t h e  human's con- 
t r o l .  Also a v a i l a b l e  i s  a p r e d i c t i o n  of  c losed-loop performance,  
i . e . ,  s t a t e ,  ou tpu t  and c o n t r o l  v a r i a n c e s .  

Summary'- Rode1  Inputs a n d  Outputs 

A s  w e  have seen ,  t h e  u s e  of  t h e  opt imal  c o n t r o l  model i n  a 
p r e d i c t i v e  manner r e q u i r e s  t h e  s p e c i f i c a t i o n  of v a r i o u s  i n p u t  
parameters  r e l a t i n g  t o  t h e  f i x e d  v e h i c l e  conf igu ra t im ,  t h e  t a s k  
d e s c r i p t i o n  and the human's l i m i t a t i o n s .  Various human o p e r a t o r  
c h a r a c t e r i s t i c s  can t h e n  be computed as o u t p u t s .  For  r e f e r e n c e  
and convenience,  F ig .  2 summarizes these model i n p u t s  and o u t p u t s .  

'The de t a i l ed  s t r u c t u r e  of the op t ima l  feedback system i s  g iven  i n  
R e f  1. 
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I N P U T S  

VEHICLE D E S C R I P T I O N  

( a )  Sys tem Dynamics and I n p u t  S h a p i n g  
( b )  D i s p l a y e d  V a r i a b l e s  

T A S K  DESCRIPTION 

( a )  C o s t  F u n c t i o n a l  W e i g h t i n g s  

HUMAN DESCRIPTION 
( a )  S u b j e c t i v e  W e i g h t i n g s  
( b )  " N e u r o m o t o r "  Time C o n s t a n t ,  T,,, 

( c )  Time D e l a y  

( d )  P io to r  N o i s e  
( e )  O b s e r v a t i o n  N o i s e  

OUTPUTS 

S T A T E ,  OUTPUT, AND CONTROL V A R I A N C E S  
PILOT D E S C R I B I N G  FUNCTION A N D  REMNANT SPECTRA 

S T A T E ,  OUTPUT, AND CONTROL POWER SPECTRA 
( I N P U T  CORRELATED AND REMNANT CORRELATED) 

FIG.2 MODEL INPUTS A N D  O U T P U T S  
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C O M P U T E R  P R O G R A M S  

Two main programs have been w r i t t e n  f o r  u s i n g  t h e  op t ima l  con- 
trol model. The f i r s t  program e n a b l e s  t h e  u s e r  t o  s p e c i f y  t h e  f i x e d  
system parameters .  The second program s o l v e s  t h e  o p t i m i z a t i o n  prob- 
lems a s s o c i a t e d  w i t h  t h e  model and p rov ides  human re sponse  p r e d i c t i o n .  
Both programs are d i s c u s s e d  below. 

F i x e d  P a r a m e t e r  S p e c i f i c a t i o n  

The q u a n t i t i e s  &,b-,W-,g,+ are  assumed t o  be  f i x e d  and pa rame t r i ze  
t h e  c o n f i g u r a t i o n  of t h e  s y s t e m  t o  b e  c o n t r o l l e d .  A computer p ropran ,  
INPUT, h a s  been w r i t t e n  t o  a l low on- l ine  u s e r  s p e c i f i c a t i o n  of  t h e s e  
q u a n t i t i e s .  T h e  parameters a r e  ou tpu ted  t o  a u s e r  s p e c i f i e d  f i l e  f o r  
subsequent  readine: by l a t e r  programs. It i s  t h e r e f o r e  p o s s i b l e  (and 
i n  many cases  conven ien t )  t o  e s t a b l i s h  numerous such da t a  f i l e s ,  each  
of which i s  a s s o c i a t e d  w i t h  a d i f f e r e n t  s e t  of v e h i c l e  dynamics. 

The program i s  i n i t i a t e d  from t h e  PDP-lO t ime-shar inp  monitor  by  

t y p i n g  

RUN DSK : INPUT 3 

The program may b e  abor t ed  a t  any t ime by t y p i n g  s u c c e s s i v e  t C  
( C O N T R O L - C ) ,  which t h e n  r e t u r n s  c o n t r o l  t o  t h e  t ime-shar iny  moni tor .  
The INPUT proprarr. can  t h e n  be r e i n i t i a t e d  by t y p i n 6  .START4 

A f low c h a r t  f o r  t h e  INPUT program i s  shown i n  F i g .  3. Various 
f e a t u r e s  have been inc luded  f o r  t h e  u s e r ' s  b e n e f i t  and f o r  o p e r a t i o n a l  
ease. S p e c i f i c a l l y ,  
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1. I n i t i a l i z a t i o n  of parameters  from T e l e t y p e  

The program requests . ,  i n  o r d e r ,  t h e  garameters 
T h i s  i s  t h e  u s u a l  way f o r  f i r s t  s p e c i f y i n g  i n p u t  parameters. 

n = number of s ta tes  
n = number of n o i s e  shaping  f i l t e r  s t a t e s  

- A = (a i j )  ; i = 1 , 2 ,  ..., n , j = 1 , 2 , . . . , n  

b - = (bi) ; i = l Y 2 , . . . , n  

w = (w,) ; i = l , 2 y . . . y n  

m = number of o u t p u t s  

- C 

- d = ( d i )  ; i = l Y 2 , . . . , m  

C 

= ( c i j )  ; i = l Y 2 , . . . , m  , j = l Y 2 , . . . , n  

Type-in e r r o r s  can be immediately d e l e t e d  by t y p i n g  s u c c e s s i v e  
(RUBOUTS) .  Each (RUBOUT) d e l e t e s  one p reced ing  c h a r a c t e r  which i s  
then  echoed f o r  v e r i f i c a t i o n  on t h e  t e l e t y p e .  All u s e r  type- ins  
are a c t u a t e d  by a CARRIAGE RETURN ($).  

After a l l  of t h e  components of  a m a t r i x  o r  v e c t o r  ( s a y  5 )  a r e  
typed  i n ,  an  oppor tun i ty  i s  g iven  t h e  u s e r  t o  make any f i n a l  cor- 
r e c t i o n s .  

2. I n i t i a l i z a t i o n  of  parameters from a n  e x i s t i n g  f i l e  

T h i s  enab le s  t h e  u s e r  t o  change ( o r  examine) any number of  
s p e c i f i c  parameters  on a n  e x i s t i n g  f i l e  wi thou t  having  t o  r e t y p e  a l l  
q u a n t i t i e s .  If t h i s  o p t i o n  i s  e l e c t e d ,  t h e  u s e r  must supply  t h e  
name of t h e  data f i l e  t h a t  c o n t a i n s  A,b,  e t c .  The parameters are 
read and changes are r eques t ed .  

- -- 
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3. Parameter p r i n t o u t  

When a l l  of  t he  parameters  have been  s p e c i f i e d  by t h e  u s e r  ( o r  
read from a data f i l e  and subsequent  changes made), a p r i n t e d  te le -  
type  l i s t i n g  may be ob ta ined  i f  so  d e s i r e d .  

4. Frequencies  

A p r e s e l e c t e d  se t  of 15  f r e q u e n c i e s  from .05 t o  40.0 r ad / sec  
i s  gene ra t ed  f o r  l a t e r  u s e  by t h e  model. Subsequent f requency 
domain p r e d i c t i o n s  w i l l  be made a t  these 1 5  va lues  on ly .  The pre-  
s e t  f r e q u e n c i e s  are : 

w = .05,.18,.52,1.0,1.5,2.0,2.9,4.0,5.7,8.,11.,16.,22.,~2.,40 

5. O u t p u t  t o  data f i l e  

The u s e r  s p e c i f i e s  t h e  name o f  a data f i l e  on which a l l  of t h e  

parameters  a r e  t o  b e  s t o r e d .  T h i s  may be an  e x i s t i n g  f i l e  o r  a new 
f i l e .  F i l e  names a r e  a r b i t r a r y ,  except  t h a t  t hey  must b e  f i v e  char-  
a c t e r s  o r  l ess .  After ou tpu t ing ,  c o n t r o l  i s  a u t o m a t i c a l l y  t r a n s f e r r e d  
t o  t h e  t ime-shared monitor .  

Model Use 

A computer program HRA3 (Human Response Analyzer - 3 )  as w e l l  
as numerous s u b r o u t i n e s  has  been wr i t t en '  t o  s o l v e  t h e  o p t i m i z a t i o n  
problems a s s o c i a t e d  w i t h  o u r  model l ing approach.  The main program 
c o n s i s t s  of  seven  d i f f e r e n t  b u t  i n t e r a c t i v e  p a r t s .  These p a r t s  i n -  
vo lve  parameter  s p e c i f i c a t i o n s ,  computations and type-out o p t i o n s .  
The s p e c i f i c  f u n c t i o n  of  each  p a r t  i s  l i s t e d  i n  T a b l e  1. 

HRA3 i s  a c t u a t e d - f r o m  t h e  monitor system by t y p i n g  

. RUN DSK:HRA3S 
'In F o r t r a n  I V  f o r  use  on the PDP-10. 
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The program begins  by r e q u e s t i n g  the  name of  t h e  data f i l e  t h a t  con- 
t a i n s  t h e  v e h i c l e  parameters  (Par t  1). 

Obtain frequency domain T r a n s f e r  func-  
r e p r e s e n t a t i o n .  tion-Mag. and 

P h a s e . R e f l e c t e  
normalized obs . 
noise. Spect ra -  
c o r r e l a t e d  and 
u n c o r r e l a t e d  i n  
d B  . 

Computer c o n t r o l  proceeds au tomat i ca l ly  from one p a r t  t o  t h e  
next  i n  a s e q u e n t i a l  manner. However, i t  i s  p o s s i b l e  f o r  t h e  u s e r  
t o  i n t e r r u p t  and t h e n  ( r e ) s t a r t  t h e  program a t  any p a r t  i n  o r d e r  t o  
r e s p e c i f y  parameters  and/or  recompute model o u t p u t s .  

Computer Opera t ion  

Read f i x e d  system param- 
e te rs  from f i l e .  - 

TABLE 1 

P a r t  Funct ions and 1-0 of  HRA3 
I_- 

Program Type-Out: 

c_ 

Name of Data f i l e .  

4 
- 

5 

- t --- 

weight ing ,  g 

Humans time d e l a y , l  

Motor n o i s e  

6 I Observat ion no i se  I cova r i ances ,  v . 
I -Y 

::- 
ITrans fe r  f u n c t i o n ,  
I r e f l e c t e d  remnant 
and s p e c t r a  
s p e c i f i c a t i o n .  

- 

g a i n s ,  T ~ ~ .  

Compute e 

Obta in  p o r t i o n  of 
op t ima l  c o s t .  

I 

So lve  va r i ance  equa t ion ;  Normalized 
compute op t ima l  costs  a n  n o i s e  r a t i o s  

( d B ) .  S y s t e m  
v a r i a n c e s .  

n o i s e  r a t i o s .  

I 
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The procedure  f o r  c o n t r o l l i n g  program f low i s  q u i t e  s imple.  The 
u s e r  f i r s t  i n t e r r u p t s  t h e  program by  t y p i n g  s u c c e s s i v e  + C  (which 
r e t u r n s  c o n t r o l  t o  t he  t ime-shar ing  m o n i t o r ) ,  fol lowed by .START$. 
The computer responds by t y p i n g  

TO PART: 

and t h e  u s e r  t h e n  t y p e s  t h e  d e s i r e d  p a r t  number. Before c o n t r o l  
i s  t r a n s f e r r e d  t o  t h e  s p e c i f i e d  p a r t ,  a v a l i d i t y  t e s t  i s  made - i t  
i s  i l l e g a l  t o  beg in  P a r t  i i f  a l l  preceding  parts have no t  been 
completed.  

A f low c h a r t  f o r  HRA3 i s  p r e s e n t e d  i n  F i g .  4. Here we g i v e  a 
concomitant  d i s c u s s i o n  o f  t h e  1-0 o p e r a t i o n  of each program p a r t .  

1. 

2. 

3. 

4. 

5 .  

Vehic le  parameters  --- User s p e c i f i e s  data f i l e  ( c r e a t e d  a t  
some e a r l i e r  t i m e  by INPUT) from which v e h i c l e  parameters are 
read. Data i s  read. 

S t a t e  and c o n t r o l  weight ings  --- User s p e c i f i e s  qi ,  i=l, ..., n 
and r .  

Cont ro l  r a t e  weight ing  --- User s p e c i f i e s  g. The opt imal  feed- 
back g a i n s  a r e  computed and T~ i s  p r i n t e d .  The u s e r  t h e n  v e r i -  
f i e s  i f  t h i s  va lue  of  T~ i s  a c c e p t a b l e .  
3 i s  r e p e a t e d  a u t o m a t i c a l l y .  

If unacceptab le ,  p a r t  

Human's t i m e  d e l a y  --- User s p e c i f i e s  T. 

Motor n o i s e  --- User s p e c i f i e s  t h e  motor no i se  covar iance  Vu. 
T h i s  q u a n t i t y  may b e  s e t  t o  ze ro .  
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6 .  

7 .  

Observa t ion  n o i s e  --- User s p e c i f i e s  t he  o b s e r v a t i o n  n o i s e  
i = 1 , 2 ,  ..., m. These numbers must be greater cova r i ances  V 

t han  zero .  The opt imal  feedback s t r u c t u r e  as wel l  as s y s t e m  
performance i s  computed. The normalized motor n o i s e  and ob- 
s e r v a t i o n  no i ses  are  p r i n t e d . +  
p r i n t i n g  a l l  s y s t e m  va r i ances  ( i . e . ,  c losed-loop per formance) .  
The u s e r  responds by t y p i n g  Y o r  N ,  fo l lowed b y d .  

Y i '  

An o p t i o n  i s  t h e n  g iven  f o r  

Frequency domain r e s u l t s  --- Requests are made f o r  ou tpu t ing  
frequency domain da ta  as p r e d i c t e d  by t h e  model. The u s e r  can 
ou tpu t  i n t e r n a l  o r  e q u i v a l e n t  t r a n s f e r  f u n c t i o n s  between u and 
any d i sp layed  q u a n t i t y  yi .  
a s s o c i a t e d  component of h ( s )  - i n  E q .  ( 9 ) .  The e q u i v a l e n t  
t r a n s f e r  ( E )  i s  t h e  r a t i o  of t h e  t r ans fo rms  y i ( s )  and u ( s ) .  

The e q u i v a l e n t  t r a n s f e r  i s  what one normally measures i n  an  
experiment . 

The i n t e r n a l  t r a n s f e r  ( I )  i s  t h e  

Avai lab le  i s  a p r e d i c t i o n  of  remnant.  The program combines a l l  
sou rces  of remnant i n t o  a s i n g l e  e q u i v a l e n t  n o i s e  sou rce  i n j e c t e d  
on to  any s p e c i f i e d  ou tpu t  yi and then  normalized by (J 

2 
Y i  

F i n a l l y ,  t h e  u s e r  can o b t a i n  t he  spectrum ( b o t h  c o r r e l a t e d  and 
u n c o r r e l a t e d  p o r t i o n s )  of  any s i n g l e  s t a t e  (XI, ou tpu t  (Y) o r  
of t h e  c o n t r o l  ( U ) .  The p r i n t e d  spec t ra  are one s ided  - i . e . ,  
f o r  p o s i t i v e  f r e q u e n c i e s  only .  

I n  a l l  ca ses ,  p r e d i c t i o n s  are made a t  a p r e s e l e c t e d  s e t  of 15 
f r equenc ie s  r ang ing  from .05  t o  4 0 .  r ad / sec .  The s p e c i f i c  fre- 
quencies  a r e  read from t h e  o r i g i n a l  data f i l e  t h a t  c o n t a i n s  t h e  

parameters - A,b - 9 - 9  C e t c .  

A s  we have mentioned e a r l i e r ,  t h e  u s e r  may res ta r t  t h e  program a t  
any s p e c i f i e d  p a r t .  

'These n o i s e  r a t i o s  are o f t e n  more fundamental  i n  human r e m o n s e  
a n a l y s i s  t han  are t h e  n o i s e  magnitudes themselves ,  ( e . g . ,  see R e f .  
C21) 
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AN E X A M P L E  

S y s t e m  I n p u t s  a n d  O u t p u t s  

I n  t h i s  s e c t i o n  we i l l u s t r a t e ,  by means o f  a s imple  example, 
t he  s t e p  by s t e p  procedure f o r  u s i n g  t h e  d e s c r i b e d  programs. We 
examine a, compensatory t r a c k i n g  task o f  l/s dynamics i n  which 
the  human i s  g iven  a n  e x p l i c i t  d i s p l a y  of s y s t e m  e r r o r  ( e ) .  We 
assume tha t  t h e  human also p e r c e i v e s  d i r e c t l y  t h e  ra te  o f  change 
of  e r r o r  ( 6 ) .  The system i n p u t  d i s t u r b a n c e  i s  taken  t o  b e  a f i r s t -  
o r d e r  n o i s e  having  a break frequency o f  2 r ad / sec  and a v a r i a n c e  
o f  1 . 0 .  Fig.  5 c o n t a i n s  a b lock  diagram o f  t h e  system conf igu ra -  
t ion .  

The s y s t e m  s t a t e  equa t ions  are f i r s t  ob ta ined  i n  t h e  r e q u i r e d  
form. 
c o n t r o l  i n p u t )  and x , ( t )  denotes  t h e  s y s t e m  e r r o r ,  e ,  t h e n  

If x , ( t )  denotes  t he  n o i s e  d i s t u r b a n c e  (which i s  added t o  

i*( t )  = x , ( t )  + u ( t )  

( i . e .  n=2 and n c = l )  where w , ( t )  i s  whi te  n o i s e  w i t h  covar iance  
wll = 4 .0  ( s o  as t o  y i e l d  a r e q u i r e d  va lue  o f  E{xl2) = 1.0). 
Thus, i n  ma t r ix  n o t a t i o n  

d t )  = A &(t)  + u ( t )  + w_(t) 

where 

-2 .  0. 
A =  - I 1. 0 .  

O * I ;  w_ = 
1. 

4. 0. 

0 .  0. 
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The s y s t e m  o u t p u t s  (1.e. "d isp layed"  q u a n t i t i e s )  y1 and y, are 
r e s p e c t i v e l y  e r r o r  (x,) and e r ro r  r a t e  ( A , ) .  Thus m-2 and 

= C 5 + Gu where 

The human's o b j e c t i v e  c o n t r o l  t a s k  i s  t o  minimize mean-squared 
e r r o r .  Thus, t h e  c o s t  f u n c t i o n a l  J(u) i s  simply assumed t o  b e  

2 2 J ( u )  = u + goh 
x2 

i . e .  q1 = 0 ,  q2 = 1, r = 0. 
t h e  moment, a r b i t r a r y .  

The c o n t r o l  rate weight ing  g i s ,  f o r  

For t h e  human's parameters w e  s h a l l  take T = .20, and we 
s h a l l  a d j u s t  t h e  c o n t r o l  ra te  we igh t ing  g t o  g ive  a va lue  of  
T - .l. F i n a l l y ,  w e  wish  t o  choose v a l u e s  f o r  t h e  motor n o i s e  
convariance V u  and t h e  o b s e r v a t i o n  n o i s e  covar iances  v 
such t h a t  t h e  r e s u l t a n t  normalized n o t o r  n o i s e  i s  -25db and t h e  

r e s u l t a n t  normalized o b s e r v a t i o n  n o i s e s  are bo th  -20 dB. 

C l e a r l y  t h i s  w i l l  r e q u i r e  on- l ine  ad jus tment  of t h e  va lues  vu, V 
We wish  t o  p r e d i c t  a )  t h e  closed-loop performance, b )  the  

closed-loop d e s c r i b i n g  f u n c t i o n  r e l a t i n g  c o n t r o l  t o  e r r o r ,  c )  r e m -  
nant  spectrum viewed as a s i n g l e  n o i s e  s o u r c e  i n j e c t e d  o n t o  sys-  
tem e r r o r ,  d )  t h e  human's c o n t r o l  spectrum. 

n "  
, v 

t 
y1 y 2  

Y i  * 

' These va lues  are t y p i c a l  of t h o s e  measured i n  s i n g l e - a x i s  t r a c k -  
i n g  tasks. 
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Program Use 

a. Data S p e c i f i c a t i o n  

A s  d i s c u s s e d  ea r l i e r ,  t he  f i r s t  s t e p  i n  o u r  a n a l y s i s  pro-  
cedure i s  t h e  c r e a t i o n  of a data f i l e  t ha t  c o n t a i n s  the  f i x e d  

system parameters n ,  n A ,  b ,  e t c .  The computer p r i n t o u t  show- 
i n g  the  i n i t i a l i z a t i o n  procedure i s  g iven  i n  F ig .  6 . The 

unde r l ined  q u a n t i t i e s  are t h e  u s e r  type- ins .  Various type- in  
mistakes have been made i n t e n t i w a l l y  i n  o r d e r  t o  demonstrate  
t he  v e r s a t i l i t y  of t h e  program i n  making parameter  c o r r e c t i o n s  
and changes.  The v a r i o u s  c o r r e c t i v e  f e a t u r e s  are shown w i t h  

numbered tags. A corresponding  d e s c r i p t i o n  of each f e a t u r e  i s  
g iven  below. 

6' 

(1) The l e t t e r  "N" was i n a d v e r t a n t l y  s t r u c k  w h i l e  t y p i n g  

a12. 
The computer responded by p r i n t i n g  / N .  

It was immediately d e l e t e d  by t y p i n g  RUBOUT. 

( 2 ;  b 2  was e r roneous ly  t y p e d  as 2.0.  The e r r o r  was 
- immedia te ly  r e a l i z e d  and c o r r e c t e d  by t y p i n g  3 suc- 
c e s s i v e  RUBOUT's  ( d e l e t i n g  the  3 c h a r a c t e r s  2 .0  
which a r e  de l imi t ed  by t he  computer) and t h e n  t y p i n g  
t h e  c o r r e c t  va lue  of  1 .0 .  

( 3 )  w1 and w2 were mis takenly  in te rchanged .  T h i s  e r r o r  
was n o t  noticed by t h e  u s e r .  Later c o r r e c t i o n s  w i l l  
have t o  b e  made here. 

( 4 )  c21 was e r roneous ly  typed as 2.0.  
u s i n g  t h e  program's i n t e r n a l  c o r r e c t i o n  r o u t i n e .  

The e r r o r  was f i x e d  

( 5 )  dl and d2  were mis takenly  in t e rchanged .  They were re- 
ve r sed  us ing  t h e  c o r r e c t i o n  r o u t i n e .  

( 6 )  A parameter  l i s t i n g  was ob ta ined .  The u s e r  r e a l i z e d  
the  in t e rchange  of  w1 and w 2  
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0 

.RUN DSK: INPUT 2 

FIXED PARAMETERS FOR DX/DT=AX+BU+Ws Y=CX+DU 
I N I T I A L I Z E  FROM F I L E ?  &;, 

NO* OF STATES=ZJ 

NO. OF N O I S E  STATES=_!> 

A (  It 1 ) = - 2 . d ) . a / - 4 3  
AC I t  2 ) ? E \ N \ * _ 4 2 >  
A <  2 r  I ) = : = >  
A< 2 r  2>=13_.1?3 
M Y  CORRECTIONS? IU] ***** 

***** 
THE N O I S E  COVARIANCES: 

ANY CORRECTIONS? bJ2 ***** 
NO0 OF OUTPUTS=Z$ 

ANY CORRECTIO~ -, 
TYPE I N D I C E S  

F I G . 6  S A H P L E  P R I N T - O U T  O F  
I N P U T  P R O G R A M  

- ***** 
IYPEOUT PARAMETERS ON TELETYPE? x j  

/ 

-8*[30@E+O@ 0*000E-01 
10@00E+00 0 0 8 n B E - 0 1  

A MATRIX: 

B MATRIX: 
pI 008 E00 1 
1 *@00E+@@ 

D MATRIX: 
8 . 0 a 0 E - 0  1 
1 * 0 0 0 E + 0 0  

OUTPUT ON F I L E :  &C) 

FIN ISWED* 
EXIT 

t C  
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*RUN DSKt I N P U T 2  - 
FIXED PARAMETERS FOR DX/DT=AX+BU+ Wr Y=GX+DU 
I N J T I A L I Z E  FROM FILE? 1 2  
FILE NAME: 

PARAMETERS READ. ANY CHANGES? 1 2  
GJHICH PARAMETER? 
lX?E I N D I C E S  
I=L2 

W I  t ) =  

It2 
w (-2) = 

0.0000 CHANGE 703 4.02 
ANY MORE?Y)  

400000 CHANGE Tot 0 3 2  
M Y  MORE?N> ***** 

OTHER PARAM. CHANGES? - Y J  
\JHICH PARAMETER? As 
IYPE I N U I C E S  
I9J.J 
J='J 

A <  l r  1 ) s  -2.0000 CHANGE TO: -2.0 
M Y  MORE??> -3 

***** 
OTHER PARAM. CHANGES? 

WPEOUT PARAMETERS ON TELETYPE? 

OUTPUT ON F I L E :  E) 
FIN I SHED* 
MI T 
*C 

F I G .  7 AN E X A M P L E  O F  C H A N G I N G  P A R A M E T E R S  ON A N  E X I S T I N G  F I L E  
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( 7 )  The parameters  are ou tpu ted  t o  a f i l e  named ABC. 

I n  order t o  change parameters  on t h e  f i l e  ABC t h e  same pro- 
cedure as above i s  fol lowed excep t  t ha t  t he  parameters  are now 
i n i t i a l i z e d  from the  p e r t i n e n t  f i l e .  
and w2 are changed i s  shown i n  t h e  type-out o f  Fig.  7. 
shown is  an  examinat ion o f  t h e  q u a n t i t y  all. 

The p rocess  by which w1 
Also  

b .  Model P r e d i c t i o n s  

Having typed  i n  t h e  f i x e d  parameters  and s t o r e d  them 
on a d i s k  f i l e ,  t he  u s e r  i s  now prepared  t o  use  t h e  Human R e s -  
ponse Analyser .  Below w e  g i v e  t h e  r e s u l t s  o f  t h e  s tep-by-s tep  

procedure i n  u s i n g  HRA3. 

1. I n i t i a l i z i n g  and r e a d i n g  i n p u t  parameters  from f i l e  
*RUN DSK? XRA3) 

READ FIXED PARAMETERS FROM FILE:ABC1 
FIN I SXED* 

2.  Spec i fy  q i , r  
STATE PEISHTINGSIQZ 
QC 1'="'"3 
C I S  2)=M2 

ANY CORRECTIONS? N;> ***** 
CONTROL WEIGHTINGI R=5.0 -3  3. Choose g, compute r n  

CONTROL RATE WEIGHTING9 6--*=) 

'IN= 0.126 IS THIS OK? N - 3  
Since  t h e  computed va lue  of T n  # .1, new va lues  o f  g 
are r eques t ed  u n t i l  ln is  s u i t a b l y  c l o s e  t o  t h e  desired 
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v a l u e  : 

CONTROL RATE WEIFHTENGt G= 0 0I3134 2 

'PI= B o 1 0 0  IS THIS OK? Y - 2  
4 .  Spec i fy  T 

t.RMAN"S T * D o = * 2  -- 2 
5. Choose v 

U 

6 .  Choose V compute n o i s e  r a t i o s  Y' 
OBSI NO I SEs VY: 

\IYc 2)=*0I  . 
!!Ye .1)=*11$ 
MY CORREC~IDNS? fi2 ***** 
3 X 3 M: RANK 2 * ( T k i s  typeout  i s  par t  o f  a n  

NOISE RATIOS:  
v u e  .l.)=-27*8DB 
V Y C  1 )=-1SoBDB 
WC 2)=-RS-  7DB 

i n i t i a l i z a t i o n  r o u t i n e  o n l y )  

VARIANCES? N - 3  

S i n c e  t h e  n o i s e  r a t i o s  are n o t  as des i red ,  t h e  

u s e r  dec ides  n o t  t o  type-out t h e  s y s t e m  v a r i a n c e s .  
Con t ro l  can then  b e  t r a n s f e r r e d  t o  p a r t  5 ( r e s p e c i -  
f y  V u )  o r  pa r t  6 ( r e s p e c i f y  V ) i n  o r d e r  f o r  the  
u s e r  t o  r e a d j u s t  t h e  n o i s e  va lues  t o  g ive  t h e  p rope r  

Y 

r a t i o s  : 
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mTOR NOISEsVUt 
VU< 1 ) ~ * 0 1 5 - ~  

-0BSs. NOISEa VY: 
VYS fZ=.*.Be12 3 

VYf 2)E2@3$ 
ANY CORRECTIONS? ***** 
3 X 3 M: RANK 2 

VARIANCES? 3 

VYS 21~~045.;) 
ANY CORRECTIONS? P d j  ***** 
3 X 3 M: RANK 2 

Since  t h e  n o i s e  r a t i o s  are s u f f i c i e n t l y  c l o s e  t o  
t h e  desired r a t i o s ,  t h e  u s e r  can s t o p  i t e r a t i n g  on 
v and v and o b t a i n  t h e  r e s u l t a n t  c losed-loop s y s -  
tern v a r i a n c e s  ( i f  s o  des i r ed )  
U Y 
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7. Frequency domain R e s u l t s  

The desired f requency  domain r e p r e s e n t a t i o n  i s  
o b t a i n e d  

FREQUENCY DOMAIN REPRESENTATION? YJ 
XI;IER FCN: INTERNAL OR EQULVALENT? 
BETWEEN CONTROL AND OUTPUT #L;, 

NORM. REMNANT: REFLECTED ON OUTPUT I'J 

SPECTRAL DENSITY: XIYSU? tJ2 
COMPONENT b 2 

FREB 
0.0s 
O r 1 8  

1.80 
1.50 
2.00 
2.90 
4*%0 
5*7@ 
s-OB 
u*00 
16 00 
22.08 
32.043 

0.52 

MrB0 

REMN 
-I#. 5 
-1.445 
?.I49 6 
-1.4. e 
-.15*9 
-.l.S.9 
-.k6.!? 
-18.2 
-2h3 .0 
-28.2 
-25.0 
-29;e 
-31.02 
-31k1 
-32 2 

nex t  

UNCQRR 
-51.3 
-40.2 

-25.4 
-21  09 
- 1 9 0 4  
-1604  
-14.2 - 12.8 
-13.7 
-17 .0  
-23.1 
-27.2 
-30.0 

-31.0 

-32. 9 
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After complet ing the  type-out t h e  program c o n t r o l  i s  
t r a n s f e r r e d  t o  the  p a r t  d i r e c t o r .  The u s e r  can then  s t a r t  
the  program a t  any p a r t .  For example, t o  change T, restar t  
a t  pa r t  4 .  

The u s e r  can s t o p  the computer type-out a t  any t i m e  b y  

s t o p p i n g  s u c c e s s i v e  +C (which r e t u r n s  c o n t r o l  t o  t h e  monitor  
and then  typ ing  .START> which a l lows  u s e r  p a r t  s p e c i f i c a t i o n ,  
e.g. 

PART:?) 

XFER FCN: INTERNAL OR EQUIVALENT? 
BETWEEN CONTROL A N D  OUTPUT #L> 
NORM. REMNANT: REFLECTED ON OUTPUT # 1 3  

SPECTRAL DENSITY I X I Y S U ?  3 
COMPONENT # 1~ 

- 

FREQ MAG PHASE R EMN CORR UNCORR 
@.PIS 13.8 -3.9 -14 .5  -18.8 -25.3 
0.18 13,s -3.4 -14.5 -18.8 -25.3 
91.52 13.6 -9 . StC 

-START 3 

TO PART33 Y 
--Ir 

CONTROL R A T E  WEIGHTING* G= 
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