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. ' .  - . .. 

A B S T R A C T  

A compute r i zed   ana lys i s   p rocedure ,  based on a c o n t r o l  
t h e o r e t i c  model of t h e  human p i l o t ,  i s  used  t o  e v a l u a t e   d i s p l a y  
r equ i r emen t s  f o r  l o n g i t u d i n a l   c o n t r o l  i n  t h e  l and ing   approach .  

The d isp lay   ana lyzed   employed  a d i g i t a l l y  g e n e r a t e d ,   p e r -  
s p e c t i v e  runway image w i t h  a superimposed a r t i f i c i a l  h o r i z o n  f o r  
p i t c h  i n d i c a t i o n .  T h i s  d i s p l a y  is b e i n g   s t u d i e d   i n   a n   e x p e r i m e n t a l  
program a t  A m e s  Research Center .   System  performance  measures  a re  
o b t a i n e d   f o r  t h e  approach phase o f  a l i g h t  a i r c r a f t  and a D C - 8 ;  
p r e d i c t i o n s  are made as t o  t h e  e f f ec t s  o f   s e v e r a l  d i s p l a y  modif i -  
c a t i o n s .  I t  i s  found t h a t  augmenting t h e  b a s i c  d i s p l a y  w i t h  g l i d e  

s l o p e   r e f e r e n c e  bars  and a v e l o c i t y  aim p o i n t  y i e l d s  adequa te   pe r -  
formance i n  calm a i r .  Under   moderate   turbulence,  t h e  augmented 
d i s p l a y   a p p e a r s   t o  b e  adequa te  for a DC-8 approach  b u t  n o t   f o r  a 
l i g h t  a i r c r a f t .  

I n   o r d e r   t o   a d e q u a t e l y  r e f l e c t  t h e  n a t u r e   o f  t h e  approach 
task,  t h e  opt imal-control   model   of  t h e  p i l o t  was e x t e n d e d   t o  
i n c l u d e   t i m e - v a r y i n g   e f f e c t s   a n d   v i s u a l / i n d i f f e r e n c e   t h r e s h o l d s .  
Model r e s u l t s  are compared w i t h  data  o b t a i n e d   i n  Ames' expe r imen ta l  
program. The comparison affirms t h e  v a l i d i t y   o f  t h e  p i l o t  model 
and  demonstrates  i t s  u t i l i t y  as a d i s p l a y   e v a l u a t i o n   t o o l .  
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INTRODUCTION 

The desire f o r  a safe and re l iable  l a n d i n g   c a p a b i l i t y   u n d e r  
adve r se  weather c o n d i t i o n s  has p e r s i s t e d   t h r o u g h o u t  the growth  of 
a v i a t i o n .  If t h i s  desire i s  t o  become a r e a l i t y ,   s u i t a b l e   d i s p l a y s  
tha t  f a c i l i t a t e  p i lo t   pe r fo rmance   mus t  be developed.  The funda- ' 

menta l   ques t ions  t h a t  arise i n  t h e  development   o f   such   d i sp lays  
concern  t h e  in fo rma t ion   r equ i r emen t s   o f  t he  p i l o t :  What informa- 
t i o n   s h o u l d  b e  p r e s e n t e d ,  how, and t o  what degree of   accuracy?  
I n  t h i s  r e p o r t ,  we apply  a manned-vehicle s y s t e m  model t o   o b t a i n  
answers t o  some of  these q u e s t i o n s  w i t h  r e s p e c t   t o  a proposed 
approach   and   landing  d i s p l a y .  

The d i s p l a y  o f  i n t e r e s t  has as i t s  b a s i c   e l e m e n t  a d i g i t a l l y  
g e n e r a t e d ,   p e r s p e c t i v e  runway Image, t o  which i s  added a h o r i z o n  
bar and   a i rp lane   symbol .  T h i s  d i s p l a y   c o u l d  be presented   on  a 
ca thode  r a y  tube ,   u s ing   i n fo rma t ion   p rov ided  by  an   a i rbo rne   mic ro -  
wave r e c e i v e r  t h a t  s e n s e s  t h e  l o c a t i o n   o f  markers p o s i t i o n e d  a t  
a p p r o p r i a t e   p o i n t s   o n  t h e  a i r p o r t   t e r r a i n .  It would  have  appl ica-  
t i o n  i n  a low-cost IFR approach system f o r  small a i r p o r t s   o r  as an  
independen t ly   de r ived ,   v i sua l   back  up f o r   a u t o m a t i c   l a n d i n g  systems. 

Wempe and Palmer [ 1 , 2 ]  i n v e s t i g a t e d   s u c h  a p i c t o r i a l  d i s p l a y  
i n  a series of   s imula tor   exper iments   conducted  a t  Ames Research 
Center  ( A R C ) .  They found that  t h e  d i s p l a y  was inadequa te  w i t h  
r e s p e c t  t o  judgement  of g l i d e  s l o p e   e r r o r s   a n d   c o n t r o l  of h e i g h t .  

On t h e  o the r   hand ,  t h e  d i s p l a y  had Food p i l o t   a c c e p t a n c e ,   a n d  per- 
formance was s u r p r i s i n g l y  immune t o  laree v a r i a t i o n s   i n  d i s p l a y  
r e s o l u t i o n   a n d  d i s p l a y  update  ra te .  It appeared t ha t  t h e  d e f i c i -  
e n c i e s   i n  the  b a s i c   p i c t o r i a l   d i s p l a y   c o u l d  be  overcome  throuph 
t h e  add i t ion   o f   app ropr i a t e   gu idance   symbology .   Consequen t ly ,  



f u r t h e r   e x p e r i m e n t s  were i n i t i a t e d  a t  ARC t o  examine t h i s  p o s s i -  
b i l i t y .  A t  the same time, t h e  work described h e r e i n  was under taken  
t o   i n v e s t i g a t e   a n a l y t i c a l l y  the  p o t e n t i a l   i m p r o v e m e n t s   t o  t h e  d i s -  
p l a y  and t o   p r o v i d e  a t h e o r e t i c a l  basis f o r   i n t e r p r e t i n g  t h e  re- 
s u l t s   o f  t h e  i n i t i a l   a n d   f o l l o w - o n  ARC exper iments .  

Our a n a l y t i c a l   s t u d y   o f  t h e  d i s p l a y  i s  l imi t ed  t o  i t s  use  
f o r   l o n g i t u d i n a l   c o n t r o l   i n   a p p r o a c h   t o   l a n d i n g .   C o n t r o l l i n g  t h e  

f l i g h t  p a t h ,  by e l e v a t o r   a l o n e ,   o f  a l i g h t  a i r c r a f t  i s  t h e  task 
cons ide red .+  The approach starts 10,000 f t .  from t h e  runway thresh- 
o ld   on  a (nominal )  3 O  g l ide  s l o p e   a n d   t e r m i n a t e s  1 0 0 0  f t .  from t h e  

t h r e s h o l d  ( a t  a n   a l t i t u d e   o f   a b o u t  100 f t .  ) . Power a n d  trim are 
assumed se t  t o   m a i n t a i n  t h e  a i r c ra f t  on the  p rope r  p a t h  i n  t he  
a b s e n c e   o f   d i s t u r b a n c e s   o r   s p u r i o u s   p i l o t   i n p u t s .  However, a con- 
s t a n t   v e r t i c a l  d r a f t ,  s u s t a i n e d   f o r  t h e  f i r s t  5000 f t .  of t h e  ap- 
p r o a c h ,   d i s t u r b s  t he  a i r c r a f t  from t h e  desired p a t h .  I n  a d d i t i o n ,  
t h e  a l r c r a f t  i s  somet imes   sub jec t ed   t o   r andom  pus t s .  The  cho ices  
f o r  t h e  veh ic l e ,   nomina l  f l i g h t  p a t h  a n d   d i s t u r b a n c e   i n p u t s  were 
d i c t a t e d  l a r g e l y  by the aforement ioned  ARC expe r imen t s ,  

The c e n t r a l   e l e m e n t   i n   o u r   a n a l y t i c   a p p r o a c h   t o  d i s p l a y  
e v a l u a t i o n  i s  a model  of the human p i l o t  t ha t  d e s c r i b e s  h i s  sens-  
i n g ,   i n f o r m a t i o n   p r o c e s s i n g   a n d   c o n t r o l   b e h a v i o r .  T h i s  model has 
been  documented  extensively elsewhere [ 3 , 4 ] .  Here, we mention 
some u n d e r l y i n g  aspects of  t h e  model t o   p r o v i d e  a p o i n t   o f  depar- 
t u r e   a n d  a p r o p e r   p e r s p e c t i v e   f o r  t h i s  i n v e s t i p a t i o n .  

'It was hoped tha t  t h i s  task would  minimize the  e f f e c t s   o f   v e h i c l e  
dynamics   and   d i f f e rences   i n   p i lo t ing   t echn ique   on   pe r fo rmance  w i t h  
t h e   d i s p l a y  [l]. 
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Our  model f o r  t he  human c o n t r o l l e r   b l e n d s  human re sponse  
t h e o r y   w i t h i n  a modern control   f ramework.  Its unde r ly ing   pos tu -  
l a t e  i s  tha t  t h e  w e l l - t r a i n e d  human c o n t r o l l e r   b e h a v e s   o p t i m a l l y  
s u b j e c t   t o  h i s  i n h e r e n t   l i m i t a t i o n s   a n d  the  c o n t r o l  task.  The 
major   consequence  of  t h i s  h y p o t h e s i s  i s  t ha t  t h e  model c o n t a i n s  
e lements  t ha t  op t ima l ly   compensa te   fo r  t h e  h u m a n ' s   l i m i t a t i o n s .  
These compensa t ing   e lements   a long  w i t h  our   methods   o f   represent -  
i n g   p i l o t   l i m i t a t i o n s  are the  un ique   f ea tu re s   o f  t h e  model. 

The d e s c r i p t i o n s   o f  t h e  compensa t ine   e lements   and ,   in  some 
i n s t a n c e s ,  of t h e  h u n a n   l i m i t a t i o n s ,   h a v e   b e e n   i n s p i r e d  by  modern 
c o n t r o l   t h e o r y .   I n   p a r t i c u l a r ,  w e  r e l y  on   s t a t e -va r i ab le   me thods  
and  models t o   p r o v i d e   i n s i g h t s   f o r   o u r   a p p r o a c h  as wel l  as t h e  
r e q u i s i t e   c o m p u t a t i o n a l   t e c h n i q u e s .  

I n  a l l  p r i o r   a p p l i c a t i o n s   o f   o u r   m o d e l ,  t he  systems s t u d i e d  
were l i n e a r   a n d   t i m e - i n v a r i a n t .   I n   a d d i t i o n ,   i n p u t   d i s t u r b a n c e s  
could  b e  modelled as zero-mean,   s ta t ionary   Gauss ian   no ise   p rocesses .  
For  s u c h   s i t u a t i o n s ,  i t  i s  r e l e v a n t   a n d   c o n v e n i e n t   t o   c o n s i d e r  t h e  

f requency   domain   representa t ion   of  t h e  model .   In  t h i s  c o n t e x t ,  
t h e  model assumes a q u a s i l l n e a r  form; i t  can  b e  u s e d   t o   p r e d i c t  
p i l o t   d e s c r i b i n g   f u n c t i o n s  and power dens i ty   and   remnant   spec t ra .  
We have  found t h e  model   capable   o f   p red ic t inp  these d e t a i l e d  meas- 
u r e s   o f  human performance w i t h  remarkable f i d e l i t y  [Refs. 3 ,41 .  

I n   a p p l y i n g   o u r  model t o   a p p r o a c h   t o   l a n d i n p ,  we are ,  
however ,   confronted w i t h  a n   e s s e n t i a l l y   t i m e - v a r y i n p   p r o b l e m .  
T h i s  i s  p r i m a r i l y  t h e  r e s u l t   o f  t h e  t ime-dependen t   r e l a t ionsh ip  
between a n g u l a r   a n d   l i n e a r   v e r t i c a l   d e v i a t i o n s   f r o m  t h e  g l i d e  

s lope .   For   example ,  i f  t h e  r e l a t i v e   e r r o r  i n  o b s e r v i n g   a n g u l a r  
dev ia t ions   f rom t h e  g l i d e  s l o p e  i s  c o n s t a n t ,   t h e n  b e t t e r  estimates 
o f   a l t i t u d e   e r r o r  become a v a i l a b l e  as r anee   dec reases .  As a r e s u l t  

3 



t h e   q u a l i t y   o f  the p i l o t s   i n f o r m a t i o n  base improves w i t h  time s o  
our  model  of the human c o n t r o l l e r  I s  n o   l o n g e r   t i m e - i n v a r i a n t .  We 
sha l l  see la ter  that t h e  p r e d i c t i o n s   a f f o r d e d  by t h i s  time-vary-ine: "- 
model are q u i t e  remarkable.+ The r e l a t i v e  ease i n   e x t e n d i n p  t h e  
model t o  a t i m e - v a r y i n g   s i t u a t i o n  i s  n o t   t o o   s u r p r i s i n g   i n  l i g h t  

o f  i t s  s ta te  v a r i a b l e  ( i . e . ,  time domain)   foundat ions ;   o f   course ,  
t h i s  was one   r eason   fo r   choos ing   such  a modelling  framework. 

The e x p e r i m e n t a l   c o n d i t i o n s  t ha t  were i n v e s t i g a t e d   a n d  t h e  
s p e c i f i c   d i s p l a y  t ha t  was employed a l s o   n e c e s s i t a t e d  some exten-  
s i o n s   t o  t h e  model. I n  t h e  former case, t h e  u s e   o f   c o n s t a n t   b u t  
unknown u p d r a f t s  was a d e p a r t u r e   f r o m   p r e v i o u s   a p p l i c a t i o n s   i n  
which a l l  i n p u t s  were random. Here, t o o ,  modern c o n t r o l  ideas 
provided  t h e  basis f o r  t h e  s o l u t i o n :  t h e  cons tan t   windwas   cons id-  
ered a "state" t o  be  estimated and was c o m p e n s a t e d   f o r ,   i n   e q u i l i b -  
r ium,  by a n   o p t i m a l ,   c o n s t a n t  "trim" i n p u t .  I n  t h e  l a t t e r  i n s t a n c e ,  
we f e l t  i t  n e c e s s a r y   t o   i n c l u d e   t h r e s h o l d   e f f e c t s   i n  t h e  model t o  
account   for   exper imenta l   judgement  data  showing large t h r e s h o l d s  
i n  t h e  pe rcep t ion   o f   d i sp l acemen t s   f rom t h e  p l i d e  s l o p e .  

Once t h e  n e c e s s a r y   e x t e n s i o n s   t o  t h e  model had been accom- 
p l i s h e d ,  i t  was a r e l a t i v e l y   s t r a i g h t f o r w a r d  matter t o  compute 
closed-loop  performance as a f u n c t i o n   o f   v a r i o u s   a s p e c t s   o f  t h e  

d i s p l a y .  By and large, o u r   s t u d i e s  paral le led t h e  expe r imen ta l  
e f f o r t .   T h u s ,  we examined the e f f e c t s  of  adding  guidance  symbolopy, 
and  of  changing d i s p l a y  r e s o l u t i o n ,   u p d a t e  ra te  and   ga in .   Resu l t s  
were ob ta ined   fo r   bo th   no - tu rbu lence   and   t u rbu lence   cond i t ions .  
F i n a l l y ,  w e  computed  expected  performance w i t h  t h e  d i s p l a y  i n  a 
DC-8 approach task .  

'We b e l i e v e  t ha t  t h e y  can  be improved   even   fur ther  by a more 
e x p l i c i t   t r e a t m e n t   o f   t r u e   v a r i a t i o n s   i n  human c o n t r o l  s t ra tegy  
(see Chapter  3 ) .  
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The o r g a n i z a t i o n   o f  t he  r e p o r t  i s  as f o l l o w s .  The theo-  
re t ica l  basis f o r   o u r  d i sp lay  e v a l u a t i o n  method I s  described i n  
Chapter  2. I n  Chapter  3,  t h e  detai ls  of a p p l y i n g  t h e  method t o  
t h e  problem  out l ined   above  are p r e s e n t e d .   R e s u l t s  of t h e  d i s p l a y  
a n a l y s i s  are discussed  and  compared w i t h  a v a i l a b l e   e x p e r i m e n t a l  
data. Concluding remarks are p r e s e n t e d   i n  Chapter  4. The mathe- 
matical detai ls  i n v o l v e d   I n   e x t e n d i n g  the model are g i v e n   i n  t h e  
appendices .  
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THE PILOT-VEHICLE  MODEL 

A thorough  unders tanding   of  three fundamental  aspects of  a 
manned-vehicle  system i s  e s s e n t i a l  t o  -achiev ing  t h e  u l t i m a t e   g o a l  
o f   e f f e c t i v e   d i s p l a y   e v a l u a t i o n .  The three basic  aspects are: 
(i) t h e  veh ic l e   dynamics   and   con t ro l  'task; (11) t h e  man-machine 
i n t e r a c t i o n ;   a n d ,  (iii) t h e  i n f o r m a t i o n   c o n t e n t   a n d   p r e s e n t a t i o n  
q u a l i t y   o f  the display; .  Here w e  p r e s e n t  t h e  t h e o r e t i c a l  basis o f  
ou r  method f o r   e v a l u a t i n g   a i r c r a f t  d i s p l a y s  f o r   u s e   d u r i n g  the  
f i n a l   a p p r o a c h   t o   l a n d i n p .  

Vehicle  Dynamics  and  Control  Task 

The c o n t r o l  task that  we c o n s i d e r  i s  t h e  p i l o t e d   a p p r o a c h  
t o   l a n d i n g  phase  o f   a i r c r a f t  f l i g h t .  I n   p a r t i c u l a r ,  we focus  on 
the p o r t i o n   o f  the  f l i g h t  f r o m   g l i d e - s l o p e   i n s e r t i o n   t o  t h e  
minimum d e c i s i o n  he igh t .  As d i s c u s s e d  e a r l i e r ,  we a n a l y z e  t h e  
l o n g i t u d i n a l   c o n t r o l  task o n l y ,  i . e . ,  keeping t h e  a i r c r a f t  on a 
nominal g l i d e  s l o p e  w h i l e  m a i n t a i n i n g   p r o p e r  s i n k  r a t e  i n  t h e  
p r e s e n c e   o f   e x t e r n a l   d i s t u r b a n c e s .   F o r  these tasks  only a n  e le -  
v a t o r  i s  a v a i l a b l e  w i t h  which t o   c o n t r o l  t h e  a i r c r a f t .  Power  and 
trim are s e t  a t  v a l u e s  t h a t  p rov ide  a nominal   s ink  ra te  i n  t h e  

a b s e n c e   o f   e x t e r n a l   d i s t u r b a n c e s .  

The v e h i c l e ' s   l o n g i t u d i n a l   e q u a t i o n s   o f   m o t i o n   ( l i n e a r i z e d  
about  t h e  nominal g l ide -pa th )  are g iven  by 

: = M U u + M w w + M a q + M 6  - Mw Wg 

= -W - u s i n  a. + Uo e + D ( t )  
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where 

U p e r t u r b e d   f o r w a r d   v e l o c i t y   ( f t / s e c )  
W p e r t u r b e d  downward v e l o c i t y   ( f t / s e c )  
e p i t c h   a n g l e  (degrees) 
9 p i t c h  rate ( d e g r e e s / s e c )  

6 e l e v a t o r   c o n t r o l   d e f l e c t i o n   ( d e g r e e s )  
h a l t i t u d e   d e v i a t i o n   f r o m  g l i d e  s l o p e  ( f t . )  

xu 
” a x  , drag damping  (sec’l) 
m au 

” 

m a w  
a x  drag due t o   a n g l e   o f   a t t a c k   ( s e c - l )  

zU 
” 

m au ’ l i f t  due  t o   v e l o c i t y  (sec-’) 

” 

m a w  v e r t i c a l  damping ( s e c - l )  

z6 
” 

m a 6  
h e i g h t  c o n t r o l   s e n s i t i v i t y   ( f t - s e c - ’ / d e g r e e )  

MU au 
” aM , speed s t a b i l i t y  ( d e g r e e s / f t - s e c )  
=Y Y 

MW aw 
” aM a n g l e   o f   a t t a c k  s t a b i l i t y  ( d e g r e e s / f t - s e c )  
I Y Y  

Mq 
” a M  p i t c h  damping ( s e c - l )  
=Y Y as 

M6 I a 6  aM , c o n t r o l   s e n s i t i v i t y   ( s e c - 2 )  ” 

YY 

g g r a v i t a t i o n a l   c o n s t a n t   ( f t / s e c  ) 
2 

a 



I n  Eq.(l), w r e p r e s e n t s  random  wind  turbulence,  which we assume 
is a f i r s t - o r d e r   p r o c e s s .  Thus 

g 

where ((t) is  whi te -noise  w i t h  au tocova r i ance  

D ( t )  r e p r e s e n t s   d e t e r m i n i s t i c   u p w i n d s .   I n   o u r   a n a l y s i s ,  w e  assume 
t h a t  D ( t )  i s  a c o n s t a n t ,  D ,  whose v a l u e  i s  unknown a p r i o r i   t o  t h e  

p i l o t .  a. is  t h e  nominal g l ide-pa th  a n p l e  and Uo i s  t h e  nominal 
steady-state f o r w a r d   v e l o c i t y ,   t h u s  ho = -Uo s i n  o! i s  t h e  nominal 
s i n k  r a t e .  Equat ions  ( 1 ) - ( 2 )  may b e  w r i t t e n  more compactly i n  t h e  

s t a t e - v a r i a b l e   f o r m  

t -  

0 

where 

0 0 0 1 0 0  

-1 0 uo 0 

( 5 )  
'Other r e p r e s e n t a t i o n s  of D ( t )  are p o s s i b l e ,  e .g . ,  winds t h a t  

d e c r e a s e   l i n e a r l y  w i t h  a l t i t u d e .  
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The p i l o t ' s   c o n t r o l  task I s  t o '  fly t h e  a i r c ra f t  from some 
i n i t i a l   r a n g e  Ro ( a l t i t u d e  ho = Ro t a n  ao) t o   a n   a l t i t u d e  of 100' 
while min imiz ing   angu la r   dev ia t ions   f rom t h e  nominal g l i d e  p a t h  
t r a j ec to ry !  These a n g u l a r   d e v i a t i o n s  are g iven  by 

Thus, we assume t h a t  t h e  c o n t r o l  task i s  a d e q u a t e l y   r e f l e c -  
t ed  i n  t h e  cho ice  of  a ''commanded" c o n t r o l  6 c ( t )  t h a t  minimizes 
t h e  quadra t ic  c o s t   c r i t e r i o n  (Td = time t o  reach 1000  f t .  from t h e  

t h r e s h o l d )  : 

The f i r s t  term i n  Eq.(7) i s  a cons tan t   we igh t ing  on g l i d e - p a t h  
e r r o r s ,  t h e  second term i s  a weigh t inp  on p i t c h  ra te .  It should  
be  no ted ,  f o r  example, t ha t  p i l o t s   p e n e r a l l y   d o   n o t  make r ap id  
p i t c h   m o t i o n s ,  a f a c t  which we express mathemat ica l ly  b y  i nco rpor -  
a t i n g  a ( s u b j e c t i v e )   w e i g h t i n e  on q .  

tt 

The weight lnp  on "commanded" c o n t r o l  r a t e ,  b c ,  is c e n t r a l   t o  
o u r   a n a l y t i c   t e c h n i q u e .  T h i s  term may r e p r e s e n t   a n   o b j e c t i v e  o r  
a s u b j e c t i v e   w e i g h t i n e  on a p i l o t ' s  ra te  of c o n t r o l .   A l t e r n a t i v e l y ,  
t h i s  term cou ld  b e  u s e d   t o   a c c o u n t   i n d i r e c t l y   f o r  t h e  p h y s i o l o e i c a l  

t A t  a l t i t u d e s   b e l o w  1 0 0 '  t h e  n a t u r e   o f  t he  c o n t r o l  problem i s  d i f -  
fe ren t .  From 1 0 0 '  t o  touchdown ( t h e  l a n d i n g  phase) t h e  p i l o t  
f lares  t h e  a i r c r a f t ,  and  no  lonper  follows t h e  elide p a t h .  

t t I n   o u r  ea r l i e r  s t u d i e s  of VTOL hover ing  tasks [ 3 - 4 ]  a p i t c h - r a t e  
we igh t ing  was a l s o   i n c l u d e d   i n  t h e  pe r fo rmance   func t iona l .  
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l i m i t a t i o n s  on the  rate a t  which a human c a n   e f f e c t   c o n t r o l   a c t i o n .  
We shal l  have more t o  s a y  on th i s  p o i n t   s h o r t l y .  

Thus,  the c o s t   f u n c t i o n a l   w e i g h t i n g s  ma,  m and m i c  are 
model  parameters that  q u a n t i f y  t he  human's c o n t r o l  desires and 
h a b i t s ,  as well as the requ i r emen t s   o f  t h e  c o n t r o l  t a s k .  

q 

It i s  assumed that  t h e  human g e n e r a t e s  t h e  c o n t r o l  a c ( t )  
on t h e  basis o f   i n fo rma t ion   ob ta ined   f rom  v i ewine  a d i sp lay .  (We 
d o   n o t   c o n s i d e r   k i n e s t h e t i c   c u e s .  ) The d i s p l a y e d  v a r i a b l e s  
x ( t >  = [ y l ( t ) ,   . . . , y  r ( t ) ]  may b e  p r e s e n t e d  e i t h e r  e x p l i c i t l y  ( e . g . ,  
v i a  meter o r   i n d i c a t o r )  o r  i m p l i c i t l y  (e.p., p i c t o r i a l l y ) .  It i s  
assumed t h a t  t h e  components  of x ( t )  are l i n e a r  combina t ions   o f  
s y s t e m  s ta tes .  Thus 

where - C ( t >  can b e  t ime-va ry inp   t o   mode l   s i t ua t ions   i n   wh ich   (ga ins  
on)  d i s p l a y e d  q u a n t i t i e s   v a r y  w i t h  time. The e lements  of t h e  m a t r i x  

- C ( t )  are de termined  by  a d i s p l a y  a n a l y s i s   i n   c a s e s   o f   i m p l i c i t  
p r e s e n t a t i o n .  

P i l o t   L i m i t a t i o n s  

Any reasonable   mathematical   model   of  the p i l o t - v e h i c l e  s y s -  
tem must i n c l u d e   w i t h i n  i t s  framework t h e  var ious   psycho-phys ica 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  p i l o t .   I n  t h i s  s e c t i o n  we d i s c u s s  t h e  
l i m i t a t i o n s  t ha t  are i n c o r p o r a t e d   w i t h i n   o u r   a n a l y s i s .  

T i m e   D e l a y . -  The v a r i o u s   i n t e r n a l  time-delays a s s o c i a t e d  
w i t h  v i sua l ,   c en t r a l   p rocess ing   and   neu ro -moto r  pathways are com- 
b ined   and   conven ien t ly   r ep resen ted  by a lumped eau iva len t   pe rcep -  
t u a l  time-delay, T. 
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Neuro-Motor Dynamics.- We do  not   Include  "neuro-motor"  
dynamics d i r e c t l y  among the i n h e r e n t   l i m i t a t i o n s  of th.e human. 
Recall, however, that w e  h a v e   i n c l u d e d   i n  t h e  c o s t   f u n c t i o n a l  
( 7 )  a term that  depends on c o n t r o l  ra te .  It can  b e  shown [ 5 ]  
that  t h e  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  lag, 
(rNs+1)-l, b e i n g   i n t r o d u c e d   I n  the  feedback c o n t r o l l e r .   T h u s ,  
t h e  c o n t r o l  ra te  w e i g h t i n g  m i c  could  b e  used t o   a c c o u n t   f o r  t h e  
lag o f t e n   a t t r i b u t e d   t o  t h e  neuro-motor sys t em.  

Remnant.- We assume tha t  t he  v a r i o u s   s o u r c e s   o f   i n h e r e n t  
human randomness are mani fes ted  as e r r o r s   i n   o b s e r v i n g  d i s p l a y e d  

o u t p u t s   a n d   i n   e x e c u t i n g   i n t e n d e d   c o n t r o l  movements.  Thus, ob- 
s e r v a t i o n   n o i s e ,  v , and  motor   no ise ,  d m ,  are our  lumped r ep resen -  
t a t i o n s   o f   " r e m n a n t " .  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  
o f  random p e r t u r b a t i o n s   i n  human r e s p o n s e   c h a r a c t e r i s t i c s ,  time 
v a r i a t i o n s   i n   r e s p o n s e  parameters, and  random e r r o r s  i n  obse rv ing  
d i s p l a y e d  o u t p u t s   a n d   i n   g e n e r a t i n g   c o n t r o l   i n p u t s .  

-Y 

Thus, t h e  " p i l o t "  i s  assumed t o   p e r c e i v e  

a delayed, n o i s y   r e p l i c a  of the  d i s p l a y e d  q u a n t i t i e s .  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  w i t h  each o u t p u t  y i ( t ) .  Eased on 
s t u d i e s   o f   c o n t r o l l e r   r e m n a n t  [ 6 3 ,  t h e  n o i s e s  v (t) are  assumed 
t o  b e  independent   whi te -noise   p rocesses  w i t h  au tocova r i ances  

Y i  -. 

Y i  

o r  

1 2  
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F u r t h e r m o r e ,   f o r   f o v e a l   v i e w i n g   c o n d i t i o n s ,  each au tocova r i ance  
has been  found t o  scale l i n e a r l y  with t h e  v a r i a n c e  of  i t s  as so -  
c i a t e d   o u t p u t  C6J. Thus, a t  any time t ,  

V y i ( t )  = Pi E ( y : ( t ) }  = Pi ( t )  ; 1=1,2, .  . .,r t Y i  

(11) 
A numer ica l   de t e rmina t ion   o f  t h e  o b s e r v a t i o n   n o i s e   r a t i o s  Pi w i l l  
depend, among o t h e r   t h i n g s ,  on t h e  r e l e v a n t   f e a t u r e s  (e .p .  , q u a l i t y ,  
type  and  form) of the d i s p l a y  p a n e l .  

The motor   no ise ,  6 , ( t ) ,  wh ich   r ep resen t s  random e r r o r s   i n  
e x e c u t i n g  t h e  in t ended   con t ro l   movemen t s ,   o r  t h e  f a c t  t ha t  the  
p i lo t   does   no t   have   pe r f ec t   knowledge   o f  t h e  s y s t e m  Input , , ,  6, is 
added t o  6 c ( t ) .  Thus, 

d m ( t )  is  assumed t o  be a ( w l d e - b a n d )   f i r s t - o r d e r  random p r o c e s s  
gene ra t ed  b y  

where T~ i s  the  "motor" l a g  i n t r o d u c e d  by t h e  c o n t r o l  r a t e  weight- 
ing .   v , ( t )  i s  whi te -noise  w i t h  au tocova r i ance   va lue  Vm, o r   n o i s e -  
r a t i o  0,. 

'Equation (11) assumes a z e r o   r e f e r e n c e  i s  a v a i l a b l e .  Otherwise, 
the  o b s e r v a t i o n   n o i s e   s c a l e s  w i t h   t h e  d i s t a n c e  of y , ( t )  from t h e  
n e a r e s t   s c a l e   r e f e r e n c e .  
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T h r e s h o l d  E f f e c t s . -  There are v a r i o u s   n o n l i n e a r   t h r e s h o l d  
effects  a s s o c i a t e d  w i t h  human i n f o r m a t i o n   p r o c e s s i n g .  For example, 
i f  t h e  magnitude  of  a s i g n a l  is below a c e r t a i n   l e v e l ,  a p i l o t  may 
n o t  be able t o  de tec t  changes i n  i t  ( v i s u a l   t h r e s h o l d )   o r  may 
c h o o s e   n o t   t o  react  t o   s u c h   c h a n g e s   ( i n d i f f e r e n c e   t h r e s h o l d ) .  We 
t h e r e f o r e   a s s o c i a t e  w i t h  each d isp layed  v a r i a b l e  y i ( t )  a v i s u a l  
a n d / o r   i n d i f f e r e n c e   t h r e s h o l d   l e v e l ,  ai. As w i t h  t h e  o b s e r v a t i o n  
n o i s e   r a t i o  P i ,  va lues   o f  ai will b e  determined b y  a n a l y z i n g  t h e  
g iven  d i s p l a y  v i s  2 v i s  the  p i l o t ' s   i n h e r e n t   l i m i t a t i o n s .  

Thus ,   each   perce ived   ou tput  y ( t )  i s  mod i f i ed   acco rd ing  
P i  

t o  

where t h e  t h r e s h o l d   n o n l i n e a r i t y  f i ( - )  i s  g iven  b y  

( x-ai 
f i ( X )  = 0 -ai < x < a j  i x+ai -ai 2 x 

and i s  shown i n  F i g .  D l .  

I n  Appendix D we use  methods 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  
t o   i n c l u d e  t h e  th re sho lds   w i th in   ou r   op t imiza t ion   f r amework .  We 
show that  t h e  e f f e c t   o f  t h e  t h r e s h o l d  i s  t o  s i m p l y  r e p l a c e  t h e  

v a r i a n c e  a' i n  Eq. (11) w i t h  a "modi f ied"   var iance  
Y i  

where f i  i s  a ( n o n l i n e a r )   f u n c t i o n   o f  ai and t h e  (mean a n d )   v a r i -  
ance  of  yi .  (See E a .  D l 2 1  

h 
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The  Optimal  Control  Solution 

Our b a s i c   a s s u m p t i o n   i n  t h e  a n a l y s i s   o f   p i l o t - v e h i c l e   s y s -  
tems i s  t h a t   t h e  we l l - t r a ined ,   we l l -mot iva t ed   p i lo t  behaves i n   a n  
optimal m a n n e r ,   s u b j e c t   t o  h i s  i n h e r e n t   l i m i t a t i o n s .   W i t h i n  a 
con t ro l - theo re t i c   f r amework ,   t he re fo re ,  t h e  p i l o t ' 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   o p t i m a l   l i n e a r  
r e g u l a t o r   p r o b l e m  w i t h  t ime-de lay   and   obse rva t ion   no i se .  O p t i m i -  
za t ion   p roblems  of  th i s  type  have  been  solved by Kleinman  [7]. 
The e x t e n s i o n s   o f  t h e  r e s u l t s   o f  C71 t o  inc lude   t ime-va ry ing  ob- 
s e r v a t i o n s   a n d   d e t e r m i n i s t i c   f o r c i n F   f u n c t i o n s  are treated i n  
Appendices B and C .  

F i g u r e  1 shows t h e  o v e r a l l   s t r u c t u r e   o f  t h e  r e s u l t i n g   o p t i -  
mal closed-loop s y s t e m .  The f e e d b a c k   p o r t i o n  t h a t  p e r t a i n s   s p e c -  
i f i c a l l y   t o  t h e  p i l o t  i s  shown w i t h i n  t h e  dashed  l i n e .  The mini- 
rnizinK c o n t r o l  i s  gene ra t ed  by a l i n e a r ,  a lbe i t  t ime-varying,  
feedback law. T h u s ,   p i l o t   e q u a l i z a t i o n  i s  modelled  by t h e  cascade  
combinat ion of a Kalman f i l t e r ,  a least  mean-squared  predictor  and 
a s e t  of  t ime-varying  gains.   However,  there  i s  a n   a n a l y t i c  draw- 
back t o  t h i s  s o l u t i o n .  It  i s  t h a t  t h e  feedback   aa ins  - 11* must b e  

precomputed  and t h e i r  e n t i r e  time h i s t o r y   s t o r e d   f o r  l a t e r  on l i n e  
computat ion.+ T h i s  awkwardness i s  common t o   o p t i m a l   l i n e a r   r e r u -  
l a t o r s   a n d  arises here f o r  two r e a s o n s :  (1) t h e  time i n t e r v a l  
[O,Td] i s  f i n i t e ,   a n d  ( 2 )  t h e  c o s t   f u n c t i o n a l  weights a ( t )  which 
i s  re la ted  t o  t h e  s y s t e m  - s t a t e  ". h ( t )  v i a  t h e  t r a n s f o r m a t i o n  

'The g a i n s   o v e r  t h e  i n t e r v a l  [ O  , T d l '  must b e  computed i n  backward - 
t ime, i . e . ,  s t a r t i n g  a t  t = T d .  See Athans  and F a l b  [8]. 
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. .. . 

Methods fo r   comput ing   " subop t ima l "   cons t an t   o r   p i ecewise -  
c o n s t a n t   g a i n s  tha t  are more  amenable t o   a n a l y t i c   s t u d i e s   h a v e  
been  developed by Kleinman [ 9 1. Unfor tuna te ly ,  time d i d  n o t  
permi t   our   implementa t ion   of  these t e c h n i q u e s .   I n s t e a d ,  w e  com- 
pu ted  a s i n g l e  se t  o f   c o n s t a n t   f e e d b a c k   g a i n s   f o r   u s e   o v e r  t h e  
e n t i r e   i n t e r v a l  [O,Td]. We first l e t  Td- i n  Eq.(7), a r e a s o n a b l e  
a s sumpt ion   s ince  Td i s  g e n e r a l l y  much g r e a t e r   t h a n   s y s t e m  time 
cons tan ts .   Second,  w e  replaced t h e  term 

i n  J ( 6 , )  w i t h  

where E i s  an   "average"   range .  We chose E = R o / 2 .  The e f f e c t   o f  
th i s  replacement  i s  obv ious :  Over t h e  f i r s t  half  of t h e  run  t h e  

a c t u a l   p e n a l t y  on a ( t )  w i l l  b e  h i g h e r  t h a n  des i r ed ,  w h i l e  ove r  t h e  
second ha l f  t h e  p e n a l t y  w i l l  b e  smaller t h a n  des i r ed .  We s h a l l  

see these e f fec ts  i n  l a t e r  n u m e r l c a l   p r e d i c t i o n s .  

Wi th  t he  above   mod i f i ca t ions ,  t h e  c o s t   f u n c t i o n a l  ( 7 )  be- 

comes 



The "commanded" c o n t r o l  &c tha t  minimizes t h i s  expres s ion ,   cond i -  
t i oned   on  t h e  p e r c e i v e d   i n f o r m a t i o n  J+,(*) i n  Eq.(9), i s  g iven  by 
t h e  l i n e a r   t i m e - i n v a r i a n t   f e e d b a c k  law 

'I ( t )  + 6 c ( t )  = -II* ^x(t) - 2; D ( t )  
A 

N c  " 

Thus,  addinp: E q .  (13) f o r  b m ( t )  we o b t a i n   f o r  t h e  c o n t r o l   i n p u t  6, 

as shown i n   F i g .  1. 

The t ime-cons tan t  T~ and t h e  op t ima l   pa ins  a *  - and !tE are 
de te rmined   v i a  t h e  e q u a t i o n s   i n  Appendix A and R e f . [ 4 ] .  They 

depend  only on t h e  vehicle  dynamics  and t h e  c o s t   f u n c t i o n a l  weicht- 
i n g s .  The c o n t r o l  ra te  we igh t inp  m 6 i s  i n  1:l correspondence 

w i t h  -rN: t h e  smaller m ; , t h e  smaller T ~ .  T h i s  a f f o r d s  a conven- 
i e n t  way o f   a d j u s t i n g   T N C t o  a p r e d e t e r m i n e d  v a l u e .  

C 

I n  t he  above   equa t ions ,  fi(t) and D ( t )  a r e ,  r e s p e c t i v e l y ,  t h e  
h 

- 
model's best  estimates o f  t h e  systen! s t a t e  - x ( t )  and t h e  va lue  of  
t h e  c o n s t a n t   u p d r a f t .  These estimates are generated  f rom y ( e )  by 

t h e  Kalman f i l t e r  a n d   o p t i m a l   p r e d i c t o r .  The  Kalman f i l t e r  y i e l d s  

a best  estimate - ;(t"c), 6 ( t - T )  o f  t h e  de l ayed  s y s t e m  v a r i a b l e s  by 
o p t i m a l l y   f i l t e r i n g  y ( e ) ,  t hus   compensa t ing   fo r  t h e  o b s e r v a t i o n  
n o i s e   y Y ( t ) . +  The p r e d i c t o r   c o m p e n s a t e s   o p t i m a l l y   f o r  t h e  i n h e r e n t  

'The Kalman f i l t e r  i s  t i m e - v a r y i n g   s i n c e  t h e  o b s e r v a t i o n   n o i s e s  i n  

P 

P 

"- 

Eq.(9) depend  on the  s i g n a l   l e v e l s   o f  t h e  d i s p l a y e d  o u t p u t s  as  
g i v e n   i n  Eq.(ll). 



de lay  f by o p e r a t i n g   o n  the  f i l t e r  o u t p u t  to g e n e r a t e  the  estimates 
A 

- x ( t )  and 6 ( t ) .  The e q u a t i o n s  that  describe these l i n e a r  dynamic 
feedback  e lements  are obta ined   f rom t h e  r e su l t s   o f   Append ices  B 
and C by def ining  an  "augmented" s t a t e  v e c t o r  - X ( t )  = [x( t ) ,G(t) ,  . 

D ( t ) ]  and  combining Eqs.(4) and ( 2 1 )  i n t o  a s i n g l e   e q u a t i o n   f o r  
i ( t ) .  

Note tha t  t h e  feedback s y s t e m  g e n e r a t e s  a best estimate o f  
- D ( t ) .  The e s t ima t ion ,   and  t h e  c o m p e n s a t i n p   c o n t r o l   i n p u t  tha t  
g e t s   g e n e r a t e d ,   r e s u l t s   i n  a c l o s e d - l o o p   t r a n s i e n t .  T h i s  time- 
v a r y i n g  a d a p t a b i l i t y  of  t h e  model t o  nonrandom i n p u t s  i s  an  i m -  
p o r t a n t   e x t e n s i o n   t o   o u r  e a r l i e r  r e s u l t s  (Ref .4) .  

Model  Outputs f o r  Display  Evaluation 

The s t r u c t u r e  of F i g .  1, coupled w i t h  t h e  e a u a t i o n s   i n  
Appendices A - D comple te ly   de te rmine  t h e  opt imal   c losed- loop  
sys t em.  I n   o r d e r   t o  use t h e  o p t i m a l   c o n t r o l  model i n  a p r e d i c t i v e  
manner as a systems a n a l y s i s   t o o l ,  we r e q u i r e  t h e  p r e s p e c i f i c a t i o n  
o f   va r ious  i n p u t  parameters r e l a t i n g   t o  t h e  v e h i c l e   c o n f i g u r a t i o n ,  
t h e  task d e s c r i p t i o n  and  t h e  p i l o t s   l i m i t a t i o n s .  These i n p u t s  a r e ,  
i n  summary , 

1. 

2. 

3. 

4 .  

The Veh ic l e   Desc r ip t ion :  t h e  e q u a t i o n s  of motion  and 
t h e  c h a r a c t e r i s t i c s  o f  t h e  e x t e r n a l   d i s t u r b a n c e s .  

The Task D e s c r i p t i o n :  t h e  c o s t   f u n c t i o n a l   w e i p h t i n g s ;  
bo th   ob jec t ive   and   sub jec t ive .  

The Disp lay  Parameters: which q u a n t i t i e s  a re  d i s p l a y e d  
and t o  what degree of accuracy .  

The P i l o t   L i m i t a t i o n s :   o b s e r v a t i o n a l  time d e l a y  T, 
motor lag T ~ ,  m o t o r   n o i s e   r a t i o  pm. An o b s e r v a t i o n  
n o i s e   r a t i o  pi  and a t h r e s h o l d  ai a s s o c i a t e d  w i t h  each 
d i s p l a y e d  q u a n t i t y .  pi  and ai are f u n c t i o n s   o f  t h e  
p a r t i c u l a r  d i s p l a y  v i s  2 v i s  human f a c t o r s   c o n s i d e r a t i o n s .  



Once the  model i n p u t s  are s p e c i f i e d  w e  may o b t a i n   p r e d i c t i o n s  of 
s u c h   u s e f u l   o u t p u t   q u a n t i t i e s  as: 

The mean time h i s t o r y   o f  any s ta te ,  o u t p u t   o r  t h e  
c o n t r o l .  T h i s  r e p r e s e n t s  t h e  f l i g h t  p a t h  one would .+ 
e x p e c t   t o   f i n d  by a v e r a g i n g  t h e  r e s u l t s   o f  many runs .  

The v a r i a n c e  a t  any time t of any s t a t e ,  o u t p u t   o r  
c o n t r o l   a b o u t  i t s  computed mean v a l u e .  T h i s  v a r i -  
a b i l i t y  arises from the system's random i n p u t s ,  
i . e . ,  gus t   d i s tu rbances , and   " r emnan t " .  

The mean and   var iance  a t  any time t o f  t h e  model 's  
estimate of t he  sys t em s ta te  x ( t ) .  Thus we are 
able to p r e d i c t  what t h e  p i l o r   t h i n k s  t h e  sys t em i s  
do ing  as well  as what t h e  s y s t e m  i s  a c t u a l l y   d o i n g .  
These p r e d i c t i o n s  are e s s e n t i a l   t o   a n a l y z i n g  t h e  
dec i s ion -mak ing   ro l e  of the p i l o t .  

The model 's  estimate o f  tQe d e t e r m i n i s t i c   u p d r a f t .  
D ( t ) .  A time h i s t o r y   o f  D ( t )  w i l l  show how r a p i d l y  
t h e  p i l o t  model  can  recopnize t h e  updraf t   and  corn- 
pensate a c c o r d i n g l y .  

The  p r o b a b i l i t y   d i s t r i b u t i o n   o f   a n y  systerr! v a r i a b l e  
a t  time t .  These d i s t r i b u t i o n s  are  n e c e s s a r y   f o r  
p r e d i c t i n g   p r o b a b i l i t y  of  a s u c c e s s f u l   l a n d i n e ,  
go-around,   e tc .  

I n   a d d i t i o n   t o  t h e  above  dynamic measures of  system response ,  
we may a l s o   o b t a i n   v a r i o u s   s t a t i c   m e a s u r e s .   F o r  example, we could 
c o n s i d e r  a t r a c k i n g  task performed a t  some f i x e d  d i s t a n c e  from t h e  
runway. I n  t h i s  c a s e ,   p r e d i c t i o n s   c a n  b e  made of p i l o t  d e s c r i b i n g  
f u n c t i o n s  as well as va r ious   power   dens i ty   spec t r a .  

tThus, t h e  mean t r a j e c t o r y   c a n  b e  a s s o c i a t e d  w i t h  t h e  system's 

"Recall t h a t  these q u a n t i t i e s   h a v e  l i t t l e  meaninp i n  t h e  time- 

tt  

response  t o  t h e  d e t e r m i n i s t i c   i n p u t  D ( t ) .  

v a ry ing  case. 
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A computer  program, PIMAL ( P i l o t  - - Model f o r  - Approach t o  

- Landing) has b e e n   w r i t t e n   f o r   g e n e r a t i n g  t h e  a b o v e   P r e d i c t i o n s .  
I n p u t s   t o  t h e  program are t h e  s y s t e m   q u a n t i t i e s  A,  ha, C ;  t h e  
c o s t   f u n c t i o n a l   w e i g h t i n g s  ma and m - t h e  human response  param- 
eters T, TN, Pm, t he  o b s e r v a t i o n   n o i s e   r a t i o s  Pi and the  thresh-  
o l d  limits ai. The. computer  propram i s  h i g h l y   i n t e r a c t i v e   a n d  
v e r y   e a s y   t o   u s e .  Any o n e ,   o r   s e v e r a l  model i n p u t   p a r a m e t e r s   c a n  
be  changed  s imultaneously.  T h i s  e n a b l e s   r a p i d   o n - l i n e   p r e d i c t i o n s  
of  the e f f ec t s  of  changes i n  the  v e h i c l e ,  t h e  d i sp l ay  o r   e v e n  the 
human. 

9 '  

hav ing  es tabl ished t h e  means f o r  s y s t e m  per formance   pred ic-  
t i o n s ,  PIMAL can b e  used i n  a s y s t e m a t i c   f a s h i o n   t o   a n a l y z e   a n   i n -  
fo rma t ion  d i s p l a y  and t o   s t u d y  t h e  e f f e c t s  of changes i n  d i s p l a y  

format.  Changes i n  t h e  n a t u r e  of t h e  d i s p l a y  are r e f l e c t e d  as 
changes in   va r ious   p rog ram  inpu t s .   Add ing .o r   r emov ing  d i sp layed  
q u a n t i t i e s  w i l l  change t h e  o u t p u t   t r a n s f o r m a t i o n  i n  E q . ( 8 ) .  
Chanees i n  d i s p l a y  r e s o l u t i o n ,   g a i n ,   s c a l e  mark inps ,  e t c  w i l l  re- 
q u i r e   c h a n g e s   i n  Pi and/or  a i .  Chanpes i n  d i s p l a y  update  r a t e  may 
b e  modelled by changing t h e  e q u i v a l e n t   p e r c e p t u a l  t ime-de lay  '1. 

I n  t h i s  manner i t  becomes r e l a t i v e l y   s t r a i p h t f o r w a r d   t o  
i n v e s t i g a t e  t h e  e f f e c t s  o f  d i s p l a y  m o d i f i c a t i o n s  on c losed- loop  
s y s t e m  performance.  These p r e d i c t i o n s ,   c o u p l e d  w i t h  a s e n s i t i v i t y  
a n a l y s i s   a b o u t  a n o m i n a l   d i s p l a y   c o n d i t i o n ,   p r o v i d e   a n   a n a l y t i c  
method f o r   e v a l u a t i n g   a i r c r a f t  d i s p l a y s  w i t h i n  t h e  c o n t e x t  of a 
p i l o t e d   a p p r o a c h   t o   l a n d i n p  task .  I n  t h e  n e x t   s e c t i o n  t h e  model 
i s  u s e d   t o   a n a l y z e  t h e  p i c t o r i a l  d i s p l a y  developed a t  NASA-ARC 
f o r   a p p r o a c h   t o   l a n d i n p .  The model p r e d i c t i o n s  are compared w i t h  

resu l t s  of   s imula tor   exper iments   per formed a t  A m e s  and d e s c r i b e d  
i n  Ref . [1 ,2] .  

2 1  





DISPLAY EVALUATION 

I n  t h i s  chapter w e  app ly  the a n a l y t i c   t e c h n i q u e s  w e  have 
developed t o  t h e  p i l o t - v e h i c l e - d i s p l a y  sys tem s t u d i e d - b y  Palmer 
and Wempe [5.,2]. We d e s c r i b e  the  task and the  d i s p l a y   a n d   u s e  t he  
model t o  p r e d i c t  measured  performance data a c r o s s  a v a r i e t y   o f  
d i sp l ay  c o n f i g u r a t i o n s .  The r e s u l t s  w e  ob ta in   demons t r a t e  the 
v a l u e   o f   o u r   c o n t r o l - t h e o r e t i c  approach f o r  d i s p l a y  e v a l u a t i o n .  

Vehicle Dynamics a n d  Display  Configuration 

The dynamics  of a Navion, a low-wine f o u r   p a s s e n p e r  l i g h t  
aircraft,were s i m u l a t e d   i n  the exper iments .  The l o n g i t u d i n a l  
equat ions   o f   mot ion  are g iven  b y  Eq.(l); n u m e r i c a l   v a l u e s   f o r  the 
s t a b i l i t y  d e r i v a t i v e s  are:  

xu - - - .045 sec'l M U  = 0 

Xw = .036 sec-' Mw = -2.86 deg/ft-sec 

Z u  = -.3697 sec'l M = -2 .077  sec" 

Zw = -2 .024 sec'l M~ = -11.19 sec-2 

Z 6  = - .491  f t -sec-2/deg Uo = 176. /57.3 = 3.06 f t - s e c  -1 /deg 

9 

The nominal f l i g h t  p a t h  was a 3' g l i d e  s lope  t h a t  i n t e r s e c t e d  
t h e  runway a t  a p o i n t  1000'  beyond t h e  t h r e s h o l d .  A t  t h e  bec in-  
n ing   o f   each   s imula t ed  f l i g h t  t h e  a i r c r a f t  was p o s i t i o n e d   l e v e l  on 
t h e  g l i d e s l o p e ,  10,000'  from the  th re sho ld .   Thus ,  

Ro = 1 1 , 0 0 0  f t .  a = 3O = .05234 rad 

ho  = 576 f t .  Lo = 9.2 f t / s e c  = 552  ft /min 

0 



ru 
& 

R a n g e  = 10,000 f t  
Alt i tude = 5 7 6  f t  
S i n k  R a t e =  5 5 0  f t / m i n  

In i t  i a l   P o s i t  i on  
I r 1000 f t  W i n d o w  

I ,-3* G l i d e  Slope 

I J J ” u ” r r u J  

F i r s t   L e a d  i n  L i g h t  f I 
I 

F I G .  2 FL IGHT  PATH GEOMETRY 



On each o f  t h e  f l i g h t s ,  a c o n s t a n t   v e r t i c a l  draft  was a p p l i e d   t o  
t h e  a i r c r a f t   a n d   s u s t a i n e d   f o r  the  f i rs t  5000 '  o f  t h e  approach.  
The value  of  t h e  d raf t  was selected randomly  from t h e  set  b = {-3.0, 
-1.5, +1.5, +3.0). After 5000' t h e  v e r t i c a l  drafts were e l i m i n a t e d .  
The p e r t i n e n t  f l i g h t  path  geometry i s  depicted i n  F i g .  2.. 

1. 

On one h a l f  of  t h e  f l i g h t s  modera te   tu rbulence  was s i m u l a t e d .  
The random  wind  turbulence w had a break  f requency  of  w = 0 . 5  rad 
and  an RMS l e v e l  u = 3.0 ft /sec.  

e: e 
wg 

The d i s p l a y  c o n f i g u r a t i o n  i s  d e s c r i b e d   i n  de t a i l  i n  Refs. 
[ 1 3-[ 2 3 .  Here we i n d i c a t e   o n l y  t h e  s a l i e n t   f e a t u r e s   o f  t he  d i s -  
p l a y   p e r t i n e n t   t o   a i r c r a f t   l o n g i t u d i n a l   c o n t r o l   d u r i n g  t h e  approach 
phase:' We c o n s i d e r  t ha t  p o r t i o n   o f  t h e  f l i g h t  from 1 0 , 0 0 0  f t .  t o  
1000 f t .  from t h e  runway t h r e s h o l d .   T h u s ,   t e r m i n a t i o n   o f  t h e  ap- 
proach  occurs  a t  a n   a l t i t u d e   o f   a b o u t  100  f t .  

F igure  3 shows t h e  b a s i c  d i s p l a y  p r e s e n t a t i o n .  A runway 
image, ho r i zon  bar a n d   a i r c r a f t   r e f e r e n c e   s y m b o l   p r o v i d e d  a per- 
s p e c t i v e  view o f  t h e  real  world.  The d i s p l a y  was genera ted   on  a 
cathode r a y  t ube  b y  a 946 l i n e  TV sys t em.  The d i s p l a y e d  f i e l d  of  
view was 40' by 40' i n  t h e  r e a l  world w i t h  a d i s p l a y  p a i n   o f  1 / 2  
a t  t h e  p i l o t ' s  eye. The nominal  runway image q u a l i t y  was . 0 5 O  

r e s o l u t i o n ;  t h e  image was updated  every 0 . 1  s e c .  

- 
'In t h e  exper iments  t h e  wind d ra f t s  were r e d u c e d   e x p o n e n t i a l l y   t o  

z e r o .   I n   o u r   a n a l y t i c   s t u d y ,   h o w e v e r ,  w e  assume t h a t  t h e  winds 
are suddenly t e rmina ted  a t  5000 f t .  The e f f e c t s  of t h e  ' ' fade-out"  
d i f f e r e n c e  are n o t   v e r y   i m p o r t a n t   s i n c e   t h e - e x p e r i m e n t a l  time con- 
s t a n t s  were small. However, o u r   p r e d i c t e d  h w i l l  expe r i ence  a 
s t ep  ( ra ther  than   an   exponen t i a l )   chanpe  a t  5000 f t .  

"Disp lay  c o n f i g u r a t i o n s   p e r t i n e n t   t o  touchdown are no t   cons ide red  
h e r e i n .  
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I n  a d d i t i o n   t o  t h e  above  e lements ,  t h e  d i s p l a y   a l s o   c o n t a i n e d  
g l i d e   s l o p e   r e f e r e n c e  bars which were depres sed  3' below t h e  h o r i z o n .  
These bars "augment" t h e  v i s u a l   c u e  that  says i f  t h e  gl ide s l o p e  
i n t e r s e c t i o n   p o i n t   o n  the runway i s  3' below the t r u e   h o r i z o n ,  the 
a i r c ra f t  i s  on a 3' g l i d e  s l o p e  [ 2 3. The a n g u l a r   s e p a r a t i o n  of 
the r e f e r e n c e  bars was 2f3a0, i . e . ,  a nominal - +eao degrees about  
t h e  g l ide  s l o p e   i n t e r s e c t i o n   m a r k i n g .   I n  t h e  exper iments  f3=.1. 

I n  some o f  t h e  e x p e r i m e n t a l   c o n f i g u r a t i o n s  a v e l o c i t y   v e c t o r  
symbol ( t h e  X i n   F i g .  3) was added t o  t h e  d i s p l a y .  The ''X" shows 
t h e  ground  point  towards  which the  a i r c r a f t ' s   v e l o c i t y  i s  d i r e c t e d  
a t  any i n s t a n t .   V e r t i c a l l y  i t  p rov ides  f l i g h t  p a t h  ane le   in forma-  
t i o n .   T h u s ,  t h e  d e v i a t i o n   o f  t h e  X from t h e  g l i d e - s l o p e   i n t e r s e c -  
t i o n   p o i n t  i s  a n  i n d i c a t i o n   o f   s i n k  ra te  d e v i a t i o n s  A ( t )  o r  & ( t ) .  

I n  summary t h e r e f o r e ,  t he  d i s p l a y   p r o v i d e s  t h e  p i l o t  w i t h  

o b s e r v a t i o n s   o f  g l ide  s l o p e   a n g u l a r   d e v i a t i o n s  a ( t )  as well as of  
&(t) .  I n   a d d i t i o n ,  t h e  p i l o t   a l s o   p e r c e i v e s   p i t c h  e ( t )  a n d   p i t c h  
r a t e  q ( t )  from t h e  a r t i f i c i a l   h o r i z o n  and a i r c r a f t   s y m b o l .  We 
assume tha t  t h e  p i l o t   c a n   o b t a i n   r a n g e   i n f o r m a t i o n ,  R ( t ) ,  from the  
h o r i z o n t a l   v i s u a l   a n g l e   s u b t e n d e d  by t h e  w i d t h  o f  t h e  runway a t  
t h e  g l i d e  s l o p e   i n t e r s e c t i o n   p o i n t .  T h i s  a n g l e  i s  g iven  by 

t 

a r = k d * - *  150 , kd = d i s p l a y  p a i n  
R (22) 

where 150 '  i s  the runway width.  F i n a l l y ,   i n   c a s e s  where t h e  
ve loc i ty   vec to r   symbol  X i s  d i s p l a y e d ,  w e  assume tha t  t h e  p i l o t  
o b t a i n s   e x p l i c i t  h ( t )  i n f o r m a t i o n  (as opposed t o  t h e  i m p l i c i t  &( t )  
informat ion   ob ta ined   f rom t h e  elide s l o p e   i n d i c a t o r ) .  

'We assume tha t  i f  a q u a n t i t y  is e x p l i c i t l y   p r e s e n t e d ,  t h e  p i l o t  
a l s o   o b t a i n s ,   i m p l i c i t l y ,  t he  r a t e  o f  change  of t ha t  q u a n t i t y  [ 6 ] .  

L 



Model Parameters 

I n  order  t o  app ly  t h e  o p t i m a l   c o n t r o l  model t o  a n a l y z e  t h e  
approach t o  l a n d i n g  task,  we must   de te rmine   numer ica l   va lues  f o r  
t h e  d i s p l a y   m a t r i x  - C ( t )  i n  E q . ( 8 ) .  I n   a d d i t i o n ,   v a l u e s  a re  needed 
f o r  t h e  v a r i o u s  human re sponse /d i sp lay  parameters 'I, 'IN, pm,  pi, 

ai i = 1 , 2 ,  ..., r d i s c u s s e d   i n  t h e  p r e c e d i n g   c h a p t e r .  We s h a l l  see 
tha t  parameter v a l u e s  are q u i t e   e a s i l y   c h o s e n  a p r i o r i  by combining 
human r e s p o n s e   r e s u l t s  w i t h  t h e  c o n s i d e r a t i o n s  of t h e  c o n t r o l  task 

and d i s p l a y .  

We f i r s t  r e l a t e  p e r c e p t i o n   o f  g l i d e  s lope  d e v i a t i o n s  a ( t )  
t o  p e r c e p t i o n  of h e i g h t  d e v i a t i o n s  h ( t ) .  T h i s  i s  convenient  be-  

cause  i t  a l lows   us  t o  t r ea t  h ( t )  as a " d i s p l a y e d   o u t p u t "   i n   o u r  
a n a l y s e s .  The p i l o t  obse rves  a ( t )  w i t h  t h e  a i d  o f  t h e  d i s p l a y e d  
g l ide  s lope  r e f e r e n c e  bars. Thus, t h e  o b s e r v a t i o n   n o i s e   v a ( t )  has 
au tocova r i ance  

t 

6( t - a )  

where f a  i s  t h e  e q u i v a l e n t   g a i n   o f  t h e  t h r e s h o l d  ( 1 5 )  a s s o c i a t e d  
w i t h  o b s e r v a t i o n s  of a ( t ) ,  (see Appendix D ) .  Note t h a t  b o - l a ( t )  I 
i s  t h e  s epa ra t ion   be tween  a ( t )  and t h e  n e a r e s t   r e f e r e n c e  bar. 

A 

I n   a d d i t i o n  t o  a ( t ) ,  t h e  p i l o t  p e r c e i v e s   d i r e c t l y   r a n g e  R ( t )  

w i t h  o b s e r v a t i o n   n o i s e   v , ( t )  w h e r e  

"- ." 

'Since h ( t )  i s  a s t a t e  v a r i a b l e ,  t h e  o u t p u t   m a t r i x  C ( t )  will be 
c o n s t a n t .  However, t h e  o b s e r v a t i o n   n o i s e   m a t r i x  V ( E )  will b e  time- 
v a r y i n e .   A l t e r n a t i v e l y ,  i f  w e  wished  t o  t r ea t  a(t) as the  d i s -  
p l a y e d  v a r i a b l e ,  V ( t )  would be c o n s t a n t  wh i l e  C ( t )  would b e  time- 
va ry ing .  The twoapproaches  are e q u i v a l e n t   s i n c e  C (  t ) V - I (  t ) C (  t )  
i s  what appears i n  t h e  e q u a t i o n s  t h a t  d e f i n e  t h e  mobel-and a-and 
h are re la ted by h=aR. However, i t  i s  more c o n v e n i e n t   t o  work 
w i t h  a c o n s t a n t  C .  

28 
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The o b s e r v a t i o n   n o i s e   v h ( t )   a s s o c i a t e d  w i t h  p e r c e p t i o n  of 
h ( t )  = R ( t ) a ( t )  i s  obta ined   f rom 

Combining  Eqs.(23)-(25) w e  see t h a t  v h ( t )  has au tocova r i ance  

(26 1 
where H o ( t )  = R ( t ) a o  i s  t h e  a l t i t u d e   o f  a 3' g l i d e  s l o p e  a t  d i s -  

t a n c e  R ( t ) .  

The q u a n t i t y  &( t )  i s  pe rce ived   f rom  obse rva t ions  of  a ( t ) .  
The o b s e r v a t i o n   n o i s e   v ; ( t )  has au tocova r i ance  

However, va lues   o f  a k ( t )  = E { a  ( t ) )  f o r  t h i s  task are ex t remely  
small s i n c e  & (h-Uoa)/R. For  example, if i=l f t / s ec  a t  R=5000' 
t h e n  & -. .OlO/sec  which i s  less t h a n  human v i s u a l   t h r e s h o l d s  on 
r a t e  p e r c e p t i o n .   T h e r e f o r e ,  we assume t h a t  n o   u s e f u l   & ( o r  h )  i n -  
fo rma t ion  i s  obta ined   f rom t h e  g l i d e  s l o p e   i n d i c a t o r .  

2 ' 2  

P i t c h   a n d   p i t c h  ra te  are a l s o  d i s p l a y e d  o u t p u t s .  The 
t h r e s h o l d s   a s s o c i a t e d  w i t h  these q u a n t i t i e s  were n e g l e c t e d  i n  the 
a n a l y s i s  as t h e y  were deemed i n s i g n i f i c a n t   f o r  t h e  d i s p l a y   u s e d .  
Thus, 

E { v g ( t ) v g ( u ) )  = o0 a 2 ( t )  e 6 ( t - u )  (28 1 

E { v q ( t ) v q ( a ) )  = Pq a 2 W  9 cs(t-0) (29 



F i n a l l y ,  In cases where t h e  aim poin t   symbol  i s  displayed,we 
assume that  the  p i l o t   o b t a i n s   e x p l i c i t   s i n k  ra te  i n f o r m a t i o n  A ( t )  
as d i s c u s s e d  ear l ie r .  The o b s e r v a t i o n   n o i s e   v h ( t )  has au tocova r i -  
ance 

where we assume a z e r o   t h r e s h o l d  on fi(t> p e r c e p t i o n .  

The p e r c e i v e d   o u t p u t s  q(t) may be  wr i t t en ,   combin ing  t h e  
p r e c e d i n g   e q u a t i c n s ,   I n   v e c t o r   f o r m  

0 0  0 0 0 1  

- c = [. -ao -1 0 u, .] y CD f] 
0 0  0 0 1 0  
0 0  0 1 0 0  

The au tocova r i ances  of t h e  o b s e r v a t i o n   n o i s e s  are p iven  by Eqs. 
( 2 6 ) - ( 3 1 ) .  The cova r i ance  of VL i s  assumed i n f i n i t e  when t h e  
aim p o i n t  i s  not  d i s p l a y e d .  

The e q u i v a l e n t   p e r c e p t u a l  t ime-delay 'I i n  Ea .  (31) also 
i n c l u d e s  t h e  d i s p l a y  update  ra te  of  0 . 1  s e c .  When t h i s  i s  added 

t o  a nominal human de lay  of .2 s e c ,  we o b t a i n  ?= .3  s e c .  

30 



The v a r i o u s   o b s e r v a t i o n   n o i s e   r a t i o s  Pa,Ph,Pe,Pq,PR i n  
Eqs.(26)-(31) were set  e a u a l   t o  .Oln ( i . e . ,  -20 d B  w h i t e  n o i s e  
power d e n s i t y   l e v e l ) .  T h i s  va lue  has b e e n   f o u n d   a p p r o p r i a t e   t o  
fovea l   v i ewing   o f  good r e s o l u t i o n   d i s p l a y s  [ 6  1. The n o i s e   r a t i o s  
b e i n g  set  e q u a l  i s  a r e f l e c t i o n   o f  t h e  f a c t  that  a n   i n t e g r a t e d  
d i s p l a y  was used s o  tha t  v i s u a l   s c a n n i n g  d i d  no t  appear t o  b e  

necessa ry .  t 

The v i s u a l / i n d i f f e r e n c e   t h r e s h o l d ,  aa, a s s o c i a t e d  w i t h  

g l ide  p a t h  d e v i a t i o n s  a ( t )  was t a k e n   t o  be .1 degree. S e v e r a l  
reasons  prompted t h i s  cho ice :  ( a )  The v e r t i c a l   r e s o l u t i o n   o f  
t h e  d i s p l a y  was . 0 5 O .  With a d i s p l a y  g a i n  kd = 1 / 2  t h e  r e s o l u t i o n  
on a would be  .lo, ( b )  A t y p i c a l   v a l u e   f o r  t h e  human th re sho ld   on  
p o s i t i o n   q u a n t i t i e s  i s  . 0 5 O  o f   v i s u a l   a r c  (see Appendix D). S i n c e  
kd = 1/2, we a g a i n   f i n d  aa=. l  , ( c )  Pi lo ts   per forminp   an   approach  
t o   l a n d i n g  task  general ly  will no t  t r y  t o   c o n t r o l  a ( t )  any  more 
p r e c i s e l y   t h a n   t o   w i t h i n  5.1' of  t h e  desired g l i d e  s l o p e  ( i . e .  , 
keep ing   w i th in  t h e  c e n t e r   d o t s  on a n  I L S  i n d i c a t o r ) .  T h i s  t r a n s -  
la tes  t o   k e e p i n g  t h e  g l i d e  p a t h  d o t s   w i t h i n  t h e  middle t h i r d  of 
t h e  g l ide -pa th  r e f e r e n c e  box ( F i g . 3 ) .  

0 

The c o s t   f u n c t i o n a l  J ( d C )  f o r  t h i s  t ask  i s  g iven  by  Ea.(19). 
The we igh t ing  mh i s  re la ted  to t h e  c o n s t a n t   w e i p h t i n p  ma on g l ide  

p a t h  d e v i a t i o n s   a c c o r d i n g   t o  

57 3ma 
m h =  K = .01 ma 

For t h i s  t ask  we c h o s e   r e l a t i v e   w e i g h t i n p s  m /m = 0 . 5 .  
a q  

'In cases where there  are s e v e r a l   ( n o n i n t e g r a t e d )  d i s p l a y s ,  methods 
f o r   i n c l u d i n g   s c a n n i n g   o r   a t t e n t i o n a l   c o n s t r a i n t s   w i t h i n  t h e  op t ima l  
c o n t r o l  framework are d e v e l o p e d   i n  Refs. C4,lOl. 



Thus, we ba lanced  a g l i d e  p a t h   e r r o r   o f  1' w i t h  a p i t c h  r a t e  co r -  
r e c t i o n  of .5'/sec. A p i t c h  r a t e  o f  .5'/sec r e s u l t s   i n  a 3 f t / s e c  
change i n   s i n k  r a t e  a f t e r  2 seconds.  These  numbers seemed reason-  
able f o r  t h e  g i v e n   v e h i c l e   a n d   c o n t r o l  task.  T h e r e f o r e ,  t 

m =  h .005 ,  mq = 1.0, mi - - 
C 

.14 (33)  

The we igh t ing  m i  on c o n t r o l  r a t e  was a d j u s t e d   t o   y i e l d  a time 

c o n s t a n t  = .1 s e c   i n  t h e  feedback   loop .  T h i s  va lue  i s  t y p i c a l  
f o r  t h e  neu romoto r   t i ne   cons t an t   and  has been   found   t o   be   appro -  
p r i a t e   t o  t h e  model   across  a wide r a n g e   o f   t r a c k i n g  tasks  [ 4  ]. 

C 

The f i n a l  model parameter t h a t  must be s p e c i f i e d  i s  t h e  

moto r   no i se   cova r i ance  Vm ( o r   m o t o r   n o i s e   r a t i o  P J .  The motor 
no i se   v , ( t )  i s  added t o  s t ( t )  i n   E q . ( 2 1 ) .   T h u s  we assume, w i t h  
a n a l o g y   t o  t h e  o b s e r v a t i o n   n o i s e ,  t ha t  

T y p i c a l  v a l u e s   f o r  p have   been   found   t o  b e  .003n - .Oln, i . e . ,  
-20 t o  -25 dB w h i t e  n o i s e  power d e n s i t y   l e v e l  [ 3 , 4 3 .  I n  t h e  

conputer   p rogram t h a t  was developed we d i d  n o t   i n c l u d e  a means 
f o r   s p e c i f y i n g  P m  d i r e c t l y .   I n s t e a d ,   v a l u e s   o f  Vm were chosen 
and t h e  r e s u l t i n g   n o i s e   r a t i o s  were t h e n   c h e c k e d   f o r   r e a s o n a b l e -  
n e s s .   T y p i c a l l y ,   v a l u e s   o f  Pm = - 2 2  dB r e s u l t e d .  

n? 

'One would  expect  t h a t  any   r easonab le   cho ice   o f  m,/m should  
q 

s u f f i c e .  T h i s  i s  i n d e e d   c o r r e c t ,  as s e n s i t i v i t y   s t u d i e s   u s i n g  
t h e  model  have  shown. The t r a d e - o f f s   b e t w e e n   g l i d e - s l o p e   e r r o r  
a n d   c o n t r o l   e f f o r t   d o   v a r y   s o r e w h a t  amonp p i l o t s .  The r a t i o  w e  
chose was i n t e n d e d  t o  b e  r e p r e s e n t a t i v e .  

32 



E x p e r i m e n t a l   a n d   P r e d i c t e d   R e s u l t s  

Having   p re spec i f i ed  a l l  o f  t h e  i n p u t  parameters we now 
apply  the  model t o   a n a l y z e  the  a p p r o a c h   t o   l a n d i n g  task.  I n  par- 
t i c u l a r ,  we u s e  t h e  computer  proRram PIMAL described i n  t h e  preced-  
i n g   c h a p t e r  t o  p red ic t  t h e  ( s t a t i s t i c a l )  time h i s t o r i e s   o f   p e r t i n -  
e n t   s y s t e m   v a r i a b l e s   a c r o s s   d i f f e r e n t   d i s p l a y   c o n f i g u r a t i o n s ' .  
Comparison i s  made w i t h  t h e  e x p e r i m e n t a l   r e s u l t s   o f  P a l m e r  and 
Wempe. T h e i r  data c o n s i s t e d ,   f o r   e a c h   s i m u l a t e d  f l i p h t ,  o f  t h e  

i n t e g r a t e d  mean and RMS o f  8 , q  , f i , u , b .  For a p a r t i c u l a r   q u a n t i t y  
x ( t )  t h e  mean and RMS t ha t  were measured were 

N 
- 
x = I N >_ x ( t , )  , N = number o f  samples 

i=1 

I N 

The v a r i o u s  measurements w e r e   t h e n   a v e r a R e d   o v e r   s e v e r a l   i d e n t i c a l  
r u n s  for r e l i a b i l i t y .  t 

Measurements o f  mean and RPS were made ove r   bo th   r anpe  
i n t e r v a l s  

R2 = (5,000"1000' )  

' In   using t h e  e q u a t i o n s  of Appendix C t o   p r e d i c t  these expe r imen ta l  
r e s u l t s  w e  i m p l i c i t l y  assume  an  ergodic   property,   namely,  t h a t   t h e  
(ensemble)   average   o f  t h e  time i n t e g r a l s  i s  e q u a l   t o  t h e  time i n t e -  
g ra l  o f  t h e  (ensemble)   average.  

3 3  



I n   a d d i t i o n ,   a l t i t u d e  was reco rded  a t  d i s t ances   f rom t h e  t h r e s h o l d  
o f  5000' and 1000 ' .  

Runway P i c t o r i a l   D i s p l a y . -  The o r i g i n a l  d i s p l a y  t h a t  was 
f irst  cons ide red  by Wempe and Palmer [l ] conta ined   on ly  a runway 
image  and  an a r t i f i c i a l   h o r i z o n .   T h e r e  were n e i t h e r  Rl ide  s l o p e  
r e f e r e n c e  bars n o r   a n  aim p o i n t .  We ana lyze  t h i s  o r i g i n a l   d i s p l a y  
t o   p l a c e   i n   p e r s p e c t i v e  t h e  v a r i o u s  d i s p l a y  features t h a t  were 
subsequen t ly  added. We s t u d y  t h e  no   t u rbu lence   ca se   on ly .  

I n   o u r   a n a l y s i s  t h e  t h r e s h o l d   a s s o c i a t e d  w i t h  p e r c e p t i o n  
of  a ( t )  was t a k e n  as 0.5'. T h i s  va lue  was chosen  on t h e  basis 
of   exper imenta l   he ight   judgment t  data o b t a i n e d  w i t h  t h e  g iven  
d i s p l a y  [ 1 3 .  (Note t h a t  t h i s  i m p l i e s  t h a t  t h e  v i s u a l / i n d i f f e r e n c e  
t h r e s h o l d  i s  a f u n c t i o n  of d i s p l a y  f o r m a t . )   I n   a d d i t i o n ,   s i n c e  
there  were no r e f e r e n c e  bars we s e t  B = 1  i n  Eq.(26). A l l  o t h e r  

model i n p u t  parameters were a t  t h e i r  nominal,  a p r i o r i ,   v a l u e s ,  

The m o d e l ' s   p r e d i c t i o n   o f   a i r c r a f t   a l t i t u d e  vs. d i s t a n c e  
from t h e  t h r e s h o l d  i s  shown i n   F i g .  4 .  We show t h e  mean r e sponse  
and t h e  v a r i a b i l i t y  ( + l a )  t ha t  arises f rom  p i lo t   i nduced  random- 
ness   ( r emnan t ) .  It is  c l e a r   f r o m   t h e s e   r e s u l t s  tha t  p i l o t s   u s i n g  
t h i s  d i s p l a y  would b e  unable  t o  c o n t r o l  t h e  a i r c r a f t   t o   w i t h i n  
- +.3O of  t h e  nominal g l ide  s l o p e .  The r eason  i s  s i m p l y  t h a t  t h e  
d i s p l a y  p rov ided   i nadequa te  h e i g h t  i n f o r m a t i o n .  As a r e s u l t ,  t h e  

model 's  estimate o f  t h e  u p d r a f t  was i n  e r r o r  by 50% a t  5 0 0 0 ' .  

'Judgments made from  above  gl ide-s lope.   Experiments  showed t h a t  

- 

p i l o t s  were u n a b l e   t o  estimate t h e i r  p o s i t i o n   f r o m  t h e  g l i d e  s l o p e  
t o  b e t t e r  than  +.5O u s i n g  only t h e  runway p i c t o r i a l  image as a cue .  - 
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The a i rcraf t  d r i f t e d  o f f  t h e  g l ide  pa th  by as much as .8 degrees, 
even  though t h e  th re sho ld   on  a was .5! 

The pred ic ted  r e s u l t s   i n d i c a t e ,  that a t  a d i s t a n c e  of 5000' 

from t h e  runway t h r e s h o l d ,  t h e  a i r c r a f t  a l t i t u d e  i s  397 - + 11 f t .  

If - no compensa t ing   co r rec t ions  had been made, t h e  a i r c ra f t  would 
have  been a t  h=399 f t .  A t  1000' from t h e  t h r e s h o l d ,   p r e d i c t e d  
a l t i t u d e  i s  h-119 - + 2 1  f t  ( i . e . ,  a v e r a g e   e r r o r  = 1 4  - + 2 1  f t ) .  
These r e s u l t s  agree q u i t e  well  w i t h  expe r imen ta l  data [ 1 1,  which 

a l so   demons t r a t ed  the  d i s p l a y ' s  i n a d e q u a t e   p r e s e n t a t i o n   o f  h e i g h t  

i n fo rma t ion .  

Addition o f  Glide  Slope  Reference Bars.- 
No Turbulence- -  Based p r i m a r i l y  on t h e  e x p e r i m e n t a l   r e s u l t s ,  i t  
was dec ided   t o   mod i fy  t h e  above d i s p l a y  t o   i n c l u d e  g l i d e  s l o p e  
r e fe rence   mark ings  a t  a=+. - 3' [ 2 3 .  T h i s  y i e l d s  improved a ( t )  
in fo rma t ion .  The r e s u l t a n t  d i s p l a y  is as d e s c r i b e d   i n  t h e  pre- 
c e d i n g   s e c t i o n s   a n d   s e r v e d  as a basis f o r  t h e  second  exper imenta l  
program performed at A m e s  Research  Center .  

I n  o r d e r   t o  Judge t h e  e f f e c t i v e n e s s   o f  t h e  d i s p l a y  modif i -  
c a t i o n ,  t h e  model was u s e d   t o  p red ic t  sys tem per formance   for  t h e  

same c o n d i t i o n s  ( i . e . ,  u p d r a f t  = +3 f t / s e c ,   n o   t u r b u l e n c e )   a n a l y z e d  
above. The model parameters are i n v a r i a n t   e x c e p t  f o r  t h e  v i s u a l /  
i n d i f f e r e n c e   t h r e s h o l d  on a ( t )  which i s  .lo and t h e  r e f e r e n c e   r a t i o  
B which i s  -1- These correspond t o  t h e  p a r t i c u l a r  d i s p l a y  conf ig-  
u r a t i o n  used .  

The p r e d i c t e d   h i s t o r i e s   o f  g l i d e  s l o p e   e r r o r ,  h ( t ) ,  p i t c h ,  
e ( t ) ,  and   s ink  ra te ,  li(t), are shown i n  Fig. 5 .  With t h i s  d i s p l a y ,  

t h e  p i l o t  model was capable o f   c o n t r o l l i n g   a v e r a p e  g l i d e  s l o p e  
errors t o   w i t h i n  - +.2O.  However, n o t e  t h a t  t h e  a i r c r a f t   t r a v e l s  
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some 1500' b e f o r e   p i l o t   c o r r e c t i o n  I s  i n i t i a t e d .  T h i s  "dead-zone" 
arises from t h e  i n i t i a l  lack o f  a ( t )  i n f o r m a t i o n  ( w h i l e  a ( t )  i s  
less t h a n  i t s  .lo t h r e s h o l d )   c o u p l e d  w i t h  t h e  l ack   o f  i ( t )  i n f o r -  
mation. When t h e  u p d r a f t  is removed, the  decen t  ra te  q u i c k l y  
i n c r e a s e s   a n d  the a i r c r a f t  i s  s e e n   t o   u n d e r s h o o t  t h e  desired g l ide  
path.  Changes i n   a i r c r a f t  p i t c h  are made smoothly,  as a r e s u l t  
of t h e  c o s t   f u n c t i o n a l   w e l g h t l n g   o n  q ( t ) .  We t h u s  see t h e  model 
"trim o u t "  t h e  e f f ec t s  of  t h e  cons tan t   wind  by  adding  a compensat- 
i n g   o f f s e t   i n   p i t c h .  When t h e  wind I s  t e r m i n a t e d  t h e  trim i s  
r e d u c e d   ( s l o w l y )   t o   z e r o .  

Ensemble  averages at  v a r i o u s   p o i n t s   a l o n p  the s t a t e  t r a j e c -  
t o r i e s  were n o t   o b t a i n e d   i n   e x p e r i m e n t .   I n s t e a d ,  as mentioned 
ea r l i e r ,  measurements were o b t a i n e d   o f  t h e  t ime-averaged mean and 
RMS as i n  Eq.(35). A comparison  of t h i s  data w i t h  model p red ic -  
t i o n s  i s  shown i n  Table 1. The numbers i n   p a r e n t h e s i s  a re  t h e  1- 
sigma e x p e r i m e n t a l   v a r i a b i l i t y .  As can b e  s e e n ,   p r e d i c t e d   a n d  
measu red   r e su l t s  are i n  remarkable ag reemen t   ove r   bo th   i n t e rva l s .  
The f a c t  that  t h e  RNS r e s u l t s  agree s o  wel l  i s  ev idence   o f  t h e  

v a l i d i t y   o f   o u r  model of t h e  human ' s   l imi t a t ions .  S i n c e  there  i s  
no t u r b u l e n c e , t h e  s y s t e m ' s  only  randomness arises from t h e  p i l o t  
h i m s e l f .  The exce l l en t   ap reemen t   o f  mean performance i s  ev idence  
of t h e  model 's  a b i l i t y  t o   p r e d i c t  t h e  t ime-varyinE a d a p t a b i l i t y  
of t h e  p i l o t   t o  t h e  presence   o f  t h e  d e t e r m i n i s t i c   u p d r a f t .  

t 

There  i s  only  one se t  of  numbers fo r   wh ich  model p r e d i c t i o n s  
are not   wi th in   one  S.D. o f  the  data. T h i s  o c c u r s   f o r  mean and RMS 
a ove r  R2.  

*The expe r imen ta l  data i s  t h e  ave rage   ove r  d i s p l a y  c o n d i t i o n s  1 
and 2 d e s c r i b e d   i n  Ref. [ 2 1. These c o n d i t i o n s  d i f f e r e d  only 
s l i g h t l y  f o r  t h e  approach phase and we do n o t  make a d i s t i n c t i o n  
between them i n   o u r   a n a l y s i s .  



TABLE 1 

MODEL AND MEASURED PERFORMANCE:' REFERENCE BARS, NO TURBULENCE 

q (deg/sec)  

€)(degrees) 

6, (degrees)  

-i ( f t /min)  

a (degrees )  

HT(feet) 

Mode 1 

-. 07  

-1.05 

. 2 1  

531. 

15 

325 

Mean (10 -5000 ' )  RMS II 
Me as ure  d 

-.06(.01) 

-1 .o(  . l o )  
.21(   .03)  

531( 19 1 

1 3 (  03 )  

330 

'Measured data i s  t h e  average 

Model 

31  

1 . 3 6  

32 

547. 

1 7  

u= 9 

Mean (5 -1000 ' )  RMS 
Mode 1 

9 31 

96 

53 

612. 

.20 

u= 8 

. .  
of 11 runs.  



The d i sc repancy  i s  unde r s t andab le  i f  w e  reca l l  o u r   d i s c u s s i o n  on 
t h e  ave rage   we igh t ing  on h ( t )  i n  t h e  c o s t   f u n c t i o n a l  (19). With 
a f i x e d   w e i g h t i n g  ma on p l ide  s l o p e   e r r o r  a ( t ) ,  t h e  e q u i v a l e n t  
w e i g h t i n g   o n   a l t i t u d e   d e v i a t i o n s  i s  g iven  b y  

57.3 ma 
"h = -r 

a n d   i n c r e a s e s   i n v e r s e l y  w i t h  range.   Thus,  as R ( t )  decreases mh 
must i n c r e a s e ,  a f ac t   wh ich  i s  n o t   i n c o r p o r a t e d   i n t o  t h e  model 
s i n c e  w e  have  chosen a c o n s t a n t  mh a p p r o p r i a t e   t o  R = = 11,000/2. 
The r e l a t i o n s h i p   b e t w e e n  mh and   d i s t ance   f rom  th re sho ld  i s  g iven  
i n  t h e  t a b l e  below for ma/mq = 0.5.  

Distance  f rom Threshold  m h 

10000 - goo0  
9 0 0 0  - 8000 
8000 -- 7000 

7000 - 6000 

5000 - 4000 

3000 - 2000 

6000 - 5000 

4000 - 3000 

2000 - 1000 

,0030 

.0034 

.(I038 

.0044 

.0052 

.0082 

.011 

. 0 19 

. 0064  

It can  b e  s een  that  t h e  va lue  = .005 tha t  we have  chosen 
i s  n o t  a good  approximation  over t h e  e n t i r e   r a n g e ,   a n d  i s  re la-  
t i v e l y   p o o r e r   f o r  smaller R ( t ) .  The obvious way around t h i s  d i f -  

f i c u l t y  i s  t o   s o l v e  t h e  opt imiza t ion   problem w i t h  a piecewise  con- 
s t an t  o r  a t ime-vary ing  m t h e r e b y  o b t a i n i n g   f e e d b a c k   p a i n s  t h a t  
change as R ( t )  d e c r e a s e s .  The r e s u l t   o f  t h i s  modif icat ion  would 

h '  
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be t o  decrease RMS and mean g l ide  pa th  d e v i a t i o n s  as r ange   dec reases .  
For  example,  i f  ove r  R2 w e  were t o  choose a c o n s t a n t   v a l u e  of 
% = .01 ( c o r r e s p o n d i n g   t o  2 5 0 0 ' )  w e  would  expect RMS a ( t )  t o  be 

approximate ly  .1 deg as c o n t r a s t e d  w i t h  .2 dep found ear l ier  and 
. 1 2  dep: found  exper imenta l ly .  t 

It t h e r e f o r e  appears t h a t  t h e  I n c l u s i o n  of p i e c e w i s e   c o n s t a n t  
g a i n s   w i t h i n  t h e  p i l o t  model  would f u r t h e r   e n h a n c e  the r e l i a b i l i t y  
of  t h e  r e s u l t i n g   p r e d i c t i o n s  by r e p r e s e n t i n g  more a c c u r a t e l y  t h e  

t r u l y   t i m e - v a r y i n g   n a t u r e   o f  t h e  approach task .  

Effects of T u r b u l e n c e - -  I n   o r d e r   t o   e v a l u a t e  t h e  performance of  
the  p i l o t - v e h i c l e - d i s p l a y  s y s t e m  under   modera te   tu rbulence   condi -  
t i o n s ,  w e  added random g u s t s  w t o  t h e  v e h i c l e  as i n  Eq.( 1). 

lT 
The mean and   var iance  of p e r t i n e n t  s y s t e m  q u a n t i t i e s ,  a t  v a r i o u s  
d i s t a n c e s   f r o m  t h e  t h r e s h o l d ,  were computed i n  t h e  same manner as 
b e f o r e .  The  r e s u l t i n p  mean t r a j e c t o r i e s  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  o f  F i g .  5 ,  wh i l e  t h e  v a r i a n c e  was sorewhat  larger because  
of  t h e  t u rbu lence .   Fo r  t h i s  r eason  t h e  t r a j e c t o r i e s  were n o t  
p l o t t e d .  

A comparison  of  measured and p r e d i c t e d  mean and RMS per -  
it formance i s  g i v e n   i n  T a b l e  2 .  Once a g a i n  t h e  agreement i s  e x c e l -  

l e n t   o v e r   b o t h   i n t e r v a l s ,  w i t h  t h e  p o s s i b l e   e x c e p t i o n   o f  RFlS a ( t )  
over  5-1000' .  The p r e d i c t e d  mean q u a n t i t i e s  are  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   i n  T a b l e  1; indeed  measured means do  not d i f f e r  

s i g n i f i c a n t l y   f r o m  t h e  no - tu rbu lence   r e su l t s .   Measu red   and   p red ic t ed  

'Mean g l ide -pa th  e r r o r s   o v e r  R2 are i n f l u e n c e d   t o   s o n e   e x t e n t  by 
- 

t h e  f a c t  t h a t  t h e  p i l o t  knows t h e  u p d r a f t  i s  t o   t e r m i n a t e  a t  5000'  
a n d   c a n   a n t i c i p a t e  h i s  c o n t r o l   a c t i o n   a c c o r d i n p l y .  On t h e  o t h e r  
hand, t he  model is  n o n a n t i c l p a t i + e   a n d  must wait u n t i l  t h e  u p d r a f t  
i s  removed t o  b e E i n   c o r r e c t i v e   a q t i o n .  

'?The measured data i s  somewhat e p r a t i c   d u e   t o  t h e  h i g h l y  v a r i a b l e  
I 

n a t u r e  of t h e  experimental   turbklence  waveform. 
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TABLE 2 

MODEL AND  MEASURED  PERFORMANCE: REFERENCE B A R S .  TURBULENCE 

L 

q(deg/sec)  

8 (degrees 

Ge(degrees) 

-k(ft/min) 

a(degrees1 

w ( f t / s ec )  

HT( feet) 
g 

Mode 1 

-.07 

-1 .05  

. 2 1  

529 

. 1 4  

0.0 

326. 

Mean (10-5000 '  ) R K S  II 
Measured 

- . 05 (  . 0 4 )  

- . 98 (  -38 )  

.20 ( .08 )  

527 . (30 )  

.17 ( .12)  

.06 (1 .16 )  

330 

Mode 1 

. 8 1  

1 . 6 9  

38 

557 

19 

3.0 

a=20 

Measured Model 

1 . 1 ( . 1 2 )  .08 

1 . 4 0 ( . 3 6 )  - . 71  

.42 (   . 07 )  

-.og .20 (   . 12 )  

600. 578 . (30 )  

.48 

3.12(  .32) 0.0 

a t 1 3  108. 

Mean ( 5 - 1 0 0 0 ' )  RMS 

'Measured data i s  the  average of 1 3  runs .  

Me as ure d 

.10 ( .07 )  

- .54( .57)  

.bo(  .18) 

6 2 9 . ( 5 9 )  

.02(   .12)  

.96( .84 )  

10  4 

Mode 1 

. 8 1  

1 . 4 4  

58  

624.  

37 

3.0 

a=20 

Measured 

1 .25 ( .18 )  

1 .29(   .28)  

.59( .14)  

668. (63)  

.20 (  .07) 

3.0( -78) 

a=13 



RMS q u a n t i t i e s  show i n c r e a s e s   o v e r  t h e  no   t u rbu lence  case. Notable  
are t h e  i n c r e a s e s   i n  q o v e r   b o t h   i n t e r v a l s  R1 and R 2  and the  80% 
i n c r e a s e   i n  RMS a (both  measured and p r e d i c t e d )   o v e r   i n t e r v a l  R2. 
S t a n d a r d   d e v i a t i o n s   i n  t h e  a l t i t u d e s  a t  5000'  and 1000'  a l s o  show 
large i n c r e a s e s   o v e r  the no   t u rbu lence  case. Note that  RMS con- 
t r o l   o v e r  R2 shows  only a small i n c r e a s e   a t t r i b u t a b l e   t o   t u r b u l e n c e .  
T h e s e   r e s u l t s   a g a i n   d e m o n s t r a t e  tha t  mean re sponse  i s  a s s o c i a t e d  
w i t h  d e t e r m i n i s t i c   s i g n a l s ,  whereas r e s p o n s e ,   v a r i a b i l i t y  i s  asso-  
c ia ted w i t h  p i lo t   r emnan t   and   ex te rna l   r andomness .  

We see that t h e  a d d i t i o n  of t h e  r e f e r e n c e  bars is  a s i g n i f -  
i c a n t   i m p r o v e m e n t   t o  t he  d i s p l a y   a n d   t o  the  r e s u l t i n g   s y s t e m   p e r -  
formance.  However,  performance a t  t h e  100' MDH, a l though  improved,  
i s  s t i l l  somewhat q u e s t i o n a b l e .  A window requi rement  a t  100 '  i s  
tha t  t h e  a i rc raf t  b e  w i t h i n  t he  - +.3O g l i d e  s l o p e  limits ( i . e . ,  
w i t h i n  1 2  f t  of the  g l ide  s l o p e )  w i t h  p r o b a b i l i t y  . 95 .  Thus, t h e  
s t a n d a r d   d e v i a t i o n   i n  Hw-lOOO - must be less t h a n  6 f t . +  Table 1 

i n d i c a t e s  0=8'  w i t h  no   tu rbulence .  If t h e  model were m o d i f i e d   t o  
i n c l u d e   p i e c e w i s e   c o n s t a n t   p a i n s  as d i s c u s s e d ,  we would p r e d i c t  
0=4' which i s  s a t i s f a c t o r y .  However ,   under   turbulent   condi t ions 
t h e  m o d e l   p r e d i c t s  4=20f, and  even i f  t h e  g a i n s  were modif ied i t  
i s  u n l i k e l y  that  t h e  p r e d i c t e d  (I would b e  less t h a n  10'. We 
t h e r e f o r e   c o n c l u d e  t h a t  t he  d i s p l a y  i s  inadequa te  with.  r e g a r d   t o  
window performance at  t h e  MDH (unde r   modera t e   t u rbu lence ) .  

Addition of Velocity  Vector Symbol 
No Turbulence--  I n  a n   a t t e m p t   t o   p r o v i d e  t h e  p i l o t  w i t h  s i n k  ra te  
i n f o r m a t i o n  that  could be u s e f u l   f o r   c o n t r o l   p u r p o s e s ,  a v e l o c i t y  

'The 2u p o i n t   o n  a G a u s s i a n   d i s t r i b u t i o n   i n c l u d e s  95% o f  the  area. 
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vector   symbol  was added t o  the  d i s p l a y  as d i scussed  ear l ier .  
We model t h f s  s i t u a t i o n  by i n c l u d i n g  i ( t )  as a pe rce ived   ou tpu t  
with -20 dB obse rva t fon   no i se  No o t h e r  model  Darameters  change. 

The p r e d i c t e d   t r a j e c t o r i e s   o f  h ( t ) ,  e ( t )  and i ( t )  are shown 
i n  F ig .  6 ,  The r e s u l t s  are much the  same as t h o s e   i n  Fig.  54 
w i t h   t h e   n o t a b l e   d i f f e r e n c e  that  ove r  R1 t h e  p i l o t   r e s p o n d s  much 
more q u f c k l y   t o  t h e  updra f t .  Th i s  i s  because t h e  step d i s p l a c e -  
ment in h i s  observed ,   a l lowing  the  va lue  of the u p d r a f t   t o  be 

rap id ly  estimated. A s  a r e s u l t ,  mean g l i d e  path d e v i a t i o n s   o v e r  
R1 are reduced.   Note   a lso tha t  d e v i a t i o n s  of ECf i ( t ) )  from the  
nominal -550 f t /min  are reduced by adding the  aim p o i n t .  

P red ic t ed   r e sponse   ove r  R2 i s  v i r t u a l l y  t h e  same as t h a t  
wi thout  the  aim p o i n t   s i n c e  t h e  p i l o t  knows f o r   s u r e  that t h e  
u p d r a f t  i s  t e rmina ted  a t  5000'. The aim point   would be h e l p f u l  
i f  t h e  p i l o t  d i d  no t  know t h i s  f a c t ,  

Measured  and  predicted means and RMS are g i v e n   i n  Table  3 .  
The agreement i s  e x c e l l e n t   c o n s i d e r i n g  that  measured data i s  t h e  
average  of only 6 runs .  Measured data shows the  p r e d i c t e d  i m -  
provement i n  7; over  t h e  10-5000' range.  Measured q u a n t i t i e s   o v e r  
t h e  s e c o n d   i n t e r v a l  are n o t   s i g n i f i c a n t l y   d i f f e r e n t   f r o m   t h o s e  
wi thout  t h e  aim p o i n t  .(Table 1). T h i s  s u b s t a n t i a t e s   o u r  claim 
that  t h e  aim p o i n t  makes l i t t l e  d i f f e r e n c e   t o  t he  l o n g i t u d i n a l  
c o n t r o l  task i n  the  absence of cons tan t   winds   and   tu rbulence .  

P r e d i c t e d   s t a n d a r d   d e v i a t i o n s   i n  h ( t )  a t  t h e  5000 and 1000 '  
ranges  are v i r t u a l l y  t h e  same as wi th  no aim p o i n t .  T h i s  i n d i c a t e s  
that  the  ( n o   t u r b u l e n c e )   p r o b a b i l i t y   d i s t r i b u t i o n s  a t  t h e  MDH 
remain  unchanged.  Note that  measured  sigmas show a 50% dec rease ,  
b u t  t h i s  i s  a d u b i o u s   r e s u l t ;   o n l y  6 runs  were averaged  and a 
measurements  do  not seem t o   i n d i c a t e   d e c r e a s e s   i n  g l ide  pa th  
va r i ance  e 
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TABLE 3 

MODEL AND MEASURED PERFORMANCE : + AIM-POINT, NO TURBULENCE 

Mean (5 -1000 t )  RMS 
Model Measured 

-.06 

. 26 (  .C3) .29 

-1.11(.1) -1.22 

-.06(.02) 

548. 539(9) 

.06 .08( .03) 

317 326 

'Measured data i s  t h e  average 

Mode 1 

30 

1.34 

37 

555. 
.08 

5= 8 

Mode 1 

07 

-057 

46 

577 
"14 

99 

D f  6 runs.  

Measured 

.08 ( .03) 

- . 8 3 (  .IO) 

.46( .04)  

615(16) 

.06( .06) 

106 

Yodel 

30 

.80 

50 

585 9 

.20 

(J= 8 - 



TABLE 4 

MODEL AND MEASURED  PERFORMANCE : ' AIM-POINT, TURBULENCE 

~~~ 

q (deg/sec 1 

8 ( degrees ) 

(degrees) 

-h( f t /min) 

, a( degrees) 

w ( f t / s e c )  

HT( f e e t  ) 

g 

Mode 1 

- .06 

-1.22 

29 

549. 

.06 

0 .o 

3 17  

Mean (10-5000' ) RMS 11 
Measured 

-.03('.03) 

-1.32( .4) 

.31( . 0 8 )  

553(36) 

.06( . 0 8 )  

-.3(1.2) 

322 

'Measured data  i s  the  average 

llode 1 

9 79 

1.68 

.42 

564. 

.10 

3.0 

~=14 

Measured 

1 .09 ( .08 )  

1.61( 35) 

.45(  .06) 

568(33) 

.11( .05) 

3.12(.32) 

a=15 

I f  6 r u n s .  

Mode 1 

07 

- .56 
.46 

576 

-.14 

0.0 

99 

Mean (5-1000' RMS. 
Measured 

.09( .08) 

-.41( -63) 

.40(.21) 

592(52) 
.07 ( .11) 

.77( .87) 

109 

Model 

.80 

1.34 

9 56 

595 

29  

3.0 

3.515 

1 1  



E f f e c t s  of TurbuZence-- Measured   and   pr ' ed ic ted   quant i t ies   ob ta ined  
w i t h  s i m u l a t e d   t u r b u l e n c e   c o n d i t i o n s  are shown i n   T a b l e  4 .  As 

expec ted ,  mean r e sponse  shows l i t t l e  change  from t h a t  of  t h e  no 
tu rbu lence   a im-po in t   cond i t ions   above .  However, t h e  model p r e d i c t s  
tha t  w i t h  modera te   tu rbulence  the  a d d i t i o n   o f  t he  aim p o i n t   r e s u l t s  
i n  20-30% r e d u c t i o n s   i n  t h e  s t a n d a r d   d e v i a t i o n   o f  h a t  5000 and 
1000'  and i n  RMS a o v e r  R2 .+ Measured RMS a shows an  improvement 
of 3 0 %  over  the  no aim-point   case;   measured window data  i s  unre- 
l i ab l e ,  b e i n g  t h e  ave rage   o f   on ly  6 r u n s .  

We t h e r e f o r e   c o n c l u d e  t ha t  t h e  aim poin t   does   improve  h e i g h t  

performance a t  1 0 0  f t . ,  however t h e  improvement i s  n o t   s u f f i c i e n t .  
The model p r e d i c t s  t h e  S.D. i n  h lOOO t o  be  1 5 ' .  Even i f  t h e  model 's  
feedback   ga ins  were a d j u s t e d  as a f u n c t i o n  of r ange ,  i t  i s  u n l i k e l y  
t h a t  would be  less t h a n  -7 f t .  T h i s  i s  s t i l l  greater  t h a n  t h e  9 5 %  
requi rement   o f  a=6. I n  t h e  conc lus ions  we i n d i c a t e  some d i s p l a y  
m o d i f i c a t i o n s  t ha t  may t i gh ten   he igh t   pe r fo rmance  a t  t he  window. 

- S e n s i t i v i t y  S t u d i e s . -  I n  o r d e r   t o   g a i n  a deeper   under-  
s t a n d i n g   o f  t h e  i n t e r - r e l a t i o n s h i p   b e t w e e n  t h e  d i s p l a y  and p i l o t  
behav io r ,  we use  t h e  model t o  examine t h e  e f f e c t s  on system per- 
formance  of  changes i n  some b a s i c  d i s p l a y  parameters. We c o n s i d e r  
t h e  no a i m - p o i n t   c o n f i g u r a t i o n   i n  the  absence   o f   tu rbulence .  The 

r e s u l t s   f o r  t h e  nominal   case a re  shown i n   F i g .  5 and Tab le  1. 

Disp l a y  Update  I n t e r v a l - -  Delays  i n   u p d a t i n p  t h e  TV image are 
i n c l u d e d   w i t h i n  t h e  m o d e l ' s   e q u i v a l e n t   p e r c e p t u a l  time-delay T .  

T h e r e f o r e ,   t o   i n v e s t i g a t e  t h e  s e n s i t i v i t y   o f   s y s t e m   p e r f o r m a n c e  
t o  t h e  u p d a t e  i n t e r v a l ,  w e  v a r i e d  T from . 3  t o  .6 sec   ( co r re spond-  
i n g  t o  upda te  times of  .1 t o  .4 s e c ) .  We found tha t  model p r e d i c -  
t i o n s  were v i r t u a l l y   i n s e n s i t i v e   t o  time-delay v a r i a t i o n s   o v e r  

t R e c a l l  t h a t  i n  t h e  no tu rbu lence   ca se  these q u a n t i t i e s  were not  
- 

a f f e c t e d  by adding  t h e  aim p o i n t .  
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t h i s  range .  T h i s  a g r e e s  w i t h  t h e  e x p e r i m e n t a l   r e s u l t s   o f  Wempe 
and Palmer [ 1 1  c o n c e r n i n g   u p d a t e   i n t e r v a l   s e n s i t i v i t y .  

The i n s e n s i t i v i t y   o f  t h e  s y s t e m  t o   u p d a t e  time i s  comfort-  
i n g .  It means t h a t  thg d i s p l a y   a n d  i t s  accompanine  sof tware  do 
not p l a c e  h igh  demands  on r e a l  time computat ion.  

D i s p Z a y  R e 8 o z u t i o n - -  We model d e g r a d a t i o n   i n   d i s p l a y   r e s o l u t i o n  
as i n c r e a s e s   i n   o b s e r v a t i o n   n o i s e .   A c c o r d i n g l y ,  we s imul t aneous ly  
v a r i e d  t h e  o b s e r v a t i o n   n o i s e   r a t i o s   f r o m  -20 d B  t o  -8 d B ,  a f a c t o r  
of 1 6 ,  and computed the  r e s u l t i n g  sys t em performance.  

F i g u r e  7 shows t h e  mean a n d   s t a n d a r d   d e v i a t i o n   o f   s e v e r a l  
performance  measures as a f u n c t i o n   o f   o b s e r v a t i o n   n o i s e .  
(RMS2 = mean2 + SD2.)  Noteworthy i s  t h a t  s y s t e m  performance i s  
n o t   v e r y   s e n s i t i v e   t o   o b s e r v a t i o n   n o i s e   o v e r  t h e  r anpe  -20 t o  - 1 4  d B .  
S e n s i t i v i t y   i n c r e a s e s  somewhat as o b s e r v a t i o n   n o i s e  i s  i n c r e a s e d  
f u r t h e r .  

E x p e r i m e n t a l   r e s u l t s   h a v e   a l s o  shown a n  i n s e n s i t i v i t y  
o f   p e r f o r m a n c e   t o   d e g r a d a t i o n   i n  runway imape r e s o l u t i o n  [1,2]. I n  
t h e  exper iments   o f  Ref. [ 2 3 ,  measurements were made under  s i m u l a t e d  
f l i g h t s  w i t h  0.4' r e s o l u t i o n ,  i . e . ,  a deg rada t ion  by a f a c t o r  o f  8 .  
If we e q u a t e  a f a c t o r   o f  8 i n  r e s o l u t i o n  w i t h  a f a c t o r  of  8 i n  
o b s e r v a t i o n   n o i s e ,   t h e n   p r e d i c t i o n s  w i t h  -11 d B  n o i s e  on Q s h o u l d  
compare w i t h  t h e  measured dataf T a b l e  5 shows t h i s  comparison. 
The agreement i s  e x c e l l e n t  w i t h  both  model and measured data show- 
i n g  t h e  same t r ends   f rom t h e  nominal -20 d B  c a s e   i n  T a b l e  1 .  

'This i s  a r e a s o n a b l e   h y p o t h e s i s .  However, a d e t a i l e d  a n a l y s i s  
of  t h e  d i s p l a y  would requi re  measu r ing   obse rva t ion   no i se  as a 
f u n c t l o n   o f   r e s o l u t i o n .  

4 9  
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TABLE 5 

MODEL A N D  MEASURED PERFORMANCE : ' REFERENCE BARS ,NO TURBULENCE, DEGRADED R E S O L ~ C I O N  

q(deg/sec)  

0 (degrees  ) 

6e(degrees)  

-h( f t / m t n )  

a( degrees)  

HT( f e e t )  

Mean (lO-5OOO') RMS II Mean (5-1O0Of) RMS 
Model Measured 

-.07 

- .86( .21)  -.97 

- .05 ( .02 )  

.l9 . 18 ( .06 )  

519. 505.(351 

.18 .17 ( .06 )  

331 340 

'Measured da ta  is the  average 
~ ~~ 

D f  17 

L 

I 

1.08( .24)  -.81 

. 27 (   -07 )  49 

516.(34)  617. 

.18( - 0 7 )  -.08 

a=14 99 

x n s  . 

Mode 1 

31 

1.04 

.53 
628. 

.22 

(J=9 

Measured 

.40(.  12) 

1.23(.18) 

.51( .05) 

6 6 6 . ( 3 5 )  

.18( . 0 9 )  

a=6 
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The r e s u l t s  show that w i t h  i n c r e a s e d   o b s e r v a t i o n   n o i s e  i t  
takes l o n g e r   f o r  t h e  model t o  estimate t h e  v a l u e  of t h e   u p d r a f t  
and less compensation i s  made ove r  t h e  10-5000'  range. The r e s u l t  
i s  a l o w e r i n g   i n  mean p i t c h   a n d   s i n k  ra te  o v e r  R1, accompanied by  

a n   i n c r e a s e   i n  mean g l ide  p a t h  e r r o r  and he ight  e r r o r  a t  5 0 0 0 ' .  
Over t h e  i n t e r v a l  R2 p i t c h   a n d   s i n k  rate i n c r e a s e  s l i g h t l y  ( t o  
compensa te   for  t h e i r  decreases o v e r  R1) and a i r c r a f t  h e i g h t  a t  
1000' winds up v i r tua l ly   unchanged .  

The system's  s l i g h t  s e n s i t i v i t y   t o   o b s e r v a t i o n   n o i s e  i s  a 
desirable  proper ty .   Apar t   f rom t h e  o b v i o u s   i n t e r p r e t a t i o n  w i t h  
r e s p e c t   t o   d e g r a d i n g  t h e  d i s p l a y ,  t h i s  i n s e n s i t i v i t y   c a n  b e  i n t e r -  
p re t ed  i n  terms of  p i l o t   w o r k l o a d   a n d   a t t e n t i o n a l  demand [lo]. 
It says t h a t  t h e  workload demand of  t h e  task i s  small and t h a t  t h e  

p i l o t   s h o u l d  be able  t o   p e r f o r m   a d d i t i o n a l  tasks  ( i f  n e c e s s a r y ) .  
T h u s ,  l a t e r a l  c o n t r o l   a n d  t h e  i n c l u s i o n  of a t h r o t t l e   s h o u l d  pre- 
s e n t  no d i f f i c u l t y   t o  t h e  p i l o t .  T h i s  conf i rms  t h e  well-known 
f a c t  t h a t  a NAVION i s  easy t o  f l y .  . - t  

D i s p l a y  Gain-- We assume t h a t  a change i n  d i s p l a y  pa in  w i l l  cause 
a n   i n v e r s e l y   p r o p o r t i o n a l   c h a n g e   i n  t h e  v i s u a l   t h r e s h o l d s  on d i s -  

p layed  q u a n t i t i e s .   T h u s ,   i n  the  p r e s e n t   s i t u a t i o n ,   g a i n   c h a n p e s  
w i l l  change t h e  g l i d e   s l o p e   t h r e s h o l d  aa. (For   purposes   o f   ana ly-  
s i s  w e  assume tha t  t h i s  t h r e s h o l d  i s  i n  f a c t   v i s u a l . )  

There may be  o t h e r   e f f e c t s   a s s o c i a t e d  w i t h  g a i n   v a r i a t i o n s .  
For  example,  t h e  c o s t   f u n c t i o n a l   w e i g h t i n g  ma may b e  i n f l u e n c e d  
by  t h e  d i s p l a y  g a i n  when t h e  g a i n  i s  r e l a t i v e l y  small. T h i s  e f f e c t  
i s  mentioned i n  Appendix D ,  however l i t t l e  i s  known of  t h e  cause. 

' In   cases  where approach  performance i s  s e n s i t i v e   t o   o b s e r v a t i o n  
n o i s e ,   c a r e  must bC e x e r c i s e d   i n   r e l e g a t i n g   a d d i t i o n a l  tasks t o  
t h e  p i l o t   f o r   f e a r l o f   o v e r l o a d .   F u r t h e r m o r e ,  i t  i s  p o s s i b l e  t o  
show a correspondence between o b s e r v a t i o n   n o i s e   s e n s i t i v i t y  and 
p i l o t   r a t i n p .  1,  

" 

1' 
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and effect  r e l a t i o n s h i p  as regards t h e  p i l o t .   F o r  t h i s  r e a s o n ,  
we n e g l e c t  any  such  phenomena  and  simply  assume that  ma i s  inde-  
p e n d e n t   o f   d i s p l a y   g a i n .  

F i g u r e  8 shows the mean t r a j e c t o r i e s   o f   g l i d e   s l o p e   d e v i a -  
t i o n s ,   p i t c h  and s i n k  rate f o r   a n   I n c r e a s e   a n d  a decrease i n  dis- 

p l a y   g a i n  by a f a c t o r   o f  2.  Thus, aa = .05O and .2O r e s p e c t i v e l y .  
The s t a n d a r d   d e v i a t i o n s   a b o u t   t h e  mean are n o t  shown as t h e y  were 
a f f e c t e d  l i t t l e  by pain  changes.  The r e s u l t s   o f f e r   n o   s u r p r i s e s .  
The l a r g e r  t h e  t h r e s h o l d ,  t h e  l o n e e r  i s  t h e  wait b e f o r e  t h e  p i l o t  
b e g i n s   c o r r e c t i v e   a c t i o n .  The r e s u l t  is tha t  larger  c o r r e c t i o n s  
must be made o v e r  a s h o r t e r   p e r i o d   o f  time t o   r e t u r n  the  a i rc raf t  
t o  t h e  g l ide  s l o p e .  It is  c l e a r  t h a t  w i t h  no aim p o i n t ,  a h i g h e r  
d i sp l ay   ga in   wou ld  b e  desirable. 

D i s p l a y   g a i n   v a r i a t i o n s  were a l s o  s t u d i e d  f o r  the aim- 
p o i n t   c o n d i t i o n .  It was found tha t  system  performance was h i g h l y  
i n s e n s i t i v e   t o  d i s p l a y  g a i n .  T h i s  i s  s i m p l y  because  t h e  u p d r a f t  
can be de te rmined   a lmost  immediately from h ( t )  i n f o r m a t i o n ,   b e f o r e  
t h e  a i r c ra f t  has a c t u a l l y  d r i f t e d  very  f a r  o f f  t h e  g l ide  s l o p e .  

"" D C - 8  Dynamics .- Exper iments   us ing  t h e  d i s p l a y  w i t h  ve l -  
oc i ty   vec to r   symbol   i nc luded  were also performed w i t h  s imula t ed  
DC-8 dynamics. I n  o r d e r   t o   d e m o n s t r a t e   f u r t h e r  t h e  v e r s a t i l i t y  
and ease o f   u s e  of t h e  a n a l y s i s   t e c h n i q u e ,  w e  a p p l y  t h e  model i n  
a s t r a i g h t f o r w a r d  manner t o  p r e d i c t  c losed- loop   behavior   under  
c o n d i t i o n s   o f :  (i) no   t u rbu lence ,  u = 0 ,  ( ii) modera te   tu rbulence ,  
u =3.0 and (iii) s e v e r e   t u r b u l e n c e ,  u = 6 . 0 .  

e 
f3 F 
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The s t a b i l i t y  d e r i v a t i v e s   p e r t i n e n t   t o  t h e  DC-8 are 

X, = -.283 sec'l MU = 0 

Xw = .136 sec'l Mw = -.264 deg/ft-sec 

Z, = - .283   sec  -1 
Mq 

= - .594  sec- l  

zW = -.75 sec-l M6 = - .923   sec  -2 

z6 
= -. 1618  f t -sec-2/deg = 229/57.3 = 4 .O ft-sec-'/deg 

"0 

The g l ide  s l o p e   c o n d i t i o n s  t h a t  we c o n s i d e r  are i d e n t i c a l  t o  t h o s e  
f o r  t h e  N A V I O N .  The o n l y   d i f f e r e n c e  is t h e  nominal   s ink  ra te  which 
now becomes  -11.99 f t / s e c .  

The a p p l i c a t i o n   o f  t h e  model i s  s t r a i g h t f o r w a r d :  We assume 
t h a t  t h e  v a r i o u s  parameters t h a t  q u a n t i f y  t h e  p i l o t ' s   l i m i t a t i o n s  
and t h e  d i s p l a y   c h a r a c t e r i s t i c s  are i n v a r i a n t   t o   c h a n g e s   i n   v e h i c l e  
dynamics.t We alsG assume tha t  t h e  c o s t   f u n c t i o n a l   w e i p h t i n g s  ma 
and m remain  unchanged. T h i s  l a t t e r  assumption i s  not n e c e s s a r i l y  
t r u e .  However, f o r  t h e  g iven  task w e  f e l t  tha t  t h e  r e l a t i v e  
we igh t ines  used f o r  t he  N A V I O N  ( i . e . ,  ma/mq = . 5 )  were a l s o   r e a s o n -  
able f o r  t he  DC-8. T h u s ,   o u r   i n i t i a l   c h o i c e  was 

-I- -..-__ 

9 

mh = .005, mq = 1, m i  = .017 
C 

which r e s u l t e d   i n  T~ = .1 s e c .  

F igu re  9 shows the  t r a j e c t o r i e s  (mean  and SD) of   g l ide -pa th  
e r r o r s ,   p i t c h   a n d   s i n k  rate c o r r e s p o n d i n g   t o  0 = 3.0 f t / s e c .  
The t r a j e c t o r i e s  are similar t o   t h o s e   i n   F i g .  6 .  N o t e ,   a l s o  

tDi sP laY g a i n  was reduced b y  2 ,  s o  t ha t  w e  take aa=. 2 .  

R 
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that  the predic ted  g l i d e - p a t h   v a r i a b i l i t y  i s  very  much the same. 
F i g u r e  6 c o r r e s p o n d s   t o  u =O w h i l e  F ig .  8 has a =3.0, y e t  t h e  
s t a n d a r d   d e v i a t i o n s   o f  h ( t )  about  i t s  mean are approx ima te ly   equa l .  
T h i s  implies that  the d i s p l a y  should  b e  s a t i s f a c t o r y   f o r  a DC-8 
under   modera te   tu rbulence .  ( A  DC-8 simply  doesn ' t   "bounce  around" 
much i n  t h i s  case.) 

g g 

Table 6 g ives   ave raged  RMS performance  over  t he  i n t e r v a l s  
R1 and R2 f o r  t h e  d i f f e r e n t   t u r b u l e n c e   l e v e l s .  Mean performance 
i s  u n a f f e c t e d  by t h e  g u s t s .  The r e s u l t s   c l e a r l y  show t h e  i n c r e a s e  
i n  RMS w i t h  i n c r e a s i n g  u . For  u = 6 . 0 ,  t h e  s t a n d a r d   d e v i a t i o n   i n  
h ( t )  a t  1 0 0 0 '  i s  14.5 f t .  T h i s  spread i s  u n s a t i s f a c t o r y  w i t h  
regard t o  window requ i r emen t s .  Even i f  t h e  c o n t r o l   g a i n s  were 
a d j u s t e d  w i t h  range ,  i t  i s  h i g h l y  u n l i k e l y  t h a t  t h e  p r e d i c t e d  SD 
would b e  less  t h a n  7 f t .  

g R 
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TABLE 6 

PREDICTED PERFORMANCE: DC-8 DYNAMICS, AIM POINT, TURBULENCE 

q (deg/sec) 

8 (degrees) 

( degrees ) 

-6 ( f t /min)  

a (degrees ) 

HT(feet) 

Mean 

-.07 

-1.0 

.41 

709 

07 

3 19 

RMS (10-5000') 

u -3 
Ec 

.20 

1.14 

69 

7 19 

.08 

u=7 5 

36 

1.29 

1.12 

737 

.ll 

0=14.5 

.21 

.80 

74 

773 

.20 

P7.5 

9 37 
1.06 

1.17 

79 4 

29 

~ 1 4 . 5  



C O N C L U D I N G  R E M A R K S  

A computer ized   p i lo t -vehic le -d isp lay   sys tems  model  has been  
a p p l i e d   t o  the e v a l u a t i o n  of a p i c t o r i a l  d i s p l a y  f o r   a p p r o a c h   t o  
landing .  This d i s p l a y  Is u n d e r   i n v e s t i g a t i o n  a t  A m e s  Research 
C e n t e r   i n   c o n n e c t i o n  w i t h  p o t e n t i a l   i n d e p e n d e n t ,   l a n d i n g   m o n i t o r  
d i s p l a y  systems. The a n a l y s i s   f o c u s e d  on de te rmin ing  the  e f f e c t s  
of  d i s p l a y  changes  on  c losed-loop  perfornance.  The r e s u l t s   o f  
adding  two t y p e s  of  guidance  symbology  and  of  chanping d i s p l a y  
r e s o l u t i o n ,   u p d a t e   i n t e r v a l  and Rain were p r e d i c t e d .  

On t h e  basis of  t h e  p r e d i c t e d   r e s u l t s ,  we can  conclude that  
t h e  b a s i c   p i c t o r i a l  d i s p l a y  w i t h  augmented g l ide  s l o p e   r e f e r e n c e  
bars and aim po in t   symbology ,   p rov ides   fo r   adequa te   1onF i tud ina l  
approach   per formance   in   ca lm a i r .  The " p i l o t "   c a n   c o n t r o l  t h e  a i r -  
c r a f t   t o   w i t h i n  t h e  g l ide  s l o p e   t o l e r a n c e s   I n  t h e  p r e s e n c e   o f  
v e r t i c a l   u p d r a f t s .  The u p d r a f t s  are q u i c k l y  estimated by t h e  model 
and are "trimmed o u t "   a c c o r d i n g l y .  

Under   moderate   turbulence,  t h e  d i s p l a y  appears t o  be ade- 
q u a t e   f o r  a DC-8 approach   bu t   no t   fo r  a l i g h t  a i r c r a f t .   S t a n d a r d  
d e v i a t i o n s   i n  h e i g h t  a t  the d e c i s i o n  window exceed the desirgd 
95% t o l e r a n c e .  

Are there methods fo r   improv inp  t h e  d i s p l a y  s t i l l  f u r t h e r ?  
T h i s  q u e s t i o n  i s  n o n t r i v i a l  b u t  i t  may b e  answered   in  par t  by  usinR 
the  model t o   i n v e s t i g a t e  the e f f e c t s  of a d d i t i o n a l   i n f o r m a t i o n  
( e . g . ,  v e l o c i t y   i n f o r m a t i o n ) ,   u s i n g  a "quickened" d i s p l a y ,  and 
o t h e r   m o d i f i c a t i o n s .  On t h e  basis of   ou r   ana lys i s ,   however ,  i t  
appea r s  that  a doub l ing  of d i s p l a y   g a i n   c o u p l e d  w i t h  a r e d u c t i o n  
i n  t h e  wid th  of  t h e  g l ide  s l o p e   r e f e r e n c e  bars ( i . e . ,  t o  - +.15O) 



should  improve h e i g h t  performance. The r e a s o n  i s  tha t  t h e  c o s t  
f u n c t i o n a l   w e i g h t i n g   o n  g l ide  p a t h   e r r o r s   s h o u l d   i n c r e a s e   a n d  as 
a r e s u l t  t h e  RMS e r r o r s   s h o u l d  decrease ( a l t h o u g h   p i l o t   w o r k l o a d  
may i n c r e a s e  ! ) 

There are o t h e r   f a c t o r s  t ha t  poin t   to   improved   per formance  
w i t h  t h e  d i s p l a y  i n  a r ea l  a i r c r a f t .  Use of  a t h r o t t l e   c o n t r o l  
shou ld  h e l p  t o   r e d u c e  g l ide  p a t h  v a r i a b i l i t y .  The l a c k  o f  t h r o t t l e  
c o n t r o l  i s ,  t o  some e x t e n t ,   u n r e a l i s t i c   a n d  may a c c o u n t   f o r  some 
o f  t h e  o b s e r v e d   v a r i a b i l i t y .   I n   a d d i t i o n ,  t h e  use   o f  a trim wheel 
should   reduce  RMS e r r o r s .   P i l o t   i n d u c e d   m o t o r   n o i s e   s c a l e s  w i t h  
t h e  c o n t r o l   i n p u t .  If the c o n t r o l  has a mean o r  trim component, 
use   o f  a trim tab  frees t h e  p i l o t   f r o m   h o l d i n g  a c o n s t a n t   c o n t r o l  
and t h e r e b y  r educes   p i lo t   r emnan t .  The r e s u l t  i s  a lower ing   of  
s y s t e m  v a r i a b i l i t y .  

O f  p r i m e  i m p o r t a n c e   i n  t h e  a n a l y t i c a l  d i s p l a y  e v a l u a t i o n  
procedure  was an   op t ima l -con t ro l   mode l   fo r  t h e  human p i l o t .  T h i s  

model  allowed  us t o   c a l c u l a t e   v a r i o u s   a s p e c t s   o f   c l o s e d - l o o p  per -  
formance as a f u n c t i o n   o f   c h a n g e s   i n  t h e  d i s p l a y .  The b a s i c   p i l o t -  
model was d e v e l o p e d   p r i o r   t o  t h i s  i n v e s t i g a t i o n .  However, i n  t h e  

cour se   o f  t h i s  e f f o r t  the model was b r o a d e n e d   t o   i n c l u d e  time- 
v a r y i n g   s e n s i n g   a n d   i n f o r m a t i o n   p r o c e s s i n F   c h a r a c t e r i s t i c s ,   r e s p o n s e  
t o   d e t e r m i n i s t i c   i n p u t s  and  v i s u a l / i n d i f f e r e n c e  t h r e s h o l d s .  

A s e c o n d a r y   o b j e c t i v e   o f  t h i s  e f f o r t  was t o  e v a l u a t e  t h e  

ex tended   ve r s ion   o f  t h e  model t h a t  we had developed .   Accord inply ,  
p r e d i c t i o n s  were compared w i t h  data o b t a i n e d   i n  t h e  Ames exper i -  
ments. The compar isons   revea led  a remarkable apreement between 
model  and  measured data a c r o s s  a l l  measurement  dimensions. Mean 
and RMS sco res   demons t r a t e  t h e  model 's  a b i l i t y  t o   p r e d i c t   b o t h  
t h e  t ime-vary ing  a d a p t a b i l i t y  of  a " p i l o t "  as well as t h e  effects 
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of "his"  randomness. It is noteworthy tha t  p r e d i c t i o n s  were ob- 
t a i n e d  w i t h  model parameter v a l u e s   e q u a l   t o   t h o s e  tha t  have been  
measured i n  independent ,  basic  manual   cont ro l   exper iments .  

Some f u r t h e r   e x t e n s i o n s   t o  t h e  model sugges t   themselves .  
The most impor t an t   o f  these appear t o  be t h e  a d d i t i o n   o f  time- 
v a r y i n g   g a i n s   a n d  t h e  c o n t i n u a t i o n  of  t h e  f l i g h t  pa th   th rouph 
f l a r e  a n d   r o l l o u t .  The a d a p t a b i l i t y  a n d   v a l i d i t y   o f  t h e  model 's  
s t r u c t u r e  as demonstrated by the  r e s u l t s   o f  t h i s  e f f o r t   g i v e  us  
conf idence  that  these improvements  can be accomplished.  
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A P P E N D I X  A 

O P T I M I Z A T I O N   W I T H   C O N S T A N T   I N P U T   D I S T U R B A N C E S  

I n  t h i s  s e c t i o n  we i n v e s t i g a t e  t h e  o p t i m a l   c o n t r o l   o f   l i n e a r  
systems tha t  are s u b j e c t   t o   c o n s t a n t   e x t e r n a l   d i s t u r b a n c e s .  Such 
i s  t h e  c a s e   i n  a i r c ra f t  approach when a c o n s t a n t   u p d r a f t   o r   c r o s s -  
wind i s  p r e s e n t .  

Problem Formulation 

The system be ing   cons ide red  i s  d e f i n e d  by the s t a t e  e q u a t i o n s  

where - x ( t )  and u ( t )  are t h e  v e h i c l e ' s  s t a t e  and c o n t r o l   I n p u t ,  
r e s p e c t i v e l y .  wo r e p r e s e n t s  a known, cons t an t ,   d i s tu rbance :  w_( t )  
mode l s   ex t e rna l ,  random d i s tu rbances   and  i s  assumed t o  b e  w h i t e -  
n o i s e .  

- 

The c o n t r o l   o b j e c t i v e  i s  t o  choose &(t) t h a t  minimizes t h e  
c o s t   f u n c t i o n a l  

+ I n   a c t u a l i t y ,  wo i s  t h e  bes t  estimate of t h e  c o n s t a n t   d i s t u r b a n c e .  
T h i s  estimate i s  gene ra t ed  by a Kalman f i l t e r ,  o r  by a Luenberger 
"observer" .  T h i s  p o i n t  i s  r e l a t i v e l y   u n i m p o r t a n t   i n  t h e  p r e s e n t  
c o n t e x t   s i n c e  a l l  s ta tes  w i l l  r e q u i r e   e s t i m a t i o n   a n d  Eq.(A-1) w i l l  
d e f i n e  t h e  e s t i m a t o r .   F o r  a f u r t h e r   s t u d y   o f   l i n e a r  systems sub- 
j e c t   t o   c o n s t a n t   e x t e r n a l   d i s t u r b a n c e s ,  see Ref.[11]. 



Problem S o l u t i o n  

I n   o r d e r   t o   s o l v e   t h e   a b o v e   p r o b l e m  we d e f i n e   a n   a d d i t i o n a l  
s ta te  ~ ~ + ~ ( t )  = w . Thus 

0 

x ( t )  = 0 ,  n+ 1 

and the e q u a t i o n  ( A - 1 )  may b e  w r i t t e n  

where 2 = col(&,xn+l) ,  w = col(w,O)  and 
n. 

- 

The - x-related term i n  t h e  c o s t   f u n c t i o n a l   J ( u )   t h u s  becomes - 

where 

Let us now c o n s i d e r  a f i x e d   v a l u e   o f  T .  The minimiza t ion  of  

J (E)  s u b j e c t   t o  t h e  dynamic   cons t ra in t  ( A - 3 )  i s  t h e r e f o r e  a well- 
d e f i n e d   l i n e a r   o p t i m a l   r e g u l a t o r   p r o b l e m .  The o p t i m a l   c o n t r o l  i s  
g iven  by  

6 6  



where K(t) i s  t h e  s o l u t i o n  o f  t h e  R i c c a t i   e q u a t i o n  
+ 

If we now write 

and s u b s t i t u t e  i n t o  Eq. ( A - Q ) ,  - u ( t )  may be w r i t t e n  

-11 K (T) = 0 - 

" 



- -12 = -11- K y + (A-B ”_ R-1E’Xll)1k12; k (T) = 0 ( A - 7 )  -12 

Note t h a t  Itll i s  independent   of  k12; bo th  Ell and kl2 are 
independent  of kZ2.  Thus L1 are the  opt imal   feedback  pains  i n  
t h e  absence of c o n s t a n t   d i s t u r b a n c e s .  

We now l e t  T * - t o  determfne t h e  “ s t e a d y - s t a t e ”   f e e d b a c k  
g a i n s .  It i s  well-known [ 8 3 t h a t  as T * - i n  E q .  ( A - 6 )  t h e  

s o l u t i o n  K l l ( t )  approaches  K which i s  t h e  u n i q u e   p o s i t i v e -  
d e f i n i t e   s o l u t i o n   o f  t h e  a l g e b r a i c   e q u a t i o n  

- 
- 

I n  a d d i t i o n ,  t h e  “c losed- loop”  matrix 

has e ipenva lues  w i t h  n e g a t i v e  r e a l  pa r t s .  Using t h i s  f a c t ,  i t  can 
b e  shown t h a t  

Thus ,  t h e  c o n t r o l  tha t  minimizes J (g)  i s  

(8-10) 
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P r o p e r t i e s  o f  Solution 

The o p t i m a l   c o n t r o l  ( A - 1 0 )  c o n s i s t s   o f  two p a r t s .  As a l r e a d y  
no ted ,  the first par t  r e p r e s e n t s  t h e  o p t i m a l   c o n t r o l   i n  t h e  absence 
of w o .  The second term i s  a c o n s t a n t  UIA t ha t  s c a l e s  w i t h  wo 
a n d   a s s u r e s   c o r r e c t   s y s t e m   a d a p t a t i o n   t o  t h e  e x t e r n a l   d i s t u r b - a n c e .  
It i s  i n s t r u c t i v e   t o   i n v e s t i g a t e  t h e  mean r e sponse ,  i . e . ,  
E{z(t)) = E, and t h e  co r re spond ing  mean c o n t r o l   i n p u t  - 

- 
u = - L x - L w  = - L x + s  

- - 
- -1- -2 0 -1- ( A - 1 1 )  

We can show t h e  f o l l o w i n g :  

Lemma: 1) u i s  such that  t h e  s y s t e m  (A-1) i s  i n  e q u i l i b r i u m ,  
- 
- 
i . e . ,  = 0 .  

- 
- 

2 )  go i s  such t h a t  E = - L 5 + t&, minimizes 
- 

-1- 
( A - 1 2 )  

Proof :  1) From E q .  ( A - 1 )  

- 
b u t  s i n c e  A i s  a s tab le  m a t r i x ,  x + 0 as t + 00. Thus 

- 
- 

2 )  To show t h e  o p t i m a l i t y  of %o, s u b s t i t u t e  u 
- 
- 

i n t o  J(U) t o   o b t a i n  - 



J(") = Xt(Q + B Ro1B'K)z - 2x'K B + u'R - 
" "- "- -0- 

= - 2X'K W X - 2Z'K B + u'R Uo 
"" "- -0- 

= - 2x'K(A X + s) + $5 "" 

"" 

S i n c e  x depends  on - , we s u b s t i t u t e   t o   o b t a i n  
- 

D i f f e r e n t i a t i n g  wi th  respect t o  L& g i  ve s 

o r  

which is t h e  desired r e s u l t .  Thus t h e  system chooses a c o n s t a n t  
i n p u t   t o   a d j u s t  t h e  system states i n   a n   o p t i m a l  way t o   o f f s e t  t h e  

e f fec ts  o f  wo. $ED 

t 

I n  t h e  a b o v e   a n a l y s i s ,  wo was assumed known. However, 
t h e  op t ima l  feedback g a i n s  I,l and k2 were found t o  be indepen- 
d e n t  of t h e  v a l u e   o f  wo. Thus the  c o n t r o l  law (A-10) w i l l  be 

op t ima l   fo r   any  wo. When wo i s  unknown, we s i m p l y  r e p l a c e  

independent  of ao(a)  f o r  u < t , and i s  used i n  t h e  feedback loop 

'i.e., a "trim c o n d i t i o n " .  

A 

wO 
by  i t s  bes t  estimate w o ( t ) .  S ince  io = 0 ,  t h e  estimate 8,(t) 1 
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i n   l i e u   o f  wo. The estimate wo can b e  g e n e r a t e d   f r o m   x ( t )  
by an   "observer"  that  has arbi t rary dynamics c121. I n  f ac t ,  t h e  
estimate wo can  be made t o   a p p r o a c h  wo a rb i t r a r i l y  fas t ,  i . e . ,  

A 

- 

A 

Furthermore,  i f  xl, x2, ... x, are a v a i l a b l e   t o  t h e  feedback 
sys t em,  t h e n  wo can be estimated a r b i t r a r i l y  fas t  w i t h  a f irst  
o r d e r  s y s t e m  [ 12 ] .  





APPEND1 X B 

OPTIMIZATION  WITH  TIME-VARYING  OBSERVATION NOISE 

One of t h e  facets  o f  t h e  a i r c r a f t   a p p r o a c h   p r o b l e m  is that 
the  o b s e r v a t i o n   n o i s e s   a s s o c i a t e d  w i t h  a l t i t u d e  related q u a n t i t i e s  
decrease monotonica l ly  w i t h  a b s o l u t e   a l t i t u d e   ( o r   d i s t a n c e   f r o m  
touchdown). T h i s  n o n - s t a t i o n a r i t y   r e q u i r e s  a s l i g h t  m o d i f i c a t i o n  
o f   ou r  ear l ie r  r e s u l t s   d e a l i n g  w i t h  o p t i m i z a t i o n   i n  t h e  p resence  
o f  time-delay a n d   ( s t a t i o n a r y )   o b s e r v a t i o n   n o i s e  [ 7  3 .  I n  t h i s  
s e c t i o n  we p r e s e n t  t h e  new r e s u l t s .  

P r o b l e m   F o r m u l a t i o n  

The v e h i c l e  i s  assumed t o  be  d e s c r i b e d  b y  t h e  s t a t e - o u t p u t  
e q u a t i o n s  

- A and B - are c o n s t a n t ,   b u t  - C may be t ime-vary ing ,  t h e r e b y  r e f l e c t i n g  
o u t p u t s  t h a t  vary w i t h  time. The d r i v i n g   n o i s e  w_(t) and t h e  
o b s e r v a t i o n   n o i s e  - v ( t )  are non- s t a t iona ry ,   i ndependen t ,  w h i t e  
Gauss i an   no i se s  w i t h  au tocova r i ance   ma t r i ces  

We assume tha t  - x ( t = O )  i s  random w i t h  mean and   var iance  
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Our o b J e c t i v e  i s  t o   d e t e r m i n e  t h e  n o n a n t i c i p a t i v e   c o n t r o l  
i n p u t  tha t  minimizes t h e  c o s t   f u n c t i o n a l  

condi t ioned   on  the n o i s y ,  delayed i n f o r m a t i o n  ( B - 2 ) .  I n   a d d i t i o n  
we desire a c losed - fo rm  expres s ion   fo r  the s t a t e  cova r i ance  

P r o b l e m  S o l u t i o n  

It i s  easy t o  apply  t h e  t e c h n i q u e s   d e v e l o p e d   i n  [ 7 3 
(which  a p p l y  t o  t h e  s t a t i o n a r y   c a s e )   t o  t h e  present   p roblem.  The 
o p t i m a l   c o n t r o l  i s  g iven  by 

where K i s  determined  from t h e  m a t r i x  Riccat i  Equat ion  
- 
- 

ans  where x ( t )  i s  t h e  least-mean-square estimate of  t h e  s y s t e m  
s ta te  x ( t ) .  
Kalman f i l t e r  and a l i n e a r   p r e d i c t o r .  The Kalman f i l t e r  g e n e r a t e s  
a least-mean-square estimate of  t h e  delayed s t a t e  - x( t - ? )   acco rd -  
i n g  t o  

n 

- 
A 

- - x ( t )  i s  gene ra t ed  by  a cascade  combinat ion  of  a 
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+ " B U(t-T) 

where t h e  e s t i m a t i o n   e r r o r   c o v a r i a n c e  m a t r i x  - C(h) = E { e ( h ) e ' ( h ) )  

sa t i s f ies  

The p r e d i c t o r   g e n e r a t e s  t h e  best estimate x(t) o f  t h e  c u r r e n t  

s ta te  from p ( t )  = x ( t - t )  by  

A 

h 

- - 

- i ( t )  = " A S ( t )  + B " u ( t )  ( B - 1 1 )  

A u s e f u l   e q u a t i o n   a s s o c i a t e d  w i t h  x ( t )   c a n  be found by d i f f e r e n -  

t i a t i n g  ( B - 1 0 )  a n d   s u b s t i t u t i n g  (B-11) and ( B - 8 ) .  The r e s u l t  i s  

A 

- 
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However, the  term x(t) - E(t-t) g(t) , can be represented by a 

mite-noise g(t-.r) with autocovariance  given by 

I n   o r d e r   t o   f i n d  a c losed - fo rm  expres s ion   fo r  - X ( t )  we n o t e  that  

- x ( t )  may be w r i t t e n  

h 

where el( t - . r )  i s  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   x ( t - ? ) ,  i . e . ,  

-1 e (t-.r) = - x(t- . r )  - - x(t- . r ) ,   and gl(t-r)  satisfies 
n 

- 

(t-?) = ( A - C  C'V-lC)e (t-.r) - CCIV-lv(t-r) + w ( t - . r )  ( B - 1 4 )  -1 "" - -1 " - - 

where - C = - C ( t - . r ) ,  e t c .  

e ( t )  i s  t h e  e r r o r   a s s o c i a t e d  w i t h  p r e d i c t i n g   x ( t )   f r o m  -2 
n 

A 

- 
- x(t- . r ) ;  it i s  g i v e n  by 

F i n a l l y ,  r(t) i s  g iven  by Eq, ( B - 1 2 ) .  
n 



A ?, 

Since - x( t) , g,(t) and (t ) are  all  independent of one 

another by virtue of Gaussianness and the  properties of least-mean- 

square  estimation, we obtain  for  t 1 'I, 

We o b t a i n  
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A P P E N D 1  X C 

E F F E C T S   O F   M E A N   D I S T U R B A N C E S   O N   S Y S T E M   P E R F O R M A N C E  

I n  t h i s  s e c t i o n  w e  i n v e s t i g a t e  the e s t i m a t i o n   a n d   c o n t r o l  
p rocesses  t ha t  are a s s o c i a t e d  with i n i t i a l   d i s t u r b a n c e s   p r e s e n t   i n .  
t h e  opt imal   c losed-loop system. F o r   s i m p l i c i t y  we c o n s i d e r  the  
no-delay (r-0) c a s e   a n d   d e r i v e   c l o s e d - f o r m   e x p r e s s i o n s   f o r  t h e  
mean and   covar iance   o f   per t inent  s y s t e m  v a r i a b l e s .  

The equa t ions  that  govern the  motion  of t h e  opt imal   c losed-  
loop s y s t e m  are 

where e( t )  = x ( t )  - g( t )  i s  the  e s t i m a t i o n   e r r o r ,   a n d  K = A - B L. 
n 

- - - ” 

We assume tha t  t h e  i n i t i a l   d i s t u r b a n c e  ~ ( 0 )  i s  random w i t h  

zero-mean  and  covariance 

Under t h i s  c o n d i t i o n ,  t h e  m a t r i x  - C ( t )  i s  precomputed  according 
t o  



where L& i s  the va lue   o f  E ( e ( t ) e ’ ( t ) I  - - at  t = 0 - ,  p r i o r   t o  
t h e  a p p l i c a t i o n  of t h e   I n i t i a l   d i s t u r b a n c e  - x ( 0 ) .  $ would be  - 0 
i f  t h e  sys t em was i n i t i a l l y  a t  rest. 

We wish t o  examine the effects o f  a s p e c i f i c   i n i t i a l   c o n d i -  
t i o n  ~ ( 0 )  = kg, drawn  from t h e  d i s t r i b u t i o n  of - x(0 ) .   Thus ,  t h e  
i n i t i a l   c o n d i t i o n s   f o r  E q s .  (C-l)-(C-3) are 

and we seek e x p r e s s i o n s   f o r  the  r e s u l t a n t  s y s t e m  means and  covarian-  
ces. 

Sys tern Error 

Tak ing   expec ta t ion   o f   bo th  sides of E q .  (c-3) g ives  

Thus, t h e  mean e r r o r  i s  
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which can  be shown t o  b e  

( c-10 ) 

and  which is independent   o f  k. 

S t a t e  E s t i m a t e  

We t u r n   n e x t  t o  t h e  estimate e q u a t i o n  ( C - 2 )  t o   d e r i v e   e x -  - 
p r e s s i o n s   f o r  t h e  mean and  covariance of - i ( t ) .  The mean - i s  
o b t a i n e d  by  t a k i n g   e x p e c t a t i o n s ,   t h u s  

d *  
- - 

- x ( t )  d t  - = ii " ;; + c c'v-lc a t )  "- " 

s i n c e  G ( 0 )  = 0 we have - - 

(c-11) 

k-y 
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A 

TO f i n d  the cova r i ance  of x we d e f i n e ,   f o r   c o n v e n i e n c e ,  
e(t) = - x ( t )  - - x ( t ) .   S u b t r a c t i n g  Eq. ( C - 1 1 )  from ( C - 2 )  gives f o r  

n x - 

Q ( t ) ,  

It is p o s s i b l e   t o  also  show tha t  t h e  bracketed term has t h e  pro- 
p e r t y  

Thus,   us ing Eq. (C-13) we can  show that  

A 

where 1$ is the  v a r i a n c e  of x p r i o r   t o  t = 0 .  
A 

- 

System S t a t e  

The mean of  - x ( t )  i s  s imply the sum of Eqs. (C-8) and 
( C - 1 2 ) ,  

A l t e r n a t i v e l y ,   f r o m  E q .  (C-1) - x ( t )  i s  a l s o   g i v e n  by  

(C-16) 
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(C-16a) 

Lastly,  to  obtain an expression  for  the  covariance of x(t), it is 
easiest to work  from  the  relation 

cov[x(t)] = cov[x(tj] + cov[e(t>] - g(t)-M.'(t) h 

- 

Expressions  for  the  first  two  terms  have  already  been  derived. 
- M(t) can  be  found by transposing  and  premultiplying Eq. (C-3)  by 
- i(t) and  postmultiplying Eq. (C-2)  by e'(t). Summing and taking 
expectations  gives t. 
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Therefore 
r t  

M o d i f i c a t i o n s   f o r   N o n - Z e r o   T i m e  Delay 

When the  time-delay f is non-zero,  t h e  e q u a t i o n s  that  
govern   op t imal   c losed- loop   behavior  are 

A 

where e ( t - T )  = x ( t - T )  - I C ~ ( ~ - T )  i s  t h e  e s t i m a t i o n   e r r o r  a t  
t - T  and z2 is t h e  best  estimate o f  - x ( t )  cond i t ioned  on 

-1 2 (t"r). The t o t a l   e r r o r  i s  t h e  e s t i m a t i o n   e r r o r   p l u s   p r e d i c t i o n  
e r r o r  e Thus - 2' 

-' A 
- 

Using t h e  above   equat ions   and   fo l lowing  the  same procedures  
as i n  t he  ea r l i e r ,  no-delay , c a s e ,  we can show f o r  t - > 'I 

covCg( t ) ]  = e- A T z ( t - T ) e -  - A ' T  $eL'W(t-g)e-- - A ' S  dg 
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(c-19 I 



- QY2' (C-21) 

(C-22) 

where 

'Note qt) = e-  e(t--c) 
- A T- - - 



I I I 

.. ." . 



A P P E N D 1  X D 

S Y S T E M   M O D I F I C A T I O N S  FOR T H R E S H O L D   C O N S T R A I N T S  

I n  t h i s  appendix we d e r i v e  a r e p r e s e n t a t i o n   f o r   t h r e s h o l d  
c o n s t r a i n t s  t h a t  may b e  placed  on d i s p l a y e d  o u t p u t   v a r i a b l e s .  
T h e s e   c o n s t r a i n t s  may ar ise  f r o m   v i s u a l   t h r e s h o l d s ,  i . e . ,  a 
s i g n a l  must move a f i x e d   d i s t a n c e   b e f o r e   m o t i o n  i s  p e r c e i v e d  by 
t h e  human, o r  may arise f r o m   i n d i f f e r e n c e   t h r e s h o l d s ,  i . e . ,  a 
human may n o t   r e s p o n d   t o  a s i E n a l  when i t  i s  s u f f i c i e n t l y   c l o s e  
t o  i t s  n o m i n a l   p o s i t i o n . +   I n   o u r   a n a l y s i s  w e  d o   n o t   d i s t i n g u i s h  
between these e f f e c t s .  

We p o s t u l a t e  t h a t  i f  y ( t )  = - c ' x ( t )  " i s  d i s p l a y e d ,  t h e  human 
p e r c e i v e s  t he  s c a l a r   s i g n a l  

where v ( t )  i s  the  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  y ( t )  and f ( y )  

r e p r e s e n t s  t h e  n o n l i n e a r   t h r e s h o l d   e l e m e n t ,   v i z  
Y 

T h i s  e lement  i s  shown i n   F i g .  Dl. 

The s i g n a l  y ( t )  i s  assumed t o  be a Gaussian  random  var iable  
w i t h  mean m a n d   s t a n d a r d   d e v i a t i o n  u, both  of   which may depend on 
t .  The p r o b a b i l i t y   d e n s i t y   o f  y ( t )  i s  t h e r e f o r e  

'Such th re sho lds   have  been  c o n s i d e r e d   b e f o r e   i n  the  c l a s s i c a l  
m a n u a l   c o n t r o l   l i t e r a t u r e  [131. However, t h e y  are u s u a l l y  
ignored  because  of  t h e i r  r e l a t ive   un impor t ance   i n   compensa to ry  
t r a c k i n g  tasks w i t h  "good" d i s p l a y s  a n d   r e l a t i v e l y  large s i g n a l  
v a r i a n c e s .  



S t a t i s t i c a l   L i n e a r i z a t i o n  

I n   o u r   l i n e a r i z e d   a n a l y s i s  d t h e  man-machine i n t e r f a c e ,  we 
canno t   i nc lude  a n o n l i n e a r i t y  of t h e  form (Eq . D - 2 )  d i r e c t l y ,  b u t  
must replace i t  b y  a n   e q u i v a l e n t .   g a i n  ^ f ( y ) ,  as i s  common p r a c t i c e  
C141. S i n c e  y ( t )  i s  assumed  Gaussian, t h e  Random-Input-Describing 
Funct ion  ( R I D F )  o r   s t a t i s t i c a l   l i n e a r i z a t i o n   f i n d s   p e r t i n e n t  ap- 

p l i c a t i o n  C14-153. The R I D F  i s  t h e  l i n e a r i z e d   r e p r e s e n t a t i o n  
that  minimizes t h e  d i f f e r e n c e  

i n  a mean-squared s t a t i s t i c a l   s e n s e .   T h u s ,  

? ( y )  = arg min E{d 1 2 

It can be shown t h a t  

The R I D F  may now be  computed f o r  t h e  t h r e s h o l d  ( E q . D - 2 ) .  
S u b s t i t u t i n g   i n t o  Eq.(D-5)  gives 

aa  



Substituting w = (y-m)/aE, = (a+m)/aJz yields 

where 

A 

2 2 
y(m> = - 7 ( 2 u 2 w 2 + 2 / 2  m w + m  +auwJT+am)e-W d w  

JF - 

h 

+ (m2+am) le-. 2 dw 
Jn 

1' Making  use of t h e  relations 

2 1 -b 2 
we dw = -?e 

-Q) 

p.2e-w 2 dw = 2 d w  - be'b 2 
2 

"a, 

gives 
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But,  

dw = 1-erf(b) = e r f c ( b )  

So that we f i n a l l y   o b t a i n  

a+m 2 
A 

f ( y )  = l[ (a 2 +m 2 +am)merfc (“‘m) - - u+ e-(=) 
U f i  

as t h e  l i n e a r i z e d   r e p r e s e n t a t i o n  of t he  t h r e s h o l d   e l e m e n t .  

When y ( t >  i s  a zero-mean  process,  the  above   express ion  
simplifies c o n s i d e r a b l y  t o  

~ ( y )  = e r f c ( 5 )  ( D - 7 )  

Thus, i n  o u r  s u b s e q u e n t   a n a l y s i s  i t  i s  assumed t h a t  t h e  human 
p e r c e i v e s  



Furthermore,   s ince  only the q u a n t i t y  clV-l^C appears i n  the mathe- 
A I 

- Y -  
m a t i c a l   a n a l y s i s ,  where V i s  t h e  power  densi ty   of  t h e  white ob- 
s e r v a t i o n   n o i s e   v ( t ) ,  i t  is  p o s s i b l e  to assume that the  human 
p e r c e i v e s  

Y 

The r e p r e s e n t a t i o n s  (Eq.D-8) and ( E q . D - 9 )  are mathematical ly  
equ iva len t .   Equa t ion  (D-9)  is simpler t o  work w i t h ,  however. 

Foveal  Viewing  Conditions (m=O> 

Under fovea l   v i ewing   cond i t ions ,  it has been  found tha t  t h e  
obse rva t ion   no i se   cova r i ance  V s c a l e s  w i t h  t h e  var iance   o f  y ,  Y 
v i 2  

2 vy = y y  ( D - 1 0 )  

where p i s  t h e  " o b s e r v a t i o n   n o i s e   r a t i o "  [ 6 3. With t h e  inco r -  
p o r a t i o n   o f   t h r e s h o l d   c o n s t r a i n t s   o n e  now a s s o c i a t e s  with y ( t )  
the  n o i s e   v ' ( t )  = v ( t 1 . f  (y) as i n  E q . ( D - 9 ) .  Thus, :the obser- 
v a t i o n   n o i s e   c o v a r i a n c e  V '  i s  given by 

Y 

n- 1 
Y Y 

Y 

where 

A 

= "equ iva len t  rms ( D - 1 1 )  
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FIG. D-1 E Q U I V A L E N T   R M S   A S  A F U N C T I O N  OF A C T U A L   R M S   F O R   T H R E S H O L D   N O N L I N E A R I T Y  . 



T h u s ,   t h e   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  y ( t )   s c a l e s  w i t h  a  ̂
and  no t   wi th  0 .  Figure  D l  shows ;/a as a f u n c t i o n   o f  a/a. For 
o > a  we f i n d  0-s as expec ted .  For oca,; i s  v e r y   l a r g e   s i n c e  no 
use fu l   i n fo rma t ion   can  be  obta ined   f rom y ( t )  i n  t h i s  r e g i o n .  

It i s  i n t e r e s t i n g   t o  compare t h e   a b o v e   r e s u l t s  with t h o s e   o f  
Levison [16]. Levison  assumes a model f o r  G2 of   t he   fo rm Y 

which is  l i n e a r   i n  (J . If one fits a l i n e   t o  t h e  l i n e a r  part of  
;/a i n  Fig., Dl, t he  l i n e  would i n t e r s e c t  the 6 a x i s  a t  about  
6 = 1.5a.  Thus, 

2 

A t y p i c a l   v a l u e   f o r  t h e  v i s u a l   ( o r   i n d i f f e r e n c e )   t h r e s h o l d  on 
p o s i t i o n   q u a n t i t i e s  i s  a = .05 degrees (3  min)  of v i s u a l   a r c .  
Hence 

(J: - 5.8 x deg2 

which  agrees  very well w i t h  t h e   v a l u e  of oe = 5.1 x 10e3deg 2 2 

as found by Levison. 

Fu r the rmore   fo r  a<a,  (J i s . v e r y   s e n s i t i v e   t o  small changes 
h 

i n  0. This i s  r e f l e c t e d   i n   e x p e r i m e n t a l   r e s u l t s   w h i c h  showed 
h i g h   v a r i a b i l i t y   i n  data t a k e n  i n  "small s i g n a l "   t r a c k i n g  tasks.[16] 



S t r a t e g y   V a r i a t i o n s  

There i s  a n   a d d i t i o n a l   a s p e c t  of system behav io r  that  can 
arise f r o m   t h r e s h o l d   e f f e c t s .  L e t  us  assume tha t  t he  nominal 
c o s t   f u n c t i o n a l   t o  be minimized i s  

J ( u )  = E{q;y2 + g b2} (D-12) 

and that  y i s  a displayed v a r i a b l e .   S i n c e  y i s  a c t u a l l y  d i s p l a y e d ,  
i t  i s  r e a s o n a b l e   t o   e x p e c t  that y i n  t h e  c o s t   f u n c t i o n a l  (D-12)  
s h o u l d   i n   f a c t  be t h e  pe rce ived  y ,  
argue t h a t  t h e  human i s  a t t e m p t i n g  

J'(u) = E{q:yE + .g c2} 

= q2u2 + g 0.2 2 

yP U 

namely y Thus,  one  would 
tp minimize 

P '  

u 2 + g o ;  2. 
Y 

Consequent ly ,   for  small s i g n a l s   o n e  might e x p e c t   c o n t r o l   s t r a t e g i e s  
that  d i f f e r  somewhat f rom  those   ob ta ined  when s i g n a l  rms i s  much 
g rea t e r   t han   t h re sho ld . '   Fo r  smaller u r e l a t i v e l y  more importance 
i s  p laced  on a6 as the  e f f e c t i v e   w e i g h t i n g  on u2 d e c r e a s e s   ( f o r  
f i x e d  g). 

2 Y 

Y 

'Note that  as u >>a, e r f c - 1 .  
Y 

9 4  



Resu l t s  of t h i s  na ture   have   been   found  in   exper iment .  
Levison [16] conducted a series of I d e n t i c a l  k/s t r a c k i n g  tasks, 
but  e a c h   h a v i n g   d i f f e r e n t  d i s p l a y  g a i n s .  As t h e  d i s p l a y   g a i n  
was decreased ,  t he  human c o n t r o l l e r   g a i n  was a l s o   f o u n d  t o  de- 
c r e a s e .  When t h r e s h o l d  effects  are neg lec t ed ,   t heo ry  fa i l s  t o  
p r e d i c t  t h i s  t r e n d .  However, f u r t h e r   r e s e a r c h  is  n e e d e d   i n  t h i s  
area t o   u n d e r s t a n d  the  i n t e r - r e l a t i o n   b e t w e e n  d i s p l a y  gain  and 
c o n t r o l l e r  strategy. 
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