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1. INTRODUCTION 

The  results  obtained in some  fundamental  investigations (BBN 
Report  No.  1246)  strongly  support  the  notion  that  the  behavior of 
the  pilot  or  controller/monitor  is  largely  determined by, and  cal- 
culable on, the  basis of physical  characteristics of the  system. 
Based on these  results a validation  study  more  nearly  approaching 
operational  situations  was  undertaken.  This  study  used an instru- 
mented  flight  simulator,  operational  pilots,  and  complete  measuring, 
recording  and  analysis  techniques  necessary to validate  (and  im- 
prove)  the  methods  offered by  the  theory. The  applied  goal of our 
program  was  to  make  possible an a priori  evaluation  of  the  work 
load which any set of information  sources to be  monitored  and  con- 
trolled will place  on  the  man.  We  obtained  the  following  results: 
a measure of the  goodness of prediction of the  Nyquist  models  de- 
veloped in the  basic study, and  the  development  and a measure of 
goodness of prediction of a new queueing/cost-effectiveness model. 
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2 .  DISCUSSION OF BACKGROUND INFORMATION 

There  have  been  two rather d i s t i n c t   s o u r c e s  of  th ink ing   and   ex -  
pe r imen ta t ion   wh ich   have   gone   i n to  t h i s  r e s e a r c h   p r o j e c t .  One of 
these stemmed from t h e  c l a s s i c   o b s e r v a t i o n s  made a t  Wright-Patter- 
s o n  Air Force  Base i n  the  pe r iod   be tween  1949 and 1954 .  The o t h e r  
rests on  some o f  t h e  ea r ly  a t t e m p t s   t o   u t i l i z e   i n f o r m a t i o n   t h e o -  
r e t i c   n o t i o n s   i n   q u a n t i f y i n g  some  human " i n f o r m a t i o n   p r o c e s s i n g  
c h a n n e l   c a p a c i t y . "  The WPAFB S t u d i e s   o f   p i l o t  eye-movements 
(Refs.  1-9) were d i r e c t e d  a t  f i n d i n g   o u t  t h e  p a t t e r n s  of eye-move- 
m e n t s   a c t u a l l y   u s e d  by  p i l o t s   a n d  t h e  i n t e r p r e t a t i o n   o f  these as 
i n d i c a t o r s  of  t h e  r e l a t i v e   i m p o r t a n c e   o f  t h e  v a r i o u s   i n s t r u m e n t s .  
To q u o t e  from Reference  (1) : 

A i r c r a f t   i n s t r u m e n t s  a re  d e s i g n e d   t o   p r o v i d e   p i l o t s  
w i t h  i n f o r m a t i o n   n e e d e d   t o   c o n t r o l   a i r c r a f t   i n   f l i g h t -  
i n f o r m a t i o n   s u c h  as t h e  a t t i t u d e   o f   a n   a i r c r a f t  w i t h  

r e s p e c t   t o  t h e  g round ,  i t s  l o c a t i o n   i n   t h r e e - d i m e n s i o n a l  
s p a c e ,   a n d  t h e  r a t e  of   chanpe   of  i t s  a t t i t u d e   a n d  
l o c a t i o n   v e c t o r s .  Knowledge  of how p i l o t s   u s e  t h e i r  

eyes when t h e y  a re  f l y i n g   o n   i n s t r u m e n t s ,  i . e . ,  how 
t h e y  o b t a i n  da t a  f r o m   s e p a r a t e   i n s t r u m e n t s   i n   o r d e r  
t o  combine b i t s  o f   d i s c r e t e   i n f o r m a t i o n   i n t o  a t o t a l  
p i c t u r e  of  "what  t h e  a i r c r a f t  i s  d o i n g , "  i s  fundamenta l  
t o  a t a s i c   u n d e r s t a n d i n g  o f  t h e   f u n c t i o n   s e r v e d  by 
a i r c r a f t   i n s t r u m e n t s .   S u c h   k n o w l e d g e   s h o u l d   p u i d e  
t h e  e n g i n e e r   i n   d e s i g n i n g   f u n c t i o n a l   i n s t r u m e n t s .  
I t  can  form a s c i e n t i f i c ' b a s i s   f o r   i m p r o v i n g  t h e  
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design of a i r c r a f t   i n s t r u m n t s ,   i n c r e a s i n g  t h e  
e f f i c i e n c y  of p i l o t s ,   a n d   s i m p l i f y i n g  t h e  task of 
i n s t r u m e n t   f l y i n g .  

The p r e s e n t  series o f   s t u d i e s  of eye-movements of 
p i l o t s  was u n d e r t a k e n   t o   a n s w e r   s u c h   q u e s t i o n s  as 
t h e  f o l l o w i n g :  How o f t e n  i s  each   i n s t rumen t   checked  
d u r i n g   p a r t i c u l a r   m a n e u v e r s ?  How much time i s  re- 
q u i r e d  t o  check   each   ins t rument?  What p e r c e n t a g e  o f  
t h e  t o t a l  time a v a i l a b l e   d u r i n g   c r i t i c a l   m a n e u v e r s  
i s  s p e n t   i n   o b t a i n i n g   i n f o r m a t i o n  from each   of   the  
d i f f e r e n t   i n s t r u m e n t s ?  How are  t h e  frequency  and 
d u r a t i o n   o f   e y e   f i x a t i o n s   i n f l u e n c e d  b y  f a c t o r s   s u c h  
as  i n s t r u m e n t  design,  i n s t r u m e n t   a r r a n y e m e n t ,   i n -  
s t r u m e n t   l i g h t i n g ,   p i l o t   e x p e r i e n c e ,  and t h e  p a r -  
t i c u l a r  maneuver   being  f lown a t  t h e  t ime?  

And - 

It i s  r e a s o n a b l e  t o  assume t h a t  f requency  of eye  
f i x a t i o n s  on  any  given  instrument  i s  a n   i n d i c a t i o n  
of t h e  r e l a t i v e   i m p o r t a n c e  o f  t h a t  i n s t r u m e n t .  
The l e n g t h  of  f i x a t i o n s ,  on t h e  c o n t r a r y ,  may more 
p r o p e r l y  be c o n s i d e r e d  as a n   i n d i c a t i o n   o f  t h e  
r e l a t i v e   d i f f i c u l t y   o f   c h e c k i n g   a n d   i n t e r p r e t i n g  
p a r t i c u l a r   i n s t r u m e n t s .  The p a t t e r n   o f  eye 
movements -- i . e . ,  t h e  l i n k   v a l u e s   b e t w e e n   i n -  
s t r u m e n t s  -- i s  a d i r e c t   i n d i c a t i o n  o f  t h e  podness  
of d i f f e r e n t   p a n e l   a r r a n g e m e n t s .  

3 



T h e   i n f o r m a t i o n   t h e o r e t i c   n o t i o n s  were d i s c u s s e d  by  Senders  
( 1 0 ,  11, 1 2 )   i n  1955-1958 i n . a  ser ies  of p a p e r s   d i r e c t e d  toward 
t h e  problem  of  t h e  d i v i s i o n  of  a t t e n t i o n  among a number of i n -  
s t r u m e n t s .  We quote   f rom  one  of  t h i s  se r ies  ( 1 2 ) :  

Every t ime a new i n s t r u m e n t  i s  added t o  t he  i n -  
s t r u m e n t   p a n e l ,  i t  i s  feared t h a t  t h e  v i s u a l   s y s t e m  
w i l l  b e  o v e r l o a d e d .   U n t i l  we have  some way o f  e s t i -  
ma t ing  (1) t h e  v i s u a l   l o a d   c a p a c i t y   o f  t h e  human ope r -  
a t o r ,   a n d  ( 2 )  t h e  l o a d   p r e s e n t e d  by a n y   p a r t i c u l a r  
sys tem,   such  a s t a t e m e n t   c a n n o t  b e  c o n t r a d i c t e d   o r  
conf i rmed.  I t  would be o f   c o n s i d e r a b l e   v a l u e  t o  t h e  
a i r c r a f t   d e s i g n e r ,  as we l l  as  o f   s u c h   g e n e r a l   i n -  
t e r e s t ,   t o   h a v e   s u c h  es t imates .  

It i s  d i f f i c u l t ,  i f  n o t   i m p o s s i b l e ,   t o  estimate 
t h e  i n f o r m a t i o n   p r e s e n t e d  b y  a c o n t i n u o u s l y   v a r y i n g  
i n s t r u m e n t  i f  c o n s i d e r a t i o n  i s  g i v e n   o n l y  t o  t h e  i n -  
strumer,t  i t s e l f ,  apar t  f rom i t s  u s e .  It i s  s t i l l  
more d i f f i c u l t   t o  estimate t h e  t o t a l   i n f o r m a t i o n   f l o w  
from a d i s p l a y  c o n s i s t i n g   o f  a m u l t i p l i c i t y   o f   i n -  
s t r u m e n t s   d i f f e r i n g   f r o m   o n e   a n o t h e r   i n  a v a r i e t y  
o f  ways .  

For  a complex  of Pi i n s t r u m e n t s  i t  s h o u l d  be p o s s i b l e ,  t he re -  

f o r e ,  t o   d e t e r m i n e  t h e  t o t a l  time ( t o  b e )  s p e n t  by   measu r ing   o r  
c a l c u l a t i n g  \Il ( s i g n a l   b a n d w i d t h )   a n d  Qi /Ni  ( s i g n a l - t o - e r r o r  
r a t i o )  for e a c h   i n s t r u m e n t ,   m u l t i p l y i n g  t h e  c a l c u l a t e d   f r e q u e n c y  
a n d   d u r a t i o n  of f i x a t i o n ,   a n d  summing o v e r  M. If one   fo l lows  
t h i s  approach  t h e  minimum u t i l i z a t i o n  time f o r  M i n s t r u m e n t s ,  
Min TM, i s  g i v e n  b y :  

4 



(,Ref. 1 2 )  

We q u o t e  from Reference 1 2 :  

Let To b e  t h e   d u r a t i o n  of t h e   d u t y   c y c l e   d u r i n g  
which a l l  in s t rumen t s   mus t  be observed.   Then,  i f  

TO 
> Min TM,   one   can   t ry  t o  add a n o t h e r   i n s t r u m e n t  

on t h e  basis o f  known p a r a m e t e r s  of  t h e  f l i ch t  
c o n d i t i o n ,  t h e  s e n s i n g   e l e m e n t ,   a n d   t h e   f r e q u e n c y  
r e s p o n s e  of t h e  i n s t r u m e n t ,  Qi f r o m   t h e  f l i g h t  

c o n d i t i o n ,   a n d  Ni f rom t h e  p i l o t ' s   i n s t r u c t i o n s  
or  s e t ,  s u c h   a n   o v e r a l l   e v a l u a t i o n   o f  a p a n e l  i s  
n o t   i m p o s s i b l e .  

The data upon  which   such   an   in format ion   ana lys i s  
c o u l d  be per formed  would   cons is t  o f  g r a p h i c  or 
n u m e r i c a l   r e c o r d i n g s   o f   i n s t r u m e n t   r e a d i n g s   d u r i n g  
r e a l  o r  s i m u l a t e d   f l i g h t   c o n d i t i o n s ,  and o f  t h e  
accompanying  pi lot   eye-movements .  From the  i n -  
s t r u m e n t   . r e a d i n g s  t h e  power  and maximum f requency  
o f  the  i n s t r u m e n t   " n o i s e "   c o u l d  b e  computed, and 

t h e  above   hypotheses   could   then  b e  t e s t e d .  Vary ing  
W ,  Q,  and N ( b y   i n s t r u c t i o n   o r   d e t e r m i n e d  by p a s t -  
e x p e r i m e n t a l   a n a l y s i s )   a n d   m e a s u r i n g   p e r f o r m a n c e  
as a f fec ted  by f l i c k e r  ra te  and l i gh t - t ime  f r a c t i o n  
s h o u l d   p r o v i d e   u s  w i t h  f u n c t i o n a l   r e l a t i o n s h i p s  
among these many v a r i a b l e s .  These s h o u l d ,   i n   t u r n ,  
i n d i c a t e  t h e  r e l a t i o n   b e t w e e n  t h e  t h e o r e t i c a l  
s a m p l i n g   v a l u e s  and those  w h i c h   a c t u a l l y   c a n  b e  
used, and  between t h e  computed   i n fo rma t ion   pe r  

5 



,.,.,.. ... . . ._ . .. . - 

p r e s e n t a t i o n   a n d   t h e  time r e q u i r e d  f o r  I ts  
a s s i m i l a t i o n .  

The s a m p l i n g   n o t i o n s   t h e m s e l v e s  are r e l a t e d  t o  o t h e r   w o r k s  
i n  w h i c h   p e r i o d i c   s a m p l i n g   ( i n t e r m i t t e n c e )  was Imposed on t h e  
human t r a c k e r  as an e x p e r i m e n t a l   a t t a c k  on t h e   p r o b l e m s  of volun-  
t a r y  o b s e r v i n g   b e h a v i o r .  The comments made i n  these e a r l i e r  
p a p e r s  are s t i l l  v a l i d .  To q u o t e   f r o m   r e f e r e n c e   1 0 :  

Most r e s e a r c h   i n v o l v i n g   v i s u a l - m o t o r   t a s k s  has been  
clone w i t h  c o n t i n u o u s l y   p r e s e n t e d   s t i m u l i .  However, 
t h e  a c t u a l  use o f   v i r t u a l l y  a l l  v i s u a l   d i s p l a y s  
i n v o l v e s  e i t h e r  t h e  i n t e r m i t t e n t   p r e s e n t a t i o n   o f  
i n f o r m a t i o n   o r  i t s  i r l t e r m i t t e n t   r e c e i p t   b y  t h e  
o p e r a t o r .  Radar systems, f o r   e x a m p l e ,   s c a n  areas 
( o r   v o l u m e s )   s e q u e n t i a l l y   a n d   g e n e r a t e   v i s u a l  
d i s p l a y s   w h i c h  may h a v e   r e p e t i t i o n  ra tes  r a n g i n g  
from (as few as t e n )   p e r   m i n u t e   t o  as h i g h  as 10  
per   second.   Even  when a d i s p l a y   p r e s e n t s   i n f o r m a -  
t i o n   c o n t i n u o u s l y ,  t h e  man who mon i to r s  i t  u s u a l l y  
has .more t h a n   o n e   t h i n g   t o   a t t e n d   t o   a n d   t h e r e f o r e  
d i v i d e s  h i s  a t t e n t i o n   b e t w e e n  tasks.  He t h u s  may 
impose on t h e  d i s p l a y s  h i s  own i n t e r m i t t e n c y   o r  
s a m p l i n g   b e h a v i o r  . . . 
I n   t h i s   e x p e r i m e n t  t h e  s u b j e c t s  were r e q u i r e d  
t o   t r a c k  two p o i n t e r s ,   e a c h   i n  a s e p a r a t e   i n -  
s t rument .   They were s c o r e d  on t h e  amount of time 
t h a t  b o t h   p o i n t e r s  were h e l d  s i m u l t a n e o u s l y  
w i t h i n  t h e i r  marked t a r g e t  areas. The i n s t r u m e n t s  
were i l l u m i n a t e d   i n t e r m i t t e n t l y  b u t  s i m u l t a n e o u s l y  
by  means  of a r o t a t i n g   s e c t o r   d i s c   i n   f r o n t  of a 
l i g h t   s o u r c e .   T n u s  t h e  S c o u l d  see on ly  
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p e r i o d i c a l l y ,   b u t  t h i s  d id  not f o r c e  him t o  
s a m p l e   t h e   i n s t r u m e n t s   p e r i o d i c a l l y . .  . Thus 
it i s  o f   i n t e r e s t   t o   s t u d y   t h e   c o m b i n e d  e f f ec t s  
o f  imposed i n t e r m i t t e n c y   o f  a p e r i o d i c   n a t u r e  and 
t h e   i n t e r m i t t e n c y  ( p r o b a b l y   a p e r i o d i c )   p r o d u c e d  
by the o p e r a t o r ' s   s a m p l i n g .  One m i g h t   h y p o t h e s i z e  
that  there would be a n   i n t e r a c t i o n   b e t w e e n   t h e  
i n t e r m i t t e n c y   i n h e r e n t   i n  the  S ' s  s a m p l i n g  of 
t h e  component   instruments   and t h a t  imposed by 
the  p e r i o d i c   i l l u m i n a t i o n .   S u c h   a n   I n t e r a c t i o n  
would  perhaps lead t o  a l o c a l  maximum of   perform- 
ance a t  some f r e q u e n c y   b e l o w   f u s i o n   o r   t h e  fre- 
quency a t  which  performance i s  as good as w i t h  

f u s i o n . . .   I n  t h e  c a s e   o f  t h e  a p p a r a t u s   u s e d  
we are conce rned   no t   on ly  w i t h  sh i f t s  o f   a t t e n t i o n  
b u t   a l s o  w i t h  concomi tan t  sh i f t s  o f  t h e  e y e s  
n e c e s s i t a t e d  by t h e  p h y s i c a l   s e p a r a t i o n   o f   t h e  
t w o   a s p e c t s   o f  t he  d i s p l a y .  As a r e s u l t ,  we might 
e x p e c t  t h e  f r e q u e n c i e s  a t  w h i c h   s h i f t i n g   c o u l d  
o c c u r   t o  b e  much l o w e r   t h a n   i n  t he  case o f   t h e  
PSMT, and   consequent ly  a d i f f e r e n t   r e l a t i o n s h i p  
between  performance and r a t e  o f   i n t e r r u p t i o n .  
If t h e  o g z r a t o r  sh i f t s  t o  t h e  l e f t  d i s p l a y ,   f o r  
example ,   and   f i nds  i t  dark  he i s  f o r c e d   t o  wait 
u n t i l  t he  n e x t  f lash o c c u r s .  

* 

And f u r t h e r  (11) : 

The i m p l i c a t i o n s   o f  t h e  r e s u l t s . .  .are of i n t e r e s t .  
S i n c e  t h e  p e a k   v a l u e s   o b t a i n e d  are l e s s  t h a n  
t h o s e   o b t a i n e d   f o r   c o n t i n u o u s   e x p o s u r e  of t he  

t 
Pedestal S i g h t   M a n i p u l a t i o n  Test 
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s t i m u l i ,  i t  may b e  deduced t h a t  t h e  normal  
s a m p l i n g   b e h a v i o r   o f  t h e  human t r a c k e r  is a p e r i o d i c .  
If t h i s  had not   been  t h e  c a s e  t h e  peak v a l u e   s h o u l d  
h a v e   r i s e n   t o  t h a t  o f  t h e  c o n t i n u o u s   c a s e   f o r  some 
v a l u e   o f   p r e s e n t a t i o n   f r e q u e n c y .  It may be f u r t h e r  
s t a t ed  tha t  p e r i o d i c   s a m p l i n g  a t  a ra te  s u f f i c i e n t  
t o   t r a n s m i t  a l l  t h e  i n f o r m a t i o n   i n  t h e  c o n t i n u o u s  
time func t ions   wh ich  are b e i n g   t r a c k e d  is n o t  a 
s u i t a b l e  mode o f   o p e r a t i o n   f o r  t h e  human o p e r a t o r .  
It is p r o b a b l e  t h a t  t h e  human o p e r a t o r  takes account  
no t   on ly   o f  t h e  i n s t a n t a n e o u s   p o s i t i o n   o f  t h e  I n -  
d i c a t o r   b u t   a l s o   o f  i t s  first d e r i v a t i v e   a n d   a d j u s t s  
h i s  sampl ing  t o  a c c o r d  w i t h  some  combined  function 
o f  t h e  t w o   a s p e c t s   o f  t h e  d i s p l a y . .  . If a man(S) ,  
t r a c k i n g   o r   o b s e r v i n g  time f u n c t i o n s   o n   t w o   o r  
more separated d i s p l a y s  (as i n  t h e  o p e r a t i o n   o f  an 
a i r c r a f t   o r   a u t o m o b i l e ) ,  had mounted i n  h i s  eyes 
l i g h t s  which  shone  on t h a t  which he f i x a t e d ,   a n d  
n o   o t h e r   l i g h t i n g  were p r e s e n t ,   a n   o u t s i d e  ob- 
s e r v e r   a n d  t h e  man h imsel f  w o u l d   h a v e   e n t i r e l y  
d i f f e r e n t   o p i n i o n s   o f  t h e  p r o c e s s   b e i n g   c a r r i e d  
o u t .  To S t h e  s i t u a t i o n   w o u l d  b e  very  similar 
t o  t h e  u s u a l   o n e   i n   w h i c h  the  s t i m u l i   w h i c h  he is 
t r a c k i n g   o r   o b s e r v i n g  are c o n t i n u o u s l y   i l l u m i n a t e d . .  
The e x t e r n a l   o b s e r v e r ,  on t h e  o the r   hand ,   wou ld  
see a s i t u a t i o n   i n   w h i c h ,  w i t h  o n l y  a c a s u a l  ob- 
s e r v a t i o n ,  he w o u l d   p e r c e i v e   n o   o r d e r   o r   r e g u l a r i t y ,  
and he  would be  a s t o n i s h e d   t o   f i n d  t ha t  S per- 
formed as we l l  as u n d e r   c o n d i t i o n s   o f   c o n t i n u o u s  
i l l u m i n a t i o n .   I n  t h e  expe r imen t   desc r ibed   above ,  
we h a v e   r e v e r s e d  t h e  procedure  and  imposed  on S 
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a r e g u l a r   a n d   e a s i l y  descr ibable  set  of  con- 
d i t i o n s   i n   w h i c h  the  s t i m u l i  are e x p o s e d   e q u a l l y  
o f t e n   a n d   f o r   e q u a l   d u r a t i o n s   i n  a l l  c a s e s   o f  a 
p a r t i c u l a r  t r i a l .  

When we p e r m i t  S t o   s a m p l e  f r ee ly ,  and   r eco rd  
and  analy.ze t h e  s e q u e n c e   o f   f i x a t i o n s  which he 
makes, w e  c e r t a i n l y   e x p e c t  t h a t  there  w i l l  b e  a 
r e l a t i o n s h i p   b e t w e e n  t h e  ra te  at which  informa- 
t i o n  i s  p r e s e n t e d  on a p a r t i c u l a r  d i a l ,  o r ,   i n  
o t h e r  terms, t h e  bandwidth  of t h e  s i g n a l   p r e s e n t e d  
on t h e  d i a l ,  and t h e  f r equency  w i t h  which S 
l o o k s  a t  t h a t  d i a l .  It i s  t h i s  f u n c t i o n a l   r e l a t i o n -  
sh ip   wh ich  i s  b e i n g   s o u g h t .  

U n f o r t u n a t e l y ,  t h e  l a c k   o f   i n f o r m a t i o n   a b o u t  t h e  n a t u r e   o f  t h e  
d i s p l a y e d   s i g n a l s   i n  t h e  WPAFB s t u d i e s   p r e v e n t e d  t h e  use   o f  
t h o s e   r e s u l t s   t o  t e s t  t h e  p r i m i t i v e   t h e o r y   p r o p o s e d   i n  1955 ( 1 2 ) .  
As a r e s u l t  a se r ies  o f   l a b o r a t o r y   s t u d i e s  was done and t h e  
adequacy  of  t h e  v a r i o u s   m o d e l s   t o   p r e d i c t   v i s u a l   b e h a v i o r   i n  
l a b o r a t o r y   s i t u a t i o n s  was establ ished ( 1 3 ) .   S i n c e   a c t u a l   f l i g h t  
v e h i c l e s  are  much more  complex t h a n   l a b o r a t o r y   d e v i c e s ,  a v a l i d a -  
t i o n   e f f o r t  was u n d e r t a k e n   u s i n g  a modif ied  Link C-11B F l i g h t  
S i m u l a t o r .  The g o a l ,   t h e n ,  i s  t h e  c a l c u l a t i o n   o f  t h e  workload 
imposed  by a s y s t e m  on i t s  o p e r a t o r  on t h e  basis  of  t h e  signals 
which are d i s p l a y e d   t o  him. T h i s  i s ,  o f   c o u r s e ,   t a n t a m o u n t   t o  
r e l a t i n g  t he  o p e r a t o r ' s   v i s u a l   b e h a v i o r  (as an   index   of   workload)  
t o  t h e  dynamics  of t he  v e h i c l e   a n d   t o  t h e  miss ion   which  the 
s y s t e m  i s  pe r fo rming .  

The term "workload"  subsumes a number o f  re la ted  concep t s .  From 
a s t r i c t l y   o p e r a t i o n a l   p o i n t   o f   v i e w  i t  means  some  measure o f  t he  
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p e r f o r m a n c e   d e c r e m e n t   o n   a n   a l t e r n a t i v e   o r   s e c o n d a r y  task when 
the  task whose  workload i s  be ing   measured  i s  be ing   pe r fo rmed  t o  
a c r i t e r i o n   l e v e l .   A l t e r n a t i v e l y   w o r k l o a d   c a n  be c o n c e i v e d   o f  
as a d i r e c t   m e a s u r e   o f  t he  " e f f o r t "   b e i n g   p u t   f o r t h  by a human 
o p e r a t o r  wh i l e  p e r f o r m i n g  a task independen t   o f  t h e  per formance  
o f  t h e  task i t s e l f .  O r ,  as s t i l l  a n o t h e r   a l t e r n a t i v e ,   o n e   c a n  
c a l c u l a t e  t h e  t h e o r e t i c a l  demand o f  a task assuming the human 
o p e r a t o r   t o   b e  a p a r t i c u l a r   k i n d   o f  i dea l  o p e r a t o r   d e f i n e d   i n  
some a n a l y t i c a l   o r   h e u r i s t i c  way. I n  a g e n e r a l  way w e  would l i k e  
t o  know "how hard  a man has t o  work" i n   o r d e r   t o   p e r f o r m  a par- 
t i c u l a r  task.  It i s  a n   i m p o r t a n t   t h i n g  t o  know o r   t o  be  able t o  
estimate s i n c e  t h e  p r o b a b i l i t y   o f   s u c c e s s   o f  a man-machine s y s t e m  
depends  on t h e  r e l i a b i l i t y   o f  t h e  man as well as on  t ha t  of  the  
machine,  and t o  a large e x t e n t ,  the  r e l i a b i l i t y   o f  t h e  man i s  a 
f u n c t i o n   o f  t h e  l o a d  tha t  i s  placed  upon him. 

Knowles ( 1 4 )  summarizes t h e  n o t i o n   o f   o p e r a t o r   w o r k l o a d  as 
f o l l o w s  : 

... i n  t h e  des ign   of   equipment   and  t h e  development 
o f   o p e r a t o r   a n d   t r a i n i n g   p r o c e d u r e s  i t  i s  i m -  
p o r t a n t   t o  b e  able t o  a n s w e r   q u e s t i o n s   s u c h  as: 
How easy i s  t h i s  equipment t o   o p e r a t e ?  How much 
a t t e n t i o n  i s  r e q u i r e d ?  How much l e a r n i n g  i s  
i n v o l v e d ?  How well  w i l l  t h e  c lpera tor  be  able t o  
p e r f o r m   a d d i t i o n a l  tasks? A l l  these q u e s t i o n s  deal  
w i t h  some a s p e c t   o f  what has come t o  be c a l l e d  
o p e r a t o r   w o r k l o a d .   E s s e n t i a l l y ,  how busy i s  t h e  
o p e r a  t o r ?  

The unanswered   ques t ions  are : 

10 



I 

How does  one  measure t h e  workload which i s  imposed on t h e  

o p e r a t o r  by a s y s t e m   i n   b e i n g ?  

How does o n e   p r e d i c t  t h e  workload which w i l l  be  imposed  on t h e  

o p e r a t o r  by a s y s t e m   I n   p r o s p e c t ?  

The former q u e s t i o n  may be  answered t o  some degree by  t h e  t e c h n l -  
ques  descr ibed  by  Knowles ( 1 4 )  which   involve  operator  l o a d i n g  
tasks. B r i e f l y ,   a n   o p e r a t o r   l o a d i n g  task i s  one  which i s  t o  b e  

per formed at t h e  same time t h a t   t h e  o p e r a t o r  i s  e n g a g e d   i n  pe r -  
forming  t h e  task u n d e r   i n v e s t i g a t i o n   t o  some es tab l i shed  c r i -  
t e r i o n   l e v e l .  The r e d u c t i o n   o f   p e r f o r m a n c e   i n  t h e  load inE  task 
as compared w i t h  t h e  l e v e l   a c h i e v e d   i n  t h e  absence   o f  t h e  p r i m a r y  
task I s  a n   i n d e x   o f  t h e  l o a d i n g   p l a c e d   o n  t h e  o p e r a t o r  by t h a t  
pr imary  task.  The b a s i c   a s s u m p t i o n s   u n d e r l y i n g  t h i s  methodology 
are : 

1. The o p e r a t o r  i s  a s i n g l e   c h a n n e l  s y s t e m .  

2 .  The channe l  has a f i x e d   c a p a c i t y .  

3 .  The c a p a c i t y  has a s i n g l e   m e t r i c  by  which  any t a s k  can be  

measured. 

4 .  The components  of  workload are a d d i t i v e   l i n e a r l y  no matter 
what  t h e  s o u r c e s  of  t h e  l o a d .  

For such a s y s t e m  t o  work, there  m u s t   a l s o  be an   a s sumpt ion  tha t  
t h e  o p e r a t o r   c a n  so s c h e d u l e  h i s  working t ha t  t h e  pr imary  tasks 
are a lways   adequa te ly  dea l t  w i t h ,  and are mutually  non- 
I n t e r f e r i n g .  
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Such a "workload"  measurement  technique  depends on the avail- 
ability of some  kind of hardware  or  system simulation, and  is 
therefore  not  applicable  to  the  earliest design stages.  Further- 
more, it does not  attempt  to  distinguish the load  placed  on the 
operator by poor  interface  design  from  the  inherent load which 
would  exist  in a perfectly  human  engineered  machine.  The  only 
way  in which  one  could  use an external  loading  task  to  accomplish 
this  latter  goal  would be  to  use  it  in a large number of simu- 
lators  possessing  different  interfaces. 

An alternative  method of estimating operator workload  is  that 
used by Siege1 and Wolf (15). This  method  depends  on  "source 
data"  about the task  which  are  derived  from a prior  "task 
analysis."  The  source  data  are  concerned  with  such  factors as: 
the  average  time  required  for  the  operator  to  perform  the task; 
the  standard  deviation  of  that time; probability of performing 
the  subtask  successfully;  the  necessary  waiting time before 
which  the  subtask  cannot  be  begun;  and  the  subtasks  which  must 
be performed  next  in  the  events of success  or  failure of the 
subtask.  The  technique  introduces  stress  and  its  effects on per- 
formance  into  its  calculations  and  generates  distributions of 
trials on which  the  operator  either  completes  the tasks suc- 
cessfully  or  runs  out of time.  Then  the  distributions  for 
alternative  system  forms  can be  compared. Such a technique  is 
useful  for  the  examination of existing  systems but  could  be used 
only  with  difficulty  for  systems  which  are  hypothetical or con- 
ceptual. 

Ekstrom  (16)  applied  both a loading  task and an analytical 
approach to the estimation of the  relative  workloads  associated 
with  two  modes  of  operation of  an automatic  flight  control 
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system  and  found  that  the  loading  task  confirmed  the  results of 
the  analysis to a marked  degree.  The  technique  used  in  her 
analysis  was  essentially  that  described by Lindquist  and 
Gross (17). It  involves a Second-by-Second  Operational  Analysis 
which  provides  instrument  use-time  estimates  as a basis  for  lay- 
i n g  out  panels. It also  provides  estimates  of  the  loading  as  a 
function of time  placed  on  the  pilot.  This  is  used  as a means 
of locating  critical  periods in the  mission.  The  means of arriv- 
ing at  many of the  numerical  estimates  is  not  too  different  from 
that  described by Siegel  and  Wolfe (15). 

The  analysis of Lindquist  and  Gross (17) is largely  based  on  the 
application of the  theoretical  analysis  proposed by Senders (12); 
and  this  in  turn had  led  to  the more  elaborate  notions  expressed 
In the  present  paper. 

The  assessment of the  loading  to be  placed  on an operator  should 
come at the  earliest  moment  in  the  design of a  man-machine 
system.  Ideally  it  should  come  before  prototype  design  and  con- 
struction  and  should be  based  on an analytic  and  theoretical 
foundation.  Nor  should  its  application be limited  to  the  human 
engineering  design  of  the  man-machine  interface but  should 
rather  lead  to  estimates  of  the  reliability of the  human  com- 
ponent of the  total  system.  The  loading  task  approach  depends 
on the  existence of a  simulator  or  a  prototype of the  actual 
system  hardware; the analysis of Siegel  and  Wolfe  (15)  depends 
on opinions of operators of similar  systems.  What  we  propose  to 
do  here I s  to go from  abstract  specifications of the  system  to 
estimates of the  loading  which  will be  placed on an operator. 
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3 .  SEVERAL THEORETICAL APPROACHES TO VISUAL SAMPLING 

The v a r i o u s   a n a l y s e s  which w i l l  be p r e s e n t e d  res t  on t h e  f o l l o w i n g  
assumpt ions  : 

1. V i s u a l   a t t e n t i o n  i s  t h e  major componen t   o f   ope ra to r  
workload .  

2.  The v a r i o u s   s i g n a l s  which must be monitored  demand 
a t t e n t i o n   i n  a way which i s  dependent   on the  char- 
a c t e r i s t i c s   o f  t h e  s i g n a l   a n d  t h e  r e q u i r e d   p r e c i s i o n  
o f   r e a d o u t   o f  t h e  s i g n a l  by t h e  human o p e r a t o r .  

3 .  The human o p e r a t o r  i s  e f f e c t i v e l y  a s i n g l e   c h a n n e l  
d e v i c e   c a p a b l e   o f   a t t e n d i n g   t o   o n l y   o n e   s i g n a l  a t  
any time. 

4 .  The p r o b a b i l i t y   o f   f a i l u r e  a t  any time i s  e q u a l   t o  
t h e  p r o b a b i l i t y  t h a t  two o r  more s i g n a l s  w i l l  demand 
s i m u l t a n e o u s   a t t e n t i o n .  

A d i s c u s s i o n   o f   v a r i o u s   a p p r o a c h e s   t o   m o d e l i n g  human v i s u a l  samp- 
l i n g   b e h a v i o r   f o l l o w s .  Details o f  these models may be  found i n  
t h e  l i t e r a t u r e  ( 2 0 ,  2 2 ,  2 3 ) .  

3 .1  Pe r iod ic   Sampl ing  

I n  a p r e v i o u s   r e p o r t  ( 1 2 )  w e  h a v e   c o n s i d e r e d  the  q u e s t i o n  of a 
human m o n i t o r   o f  some large number   o f   i n fo rma t iona l  d i s p l a y s .  A 

t h e o r e t i c a l   m o d e l  was s u g g e s t e d  based on t h e  assumpt ion  t h a t  t h e  
task o f  t h e  mon i to r  was t o   r e c o n s t r u c t  t h e  time f u n c t i o n s   p r e s e n t e d  
on  each  of  t h e  d i s p l a y s .  As a r e s u l t  i t  was p o s s i b l e   t o   p r e s e n t  
e q u a t i o n s  based on t h e  a s sumpt ion   o f   pe r iod ic   s ampl ing ,   wh ich   p re -  
d i c t e d   q u i t e  we l l  t h e  a v e r a g e   b e h a v i o r   o f   e x p e r i m e n t a l   s u b j e c t s   i n  
t h e  h i g h l y   c o n s t r a i n e d   l a b o r a t o r y   s i t u a t i o n   ( 1 8 ) .   I n   f a c t ,   h o w e v e r ,  
i n  t h a t  l a b o r a t o r y   s i t u a t i o n  t h e  t a s k   o f  t h e  o b s e r v e r  was s p e c i f i e d  
t o  b e  t h e  d e t e c t i o n   o f  a v a l u e   o f   e a c h   o f  t h e  s i g n a l s   w h i c h   e x c e e d e d  
some p rese t  v a l u e ,   n o t  t h a t  o f   s i g n a l   r e c o n s t r u c t i o n .  If one takes 
as t h e  g o a l  of a sampl ing  s y s t e m  t h i s  l a t t e r  t ask ,  it i s  p o s s i b l e  
t o   g e n e r a t e  a c o m p l e t e l y   d i f f e r e n t   s a m p l i n g   s t r a t e g y   f r o m  t h a t  of 
t he   s ampl ing   t heo rem.  
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It is  t h e  case t h a t ,  when t h e  l a t t e r  t a s k  i s  the  o n e   p r e s e n t e d  
and there  are e q u a l   s i g n a l   p o w e r s   a n d   e q u a l   s i g n i f i c a n t   d e v i a t i o n s ,  
t h e  p e r i o d i c   s a m p l i n g   m o d e l   p r o v i d e s   a d e q u a t e  estimates o f  t h e  

d i s t r i b u t i o n  of a t t e n t i o n   o f  the v i s u a l   s a m p l i n g   b e h a v i o r   o f   s u b -  
j e c t s .  However, t h e  estimates are o n l y  of t h e  means of d i s t r i b u -  
t i o n s   o f   i n t e r v a l s   b e t w e e n   o b s e r v a t i o n s .   T h e r e  i s  n o t h i n g   i n  t h i s  

model which p e r m i t s   a n  estimate of  t h e  d i s t r i b u t i o n s   t h e m s e l v e s   o r  
s u g g e s t s  t h a t  s u c h   d i s t r i b u t i o n s  w i l l  i n   f a c t   e x i s t .  

That  there  are s u c h   d i s t r i b u t i o n s  i s  apparent   f rom t h e  data  ( 1 3 )  
a n d   f r o m   p u r e l y   l o g i c a l   c o n s i d e r a t i o n s  ( 1 9 ) .  A p e r i o d i c i t y   i n  t h e  

sampl ing   o f   any   one   i n s t rumen t   wou ld   r e su l t   f rom  a lmos t   any   con-  
f i g u r a t i o n   o f   i n s t r u m e n t s   a n d   b a n d w i d t h s   e x c e p t   f o r   c a s e s  where 
a l l  t h e  s i g n a l s  had i d e n t i c a l   b a n d w i d t h s   a n d   i d e n t i c a l   s i g n i f i c a n t  
d e v i a t i o n s ,  or i n   c e r t a i n   o t h e r   e q u a l l y   u n l i k e l y   c a s e s   w h e r e  a 
t o t a l l y   p e r i o d i c   s c a n n i n g   p r o c e s s   w o u l d  b e  p o s s i b l e .  

Faced w i t h  t h e  observed  data  abou t  t h e  d i s t r i b u t i o n s   o f   d u r a t i o n s  
b o t h   o f   o b s e r v a t i o n s   a n d   o f   i n t e r o b s e r v a t i o n   i n t e r v a l s ,   o n e  i s  l e d  
t o  a t tempt  t o   a c c o u n t   f o r  these d i s t r i b u t i o n s   i n  a r a t i o n a l  r a t h e r  
t h a n   i n  a d e s c r i p t i v e  way.  The  basis  of  t h i s  approach  i s  t h a t  t h e  

i n t e r v a l   b e t w e e n   o b s e r v a t i o n s  i s  a f u n c t i o n   o f  t h e  v a l u e   p r e v i o u s l y  
read,  and t h e  d u r a t i o n   o f  a n  o b s e r v a t i o n  i s  a f u n c t i o n  o f  t h e  v a l u e  
t h e n   b e i n g  read by t h e  o b s e r v e r .  A d i s c u s s i o n   o f  t h i s  model   fo l lows .  

3 .2  C o n d i t i o n a l   A p e r i o d i c  S a m p l i n g  

L e t  u s   c o n s i d e r  t h e  problem  faced by  a m o n i t o r  of  l i m i t e d  c h a n n e l  
c a p a c i t y   c o n f r o n t e d  w i t h  many (more t h a n  two)  s i g n a l s  to a t t e n d   t o ,  
bu t   conce rned  w i t h  d e t e c t i o n   o f   e x t r e m e   r e a d i n g s  ra ther  t h a n  w i t h  

r e c o n s t r u c t i o n   o f  the  s i g n a l .  Such a moni tor  may s e r v e   n o t  as a 
c h a n n e l   f o r  t h e  t r a n s m i s s i o n   o f  a comple te  tl.me f u n c t i o n   t ) u t  r a the r  
as a c h a n n e l   f o r  t h e  t r a n s m i s s i o n   o f   d i s c r e t e   p u l s e s   i n  t ime.  For  
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any  func t ion   one  m i g h t  assume tha t  t he re  i s  a t h r e s h o l d   v a l u e  of 
t h e  f u n c t i o n   w h i c h   c a l l s  f o r  t h e  t r a n s m i s s i o n   o f  a message, and 
a l l  v a l u e s  of t h e  func t ion   be low t h i s  limit c a l l  f o r  no   t r ansmis -  
s i o n .   I n   o t h e r   w o r d s ,  a m o n i t o r   o b s e r v e s  the time f u n c t i o n s   a n d  
does   no th ing  s o  l o n g  as t h e y  remain w i t h  a "safe" i n t e r v a l .  When 
a f u n c t i o n   e x c e e d s  t h e  l imits o f  safe o p e r a t i o n  t h e  moni tor  emits 
a s i g n a l   w h i c h  might b e  e i t h e r  t h e  p r e s e n t   v a l u e   o f   t h e   f u n c t i o n   o r  
some o t h e r   s i g n a l .  ( O f  c o u r s e ,  t h i s  i n c l u d e s  t h e  e x e r c i s e  of con- 
t r o l   f u n c t i o n s  as we l l . )  We may now ask what t h e  a p p r o p r i a t e  sampl- 
i n g  s t r a t egy  w i l l  b e  f o r  t h i s  m o n i t o r .  It  i s  easy t o  see t h a t  i f  

t h e  permissible e r r o r ,   b e t w e e n  t h e  f u n c t i o n  as p r e s e n t e d   a n d  t h e  

f u n c t i o n  as read, i s  e q u a l  t o  t h e  a m p l i t u d e  of t h e  f u n c t i o n ,   n o  
o b s e r v a t i o n  is needed.  S i m i l a r l y ,  if t h e  p e r m i s s i b l e   e r r o r  ap- 
p r o a c h e s   z e r o   t h e n  t h e  i n f o r m a t i o n   t o  b e  absorbed p e r  sample   in -  
c r e a s e s   a n d  a l o n g e r  time w i l l  b e  r e q u i r e d   f o r  t h e  m o n i t o r   t o   a c -  
c e p t   a n d   t r a n s m i t  t h e  i n f o r m a t i o n .  If t h e  f u n c t i o n  a t  t h e  moment 
of o b s e r v a t i o n  has a z e r o   v a l u e  ( i . e . ,  i t s  mean) ,   t hen  t h e  n e x t  
sample may be deferred u n t i l  a time 1' when t h e  p r o b a b i l i t y  t h a t  t h e  

f u n c t i o n  w i l l  exceed  t h e  limits o f  sa fe  o p e r a t i o n   e x c e e d s  some sub- 
j e c t i v e   p r o b a b i l i t y   t h r e s h o l d   o r   u n t i l  t h e  moment when a new r e a d i n g  
will be s t a t i s t i c a l l y   i n d e p e n d e n t  of t h e  o ld ,   whichever   comes  f i r s t .  

The d i s c u s s i o n   a b o v e  i s  v a l i d   f o r  a m o n i t o r i n p  ( i . e . ,  open-loop) 
t a sk .  Se r ious   compl i ca t ions   migh t  a r i se  when t h e  HI0 i s  engaged i n  
a c o n t r o l  ( i . e . ,  c losed - loop)  t a sk ,  i n  which t h e  c l o s e r  h e  c o n t r o l s ,  
t h e  smaller t h e  o b s e r v e d   d e v i a t i o n s  a r e ,  b u t  t h e  more o f t e n  he may 
h a v e   t o  look a t  t h e  i n s t r u m e n t .  See S e c t i o n  6 . 2  f o r  a comple te  
d i s c u s s i o n .  
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If t h e  limit of  safe o p e r a t i o n  i s  some L s t a n d a r d   d e v i a t i o n s  away 
from t h e  mean,   then,  as time s i n c e  t h e  l as t  r e a d i n g   i n c r e a s e s ,  t h e  
v a r i a n c e   o f  t h e  d i s t r i b u t i o n   o f   s i g n a l   a m p l i t u d e s   a r o u n d  t h e  ex- 
p e c t e d   v a l u e   a l s o   i n c r e a s e s .   T h u s ,  there  w i l l  come a time when t h e  
p r o b a b i l i t y   o f  a s i g n i f i c a n t l y   d e v i a n t   r e a d i n g  w i l l  exceed t h e  
p r o b a b i l i t y   t h r e s h o l d .  A t  t h a t  p o i n t  a sample  might b e  t a k e n .  If 
t h e  f u n c t i o n  when obse rved  i s  g r e a t e r   t h a n   z e r o ,  i . e . ,  i s  some 
f r a c t i o n   o f  t h e  way toward t h e '  limit L,  t h e n  t h e  p o i n t  a t  which 
t h e  p r o b a b i l i t y   r e a c h e s   o r   e x c e e d s  t h e  t h r e s h o l d   p r o b a b i l i t y  w i l l  
i n   g e n e r a l  come soone r ,   and  t h e  sample  must be t a k e n  a f t e r  a s h o r t e r  
i n t e r v a l .  As t h e  o b s e r v e d   v a l u e   o f  t h e  f u n c t i o n   a p p r o a c h e s  L ,  t h e  
i n t e r - s a m p l e   i n t e r v a l   a p p r o a c h e s   z e r o .  

The a b o v e   d e s c r i p t i o n   a s s u m e s   o n e   p o s s i b l e  s t r a t egy :  t h e  p r o b a b i l -  
i t y  t h r e s h o l d   c r i t e r i o n  ( 2 0 ) .  O t h e r  sampl ing  s t r a t eg ie s  m i g h t   i n -  
vo lve  t h e  sampl ing   o f  t h e  f u n c t i o n  a t  the  moment  when t h e  p r o b a b i l -  
i t y  o f   e x c e e d i n g  t h e  limit i s  a maximum, o r   s a m p l i n g  when t h a t  
p r o b a b i l i t y   e x c e e d s  a c e r t a i n   t h r e s h o l d ,   o r   s a m p l i n g   a c c o r d i n g   t o  
a " v a r i a b l e   s i g n a l   b a n d w i d t h "   r u l e .   R e f e r e n c e  20  p r e s e n t s   a n a l y s e s  
of   such  s t r a t e g i e s ,  and  shows how one m i g h t  c a l c u l a t e  t h e  i n t e r v a l  
between a p r e s e n t   o b s e r v a t i o n   o f  a s i g n a l   a n d  t h e  n e x t   o b s e r v a t i o n ,  
g r a n t e d  t ha t  t h e  s i g n a l   p o s s e s s e s   c e r t a i n   w e l l - d e f i n e d   c h a r a c t e r -  
i s t i c s .  

The v a r i o u s   s t r a t e g i e s  are  n o t   n e c e s s a r i l y   m u t u a l l y   e x c l u s i v e .  The 

a c t u a l   p r o c e s s   o f   " c o n d i t i o n   s a m p l i n g "  i s  p robab ly  a combina t ion   o f  
two o r  more s t r a t e g i e s .  The  mathematical   model   which i s  a p p r o p r i a t e  
depends  on t h e  momentary  goal  of t h e  o b s e r v e r .  
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For  any of these models, t h e  maximum i n t e r v a l   b e t w e e n   o b s e r v a t i o n s  
would b e  t h a t  time f o r   w h i c h   t h e   n e x t   s a m p l e  i s  s t a t i s t i c a l l y   i n -  
dependen t   o f   t he   fo rmer .   I , n   gene ra l ,  t h e  i n t e r v a l s  w i l l  b e  s h o r t e r  
t h a n   t h a t .   T h u s ,   s a m p l e s  will b e  t a k e n  by t h e   o b s e r v e r  more o f t e n  
than   would  be  c a l c u l a t e d   o n  t h e  basis o f   t h e   s a m p l i n g   t h e o r e m .  If 
t h e  o b s e r v e r ,  human o r  i n h u m a n ,   c a n   a l s o   d e t e c t   v e l o c i t i e s ,   t h e n  
i t  has been  shown tha t  t h e  maximum permissible i n t e r v a l   b e t w e e n  
samples  may be  doubled  (21). 

S i n c e  some low v e l o c i t i e s  will be b e l o w   t h r e s h o l d ,  w e  would  expect  
t ha t  low-f requency   s igna ls   would  be sampled inore o f t e n   t h a n   w o u l d  
be p r e d i c t e d  by  any simple t h e o r y .  T h i s  i s  o b s e r v e d   t o  b e  t h e  c a s e  
i n  ea r l i e r  l a b o r a t o r y   s t u d i e s  ( 2 0 ) .  

C a r b o n e l l  ( 2 2 )  p roposed  a m o d e l   o f   v i s u a l   s a m p l i n g ,   w h i c h   c a n   a l s o  
b e  c o n s i d e r e d  as a c o n d i t i o n a l   s a m p l i n g   m o d e l .  I t s  o t h e r   f e a t u r e s ,  
however,  make i t  d i s t i n c t i v e   f r o m   o t h e r   m o d e l s   o f  t h a t  c l a s s   a n d  
t h e r e f o r e  w i l l  be  d i s c u s s e d   s e p a r a t e l y  ( see  S e c t i o n  3 . 4 ) .  

Smallwood ( 2 3 )  proposed  a re la ted  model f o r   v i s u a l   s a m p l i n g   i n  a 
monitoring task .  H i s  c o n c e p t i o n  i s  based on t h e  p r o b a b i l i t y   o f  
exceed ing  t h e  t h r e s h o l d ,  estimated on t h e  bas i s  o f   a n   i n t e r n a l  
mode l   t ha t  t h e  HO i s  p o s t u l a t e d   t o   f o r m u l a t e   a b o u t   e a c h   i n s t r u m e n t .  

3.3 T r a n s i t i o n   P r o b a b i l i t i e s   ( L i n k  ". V a l u e s )  

We h a v e   c o n s i d e r e d   v a r i o u s   m o d e l s   f o r   s a m p l i n g   s t r a t e g i e s   w h i c h  
w i l l  p e r m i t   a n   o b s e r v e r   t o   a c h i e v e  some s p e c i f i e d   p o a l .  E i t h e r  by  

a p p l y i n g  t h e  models t o   h y p o t h e t i c a l   o r  known s i g n a l s ,   o r  by  d i r e c t  
measurement  of t h e  r e l a t i v e  times s p e n t   o b s e r v i n g  t h e  v a r i o u s   i n -  
s t r u m e n t s   o r   d i s p l a y   d e v i c e s   i n  a man-machine system, we c a n   a r r i v e  
a t  estimates o f  t h e  p r o b a b i l i t y   o f   f i x a t i o n   o f   e a c h   o f  t h e  s i g n a l  
s o u r c e s   o r   i n s t r u m e n t s .  The u t i l i t y   o f   s u c h  estimates i s  a p p a r e n t :  
t h e  g rea te r  t h e  p r o b a b i l i t y  t h a t  a s i g n a l  w i l l  b e  f i x a t e d ,  t h e  more 

_- - .  
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c e n t r a l l y   s h o u l d  it be d i s p l a y e d   i n  the v i s u a l  f i e l d .  The o r i g i n a l  
series of p i l o t  eye-movement s t u d i e s  was aimed a t  d e t e r m i n i n g  by  

d i r ec t   measu remen t  the  v a r i o u s   f i x a t i o n   p r o b a b i l i t i e s   a n d   u s i n g  
them t o   d e t e r m i n e  t h e  l o c a t i o n s   o f   t h e   i n s t r u m e n t s   t h e n   u s e d   i n  a 
v a r i e t y   o f   a i r c r a f t .  

I n   a d d i t i o n   t o   m e a s u r e m e n t   o f   f i x a t i o n   p r o b a b i l i t i e s ,  these s t u d i e s  
a l s o   d e t e r m i n e d  t h e  s u c c e s s i v e   p a i r s   o f   i n s t r u m e n t s   f i x a t e d .  The 
g o a l  was t o  e s t ab l i sh  " l i n k s "   b e t w e e n   i n s t r u m e n t s   w h i c h   c o u l d   a c t  
as a g u i d e   t o  t h e  p lacement  of i n s t r u m e n t s   r e l a t i v e   t o   o n e   a n o t h e r .  
Here a g a i n  t h e  u t i l i t y   o f  t h e  estimated t r a n s i t i o n   p r o b a b i l i t i e s  
i s  a p p a r e n t :  t h e  g r e a t e r  t h e  p r o b a b i l i t y   o f   t r a n s i t i o n   b e t w e e n  
two s i p n a l s ,  the  c l o s e r   t o g e t h e r  t h e y  s h o u l d  be d i s p l a y e d .  

One model f o r  t h e  t r a n s i t i o n   p r o c e s s  i s  a Markov c h a i n  t h a t  t rea t s  
t h e  o b s e r v e r  as i f  h e  drew a t  random  from t h e  s e t  o f  d i s p l a y e d  

s i g n a l s  w i t h  p r o b a b i l i t i e s   e q u a l   t o  t h e  f i x a t i o n   p r o b a b i l i t i e s  
each time a t r a n s i t i o n  i s  t o  b e  made. Such   an   observer   would  make 
t r a n s i t i o n s   b e t w e e n   i n s t r u m e n t s   w i t h o u t   r e g a r d  f o r  any r e a l  o r  
i m a g i n e d   r e l a t i o n   b e t w e e n   s i g n a l s   d i s p l a y e d .   A l t h o u g h  i t  i s  n o t  
contended t h a t  p i l o t s   i n   f a c t   b e h a v e  t h i s  way i n   a i r c r a f t ,  I t  i s  
n o n e t h e l e s s  t h e  c a s e  t h a t  t h e  p r e d i c t i o n s   o f  t h e  model a re  i n   c l o s e  
enough  accord w i t h  t h e  a c t u a l   l i n k   v a l u e s   m e a s u r e d   i n   f l i g h t   t o  
h a v e   s e r v e d  as a basis f o r   i n s t r u m e n t   p a n e l   l a y o u t   d e c i s i o n s .  The 

p r e d i c t i o n s   o f  t h e  model  and t h e  r e s u l t s   o f   l a b o r a t o r y   s t u d i e s  (17,18) 
are  e v e n   c l o s e r   a n d   s u g g e s t  t h a t  i n  t h e  l a b o r a t o r y   s i t u a t i o n  t h e  

m o d e l   c a n   a c c o u n t   f o r   n e a r l y  a l l  of  t h e  o b s e r v e d   b e h a v i o r s .  The 
l a b o r a t o r y  data were ga the red   on  a s e t  of  r a n d o m ,   u n r e l a t e d   s i g n a l s .  
Thus,  t he re  would b e  no bas i s  f o r   s e l e c t i o n   o t h e r   t h a n  t h e  proba-  
b i l i t y  of f i x a t i o n  i t s e l f .  A d e v i a t i o n   o n   o n e   i n s t r u m e n t  was n o t  
i n d i c a t i v e  o f  t h e  s i g n a l   w h i c h  might  b e  o b s e r v e d   o n   a n y   o t h e r .   I n  
t h e  a i r c r a f t ,  on t h e  o t h e r   h a n d ,  there  would b e  two p rocesses   wh ich  
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w o u l d   d e t e r m i n e   t h e   n e x t  item t o  b e  se lec ted  by t h e  o b s e r v e r .  If 
t h e  p r i o r   o b s e r v a t i o n   f o u n d  t h e  s i g n a l   i n s i d e  t h e  a c c e p t a b l e   r e g i o n ,  
t h e n  t h e  s q l e c t i o n   o f  a s i g n a l   f o r  t h e  s u c c e e d i n g   o b s e r v a t i o n   c o u l d  
be  made o n   a n   a p p r o p r i a t e l y  weighted random basis .  If t h e  p r i o r  
o b s e r v a t i o n  were o f  a s i g n i f i c a n t   d e v i a t i o n ,   t h e n  t h e  c o u p l i n g  
wh ich   ex i s t ed   be tween  t h e  d i s p l a y e d   s i g n a l s   w o u l d  lead t o  a r a t i o n a l  
s e l e c t i o n   o f   a n   i n s t r u m e n t   w h i c h   m i g h t  b e  presumed t o  b e  r e l a t e d  
t o  t h e  o b s e r v e d   d e v i a t i o n .  Our e x p e c t a t i o n   t h e r e f o r e   s h o u l d   b e  
t h a t  t h e  demands  of t h e  s imple model w i l l  c o n s t r a i n   p a r t i a l l y  t h e  

s a m p l i n g   b e h a v i o r   o f  t h e  p i l o t  and t h a t  t h i s  w i l l  be p a r t i c u l a r l y  
t r u e   o f   t h o s e   s i g n a l s   w h i c h   h a v e  t h e  h i g h e s t   p r o b a b i l i t i e s   o f   f i x a -  
t i o n .  The same  ins t rument   can  b e  f i x a t e d   s u c c e s s i v e l y .  P.s a re- 
s u l t ,  t h e  o b s e r v e d   f r e a u e n c i e s   a n d   d u r a t i o n s   o f   o b s e r v a t i o n  w i l l  
n o t  b e  t h o s e  that  wou ld   have   been   ca l cu la t ed   on  t h e  basis of sig- 

n a l   b a n d w i d t h s   a n d   a c c u r a c y   r e q u i r e m e n t s ,   b u t  t h e  d i s t r i b u t i o n s  
w i l l  b e  modi f ied  as a r e su l t  o f  t h e  p o s s i b i l i t y   o f  these s u c c e s s i v e  
f i x a t i o n s  (18). 

References  1 8  and 19 p r e s e n t  da t a  which  show t h e  e x t e n t   o f  agree- 
ment  between  model  and  behavior.  

3.4 An Economic  Queueing  Model  of ~ Many-Instrument "~ - V i s u a l  . -~ Sampling ~ ~~ 

From r e a d i n g s ,   d i r e c t   o b s e r v a t i o n s ,   a n d   d i s c u s s i o n s  w i t h  p i l o t s   o f  
h i g h   p e r f o r m a n c e   a i r c r a f t ,  i t  i s  p o s s i b l e   t o  assess some i m p o r t a n t  
c h a r a c t e r i s t i c s   o f   t h e i r  t ask .  The re  i s  a wide v a r i e t y   o f   i n s t r u -  
ments,   though t h e y  c a n   g e n e r a l l y  b e  lumped i n t o  two  groups :  
" d e s i r e d - v a l u e "   i n s t r u m e n t s   ( a l t i t u d e ,   a t t i t u d e ,   s p e e d ,   e t c . )   a n d  
" t h r e s h o l d "   i n s t r u m e n t s   ( i n d i c a t o r  l i g h t s ,  p a s s i n g   o v e r  a p o i n t   o n  
t h e  g r o u n d ,   e t c . ) .  Some i n s t r u m e n t s  may b e  h i g h   f r e q u e n c y   ( r o l l ) ,  
b u t   u n d e r   c e r t a i n   c o n d i t i o n s   i n v o l v e  a n o t   t o o  h i g h  c o s t .  O t h e r s  

may b e  o f   r a p i d   f l u c t u a t i o n s   a n d   i n v o l v e  a h i g h   c o s t  (a l t imeter  on 
a l and ing   maneuver ) .   O the r s  may be v e r y   s l o w   i n   c h a n g i n g ,   b u t  t h e  
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c o s t   o f  some   unexpec ted   va r i a t ion  may b e  e x t r e m e l y   h i g h   ( f u e l  
gauge ) .   Obv ious ly ,  t h e  c o s t   s t r u c t u r e   d e p e n d s   o n  t he  s i t u a t i o n ,  
i . e . ,  on t h e  t y p e  of  maneuver t h e  p i l o t  i s  e x e c u t i n g .  

In   r e l axed   moment s ,  t he  p i l o t  may s p a c e  h i s  r e a d i n g s  f a r  a p a r t .  
Uncer ta in ty   g rows  w i t h  t ime and there  i s  always t h e  p o s s i b i l i t y   o f ,  
fo r   example ,  a s u s t a i n e d  d r i f t  i n   a l t i t u d e .   I n  h i g h  per formance  
p l a n e s ,  i f  t h e  p i l o t   d o e s   n o t   c o n t r o l ,  t h e  p l a n e  w i l l  n o t  come 
b a c k   t o  i t s  " z e r o e d "   c o n d i t i o n .  So,  i n  t h e  a b s e n c e   o f   c o n t r o l ,  
t h e  i n s t r u m e n t   i n d i c a t i o n s  w i l l  n o t  be  zero-mean. 

A model was developed  u n d e r  t h e  p r e s e n t   c o n t r a c t   w h i c h  attempts t o  
e x p l a i n   a n d  match t h e  b e h a v i o r   o f   p i l o t s   u n d e r   a c t u a l   f l i g h t   c o n -  
d i t l o n s .  A s  s u c h ,  a n d  i n   c o n t r a s t   t o   o t h e r   m o d e l s ,  i t  p l a c e s  t h e  

p i l o t   i n  a c l o s e d   l o o p   w h i c h   i n c l u d e s   h i s   v i s u a l ,   m e n t a l ,   a n d  
manual tasks.  

The model i s  based on t h e  concep t   o f  t h e  d i f f e r e n t   i n s t r u m e n t s  
c o m p e t i n g   f o r  t h e  a t t e n t i o n   o f  t h e  p i l o t .  Some may b e  un impor t an t  
under  a g i v e n  f l i g h t  c o n d i t i o n ,   b u t  many s h o u l d  b e  looked  a t ,  t h e  
urgency  of   doing s o  be ing   measured  b y  t h e  r i s k  i n c u r r e d  i f  t h e  

co r re spond inR  va lue  i s  beyond a c e r t a i n   t h r e s h o l d .   C o s t s  a r e  
a s s i g n e d   t o   e a c h   i n s t r u m e n t ;  a t  e a c h   s a m p l i n g   i n s t a n t  t h e  d e c i s i o n  
as t o  what i n s t r u m e n t   t o   l o o k  a t  i s  based on   compar ing   fo r  t h e  
d i f f e r e n t   i n s t r u m e n t s  t h e  c o m b i n e d   e f f e c t   o f   b o t h  t h e  p r o b a b i l i t y  
o f   exceed ing  t h e  t h r e s h o l d   a n d  a c o s t   o f   e x c e e d i n g  t h a t  t h r e s h o l d .  
E f f e c t i v e l y ,  t h e  i n s t r u m e n t s   q u e u e   f o r  t h e  p i l o t ' s   a t t e n t i o n ;  t h e  
i n s t r u m e n t  w i t h  t h e  h ighes t  p r i o r i t y  a t  e a c h   i n s t a n t  I s  t h e n   s e r v e d  
( looked  a t ) .  Though t h i s  model   can attempt t o   r e p r o d u c e   b o t h  re- 
l a x e d   a n d   l o a d e d   ( h i g h - d e m a n d )   f l i g h t   s i t u a t i o n s ,  i s  espec ia l ly  
addressed t o  t h e  l a t t e r  which  i s  o b v i o u s l y  t h e  c r i t i c a l   o n e   f o r  
a l l  p r a c t i c a l   a p p l i c a t i o n s .  
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Cont ra ry  t o  a l l  o ther  models, which are addressed t o  m o n i t o r i n g  
tasks ,  t h e  p r e s e n t   m o d e l  does not assume t h a t  t h e   s i g n a l  of  each  
i n s t r u m e n t  i s  zero-mean  Gaussian.  On t h e  c o n t r a r y ,  it p o s t u l a t e s  
a cont inuous  random walk w i t h  p r e d i c t e d   d i s t r i b u t i o n s   t h a t ,   i n   t h e  
absence  o f  c o n t r o l ,  are Gauss i an  w i t h  a mean e q u a l  t o  t h e  l as t  ob- 
s e r v a t i o n .   O n l y  t h e  a c t i o n  of t h e  p i l o t   b r i n R s   u n d e r   c o n t r o l  t h e  

s i g n a l s   w h i c h  otherwise may t e n d  t o  d r i f t ;  p r o b a b i l i t i e s  of exceed- 
i n g   t h r e s h o l d s   m o n o t o n i c a l l y   i n c r e a s e  w i t h  time i n  t h e  a b s e n c e   o f  
c o n t r o l   a c t i o n s .  

The c e n t r a l  idea o f  t h i s  model i s ,  however ,  i t s  u s e  of what may b e  

c a l l e d   a n   e c o n o m i c   o r   c o s t - e f f e c t i v e n e s s   a p p r o a c h .  It  assumes t h a t  
a p i l o t  i s  capab le   o f   mak inq  a r a t i o n a l   c o n d i t i o n a l   d e c i s i o n   ( i n -  
s t r u m e n t   s e l e c t i o n )   o n  t h a t  basis  b e f o r e   l o o k i n g  a t  a n   i n s t r u m e n t  
each  t ime. The m o d e l   p o s t u l a t e s  t h a t  h e  i s  t r y i n g   t o   m i n i m i z e  t h e  

r i s k  i n v o l v e d   i n   n o t   o b s e r v i n g  t h e  o t h e r   i n s t r u m e n t s .  

A f o r m a l   d i s c u s s i o n  o f  t h i s  model, t o g e t h e r  w i t h  imp lemen ta t ion  
d e t a i l s  of  a s i m u l a t i o n   f o l l o w i n g  i t  and a very   encouraKing  sta- 
t i s t i c a l   v a l i d a t i o n ,   a p p e a r   i n   S e c t i o n  6 . 3  of t h i s  r e p o r t .  

3.5 Genera l   Discuss ion   of   Models  

The f o r e g o i n g   s e c t i o n s   h a v e   d i s c u s s e d   i n  a g e n e r a l  way t h e  mechan- 
isms proposed  t o  e x p l a i n  t h e  d i s t r i b u t i o n  of v i s u a l   a t t e n t i o n   i n  a 
mul t id imens iona l   dynamic   envi ronment .  The exper iments   which  were 
r e p o r t e d   i n   R e f e r e n c e s  18 ,  1 9 ,  and 20 p r o v i d e   v a l i d a t i o n   f o r   v a r i -  
o u s   p a r t s  of t h e  t h e o r y ,  i n  p a r t i c u l a r  t h e  r e l a t i o n s h i p   b e t w e e n  
m o n i t o r i n g   l a b o r a t o r y  data  and t h e  model p r o p o s e d   i n  1955 and i n  
1963 .  The r e s u l t s  of  t h i s  s e r i e s   o f   e x p e r j m e n t s   p r o v i d e   s t r o n g  
s u p p o r t   f o r  t h e  h y p o t h e s i s  t h a t  human o b s e r v e r s   b e h a v e   i n  a way 
which i s  i n f l u e n c e d  by t h e  bandwid ths   and   accu racy   r equ i r emen t s  
of  t h e  s i g n a l s   w h i c h  t h e y  are  t o  monitor .   However ,  t h e r e  were 
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indeed f a i l u r e s   o f   a g r e e m e n t   b e t w e e n  t h e  models   and  the data and 
these i n   t u r n   h a v e  l ed  u s  t o  more s o p h i s t i c a t e d   a n a l y s e s   o f  t h e  

d e t e r m i n e r s   o f  t h e  d i s t r i b u t i o n   o f   v i s u a l   a t t e n t i o n .  Among t h e s e  
are t h e  d i r e c t   p e r c e p t i o n   o f   v i s u a l  ra te ,  t h e  ass ignment   o f  d i f -  

f e r e n t i a l   c o s t s   t o   e x t r e m e   d e v i a t i o n s   o f   d i f f e r e n t   s i g n a l s  (22), 
the  e f f ec t  o f   n o n v e r i d i c a l   p e r c e p t i o n   o f  t h e  s i g n a l   c h a r a c t e r i s -  
t i c s  by  t h e  o b s e r v e r  (23), and t h e  e f f e c t s   o f   c o u p l i n g   a n d   c o r r e -  
l a t i o n   b e t w e e n  t h e  v a r i o u s  d i s p l a y e d  s i m a l s  ( 2 0 ) .   T h e  models of  
Refe rences  22  and 23 have   been  t e s t ed  by compute r   s imu la t ion  
a g a i n s t  t h e  ea r l i e r  data o b t a i n e d   i n   1 9 5 4   a n d   1 9 5 5   a n d   r e p o r t e d  
i n  1958 ( 1 3 ) .  Here i t  i s  p o s s i b l e   t o   c h o o s e  parameters such  t h a t  

t h e  b e h a v i o r s   e x h i b i t e d  by t h e  models a re  well  w i t h i n  t h e  r a n g e  
o f   t h o s e   b e h a v i o r s   e x h i b i t e d  by  human s u b j e c t s .   T h u s ,  t h e  f i r s t  
model  of  1955 appears t o   d e s c r i b e   q u i t e  well t h e  k i n d s   o f   b e h a v i o r  
which r e s u l t  when o b s e r v e r s  a re  r e q u i r e d   t o   m o n i t o r  some r e l a t i v e l y  
small number o f   c o m p l e t e l y   u n c o r r e l a t e d ,   b a n d l i m i t e d ,   n o r m a l l y  d i s -  

t r i b u t e d  time f u n c t i o n s   a n d   t o   r e p o r t   w h e n e v e r   a n y   o f  these time 
f u n c t i o n s   e x c e e d s  some s y m m e t r i c a l l y   d i s p o s e d ,  a r b i t r a r i l y  s e l e c t e d  
limit value;   Smallwood's   model  ( t h e  s u b j e c t i v e   o n e   o f   R e f e r e n c e  2 3 )  

has r e s u l t e d  i n  a c l o s e   a p p r o x i m a t i o n   t o  t h e  a c t u a l   b e h a v i o r  d i s -  

p l a y e d  by t h e s e   s u b j e c t s   i n  t h e  m o n i t o r i n f :   l a b o r a t o r y   s i t u a t i o n .  
Ca rbone l l ' s   mode l  ( t h e  queueing   model   o f   Sec t ion  3.4 and   Reference  
2 2 )  has g i v e n   e x c e l l e n t   a p p r o x i m a t i o n   t o   v i s u a l  s a m p l i n g  b e h a v i o r  
i n   a c t u a l  f l i g h t  s i m u l a t i o n s ,  as w i l l  b e   d i s c u s s e d   i n   S e c t i o n  6 . 3  
o f  t h i s  r e p o r t .  The u l t i m a t e  u t i l i t y  o f   such   mode l s ,   o f   cou r se ,  
may b e  two-fo ld .  On t h e  one  hand,  they p r o v i d e  a basis  f o r  examin- 
a t i o n   o f   a t t e n t i o n a l   m e c h a n i s m s   a n d   f o r   i d e n t i f y i n g  t h e  c h a r a c t e r -  
i s t i c s   o f  t h e  w o r l d   o f   s t i m u l i   w h i c h   a c t u a l l y   s e r v e   t o   e l i c i t  ob- 
s e r v i n g   r e s p o n s e s   o n  t h e  p a r t   o f   o b s e r v e r s ;   a n d ,   o n  t h e  o t h e r   h a n d ,  
t h e y  p r o v i d e  a p o t e n t i a l  means   o f   es t imat ing  a number  of parameters 
r e l a t i n g   t o  t h e  way i n  which   people  w i l l  behave when c o n f r o n t e d  
w i t h  r ea l  tasks i n  rea l  s y s t e m s .  For  t h e  moment i t  I s  t h i s  l a t t e r  
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a p p l i c a t i o n  of t h e  theo ry   wh ich   conce rns   u s .  If these models ( o r  
any  one of them) ho ld  t r u e  f o r  c o n t r o l l e r s   a n d   m o n i t o r s  of  rea l  
s y s t e m s ,   t h e n  we c a n   c a l c u l a t e  a number   o f   t h ings   abou t   such  s y s -  
tems. Among these would b e  t h e  f r equency  w i t h  which t h e  s i g n a l  
would b e  obse rved .  T h i s ,  o f   cou r se ,   means  t h a t  w e  c a n  estimate i n  
a s t a t i s t i c a l  way t h e  i n t e r v a l   b e t w e e n   o b s e r v a t i o n s ,  t h e i r  d u r a t i o n  
and t h e  s e q u e n c e s   i n   w h i c h  t h e y  would b e  made. We c o u l d ,  for ex- 
ample, c a l c u l a t e  t h e  p r o b a b i l i t y  t h a t  t h e  monitor   would i n   f a c t  
o b s e r v e  a t r a n s i e n t   s i g n a l   o f   a n y   d u r a t i o n   w h i c h   a p p e a r e d   o n   a n  
ins t rument .   Thus  some i n d e x   o f  t h e  " r e l i a b i l i t y "  o f  t h e  human 
m o n i t o r   i n   d e t e c t i n g   s i g n a l s   c o u l d  b e  o b t a i n e d .   I n  o rde r  t o  ac- 
compl ish  a l l  or even  par t  o f  t hese  a m b i t i o u s  goals  o u r  task must 
b e   t o  show t h a t  t h e  b e h a v i o r  of  human b e i n g s   i n  rea l  systems does  
i n   f a c t   f o l l o w  t h e  r u l e s  l a i d  down by t h e  models .  Of  cou r se ,   mos t  
r ea l - sys t ems  a re  m a r k e d l y  d i f f e r e n t   f r o m  t h e  systems t h a t  have  
b e e n   t r a d i t i o n a l l y   u s e d   i n  t h e  l a b o r a t o r y .  The d i f f e r e n c e s  a r e  

,~ t h e  f o l l o w i n g   k i n d s :  

The s i g n a l s   p r e s e n t e d   o n   o n e   i n s t r u m e n t ' a r e   v e r y  much 
re la ted  t o  t h e  s i g n a l s   p r e s e n t e d   o n  t h e  o t h e r   i n s t r u -  
ments whereas i n  t h e  c l a s s i c   l a b o r a t o r y   s i t u a t i o n  t h e  
s i g n a l s  were s p e c i f i e d  as b e i n p ;   u n r e l a t e d .  

The n a t u r e   o f  t h e  c o n t r o l   p r o c e s s   u s e d  by  t h e  s y s t e m  
c o n t r o l l e r   m o d i f i e s  t h e  s h o r t  term s t a t i s t i c a l   c h a r -  
a c t e r i s t i c s   o f  t h e  s i r n a l s  whereas i n  t h e  m o n i t o r i n g  
l a b o r a t o r y   s i t u a t i o n  t h e  r e s p o n s e   a c t i v i t ) y  of t h e  
m o n i t o r  had no e f f e c t   w h a t s o e v e r   o n  t h e  b e h a v i o r   o f  
t h e   s i g n a l .  

The d i s t r i b u t i o n   o f   s i g n a l   v a l u e s  i s  non-Gaussian 
whereas i n  t h e  t r a d i t i o n a l   l a b o r a t o r y   s i t u a t i o n  t h e  
s i g n a l  i s  c o n s t r u c t e d   t o  be  Gauss i an .  

The s i g n a l   d o e s   n o t  show a c o n s i s t e n t   t e n d e n c y   t o  re- 
g r e s s   t o  t h e  mean whereas i n  t h e  t r a d i t i o n a l  l abo ra to ry  
s i t u a t i o n  t h e  s i g n a l  i s  assumed t o   h a v e  a mean v a l u e  
e q u a l  t o  z e r o .  

24 



5 .  There  are  n o   f i x e d  a rb i t ra ry  limits on each i n s t r u m e n t  
b u t ,  r a ther ,  these v a r y  as a f u n c t i o n   o f  time depending 
upon the  immediate r e q u i r e m e n t s   o f  t h e  m a c h i n e   a n d   p i l o t ,  
and  on t h e  m i s s i o n   t o   w h i c h  t h e  combina t ion  i s  d e d i c a t e d .  
On t h e  o t h e r   h a n d ,   i n  t h e  c l a s s i c   l a b o r a t o r y   s i t u a t i o n ,  
t h e  limits were f i x e d ,   a n d   e q u a l   f o r  a l l  i n s t r u m e n t s .  

For  these r e a s o n s ,  i t  was f e l t  n e c e s s a r y   t o   p e r f o r m   m o r e   r e a l i s t i c  
e x p e r i m e n t s   t o   a v o i d  t h e  o v e r s i m p l i f i c a t i o n s   o f  t h e  c l a s s i c  moni- 
t o r i n g   l a b o r a t o r y   e x p e r i m e n t s .  These e x p e r i m e n t s   c o n s i s t e d   i n  t h e  

s i m u l t a n e o u s   r e c o r d i n g   o f   b o t h  e y e  movements  and p a n e l   i n s t r u m e n t  
s i g n a l s  when a c t u a l   p i l o t s  were f l y i n g   a n   i n s t r u m e n t e d   l a n d i n g  ap- 

proach f l i g h t  i n  a LINK t r a i n e r   s i m u l a t o r .  The r e s t  of t h i s  r e p o r t  
i s  d e v o t e d   t o  a d e s c r i p t i o n   o f   t h e s e   e x p e r i m e n t s   ( S e c t i o n  4 )  and 
subsequent  da ta  a n a l y s e s   ( S e c t i o n  5 ) ,  and t o  t h e  u s e   o f  t h e  data  
i n   v a l i d a t i o n   s t u d i e s   o f  some mode l s   (Sec t ion  6 ) .  S p e c i a l  empha- 

s i s  i s  p l a c e d   o n  t h e  queueing  model  which was d e s i g n e d   i n  t h i s  

c o n t r a c t  w i t h  t h e  a c t u a l  f l i g h t  s i t u a t i o n   i n  mind r a the r  t h a n  t h e  
t r a d i t i o n a l   m o n i t o r i n g   o n e .  
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4. EXPERIMENTS 

The i n s t r u m e n t a t i o n   r e q u i r e m e n t s  of  t h e  g r o u n d - b a s e d   s i m u l a t o r   t o  
be u s e d   i n  the  v a l i d a t i o n   s t u d i e s  were s e t  f o r t h  as p a r t   o f  Con- 
t r a c t  No. NAS1-5953. The r e l e v a n t   p o r t i o n   o f  t h e  c o n t r a c t  s ta te-  
ment  of  work reads as f o l l o w s :  

"The C o n t r a c t o r  w i l l  f o r m u l a t e  a l o g i c a l   a n d / o r   m a t h e m a t i c a l   m o d e l  
of a sampl ing   process   and  t e s t  this m o d e l   f o r   v a l i d i t y   a g a i n s t  
data g a t h e r e d   f r o m   o p e r a t i o n a l   f l i g h t   s t a t u s ,   l i c e n s e d   c o m m e r c i a l  
p i l o t s   o r   e q u i v a l e n t   o p e r a t i n g  t h e  C - 1 1  t r a i n e r   u n d e r  t h e  fo l low-  
i n g   c o n d i t i o n s  : 

c o n s t a n t   c o u r s e  

c o n s t a n t   a l t i t u d e  

c o n s t a n t   s p e e d ,  

tha t  t h e  r e c o r d e d  data  s h a l l  i n c l u d e  as a minimum: 

h e a d i n g  

speed  

a l t i t u d e  

p i t c h ,  r o l l  and yaw a t t i t u d e s  

p i l o t   c o n t r o l   d e f l e c t i o n s  

c o n t i n u o u s   r e c o r d i n g s  of  p i l o t  eye mot ions . "  

I n   a d d i t i o n ,  Part  3 .3 .1  c a l l s   f o r  I . L . S .  data r e c o r d s .  

4 . 1  I n s t r u m e n t a t i o n  

The C - 1 1 B  T r a i n e r   l o c a t e d  a t  Bol t   Beranek   and  Newman's Cambridge 
f a c i l i t y  was p l a c e d   i n   o p e r a t i o n a l   s t a t u s   a c c o r d i n g   t o  t h e  main- 
tenance   and   ad jus tment   manual   furn ished  by t h e  o r i g i n a l  manufac- 
t u r e r .  I n   a d d i t i o n ,  t h e  g e n e r a l   f l i g h t   c h a r a c t e r i s t i c s   o f  t h e  

machine were a l t e r e d  i n  t h e  d i r e c t i o n  of  i n c r e a s e d   p e r f o r m a n c e  s o  
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as t o   b r i n g  t h e  machine  more  nearly i n   a c c o r d  w i t h  modern f i g h t e r  
a i r c r a f t .  The machine was f lown by  two ra ted i n s t r u m e n t   p i l o t s .  
I n  t h e i r  o p i n i o n ,  i t  was i n   g e n e r a l  a " p r e t t y   g o o d   a i r p l a n e "   a n d  
s u i t a b l e   f o r  t h e  ma in tenance   o f  s k i l l .  

The canopy  of t h e  o r i g i n a l  C-11B t r a i n e r '  was l i n e d  w i t h  a t r a n s -  
l u c e n t   s c r e e n   b e h i n d  which f l u o r e s c e n t   l a m p s  were mounted t o   p r o -  
v i d e   f o r   s i m u l a t e d   l i g h t n i n g .  T h i s  l i n e r   a n d  t h e  lamps were re- 
moved,  and s u i t a b l e   a r r a y   o f   i n c a n d e s c e n t   l a m p s  was i n s t a l l e d   t o  
p r o v i d e   l i g h t .   T h u s ,  t h e  in s t rumen t s   and  t h e  c o n t r o l s   i n  the  
c o c k p i t  were f l o o d  l i t  by  w h i t e  l i g h t .  The  canopy i t s e l f  does   no t  
o f f e r   a p p r e c i a b l e  g l a r e ,  nor   does  t h e  l i g h t  i n t e r f e r e  w i t h  o r d i n -  
a r y ,  s a f e   o p e r a t i o n   o f  t h e  a i r c r a f t   s i m u l a t o r .  

On each   of  t h e  p a n e l   i n s t r u m e n t s   a n   a d d i t i o n a l   r e c o r d i n g   p o t e n t i o m -  
e t e r  o r   a e m o d u l a t o r  (as a p p r o p r i a t e )  was i n s t a l l e d  s o  t h a t  d i r e c t  
i n d i c a t i o n s   o f  a l l  d i s p l a y e d  f u n c t i o n s   c o u l d  be o b t a i n e d .   I n  ad- 
d i t i o n ,   p o t e n t i o m e t e r s  were i n s t a l l e d  on s t i c k ,   r u d d e r ,  f l a p s ,  and 
t h r o t t l e  t o  pe rmi t  r e c o r d i n a  of  t h e  p i l o t ' s   c o n t r o l   a c t i v i t y .  

I n  summary, t h e n ,  t o  each   o f  t h e  s e r v o s   w h i c h   d r i v e s  a f l i g h t  i n -  
d i c a t o r   i n  t h e  s i m u l a t o r  there  was a t t a c h e d   a n   a d d i t i o n a l   p o t e n -  
t i o m e t e r   t o   a l l o w  a DC s i g n a l   t o  b e  o b t a i n e d .  Similar s i g n a l s  
were o b t a i n e d   f r o m   c o n t r o l s .  The s i p n a l s  were c o n d u c t e d   t o  a 
Goodyear L-3 ana log   computer   which   se rved  as a b u f f e r   b e t w e e n  t h e  

s i m u l a t o r   a n d  t h e  d i g i t a l  computer .  From t h e  ana log   computer  t h e  

s i g n a l s  were c o n d u c t e d   t o  a s e t  o f  f i l t e rs  w h i c h   e l i m i n a t e d   l i n e  
a n d   p o t e n t i o m e t e r   n o i s e   a n d   t h e n   i n t o  t h e  20-channel   analog-to-  
d i g i t a l  c o n v e r s i o n  s y s t e m .  The d i g i t i z e d   s i g n a l s  were t h e n  fed 

i n t o  t h e  PDP-1 computer   which   s tored  them on t h e  drum i n  r e a l  t ime. 
The a n a l o g - t o - d i g i t a l   c o n v e r s i o n  s y s t e m  was d r i v e n  by  a n   o s c i l l a -  
t o r  a t  t h e  r a t e  o f   t e n   c y c l e s  per second,   scanned  t h e  t w e n t y   l i n e s  
o f  data coming  from t h e  analog  computer .   Thus,  a l l  t h e  v i s u a l   i n -  
f o r m a t i o n   w h i c h   e n t e r e d  t h e  c o c k p i t ,   a n d  all t h e  c o n t r o l   i n f o r m a -  
t i o n  which l e f t  t h e  c o c k p i t  was r e c o r d e d .  
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I n   a d d i t i o n ,   e y e   p o s i t i o n   h a d   t o  b e  r e c o r d e d  (Ref. 2 4 )  i f  we were 
t o  t e s t  the  p r e d i c t i o n s   o f  t h e  v a r i o u s   m o d e l s  o f  t he  t h e o r y   a g a i n s t  
a c t u a l   p r a c t i c e .  An e l e c t r o - o c u l o g r a p h i c   e y e   p o s i t i o n   r e c o r d i n g  
s y s t e m  was u s e d   t o   r e c o r d  e y e  p o s i t i o n  ( 2 4 ) .  The means   o f   ob ta in ing  
s u c h   r e c o r d s  are  shown i n   F i g u r e  l ( a )  t h r o u g h  l ( d ) .  The p i l o t s  
op ined  t h a t  t h e  p r o c e s s   o f   w i r i n g ,   a n d  t h e  wea r ing   o f  t h e  e l e c t r o d e s  
c o n s t i t u t e d  less o f   a n   i n t e r f e r e n c e   w i t h   o r d i n a r y   f l i g h t   b e h a v i o r  
t h a n  t h a t  produced  by t h e  wear ing   of   oxygen  mask and helmet .  

The p r o c e d u r e   o f   a p p l i c a t i o n   o f   e l e c t r o d e s  was as f o l l o w s :  a small 
p u n c t u r e  was made i n  t h e  s k i n   u s i n g  a 22-gauge   d i sposable  s t e r i l e  
hypodermic   needle ;  Beckman e l e c t r o d e   p a s t e  was t h e n   r u b b e d   g e n t l y  
i n t o  t h e  s k i n  immediately a round  and   over  t h e  l o c a t i o n   o f  t h e  
p u n c t u r e ;  Beckman p e r m a n e n t l y   c h l o r i d e d   s i l v e r   e l e c t r o d e s  w i t h  

p r e s s u r e - a d h e s i v e   a t t a c h m e n t   r i n g s  were t h e n   a p p l i e d   a n d  t h e  wires 
l e d  back   ove r  t h e  ears  o f  t h e  s u b j e c t   p i l o t .  The whole   p rocedure  
r e q u i r e d   a p p r o x i m a t e l y   f i v e   m i n u t e s .  After t h e  e l e c t r o d e s  were 
a p p l i e d  a w a i t i n g   p e r i o d   o f  15 minutes   a l lowed t h e  r e a c t i o n s   o f  
t h e  s k i n - e l e c t r o d e   i n t e r f a c e   t o   s t a b i l i z e   a n d  t h e  s u b j e c t  was ready 
f o r  t h e  s i m u l a t o r .   P r i o r   t o  t h e  a c t u a l   t a k e - o f f  t h e  sub jec t   wou ld  
p r o v i d e  t h e  e l e c t r o - o c u l o g r a p h e r  w i t h  a c a l i b r a t i o n   r u n .   S a m p l e s  
o f   such   runs  are a t t a c h e d  as F i g u r e  2 .  Such a r u n  i s  produced by  

s u c c e s s i v e l y   f i x a t i n g  t h e  i n s t r u m e n t s   i n   e a c h   o f  t h e  three h o r i -  
z o n t a l   r o w s   b e g i n n i n g  a t  t h e   u p p e r - l e f t - h a n d   c o r n e r   m o v i n g   t o  t h e  
u p p e r - r i g h t - h a n d   c o r n e r   m o v i n g   b a c k   t o   t h e   c e n t e r  l e f t  and s o  on.  
A br i e f  pause  would b e  made a t  each  of  t h e  i n s t r u m e n t s   i n   o r d e r   t o  
p r o v i d e  a s t e p   r e c o r d   o f   t h e   s o r t   s h o w n .  
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(a) MR. J. W. SEN DERS (b) COL. D.M. MEMMOLO 

(c) LT. COL. P. J. MC NAMARA (d) MAJOR J.F. FISHER 

FI G. 1 ELECTRODE PLACEMENT 
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4 . 2  D i s c u s s i o n  of Eye-Movement Records 

Record No. 1 was t a k e n   o n  Mr. J .  W .  Sende r s   and  shows a number of 
readings d e r i v e d  from electrodes p l a c e d  across t h e  two eyes as 
shown i n  t h e  pho tographs .  The  t w o   u p p e r   t r a c e s   a n d  t h e  two lower 
t r a c e s  were made w i t h  t e m p o r a r i l y   c h l o r i d e d   s i l v e r   e l e c t r o d e s ,  
t h e  c e n t e r   t r a c e  was t h a t  made w i t h  t h e  Beckman permanent ly   ch lo-  
r i d e d  e l e c t r o d e s   w h i c h  were u l t i m a t e l y   u s e d .  I t  can  b e  s e e n  t h a t  
t h e  s i g n a l s   d e r i v e d   f r o n !  t h e  two d i f f e r e n t   k i n d s   o f   e l e c t r o d e s  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   i n  t h e  s h o r t  term. However, t h e  de- 
c i s i o n   t o   u s e  t h e  p e r m a n e n t l y   c h l o r i d e d   e l e c t r o d e s  was based on 
o b s e r v a t i o n s   o f  d r i f t  o v e r  t h e  l o n g  term which   occu r s  w i t h  t h e  
t e m p o r a r i l y   c h l o r i d e d   e l e c t r o d e s .  

Record hJo. 2 s h o w s   r e s u l t s  for o n e   s u b j e c t ,  Col .  Memmolo. The two 
l i n e s  marked A and 6 are  r e c o r d e d   r e s p e c t i v e l y   f r o m  t h e  r i g h t   e y e  
and t h e  l e f t  e y e   i n d i v i d u a l l y .  The c u r v e  marked C i s  r e c o r d e d  
a c r o s s  t h e  two  eyes .  I t  can  b e  s e e n  t ha t  i n  t h e  s e r i e s  o f   f i x a -  
t i o n s  made by  t h e  eyes i n d i v i d u a l l y  t he re  a re  n o n l i n e a r i t i e s   i n  
t h e  r eco rd   wh ich   cance l  when r e c o r d e d   a c r o s s  t h e  t w o   e y e s .   I n  
a d d i t i o n ,  t h e  t o t a l   v o l t a g e   d e r i v e d ,   b e i n g   e q u a l  t o  t h e  sum of 
t h e  two   vo l t ages ,  i s  more e a s i l y   m e a s u r e d   a n d   d i s c r i m i n a t i o n s   m o r e  
a c c u r a t e l y  made. 

The f o u r   r e c o r d s  a t  t h e  t o p   o f  t h e  page were r e c o r d e d   r e s p e c t i v e l y  
f r o m   h o r i z o n t a l   a n d   v e r t i c a l   e l e c t r o d e s   a n d   r e p r e s e n t   e x p e r i m e n t a l  
a t t e m p t s   t o   i m p r o v e  t h e  q u a l i t y   a n d   d i s c r i m i n a b i l i t y   o f  t h e  s i K n a l s .  
For o u r   p r e s e n t   d i s c u s s i o n   t h e y   s e r v e   n o   p u r p o s e .  

The r e c o r d  marked 3 shows  eye  movements  taken i n  f l i g h t  and i t  i s  
w o r t h w h i l e   t o   c o n , s i d e r  some o f  t h e  c h a r a c t e r i s t i c s   o f  t h i s  method 
o f   r eco rd ing   wh ich  are  demons t r a t ed  here .  The p o i n t s  marked A 

r e p r e s e n t   b l i n k s   w h i c h   a p p e a r   s t r o n g l y   i n  t h e  v e r t i c a l   e l e c t r o -  
o c u l o e r a p h i c   p o t e n t i a l s   b u t  are  b a r e l y   d i s c e r n i b l e   i n  t h e  h o r i z o n t a l  
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l e f t  e y e  t r a c t  a t  t h e  t o p  o f  t h e  r e c o r d .  As can  b e  s e e n ,  t h e  
r e c o r d   f o r  t h e  r i g h t  e y e  shows, i f  a n y t h i n g ,  a d i m i n u t i o n   o f   o u t -  
p u t  w i t h  t h e  b l i n k  r a t h e r  t h a n   a n   i n c r e a s e ,  as i n d i c a t e d  by  t h e  
arrow.  However, t h e  v a r i o u s  d r i f t s ,  s p i k e s   a n d   o t h e r   n o n l i n e a r i -  
t i e s  i n  t h e  e y e s   i n d i v i d u a l l y   i n  t h i s  r e c o r d   t a k e n   d u r i n g   f l i g h t  
are ,  i n   g e n e r a l ,   s u p p r e s s e d  by  t h e  t e c h n i q u e   o f   s i m u l t a n e o u s l y  
r e c o r d i n g   a c r o s s  t h e  two eyes .  The v e r t i c a l   s i g n a l s   o f  t h i s  

r e c o r d  are readable b u t   o b v i o u s l y   n o t  as c l e a r  as t h o s e   o b t a i n e d  
from t h e  ho r i zon ta l   movemen t s .  T h i s  i s  p a r t l y   d u e   t o  t h e  e y e l i d  
and p a r t l y  due t o  t h e  f a c t  t h a t  no   convenient  way was found a t  t h e  

time t o  add  the  v e r t i c a l   o u t p u t s   o f  t h e  two eyes.  I t  i s  a l s o  ap- 

p a r e n t  f rom  looking a t  these  r e c o r d s  t h a t  t h e r e  a re  times when t h e  

eyes do n o t   a p p e a r   t o  move t o g e t h e r .  

Record No. 4 shows t h e  r e s u l t   o f   s p e e c h   u p o n  t h e  e y e  movement re- 
c o r d i n g .  The c i r c l e d   s e g m e n t   r e p r e s e n t s   v o l t a c e s   g e n e r a t e d  by  

movement  of t h e  s k i n   u n d e r  t h e  e l e c t r o d e ?   a n d  b y  m u s c u l a r   p o t e n t i a l s  
d u r i n g   c o n v e r s a t i o n .  It  i s  c l e a r  t h a t  these a re  l a r g e l y   s u p p r e s s e d  
i n  t h e  b i l a t e r a l   r e c o r d i n g   b u t   s e r i o u s l y   i n t e r f e r e  w i t h  t h e  ade- 
quacy  of t h e  v e r t i c a l   s i g n a l   r e c o r d i n g .  If one l o o k s  a t  t h e  time 
mark e d A , i t  i s  c l e a r  t h a t  a s i g n a l  was ob ta ined   f rom t h e  l e f t  
e y e  which was b a r e l y  r e p r e s e n t e d   i n  t h e  r i g h t  e y e .  One t h i n g  
which  became c l ea r  from  examining these  r e c o r d s  was t h a t  t h e  eyes 
o f   p i l o t s   d o   n o t   n e c e s s a r i l y  move i n   c o n c e r t ,   a n d  t h a t  i n  some 
cases   one  e y e  dominates  t h e  o t h e r ,   w h i c h   w a n d e r s   i n  a r e l a t i v e l y  
f r e e  w a y ,  a p p a r e n t l y   n o t   s e e i n g  o r  n o t   b e i n g   u s e d .  It c a n  b e  s e e n  
i n  t h i s  r e c o r d  t h a t  i t  i s  t h e  l e f t  e y e  which i s  dominant  and  pro- 
v i d e s  t h e  m a j o r   l i n e a r   p a r t  o f  t h e  s i g n a l .  

4 . 3  S u b j e c t   a n d  Task  I n f o r m a t i o n  

Ear l ie r  l a b o r a t o r y   s t u d i e s   h a v e  shown tha t  even  as much as 30 h o u r s  
a t  t h e  r a t e  of one   hour  p e r  day o f   c o n t i n u o u s   o b s e r v a t i o n   o f  f o u r  
s i m p l e   u n r e l a t e d   s i g n a l s  d i d  n o t   p e r m i t   s u b j e c t s  t o  r e a c h   t r u e  
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a s y m p o t o t i c   l e v e l s   o f   p e r f o r m a n c e .  For this  r e a s o n  i t  was decided 
t o   u s e   a l r e a d y   t r a i n e d   a n d   q u a l i f i e d  j e t  p i l o t s  as s u b j e c t s ,   a n d ,  
f u r t h e r ,   t o   p r o v i d e   f i v e   h o u r s   o f   f a m i l i a r i z a t i o n  w i t h  t h e  a c t u a l  
t r a i n e r   a n d   f l i g h t   p r o f i l e s  which t h e y  were e x p e c t e d   t o  f l y .  

Four  p i l o t s  were ob ta ined   f rom t h e  M a s s a c h u s e t t s  Air N a t i o n a l  
Guard ,   lO3rd   F igh te r  Wing, based a t  L o p a n   A i r p o r t   i n   B o s t o n .  
From t h i s  g r o u p ,   t h r e e  were c h o s e n   f o r  t h e  a c t u a l  data t a k i n g .  
T a b l e  1 p r o v i d e s   r e l e v a n t   i n f o r m a t i o n   a b o u t  t h e  p i l o t s .  The p i l o t s  
were already familiar w i t h  t h e  Logan A i r p o r t  area and t h e  r a d i o  
aids o f  t h i s  r e g i o n .  It  was d e c i d e d   t o   u s e   a n   a p p r o a c h   a n d   f i n a l  
d e s c e n t   i n t o  t h e  Logan  instrument  runway area as t h e  task.  The 

f l i g h t  p l a n  i s  tha t  shown i n   F i g u r e  3.  The e n t i r e   p r o f i l e   t o o k  
somewhere  between 8% and 9% m i n u t e s   t o  f l y .  T a b l e  2 shows t h e  
way i n  which time was d ' i s t r i b u t e d  among t h e  v a r i o u s  legs of t h e  
f l i g h t  p l an .   Fo l lowing  t h e  f i v e   h o u r s   o f   f a r c i l i a r i z a t i o n ,   a c t u a l  
data r u n s  were made u s i n g  t h e  w e l l - p r a c t i c e d   f l i g h t   p l a n ,   a n d  re- 
c o r d i n g  data w i t h  t h e  t e c h n i q u e s  e a r l i e r  d e s c r i b e d .  

4 . 4  Data Taking 

Each  of t h e  f o u r   p i l o t s   r a n  a s e r i e s  o f  th ree  f l i g h t s   d u r i n g   w h i c h  
e l ec t ro -ocu lograms  were r e c o r d e d   o n   p a p e r  as we l l  as b e i n p   t r a n s -  
mi t ted  t o  t h e  d i g i t a l  computer   us ing  t h e  a n a l o g   b u f f e r  as e a r l i e r  
d e s c r i b e d .   E a c h   r u n   t o o k   a p p r o x i m a t e l y   t e n   m i n u t e s   w h i c h  f i l l e d  

t h e  a v a i l a b l e   s t o r a g e   i n  t h e  d i g i t a l   c o m p u t e r .  It  was d i s c o v e r e d  
on t h e  p l ayback  t h a t  t h e  two I L S  c h a n n e l s  had n o t   r e c o r d e d   d u r i n g  
a p a r t   o f  t h e  run   and   consequen t ly  t h e  s i g n a l s   f r o m  t h e  c r o s s -  
p o i n t e r   i n s t r u m e n t  were n o t   r e c o r d e d .  We t h e r e f o r e   r e p e a t e d  a 
series o f  three r u n s  w i t h  two p i l o t s   t o   p r o v i d e  data f o r  t h e  t h i r d  

p h a s e   o f  f l i g h t :  t h e  f i n a l   a p p r o a c h   t o  t h e  t h r e s h o l d  of t h e  run- 
way. The e a r l i e r  s e t  of data  were a d e q u a t e   f o r  t h e  c r o s s - c o u n t r y ,  
l e tdown,   and   ho ld ing   maneuvers   s ince  these maneuvers were n o t  de- 

p e n d e n t   u p o n   c r o s s p o i n t e r   i n f o r m a t i o n .  
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Name: 
Age : 
F l y i n g   E x p e r i e n c e :  

P r e s e n t   P o s i t i o n :  

Name : 
Age : 
F l y i n g   E x p e r i e n c e :  

Name : 
Age: 
F l y i n g   E x p e r i e n c e :  

TABLE 1 

Brief  H i s t o r y   o f   P i l o t s  

Dante M. Nemmolo 
42  
7000 hours  on Je t s ,  
T r a i n e r s  , Bombers, 
and   T ransp   o r t  s 

Wing S t a f f   O f f i c e r ,   D i r e c t o r   o f   F l y i n g   S a f e t y  
a n d   O p e r a t i o n s   a n d   T r a i n i n g   O f f i c e r   f o r  Two 
T a c t i c a l   F i g h t e r   G r o u p s .  

P h i l i p  J .  McNamara 
4 1  
5 2 0 0  h o u r s   o n   F i g h t e r s ,  
T r a i n e r s  , Bombers , 
a n d   T r a n s p o r t s  

James F .   F i s h e r  
4 1  
5600 hours  on J e t s ,  S i n g l e  
and Multi-Engine  Land 
Ins t rument   Douglas  DC-3 

Rank: L t .  Col. 

Rank: L t .  Col. 

Rank : Maj or 
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TABLE 2 

FLIGHT TIMETABLE 

START COMPLETE 

8MI MARKER 360' 360' OM "(%MI) - - 

CLOCK 

TIME 5 3 : O O  53:30 56 : 15  58:07  59 : 35  62:   15 

TIME 

DIFFERENCE 0:oo 0 : 3 0  2 : 4 5   1 : 0 8  1:28 2 : 4 0  

CUMULATIVE 

TIME 0 : o o  0:30 3: 1 5   4 : 2 3   5 : 5 1   8 : 3 1  
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Data were t a k e n  a t  t h e  r a t e  of  t e n  ( 1 0 )  s a m p l e s   p e r   s e c o n d .  We 
p o s s e s s e d  a t o t a l  of 18  r u n s   o f  1 0  minu tes  each making a t o t a l  of 
108,000  samples of each   o f   18   channe l s  of d i g i t a l  i n f o r m a t i o n .  
Our t o t a l  data base t h e n   c o n s i s t s  of  1.944 x 10  numbers   recorded 
i n   d i g i t a l   f o r m .  T h i s  da ta  base a l l o w s  us t o  t e s t  any  model of 
s t i m u l u s - d e t e r m i n e d   b e h a v i o r   a g a i n s t  t h e  a c t u a l   b e h a v i o r   e x h i b i t e d  
by t h e  p i l o t s   i n  t h i s  s e m i - o p e r a t i o n a l   s i t u a t i o n .  

6 

4.5 The P i l o t   Q u e s t i o n n a i r e  

A q u e s t i o n n a i r e  was a d m i n i s t e r e d   t o  t h e  p i l o t s   i n v o l v e d   i n  t h i s  

s t u d y  a f t e r  t h e  e x p e r i m e n t a l   p a r t  of  t h e  program was comple te .  
The o b j e c t   o f  t h e  q u e s t i o n n a i r e  was t w o f o l d .   F i r s t l y  i t  was an  
a t t e m p t   t o   v i e w  t h i s  problem  from t h e  p o i n t   o f   v i e w   o f  t h e  p i l o t .  
Secondly ,  w e  w i shed  t o   g e t   s u b j e c t i v e  estimates o f  some o f  t h e  

p a r a m e t e r s  for t h e  q u e u e i n g   n o d e l .  For  example,  t h e  p i l o t s  were 
asked what r e l a t i v e   i m p o r t a n c e  t h e y  p l a c e d   o n   d i f f e r e n t   i n s t r u -  
ments i n   d i f f e r e n t   p a r t s   o f  t h e  f l i g h t ;  t h e y  were asked f o r   e a c h  
i n s t r u m e n t :  ( a )  what minimum d e v i a t i o n  i s  d e t e c t a b l e ;  ( b )  wha t  
s i z e   d e v i a t i o n   w o u l d   c a u s e  them t o   i n i t i a t e  a c o r r e c t i v e   c o n t r o l  
a c t i o n   a n d   ( c )  wha t  would b e  a ' ' p a n i c "   d e v i a t i o n .   I n   a d d i t i o n ,  
t h e y  were asked t o   d e s c r i b e  as a f u n c t i o n   o f  t ime and t h e  p a r t i c u -  
l a r  maneuver t h e y  were pe r fo rming  what  t h e i r  r e a c t i o n   w o u l d  b e  

from  "calm" t o   " p a n i c "  i f  a p a r t i c u l a r   i n s t r u m e n t  were u n a v a i l a b l e  
t o  them. The  r e s u l t s   o f  a q u e s t i o n n a i r e  o f  t h i s  t y p e  are n o t  
eas i ly  d i s c u s s e d   i n   a b s o l u t e  terms. The a p p l i c a t i o n  o f  t h e  r e s u l t s  
o f  these q u e s t i o n n a i r e s  w i l l  b e  d i s c u s s e d   i n   g r e a t e r  d e t a i l  i n  t h e  
s e c t i o n   o f  t h i s  r e p o r t   c o v e r i n g  the  queue ing   mode l .  
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5. DATA ANALYSIS 

5 . 1  Data S t o r a g e  

D i g i t a l   a n a l y s i s   o f  t h e  time sequences   o f   each  
i n s t r u m e n t   r e a d i n g s  were r e q u i r e d   f o r  t h e  t e s t  
f o r   e x a m p l e ,   p r o c e s s i n g  the  data c o r r e s p o n d i n g  

o f  t he  v a r i o u s  
i n g   o f  t h e  models ;  

t o  some t e n   m i n u t e s  
o f   a l t i t u d e   r e c o r d i n g   s t o r e d   i n  t h e  form  of  6 ,000  samples, t e n  
p e r   s e c o n d   f o r   s i x   h u n d r e d   s e c o n d s .  The th ree  p h a s e s   o f  f l i g h t  

were each   approx ima te ly  2 ,000  samples   lone.   Segments   of  1000  
samples were t r a n s f e r r e d  from d i g i t a l  tape i n t o  core memory and 
ana lyzed  by  a s p e c i a l l y   m o d i f i e d   v e r s i o n   o f  t h e  BBN " S i g n a l  
Analyzer"   program ( 2 5 ) .  T h i s  p r o c e s s  was r e p e a t e d   f o r   e a c h  seg- 
ment f o r   e a c h   i n s t r u m e n t   f o r   e a c h   p i l o t   a n d   f o r   e a c h   r u n .  The 

eye-movement r e c o r d s   e x i s t   i n  two  forms: 1) d i g i t a l  s i c n a l s  
d e r i v e d   f r o m   e l e c t r o - o c u l a r   p o t e n t i a l s   t a k e n  a t  t h e  r a t e  of  1 0  

samples p e r  s e c o n d   a n d   s t o r e d   i n  t h e  computer  on  magnetic t a p e ;  
2 )  pen - t r ac ings   de r ived   f rom t h e  same e l e c t r o - o c u l a r   p o t e n t i a l s  
on pape r  as con t inuous  time f u n c t i o n s .  Each  of t hese  two  former 
methods were de r ived   f rom a s e t  o f   s e v e n   e l e c t r o d e s   l o c a t e d  
around t h e  eyes of  t h e  s u b j e c t  t o  g ive   i nd iv idua l   and   combined  
la teral  d i s p l a c e m e n t   a n d   i n d i v i d u a l   v e r t i c a l   d i s p l a c e m e n t s  of 
t h e  two eyes o f  t h e  s u b j e c t .  

5 .2  Eye-Movement A n a l y s i s  

The raw r e c o r d s  are  similar t o  t h o s e  shown i n   F i g u r e  2 showing t h e  

c a l i b r a t i o n   r u n s .  It  was n e c e s s a r y   t o   p a s s   e a c h   o f  t h e  r e c o r d s  
t h r o u g h   a n   e d i t i n g   p r o c e d u r e .  The e d i t i n g   r e q u i r e m e n t   a r o s e  
l a r g e l y  as a r e s u l t   o f  d r i f t  i n  t h e  e l e c t r o - o c u l a r   p o t e n t i a l  ret- 

o r d s .  The d r i f t  presumably was t h e  r e s u l t   o f  mi.nor  changes i n  
impedance  through the  e l e c t r o d e   s k i n   i n t e r f a c e  as w e l l  as th rough  
p o s s i b l e   p o l a r i z a t i o n   o f  t h e  j u n c t i o n  a t  t ha t  p l a c e .  The more 
Se r ious   p rob lems  were e n c o u n t e r e d   i n   d e a l i n g  w i t h  t h e  v e r t i c a l  
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movement t races .  It was n o t   a l w a y s   p o s s i b l e   t o   d e t e r m i n e  t he  ab- 
s o l u t e   v e r t i c a l   p o s i t i o n .  However, t h e  data p o s s e s s e d   s u f f i c i e n t  
i n t e r n a l   c o n s i s t e n c y  s o  t h a t  a s u c c e s s i o n   o f   t w o   v e r t i c a l  movements 
i n  t h e  upward d i r e c t i o n   i m p l i e d  t h a t  t h e  b e g i n n i n g   l o c u s   o f   f i x a -  
t i o n  was on t h e  l o w e s t   o f  t h e  th ree  p o s s i b l e   v e r t i c a l   p o s i t i o n s .  
I n  t h i s  way i t  was p o s s i b l e   f r o m  time t o  time t o   a n c h o r  t h e  judg-  
ments  of t h e  reader i n   d e t e r m i n i n g  t h e  v e r t i c a l   p o s i t i o n   o f  t h e  

eye.  I n  t h e  h o r i z o n t a l   c a s e  t h e  magn i tude   o f  t h e  d e v i a t i o n s  was 
l a rge r  and  more  uniformly r e l a t e d  t o  eye p o s i t i o n .  Even here ,  
however,  some d r i f t i n g  d i d  o c c u r  w i t h  t h e  r e s u l t  t h a t  c a l i b r a t i o n  
p o i n t s  had t o  b e  found a t  v a r i o u s   p l a c e s   o n  t h e  run .   Thus ,  if a 
m e a s u r i n g   r u l e  prepared  on t h e  i n i t i a l   c a l i b r a t i o n   r u n s  showed 
tha t  t h e  t o t a l   p e n   e x c u r s i o n   f r o m  t h e  l e f t  most t o  t h e  r i g h t  most 
i n s t r u m e n t  was ( l e t  us  s a y )  one   and   one -ha l f   i nches   t hen  i f  a 
p l a c e   e x i s t e d  on t h e  r e c o r d  where two h o r i z o n t a l   l o c a t i o n s   o n e   a n d  
o n e - h a l f   i n c h e s   a p a r t  were i n   c l o s e   p r o x i m i t y  i t  would be assumed 
t h a t  t h e  r i g h t  most  of these was p o s i t i o n  No. 8 and t h e  l e f t  most 
p o s i t i o n  No. 1. S u c h   c a s e s   o c c u r r e d   s u f f i c i e n t l y   o f t e n   s u c h  t h a t  
t h e  minor  d r i f t  which a r o s e   i n  t h e  h o r i z o n t a l   r e c o r d   c o u l d  b e  

ea s i ly  t a k e n   c a r e   o f .   C e r t a i n   p o r t i o n s   o f  t h e  e l e c t r o - o c u l a r g r a p h i c  
data  were u n r e a d a b l e  due  t o   t a l k i n g ,   m u s c l e   p o t e n t i a l s ,  or i n s t r u -  
m e n t a l   a r t i f a c t s .  These were n o t  e d i t e d  and were coded as i n s t r u -  
ment No. 9 9 .  Where time marks  f a i l e d  c o n s t a n t   p a p e r   s p e e d  was 
assumed. The p a p e r   s p e e d  was a c c u r a t e   t o   a b o u t  1%. 

I n   g e n e r a l ,  as t h e  readers g a i n e d   e x p e r i e n c e   o n   r e a d i n g  t h e  e l e c t r o -  
o c u l o g r a p h i c   r e c o r d s ,  a g r e a t  deal o f   i n t e r n a l   c o n s i s t e n c y   i n  t h e  
records   became  apparent   and  t h e  speed o f  r e a d i n g  m a r k e d l y  i n c r e a s e d .  
C e r t a i n   p a t t e r n s  of: b e h a v i o r   a l s o   b e c a m e   a p p a r e n t   w h i c h   s u g g e s t s  
t h a t  s t a n d a r d   s c a n n i n g   p a t t e r n s  d i d  e x i s t   e v e n   t h o u g h  these might  
b e  v e r y   d i f f e r e n t   f r o m   o n e   p i l o t   t o   a n o t h e r .  Af te r  t h e  e d i t i n g  
a n d   i d e n t i f i c a t i o n   p r o c e d u r e  (which was done b y  hand)  t h e  p a p e r  
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s t r i p s  were processed on a machine which p r o v i d e d  a d i g i t a l  r e a d o u t  
f o r   e x c u r s i o n s   o f  t he  l i n e   i n  the  v e r t i c a l   d i m e n s i o n , t h e   p a p e r   b e i n g  
o r i e n t e d   h o r i z o n t a l l y   i n  the  machine.  The r e a d i n g   p o i n t   w o u l d  b e  

advanced t o  t h e  b e g i n n i n g   o f   a n  e y e  movement and a card punched. It 
would   then  be moved t o  t h e  t e r m i n a t i o n   o f  t h a t  f i x a t i o n  and t h e  new 
card   punched .  A l s o  punched  would be  t h e  i d e n t i f i c a t i o n   o f  the  ho r i -  
z o n t a l   a n d   v e r t i c a l   l o c u s  of f i x a t i o n .  The new l o c a t i o n   w o u l d   t h e n  
s e r v e  as t h e  b e g i n n i n g   o f  a new f i x a t i o n   a n d  s o  on u n t i l  t h e  r e c o r d s  
were complete.  Thus,  eye-movement time was n o t   t a k e n   o u t   e x p l i c i t l y  
b u t   s u b s u m e d   i n t o   f i x a t i o n  time. The r e c o r d s   a p p e a r   i n  t he  form  of  
a ser ies  o f  IBM c a r d s   i d e n t i f y i n g   f o r  each f i x a t i o n ,  t h e  moment i n  
time when i t  began ,  t h e  moment i n  time when i t  ended  and t h e  p o i n t  
t o  which i t  was d i r ec t ed .  T h i s  s equence   o f   ca rds   p rov ided   u s  w i t h  

t h e  means   o f   de te rmining  t h e  f r equency  w i t h  which   each   ins t rument  
was f i x a t e d ,  t h e  a v e r a g e   d u r a t i o n   o f   f i x a t i o n   a n d  t h e  s t a t i s t i c s  re- 
l a t i n g   t o   b o t h   f r e q u e n c i e s   a n d   d u r a t i o n   a n d   a l s o   t o   c a l c u l a t e   t r a n s -  
i t i o n   m a t r i c e s   o f  pairs  o f   f i x a t i o n s   f r o m   o n e   i n s t r u m e n t   t o   a n o t h e r .  

5 .3  S i g n a l   A n a l E i s  - 
The s i g n a l  data s t o r e d   i n  t h e  d i g i t a l  computer   (ment ioned  e a r l i e r  
i n  t h i s  r e p o r t )  were a v a i l a b l e  as a n   o s c i l l o g r a p h   r e a d o u t .  F i g u r e  
4 shows a comple te  s e t  of  wavefo rm  r eco rds   t aken   du r ing  a f l i g h t  

o f   p i l o t  MacNamara s t a r t i n g  a t  p o i n t  700 and  endinR a t  poin t   4796,  
c o v e r i n g  a s p a n  of 4 , 0 9 6   p o i n t s ,   o r  4 0 9 . 6  s e c o n d s .  The v a r i o u s  
i n s t r u m e n t s  are i d e n t i f i e d .   ( F i g u r e  5 i s  a photograph   of  t h e  

i n s t r u m e n t   p a n e l   o f  t h e  L i n k   t r a i n e r   u s e d   i n  these e x p e r i m e n t s . )  
The s e n s i t i v i t y   a n d   r e s o l u t i o n   o f  t h e  system were a d e q u a t e   f o r  
o u r   a n a l y s i s  tasks .  I t  i s  o f   p a r t i c u l a r   i n t e r e s t   t o   e x a m i n e  t h e  
two  channels  which  record  eye-movement data.  Although  no attempt 
was made t o   a n a l y z e  t h e  data on these c h a n n e l s ,  i t  i s  c l ea r  t h a t  
a program  could b e  composed  which  would  enable   us   to   use t h e  d i g i -  
t a l  computer t o   o b t a i n   p o i n t  estimates o f  where t h e  p i l o t ' s  eyes 
were f i x a t e d   a n d ,   f r o m  what i s  s tored o n   o t h e r   c h a n n e l s ,  what he  
saw at t h e  p o i n t  of f i x a t i o n .  
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S i n c e  t h e  models   be ing  tes ted  assume t h a t  t h e  p i l o t  is  re spond ing  
t o  p e r t u r b a t i o n s   o f   s i g n a l s   a r o u n d   t h e i r   i n t e n d e d   v a l u e s ,  estimates 
had t o  b e  made by t h e   a n a l y s t   o f   t h e   g o a l s   o f   t h e   p i l o t s   d u r i n g  
each  maneuver.  The S i g n a l   A n a l y z e r  Program was modi f i ed  t o  p e r m i t  
t he  c a l c u l a t i o n s   o f   s p e c t r a l   d e n s i t y   f u n c t i o n s   o n  t h e  p e r t u r b a t i o n  
data r a t h e r   t h a n   o n  the  s i g n a l  as a whole.  These  p e r t u r b a t i o n  data 
were o b t a i n e d  by s u b t r a c t i n g  what was estimated t o  be t h e  i n t e n d e d  
time f u n c t i o n   ( e n t e r e d   o n - l i n e   d u r i n g  t h e  a n a l y s i s  phase as a poly-  
g o n a l   s i g n a l )   f r o m  t h e  a c t u a l  data.  F i g u r e  6 i l l u s t r a t e s  t h i s .  

The o r i g i n a l   p r o g r a m   c o n s i d e r e d   o n l y  the  s p e c t r a  of t h e  s i g n a l s  
a round a zero   mean.   F igure  7 shows t h e  s p e c t r a  based on t h e  o r i g i -  
na l   and   on  t h e  now m o d i f i e d   s i g n a l s   d e r i v e d   f r o m  t h e  a i r s p e e d   i n -  
d i c a t o r .  It  i s  c l e a r  t h a t  there  a re  s i g n i f i c a n t   d i f f e r e n c e s   i n  t h e  

r e l a t i v e   p o w e r   o f  t h e  high-   and the low-frequency  components of t h e  
s i g n a l .  The spec t rum  o f  t h e  u n c o r r e c t e d   s i g n a l   s h o w s  a s i m p l e  de- 

c l i n i n g  power as a f u n c t i o n   o f   f r e q u e n c y .  When t h e  s i g n a l  i s  cor -  
rec ted   the   low-f requency   power  i s  reduced   and  t h e  break f requency  
s h i f t e d  from  an estimated .09 r a d i a n   p e r   s e c o n d   t o  a va lue   o f  .5 
r a d i a n   p e r   s e c o n d .  The models   be ing  tes ted  would  assume t h a t  ob- 
s e rv ing   f r equency   wou ld  b e  re la ted  t o  t h e  h i g h e r   v a l u e   o f  t h e  two 
s i n c e  i t  i s  i n d i c a t i v e  of  t h e  f requency  w i t h  w h i c h   p e r t u r b a t i o n s  
occur   a round the  desired time f u n c t i o n   o f ,   i n  t h i s  c a s e ,  a i rspeed.  

S p e c t r a   o f  the  c o r r e c t e d  data were computed f o r  t h ree  p i l o t s   f o r  
v a r i o u s   p o r t i o n s   o f  t h e  f l i g h t   p a t h .  The o u t p u t   p h o t o g r a p h  was 
s c a l e d  by  means  of a t r a n s p a r e n t   o v e r l a y   p e r m i t t i n g  a v i s u a l  f i t  

of  a l i n e  a t  a cons t an t   power   l eve l   and  a l i n e  on t h e  descend ing  
p o i n t s   w h i c h   i n d i c a t e   d i m i n i s h e d   p o w e r  as a f u n c t i o n   o f   i n c r e a s i n g  
f r e q u e n c i e s .  From these two l i n e s  i t  was p o s s i b l e   t o   o b t a i n   a n  
estimate o f  t h e  cu t -of f   f requency   and  t h e  s l o p e  w i t h  which t h e  

power f a l l s  o f f .  T a b l e  3 shows t y p i c a l   r e s u l t s  of t h i s  a n a l y s i s .  

44 



I 

UNCORRECTED  S IGNAL 
A N D   C O R R E C T I O N  

C O R R E C T E D   S I G N A L  
AND  CORRECTION 

RATE OF C L I M B ,  P H A S E D  

UNCORRECTED  SIGNAL 
AND  CORRECTION 

C O R R E C T E D   S I G N A L  
AND  CORRECTION 

HEADING, PHASE II 

F I G .  6 P O L Y G O N A L  CORRECTIONS 

45  



I 

( b )  C O R R E C T E D  

FIG.7 P O W E R  S P E C T R A   O F   A I R S P E E D   I N D I C A T O R  

46 



TABLE 3 

POWER SPECTRUM  CHARACTERISTICS OF DISPLAYED  SYSTEMS 

Channel No. 

1 
3 
4 

5 
6 

1 3  

Instrument  

Headinr 
i .a.s .  
Altimeter 
P i t c h  
R o l l  

Rate-of- C l imb  

Phase I: Level   Fl ight   and  Descent  

Memmolo 
Slope  

rad/sec  db/oct  
Cut-off 

6 .25 
7 . 5  
5 .5  
12 1.0 
13  95 

7 .15 

MacNamara 
S lope  

rad/sec db/oct 
Cut-off 

6 .12 
3 c.04 

5 .8 
7 

. 4  6 

.3 

12 .5 

Phase 11: T u r n  

Channel No. 

1 

4 

5 
6 

13 

Slope 
Instrument  db/oc t 

Heading 

6 Altimeter 
6 i . a . s .  

1 0  

P i t c h  
Roll  1 1: 

Rate-of- C l i m b  I l3 

1010 
cut-of f 
rad/s e c  

0 95 
1 3  

c .04  

. 5  

.7 
825 . 

MacNamara F i s h e r  
S lope  

rad/sec db/oc t   rad /sec   db /oc t  
Cut-off S lope  Cut-off 



- TABLE 3 (Cont . 

Phase 111: Approach 

Channe 1 No. 

1 
3 
4 

6 
1 3  
14 
15 

Ins t rument  

Ileading 
i . a . s .  
Altimeter 
P i t c h  
R o l l  

Ra teo f -C l imb  
L o c a l i z e r  
Glide P a t h  

r Ma cN 
Slope  
db/oct  

8 
3 
6 

11 
12 
6 
3 
7 

nara 
SloDe cu t -o f f  

F i  

r ad / sec  I db/'oct 

.5 

. 5  
c.04 

.6 
05 
.5 

<.04 

- 5  

12 
5 
6 
8 
12 

7 
6 
6 

ner 
cu t -of f  
r ad / sec  

.5  

.35 

.2 

- 7  
* 7  
05 

c.04 

c.04 



The p i l o t s  were MacNamara, F i s h e r ,  and Memmolo. The phases o f  
t h e  f l i g h t  are i d e n t i f i e d  as: l e v e l   f l i g h t   a n d   d e s c e n t  (Phase 
I ) ,  t u r n  (Phase 11), a n d   f i n a l   a p p r o a c h   ( P h a s e  111). The reader 
may r e f e r  t o   F i g u r e  3 which i s  a p i c t o r i a l   r e p r e s e n t a t i o n  of t he  
f l i g h t   p r o f i l e   o f  t h e  t a s k .  The v a r i o u s   p h a s e s   o f  f l i g h t  ment ioned 
above are  i d e n t i f i e d   i n  t h i s  f i g u r e .   E a c h   i n s t r u m e n t  was i d e n t i -  
f i e d  by a channel   number   (on  which i t  was r e c o r d e d  on t h e  20-channel 
A-D c o n v e r s i o n  s y s t e m )  and by name (as i t  a p p e a r s   i n  t h e  above 
t a b l e ) .  The power  of t h e  s i g n a l   w h i c h  appears on t h a t  i n s t r u m e n t ,  
t h e  s l o p e   i n  d B  p e r  oc t ave ,   and  t h e  c u t - o f f   f r e q u e n c y   i n   r a d i a n s  
p e r   s e c o n d  were taken   f rom t h e  s p e c t r a l   d e n s i t y   p h o t o s .  

49 



6 .  MODEL VALIDATION STUDIES 

L e t  US c o n s i d e r  t h e  a p p l i c a t i o n   o f  t h e  v a r i o u s   m o d e l s   t o  t he  data 
o b t a i n e d   i n  t h e  L i n k   S i m u l a t o r .  It w i l l  b e  r eca l l ed  t h a t  t h e  var-  
ious   models  may b e  h i e r a r c h i c a l l y   a r r a n c e d   i n   o r d e r   o f   c o m p l e x i t y .  
The s i m p l e s t   o f  these i s  t h e  Senders   model   o f  1955 which  proposed 
t h a t  t h e  s a m p l i n g   b e h a v i o r  of  t h e  s u b j e c t  w i l l  b e  i n   s t r i c t   l i n e a r  
p r o p o r t i o n   t o  t h e  e f f e c t i v e   b a n d w i d t h s   o f  t h e  s i g n a l s .  A somewhat 
more s o p h i s t i c a t e d  b u t  s t i l l  s imple   model   p roposes  t h a t  t h i s  ef-  
f ec t ive   bandwid th   wh ich   de t e rmines  t h e  sampl ing   f r equency  w i l l  i t- 
se l f  vary  as a f u n c t i o n   o f  t h e  p i l o t   a n d  t h e  f l i g h t  maneuver or 
c o n d i t i o n   i n   w h i c h  h e  f i n d s  h i m s e l f .  S t i l l  f u r t h e r   c o m p l e x i t y  i s  
i n t r o d u c e d  b y  t h e  queueing   model   o f   Carbonel l   which   proposes  t h e  

e x i s t e n c e  of a c o m p l e x   d e c i s i o n   p r o c e s s .  T h i s  p r o c e s s   e v a l u a t e s  
t h e  r e l a t i v e   u n c e r t a i n t y   a s s o c i a t e d  w i t h  e a c h   o f  t h e  i n s t r u m e n t s ,  
a f f e c t s  them by u n i t a r y   c o s t s ,   a n d  s e l e c t s  f o r   e x a m i n a t i o n  tha t  
i n s t r u m e n t  w i t h  t h e  maximum c o s t  i f  n o t   l o o k e d  a t  a t  t h a t  time. 
V a r i o u s   o t h e r   m o d e l s   h a v e   a l s o   b e e n   p r o p o s e d   i n   p r e v i o u s   r e p o r t s .  

6 . 1  Fixed  Nyquist   Node1 
L e t  u s  c o n s i d e r  t h e  problems  which ar ise  i n   c o n s i d e r i n g  t h e  a p p l i -  
c a t i o n   o f  t h e  data t o  t h e  s i m p l e  m o d e l s .   I n   p a r t i c u l a r ,  t h e  s i g -  
n a l s  d i f f e r  s o  w i d e l y  i n  t h e i r  e f f e c t i v e   p o w e r  t h a t  i t  may some- 
times b e  t h e  c a s e  t h a t  some s i g n a l  w i l l  have a r e l a t i v e l y   h i g h  
f r e q u e n c y   c o n t e n t   b u t  a t o t a l  power f a r  less  t h a n  t h a t  o f  some 
o t h e r   s i g n a l .  The c o m p u t e r ,   i n   c a l c u l a t i n g  t h e  power   dens i ty   spec -  
t rum  of  t h e  s i g n a l ,   d o e s   n o t   d i s t i n g u i s h   b e t w e e n   v a r i o u s  random 
n o i s e s   a n d   v i b r a t i o n s   w h i c h  may b e  p r e s e n t   o n   a n y  of t h e  i n s t r u -  
ments ,   and r e a l  pe r tu rba t ions   wh ich   can   occu r   and   wh ich  are  of 
i n t e r e s t   t o  t h e  p i l o t .  The p i l o t ,   h o w e v e r ,   c a n   a n d   d o e s   i g n o r e  t h e  
n o i s e   a n d   f o r ' t h e   m o s t   p a r t   c o n c e r n s  himself w i t h  t h o s e   p e r t u r b a -  
t i o n s   w h i c h   r e f l e c t  t h e  a c t u a l   b e h a v i o r  of  t h e  s y s t e m  which he i s  
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c o n t r o l l i n g   a n d  t h e  i n p u t s   t o  t h a t  s y s t e m  from t h e  o u t s i d e .  Other 
f a c t o r s  may a l s o   e n t e r .  The s imple  models  make no   assumpt ions  
a b o u t   c o n t r o l   b e h a v i o r .   I n   g e n e r a l  t h e y  assume tha t  t h e  mean v a l u e  
on e a c h   s i g n a l  i s  what ( i n  t h i s  r e p o r t )  we c a l l  t h e  desired time 
c o u r s e   o f  the  v a r i o u s   s i g n a l s .  They f u r t h e r   a s s u m e  t h a t  t h e  ran-  
dom p e r t u r b a t i o n s   a r o u n d  these desired time cour ses   have  a mean 
va lue   o f   ze ro   and  that  t h e  s y s t e m  w i l l  r e t u r n   t o   z e r o  i f  l e f t  
a l o n e .  No a t t e m p t  has been  made t o   i n t r o d u c e  t h e  e f f e c t s   o f   c o n -  
t r o l   b e h a v i o r   a n d  t h e  c l o s e d - l o o p   t r a n s f e r   f u n c t i o n s   o f  t h e  con- 
t r o l  s y s t e m  which the  p i l o t  i s  u s i n g   i n t o  these models .  

The simple  model  which was p r o p o s e d   i n  1955 s u g g e s t e d  t h a t  a p re -  
c i s e   q u a n t i t a t i v e   r e l a t i o n s h i p   s h o u l d   e x i s t   b e t w e e n  t h e  f requency  
w i t h  wh ich   an   i n s t rumen t  i s  observed  and t h e  bandwidths   o f  t h e  

s i g n a l s   p r e s e n t e d   u p o n  i t .  The model made no at tempt  t o   e v a l u a t e  
t h e  r e l a t i v e   i m p o r t a n c e   o f  t h e  s i g n a l s  or t h e  c o s t s  of l ong   obse r -  
v a t i o n ,   a n d  i t  i g n o r e d  t h e  q u e s t i o n   o f  what t h e  a c t u a l   b a n d w i d t h  
o f  t h e  s i g n a l  might  b e  c o n s i d e r e d   t o  b e .  The e a r l y  models assumed 
tha t  a s i g n a l   c o u l d  be  c o n s t r u e d  as p o s s e s s i n g   a n   i n f i n i t e l y  s h a r p  
cu t -of f   and  t h a t  Shannon's   sampling  theorem  would  hold.  O f  c o u r s e  
r ea l  systems d o   n o t   h a v e   i n f i n i t e l y  s h a r p  c u t - o f f s   a n d  as a r e s u l t  
t h e r e  e x i s t s  t h e  p rob lem  o f   de t e rmin ing  a t  what f requency  t h e  s i g -  
n a l  power has dropped s o  f a r  as t o   c o n s t i t u t e  a c u t - o f f .   F o r  these 
s imple  models t h e  d e t e r m i n a t i o n  i s  somewhat a r b i t r a r y  and i n  t h e  

c a s e   o f  t h e  s implest  model w e  w i l l  use  t h e  f requency  3dB down from 
t h e  b reak  f r equency   ob ta ined  by  f i t t i n g  s t r a i g h t  l i n e s   t o  t h e  com- 
p u t e r   p r i n t o u t s   o f   p o w e r   s p e c t r a l   d e n s i t y .  

The s imples t   mode l  a t tempted t o  make a b s o l u t e  estimates. That  i s  
t o  s a y ,  i t  was p r e d i c t e d  t h a t  i f  a s i g n a l  had  a bandwidth   o f  0 . 1  

cps  samples would b e  t a k e n  a t  t h e  ra te  of   one sample e v e r y   f i v e  
seconds  ( . 2  samples/sec.). However, as p o i n t e d   o u t  e a r l i e r ,  w e  do 
no t  know what t h e  e f f e c t i v e   l o a d i n g   o f  the  p i l o t   i n  t h i s  s i t u a t i o n  

51 



m i g h t  have   been   and  t h e  model makes n o   a t t e m p t   t o  estimate e x a c t l y  
w h a t   r e d i s t r i b u t i o n  w i l l  b e  made or was made o f  t h e  s u r p l u s   a t t e n -  
t i v e   c a p a c i t y   o f  t h e  p i l o t s .   I n  some o f  t h e  l a b o r a t o r y   s t u d i e s  
(BBM Repor t  1 2 4 6 )  i t  w i l l  b e  r e c a l l e d  t h a t  t h e  s u r p l u s  time seemed 
t o  b e  u n i f o r m l y   d i s t r i b u t e d   o v e r  t h e  r e m a i n i n g   i n s t r u m e n t s  ra ther  
t h a n   b e i n g   d i s t r i b u t e d   i n   p r o p o r t i o n   t o  t h e i r  a t t e n t i o n a l  demand 
a de termined  by ac tua l   measu remen t   o f  t h e  o b s e r v i n g   b e h a v i o r   o f  
t h e  o p e r a t o r .  

F o r  t h e  p u r p o s e s   o f   t e s t i n g  t h i s  model   our  f i rs t  r e q u i r e m e n t  i s  
t h e  c a l c u l a t i o n   o f   b a n d w i d t h s   o f  t h e  s i g n a l s   p r e s e n t e d   o n  t h e  var-  
i o u s   i n s t r u m e n t s .  We w i l l  t h e n   c o n v e r t  these  t o   p r o p o r t i o n s   a n d  
examine t h e  r e l a t i o n s h i p   b e t w e e n  t h e  p r o p o r t i o n   o f  t h e  bandwidth 
o f   e a c h  sipma1 t o  t h e  sum o f  a l l  t h e  bandwidths   and t h e  p r o p o r t i o n  
o f   t o t a l  time s p e n t   o b s e r v i n g  t h a t  p a r t i c u l a r   s i g n a l .   U s i n g  t h e  

3dB down f requency  data ob ta ined   f rom T a b l e  3 we can  sum t h e  band- 
wid ths  a n d   r e - e x p r e s s   e a c h  o f  them as a p r o p o r t i o n   o f  t h e  t o t a l .  
Then  going t o  t h e  eye-movement data w e  c a n ,  by m u l t i p l y i n g  t h e  

f requency  and the  d u r a t i o n s   o f   o b s e r v a t i o n ,   c a l c u l a t e  t h e  t o t a l  
s p e n t   o n   e a c h   o f  t h e  i n s t r u m e n t s   i n   q u e s t i o n   a n d   e x p r e s s  these as 
p r o p o r t i o n s   o f  t h e  t o t a l   a v a i l a b l e  time s p e n t   o n   e a c h   o f  t h e  i n -  
s t r u m e n t s .  T h e r e  i s  some under ly ing   assumpt ions   which  had  b e s t  
be  made e x p l i c i t ;  i t  i s  assumed t h a t  t h e  d u r a t i o n   o f   o b s e r v a t i o n  
i s  r e l a t i v e l y   i n v a r i a n t   w i t h i n   i n s t r u m e n t s ;  i t  i s  assumed t h a t  t h e  
d i f f e r e n c e s   b e t w e e n   p i l o t s   c a n  b e  e x p r e s s e d  as a l t e r a t i o n s   i n  t h e  
d u r a t i o n   a n d   f r e q u e n c y   o f   o b s e r v a t i o n   i n   s u c h  a way t o   m a i n t a i n  a 
r e l a t i v e l y   c o n s t a n t   t o t a l  time s p e n t   o n   e a c n   i n s t r u m e n t .  Data 
s u p p o r t i n g  t h i s  no t ion   have   been   ob ta ined   f rom t h e  s t u d i e s   o f  
p i l o t  eye-movements a t  W r i g h t - P a t t e r s o n  Air F o r c e  Base. The p r e -  
d i c t i o n s   t o  b e  made by these  s imple   mode l s  a r e  s t a t i s t i c a l   i n  
n a t u r e   a n d   d o   n o t   c l a i m  tha t  t h e  s a m p l i n g   o f   e a c h   i n s t r u m e n t  will 
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b e  p e r i o d i c  a t  the  a p p r o p r i a t e   s a m p l i n g   f r e q u e n c y .  Tables 4, 5 ,  
and 6 show t h e  r e s u l t s   f o r  t h e  s i m p l e s t   m o d e l   f o r  three p i l o t s .  
As c a n  b e  s e e n  t h e  r e s u l t s   v a r y   d e p e n d i n g   u p o n   p i l o t ,  t h e  p a r t i c u -  
l a r  r u n  t h a t  he was making,  and t h e  phase o f  f l i g h t .  The s p e c t r a  
were c a l c u l a t e d  for one  run  and p red ic t ed  v a l u e s   o b t a i n e d   f r o m  
t h i s  run  compared w i t h  t he  a c t u a l   v a l u e s   g e n e r a t e d   o n   e a c h   o f  t h e  
t h ree  runs.   However,  there  i s  n o   i n d i c a t i o n  t ha t  t h e  run   on  which 
t h e  s p e c t r a  were o b t a i n e d   p r o d u c e s  t h e  h i g h e s t   c o r r e l a t i o n   b e t w e e n  
t h e  p r e d i c t e d   a n d   o b s e r v e d   d i s t r i b u t i o n   o f   a t t e n t i o n .  

L e t  u s   c o n s i d e r  t h e  v a r i o u s   p i l o t s   i n   s e q u e n c e .  T a b l e  4 shows t h e  

data for p i l o t  Memmolo i n  Phase I and Phase 11. The c o r r e l a t i o n s  
f o r   b o t h   f i v e  or s i x   i n s t r u m e n t s   h a v e   b e e n   c a l c u l a t e d  f o r  each  o f  
t h e  t h r e e  r u n s .  For Phase I these range  f rom .83  t o  .93 .  The 

s u g g e s t i o n  i s  t h a t  t h e  model i s  a good p r e d i c t o r   o f  t h e  a c t u a l  
b e h a v i o r   o f  t h e  p i l o t .  The g rea t e s t  d i s c r e p a n c y   a p p e a r s   i n  a l l  
r u n s   i n  t h e  l a r g e   d i f f e r e n c e   b e t w e e n  t h e  p r e d i c t e d   o b s e r v a t i o n s  
of  t h e  h e a d i n g   i n d i c a t o r   a n d  t h e  a c t u a l  amount  of time s p e n t .  
For  Phase I1 ( d e s c e n t   a n d   t u r n )  t h e  c o r r e l a t i o n s  are  weaker, 
ranging   f rom . 6 4  f o r   s e v e n   i n s t r u m e n t s   t o  as h i g h  as .79  f o r   f i v e  
i n s t r u m e n t s .  The m a j o r   d i s c r e p a n c i e s   o c c u r   i n  t h e  r a t e - o f - t u r n  
i n d i c a t o r   i n   w h i c h  t h e  a c t u a l   o b s e r v a t i o n s  were very much below 
t h o s e   p r e d i c t e d .  The r e l a t i o n s h i p   f o r   h e a d i n g  was c l o s e r   t h a n   i n  
t h e  p r e v i o u s   c a s e   a l t h o u g h  large d i s c r e p a n c i e s   o c c u r r e d  he re .  The 

n a t u r e  of  t h e  d i s c r e p a n c i e s  i s  l o g i c a l   i n  t h a t  t h e  i n s t r u m e n t s  
which are  f a v o r e d  a t  t h e  e x p e n s e   o f   o t h e r s  are i n   f a c t   a l t e r n a t i v e  
ways  o f   o b t a i n i n g  t h e  n e c e s s a r y   i n f o r m a t i o n   f o r  t h e  e x e c u t i o n   o f  
t h e  turn   maneuver .  

Table  5 p r e s e n t s  s the  data f o r   P i l o t  MacNamara f o r  Phases I, 11, 
and 111. Phase I c o r r e l a t i o n s  are ve ry  much lower ,  are a l l  p o s i -  
t i v e ,   a n d   r a n g e   f r o m  a low o f  .11 f o r   s i x   i n s t r u m e n t s   t o  a h i p h  

of  .26 f o r   f i v e   i n s t r u m e n t s .  The g r e a t e s t   d i s c r e p a n c i e s  are i n  
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TABLE 4 :  PILOT MEMMOLO 

PHASE I 
PROPORTION OF ATTENTION 

I n s t .  Name dovrn i n  cps 
Bandwid th  3dB I 

Airspeed . l o 7  
Compass 5 . 5 7 ~ 1 0 ' ~  
Head ing  , 3 3 6  
Altimeter . 1 2 1  

R a t e - o f -  
C l i m b  3 . 1 8 ~ 1 0 - ~  

rm. .113 
UI 
4 

~ 

R =  

6 i n s t .  

. 135  

.070  

. 4 6 1  

.152  

.040  

. 1 4 2  

.157 . 1 2 1  . 1 2 4  

.082  .225  .230  

.537  .469 . 4  80 

. 1 7 8  ,117 . 1 2 0  

.047  . 0 4 4  .046  
. 0 2 4  

.84 . 8 9 8  

Compass 
i leacl ing 
Al t imeter  8 . 9 9 ~ 1 0 ' ~  
Rate q f -  

R a t e  o f  
Turn  

QBSEIIVrn 
RUN 2 I RUN 

6 i n s t .  I 5 i n s t .  I 6 i n s t .  

.124 .129 
.237  
. 4 4 3  
.157  

.034 

.887  

.085  

.195  

.53Q 

.129 

, 0 3 5  . a25 

.90 

i 
5 i n s t .  

.088 

.200 

. 5 4 4  

.132 

.036 

. 9 3  

.192   .225  . 1 7 3  .215 

. 0 0 4  . 005  . 00 7 .oog 

. 1 4 2  .130 

. 0 0 3  .006 

. 6 4   . 7 1  .69 .69 



TABLE 5: PILOT MAC NAMARA 
~~~ ~ __ ~ ~ __ _ _ ~ ~  

PROPORTION OF ATTENTION PHASE I 
PREDICTED 1 OBSERVED 

Inst.  Name Bandwidth 
3 dB Down in cps 

Airspeed 1.27 x 101; 
Compass 2.71 x 
Heading 15.44 x 10 
Altimeter - 193 
Rate-of-Climb 9.39 x lo-2 
rDm .lo7 

1 
5 Inst. 

.134 

.188 

.505 - 093 

.085 

3 
5 Inst. 

0 135 
.222 
,476 
.072 
,095 

6 Inst. 
.022 
.046 
.263 
.328 
.160 
.182 

.056 .181 
,321 1 ,487 

. 2 1  
.036 
.11 .26 15 x= 

1 PHASE I1 
7 1nst.I 5 1nst.i7  Inst.15  Ints. 7 1nst.15  1nst.17  1nst.15  Inst. 

Airspeed 

Heading 347 
Altimeter 6.68 x 
Rate-of-Climb . lo7 
Rate-or-Turn ,213 
rpm .121 

UI 4.46 x 101; 
UI Compass 1.50 X 10 

.06g .Oh9 .077  .063 
.016 .026 .og8 - 379 -598  .63? 
.073  .115 .070 

.184 . O h  

.122 .130 .106 1 .662 1 .668 ,080 .068 

.112 

.707 .621 
.076 .072 

.034 .046 .042 

. O 2 i  .03 - 1 1 1 

* 74 1 .93 I .76 I .94 
~ 

R= 

PHASE I11 
8 1nst.l 6 1nst.l 8 Inst 16 Inst. 6 Inst.1 8 1nst.I 6 Inst. 8 Inst, 

.072 

.166 

.325 

.036 
,090 
.274 
.008 
,030 
,62 

.174 

.113 

.228 

.001 

.Ob7 

.403 

.170 

.060 

.485 

.174 

.IC12 

.060 

075 
.172 

,038 
.093 

* 338 

.285 

059 
,152 
,470 
.047 
.057 
.215 

.058 

.149 

.450 

.046 

.056 

.211 

.223 

.145 
293 
.013 
.158 
.168 

Airspeed * 159 
Compass . lo3  
Heading a209 -3 
Altimeter 8.99 x 10 
Rate-of-Climb .113 
Localizer + Q.P. .120 
Rate-of-Turn 9.55 x 10" 
r Pm . lo7 

R= 

.123 

.131 

. lo4 

.051 

.247 
.053 
. 2  52 

0 

*. 

.01g .117 I .022 

.60 .62 
I I 



TABLE 6: PILOT  FISHER 

PHASE I1 

Bandwidth 
Inst.  Name 3 dB Down  in cps 

,. 
Airspeed 2.86 x lo-' 
Compass .207 
Heading a318 -3 
Alti-meter 8.99 x 10-2 
Rate-of-Climb 5.89 x 10 
Rate-of-Turn .294 
r Pm .232 

cn R =  
Q) 

PHASE I11 

Airspeed 
Compass 
Heading 
Altimeter 
Rate-of-Climb 
Localizer + g.p 
Rate-of-Turn 
rpm 

299 
9.39 x 

,277 
4.46 x 

.lo7 
1.80 x l o m 2  

.224 
379 
R =  

PROPORTION OF ATTENTION 

7 Inst. 
.025 
.180 
.277 
.008 
.051 
.256 
.2 02 

.046 .116 .154 
* 333 .I25 .166 
.512 .333 .442 
.015 .083 .110 
* 095 .965 ,128 

. ?07 . ob0 
- 6 3  .87 
7 

,356 

.074 .127  .125 .132 

.013 .021 .227 239 

.I55 1 1 .025 1 

.263 I .027 
-.16 - .41 

OBSERVED 
RUN 2 

7 Inst. 
.124 
133 

.302 

.073 

.2  14 

.055 

.0g8 

.67 

5 Inst. 
.170 
.182 
.4 14 
. l oo  
.134 

.89 

8 Inst. 6 Inst. 

.1 1 :OZ5 1 8  
,200 
.036 

.209 

0357 -342 
. l54 . I48 
.037 

,012 
.030 

-.49 -.23 

RUN 3 

69 I .95 

8 Inst. 6 Inst. 
,111 . n 6  
173 

133 
.044  ,042 
.209 .200 
.181 

.018 
,025 

.312 299 
139 

- .46 -.15 



the  very  much lower a t t e n t i o n   p a i d   t o   t h e  a l t imeter  compared t o  
t h e  p r e d i c t i o n s   a n d   t h e   v e r y  much h i g h e r   t h a n   p r e d i c t e d   a t t e n t i o n  
p a i d   t o  a i r  s p e e d   a n d   t o  t h e  gyro-compass as well .  F o r   t h i s   p i l o t  
c e r t a i n l y  t h e  u t i l i t y  of  t h e  model   would  not   appear  t o  b e  great  
u n l e s s   f u r t h e r   e x p l a n a t o r y   p r i n c i p l e s   c a n  b e  p r e s e n t e d .   I n   P h a s e  
I1 t h e  c o r r e l a t i o n s  are much h i p h e r   r a n g i n F  from a low of  . 74  f o r  
s e v e n   i n s t r u m e n t s   t o  a h i g h  o f  .95 for f i v e   i n s t r u m e n t s .  The major 
s o u r c e s  of  e r r o r  are o n c e   a g a i n  t h e  h e a d i n g   i n d i c a t o r   a n d   t h e  ra te-  
o f - t u r n   i n d i c a t o r .   I n   t h i s  case the  p i l o t   s c a n s  t h e  r a t e - o f - t u r n  
i n d i c a t o r  much less t h a n   p r e d i c t e d ,  by a f a c t o r   o f   a b o u t  7 a n d   t h e  
h e a d i n g   i n d i c a t o r   m o r e   o f t e n   t h a n   p r e d i c t e d  by a b o u t   t h e  same fac -  
t o r .   A g a i n  these a re  a l t e r n a t i v e  w a y s  o f   g e t t i n g  similar and re- 
l a t ed  i n f o r m a t i o n .   I n  Phase I11 t h e  c o r r e l a t i o n s   r a n g e   f r o m  .60  

f o r   s e v e n   i n s t r u m e n t s   t o  .69 f o r  s i x  i n s t r u m e n t s .  The ma,jor d i s -  

c r e p a n c i e s   a p p e a r   i n  t h e  r a t e - o f - t u r n   i n d i c a t o r   w h i c h   a p p a r e n t l y  
was v i r t u a l l y   i g n o r e d   a n d   i n  t h e  e n g i n e  rpm i n d i c a t o r   w h i c h  was 
examined   abou t   one - f i f th  as o f t e n  as p r e d i c t e d .  The a i r  s p e e d  
i n d i c a t o r  was undersampled,  t h e  a t t i t u d e   i n d i c a t o r   o v e r - s a m p l e d .  

T a b l e  6 shows t h e  r e s u l t s   f o r   p i l o t   F i s h e r ,  P h a s e  I1 and Phase 111. 

I n   P h a s e  I1 t h e  c o r r e l a t i o n s   r a n g e   f r o m  . 6 3  f o r   s e v e n   i n s t r u m e n t s  
t o  . 9 5  f o r   f i v e   i n s t r u m e n t s .   A t t i t u d e   a n d  P.PW c o n t r i b u t e d   s i g n i f i -  
c a n t l y   t o  t h e  d i s c r e p a n c y .  Air speed  was a l s o   v e r y   d i f f e r e n t   f r o m  
t h e   p r e d i c t e d   v a l u e s .   I n  Phase  111, however,  t h e  r e s u l t s  a r e  very  
much a t  v a r i a n c e  w i t h  t h e  p r e d i c t i o n s   o f  the  model .  The c o r r e l a -  
t i o n s  become n e g a t i v e  for v i r t u a l l y  a l l  c o m p a r i s o n s .   I n   p a r t i c u -  
l a r ,  t h o s e   i n v o l v i n g   e i g h t   i n s t r u m e n t s  show n e g a t i v e   c o r r e l a t i o n s  
r a n g i n e  from 0 . 1 6  t o  - .49.  The large amount o f  a t t e n t i o n   p a i d  t o  
t h e  h e a d i n g   i n d i c a t o r  t h e  ra te -of -c l imb,   and  t h e  l o c a l i z e r - a n d -  
g l ide -pa th   and  the small amounts p a i d  t o   r a t e - o f - t u r n   a n d   r p m ,  of' 
c o u r s e ,  make very   good  sense  from t h e  p o i n t   o f   v i e w   o f   a c t u a l  
p i l o t a g e .  It  c a n   o n l y  b e  concluded  t h a t  t h e  mode l   does   no t   e f f ec -  
t i v e l y   p r e d i c t   o n   t h e   b a s i s  of t h e  computed   spec t r a  what t h e  p i l o t  
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i s  g o i n g  t o  do. To some e x t e n t  the r e s u l t  i s  n o t   t o o   s u r p r i s i n g .  
We have  assumed i n   t h i s   e l e m e n t a r y   m o d e l  tha t  t h e   p i l o t  i s  engaged 
i n   m o n i t o r i n g   b e h a v i o r   a n d   t h a t  h i s  a t t e n t i o n a l   d i s t r i b u t i o n  w i l l  
be  a f u n c t i o n  o f  the n a t u r e   o f  t he  s i g n a l s   t h a t  he  m o n i t o r s .  What 
we h a v e   d o n e   i n   p r a c t i c e  i s  t o  l e t  c o n t r o l  a c t i v i t y  t a k e   p l a c e .  
N a t u r a l l y   t h e  human o p e r a t o r   t e n d s   t o   k e e p  the  e r r o r   o n   e a c h   o f  
t h e  s i g n a l s  down t o  some accep tab le   boundary .   Under  these condi-  
t i o n s  we m i g h t   f i n d   t h a t   i n   a c t u a l   c o n t r o l   b e h a v i o r  t h e  e r r o r  power 
w i l l  b e  far   less  t h a n  t ha t  w h i c h   t h e   p i l o t   m i g h t   c o n s i d e r   t o  b e  a 
t h r e s h o l d .   S i n c e  we have no way o f  knowing w h a t  t h e  a c t u a l   l o a d i n g  
was w e  d o n ' t  know t o  what e x t e n t  t h e  p i l o t   e x c e e d e d  h i s  r e q u i r e d  
accu racy  limits i n   c o n t r o l l i n g  t h e  m a c h i n e .   I n   a d d i t i o n  t h e  p i l o t ' s  
awareness   o f  t h e  r a t e  o f   d i v e r g e n c e  of t h e  machine ,  based o n   p r i o r  
e x p e r i e n c e ,  w i l l  lead him t o   c o n s i d e r   n o t  t h e  a c t u a l   s i p n a l s   p r e -  
s e n t e d   b u t  r a the r  t h e  s i g n a l s  t h a t  c o u l d   h a v e   b e e n   p r e s e n t e d .  T h a t  
i s  t o  say,  he  t rea t s  t h e  s i g n a l s  t h a t  c o u l d   h a v e   b e e n   p r e s e n t e d .  
That i s  t o   s a y ,   h e  t reats  t h e  s i g n a l s   w h i c h  are  a v a i l a b l e   t o  him 
a t  a n y   p a r t i c u l a r  time as a sample  f rom a b r o a d e r   d i s t r i b u t i o n  
whose c h a r a c t e r i s t i c s  he  knows a n d   w h o s e   c h a r a c t e r i s t i c s   i n   f a c t  
gui.de h i s   s a m p l i n g   b e h a v i o r .   T h e s e   f a c t o r s   a p p e a r  more s t r o n g l y  
as components of the  model i n  t h e  c a s e  o f  t h e  queueing  model  
( S e e   S e c t i o n  6 . 3 ) .  

T t  i s  i n t e r e s t i n g   a l s o   t o   s p e c u l a t e  on t h e   r e a s o n s   f o r  t h e  h i g h  
degree of  c o r r e s p o n d e n c e   f o r   p i l o t  Nemmolo and t h e  low degree f o r  
p i l o t   F i s h e r .   W h e t h e r  these c a n   i n   f a c t  be a t t r i b u t e d   t o  t h e  d i f -  

f e r e n c e   i n   c u r r e n t   f l y i n g  time i s  n o t   c l e a r .  O the r  expe r imen t s  
and   ana lyses  w i l l  h a v e   t o  be  done i n   o r d e r   t o   d e t e r m i n e  t h i s .  
However, t h e  e x t r a o r d i n a r i l y   h i g h   v a l u e s  of c o r r e l a t i o n  shown by 

Memmolo p a r t i c u l a r l y   f o r   P h a s e  I s u g g e s t  t h a t ' t h e  mode l   has   g rea t  
p r e d i c t i v e   p o w e r   f o r  some p i l o t s  a t  some times and tha t  t h i s  p re -  
d i c t i v e   p o w e r  may depend  on t h e  e x p e r i e n c e   l e v e l   o f   t h e   p i l o t   a n d  

. .  
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the  e x t e n t   t o  which t h e y  are m i n i m i z i n g   t h e   u n c e r t a i n t y   f u n c t i o n s  
which are i m p l i c i t   i n  the model. T h i s  may h i n g e   u p o n   i n s t r u c t i o n s  
o r   a t t i t u d e s  o r  e x p e r i e n c e .  The answer t o  t h i s  q u e s t i o n   m u s t   a l s o  
be  r e s e r v e d  f o r  f u r t h e r   r e s e a r c h .  

6.2 Variable Nyquist   Model 

C e r t a i n   d i f f i c u l t i e s  ar ise  i n   a t t e m p t i n g   t o  t e s t  t h e  mode l   aga ins t  
t h e  a v a i l a b l e  data. The s imple   sampl ing   model   and  t h e  c o n d i t i o n a l  
s a m p l i n g   m o d e l   b o t h   d e p e n d   o n   o u r   a b i l i t y   t o  estimate two  para-  
meters o f  t h e  s i g n a l :  the  bandwidth  and t h e  r e q u i r e d   a c c u r a c y   o f  
r e a d i n g .   I n  the f o r m e r   c a s e  t h e  two i n t e r a c t   o v e r   a n  appreciable 
p e r i o d   o f  time. Tha t  i s ,  t h e  r a t i o   o f   s i g n a l  power t o  permissible 
e r r o r  power f o r   a n y   s i g n a l  w i l l  de t e rmine  the e f f e c t i v e   b a n d w i d t h  
i n  t ha t  as t h e  p e r m i s s i b l e   e r r o r   g o e s  down, t h e  bandwidth  of  the  
i n f o r m a t i o n   b e a r i n g   p o r t i o n   o f  t h e  s i g n a l   g c e s  up .  The p e r m i s s i b l e  
e r r o r   i n   r e a d i n g   o f  a s i g n a l   m u s t  be c o n s i d e r e d  as a v a r i a b l e   i n  
t h e  s h o r t  term, which i s  dependent  upon t h e  obse rved   va lue   o f  t h e  
s i g n a l   o n  t h e  p r e v i o u s   f i x a t i o n .  Thus ,  f o r  t h e  former c a s e ,  we 
c a n   u s e   i n f o r m a t i o n  gathered from the  human m o n i t o r  b y  i n q u i r y   a n d  
q u e s t i o n n a i r e   t o   f i x   t h e   t o l e r a b l e   e r r o r .  For  t h e  l a t t e r  we depend 
on a m e a s u r a b l e   r e l a t i o n s h i p   b e t w e e n  t h e  power  of t h e  s i g n a l   a n d  
i t s  f r equency .  

L e t  us  now see what we h a v e   i n  f a c t  a l ready t e s t ed  and what more 
we can  t e s t .  The s i g n a l s   r e c o r d e d  for a n a l y s i s  were s p e c i f i e d   t o  
be the major  f l i g h t  parameters l i k e  a t t i t u d e ,   a l t i t u d e ,   a n d  s o  on. 
These  s i g n a l s  by  t h e i r  v e r y   n a t u r e  are the p e r m i s s i b l e   e r r o r   f u n c -  
t i o n s   t h e m s e l v e s  ( i f  w e  assume t h a t  t h e  p i l o t  was n o t   o v e r l o a d e d  
a t  any t ime) .  Thus t he  bandwid ths   ca l cu la t ed   f rom t h e  c o r r e c t e d  
s i g n a l s  more o r  l ess  c o r r e c t l y   r e p r e s e n t  t h e  e f f e c t i v e   b a n d w i d t h s  
and are a n   e f f e c t i v e  t e s t  o f  t h e  " p e r i o d i c  sampler model." 
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The tes t  o f  t he  v a r i a b l e   N y q u i s t   m o d e l   c a n  b e  accompl i shed   i n   two  
ways and i t  i s  n o t   c l e a r   t h a t  e i t h e r  one f a l l s  w i t h i n  the  scope  
of t h e  p r o j e c t  as p r e s e n t l y   c o n s t i t u t e d .  One of these depends 
o n   a n a l y s i s   o f   s t o r e d   d i g i t a l  data w h i c h   r e v e a l   t h e   a c t u a l   v a l u e  
o f  t h e  v a r i o u s   s i g n a l s   w h i c h  were observed   by  t h e  p i l o t  on  each 
f i x a t i o n :   g i v e n  these v a r i o u s   p r e d i c t i o n s   c a n  be made. For   ex-  
ample,  t h e r e  s h o u l d  be a s t r o n g   n e g a t i v e   c o r r e l a t i o n   b e t w e e n   t h e  
o b s e r v e d   d e v i a t i o n   o f  a pa rame te r   f rom i t s  mean  and t h e  subsequen t  
i n t e r v a l   o f   n o n o b s e r v a t i o n .  The e x a c t   v a l u e  of  t h e  i n t e r v a l  de- 
pends ,   o f   cou r se ,   on  t h e  way i n  which   the   power   o f  t h e  s i K n a l  
f a l l s  o f f  w i t h  f r equency .  An a l t e r n a t i v e   a p p r o a c h   w o u l d  b e  based 
o n   a n   a n a l y t i c   s o l u t i o n ,  t h a t  i s ,  i f  one   could   assume a g a u s s i a n  
s i g n a l   a n d  some a r b i t r a r y  p o w e r   s p e c t r u m   o n e   c o u l d   i n   t h e o r y  com- 
p u t e   a n   e x p e c t e d   d i s t r i b u t i o n   o f   i n t e r v a l s   b e t w e e n   o b s e r v a t i o n s .  
From these d i s t r i b u t i o n s   o f   i n t e r v a l s   o n e   c o u l d   t h e n  ea s i ly  com- 
p u t e  t h e  p r o p o r t i o n a l   d i s t r i b u t i o n   o f   a t t e n t i o n   a c r o s s   i n s t r u m e n t s ,  
based on  some s imple   a s sumpt ions   abou t  t h e  way i n  wh ich   t he   du ra -  
t i o n   o f   o b s e r v a t i o n s  i s  re la ted t o  t h e  o b s e r v e d   d e v i a t i o n   o f  the 
s i g n a l .  

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

f i n e   s t r u c t u r e ,   r e q u i r e s   c o m p u t e r  data p r o c e s s i n g   w h i c h  was n o t  
con templa t ed  a t  t h e   o u t s e t   a n d   m u s t  await f u r t h e r   a n a l y s i s   o f  t h e  

cumulated data base. The l a t t e r  p rob lem  decomposes   i n to   two   pa r t s .  
One i n v o l v e s   t h e   c o m p u t a t i o n  of  t h e  e x p e c t e d   d i s t r i b u t i o n s   o f  ob- 
s e r v e d   v a l u e s ;  t he  o t h e r   c a l c u l a t i o n s   o f   i n t e r v a l s .  On f i rs t  ap- 
p roach ing   t he   fo rmer   p rob lem  one  i s  l u l l e d   i n t o   t h i n k i n g   t h a t  ob- 
s e r v a t i o n s   o f  a s i g n a l  w i t h  a g a u s s i a n   a m p l i t u d e   d e n s i t y  d i s t r i -  
b u t i o n  w i l l  a l s o  b e  d i s t r i b u t e d   i n   g a u s s i a n   f a s h i o n .  However, 
c a r e f u l   c o n s i d e r a t i o n   r e v e a l s  t ha t  t h e  d i s t r i b u t i o n   o f   o b s e r v e d  
v a l u e s  w i l l  d e v i a t e  markedly  from t h e  d e n s i t y   d i s t r i b u t i o n   o f  
s i g n a l   v a l u e s .  If s i g n a l s  were i n   f a c t   i n d e p e n d e n t  ( i . e . ,  were 
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t a k e n  a t  the largest a p p r o p r i a t e   N y q u i s t   i n t e r v a l )  t h e  two dis t r i -  
b u t i o n s   w o u l d   i n   f a c t  be i d e n t i c a l .   S i n c e  t h e  i n t e r v a l   v a r i e s  
between  zero  and t h e  maximum i n t e r v a l  t h e  o b s e r v a t i o n s  are de- 
p e n d e n t .   F u r t h e r ,  t h e  dependency i s  such  .as t o   i n c r e a s e  t h e  
p r o b a b i l i t y   o f   o b s e r v i n g  l a rge r  d e v i a t i o n s .   T h u s ,  i f  a s i g n a l  
i s  observed  a t  some l a r g e   v a l u e  Y ( O ) ,  t h e  n e x t   o b s e r v a t i o n  w i l l  
b e  c l o s e   i n  time and t h e  c o r r e l a t i o n   f u n c t i o n   b e t w e e n  Y ( 0 )  and 
Y ( 1 )  g r e a t e r   t h a n   z e r o .  

L e t  t h e  l o g a r i t h m   o f  t h e  low-frequency  (below  cut-off)   power 
d e n s i t y   o f  t h e  u n c o n t r o l l e d   ( a n d   u n o b s e r v a b l e )   s i g n a l  be A .  Let 
E be t h e  c o r r e s p o n d i n g   v a l u e   f o r  t h e  c o n t r o l l e d   ( o b s e r v e d )   s i g n a l .  
The s h i f t  i n   c u t - o f f   f r e q u e n c y   p r o d u c e d  by t h e  o b s e r v a t i o n - c o n t r o l  
loop  i s  t h e n   g i v e n  b y :  

log2f = g(A-E) 
1 

where S i s  t h e  s l o p e   o f  t h e  spec t rum  beyond   cu t -o f f   i n   dB/oc t .  

If t h e  cu t -o f f  of  t he  u n c o n t r o l l e d   s i g n a l  i s  f and t h a t  of 
t h e  c o n t r o l l e d   o n e  i s  f n ,  we have:  

1/S ( A-E ) 

f n  = f  . 2  

L e t  YL b e  t h e  a p p l i c a b l e   t h r e s h o l d ;  l e t  Yo b e  t h e  l a s t  observed  
va lue ;   and  l e t  ZL and Z o  b e  t h e  co r re spond ing   no rma l i zed   va lues .  
Then : 
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It i s  r e a s o n a b l e   t o  r e l a t e  E t o  A Z .  L e t  u s  make the   t enta t ive  
assumpt ion  tha t  

E = K * A Z  , O < K < 1  

T h e n   r e p l a c i n g  ( 4 )  i n t o  ( 2 )  we o b t a i n  

f n = f  - 2  A/S - K*AZ/S 

de a l s o   h a v e  a r e l a t i o n s h i p   b e t w e e n  t h e  c o n d i t i o n a l   e x p e c t e d  
va lue   o f  A Z ,  and A t ,  u n d e r   t h e   a s s u m p t i o n  of a f i r s t - o r d e r   c o n t r o l ,  
It  is  g i v e n   t h r o u g h   t h e   a u t o c o r r e l a t i o n .  

E ( A Z 1 A t )  = A Z O  R ( A t )  = A Z o e  -aAt 

de would l i k e  t o   o b t a i n  a d i s t r i b u t i o n   f o r  A t .  Ana l y t i c a  . l l Y  , 
t h i s  task does   no t  seem t o  b e  a t r i v i a l   o n e   b e c a u s e   o f   t w o   r e a s o n s :  
( a )  the   dependence   of  A t  on   unobse rvab le   va lues  f and A ;  

( b )  more   impor t an t ly  we have   t he   mu tua l   dependence   be tween  A Z  and 
A t .  H o p e f u l l y ,   c a r e f u l  work   w i th   equa t ions  (6) and ( 7 )  s h o u l d  
y i e l d  t h e  desired r e s u l t ,   b u t  t h i s  i s  beyond t h e  scope   o f  t h e  
p re sen t   work .  

6 . 2 . 1  D i s c u s s i o n  

It can be s e e n   u p o n   r e f l e c t i o n  t h a t  f o r   c o n t r o l l e d   l o o p s  t he  

p o w e r   o f   t h e   s i g n a l  a t  any   f requency  w i l l  d i m i n i s h  as a f u n c t i o n  
o f  t h e  amount   o f   cont ro l   which  i s  e x e r c i s e d ,  tha t  i s ,  as a func- 
t i o n  of t h e  a m o u n t   o f   a t t e n t i o n  which i s  pa id .   Thus  we might f i n d  
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that f o r  a man e x e r c i s i n g   v e r y  t i g h t  c o n t r o l ,   t h e  greater the 
h igh   f requency   power  t he  less o f t e n  was the  s i g n a l   a t t e n d e d   t o .  
I n  f a c t ,  t h i s  d i d  o c c u r  f o r  one   o f  the  s u b j e c t s  (see Table 6 ,  
Phase 111). Presumably p i l o t   F i s h e r   o p e r a t i n g   i n  Phase 111, 

f i n a l   a p p r o a c h ,  was p a y i n g  more a t t e n t i o n   a n d   i n   c o n s e q u e n c e  
c o n t r o l l i n g  more t i g h t l y  t h a n  were t h e  o t h e r   t w o .   p i l o t s .  We 
f i n d  t h a t  d u r i n g   c r u i s e   ( s t e a d y  s t a t e  maneuvers)  t h e  c o r r e l a t i o n s  
are h i g h   a n d   p o s i t i v e ;   w h e r e a s   f o r   p i l o t   F i s h e r   d u r i n g  t h e  f i n a l  
approach the  c o r r e l a t i o n s  are n e g a t i v e .   F o r   p i l o t  MacNamara t h e  
c o r r e l a t i o n s  are always p o s i t i v e .  We c a n   i n f e r  t h a t  he  c o n t r o l l e d  
less c l o s e l y .  The data f o r   p i l o t s  MacNamara and F i s h e r  show tha t  
t h e  s i g n a l   p o w e r   f o r  MacNamara f o r  t h e  l o c a l i z e r   a n d  g l ide-pa th  

was , 1 2 0  a n d   f o r  Fisher was .018. 

The p r e d i c t e d   v a l u e s   o f   a t t e n t i o n   f o r   p i l o t  Fisher are ve ry  much 
h i g h e r   o n  the  l o c a l i z e r   a n d   g l i d e - p a t h  whereas t h e  p r e d i c t e d  
v a l u e s  f o r  t h e  a l t imeter  are o f   app rox ima te ly  t h e  r i g h t  s i z e .  
F o r   p i l o t  MacNamara the  r e l a t i o n s h i p  i s  approx ima te ly  t h e  r e v e r s e .  

We c o n s i d e r   t h e n  t ha t  the  d i s p l a y e d  s i g n a l s .   i n  a t i g h t l y  con- 
t r o l l e d  s i t u a t i o n   r e p r e s e n t  t h e  res idual  e r ror   be low  which  t h e  
p i l o t  e i t h e r  w i l l  n o t   o r   c a n n o t  go. And we c a n   o n l y   i n f e r   f r o m  
t h e  a m o u n t   o f   a t t e n t i o n   r e q u i r e d   t o   r e d u c e  t h e  e r r o r  t o  t h i s  l e v e l  
what t h e  s i g n a l  power might have  been had n o t   c o n t r o l   b e e n   e x e r -  
c i s e d .  We would  expect  t h a t ,  i n   g e n e r a l ,   r e l a t i v e l y   r e l a x e d   p i l o t s  
will confo rm  more   c lose ly   t o  t h e  s a m p l i n g   m o d e l   d i s c u s s e d   i n   s e c -  
t i o n   6 . 1   a n d   t h a t   r e l a t i v e l y   h a r d - w o r k i n g   p i l o t s  w i l l  conform less 
well. The v a r i a b l e   N y q u i s t   m o d e l   w o u l d   p r e d i c t  t h e  more c l o s e l y  
a p a r a m e t e r  i s  c o n t r o l l e d   ( a n d  t h e  less t h e  power d i s p l a y e d  upon 
the i n s t r u m e n t ) ,  t h e  g r e a t e r  the a m o u n t   o f   a t t e n t i o n   d e v o t e d   t o  
t h a t  s i g n a l .   F o r   s a m p l i n g   b e h a v i o r  re la ted t o   f u n c t i o n s   w h i c h   a r e  
u n d e r   d i r e c t   c o n t r o l ,   o t h e r   m o d e l s   m u s t  be used  which take i n t o  
accoun t  the c l o s e d   l o o p   t r a n s f e r   f u n c t i o n  of t h e  man-machine com- 
b i n a t i o n .  
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The.work  of McHuer and  Clement ( 3 2 )  is an  example of  t h i s  k i n a  of 
a p p l i c a t i o n .  These authors  used  man-machine systems a n a l y s i s   t o  
make p r e d i c t i o n s  o f  d i s p l a y e d   s i g n a l s   a n d   t h e n  a p p l i e d  a modif ied 
sampling  model  t o  p r e d i c t  t h e  s a m p l i n g   b e h a v i o r   e x h i b i t e d  by con- 
t r o l l e r s   i n   m u l t i - d e g r e e  of f reedom  sys tems.  It would appear 
from  examining t h e i r  r e s u l t s   a n d   o u r s  tha t  t h e  s imple sampl ing  
models are r e s t r i c t e d   i n  t h e i r  a p p l i c a t i o n   t o   m o n i t o r i n g   p r o c e s s e s  
only  and t h a t  m o d e l s   w h i c h   i n v o l v e   c o n t r o l  are n e e d e d   t o   h a n d l e  
s a m p l i n g   b e h a v i o r  of  p i l o t s   e n g a g e d   i n   c o n t r o l   a c t i v i t y .  

I n   e s s e n c e  t h e  v i s u a l   m o n i t o r i n g   b e h a v i o r  of  p i l o t s   e n g a g e d   i n  
c l o s e d   l o o p   c o n t r o l  is p r e d i c a t e d  o n   " p o s s i b i l i t y "  rather t h a n  

o n   " a c t u a l i t y "   a n d  these p o s s i b l e  d i s p l a y e d  s i g n a l s  are computable  
on t h e  basis of t h e  man-machine s y s t e m  dynamics.  Where c o n t r o l  
p r o c e s s e s  are u n d e r   a u t o m a t i c   c o n t r o l  e i t h e r  one   o f   two   poss ib l e  
s t ra teg ies  f o r  a m o n i t o r   c a n  b e  c o n c e i v e d   o f .  One migh t  be t h a t  
h e  would  monitor  as c l o s e l y  as he would as i f  he were engaged i n  
c o n t r o l   p r o c e s s  h i m s e l f .  The a l t e r n a t i v e  is t h a t  he would t r e a t  
t h e  d i s p l a y s  as d i s p l a y s  t o  b e  moni tored   and   would   conform  to  t h e  
s i m p l e  bandwidth o r  t h e  va r i ab le   bandwid th   mode l .  If t h e  fo rmer  
were t h e  c a s e , a u t o m a t i o n   w o u l d   n o t   r e s u l t   i n  a d i m i n u t i o n   o f  
v i s u a l   l o a d   a l t h o u g h  i t  would r e s u l t   i n  t h e  d i m i n u t i o n  of motor  
l o a d .  We p r e d i c t   t h e r e f o r e  t h a t  t h e  b e h a v i o r   o f  a m o n i t o r  of a n  
a u t o m a t i c  s y s t e m  would  behave  more l i k e  a m o n i t o r   t h a n  l i k e  a 
c o n t r o l l e r   i n  s o  fa r  as h i s  v i s u a l  work is concerned .  
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6.3 An Economic  Queueing Model o f   V i sua l   Sampl ing :  
E t X l e d  ~- .. . ~~ D i s c u s s i o n  and .~ Exper imen ta l  . V a l i d a t i o n  

6.3.1 M o s t . I m p o r t a n t  -~ . "~ F e a t u r e s  of t h i s  Model 

I n   S e c t i o n  6.3 we d i s c u s s  t h e  t h e o r y   a n d  some v a l i d a t i o n   s t u d i e s   o f  
t h e  queueing  model o f  a p i l o t ' s   v i s u a l   s a m p l i n g   b e h a v i o r   i n   a n   i n -  
s t rumen ted  f l i g h t  r ecen t ly   p roposed   by   Ca rbone l l  ( 2 2 ) .  It i s  pe r -  
t i n e n t  here t o  s tar t  by  summarizing t h e  main  assumptions  on which 

the model i s  based because   o f  t h e i r  e f f e c t   o n   s e v e r a l   e x p e r i m e n t a l  
de t a i l s  i n  t h e  v a l i d a t i o n   p r o c e s s .  These assumpt ions  are  as f o l l o w s :  

(1) The ins t rumen t s   compe te  for t h e  p i l o t ' s   a t t e n -  
t i o n ;   e a c h  t ime he l o o k s  a t  one   i n s t rumen t  h e  i s  p o s t -  
p o n i n g   t h e   o b s e r v a t i o n   o f   o t h e r s ,   w h i c h   f o r m  a queue .  

( 2 )  The  q u e u e   d i s c i p l i n e  stems f r o m   a n   i n t e l l i g e n t  
d e c i s i o n  made by t h e   p i l o t  a t  each   t ime .  We assu.me t h a t  
he t r i e s  t o   m i n i m i z e  the t o t a l  r i s k  invcllved i n   n o t  ob- 
s e r v i n g   t h e   o t h e r   i n s t r u m e n t s .  

( 3 )  T h i s  r i s k  i s  g i v e n ,   f o r   e a c h   i n s t r u m e n t ,  by  a 
u n i t a r y   c o s t  times t h e   p r o b a b i l i t y  t h a t  t h e   d i s p l a y e d  
v a l u e  m a y ,  wh i l e   no t   be ing   obse rved ,   exceed  a c e r t a i n  
t h r e s h o l d  t h a t  c o u l d  lead t o  some c a t a s t r o p h i c  r e s u l t .  

( 4 )  The p i l o t ' s  t ask  i n   v i s u a l l y   s a m p l i n g  h i s  i n -  
s t r u m e n t s  i s  p a r t  of  a feedback  l o o p  c l o s e d   t h r o u g h  h i s  
c o n t r o l   a c t i o n s .  

( 5 )  If t h e  p i l o t   d o e s   n o t   e x e r t   c o n t r o l ,   d i s p l a y e d  
v a l u e s  a re  n o t   z e r o - m e a n   G a u s s i a n   s i g n a l s ;   t h e  mean will 
b e  g i v e n  by  t h e  l a s t  r e a d i n g  o f  t h e  i n s t r u m e n t ,  whi le  t h e  
v a r i a n c e   m o n o t o n i c a l l y   i n c r e e s e s  w i t h  t in?e .  T h i s  i n c r e a s e  
i s  d u e   t o   t h e   a u t o c o r r e l a t l o n   a n d   a l s o   t o  a d i v e r g e n c e  
term a c c o u n t i n g  f o r  f o r g e t t i n g   a n d  fear  o f  a s u s t a i n e d  
d r i f t  . 

( 6 )  If t h e  p i l o t   e x e r t s   c o n t r o l ,  h e  t r i l l  b e  concerned  
n o t  w i t h  t h e  a b s o l u t e   r e a d i n g  of  e a c h   i n s t r u m e n t ,   b u t  
r a t h e r  w i t h  t h e  v a r i a t i o n s  w i t h  r e s p e c t   t o  t h e  r e a d i n g  he  
h a d   e x p e c t e d   t o   o b t a i n  a t  t h a t  time. 
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I n   t h e   a c t u a l   i m p l e m e n t a t i o n  of the  s i m u l a t i o n ,  w e  were f o r c e d  
t o  make, by n e c e s s i t y ,  some f u r t h e r  a s s u m p t i o n s  which are n o t ,  
h o w e v e r ,   a n   i n t r i n s i c   p a r t  of t h e  model. Some o f  them are: 

( 7 )  The p i l o t   l o o k s  a t  e a c h   i n s t r u m e n t  a f i x e d  amount 
o f  time, namely  0 .4   seconds.   Longer   looks are accoun ted  
f o r  as c o n s e c u t i v e   s e l e c t i o n s   o f  the  same i n s t r u m e n t   i n  
0 .4-sec   quanta   o f  time. 

( 8 )  C o n t r o l   a c t i o n s   a n d   a u t o c o r r e l a t i o n   f u n c t i o n s  
of  t h e  s i g n a l  are o f  the form  exp  ( -kt  ) . 

( 9 )  The d i v e r g e n c e  i s  accoun ted  f o r  by  means of a 
l i n e a r  term i n  t s u b t r a c t e d   f r o m  the  s q u a r e  of t he  au to -  
c o r r e l a t i o n .  

As said above ,   assumpt ions  ( 7 )  t o  ( 9 )  are n o t   n e c e s s a r y  compo- 
n e n t s  of  our   model .  As a matter o f  f a c t ,  i t  i s  o u r   f e e l i n g  a t  
t h e  time o f  t h i s  w r i t i n g ,  t h a t  more e l a b o r a t e d   c o n d i t i o n s   s h o u l d  
be  u s e d   i n s t e a d  of  t h o s e  s ta ted above.  And i n d e e d ,   c o n d i t i o n  ( 8 )  
was p a r t i a l l y   m o d i f i e d   i n   t h e   v a l i d a t i o n   e x p e r i m e n t s  as t h e  
r e s u l t   o f  t r i a l  r u n s  (see S e c t i o n  6 ) .  

6.3.2 Detailed Formula t ion  of  t h e  Node1 ~~ 

A. G e n e r a l   D i s c u s s i o n  

Let u s  d e f i n e :  

M Number o f   i n s t r u m e n t s  
t O b s e r v a t i o n  time 
C ( t )  T o t a l   c o s t   o f   n o t   l o o k i n g  a t  a n y   i n s t r u m e n t  a t  

some i n s t a n t   o f  time 
C o s t   a s s o c i a t e d  w i t h  e x c e e d i n g  t h e  es tabl ished 

ci t h r e s h o l d   f o r   i n s t r u m e n t  i. It i s  s u p p o s e d   t o  
be independen t   o f  time f o r  a g i v e n  mode o f  op- 
e r a t i o n   ( n o r m a l   h o r i z o n t a l   f l i g h t ,   t a k e - o f f ,  
l a n d i n g ,   e t c . ) ,   b u t  t h e  o b s e r v e r   c h a n g e s  i t  
when he swi tches   f rom  one  mode of o p e r a t i o n   t o  
a n o t h e r .  

i t s  t h r e s h o l d  Li a t  i n s t a n t  t 
P i ( t )  P r o b a b i l i t y  t h a t  a n   i n s t r u m e n t  i w i l l  exceed  
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Probab i l i t i e s  a n d   c o s t  w i l l  b e  related by 

C ( t )  = C i P f  ( t )  
1 - P i ( t )  i-1 

The non l inea r   dependence   on  t h e  P i ' s  f o r c e s  t h e  o b s e r v e r   t o  
e v e n t u a l l y  look a t  a l l  i n s t r u m e n t s  that  r e a c h  a h i g h  p r o b a b i l i t y ,  
Pi, even i f  the  u n i t a r y   c o s t s  may be low. 

The t o t a l   c o s t  C above i s  r e a l l y  t h e  c o s t   o f   n o t   s c a n n i n g ,   o f   n o t  
l o o k i n g  a t  any   ins t rument .  The t o t a l   c o s t   o f   l o o k i n g  a t  a p a r t i c u l a r  
i n s t r u m e n t  j a t  i n s t a n t  t w i l l  b e :  

The p o s t u l a t e d  s t r a t egy  i s  t o   s e l e c t  t h e  i n s t r u m e n t  j t h a t  makes 
C 1  ( t )  a minimum, i . e . ,  t h e  s u b t r a h e n d  a maximum. Equat ion  ( 9 )  
i s  j u s t i f i e d   o n  t h e  basis  t h a t  by  l o o k i n g  a t  i n s t r u m e n t  j ,  one 
removes t h e  u n c e r t a i n t y  w i t h  r e s p e c t   t o  i t ;  bu t   because  of t h e  

f i n i t e  time t a k e n  by e a c h   o b s e r v a t i o n  t h e  u n c e r t a i n t y  w i t h  re- 
s p e c t   t o  t h e  o t h e r   i n s t r u m e n t s  may i n c r e a s e .  

j 

From o b s e r v a t i o n  ( t  - A t )  t o   o b s e r v a t i o n  ( t )  the re  i s  on ly  a 
change i n   c h e   p r o b a b i l i t y   v e c t o r .  A l l  p r o b a b i l i t i e s  are  mod i f i ed  
a t  e a c h   o b s e r v a t i o n ;   t h o s e   f r o m   i n s t r u m e n t s   n o t   o b s e r v e d   b e c a u s e  
of g r e a t e r   u n c e r t a i n t y ;   a n d  t h a t  o f  t h e  one j u s t  observed   because  

we have   ob ta ined  new i n f o r m a t i o n   a b o u t  i t .  T h e  p r o b a b i l i t i e s  Pi 

are c o n d i t i o n a l   p r o b a b i l i t i e s  

where 

t = O b s e r v a t i o n  time 

A i ( t )  = Length of  time u n i t s   s i n c e  l a s t  sampl ing  
Y i W  = V a l u e   i n d i c a t e d  by  i n s t r u m e n t  i 

of i n s t r u m e n t  i b e f o r e  time t 
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Y O i ( t )  =. Last r e a d i n g  of i n s t r u m e n t  i b e f o r e  
time t 

Li = T h r e s h o l d   v a l u e   ( d a n g e r  mark )  

I n  t h e  n e x t   s a m p l i n g   i n s t a n t  we w i l l  have  

P i ( t  + A t )  = P [ y i ( t  + A t )  - > L i ( y i ( t  + A t  

- A i ( t  + A t ) )  = Y O i ( t  + A t ) ]  (11) 

where 

where j c o r r e s p o n d s   t o  t he  ins t rumen t   s ampled  a t  i n s t a n t  t and 
6 i j  i s  t h e  Kronecker  de l t a  f u n c t i o n .  

I n   o r d e r   t o   a p p l y   a n d  t e s t  t h e  model   descr ibed   above ,  w e  mus t  
compute the  v e c t o r s  - C and - P ( t )  whose  components are r e s p e c t i v e l y  
t h e  C i f s  and P i ' s .  The c o s t   v e c t o r  may b e  approximated  by  making 
some w e i g h t e d   e s t i m a t i o n s   o f  t h e  risks i n v o l v e d   i n   e x c e e d i n g  t h e  

t h r e s h o l d s   u n d e r  a c e r t a i n  mode o f   o p e r a t i o n   f o r  t he  d i f f e r e n t  
a c t u a l   i n s t r u m e n t s .  On t h e  o t h e r   h a n d ,   m a t c h i n g  t h e  model w i t h  

t h e  a c t u a l   b e h a v i o r  o f  t h e  p i l o t  may p r o v i d e  a means f o r   o b t a i n -  
i n g  t h e  C i t s  t h a t  p r o v i d e   t h e   c l o s e s t   r e p l i c a   t o  h i s  s t r a t e g y .  

L e t  u s   s t u d y  now t h e  p r o b a b i l i t y   v e c t o r  - P.  Let  u s  dea l  w i t h  a 
"desired v a l u e ' '   i n s t r u m e n t   l i k e  t h e  a l t imeter  i n   n o r m a l   h o r i z o n -  
t a l  f l i g h t .  L e t  u s   z e r o  t h e  i n s t r u m e n t   o n  the  desired va lue   and  
assume t h a t  there  are  s y m m e t r i c a l   t h r e s h o l d s   a r o u n d  t h a t  desired 
v a l u e  (? L i )  though t h e  mode l   cou ld   a l so   hand le   "one - s ided"  o r  
non- symmet r i ca l   i n s t rumen t s .  If i t  i s  o f  t h e  type   which   can  b e  

c a l l e d  a " t h r e s h o l d , i n s t r u m e n t , "  we would   on ly   have   to   modi fy  
our   knowledge   of  t h e  p r e s e n t  s t a t e  of t h e  i n s t r u m e n t  (a  t h r e s h o l d  
v a l u e   i n s t r u m e n t   d o e s   n o t   g i v e  a r e a d i n g   u n t i l   t h e   l i m i t i n g   v a l u e  
i s  r e a c h e d ) .  
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L e t  u s  assume  (Fig.  8 )  t h a t  a v a l u e  YO i s  read on   i n s t rumen t  i a t  
a g i v e n   i n s t a n t .   A c c o r d i n g   t o  t h e  t y p e   a n d   r e a d i n g   o f  t h e  i n s t r u -  
ment, t h e  p i l o t  may, o r  may n o t ,   e x e r t   c o n t r o l   t o   b r i n g  YO back t o  
ze ro .  If he d o e s   n o t ,   a n d   i n  t h e  a b s e n c e   o f   a n y   s e l f - s t a b i l i z i n g  
p r o c e s s  ( t h i s  i s  the  c a s e   f o r  h i g h  p e r f o r m a n c e   p l a n e s ) ,  YO w i l l  
become t h e  mean o f  t h e  d i s t r i b u t i o n   o f   p r o b a b l e   v a l u e s   i n   s u b s e -  
q u e n t   i n t e r v a l s .  There i s  a d i s t r i b u t i o n ,   w h i c h  w e  assume  Gaussian,  
because  of  random e f f ec t s  on t h e  a i r c r a f t   o r   a i r c r a f t  s y s t e m .  So, 
i n  t h i s  c a s e ,  w i t h  n o   c o n t r o l ,  t h e  p r o c e s s  i s  a so r t   o f   r andom 
wa lk ,  w i t h  e q u a l   p r o b a b i l i t y   o f   b e i n g   a b o v e  o r  below the  v a l u e   j u s t  
read, by v a l u e s  t h a t  a re  G a u s s i a n l y  d i s t r i b u t e d .  B u t  t h e  whole 
p r o c e s s  i s  n o t  a zero-mean  Gaussian  process;   only t h e  c o n d i t i o n a l  
p r o b a b i l i t y  of  t h e  inc remen t s   can  b e  cons ide red   Gauss i an ,   cond i -  
t i o n a l   b o t h   o n  l as t  r ead ing ,   and   on  time elapsed s i n c e .  

If c o n t r o l  i s  e f f e c t e d ,  w e  c a n   a s s u m e ,   f o r   s i m p l i c i t y ,  t h a t  i t  i s  
of t h e  form  exp ( - K i t j .  T h l s  c o n t r o l  will a f f e c t  t h e  mean b u t  
no t  t h e  v a r i a n c e  of t h e  d i s t r i b u t i o n .  But  even when c o n t r o l  
a c t i o n s  are  t a k e n ,  t h e  r e s u l t a n t   l o n g - t e r m   s i g n a l  t h a t  w i l l  t h e n  
be  zero-mean w i l l  n o t  be  G a u s s i a n   s i n c e  t h e  c o n t r o l   c o e f f i c i e n t  
Ki i s  p r e d i c t a b l e   a n d   q u i t e   i n d e p e n d e n t   o f  t h e  random f l u c t u a t i o n s  
due t o  t h e  a t m o s p h e r e ,   e t c .  For  a zero-mean  low-pass  Gaussian 
s i g n a l  t h e  mean i s  z e r o  a t  t h e  n e x t   " N y q u i s t   i n t e r v a l , "   n o  matter 
what YO was read. But ,  w e  have  shown t h a t  t h e  mean migh t  b e  ex- 
p r e s s e d  as exp ( - K i t )  ( o r  a n y   o t h e r   c o n t r o l l i n g   f u n c t i o n ) ,   a n d  i f  
Ki i s  small, t h i s  mean w i l l  n o t  be  z e r o   f o r  t e q u a l   t o  t h e  "Nyquist  
i n t e r v a l "   o f  t h e  random f l u c t u a t i o n s .  

I n   c o n c l u s i o n ,  t h e  r a n d o m   f l u c t u a t i o n s  are a t y p e  of  random walk 
which o n l y   c o n t r o l   a c t i o n s   b r i n g  down t o   e q u i l i b r i u m .   B u t ,   b o t h  
e f f ec t s  are independent   and   though t h e  o v e r a l l   r e s u l t  may look  as 
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if i t  were a zero-mean  Gauss ian   s igna l ,  i t  i s  n o t .  This  i s  
e s p e c i a l l y   c r i t i c a l   b e t w e e n   o b s e r v a t i o n s  when no new c o n t r o l   a c t i o n  
i s  i n i t i a t e d .  

The a b o v e   d i s c u s s i o n   c a n  b e  summarized by Eq. (13)  

1 2 C U i ( t  - t o l l 2  1 
If 

we 
of  

w e  had a zero-mean  Gauss ian   p rocess ,   ins tead  of  exp[ . - ( t - t o )Ki ] ,  
would  have had p i ( t  - t o ) ,  pi b e i n g  t h e  a u t o c o r r e l a t i o n   f u n c t i o n  
t h e  random  process .  

L e t  u s  now c o n s i d e r  t h e  v a r i a n c e  a i .  T h i s  v a r i a n c e  i s  o b v i o u s l y  
z e r o   f o r  t = t o ,  and s o  t h e  d i s t r i b u t i o n  i s  an i m p u l s e  on YO for 
t = t o  (see F ig .  8 ) .  A s  time t i n c r e a s e s ,  t h e  v a l u e s  of y ( t , )  = 

YOi and y i ( t )  = Yi become less and less  c o r r e l a t e d .  Assuming t h e  

f l u c t u a t i o n s   t o  b e  Gauss i an ,  t h e  v a r i a n c e  a t  t i s  g i v e n  b y :  

where p ( t )  i s  the n o r m a l i z e d   a u t o c o r r e l a t i o n   f u n c t i o n   a n d  uo  the 
sample   va r i ance  of the f l u c t u a t i o n   p r o c e s s .   F o r  a ( low-pass  s i m p l e  
R C )  f i l t e r e d  n o i s e ,  p ( t )  i s  of  t h e  form  exp (-lilt I ) .  

With t h e  p re sen t  modi f ied   approach  (as compared t o  some p r e s e n t e d  
i n  Ref. 20), the  ( c o n d i t i o n a l  on l as t  r e a d i n g )  p r o b a b i l i t y  of 
exceeding tne t h r e s h o l d   i n  t h e  a b s e n c e   o f   c o n t r o l   n e v e r   d e c r e a s e s  
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w i t h  time u n t i l  a new sample i s  t a k e n ;  t h e  v a r i a n c e  0' w i l l ,  how- 
e v e r ,   a s y m p t o t i c a l l y   a p p r o a c h  t h e  c o n s t a n t   v a l u e  0; f o r  l a r g e  
v a l u e s  of  t .  A b e t t e r  f i t  w i t h  e x p e r i m e n t a l   r e s u l t s  may b e  

o b t a i n e d  i f  w e  a l l o w  a d i v e r g e n c e  term t o   a p p e a r   i n  Eq. ( 1 4 ) .  
We c a n   c o n v e n i e n t l y   m a k e ,   f o r   i n s t a n c e :  

where H i s  a (small) d i v e r g e n c e   f a c t o r .  T h i s  d i v e r g e n c e  takes  
a c c o u n t   o f   b o t h   f o r g e t t i n g   o n  t h e  p a r t   o f  t h e  p i l o t   a n d  a sus -  
t a i n e d  d r i f t  on the par t  o f  t h e  a i r c r a f t   o r   a i r c r a f t  sys t em.  
It makes t h e  p r o b a b i l i t y  of exceed ing  the  t h r e s h o l d   t e n d   t o  1 

i f  we wait f o r  a s u f f i c i e n t l y   l o n g   p e r i o d   o f  time (see F i g .  8 ) .  

F i n a l l y ,  tile p r o b a b i l i t y  o f  e x c e e d i n g  e l t i l e r  one o f  two symmet- 
r i c a l   t h r e s h o l d s  ( 2 1 , )  i s :  

P i ( t )  = 1 - G C + ( t )  1 - G i - ( t )  

where 

i . e . ,  c u m u l a t i v e   G a u s s i a n   d i s t r i b u t i o n s   ( c o m p l e m e n t a r y   f o r  G i  ). C +  

B. Theoret ical   Approaches  ' I 'hrough  Queueing  Theory 

In FIR. 3 we have   def ined   our   p roblem as a queueing  problem. As 
we see,  i t  i s  a s i n g l e  se rver  c y c l i c   q u e u e .  Once a n   i n s t r u m e n t  
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T y p e :   C y c l i c   q u e u s  
A r r i v a l s :   C o i n c i d e n t  w i th  s e r v l c e   c o m p l e t i o n s  
S e r v i c e :   G e n e r a l   ( F i r s t   a p p r o x l m a t l o n :   R e g u l a r )  
No. of  s e r v e r s :  1 
Q u e u e   l i m i t :  M 
Q u e u e   d i s c i p l i n e :  

V a r i a b l e   p r i o r i t i e s   d e p e n d i n g   o n :  
a )   C o n d l t i o n a l   r a n d o m  distribution( l a s t   r e a d l n g )  
b )   W a i t l n g   t i m e  
c )   R i s k   f a c t o r  

F IG .9  Q U E U E I N G   M O D E L  F O R  I N S T R U M E N T  S A M P L I N G  

73 



has been served, i t  r e t u r n s   t o  the  queue  (we may c o n s i d e r  i t  o u t  
i f  t he  r i s k  p r o b a b i l i t y  i s  v e r y   l o w ) .  So, the  number o f   c u s t o m e r s  
i s  M ,  and t h e  q u e u e   l e n g t h  i s  M - 1. We a s s u m e   r e g u l a r   s e r v i c e  
time a n d ,   t h e r e f o r e ,   r e g u l a r   a r r i v a l s .  The de l i ca t e  a n d   d i f f i c u l t  
p o i n t  appears i n   s t a t i n g  the  q u e u e   d i s c i p l i n e .  We have a p r i o r i t y  
s y s t e m  o f  a v e r y   c o m p l i c a t e d   n a t u r e   s i n c e   p r i o r i t i e s   s h o u l d   d e p e n d  
n o n l i n e a r l y  on l a s t  r e a d i n g s   o f  t h e  i n s t r u m e n t s ,   o n  time elapsed 
s i n c e  l a s t  r ead ing   o f   each ,   and   on  a r i s k - c o s t   h i e r a r c h y .  The 
concept  of p r i o r i t y   q u e u e s  has r e c e i v e d  wide a t t e n t i o n   i n  the  
past  few years a f t e r  t h e  p i o n e e r i n g  work o f  Cobham ( 2 6 )  o n   f i x e d  
p r i o r i t i e s .  Good r e v i e w s   o f  t h e  s u b j e c t   c a n  be  found i n  Cox and 
Smith ( 2 7 )  and Saaty ( 2 8 ) .  J a c k s o n  ( 2 9 , 3 0 1  was t h e  f i rs t  t o  
s t u d y  a queue w i t h  v a r i a b l e   p r i o r i t i e s  w i t h  h i s  i n t r o d u c t i o n   o f  
t h e  c o n c e p t   o f   d y n a m i c   p r i o r i t i e s   i n  1960.  Another  t y p e  o f  
v a r i a b l e   p r i o r i t y  has b e e n   d e s c r i b e d  by  Kle in rock  (31). F i g .  1 0  
p r e s e n t s  a c o m p a r i s o n   o f   b o t h   t y p e s   o f   t i m e - d e p e n d e n t   p r i o r i t y  
d i s c i p l i n e s .   J a c k s o n ' s   m o d e l   a s s u m e s  tha t  each cus tomer  i s  
a s s i g n e d   o n   a r r i v a l  a random  number 8,. His p r i o r i t y  i s  t h e n  
measured as a random  va r i ab le  ei ( t  ) g i v e n  by :  

where b i s  a c o n s t a n t  common t o  a l l  cus tomers   (namely  1) and t ,  
i s  t h e  time o f   a r r i v a l .  So, "a newcomer takes p r e c e d e n c e   o v e r  a 
u n i t   i n  t h e  queue i f ,  and   on ly  i f ,  t h e  d i f f e r e n c e   b e t w e e n  the  
f o r m e r ' s  c lass  number  and tha t  of t h e  l a t t e r  i s  n o t  less t h a n  
the  time t h e  l a t t e r  has s p e n t   w a i t i n g  ( 2 9 ) . "  Obvious ly ,  a t  any 
time t b e t w e e n   a r r i v a l s  we have a f i x e d - p r i o r i t y  type .  o f   queue .  
J a c k s o n   g i v e s ,   u n d e r   c e r t a i n   h y p o t h e s e s ,   b o u n d s   f o r   e x p e c t e d  
w a i t i n g  times. 
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b )  K l e i n r o c k ' s   P r i o r i t i e s  
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K l e i n r o c k ' s  model assumes a c u s t o m e r - d e p e n d e n t   p r o p o r t i o n a l i t y  
b e t w e e n   p r i o r i t y   a n d  wait i n  queue:  

where, as b e f o r e ,  pi is t h e  p r i o r i t y   o f   c u s t o m e r  i, and ti i t s  
time o f   a r r i v a l .  Now, t h e  b i t s  are c o n s t a n t s   a s s i g n e d   t o  t h e  

d i f f e r e n t   c u s t o m e r s .   I n  the  case o f   F i g .  1 0 ,  cus tomer  1 has a 
h igher  p r i o r i t y   f o r  t < t ' ,  whi l e  p r i o r i t y   o f   c u s t o m e r  2 takes 
o v e r   f o r  t > t ' .  We see tha t  Kle in rock ' s   mode l   a l l ows   changes  
i n  t h e  p r i o r i t y  h i e ra rchy  b e t w e e n   a r r i v a l s .  A cus tomer   can  
llpass" a n o t h e r  when b o t h  are i n  t h e  middle o f  t he  queue. 

I n   o u r   a p p l i c a t i o n  we cou ld   u se  a combina t ion   o f   K le in rock   and  
Jacksan   approaches .   Jackson ' s   random  number   ass ignment   could  
be  re la ted t o  t h e  l a s t  v a l u e  read, a n d   K l e i n r o c k ' s   c o n s t a n t s ,  bi, 

t o  t h e  c o s t s ,   t h e . v a r i a n c e s ,   a n d   d i v e r g e n c e s .   I n  a l i n e a r i z a t i o n  
of   our   p roblem,  we c o u l d   a s s u m e   p r i o r i t i e s   g i v e n  b y  

q t )  = zi + b i ( t  - t o )  

where Zi i s  a random  number  and bi i s  a c o n s t a n t   p a r t i c u l a r  t o  
e a c h   i n s t r u m e n t .  An attempt t o   f i n d  a c l o s e d - f o r m   s o l u t i o n   t o  
t h i s  problem has t w o   i n h e r e n t  drawbacks. F i r s t ,  i t  would b e  

mathematically a v e r y   d i f f i c u l t ,  i f  n o t   i m p o s s i b l e ,   p r o b l e m ,  
s i n c e   J a c k s o n ,   I n  h i s  r e d u c e d   v e r s i o n ,   c a n   g i v e   o n l y   b o u n d s   t o  
some s o l u t i o n s .   S e c o n d l y ,  it would  very l i k e l y  r e p r e s e n t   a n  
o v e r s i m p l i f i c a t i o n   o f  t h e  complex h i g h l y  n o n l i n e a r   d e c i s i o n  
p r o c e s s   d e s c r i b e d   i n   S e c t i o n  6.3.2-A. A t  t h i s  stage i n   o u r .  
s t u d y ,  i t  seemed t h e n  t ha t  t h e  only  p r a c t i c a l  l i n e   o f   a t t a c k  was 
t o   s i m u l a t e  t h e  problem  on a d i g i t a l  computer .  
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C. Early  Computer  Simulations of the  Model 

The  model  was  first  simulated  using  the BBN Telcomp  time-sharing 
system. The  basic  assumptions  were  essentially  the same as stated 
in Section 6.3.1. Only  double-sided  symmetrical  desired-value 
instruments  were  considered,  but  no  difficulties  are  foreseen  to 
including  other kinds if so required.  No  coupling  among  instru- 
ments  was  included  in  the  present  version;  coupling  could be in- 
corporated by correcting  the  expected  as  well  as  the  read  values. 
The  observer  is  assumed to be a first-order  observer,  reading  only 
positions  of a pointer on an  instrument.  All  time  intervals  are 
made  equal to 1,  though  continuous  time and  variable  observation 
durations  could  be  easily  incorporated.  Finally,  the  decision 
process  is  assumed to proceed  along  the  lines  described  in  Section 
6.3.2-A,  as  the result  of  evaluation  of  the  risks  involved  if 
given  thresholds  are  exceeded.  Within  the  above  assumptions,  the 
simulation  program  has  been  made  as  versatile  as  possible  to be 
able  to  easily  modify  parameters  and  conditions  and  even  the  pro- 
gram  itself. 

Figure 11 is a block  diagram  of the  simulation. At initiation, 
the  computer  demands  the  value  of  the  different  constants.  These 
are  the  number of instruments, M, threshold for not considering 
an  instrument  in queue, TH, and  these  values for each  instrument 
i:  standard deviations of the  random  fluctuations,  autocorrelation 
decay  constant Ki, threshold  of  risk Li, threshold  of  accident L f i ,  
unitary  cost,  divergence  constant,  and  control  decay  constant 
(which  measures  the  convergence  towards  the  desired value).  If 
this  last  constant  is zero, no  control  is  exerted. 

Next, we  read  initial  values  for  all  the  instruments  using  our 
Gaussian random number  generator  subroutine. At this  initial 
stage we  take  the  mean equal to zero (we  might  also  initially 
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randomize  the  means) .   Then.we l e t  one time u n i t   p a s s   a n d   e n t e r  the 
e v a l u a t i o n   p r o c e s s   o n  the d i f f e r e n t   i n s t r u m e n t s .  To t h i s  end ,  
t h e  a u t o c o r r e l a t i o n   f o r   e a c h   i n s t r u m e n t  is computed as a f u n c t i o n  
o f  time e l a p s e d   s i n c e  l as t  reading ,   and   f rom i t  a n d   t h e   d i v e r g e n c e  
t he  v a r i a n c e  Si i s  found.  From it  and t h e  expec ted  mean ( the  
v a l u e  las t  read c o r r e c t e d  by t h e   c o n t r o l ) ,  we c a n   f i n d  the proba-  
b i l i t y  is v e r y  large, a t y p e - o u t ,   ( " i n s t r u m e n t   i n  red")  i s  pro-  
duced .   That   ins t rument  may n o t  be observed   ye t ,   however ,  i f  
some o t h e r   i n s t r u m e n t  has h i g h e r   c o s t .   N e x t ,  t h e  c o s t  COi i s  
computed. If t h e  c o s t  i s  t o o   l o w ,   t h e   i n s t r u m e n t  i s  e l i m i n a t e d  
from the  q u e u e   f o r  t he  p r e s e n t   i n t e r v a l ;  i t  w i l l  c e r t a i n l y   e n t e r  
t h e  queue i n  some f u t u r e   i n t e r v a l   b e c a u s e  t h e  d i v e r g e n c e  term 
f o r c e s  t h e  p r o b a b i l i t y   t o   m o n o t o n i c a l l y   i n c r e a s e   t o w a r d  1. 
If the c o s t  is higher  t h a n  TH, w e  compare i t  w i t h  the  c o s t   f r o m  
p r e v i o u s   i n s t r u m e n t s .   I n  t h i s  way, t h e  i n s t r u m e n t  w i t h  t h e  
h i g h e s t   c o s t  a t  the end  of  a g i v e n   i n t e r v a l  w i l l  b e  s e l e c t e d  
(SEL) .  When a l l  t h e  in s t rumen t s   have   gone   t h rough  the  above 
p r o c e s s ,  SEL g i v e s  t h e  i n s t r u m e n t   t o  be r e a d   ( o r  a z e r o  i f  a l l  
c o s t s  are below T H ) ,  and a type-out  is produced.  The v a l u e  
YOSEL o f  t h e  s e l e c t e d   i n s t r u m e n t  is t h e n  "read" f rom  our   Gauss ian  
random  number g e n e r a t o r ,   u s i n g  YSEL as mean and SZSEL as t h e  
v a r i a n c e .  If YOSEL 

message  and  s tops.  If YOSEL w e  r e c y c l e   a g a i n  by  a d d i n g  
a n o t h e r  time u n i t ,   a n d  s o  on, in a n   i n f i n i t e   l o o p  mode. T h i s  
i n f i n i t e   l o o p   c a n   b e   i n t e r r u p t e d   a n y  time t h e  o p e r a t o r  may de- 
s i r e  ( t o   s t o p  the computat ion,   change some c o n s t a n t s ,   e t c . ) .  
S t a t i s t i c s   o f   o b s e r v a t i o n s  are then   p roduced .  

' L ' ~ ~ ~  t h e   c o m p u t e r   t y p e s   a n   a c c i d e n t  

< L' SEL 

By p l a y i n g   w i t h  t he  d i f f e r e n t   c o n s t a n t s   i n  t h e  s i m u l a t i o n   p r o -  
gram, we have  been able t o   p l a c e   o u r   s i m u l a t e d   p i l o t   i n  a ve ry  
e a s y ,  a n o r m a l l y   h a r d ,   o r  a jammed s i t u a t t o n .  The model  shows, 
as was t o  be e x p e c t e d ,  good s e n s i t i v i t y   t o   t h e   p a r a m e t e r s  

79 



r e p r e s e n t   i n g  
( th rough  t h e  
t h e  v a r i a n c e  
s e n s i t i v e   t o  

c o n t r o l   a c t i o n s .  It i s  also s e n s i t i v e   t o   b a n d w i d t h s  
a u t o c o r r e l a t i o n   f u n c t i o n )   a n d   t o   a m p l i t u d e s   ( t h r o u g h  
SO: a n d   t h r e s h o l d s ) .   A g a i n ,  as e x p e c t e d ,  i t  i s  ve ry  
r e l a t i v e   c o s t s ;   i n c r e a s i n g   o r   d e c r e a s i n g  t h e i r  re la-  

t i v e   c o s t s ;   i n c r e a s i n g   o r   d e c r e a s i n g  t h e i r  r e l a t i v e   v a l u e s   p r o -  
duces   impor t an t   changes   i n  the d e c i s i o n s .  

Detailed r e s u l t s   o f  t h i s  early s i m u l a t i o n   h a v e   b e e n   r e p o r t e d   i n  
t h e  l i t e r a t u r e  ( 2 2 ) .  These r e s u l t s   i n d i c a t e d  t h a t  If d i v e r g e n c e  
c o n s t a n t s   w e r e  h igh ,  the  mode l   can   s imula t e  a q u a s i - p e r i o d i c  
sampl ing   behav io r .  On t h e  o t h e r   h a n d ,  by i n c r e a s i n g  t h e  e f f e c t  
of past i n f o r m a t i o n   ( p r e v i o u s   r e a d i n g s )   v e r s u s  t ha t  of  t h e  
d i v e r g e n c e ,   f u l l y   a p e r i o d i c   s a m p l i n g   b e h a v i o r   c o u l d  be g e n e r a t e d ,  
a case   which  has b e e n   o b s e r v e d   i n   a c t u a l  f l ights  u n d e r   c o n d i t i o n s  
of  s tress.  

6.3.3. T h e  E x p e r i m e n t s   M o d e l i n g   A c t u a l   P i l o t s  

A. O b j e c t i v e s   o f  t h i s  V a l i d a t i o n  

The s i m u l a t i o n s   m e n t i o n e d   a b o v e   ( S e c t i o n  6.3.2-C) cou ld   no t  t e s t  
t h e  m o d e l   u l l d e r   r e a l i s t i c   c o n d i t i o n s .   I n   o r d e r   t o   d o  t h i s ,  

data r e c o r d e d   d u r i n g  t h e  exper iments   on  t h e  L i n k   t r a i n e r  were 
used.  As mentioned elsewhere i n  t h i s  r e p o r t ,  we h a v e   d i g i t i z e d  
f i l e s  s t o r e d   i n  t h e  computer   of  a l l  i n s t r u m e n t   s i g n a l s  sampled 
a t  0 . 1 - s e c   i n t e r v a l s   f o r  th ree  p i l o t s   u n d e r   t y p i c a l  f l i g h t  con- 
d i t i o n s ,   i n c l u d i n g   d e s c e n t ,   t u r n   a n d   l a n d i n g   a p p r o a c h .  

The pu rpose   o f  t h e  s i m u l a t i o n   e x p e r i m e n t s   t o  be d i scussed   be low 
was t o  make a s t a t i s t i c a l   c o m p a r i s o n   o f  t h e  n o r m a l i z e d   p e r c e n t i l e  
number   o f   f i xa t ions   on  a set  o f  key  i n s t r u m e n t s  when t h e y  were 
o b t a i n e d   f r o m   a c t u a l  eye-movement r e c o r d s   v e r s u s   t h o s e   p r e d i c t e d  
by t h e  model. The s i g n a l s   u s e d   f o r  t h e  s i m u l a t i o n   r u n s  were 
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based o n   t h e   a c t u a l   s i g n a l s   s t o r e d   i n  the computer   dur ing   Link  
t r a i n e r   s e s s i o n s ,  whi le  t he  c o n s t a n t s   n e c e s s a r y   t o   r u n  the model 
were d e r i v e d  as p r e c i s e l y  as p o s s i b l e   f r o m   b o t h   s i g n a l s   a n d  
p i l o t   q u e s t i o n n a i r e s  (see be low) .   Each   s imula t ion   produced  240 
"looks" (i .e. ,  96 s e c  r ea l  time f l i g h t )   a p o r t i o n e d  among t h e  
v a r i o u s   i n s t r u m e n t s .  

A t o t a l   o f   s e v e n   c a s e s  were t h u s   a n a l y z e d ,  three f o r  one p i l o t  
and  two f o r   e a c h   o f  the  o t h e r   t w o   p i l o t s .  Three o f  t h e  c a s e s ,  
one t o   e a c h   p i l o t ,   c o r r e s p o n d e d   t o  what was c a l l e d  Phase I1 of  
t he  L i n k   t r a i n e r  f l i g h t s  d u r i n g  a 360-degree  turning  maneuver .  
Two c a s e s   i n v o l v i n g   t w o   p i l o t s   c o r r e s p o n d e d   t o   l e v e l   f l i g h t   a n d  
beg inn ing   o f  a descent   maneuver  (Phase I ) ;  w h i l e  t h e  two  remain- 
i n g   c a s e s ,   a g a i n   i n v o l v i n g   t w o   p i l o t s ,   c o r r e s p o n d e d   t o  a l a n d i n g  
approach (Phase 111). I n s t r u m e n t s   i n   P h a s e s  I and I1 were head- 
i n g ,  a i r  s p e e d ,   a l t i t u d e ,   p i t c h   a n d   r o l l ,   a n d  ra te  of   c l imb.  
For  the  s i m u l a t i o n   o f  Phase 111, l o c a l i z e r  a n d   g l i d e - p a t h   i n d i -  
c a t o r  were added. 

B. S u p p o r t i n g   E f f o r t   N e c e s s a r y   t o   P r e p a r e   t h e   S i m u l a t i o n  Runs 

The c o n s t a n t s   f o r   e a c h   i n s t r u m e n t   n e c e s s a r y   t o   r u n   t h e   m o d e l  are:  
c u t o f f   f r e q u e n c y ,  mean s q u a r e  or v a r i a n c e   o f   t h e   c o r r e c t e d   s i g n a l ,  
t h r e s h o l d   o f  r i sk  i n   d e p a r t u r e   f r o m  a desired v a l u e ,   u n i t a r y   c o s t ,  
and   d ive rgence   cons t an t .  

The f i rs t  two sets o f   c o n s t a n t s  are  d e r i v e d   f r o m   a n a l y s e s   o f  the  

s i g n a l s   d e s c r i b e d   a b o v e .  The mean-square  value i s  ob ta ined   f rom 
t h e  mean and   mean-square   va lues   p r in ted  by t h e  computer a f te r  t h e  
p o l y g o n a l   c o r r e c t i o n s   f o r   " d e s i r e d "   v a l u e s  are e f f e c t e d .   I n  t h e  
first t r i a l  r u n s ,   t h e   c u t o f f   f r e q u e n c y  was set  e q u a l   t o  t h a t  

d e r i v e d   g r a p h i c a l l y   f r o m  t h e  computer-produced  power  spectrum 
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p l o t .  A t  that time, no u s e  was made of the measured  s lope  beyond 
the c u t o f f   v a l u e .  By comparing the  r e s u l t s  of t h o s e   e a r l y   r u n s  
w i t h  the s i g n a l  parameters, a s i g n i f i c a n t   c o r r e l a t i o n  was found 
t o   e x i s t   b e t w e e n   d e v i a t i o n s   i n  the p e r c e n t a g e   o f   o b s e r v a t i o n s  
between  model   and  ocular  data, and   s lope   beyond   cu to f f .  T h i s  
p o i n t e d   t o   o u r   s i m p l i f y i n g   h y p o t h e s i s   a s s u m i n g  f i rs t -order  
c o n t r o l   f o r  a l l  i n s t r u m e n t s .   I n s t r u m e n t s  w i t h  s l o p e s  less t h a n  
6 dB/oct  gave i n   t h o s e  f i rs t  r u n s  more o b s e r v a t i o n s   t h a n  t h e y  
shou ld ,  w h i l e  t h o s e  w i t h  s l o p e s  greater t h a n  6 dB/oct ( there  
are some w i t h  s l o p e s   u p   t o   1 3   d B / o c t )   p r o d u c e d  fewer observa-  
t i o n s .   T h i s  was i n t e r p r e t e d  as meaning tha t  t he  s u b j e c t s  payed 
a t t e n t i o n   n o t   o n l y   t o  t h e  c u t o f f   f r e q u e n c y   o f  t h e  s i g n a l s ,   b u t  
a l so  t o  t h e  g e n e r a l  shape o f  t he  power  spectrum. A s  a h e u r i s t i c  
s o l u t i o n   t o  t h i s ,  i t  was assumed tha t  t he  s u b j e c t s   b e h a v e d  as 
i f  t h e y  ex t r ac t ed   f rom  each   power   spec t rum t h e  p o i n t  6 d B  down 
from the  c u t o f f ,   a n d   t h e n   a d o p t e d  t h a t  c u t o f f   f r e q u e n c y   o b t a i n e d  
by t h e  i n t e r s e c t i o n  a 6 d B / o c t   l i n e   f r o m  th i s  p o i n t   a n d  t h e  f l a t  
p o r t i o n   o f  t h e  spectrum.  Thus,  a l o w e r   e f f e c t i v e   c u t o f f  f re-  
q u e n c y   f o r   i n s t r u m e n t s  w i t h  slopes greater  t h a n  6 IB/oc t ,   and  
h i g h e r  i n  t h e  o p p o s i t e  case, i s  o b t a i n e d .  

S i n c e  the  a b o v e   d i s c u s s e d   c o r r e c t i o n  y i e l d e d  s a t i s f a c t o r y   r e s u l t s ,  
i t  was s y s t e m a t i c a l l y   i n c o r p o r a t e d   i n  a l l  r u n s .  We are ,  of c o u r s e ,  
convinced  tha t  i f  more  work w i t h  t h e  model i s  t o  be done,  t h e  
f i r s t - o r d e r   h y p o t h e s i s   e v e n  w i t h  c o r r e c t i o n s   s h o u l d  be  r e p l a c e d  
by cont ro l   mechanisms  of  a more g e n e r a l   n a t u r e .   B e c a u s e  of t h e  
m o d u l a r i t y   o f  t h e  model, t ha t  c h a n g e   w o u l d   n o t   a f f e c t   o t h e r  
s e c t i o n s   o f  i t .  It i s  i n t e r e s t i n g   t o   n o t e ,   i n c i d e n t a l l y ,  how 
the  c o r r e c t i o n   d e f i n e d   a b o v e   s h o w s  the  c a p a c i t y   o f  a good  model 
t o  boo t s t - r ap  i t s e l f  b y  p o i n t i n g   t o  i t s  own i m p e r f e c t i o n s .  
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The sets of c o n s t a n t s   t h a t  w e  have cal led t h r e s h o l d s   o r   r i s k ,  
u n i t a r y   c o s t s ,   a n d   d i v e r g e n c e s ,  were e s s e n t i a l l y   d e r i v e d   f r o m  
q u e s t i o n n a i r e s   ( m e n t i o n e d   p r e v i o u s l y   i n  th i s  r e p o r t )   h a n d e d   t o  
t h e  p i l o t s  a f te r  t h e i r   L i n k   t r a i n e r  f l i g h t s .  It must be said 
t h a t  we were i n i t i a l l y  rather s k e p t i c a l   a b o u t   t h e   u s e f u l n e s s   o f  
t h e i r  a n s w e r s ,   b u t   r e s u l t s   o f  t h e  s i m u l a t i o n   s u g g e s t  t h a t ,  w i t h  

a few minor   excep t ions ,  t h e  p i l o t s '   a n s w e r s  were t r u l y   r e p r e s e n -  
t a t i v e   o f  t he i r  strategies.  

With r e s p e c t   t o   t h r e s h o l d   f o r   c o n t r o l ,  t h e  p i l o t s  were asked t o  
s ta te  f o r   e a c h   i n s t r u m e n t  t he  minimum d e v i a t i o n s  t h e y  c o u l d   p e r -  
c e i v e ,  the  d e v i a t i o n s  t h e y  would l i k e  t o  s t a y  w i t h i n ,   a n d  t h e  
e m e r g e n c y   a c t i o n   d e v i a t i o n s .   I n   m o s t   r u n s  w e  made some e x p l o r a -  
t i o n  by i n t e r p o l a t i n g   b e t w e e n  these v a l u e s ;   i n   a n y   c a s e ,  t h e  se t  
o f   v a l u e s   f i n a l l y   u s e d   r e p r e s e n t e d  a c o n s i s t e n t  way of s e l e c t i n g  
t h e  t h r e s h o l d s  regardless of  t h e  i n d i v i d u a l   i n s t r u m e n t .  

The c o s t s  were se lec ted  by  making  use of two sets o f   c o s t s ,   o n e  
numer i ca l ,  the o t h e r   g r a p h i c a l ,   d e c l a r e d  by t h e  p i l o t s .  They 

were n o t   t o t a l l y   c o r r e l a t e d ,   a n d   t h o u g h  t h e  n u m e r i c a l   v e r s i o n  
was g e n e r a l l y  u s e d ,  t h e  g r a p h i c a l   o n e   p r o v e d  b e t t e r  i n  a coup le  
of i n s t a n c e s .  An i n t e r e s t i n g  f a c t  abou t  t h e  q u e s t i o n n a i r e s  was 
s u g g e s t e d  by  o u r   e x p e r i m e n t s .  One of t h e  p i l o t s  (P.M.)  p r o b a b l y  
a f t e r  hard t h i n k i n g ,  had changed h i s  se t  o f   c o s t s   f o r  Phase I11 
by e r a s i n g   a n d   w r i t i n g   o v e r .  H i s  f i n a l   v a l u e s   p r o d u c e d   q u i t e  
d i s t o r t e d   r e s u l t s  when a p p l i e d   t o  t h e  mode l .   Fo r tuna te ly ,  t h e  
o r i g ' i n a l   v a l u e s   c o u l d  s t i l l  be read, and when a p p l i e d ,   r e s u l t s  
were b e t t e r .  I n   a n o t h e r   i n s t a n c e ,   p i l o t  D.M. had q u a l i f i e d   a n  
i n s t r u m e n t  (rate of c l i m b )  as n o t   a p p l i c a b l e   d u r i n g  a c e r t a i n  
p h a s e   o f  t h e  f l i g h t   a n d  l a t e r  changed h i s  answer t o  g i v e  i t  a 
non-zero   cos t .  It t u r n e d   o u t  tha t  he p r a c t i c a l l y   n e v e r   l o o k e d  
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at that i n s t r u m e n t ,   a n d  a z e r o   c o s t  is t h e  best  approximat ion .  
( T h i s  is n o t   a b s o l u t e   s i n c e   a n o t h e r   e x a m p l e  of  t h e  same b e h a v i o r  
c o r r e s p o n d e d   t o  a s u b s t a n t i a l  number of  l o o k s . )  The above   obser -  
v a t i o n s   s u g g e s t  tha t  t o o  much t h i n k i n g  by t he  s u b j e c t s   a b o u t  
h i g h l y  compl ica ted   and   mechanized   behavior  may impa i r  the accu- 
r a c y  of  t h e i r  answers .  

F i n a l l y ,  t h e  d i v e r g e n c e   c o n s t a n t s   p r o v i d e d   o n e  o f  t h e  most   in -  

t e r e s t i n g   a n d   y e t   p a r t i a l l y   u n c o v e l - e d   i s s u e s   i n   t h e   o p e r a t i o n  of 
t h e   m o d e l .  We s t a r t e d  by a s k i n g  t h e  p i l o t s  how t h e i l -  c o n c e r n  
wou.ld grow as a f u n c t i o n  of  time i f  d i f f e r e n t   i n d i v i d u a l   i n s t r u m e n t s  
w o u l d   b e c o m e   i n o p e r a t i v e .   T h e y   x e r e   r e q u i r e d  t o  draw s e p a r a t e  
c u r v e s   f o r   e a c h   i n s t r m e n t   a n d   e a c h   f l i g h t   p h a s e ,   w i t h   r a n g e s  be- 

tween ze1-o c o n c e r n  ar,d t o t a l   p a n i c .  Ivyost o f  t h e   c u r v e s  were non- 
l i n e a r   w i t h  time and   very  few r e a c h e d   t h e  " t o t a l  p a n i c "   l e v e l ,   b o t h  
p e r h a p s   b e c a u s e  of  t h e   p i l o t s '   r e l u c t a n c e  t o  d e c l a r e  s o ,  and   prob-  
a.bly  more i m p o r t a n t l y ,   b e c a u s e   o f  t h e i r  u s e  o f  redundancy  among  in-  
s t r u m e n t s   t o   r e p l a c e   a n   i n o p e r a t i v e   o n e   w i t h   o t h e r s .   I n   a n y   c a s e ,  
i t  was f e l t  t h a t  t h e   i n i t i a l   s l o p e   o f   t h e   c u r v e s  was r e l a t e d  t o  
t h e i r   i ' n i t i a l   c o n c e r n .  A c o n s t a n t   w i t h  t h e  d ln iens ions   o f  t ime was 
d e r i v e d  by   measur ing  how  many seconds  had  p a s s e d   b e f o r e   t h e   t a n g e n t  
a t  t h e   o r i g i n   c u t   t h e   m i d p o i n t   b e t w e e n   n o   p a n i c  and t o t a l   p a n i c .  
T h e n   t h e   d i v e r g e n c e   c o n s t a n t  was t h e  n u r b e r  t h a t ,   z f t e r  s o  many 
s e c o n d s ,   p r o d u c e d   a n  N-fold i n c r e a s e   i n   t h e  variance o f  t h e  sigr,al, 
n o r m a l i z e d  w i t h  r e s p e c t   t o   t h e   c o n t r o l   t h r e s h o l d .  The  n a i n  un- 
c e r t a i n t y  was o r i g i n a t e d  b y  t h e  v a l u e  ?:, w h i c h   f o r c e d   c o n s i d e r a b l e  

e x p e r i m e n t a t i o n   i n  t r ial  r u n s  by z u l t i p l y i n g  a l l  d ive rgence   con-  
s t a n t s  by  d i f f e r e n t   c o n s t a n t  factors i n  o r d e r  t o   v a r y   t h a t  Id. The 
p r o p e r  wzy t o   a c c o u n t  for ti;c d i v e r g e n c e   e f f e c t  s t i l l  r e q u i r e s  con- 
s i d e r a b l e   e x p e r h e n t a t i o n .  
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C. How  the  Simulations  Were  Run 

After  the  program  was  loaded  into  the PDP-1 computer,  the  program 
asked for the  number of channels  (instruments)  to be used,  and 
the  corresponding  constants  (five  constants  per  instrument).  The 
channels  were  then  identified by number and  the  corresponding 
signals  transferred  from  magnetic  tape to rapid  access  drum  storage. 
Next  polygonal  corrections  were  inserted  and  everything  was  ready 
for the simulation run.  At  the  beginning of the  simulation,  each 
corrected  channel  is  read  to  initialize  the  system.  Every 9.4 

sec  the  decision  process in the  model  selected  an  instrument  to 
be  read from  the  corrected  signals.  The  normal  output  of  the 
model  was the number  of  observations of each  channel  after  an 
overall  total of 240 observations.  Optionally,  the  number  of 
observations  can be typed  out  every  twenty  0.4-sec  samples. 
Another  option  not  regularly  used  because of the  time  involved 
is  the  production of a type-out  with  the  channel  selected at 
each  time,  its  cost,  and  the  value  read  from  the  corresponding 
corrected  signal.  The  computer  also  types  when a threshold  has 
been  exceeded. 
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6 .3 .4  P r e s e n t a t i o n   o f   R e s u l t s  

The g e n e r a l   r e s u l t s  of the  s i m u l a t i o n   r u n s  are p r e s e n t e d   i n  
Tables 7 t o  9 where b o t h  data and  model r e su l t s  are n o r m a l i z e d   i n  
pe rcen t .   Though   p i t ch   and  roll are s e p a r a t e   i n s t r u m e n t s   i n  t h e  
model ,   they   have   been   lumped  toge ther   s ince   they   appear   toge ther  
on  eye-movement data.  The same i s  t r u e  f o r  l o c a l i z e r   a n d   g l i d e -  
p a t h   i n d i c a t o r .  

The gene ra l   ag reemen t   be tween   pa i r s   o f  data and  model  columns i n  
Tables  7 t o  9 i s  s u r p r i s i n g l y   g o o d .   T a b l e  7 r e f e r s  t o  Phase I1 
o f  t h e  f l i g h t   a n a l y z e d  by  t h e  model, b y  p i l o t  P.M. T a b l e  8 pre-  
s e n t s   r e s u l t s   f o r  t h e  t h r e e   p i l o t s   i n  Phase 11; obv ious ly  Phase I1 
by P.M. a p p e a r s   d u p l i c a t e d   i n  Tables 7 and 8 .  F i n a l l y ,  T a b l e  9 
p r e s e n t s  t h e  r e s u l t s   o f   t h e  t w o   s i m u l a t i o n   r u n s   n o t   c o v e r e d   i n  
Tables 7 and 9. 

Next, Tables 1 0  t o  1 2  p r e s e n t   s t a t i s t i c a l   a n a l y s e s   o f  t h e  r e s u l t s  
a l ready  p r e s e n t e d   i n  Tables  7 t o  9. Two t y p e s   o f   s t a t i s t i c a l   f i g -  
u r e s   o f  merit  have   been   app l i ed .  The f i r s t  i s  s imply  t h e  ave rage  
o f  t h e  a b s o l u t e   d i f f e r e n c e s   b e t w e e n   m o d e l   r e s u l t s   a n d  data when 
these a re  e x p r e s s e d   i n   p e r c e n t .  The second i s  t h e  r a t i o   o f   t h e  
sum o f  t h e  squa res   o f  t h e  d i f f e r e n c e s   b e t w e e n  data  and  model  (both 
i n   p e r c e n t )   t o  t h e  sum o f  t h e  s q u a r e s   o f  t h e  o b s e r v e d   d a t a   ( i n  
p e r c e n t ) .  Th i s  l a s t  measure i s  a n   i n d i c a t i o n   o f  t h e  r e l a t i v e  i m -  
p o r t a n c e   o f  t h e  dev ia t i . ons  o f  model   versus  data  when compared w i t h  

data. 

T a b l e  1 0  refers  s p e c i f i c a l l y   t o   a v e r a g e s   a c r o s s   i n s t r u m e n t s ,   g i v -  
i n g  t h e  a b o v e   d e f i n e d   i n d i c e s   f o r   e a c h   o f  t h e  even   s imula t ion   runs .  
T a b l e  11 g i v e s  t h e  i n d i c e s ,   a v e r a g e d   a c r o s s   r u n s ,   f o r   e a c h   i n d i -  
v i d u a l   i n s t r u m e n t  (or i n s t r u m e n t   p a i r ) ;   o b s e r v e  t ha t  l o c a l i z e r   p l u s .  
g l i d e - p a t h   i n d i c a t o r  i s  o n l y   p e r t i n e n t   f o r  Phase I11 of t h e  f l i g h t ,  
a n d   t h e r e f o r e  appears i n   o n l y   t w o   r u n s .   F i n a l l y ,   T a b l e  1 2  g i v e s  
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TABLE 7 

OBSERVED AND SIMULATED EYE FIXATIONS I N  PERCENT 
FOR THREE PILOTS D U R I N G  PHASE I1 OF FLIGHT  (TURN) 

II 

INSTRUMENT 

TOTAL 1 0 0 . 0  1 0 0 . 0  

P I L O T  

J .F .  I D.M. 

22.7 

12.1 

14.4 

36.4 

14.4 
1 

100.0 

21.7 25.0 27.9 

8.0 7 . 0  7.9 

15.8 25.4 20.4 

39.1  41.9 43.8 

15.4 0.7 0.0 

1 
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TABLE 8 

OBSERVED AND SIMULATED EYE FIXATIONS I N  PERCENT 

FOR A GIVEN PILOT  (P .M. )  DURING THREE 

DIFFERENT  PHASES OF THE FLIGHT 

Name I) Data 

Heading 1 8 . 2  

A i r  Speed 1 3 . 6  

Alt imeter  1 1 . 4  

P i t c h  & R o l l  41.5 

Rate o f  C l i m b  1 5 . 3  

L o c a l i z e r  & 
Glide P a t h  

- 

1 100.0 100.0 

88 



TABLE 9 

OBSERVED AND SIMULATED  EYE FIXATIONS I N  PERCENT 

FOR  RUNS NOT INCLUDED I N  TABLES 7 AND 8 

D.M. 
PHASE I PHASE I 

J . F .  

L a n d i n g   B e g i n n i n g  
I N S T R U M E N T  

11 of  Descent II Approach 

No. 

3 

4 

5 & 6  

Altimeter 16.9 

P i t c h  & R o l l  ll 40.0 

Rate of Climb 

Model 

19.0 

12.0 

8 . 2  

2 5 . 8  

9.0 

2 6 . 0  

100.0 
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TABLE 10 

C A  

Pilot 

P.M. 

J . F .  

D. M. 

S E  

Phase 

I 

I1 

I11 

I1 

I11 

I 

I1 

STATISTICAL  COMPARISON  BETWEEN  MODEL 
AND  DATA,  AVERAGED  ACROSS  INSTRUMENTS 

I1 
" 

Average  of 
Absolute 

Differences 
(In  Percent) 
Between  Model 

and Data 

Sum of 
Squares of 
Observed 
Data 

0.96 I1 2602*50 
IF 

2.60 2925.22 ( 1  
3.33 2304.62 

'I 

2.04 

3 - 1 7  

3.56 

2401.38 

1903.00 

2812.12 

- .. . " 

Sum of 
Squares of 
Differences 

Columns  and Data 

Ratio  of  Two 
Between  Model Preceeding 

zyr- 0.0029 

47.26 0.0162 
~~~ ~ ".  ". .~ ~ ~~~ 

104.00 0.0451 
~. ~. - 

28.06 0.0117 
- - -. - . " 

98.08 0.0516 

-~ - ~ "- . ~~~ 

~ 

- " ~. 

76.42  0.0272 

38.32 0.0125 

__ ~ ~ " . . - - - .. . 
~~ ~. 
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TABLE 11 

STATISTICAL COMPARISON BETWEEN MODEL AND DATA FOR I N D I V I D U A L  

INSTRUMENTS AVERAGED ACROSS PILOTS AND PHASES 

/ /  1 1  Average  of 
Absolute Sum of  

Squares 
o f  

Observed 
Data 

1620.91 

10136.68 

905.71 

1076.04 

I sum o f  
Squares of  

Columns and Data 
Preceeding Between  Model 

of  Two Di f f e rences  
Rat i o  

101.59 0.0297 

54.61 0.0630 

70.18 0.0433 

27.33 0.0027 

I 
119.07 0.1310 

26.96 0.0251 



TABLE 1 2  

STATISTICAL COMPARISON BETWEEN MODEL AND DATA,  

OVERALL RESULTS  FOR PILOTS AND PHASES 

Average o f  
Absolute  

D i f f e r e n c e s  
( I n   P e r c e n t )  

Between Model 
and Data 

Sum o f  
Squares  

of 
Observed 

Data 

Sums o f  
Squares  o f  

D i f f e r e n c e s  
Between  Model 

and Data 

R a t i o  
of Two 

Preceeding  
Columns 

0.0203 

N A M E  No. of 
Runs 

I n  c l ude  d 

3 

1 

I 
7832 w 34 158.86 

E+ 

0 

P.M. 

LI J . F .  
H L  

PI 
D. M.  

I-Beginning 

Descent 

I 

4304.38 126.14 2 

114.74 2.92 

2.26 84.02 

3 8401.86 113.64 11-Turn 

111-Landing 
Approach 4207.62 2 202.08 3-25 

I 



t h e   i n d i c e s   g l o b a l l y ,  f i rs t  f o r   i n d i v i d u a l   p i l o t s ,   a n d   n e x t   f o r  
f l i g h t  p h a s e s - a v e r a g e d   i n   e a c h   c a s e   o v e r   e v e r y t h i n g  e l se .  

The d i f f e r e n c e s   b e t w e e n   p i l o t s  are n o t   r e a l l y   s i g n i f i c a n t .  R e -  
s u l t s   f o r  Phase I11 are p o o r e r   t h a n   t h o s e  for t h e   t w o   o t h e r  
p h a s e s ,   t h o u g h   t h e y  a re  s t i l l  q u i t e   a c c e p t a b l e .  T h i s  p r o b a b l y  
r e f l e c t s  t h e  p resence   o f   two  new s i g n a l s ,  as wel l  as some c o u p l i n g  
be tween   i n s t rumen t s  tha t  may be h i g h e r   t h a n   i n  t h e  o t h e r   p h a s e s .  

I 

With r e s p e c t   t o   a c c u r a c y   i n   r e p r e s e n t a t i o n   o f   i n d i v i d u a l   i n s t r u -  
ments ,  r a te  of   c l imb i s  t h e  w o r s e ;   i n c i d e n t a l l y ,   d i f f e r e n t   p i l o t s  
a s s i g n   w i d e l y   d i f f e r e n t   c o s t s   t o  t h i s  i n s t r u m e n t   i n   r e l a t i o n   t o  
o t h e r s .  It i s  i n t e r e s t i n g   t o   n o t e  t h a t  some o f  t h e  i n s t r u m e n t s  
t h a t  have a h i g h   d e g r e e   o f   i n f o r m a t i o n   c o u p l i n g  a re  t h e  t h r e e  w i t h  

l e s s   a c c u r a t e   p r e d i c t i o n s ,   n a m e l y   r a t e  o f  c l imb ,  a i r  speed  and a l -  
t i m e t e r ,   i n  that  o r d e r .  On t h e  o t h e r   h a n d ,  we have  been ab le  t o  
q u i t e   a c c u r a t e l y   r e p r e s e n t   p i t c h   a n d   r o l l ,   a n   e n c o u r a g i n g   f a c t  
s i n c e  it i s  the  i n s t r u m e n t  t h a t  c l e a r l y  was observed  t h e  h i g h e s t  
number of t imes.  

. 6 . 3 . 5  Conc lus ions  - ... . . . and -~ . S u g g e s t i o n s  " .  f o r   F u r t h e r  Work i n   R e l a t i o n  
t o  T h i s  Model 

The r e s u l t s   d i s c u s s e d   a b o v e   p r o v e   t h a t  t h e  b a s i c   a s s u m p t i o n s   i n -  
v o l v e d   i n  t h i s  mode l   (Sec t ion  6 . 3 . 1 )  a r e  e s s e n t i a l l y   s o u n d .  The 

model has shown i t s e l f  c a p a b l e   o f   a c c u r a t e l y   r e p r e s e n t i n g  t h e  b e -  

h a v i o r   o f   p i l o t s   v i s u a l l y   s a m p l i n g  t h e i r  i n s t r u m e n t s   d u r i n g   a n   i n -  
s t r u m e n t e d   f l i g h t .   I n   o u r   j u d g m e n t ,   h o w e v e r ,  i t  would be p rema tu re  
t o   e x t r a p o l a t e   o u r   p r e s e n t   s u c c e s s   a n d   a t t e m p t  a t  t h i s  s t a g e   t o   u s e  
t h e  m o d e l   f o r   d e s i g n i n g   p u r p o s e s .  We t h i n k  t h a t  b e f o r e   t h a t ,  some 
f u r t h e r   r e s e a r c h  i s  n e e d e d   t o   c l a r i f y  some o f  t h e  q u e s t i o n s  t ha t  
our  work w i t h  t h e  model has ra ised.  A t  t h i s  s t a g e ,  w e  h a v e   f u l -  
f i l l e d  o u r   o r i g i n a l   r e s e a r c h   g o a l s   w h i c h  were t o   d e m o n s t r a t e  t h e  

v a l i d i t y   o f  t h i s  approach .  
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There are many i n t e r e s t i n g   a v e n u e s   o p e n   f o r   i m p r o v e m e n t s  bo th  

f rom  an   appl ied   and  a b a s i c   r e s e a r c h   p o i n t  o f  v i e w .   I n  t h e  re- 
mainder   o f  t h i s  S u b s e c t i o n  we want t o   d i s c u s s  some o f  them. 

( a )  The model has b e e n   v a l i d a t e d   i n  a s t a t i s t i c a l   s e n s e ,  based 

o n   p e r c e n t a g e   o f   o b s e r v a t i o n s   o f   e a c h   i n s t r u m e n t   d u r i n g  a 
near   100-sec  f l i g h t  phase .  It would be o f   g r e a t   i n t e r e s t  
t o   s t u d y  t h e  behavior   o f  t h e  model a t  a more  microscopic  
l e v e l  by o b s e r v i n g   s h o r t   t r a i n s   o f  i t s  d e c i s i o n s   i n   c o m p a r i -  
son  w i t h  a c t u a l   s h o r t   t r a i n s   o f  eye-movements. It may b e  

p o s s i b l e   t o   a u t o m a t e  t h i s  whole   p rocess  by  deve lop ing   p ro -  
cedures   (p robab ly   o f  a h e u r i s t i c   n a t u r e )   f o r   a u t o m a t i c a l l y  
decoding  eye-movement   waveforms  s tored  together  w i t h  i n s t r u -  
ment  waveforms. 

( b )  A t  p r e s e n t ,  t h e  mode l   r equ i r e s  some t u n i n g   t o   p a r t i c u l a r  
p i l o t s  a n d   p a r t i c u l a r   p h a s e s   o f  t h e  f l i g h t s .  T h i s  i s  moti-  
v a t e d  by o u r   n e e d   t o   a d j u s t   f a c t o r s   l i k e  t h e  m u l t i p l i c a t i v e  
c o n s t a n t   o f  a l l  t h e  d ive rgences   and  t h e  method  of   in te rpola-  
t i o n   b e t w e e n   t h r e s h o l d s .  It would b e  des i rab le  t o   d e v e l o p  
m e t h o d s   a n d   c r i t e r i a   c a p a b l e   o f   a v o i d i n g  t h a t  t u n i n g   p r o c e s s .  
The a d j u s t m e n t   r u n s   r e a l l y   r e p r e s e n t   o u r   i n c o m p l e t e   k n o w l e d g e  
of  what t h e  c o n s t a n t s   i n  t h e  model mean as a q u a n t i f i c a t i o n  
of  a highly  complex human d e c i s i o n   p r o c e s s .   [ P o i n t s   ( c )   a n d  
( d ) ,  f o l l o w i n g ,   s u g g e s t   a n   a p p r o a c h   t o  t h l s  problem.]  

( c )  A s  ment ioned   before ,  t h e  q u e s t i o n n a i r e s  a re  a n   e s s e n t i a l   i n -  
p u t   i n   o r d e r   t o   r u n  t h e  model .   Improved  techniques  for  se- 
l e c t i n g   a n d   p r e s e n t i n g  the  q u e s t i o n s ,  as we l l  as f o r   i n t e r -  
p r e t i n g  t h e  answers  are needed.  

( d )  An a l t e r n a t i v e  way t o  i m p r o v e   o u r   h a n d l i n g   o f   t h e   c o n s t a n t s ,  
t h o u g h   n o t   n e c e s s a r i l y  a s u b s t i t u t e   f o r  t h e  q u e s t i o n n a i r e s ,  
i s  t o  measure some o f  these  c o n s t a n t s  by  means  of c o n t r o l l e d  

94 



expe r imen t s  t h a t  w o u l d   s e p a r a t e l y  t e s t  p a r t i c u l a r   a s p e c t s   o f  
t h . e " p i I o t s '   b e h a v i o r .  O f  c o u r s e ,   r u n n i n g  the  model i s  i n  
i t s e l f  an   expe r imen t   ( t hough  a highly  complex  one)   f rom  which 
v a l u e s  of  some c o n s t a n t s   c o u l d  b e  e m p i r i c a l l y   d e r i v e d   i n  or- 
d e r   t o  be s y s t e m a t i c a l l y   a p p l i e d  l a t e r  t o  similar c a s e s .  

It i s  c l e a r ,  o f  c o u r s e ,  t ha t  some c a r e f u l l y   p l a n n e d   a n d   c o n -  
t r o l l e d   e x p e r i m e n t s  are a l s o   d e s i r a b l e   n o t   t o   d i r e c t l y  mea- 
s u r e  t h e  v a l u e s   o f  t he  c o n s t a n t s ,   b u t  r a the r  t o  assess t h e  

n a t u r e   o f  t h e  psychologica l   phenomena   under ly ing  them. I n -  
d i v i d u a l   e x p e r i m e n t s   c a n   p o s s i b l y  b e  f o r m u l a t e d   t o   s e p a r a t e l y  
cha rac t e r i ze   phenomena  l i k e  d i v e r g e n c e ,   u s e   o f   t h r e s h o l d s   f o r  
d e v i a t i o n s   f r o m  a d e s i r e d  or e x p e c t e d   s i g n a l ,   e t c .  

The  model  can b e  improved i n   s e v e r a l   o f  i t s  s u b r o u t i n e s .  For 
example,  we would l i k e  i t  t o  b e  ab le  t o   h a n d l e   t h e   v a r i o u s  
s l o p e s   i n  t h e  power   spec t rum  wi thou t   app ly ing  t h e  h e u r i s t i c  
c o r r e c t i o n   d e s c r i b e d   b e f o r e   i n  t h i s  Repor t .  We w o u l d   a l s o  
l i k e  t o   m o d i f y   t h e  way i n  which t h e  d i v e r g e n c e   c o n s t a n t  af-  
f e c t s  t h e  e x p e c t e d   v a r i a n c e   o f  t h e  s i g n a l  ( w e  are  n o t  s a t i s -  
f i e d  w i t h  t h e  s u b t r a c t i o n   o f  K t  t o  t h e  squa re   o f  t h e  a u t o -  
c o r r e l a t i o n ) .  

Other  k i n d s   o f   m o d i f i c a t i o n s   c o u l d   a n d   s h o u l d   b e  made t o   t h e  
model t o   e l i m i n a t e  some o f   t h e   r e s t r i c t i o n s   a n d   s i m p l i f y i n g  as- 
sumpt ions .  For example,  t h e  d u r a t i o n   o f   a n   o b s e r v a t i o n   c o u l d  
b e  made a f u n c t i o n   o f  t h e  in s t rumen t   be ing   l ooked  a t ,  i t s  
va lue ,   and  the  o v e r a l l   s i t u a t i o n .  The s i m p l i f y i n g   r e s t r i c t i o n  
o f   h a v i n g   s y m m e t r i c a l   t h r e s h o l d s   c o u l d  be l i f t e d .  The problem 
o f   i n fo rma t ion   coup l ing   and   r edundancy   be tween   d i f f e ren t   i n -  
s t r u m e n t s   c o u l d   p r o b a b l y  b e  m o d e l l e d   a n d   i n c o r p o r a t e d   i n t o  t h e  
genera l   model .  What happens when a n   i n s t r u m e n t   d i s p l a y s   t w o  
or more s i g n a l s  ( l i k e  p i t c h   a n d  roll) s h o u l d   a l s o  be  i n v e s t i -  
gated, as wel l  as some a l l o w a n c e   f o r   t a k i n g   i n t o   a c c o u n t  
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p e r i p h e r a l   v i s i o n .   F i n a l l y ,  t he  c o n f i g u r a t i o n   o f   i n s t r u -  
men t   pane l   l ayou t  may have some i n f l u e n c e  t h a t  c o u l d  be ac-  
c o u n t e d   f o r  by means  of a v a r i a b l e   d u r a t i o n   " b l a n k "   s w i t c h -  
i n g  t ime. 

The above items r e p r e s e n t   p o s s i b l e   f u t u r e   l i n e s   o f   r e s e a r c h .  It 
may n o t  b e  p o s s i b l e   t o   c o n s i d e r  a l l  of  them, which  should lead t o  
t h e   e s t a b l i s h m e n t   o f  a p r i o r i t y   s c a l e .   I n   a n y   c a s e ,  we c o n s i d e r  
t h a t  t h o s e   s u g g e s t i o n s  r e l a t ed  t o  improvements i n  t h e  model   could 
b e   i m p l e m e n t e d   u n d e r   f a v o r a b l e   c o n d i t i o n s   d u e   t o  t h e  modular  na- 
t u r e   o f  t h e  model  and t h e  s o l u t i o n  by s i m u l a t i o n  that  we have 
adopted .  Any a n a l y t i c a l   s o l u t i o n ,   i n   c l o s e d   f o r m ,   o f  a very  com- 
p l ex   ma themat i ca l   p rob lem,  i s  u s u a l l y  h i g h l y  a f f e c t e d  by  changes 
in   minor   components .  A modu la r   i n fo rma t ion   p rocess ing   mode l ,   such  
as o u r s ,   w h i c h   y i e l d s   a n s w e r s   t h r o u g h   s i m u l a t i o n ,   c a n ,  i f  i t s  
b a s i c   a s s u m p t i o n s  are  s o u n d ,   s u f f e r   c o n s i d e r a b l e   a l t e r a t i o n s   a n d  
i m p r o v e m e n t s   w i t h o u t   r e q u i r i n g   d r a s t i c   c h a n g e s   i n  t h e  method  of 
s o l u t i o n   o r   i n  i t s  o the r   componen t s .  

6 . 4  A Comparison  Between Two Models 

Table 1 3  p r e s e n t s  a c o m p a r i s o n   o f   c o r r e l a t i o n   c o e f f i c i e n t s  com- 
p u t e d   f o r  t h e  Nyquist   and t h e  queueing  models .  The queueing  mod- 
e l  as can  be  s e e n   i n  t h e  Table  g i v e s   c o n s i s t e n t l y   h i g h e r   c o r r e l a -  
t i o n s .  T h i s  s u g g e s t s  t ha t  t he re  i s  a t r ade -o f f   be tween   deg ree   o f  
c o r r e l a t i o n   a n d   c o m p l i c a t i o n   o f   c o n c e p t u a l i z a t i o n   w h i c h   i m p l i e s  
more   complex   p rocedures   fo r   ob ta in ing   r e su l t s .  



TABLE 13 

- 

PILOT 

F .  ’ 

D. M. 

P.M. 

J. F. 

COMPARISON  OF  CORRELATION  COEFFICIENTS 
BETWEEN  DATA  AND  MODEL  FOR  NYQUIST  MODEL 

(LEFT)  VERSUS  QUEUEING  MODEL  (RIGHT) 

P H A S E  

I I1 
I ” - 
i 

0.905/0.966 I 0*730/0.g74 

0.190/0.994 0.940/0.983 

0.903/0.984 

I11 I 
I 

I 
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7. GENERAL CONCLUSIONS AND RECOMMENDATIONS 

We have under taken   and   comple ted  a p r o g r a m   i n v o l v i n g   e x t e n s i v e  
i n s t r u m e n t a t i o n  of  a s i m u l a t o r   a n d   o f  t h e  p i l o t s  who o p e r a t e  i t .  
The i n v e s t i g a t i o n  has i n v o l v e d  the  r e c o r d i n g   a n d   s u b s e q u e n t   t r a n s -  
f o r m a t i o n s   o f  many v a r i e t i e s   o f   d a t a   r e l a t i n g   t o   b o t h  s y s t e m  and 
human per formance .  The b a s i c   g o a l s  were t h e  t e s t i n g   o f   m o d e l s  
and t h e  examina t ion   o f  t h e  ways i n  which human o p e r a t o r s   a n d  s y s -  

tem d y n a m i c s   i n t e r a c t   i n  a more o r  less  d e t e r m i n i s t i c  way.  The 

models  which were t e s t e d   r a n g e   i n   s o p h i s t i c a t i o n   f r o m  t h e  very  
s i m p l e   t o   t h e   v e r y   c o m p l e x   a n d   i n   t h e i r   p r e d i c t i v e   e f f o r t s   f r o m  
t h e  v e r y   s t a t i s t i c a l   t o  t h e  v e r y   d e t e r m i n i s t i c .   O n l y  some o f  them 
cou ld  b e  t e s t e d   w i t h i n   t h e   f r a m e w o r k   o f  t h e  p r e s e n t   p r o j e c t   a n d ,  
i ndeed ,  as i t  t u r n e d   o u t ,  some which we t h o u g h t  we c o u l d   t e s t  seem 
t o  b e  b a s i c a l l y   u n t e s t a b l e   g i v e n  t h e  n a t u r e   o f  t h e  task p r e s e n t e d  
t o  t h e  p i l o t   a n d  t h e  k inds   o f   r eco rd ing   and   ana lys i s   wh ich  we 
c o u l d   u n d e r t a k e .   D e t a i l e d   d i s c u s s i o n  i s  l i m i t e d  t o  two d i f f e r e n t  
models of where peop le   l ook   and  why t h e y   l o o k   t h e r e  when f l y i n g   a n  
a i r c r a f t   t h r o u g h  a v a r i e t y   o f  more o r  l e s s  rou t ine   maneuver s .  One 
o f   t hese   mode l s  i s  b a s i c a l l y  a s a m p l i n g   t h e o r e m   a p p l i c a t i o n ,  t h e  

o t h e r   a n   e x t e n s i o n   o f  a c y c l i c   q u e u e  w i t h  t h e  a d d i t i o n   o f   c e r t a i n  
c o s %   f a c t o r s   w h i c h   g u i d e  t h e  s a m p l i n g   b e h a v i o r .  I n  b o t h . c a s e s ,   o f  
c o u r s e ,  t h e  s i g n a l   c h a r a c t e r i s t i c s   e n t e r   i n   s t r o n g l y   i n   d e t e r m i n i n g  
t h e   b e h a v i o r   o f  t h e  m o d e l ,   s o , t h a t  we wou ld   expec t   bo th   mode l s   t o  
r e l a t e  f a i r l y  wel l  t o  t h e  same body   o f   expe r imen ta l ly   ob ta ined  data .  
The r e s u l t s   i n d i c a t e  tha t  t h e  s t a t i s t i c a l   p r e d i c t o r s   a r e   w e a k e r  
t h a n  t h e  queu ing   mode l   wh ich   depends   s t rong ly   upon   i nd iv idua l   p i lo t ' s  
r e sponses   abou t  t h e  c o s t   o f   m a k i n g   c e r t a i n   c o n t r o l   a c t i v i t i e s   a n d  
t h e  c o s t   o f   e x c e e d i n g   c e r t a i n  l imi t s .  T h i s  we m i g h t   e x p e c t .   I n  
g e n e r a l ,   t h e   m o r e   d e t a i l e d  t h e  examina t ion   o f  t h e  basis o f   behav io r ,  
t h e  more c l o s e l y   s h o u l d  t h e  model s o  c o n s t r u c t e d  f i t  t h e  a c t u a l i t y .  



T h e  s t a t i s t i c a l   m o d e l   s u p p o s e s  t ha t  e y e  movements are p u r e l y  a 
f u n c t i o n   o f   s i g n a l   f r e q u e n c y   c h a r a c t e r i s t i c s   a n d  t h e  d e s i r e d  ac-  
curacy   of   readout .   However ,   due   to  t h e  n a t u r e   o f   i n s t r u m e n t  d i s -  

p l a y s   i n   w h i c h   o n l y   e r r o r   s i g n a l s . ,  i . e . ,  d e v i a t i o n s   f r o m  desired 

s e t t i n g ,  are d i s p l a y e d ,  i t  i s  v e r y   d i f f i c u l t   t o   e x t r a c t   r a t i o s   o f  
s i g n a l  power t o   e r r o r  power .   In s t ead ,  these  must b e  i n f e r r e d .  
What w e  h a v e ,   t h e n ,  i s  a f i t t i n g   o f  s t ra ight  l i n e s   t o  t he  e r r o r  
spec t rum  and   an   in ference   f rom the  break f r equency   o f  t h e  e r r o r  
s p e c t r u m   t o  t h e  s i g n a l   c h a r a c t e r i s t i c s   w h i c h   g o v e r n e d  t h e  p i l o t s '  
behav io r .  The r e s u l t s   f o r  t h e  t h r e e  p i l o t s ,  as p r e s e n t e d   i n  
T a b l e  6 ,  show t h a t ,  i n  a l l  bu t   one   ca se ,  t h e  c o r r e l a t i o n s   b e t w e e n  
t h e  a c t u a l   d i s t r i b u t i o n   o f   a t t e n t i o n   a n d  t h e  observed  data  a re  
p o s i t i v e   a n d ,  w i t h  one   excep t ion ,   h igh .  The d e f e c t   o f  t h i s  model 
a r i s e s   f r o m   t h e   f a c t  t h a t ,  u n d e r   c e r t a i n   f l i g h t   c o n d i t i o n s ,   i n  
p a r t i c u l a r   t h e   f i n a l   a p p r o a c h ,  t h e  s i g n a l  power f o r   c e r t a i n   o f  
t h e  instruments   becomes  very small and   our  estimates o f  t h e  band- 
w i d t h  o f  t h e  s i g n a l   p r e s e n t e d  r a the r  dubious  a t  b e s t .  Thus  our 
estimates o f   t h e   a t t e n t i o n  p a i d  t o  t h e  l o c a l i z e r   a n d   g l i d e  p a t h  

d u r i n g   f i n a l   a p p r o a c h  are  g r e a t l y  a t  v a r i a n c e  w i t h  t h e   o b s e r v e d  
behav io r   o f  t h e  p i l o t  as are  t h e   e s t i m a t e s  for r a t e - o f - t u r n   a n d  
rpm.  However, f o r  Phases I and I1 o f   f l i g h t  t h e  c o r r e l a t i o n s  a re  
g e n e r a l l y   h i g h   a n d   i n  t h e  e x p e c t e d   d i r e c t i o n   a n d   s u g g e s t  t h a t  t h e  
model has power f o r   p r e d i c t i n g  t h e  d i s t r i b u t i o n  o f  a t t e n t i o n  when 
t h e  p i l o t  i s  n o t   e n g a g e d   i n   e f f e c t i v e l y   c o n t i n u o u s   c o n t r o l   o f  t h e  

s i g n a l s  t ha t  he i s  p r e s e n t e d  w i t h .  

The r e s u l t s   o f  t h e  q u e u i n g   m o d e l   p r e s e n t e d   i n   S e c t i o n  6 . 3 . 3  a re  
uniformly  good and show tha t  t h e  a p p l i c a t i o n   o f  t h i s  model t o  t h e  

d i s t r i b u t i o n   o f   a t t e n t i o n   r e s u l t s   i n   v a r i a n c e   r e d u c t i o n s   w h i c h   i n  
a l l  but   one   case  are g r e a t e r   t h a n  90%.  Overa l l ,   more   t han  95% of  
t he  v a r i a n c e  i s  a c c o u n t e d   f o r  by  t h e  model   behavior  for a l l  phases  
o f  f l i g h t  a n d   f o r  a l l  p i l o t s .  
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Where i t  i s  p o s s i b l e   t o   u s e  data o b t a i n e d   f r o m   p i l o t s   t o   e n t e r  
i n t o  a queuing/cost-effectiveness model ,   very   powerfu l  estimates 
can  b e  obta ined   which   would  be u s e f u l   f o r   e n g i n e e r i n g   d e c i s i o n s .  
Where such  data cannot  be  o b t a i n e d ,  as f o r   e x a m p l e ,   i n  t h e  ana ly -  
s i s  of  systems which a re  new a n d   f o r   w h i c h   n o   g r e a t   e x p e r i e n c e  
e x i s t s ,  the  s t a t i s t i c a l   p r e d i c t i o n s   o f  t h e  sampl ing   mode l   a l so  
y i e l d  p o w e r f u l   p r e d i c t i o n s ,   a l t h o u g h  by  no  means as power fu l  as 
t h o s e  y i e l d e d  b y  t h e  queu ing   mode l .   I n  e i t h e r  c a s e ,  t h e  p r e d i c -  
t i o n s  o f  t h e s e   m o d e l s  w i l l  b e   u s e f u l   i n   m a k i n g  estimates of  t h e  
loading  imposed  on t h e  p i l o t  by  a w e l l - d e f i n e d  s y s t e m ,  and i n  
c a l c u l a t i n g   i n s t r u m e n t   p a n e l   c o n f i g u r a t i o n s  based on t h e  way i n  
which   people   mus t   use  t h e  s i g n a l s   w h i c h  a re  t o  be  p r e s e n t e d .  An 
i n t e r e s t i n g   a p p l i c a t i o n  o f  t h e  p r i n c i p l e s   a n d   t h e o r y   w h i c h   h a v e  
been   deve loped   w i th in  t h i s  program i s  p r e s e n t e d   i n  Ref. 2 6 .  The 
r e s u l t s   o f  t h a t  a p p l i c a t i o n   a p p e a r   t o   s u p p o r t  t h e  g e n e r a l   n o t i o n  
t h a t  these  a n a l y s e s   h a v e  immediate a n d   d i r e c t   e n g i n e e r i n g   u t i l i t y .  
F u r t h e r  work w i l l  e x p l o r e  t h e  f i n e   s t r u c t u r e  o f  v i s u a l   a t t e n t i o n .  
T h i s  w i l l  make it p o s s i b l e  for t h e  systems d e s i g n e r   t o  make more 
r e l i a b l e   a n d   r a t i o n a l   d e c i s i o n s   a b o u t   p r o b l e m s  o f  l o a d i n g ,   f u n c -  
t i o n   a l l o c a t i o n ,   a n d   c o c k p i t   l a y o u t .  

S u g g e s t i o n s  are  a l s o  made f o r   s p e c i f i c   f u t u r e   r e s e a r c h .  
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