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SUMMARY 

A method i s  presented  f o r  implementing t h e  s t a t e  es t imator  of  t h e  manual 
c o n t r o l  model when t h e  system output  i s  a v i s u a l  d i sp l ay  of a r b i t r a r y  form; 
t h a t  i s ,  t h e  d i s p l a y  may be p i c t o r i a l ,  inc luding  r e a l  world, o r  made up of 
d i a l s  and p o i n t e r s .  The method i s  used t o  provide e r r o r  c r i t e r i a  f o r  a  look- 
po in t  c o n t r o l l e r  t h a t  appears  t o  be capable of modeling human scanning 
behavior .  This model, i f  combined wi th  a  model of t h e  c o n t r o l  process ,  should 
be u s e f u l  i n  p r e d i c t i n g  e f f e c t s  of changes i n  d i sp l ays  on performance of f l i g h t  
t a s k s .  

INTRODUCTION 

One of t h e  most important elements of a  model of manual c o n t r o l  i s  some 
form of  s t a t e  e s t ima to r .  This element r ece ives  system outputs  and conver t s  
them i n t o  an e s t ima te  of t h e  system s t a t e  i n  a form s u i t a b l e  f o r  input  t o  a 
c o n t r o l  a lgori thm. 

The s t a t e  e s t ima to r  i s  u sua l ly  modelled a s  a  Kalman e s t ima to r ,  which 
minimizes t h e  va r i ance  of t h e  es t imated  s t a t e ,  and which i s  capable of 
accept ing  sampled da t a .  The output  of t h e  es t imator  i nc ludes  an e s t ima te  of  
t h e  covariance of t h e  s t a t e  e s t ima te .  This covariance depends on t h e  probable 
e r r o r s  i n  t h e  d a t a ,  and not  on t h e  d a t a .  I n  many cases ,  such an e s t ima te  of  
covariance i s  s u f f i c i e n t  f o r  an a n a l y s i s  of system performance by t h e  use  of 
covariance propagat ion techniques .  Furthermore, when covariance can be 
es t imated  p r i o r  t o  a c t u a l  da t a  i n p u t ,  an optimum sequence of samples can be 
predetermined. 

Due t o  t h e  na tu re  of t h e  v i s u a l  sense ,  human observers  a r e  u s u a l l y  forced  
t o  scan a  scene i n  a  s e r i e s  of lookpoin ts  i n  o rde r  t o  e x t r a c t  i t s  information 
content .  I f  t h e  scene i s  changing, each lookpoint  c o n s t i t u t e s  a  sample of 
ou tput  d a t a  of a  dynamic system. A l l  t h a t  i s  r equ i r ed  f o r  applying t h e  Kalman 
e s t ima to r  as a model of human v i s u a l  observa t ion  i s  a  means of e s t ima t ing  
probable e r r o r s  of  observa t ion  a t  any lookpoin t .  

This paper p r e s e n t s  a  means of  e s t ima t ing  t h e  e r r o r s  t o  be expected when 
a  human observer  e s t ima te s  t h e  s t a t e  of a  system by looking a t  a d i s p l a y  of 
some s e t  of system ou tpu t s .  The d i s p l a y  may be p i c t o r i a l ,  inc luding  " r e a l  
world," o r  made up of d i s c r e t e  dia . ls ,  p o i n t e r s ,  e t c .  



F i r s t ,  t h e  method of es t imat ing  t h e  covariance of  t h e  s t a t e  es t imate  a t  a 
given lookpoint w i l l  be described.  Then t h e  means, and some r e s u l t s ,  of 
devis ing  a lookpoint c o n t r o l l e r  t o  s imulate human scanning behavior w i l l  be 
discussed.  This l a t t e r  work i s  presented i n  f u l l  d e t a i l  i n  reference  1. 

SYMBOLS 

x s t a t e  vec tor  

est imated s t a t e  vec tor  

Y output  vec tor  

[ c ]  matr ix  of c o e f f i c i e n t s  r e l a t i n g  s t a t e  and output  vec to r s  

V s tandard e r r o r  of observat ion of output 

[ c lT  t ranspose  of c 

[COV(Y) 1 covariance matr ix of output vector  

[COV(X> 1 covariance matr ix  of est imated s t a t e  vec tor  

0 p i t c h  angle 

@ r o l l  angle 

$ yaw angle 

Abbreviation: 

V S I  V e r t i c a l  Speed Ind ica to r  

GSI Glide Slope Ind ica to r  

A dot over a v a r i a b l e  denotes a de r iva t ive  with respect  t o  time. 

METHOD OF ANALYSIS 

Figure 1 i s  a manual c o n t r o l  block diagram t h a t  i s  borrowed from 
reference  2.  The s t a t e  es t imator  i n  f i g u r e  1 w i l l  be considered t o  have i n  it 
some means of so lv ing  t h e  r e l a t i o n s h i p :  

where 
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x ( t )  i s  system s t a t e  vec tor  
C i s  a matr ix  of constant  s e n s i t i v i t i e s  



y ( t )  i s  v i s i b l e  system output  vec tor  
~ ( t )  i s  random e r r o r  vec to r  

The sources of e r r o r  ~ ( t  ) a r e  i n  t h e  d i sp lay  and measurements vm( t  ) 
and i n  t h e  v i s u a l  sensing of t h e  p i l o t  V d ( t ) .  

The v i s u a l  e r r o r s  Vd a r e  t h e  ones t h a t  vary wi th  lookpoint .  Thus, f i g u r e  1 

may be considered t o  represent  t h e  p i l o t  model a t  a  f ixed  lookpoint .  A t  a  
d i f f e r e n t  lookpoint ,  Vd , and t h e r e f o r e  y  and 4, may be d i f f e r e n t .  

The perceived system output  y ( t ) ,  which i s  t h e  input  t o  t h e  
s t a t e  es t imat ion  process ,  might be spec i f i ed  i n  seve ra l  ways. For example, 
i n  a  d i sp lay  composed of d i s c r e t e  instruments ,  one of t h e  elements of y ( t )  
might be taken t o  be t h e  a l t i t u d e ,  s ince  t h a t  quan t i ty  i s  displayed by t h e  
a l t i m e t e r .  A more genera l  approach t h a t  allows treatment  of p i c t o r i a l  a s  we l l  
a s  d i s c r e t e  d isp lays  is  t o  t ake  a s  elements of y( t )  t h e  displacement,  r a t e  
of change of displacement,  and r a t e  of change of displacement of po in t s  i n  t h e  
d i sp lay  ( e .  g.  , po in t s  on t h e  a l t ime te r  needle) .  Consider t h e  d i sp lay  t o  be 
broken i n t o  segments. The por t ion  of t h e  d i sp lay  i n  each segment i s  r i g i d  so 
t h a t  one po in t  i n  a  segment may be taken t o  represent  t h e  whole segment. 
I iotat ing d i sp lay  elements should be regresented  by more than  one segment, so 
t h a t  r o t a t i o n  of any one segment can be neglected.  This poin t  may be seen t o  
move v e r t i c a l l y  o r  ho r i zon ta l ly  o r  both i n  response t o  one o r  more of t h e  s t a t e  
v a r i a b l e s  x ( t ) .  Taking each component a s  a  sepa ra te  i n d i c a t o r  of system out- 
pu t ,  each poin t  i n  t h e  d i sp lay  may provide four elements of y ( t ) :  v e r t i c a l  
and hor i zon ta l  displacement and v e r t i c a l  and hor i zon ta l  r a t e  of change of 
displacement from a  nominal pos i t ion .  

The next s t e p  i s  t o  pe r tu rb  each s t a t e  v a r i a b l e  i n  t u r n  and t o  c a l c u l a t e  
t h e  r e s u l t i n g  e f f e c t s  on each d i sp lay  segment. These e f f e c t s  w i l l  be expressed 
a s  l i n e a r  inf luence  c o e f f i c i e n t s  which a r e ,  e i t h e r  exac t ly  o r  approximately, 
p a r t i a l  d e r i v a t i v e s  of v e r t i c a l  and hor i zon ta l  angular  displacement and r a t e  
of displacement,  a s  measured a t  t h e  observer ' s  eye, with r e spec t  t o  t h e  system 
s t a t e  v a r i a b l e s .  These inf luence  c o e f f i c i e n t s  a r e ,  of course,  t h e  elements of 
t h e  matr ix  C i n  equation 1. 

The random e r r o r  ~ ( t )  remains t o  be spec i f i ed .  That p a r t  of it t h a t  i s  
due t o  t h e  v i s u a l  sense vd ( t  ) depends on t h e  observer ' s  a c u i t y  a t  each d i s -  

p lay  p o i n t ,  which i n  t u r n  depends on t h e  l o c a t i o n  of t h e  d i sp lay  poin t  wi th  
respect  t o  t h e  observer ' s  lookpoint .  From a  knowledge of t h e  obse rve r ' s  
resolv ing  power a t  any poin t  i n  h i s  v i s u a l  f i e l d  and of where he i s  looking,. 
one can es t imate  t h e  element of ~ ( t )  f o r  each d i sp lay  segment. Typical 
r e s o l u t i o n  curves a r e  shown i n  f i g u r e s  2 and 3. For any given lookpoint ,  t h e  
e c c e n t r i c i t y  angle ( v i s u a l  angle between lookpoint and d i sp lay  p o i n t )  of each 
d i sp lay  po in t  i s  ca lcu la t ed ,  and t h e  corresponding re so lu t ions  from f i g u r e s  2 
and 3 a r e  taken a s  s tandard dev ia t ions  f o r  c a l c u l a t i n g  V d ( t ) .  



Now t h e  minimum var iance  e s t ima te  of x ( t )  may be formulated from 
equat ion  1. This e s t ima te  i s :  

The ma t r ix  cov(y)  i s  t h e  covariance of y ( t )  which, f o r  t h e  case  of 
uncor re l a t ed  measurement e r r o r s ,  i s  a  diagonal  mat r ix  formed by squar ing  t h e  
elements o f  ~(t). I f  measurement e r r o r s  a r e  known t o  be c o r r e l a t e d ,  t h e r e  
w i l l  of course be  off-diagonal  terms i n  c o v ( y ) ,  b u t  equat ion 2 i s  s t i l l  v a l i d .  
What i s  r equ i r ed  i n  t h i s  paper ,  as w e l l  as q ( t ) ,  i s  an es t imate  of i t s  
covariance.  It may be  shown ( r e f .  3) t h a t  t h e  covariance of x ( t  ) i s  : 

It i s  seen t h a t ,  s i n c e  f o r  each d i f f e r e n t  lookpoint  t h e r e  i s  a  d i f f e r e n t  
ma t r ix  [ ~ o v ( y ) ] ,  t h e  covariance of t h e  es t imated  s t a t e  v a r i e s  wi th  lookpoin t .  

Example 

In  o rde r  t o  demonstrate how t o  c a l c u l a t e  cov (x )  f o r  a  given lookpoin t ,  a 
simple example has been concocted. Two hypo the t i ca l  d i sp l ays  w i l l  be  compared 
f o r  each of  two lookpoin ts .  

F igure  4 shows two d i sp l ays ,  each of  which i s  capable of showing t h r e e  
v a r i a b l e s .  When a l l  t h r e e  v a r i a b l e s  a r e  a t  zero ,  both d i sp l ays  look t h e  same. 
In Display A a11 t h r e e  l i n e  segments move toge the r  as i n  f i g u r e  4 ( b ) .  I n  
Display B, each segment responds t o  a  d i f f e r e n t  v a r i a b l e ,  a s  i n  f i g u r e  4 ( c ) .  
Suppose t h a t  t h e  v a r i a b l e s  presented  a r e  p i t c h ,  r o l l  and yaw angles ,  and l e t  
t h e  d i sp l ay  be viewed from such a  d i s t ance  t h a t  movement of 1 degree v i s u a l  
angle  r e p r e s e n t s  1 degree p i t c h  o r  yaw (according t o  d i r e c t i o n ) ,  and 1 degree 
r o t a t i o n  of t h e  d i sp l ay  i n  i t s  p lane  r e p r e s e n t s  1 degree of r o l l .  

The d i sp l ays  a r e  of such s i z e  t h a t  each l i n e  segment subtend 11 degrees 
of  v i s u a l  angle .  

The d i sp l ay  a r e a  must be d iv ided  i n t o  d i s c r e t e  a r e a s ,  a  po in t  i n  each a r e a  
be ing  taken  as t h e  i n d i c a t o r  of system output  f o r  t h a t  a r e a  a s  shown i n  f i g u r e  
5 .  S e n s i t i v i t i e s  of t h e s e  p o i n t s  t o  changes i n  s t a t e  v a r i a b l e s  a r e  c a l c u l a t e d  
i n  terms o f  change of v i s u a l  angle  o r  angular  r a t e  pe r  u n i t  change i n  each 
s t a t e  v a r i a b l e .  These ca l cu la t ed  s e n s i t i v i t i e s  a r e  given i n  t a b l e  I. The 
s e n s i t i v i t y  ma t r ix  [C]  would have i n  t h e  genera l  case  f o u r  rows f o r  each 
segment. For t h e  i l l u s t r a t i v e  cases  i n  t h i s  paper ,  c e r t a i n  movements were 
considered n e g l i g i b l e  o r  no t  v i s i b l e .  The s e n s i t i v i t i e s  of t h e s e  movements, 
being zero ,  were omit ted from t h e  t a b l e  t o  save space. For example, h o r i z o n t a l  
movement, due t o  r o t a t i o n ,  of a  po in t  on a h o r i z o n t a l  l i n e  was neglec ted .  
Also, motion along a l i n e  was considered not  v i s i b l e .  I f  t h e  l i n e s  were r e a l l y  



made up of  do t s ,  t h i s  motion could be seen,  and t h e  s e n s i t i v i t y  ma t r ix  would 
have corresponding terms. Segment 6 i s ,  i n  f a c t ,  t h e  only  one i n  which both 
v e r t i c a l  and h o r i z o n t a l  components of motion were considered t o  b e  v i s i b l e ,  
and so i t  appears f o u r  t imes i n  t a b l e  I f o r  each d i sp l ay .  

The accuracy of observa t ion  depends on t h e  obse rve r ' s  a c u i t y  and h i s  
lookpoint .  I n  o rde r  t o  s i m p l i m  es t ima t ion  of parafovea l  a c u i t y ,  it i s  assumed 
t h a t  contours  of cons tan t  a c u i t y  a r e  c i r c l e s  centered  on t h e  lookpoint .  This 
assumption i s  not  e s s e n t i a l  t o  t h e  method, bu t  t h e  spread of a v a i l a b l e  a c u i t y  
d a t a  i s  g r e a t  enough t h a t  a  more d e t a i l e d  mapping seems unwarranted. 

Two lookpoints  were chosen f o r  i l l u s t r a t i n g  t h e  method: one a t  t h e  
i n t e r s e c t i o n  of  t h e  l i n e s ,  and one 6 degrees t o  t h e  r i g h t  of t h e  i n t e r s e c t i o n ,  
on t h e  h o r i z o n t a l  l i n e .  For each lookpoin t ,  e c c e n t r i c i t i e s  were ca l cu la t ed  
f o r  t h e  p o i n t s  i n  t h e  d i sp l ay  f o r  which s e n s i t i v i t i e s  were ca l cu la t ed .  For 
t h e s e  e c c e n t r i c i t i e s ,  r e s o l u t i o n s  were read  from t h e  curves.  The r e s o l u t i o n s  
were used as t h e  elements of  [ c o v ( y ) ] .  

The covariance mat r ices  of t h e  es t imated  s t a t e  cov(x)  were computed from 
equat ion  3 and presented  i n  t a b l e s  I1 and 111. Table I1 i s  f o r  Display A.  
Note t h e  way c o r r e l a t i o n  between p i t c h ,  r o l l ,  and yaw, a s  shown by t h e  of f -  
diagonal  terms,  changes with lookpoint .  There i s  no c o r r e l a t i o n  between 
displacement and r a t e  f o r  e i t h e r  lookpoin t .  

The covariances f o r  Display B a r e  diagonal  ma t r i ce s  f o r  bo th  lookpoints .  

A s  might b e  expected,  t h e  var iance  of e s t ima te  of any given s t a t e  v a r i a b l e  
depends on lookpoint .  This dependence on lookpoint  i s  much l e s s  f o r  t hose  
v a r i a b l e s  t h a t  a r e  perce ived  through sensa t ion  of r a t e ,  a s  r a t e  r e s o l u t i o n  
v a r i e s  much l e s s  ac ros s  t h e  f i e l d  o f  v i s i o n  than  does p o s i t i o n  r e so lu t ion .  

Scanning Behavior 

If t h e  d i sp l ay  elements d i d  not  move while  t h e  observer  looked around, t h e  
covariance of x ( t )  could be reduced by combining d i r e c t l y  t h e  information from 
s e v e r a l  lookpoin ts .  This reduct ion  would be  easy t o  es t imate .  However, s i n c e  
?(t) r ep re sen t s  t h e  s t a t e  of a dynamic system, t h e  observer ,  i n  t r y i n g  t o  
improve h i s  es t imate  o f  any s t a t e  v a r i a b l e  by a t t end ing  t o  another  p o i n t  i n  t h e  
d i sp l ay ,  f i n d s  t h a t  t h e  u n c e r t a i n t y  of t h e  information he obta ined  from t h e  
f i r s t  p o i n t  i nc reases  while he looks a t  t h e  second. The optimum neans of 
combining s e q u e n t i a l  observa t ions  of a  dynamic system i s  t h e  Kalman e s t ima to r .  
This e s t ima t ion  a lgor i thm a l s o  provides a method f o r  dec id ing  which one o f  a 
number of p o s s i b l e  observa t ions  it would b e  b e s t  t o  make, provided t h a t  t h e  
probable e r r o r  of  each poss ib l e  observa t ion  i s  known beforehand. Combining 
t h e  Kalman e s t ima to r  wi%h t h e  method of t h i s  paper ,  f o r  e s t ima t ing  t h e  covari-  
ance ma t r ix  o f  t h e  ou tpu t ,  cov (y ) ,  one may devise a lookpoint  c o n t r o l l e r ,  as 
has been done i n  r e f e rence  1, from which t h e  fol lowing m a t e r i a l  i s  taken.  



Figure  6 shows t h e  information flow f o r  t h i s  c o n t r o l l e r ,  which has  been 
app l i ed  t o  t h e  instrument  a r r a y  shown i n  f i g u r e  7. F igure  8 shows what happens 
t o  t h e  var iances  when t h e  lookpoint  i s  a r b i t r a r i l y  fo rced  t o  fo l low t h e  time 
h i s t o r y  i n  t h e  f i g u r e .  For t h e s e  r e s u l t s ,  t h e  system s t a t e  t r a n s i t i o n  m a t r i x  
t h a t  governs t h e  growth o f  covariance i s  taken  t o  be t h a t  of a second o rde r  
dynamic system without  damping o r  cross-coupling. 

In  o r d e r  f o r  t h e  lookpoint  c o n t r o l l e r  t o  choose i t s  own lookpoin t ,  it 
must have some s t r a t e m .  Figure 9 i l l u s t r a t e s  what happens when t h e  lookpoint  
i s  chosen s o  a s  t o  provide information about t h e  s t a t e  v a r i a b l e  wi th  t h e  
g r e a t e s t  weighted va r i ance .  (1t i s  necessary  t o  weight t h e  va r i ances  because 
of  d imens ional i ty  o f  each s t a t e  v a r i a b l e  and i t s  importance i n  c o n t r o l  of t h e  
system. ) Figure 9 r e p r e s e n t s  a  case of  an au top i lo t - con t ro l l ed  ("coupled") 
landing  approach where t h e  command b a r s  i n  t h e  f l i g h t  d i r e c t o r  a r e  i n a c t i v e .  
F igure  1 0  i s  t h e  computed t ime h i s t o r y  of lookpoin ts  over  6.5 seconds, when 
t h e  GSI and a r t i f i c i a l  horizon a r e  combined i n t o  a s i n g l e  lookpoint  i d e n t i f i e d  
a s  F l i g h t  Di rec tor .  

A manually c o n t r o l l e d  landing  approach w a s  s imulated simply by adding 
command b a r s  a s  v a r i a b l e s  t h a t  need a t t e n t i o n .  The same lookpoint  s e l e c t i o n  
s t r a t e g y  w a s  used,  w i th  r e s u l t s  a s  shown i n  f i g u r e  11 when command b a r s  a r e  
inc luded  a long  wi th  GSI and a r t i f i c i a l  horizon i n  t h e  F l i g h t  D i rec to r .  

In  s p i t e  of t h e  many s impl i fy ing  assumptions, t h e  t ime h i s t o r i e s  i n  
f i g u r e s  10  and 11 a r e  q u i t e  "~umanoid." The f l i g h t  d i r e c t o r  g e t s  most of t h e  
a t t e n t i o n ,  and it g e t s  more a t t e n t i o n  i n  manual c o n t r o l  than  i n  monitor ing t h e  
a u t o p i l o t  (68 percent  of  t o t a l  t ime compared t o  57 percent  i n  mon i to r ing ) ,  
During monitor ing,  t r a n s i t i o n s  between p e r i p h e r a l  instruments  a r e  more l i k e l y  
t o  happen than  dur ing  manual c o n t r o l ,  where n e a r l y  a l l  t r a n s i t i o n s  a r e  between 
f l i g h t  d i r e c t o r  and p e r i p h e r a l  instruments .  However, because of  t h e  assump- 
t i o n s  and e s p e c i a l l y  because a  number of instruments  were omit ted ( ~ o r i z o n t a l  
S i t u a t i o n  I n d i c a t o r ,  f o r  example), t h e r e  i s  no d i r e c t  comparison wi th  a v a i l a b l e  
eye movement da t a .  

CONCLUDING REMARKS 

A method has been presented  f o r  implementing t h e  s t a t e  e s t ima to r  of  t h e  
manual c o n t r o l  model when t h e  system output  i s  a  v i s u a l  d i sp l ay  of  a r b i t r a r y  
form; t h a t  i s ,  t h e  d i s p l a y  may be p i c t o r i a l ,  inc luding  r e a l  world,  o r  made up 
of  d i a l s  and po in t e r s .  The method has been used t o  provide e r r o r  c r i t e r i a  f o r  
a  lookpoin t  c o n t r o l l e r  t h a t  appears  t o  be capable of  modeling human scanning 
behavior .  This  model, i f  combined wi th  a  model of t h e  c o n t r o l  p roces s ,  should 
be u s e f u l  i n  p r e d i c t i n g  e f f e c t s  of  changes i n  d i sp l ays  on performance of 
f l i g h t  t a s k s .  
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TABLE I. - SEIJSITIVITY COEFFICIEIJTS 

( a )  Display A 

S e m e n t  
1 
2 
3 
4 
5 
6 
6 
7 
8 
9 

1 0  
11 
12  
13 
1 4  
15  
16  
1 
2 
3 
4 
5 
6 
6 
7 
8 
9 

1 0  
11 
12  
1 3  
1 4  
1 5  

- 16  

S t a t e  Var iab le  : 
8 @ '/' 8 @ 'I' 
1 -. 1738 o o o o 
1 -. 1391 0 0 0 0 
1 -. 1045 0 0 0 0 
1 -. 070 0 0 0 0 
1 -SO35 O O 0 O 
1 o o o o o 
o o 1 o o o 
0 .035 0 0 0 0 
0 .070 0 0 0 0 
0 . l o 4 5  0 0 0 0 
0 . I 391  0 0 0 0 
o .1738 o o o o 
0 .035 1 0 0 0 
0 .070 1 0 0 0 
0 . l o 4 5  1 0 0 0 
0 . I 391  1 0 0 0 
o .1738 1 o o o 
o o o 1 -. 1738 o 
0 0 0 1 -. 1391 0 
0 0 0 1 -. 1045 0 
0 0 0 1 -. 070 0 
O 0 0 1 -. 035 0 
o o o 1 o o 
o o o o o 1 
0 0 0 0 .035 0 
0 0 0 0 .070 0 
0 0 0 0 . lo45 0 
0 0 0 0 . I 391  0 
o o o o .1738 o 
0 0 0 0 .035 1 
0 0 0 0 . O ~ O  1 
0 0 0 0 . l o 4 5  1 
0 0 0 0 . I 391  1 
o o o o .1738 1 



TABLE I.- Concluded 

(b) Display B 

Segment - 
1 
2 
3 
4 
5 
6 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
1 
2 
3 
4 
5 
6 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 I 

State Variable : 
0 @ + i, 6 li, 
1 0 0 0 0 0 
1 0 0 0 0 0 
1 0 0 0 0 0 
1 0 0 0 0 0 
1 0 0 0 0 0 
1 o o o o 0 
o o 1 o o 0 
0 .035 0 0 0 0 
0 -070 0 0 0 0 
0 .lo45 0 0 0 0 
0 .I391 0 0 0 0 
o .1738 o o o o 
0 0 1 0 0 0 
0 0 1 0 0 0 
0 0 1 0 0 0 
0 0 1 0 0 0 
o o 1 o o 0 
0 0 0 1 0 0 
0 0 0 1 0 0 
0 0 0 1 0 0 
0 0 0 1 0 0 
0 0 0 1 0 0 
o o o 1 o o 
o o o o o 1 
0 0 0 0 .035 0 
0 0 0 0 .070 0 
0 0 0 0 .lo45 0 
0 0 0 0 .I391 0 
o o o o .1738 o 
0 0 0 0 0 1 
0 0 0 0 0 1 
0 0 0 0 0 1 
0 0 0 0 0 1 
o o o o o 1 



TABLE 11.- DISPLAY A COVARIANCES 

b n i t s  are ( a r c  minI2 and ( a r c  min/sec)2] 

- 
Lookpoint at  I n t e r s e c t i o n  

0 0 0 $ '4 iJ 

.404 o o o 0 

o 4 88 o 0 o 

O O 130 O -1.66 

o o o 39080 o -3970 

O O -1.66 O .496 O 

0 O 0 -3970 O 1489 

Lookpoint at 6' t o  Right of I n t e r s e c t i o n  

1.146 0 -11.41 0 .824 

o 508 o -403 o 

-11.41 o 178 o -12.8 

o -403 O 37146 o 

:: 
-3143 

.824 0 -12.8 0 5.48 0 

0 34.1 0 -3143 O 1218 



TABLE 111,- DISPLAY B COVARfANCES 

[units are ( a r c  rninl2 and ( a r c  rn in / sec )q  

Lookpoint at I n t e r s e c t  i on  

0 e 0 4 lJ 4' + 475 0 0 0 0 0 

o 886 o o o 

0 0 374 0 0 

0 0 0 85561 0 0 

0 0 0 0 47'5 0 

o o o o o 886 

Lookpoint at 6' t o  Right of In te r sec t ion  

5.98 0 0 0 0 

0 
L o 1006 o o o 

o o 38.8 o o 

0 0 0 75960 0 0 

o o o o 4.56 o 

0 0 0 0 0 952 

- - - - - - . - .. . - - - - - . -. - - . 



EXTERNAL MEASUREMENT NOISE 
DISTURBANCE (e. g. , MLS, I LM) 

I AIRCRAFT MODEL I 
L - - -  A 

I I 

I - 
A 

I 
I 

* 

I 
I CONTROLLER -; ESTIMATOR 

I y 
I 

I 
I . I 
I I 
I MOTOR NOISE DIS PLAYIPERCEPTION I 
I NOISE 

PILOT MODEL 
I 

L _ _ _ _ - - - - _ - -  - ---- - 

DISPLAY 

Figure  1.- Manual c o n t r o l  system block diagram. 
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Figure 2.- Displacement resolution versus foveal eccentricity. 



Figure 3.- Rate resolution versus foveal eccentricity. 
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(a) Display formats  A and B a t  rest. 

(b) Display A d e f l e c t e d  i n  p i t c h ,  r o l l ,  and yaw. 

(c)  Display B d e f l e c t e d  i n  p i t c h ,  r o l l ,  and yaw. 

F igure  4.- F i c t i t i o u s  d i s p l a y s  used i n  i l l u s t r a t i v e  example. 



Figure 5.- Display segments. 



STAT l C SYSTEM _ _ _ _ _ - -  - - - - -  - -  1 
INFORMATI ON PROCESSOR 

r I (Pi  lot / Observer) 
I I I 1 

I DISPLAY I y u 1 3 r  
[ PRESENT I 1 VISUALSYSTEM 

"'""LAY OBS. 
POINT 

T I I - HLUITY ERROR 

STATE 
/ I I PROCESS OBSERVATION I 

VECTOR I 
I 

COVARIANCE MATRIX  OF 

I ESTIMATION 

PROCESS 
PREDICT1 ON 
LOOKPO INT 

CONTROLLER 

1 PROCESS CONTROL I 
PREDICT NEXT 
STATE VECTOR 

I AND ERROR MATRIX I 
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ACTUAL MOVEMENT 
(PRESENT STATE 
+ CONTROL INPUT 
+ NOISE) 

I ( TRANSFER 1 I PROCESS INFO. I 
H CONTROL VALUES b-1 VEHI CLE CONTROL 1- I TO VEHICLE I OUTPUT 

Figure 6.- Information flow for dynamic system. 



Figure 7.- Display setup. 



WEIGHTED 
STANDARD 
DEVl AT1 ON 
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Figure 8.- Fixed lookpoints.  
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Figure 9.- Lookpoint controller minimizing maximum weighted variance 
in automatic landing approach. 
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Figure 10.- Time h i s t o r y  of lookpoin ts  p r ed i c t ed  by model f o r  "coupled" l and ing  approach. 
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Figure  11.- Time h i s t o r y  of lookpoin ts  p red ic t ed  by model f o r  manual landing  approach. 






