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CHAPTER 1 - 

1 

INTRODUCTION 

The u t i l i t y  of provid ing  augmented d i s p l a y s  t o  t h e  human o p e r a t o r  

as an  a i d  i n  t h e  c losed- loop  c o n t r o l  of h igh  o r d e r  dynamical systems i s  

w e l l  known, and d i s c u s s i o n  of some of t h e  e a r l y  work done i n  e v a l u a t i n g  

v a r i o u s  types  of augmented d i sp lays  can  be found i n  [ l ] .  With t h e  

advent  of h igh  performance a i r c r a f t ,  t h e  amount of i n fo rma t ion  t o  be 

processed  by t h e  p i l o t  t o  s u c c e s s f u l l y  accomplish t h e  a s s igned  t a s k  has  

cont inued  to i n c r e a s e .  It has ,  t h e r e f o r e ,  become more c r i t i ca l  t o  

de te rmine  the  b e s t  i n fo rma t iona l  s e t  and d i s p l a y  dynamics needed by t h e  

p i l o t  so as t o  reduce t h e  p i l o t ' s  workload and improve performance. For 

example,  t he  use of f l i g h t  d i r e c t o r s  t o  ach ieve  t h i s  o b j e c t i v e  has  been 

a n a l y t i c a l l y  eva lua ted  i n  121 using c l o s e d  loop  or " p i l o t  - modeling" 

t echn iques ,  and v a l i d a t e d  through man-in-the-loop s i m u l a t i o n  i n  [ 3 ] .  

Ongoing r e s e a r c h  i n  t h e  a r e a  of au tomat ic  f l i g h t  tes t  t r a j e c t o r y  

c o n t r o l l e r s  [4,5] has  demonstrated t h e  u s e f u l n e s s  of such c o n t r o l l e r s ,  

r a t h e r  t han  manual c o n t r o l ,  f o r  a c c u r a t e l y  fo l lowing  s p e c i f i e d  complex 

t r a j e c t o r i e s .  These c o n t r o l l e r s ,  however, t a k e  t h e  p i l o t  ou t  of t h e  con- 

t r o l  loop ,  and i t  is  d e s i r a b l e  t o  avoid  t h i s .  The p o s s i b i l i t y  of doing 

so whi le  a i d i n g  t h e  p i l o t  with an a p p r o p r i a t e  d i s p l a y  i s  worth explor -  

i n g ,  and t h a t  is t h e  s u b j e c t  of t h i s  work. 

I n  g e n e r a l ,  t h e  des ign  of a c t i v e  d i s p l a y s  f o r  t h e  human c o n t r o l l e r  

r e q u i r e s  e x t e n s i v e  real  t i m e  man-in-the-loop s i m u l a t i o n  t o  e v a l u a t e  

v a r i o u s  c a n d i d a t e  des igns .  Although s i m u l a t o r  v a l i d a t i o n  i s  always 

a p p r o p r i a t e ,  t h e  o b j e c t i v e  of t h i s  s t u d y  i s  t o  develop a n  a n a l y t i c a l  

t echnique  t o  a i d  i n  the  des ign  of p i lo t -op t ima l  d i s p l a y  augmentat ion 
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systems. 

In the past, analytical methods have been proposed in which models 

of human behaviour were used to identify, investigate and evaluate the 

properties of augmented aircraft dynamics. In all these methods, h o p  

ever, the "pilot model analysis" was added a posteriori. The idea that 

the augmentation system works in cooperation with the pilot and a tech- 

nique which considers the augmentation system and the pilot to be two 

controllers working in "parallel" was first suggested by Schmidt [ 7 ] .  

This technique was later modified and its application to synthesize con- 

trol augmentation that directly optimizes pilot opinion rating was 

demonstrated for a modern control configured aircraft [8,9]. The 

cooperative control synthesis technique has the advantage that it incor- 

porates a mathematical model of the pilot behaviour and uses optimal 

control theory to synthesize control gains that are pilot-optimal as 

modeled. 

Since display augmentation, like control augmentation, has to be in 

harmony with the pilot's abilities and limitations in order to be 

acceptable to him as an aid in accomplishing his task, the cooperative 

synthesis technique is considered to provide an appropriate framework 

f o r  synthesizing pilot-optimal display augmentation. 

Even though the objective of both the control augmentation and the 

display augmentation is to aid the pilot, the way this is achieved is 

fundamentally different for the two types of augmentation. The differ- 

ences between these two types of augmentation are best understood by 

considering the simplified block diagrams of Figures (1.1) and (1.2). 

Figure (l.l(a)) depicts the pilot controlling an unaugmented vehicle. 

For this case, the responses (7) observed by the pilot are those being 
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c o n t r o l l e d  by t h e  p i l o t .  

F igure  ( l . l ( b ) )  shows t h e  case of a p i l o t  c o n t r o l l i n g  an  augmented 

veh ic l e .  Note t h a t  t h e  c o n t r o l  augmentation changes t h e  e f f e c t i v e  p l a n t  

dynamics be ing  c o n t r o l l e d  by t h e  p i l o t ,  and may be designed so as t o  a i d  

t h e  p i l o t  i n  accomplishing h i s  t a s k  and t o  ach ieve  d e s i r e d  dynamics f o r  

improved handl ing  q u a l i t i e s .  

observed by t h e  p i l o t  are s t i l l  t h o s e  he  i s  d i r e c t l y  c o n t r o l l i n g .  

Here aga in ,  however, t h e  responses  (7) 

Figure  ( l . l ( c ) )  shows a s i m p l i f i e d  case of d i s p l a y  augmentat ion,  

wherein t h e  v e h i c l e  responses  d r i v e  a d i s p l a y  observed by t h e  p i l o t .  

Note t h a t  any d i s p l a y  dynamic augmentation does no t  change t h e  charac- 

t e r i s t i c s  of t he  veh ic l e  dynamics being c o n t r o l l e d  ( i . e .  y/u i s  

unchanged).  It only  mod i f i e s  t h e  dynamics be ing  observed by t h e  p i l o t  

(or x / u  ). Here, c l e a r l y ,  though the  p i l o t  observes  and c o n t r o l s  xd 
( t h e  d i s p l a y e d  s i g n a l ) ,  t h e  c o n t r o l l e d  v a r i a b l e s  of i n t e r e s t  are s t i l l  

t h e  v e h i c l e  responses  7. 
menta t ion  is shown i n  F igu re  ( l . l ( d ) ) .  

P 

d P  

The case of combined c o n t r o l  and d i s p l a y  aug- 

Consider  t h e  manual c o n t r o l  of a v e h i c l e  G(s) ,  with  c o n t r o l  augmen- 

t a t i o n  such t h a t  t h e  augmented veh ic l e  is G'(s) ,  as i n  Fig. ( 1 . 2 ( a ) ) -  

The closed-loop t r a n s f e r  f u n c t i o n ,  Inc luding  t h e  p i l o t ,  from some d i s -  

t u rbance  u t o  t h e  v e h i c l e  o u t p u t  y i s  
W 

u (SI 
G'(s)  

= 1 + G'(s) P'(s) w 

where P' ( s )  r e p r e s e n t s  t h e  p i l o t  d e s c r i b i n g  func t ion .  Next c o n s i d e r  t h e  

p i l o t  c o n t r o l l i n g  t h e  v e h i c l e  wi thout  c o n t r o l  augmentat ion bu t  wi th  

d i s p l a y  augmentat ion,  as i n  Fig. (1 .2(b)) .  The closed-loop t r a n s f e r  

f u n c t i o n  f o r  t h i s  case i s  

('1 . 2) 
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Now if the display dynamics D(s) are chosen, f o r  example, such that 

G(s)D(s)=G'(s), then the pilot describing function P ( s )  of the display 

augmentation'case (Fig. (1.2(b))) is approximately the same as P'(s) for 

the control augmentation case. Then Eqn. (1.2) becomes 

uw( s1 G(s)  
= 1 + G'(s) P'(s) 

Comparing Eqn. (1.3) to Eqn. (1.11, it is apparent that though the sta- 

bility characteristics in terms of the closed-loop characteristic polyn- 

mial are the same for the two cases of augmentation, the closed loop 

transfer functions are not. The point here is that the closed-loop sys- 

tem dynamics obtained through control augmentation may be quite dif- 

ferent from that obtined through display augmentation. 

Chapter 2 of this report provides motivation for display augmenta- 

tion through analytical evaluation of various display "quickening" con- 

trol laws, synthesized essentially through trial and error, f o r  a simple 

K/s plant. 2 
A compensatory tracking task is analyzed using an Optimal 

Control Yodel ( O C M )  [ 6 ]  of human behavior. 

In Chapter 3 a methodology to synthesize pilot-optimal 

display/control laws which is sensitive to the control and information 

processing limitations of the human controller is proposed. This metho- 

dology is an extension of the cooperative control synthesis technique 

previously developed to design pilot-optimal control augmentation 

[7 ,8 ,9 ] .  Though the proposed methodology has been developed so as to be 

applicable to simultaneous synthesis of pilot-optimal control augmenta- 

tion and display augmentation, the present discussion focuses on the 

application of the technique to display design only. 

The application of the cooperative display design technique to 
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2 again synthesize-display laws for the K/s 

discussed in Chapter 4 .  When compared to the results of Chapter 2, the 

results of this application tend to analytically validate the synthesis 

procedure. The displays lead to predicted reduction in pilot workload 

when evaluated using the OCM. Also the ability of the methodology to 

provfde task tailoring of the displays is demonstrated. 

plant in the tracking task is 

In Chapter 5 the application of the methodology to high order 

dynamical systems in a multi-control task.scenario is demonstrated for a 

modern aircraft. The chosen model closely represents the unaugmented 

longitudinal dynamics of the F-15 aircraft, and the task is that of 

tracking a normal acceleration command while regulating Mach number. 

The control inputs available to the pilot are the elevator stick and 

throttle. Model-based evaluation of the synthesized display again indi- 

cates reduction in pilot workload in accomplishing the task. 

Finally a summary of the work is presented in Chapter 6 and recom- 

mendations made for future research. 
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ANALYSIS OF DISPLAYS -- FOR A K / s 2  PLANT - 

Motivat ion f o r  p rov id ing  t h e  human c o n t r o l l e r  wi th  augmented 

d i s p l a y s  i s  exp lo red  through a n a l y t i c a l  e v a l u a t i o n  of va r ious  

emper ica l ly-der ived  

p l a n t .  The r e s u l t s  of t h i s  e v a l u a t i o n  a g r e e  w i t h  t h e  known f a c t  t h a t  

t h e  human o p e r a t o r ' s  workload can be s i g n i f i c a n t l y  reduced and h i s  per- 

formance improved by a proper  d e s i g n  of t h e  s i g n a l  be ing  d i s p l a y e d  t o  

him. 

2 d i s p l a y  "quickening" c o n t r o l  laws f o r  a s imple  K / s  

2 2.1 K/s P l a n t  and Task D e s c r i p t i o n  -- --- 
2 Consider t h e  K/s p l a n t  dynamics a s  d i s c u s s e d ,  f o r  example, by 

Kleinman e t  a l .  i n  [ 6 ] .  The system s t a t e  e q u a t i o n s  a r e  

(2.1 .1) 

where x ( t )  i s  t h e  p l a n t  p o s i t i o n  and 6 ( t )  i s  t h e  inpu t  from t h e  human 

c o n t r o l l e r .  

A v e l o c i t y  d i s t u r b a n c e  i s  a p p l i e d  t o  t h e  p l a n t .  It i s  modeled as a 

f i r s t  o rder  Markov p rocess  having a break  f requency  of 2 r a d s / s e c  and is 

g iven  by 

x p  = - 2 x p  + w(t )  (2.1.2) 

where w(t) has  i n t e n s i t y  W = 0.217 t o  g ive  E(xl} 2 = 0.054 i n . 2  Def in ing  

. 
t h e  p lan t  p o s i t i o n  e r r o r  ( e )  and t h e  e r r o r  rate (e) a s  

(2.1.3) A e ( t )  - = x 2 ( t )  ; kt) : x p  + x 3 ( t )  

and l e t t i n g  K = 1 i n . / i n . ,  t h e  p l a n t  e q u a t i o n s  (2.1.1) can be combined 
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with the disturbance equation (2 .1 .2 )  to get 

( 2 . 1 . 4 )  

or in concise form 

- 
X =  A T + B  u + D w 

0 0 0 

The human operator's task is to minimize the position error x (t) in the 

presence of the disturbance. 
2 

Next consider a display exhibiting some transport lag modeled in 

the form 

( 2 . 1  . 5 )  

The dynamics of the disturbance, plant, and display can then be written 

as 

- 1 

-1 Bo] 0 6 + DO]" 0 (2.1.6) 

The human operator's observations fo r  this system are 

( 2 . 1 . 7 )  Y1 = Xd 

Y2 = Xd 

where it is assumed, in accordance with the known abilities of the human 

controller, that he is able to reconstruct the displayed-variable rate 

by observing the displayed variable itself. 

As shown in Fig. (2.1), the human operator's task with the display 

is to keep the needle on the display centered to the best of his 
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Figure 2.1 Display for K/s2 Plant 
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a b i l i t i e s ,  s u b j e c t  t o  reasonable  workload. This  performance o b j e c t i v e  

can be r e f l e c t e d  i n  terms of minimizing t h e  c o s t  

... 
'2  -1 J p ( 6 )  = E{lirn r 1 /(xi + g6 ) d t )  

T+- o 
(2.1.8) 

With t h e  above fo rmula t ion  i n  mind, t h e  performance of t he  manually 

c o n t r o l l e d  system i s  eva lua ted  us ing  t h e  OCM model f o r  va r ious  va lues  of 

T A b r i e f  d e s c r i p t i o n  of t h e  OCM modeling technique  i s  g iven  i n  

Appendix B. For a l l  t h e  a n a l y s i s  c a r r i e d  out  i n  t h i s  s e c t i o n ,  t h e  

parameters  t h a t  d e f i n e  the  OCM model were set t o  t h e  fo l lowing  va lues :  

d' 

( i )  Ruman o p e r a t o r ' s  observa t ion  t i m e  d e l a y ,  T ,  se t  t o  0.2 

seconds 

( i i )  Observa t ion  n o i s e  r a t i o  set a t  -20 dB f o r  bo th  o b s e r v a t i o n s  

( i i i )  Motor n o i s e  r a t i o  was s e t  a t  -25 dB 

( i v )  The weight ing ,  g ,  on t h e  c o n t r o l  rate i n  t h e  human 

c o n t r o l l e r ' s  o b j e c t i v e  f u n c t i o n  was always a d j u s t e d  t o  y i e l d  a neu- 

romotor l a g  t i m e  c o n s t a n t , T  of 0.1 secs. n '  

( v )  Very low va lues  of t h re sho lds  were used f o r  t h e  o b s e r v a t i o n s  

a v a i l a b l e  t o  t h e  human,and he was assumed t o  devote  f u l l  a t t e n t i o n  

t o  the  d i sp layed  s i g n a l .  

The OCM model ob ta ined  f o r  t h e  above va lues  of t h e  parameters  has  been 

shown t o  c o r r e l a t e  very w e l l  wi th  the expe r imen ta l ly  observed behaviour  

of t h e  human c o n t r o l l e r  [ 6 ] ,  e s p e c i a l l y  i n  s ing le -ax i s  t a s k s  such as t h e  

one be ing  d i scussed  here .  The s i g n i f i c a n c e  of t h e s e  parameters  i n  

modeling t h e  human o p e r a t o r  dynamics is exp la ined  i n  Appendix B. 
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The r e s u l t s  f o r  v a r i o u s  va lues  O f  d i s p l a y  l a g  T are  p resen ted  i n  d 

Table  2 . 1 ,  i n  terms of t h e  mean s q u a r e  va lues  of t h e  v a r i a b l e s  of 

i n t e r e s t .  These r e s u l t s  a r e  a l s o  p l o t t e d  i n  F igu res  ( 2 . 2 )  and ( 2 . 3 )  ( t o  

be d iscussed  l a t e r )  and cor respond t o  t h e  cu rve  marked 

f i g u r e s .  From t h e s e  r e s u l t s  i t  i s  clear t h a t  wi th  o n l y  e r r o r  e d r i v i n g  

0 i n  t h e s e  

t h e  d i s p l a y ,  t h e  p i l o t ' s  performance improves as t h e  d i s p l a y  bandwidth 

i s  increased .  A s  - + t h e  p i l o t ' s  performance approaches  a l i m i t i n g  

c a s e  where t h e  e r r o r  i s  d i s p l a y e d  i n s t a n t n e o u s l y  t o  t h e  human, o r  t h e  

1 

d T 

l i m i t i n g  case where t h e r e  i s  no d i s p l a y  l a g .  Th i s  l i m i t i n g  i d e a l i z e d  

case ( l a b e l e d  A i n  t h e  f i g u r e s )  assumes t h a t  t h e  e r r o r  can be sensed and 

d i sp layed  wi thout  any computa t iona l  d e l a y  o r  l a g ,  and may not be achiev-  

a b l e .  The q u e s t i o n  now i s  whether t h e  performance ( o r  p i l o t ' s  workload 

s i t u a t i o n )  can be improved by augmenting t h e  d i s p l a y  dynamics. 

2 2 . 2  Display Quickening - For K/s P l a n t  -- 
Consider t h e  augmented d i s p l a y  dynamics of t h e  form 

1 + -1 
Xd = T x d  T X 2  + gdx3 ( 2 . 1 . 9 )  

where g is a g a i n  t o  be a d j u s t e d .  

s ta te ,  t h e  above form of d i s p l a y  w i l l  p rov ide  some l e a d  i n f o r m a t i o n  t o  

S ince  x , ( t )  i s  t h e  p l a n t  v e l o c i t y  d 

t h e  human. Note t h a t  t h i s  form of d i s p l a y  dynamics can be written i n  

g e n e r a l  as 

. 
xd = adxd + ud 

( 2 . 2 . 1 )  
- 

where yd = C d x  i s  t h e  v e c t o r  of p l a n t  r e sponses  a v a i l a b l e  f o r  d r i v i n g  

t h e  d i s p l a y ,  and ud i s  t h e  d i s p l a y  c o n t r o l  l a w  t o  b e  determined.  

fo rmula t ion  of d i s p l a y  dynamics as above,  t h e  c h o i c e  of ad de te rmines  

In t h e  
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T A B L E  2 . 1 :  OCM RESULTS FOR VARYING D I S P L A Y  BANDWIDTH 

d 
T 

(set) 

0 .20  

0 . 1 0  

0.05 

0.02 

0.01 

-> 0 

M.S. Error (e) 
1 

(in.') 

0.0215 

0.0177 

0.0157 

0.0142 

0.0135 

0 . 0 1 3 1  

M.S. Input (6) 

(in. 2 ,  
~ 

2.176 

1.543 

1.261 

1.. 223 

1.141 

M.S. Control Rate ( 6 )  

(in.2/sec 2 ) 

106.91 

76.47 

67.44 

62 .9  

60.98 

54.73 



14 

- 02 

-019 = O ’ F  

.013 

-014 1 

Q 
I 

! 
\ 

\ 
? 
! 

I 
! 

-012 L I I l l  1 i 1 1 1 1 1 1 1  1 1 1  i l  I I 
. -  - 

0 20 40 60 €33 I00 1 20 
2 2 Mean Square Control Rate ( i n .  /sec ) 

Nomen cl  a t ure 

@ Only e driving d i s p l a y ,  T~ = .20 - -> 0 

@ 
@ 

Td = . l o ,  gd = 1, 2 ,  3, 4, 5 ,  6 ;  B : gd r: 2 

T = .os, gd = 1, 2, 3 ,  4, 5 ,  6 ;  c : gd = 3 d 

T i n  seconds d 

.Figure 2.2 Parametric Performance - Manual Control Rate 



15 

\ 

/ 

1 1 ~ 1 1 1  I l l  I I I  I I l l l l l  I I  l l l l l  

1.6 1.6 2 2 

\ 
-. 

6 

*-- 
4 \ 6 

-0 12 
0 -2 -4 -6 .8 1 1-2 1.4 

Mean Square Control Input (in. 2 ) 

Nomenclature 

@ 
@ 

Only e dr iv ing  display ,  T = .2O - -> 0 
T ~ =  . lo ,  g d =  1 ,  2 ,  3 ,  4 ,  5 , 6 ;  B :  g d = 2  

d 

@ l a =  .05, g d =  1, 2, 3 ,  4 ,  5 ,  6 ;  c :  g d z 3  
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t h e  bandwidth of t h e  d i s p l a y .  

With t h e  same OCM parameters as above,  an  a n a l y s i s  w a s  performed 

f o r  two va lues  of T : .10 and .05 secs. These va lues  were chosen so 

t h a t  t h e  d i s p l a y  dynamics are n e a r  t h e  bandwidth of t h e  human c o n t r o l l e r  

d 

as  modeled. For  each of t h e s e  v a l u e s ,  g i s  va r i ed  from 1 t o  6. The 

r e s u l t s  a r e  p re sen ted  i n  Table  2 . 2  and are a l s o  p l o t t e d  i n  F igu res  ( 2 . 2 )  

d 

and (2 .3 )  so as t o  compare them wi th  t h e  p rev ious  r e s u l t s .  I n  t h e  two 

f i g u r e s ,  t h e  curve  marked @ cor re sponds  t o  T = .IO SecS and t h a t  d 

marked @ t o  T~ = .05 secs. 

Fig.  ( 2 . 2 )  i s  a p l o t  of mean squa re  e r r o r  ( e )  vs. mean squa re  

manual c o n t r o l  r a t e  ( 6 )  f o r  t he  v a r i o u s  d i s p l a y  c a s e s  d i scussed  above. 

F ig .  ( 2 . 3 )  i s  a p l o t  of mean square  e r r o r  vs. t h e  mean squa re  manual 

c o n t r o l  i n p u t  ( 6 ) .  From t h e s e  two f i g u r e s  i t  i s  clear t h a t  t h e  mean 

square  c o n t r o l  i n p u t  and c o n t r o l  ra te  bo th  d e c r e a s e  as t h e  d i s p l a y  con- 

t r o l  ga in  gd i s  inc reased .  

gd i s  i n c r e a s e d ,  and then  i n c r e a s e s  beyond a c e r t a i n  va lue  of gd t h a t  

depends on t h e  c h o i c e  of d i s p l a y  bandwidth. 

The mean squa re  e r r o r  i n i t i a l l y  d e c r e a s e s  as 

Note t h a t  ea r l ie r  work [10,11] has  shown t h a t  t h e  human o p e r a t o r ’ s  

workload i s  d i r e c t l y  r e l a t e d  t o  h i s  mean-square c o n t r o l  rate. Th i s  means 

that  it should  be p o s s i b l e  i n  t h i s  case t o  improve performance (of which 

mean square  e r r o r  i s  a measure) ,  whi le  a t  t h e  same t i m e  d e c r e a s i n g  work- 

load .  

t h e r e  i s  an opt imal  cho ice  of d i s p l a y  c o n t r o l  g a i n s .  

C i n  F igures  ( 2 . 2 )  and ( 2 . 3 )  i s  such a n  op t ima l  d i s p l a y  f o r  T~ = .05 

secs, and f o r  t h i s  case t h e  performance i s  s l i g h t l y  b e t t e r  t han  even t h e  

Moreover, t h e  r e s u l t s  i n d i c a t e  t h a t  f o r  a g iven  d i s p l a y  bandwidth 

For example, p o i n t  

i d e a l i z e d  l i m i t i n g  case a t  p o i n t  A. 
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TABLE 2.2: OCM RESULTS FOR VARYING DISPLAY CONTROL GAINS 

- 
gd 

- 
1 

2 

3 

4 

5 

6 

M.S. Error ( e )  

( i n . 2 )  

0.0144 

0.0138 

0.0143 

0.0157 

0.0175 

0.0195 

( b )  Td = .05 s e c s  

gd Y.S. Error ( e )  

( i n .  ) 2 

0.014 

0.013 

0.0127 

0.0128 

0.0131 

0.0136 

M.S. Input ( 6 )  

( in .  2 >  

1.113 

0.733 

0.486 

0.339 

0.248 

0.187 

~ 

1.175 

0.968 

0.789 

0.639 

0.521 

0.427 

M.S. Control  Rate ( 6 )  

2 2  ( i n .  /sec ) 
~~ 

54.75 

35.92 

23.71 

16.52 

12.05 

9.01 

M.S. Control Rate ( 6 )  

( i L 2 / s e c  2 ) 

58.06 

47.47 

38.49 

30.97 

25.15 

20.46 
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It would then appear desirable to develop a systematic approach to 

display augmentation which will make it possible to directly synthesize 

the optimal display gains without having to resort to trial and error. 

In the following chapter an extension of the optimal cooperative control 

synthesis technique [7-91 is proposed as a methodology to accomplish 

this. 



OPTIMAL COOPERATIVE CONTROL/DISPLAY DESIGN METHODOLOGY 

The problem formulation for the cooperative control/display design 

methodology is presented and the necessary conditions for optimality are 

derived in detail. Application of the methodology to pilot-in-the-loop 

synthesis is demonstrated and various special cases of augmentation are 

discussed. 

3.1 Problem Formulation 

In this section the mathematical formulation of the cooperative 

control synthesis technique is presented. Necessary conditions for the 

simultaneous optimality of the display and control augmentation systems 

are developed in the sections that follow. The procedure followed here 

is very similar to that of [ 8 , 9 ] .  

Consider a dynamic system acted upon by two controllers, and 

described by the linear time invariant set of first order differential 

equations 

- 
= A x  + B + B20~2 + Do; (3.1.1) 0 lo 1 

- ml - m2 with ZcRn, ulcR , u2sR 

with intensity W. The two controls represent two physically independent 

and w a zero-mean Gaussian white noise process 

controllers, and in section (3.5) it is shown how the controller 1 (u,) 
can be made to closely approximate the OCM model of human behaviour. 

The display dynamics are assumed to be of the form 

(3.1.2) 

with FdcRd, ud€R md , and ud is the display quickening controller. The 
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o b j e c t i v e  i s  t o  f i n d  t h e  opt imal  c o o p e r a t i v e  c o n t r o l l e r s  1 and 2 

(il and v2) a long  with t h e  opt imal  d i s p l a y  c o n t r o l  l a w  Ud. 

Con t ro l l e r  1 (u ) i s  assumed t o  have no i sy  o b s e r v a t i o n s  a v a i l a b l e  1 

f o r  feedback given by 

- - = c l o x + c  x + c u  + v  
Y 1  d l d  u d  y (3.1.3) 

where i s  a l s o  a zero-mean Gaussian whi te  n o i s e  process  wi th  i n t e n s i t y  

V This c o n t r o l l e r  w i l l  be  shown t o  i n c l u d e  s t a t e  e s t i m a t i o n .  

Y 

Y o  
The augmentation c o n t r o l l e r  c2 and t h e  d i s p l a y  c o n t r o l  law Kd are 

assumed t o  have no i se - f r ee  system o u t p u t s  y2 and yd, r e s p e c t i v e l y ,  

a v a i l a b l e  f o r  feedback,  where 

r- i 
- - - 

'd = 'd y2 = c x; 20 ( 3 . 1 . 4 )  

Note tha t  t h e  above fo rmula t ion  does n o t  a l l o w  feedback of t he  d i s p l a y  

s t a t e s  x 
c o n t r o l l e r s  are c o n s t r a i n e d  t o  have t h e  d i r e c t  ou tpu t  feedback form 

t o  t h e  augmentat ion c o n t r o l l e r  c2. F i n a l l y ,  t h e s e  two  l a t t e r  d 

- - - 
u2 = G2y2 = G C x 2 20 

- 
ud = Gdyd = GdCd 

The i n t e r a c t i o n  between t h e  d i f f e r e n t  c o n t r o l l e r s  

(3.1.5) 

i s  shown i n  t h e  b lock  

diagram of F igure  (3.1). 

3.2  Design Ob jec t ives  - -  
Cont ro l l e r  1 i s  t o  be  opt imal  w i th  r e s p e c t  t o  t h e  c o s t  

m 

i n  the  presence of t h e  a c t i o n  of c o n t r o l  i n p u t s  z2 and Td. Here E{'} 
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Figure 3.1 Block Diagram for Control and Display Augmentation 
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indicates the expected 

> 0, o l d  0 ,  R1 > 0 lo 

display control law d 

T 
J = E{lim - 1 

in the presence of the 

1 

T+- T O  

value operator and the weighting matrices are 

0, F1 > 0. 

are to be optimal with respect to the cost 

Conversely, Controller 2 (T2) and the 

--T - -T - -T - -T - 
( ~ T ~ 2 0 x + x d ~ 2 d ~ d + ~ 1 R 2 u l + u 2 F 2 ~ 2 + ~ d F 2 d ~ d )  dt } ( 3.2.2) 

control action u The weighting matrices are 1' 

0, F2 > 0, F2d > 0. 
Augmenting the system dynamics (3.1.1) with the display dynamics 

(3.1.2), the state-space description of this augmented system is 

r i  L J  

(3.2.3) 

Defining = COL (x, x ) ,  (3.2.3) can be written in a compact form with d 

appropriate definitions f o r  the matrices as 

The measuments can similarly be written as 

- 
y1 = clx + CUGd + v Y - 

Y2 = c2x 

(3.2.4) 

(3.2.5) 

The two cost functions can then be expressed in terms of the aug- 

mented state vector as 

-T - 1 T -T - + ZTR u + U2F1u2)dt} 
= E { l i m T  / (X Q l x ,  1 1 1 T+= 0 

J1 
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where the weighting matrices Q, and O2 are appropriately defined. 

that this formulation is formally that for a multi-player non-zero sum 

game, and we seek a Nash solution [22]). 

(Note 

- -  3.3 Solution for U1 
- 

In the presence of the action of control inputs u2 and ud, as given 
by (3.1.5), the dynamics of the augmented system (3.2.4) are 

where 

A ( A  + B2G2C2 + BdGdCd) aug = 

c (c, + CUGdCd> aug - 

1 

where is the minimum 

x. The gain matrix K 1 

(3.3.1) 

(3.3.2) 

and the performance index J becomes 1 

Equations (3.3.1) and (3.3.3), in the case of uncorrelated process 

and measurement noises (w and 7 ) and for V > 0 (i.e. V - positive 
definite), describe the standard non-singular linear quadratic Gaussian 

regulator problem for controller u 1 '  

Y Y Y 

The optimal controller is known 

[12] to have the form 

(3.3.4) 

mean-square estimate of the system state vector 

is  given by 

-1 T K1 = -R 1 1  B P (3.3.5) 

with P > 0 and symmetric, the solution of the algebraic Ricatti equation 
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( 3 . 3 . 6 )  AT P + PA + ( Q ~ + c % ; F ~ G ~ c ~ )  - P B ~ R ~  T -1 B ~ P  = o 
aug aug 

The dynamics of t h e  Kalman s ta te  e s t i m a t o r  are 

where the  Kalman f i l t e r  g a i n  m a t r i x  M i s  g iven  by 
1 

w i t h  C ( >  0)  t h e  s o l u t i o n  of t h e  a l g e b r a i c  R i c a t t i  equa t ion  

- - -  3.4 Solu t ion  - f o r  u and ud 2 -  

The opt imal  c o n t r o l l e r  Tl as de r ived  above has t h e  form 

( 3 . 3 . 7 )  

( 3 . 3 . 8 )  

( 3 . 3 . 9 )  

( 3 . 4 . 1 )  

+B K -M C ). Then i n  t h e  presence of t h i s  c o n t r o l  A 
1 ‘Aaug 1 1 1 aug where A 

a c t i o n  u t h e  system dynamics ( 3 . 2 . 4 ,  3 .3.4,  3.3.7) can  be w r i t t e n  i n  

terms of the  augmented s t a t e  v e c t o r  T f  - COL (x, $) as 

1’ 

[ A  BIKl [ j Z 2  + [ “]Zd + [” ‘1 r] ( 3 . 4 . 2 )  

V 
Y 

M I C l  M1 cu O M1 
q -  

which can f u r t h e r  be w r i t t e n  i n  a compact form, wi th  a p p r o p r i a t e  d e f i n i -  

t i o n s  of matrices, as 

( 3 . 4 . 3 )  

The i n t e n s i t y  of t h e  p rocess  %’ i s  W‘ = 

- 
The index of performance t o  be minimized by u2 and ud then  becomes 

( 3 . 4 . 4 )  
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wi th  

Q'i - c' To ] . 
K1R2K1 

The des ign  o b j e c t i v e  can then  be s t a t e d  as t h a t  of f i n d i n g  t h e  opt imal  

c o n t r o l l e r  u and opt imal  d i s p l a y  c o n t r o l  zd which minimize the  c o s t  J2 

as g iven  by ( 3 . 4 . 4 1 ,  s u b j e c t  t o  ( 3 . 4 . 3 ) .  

2 

Proceeding i n  a way a s  d e t a i l e d  i n  Appendix A, i t  can be shown t h a t  

t h e  ga ins  G 

t h e  two c o n t r o l l e r s  u2 and ud a r e  given by 

and Gd which correspond t o  the  s imultaneous o p t i m a l i t y  of 2 - 

and 

- -T Here, L = E{q q } s a t i s f i e s  t h e  r e l a t i o n  

A L + LA: + D ' w ' D ' ~  = o 
C 

and H s a t i s f i e s  

A ~ H  +  HA^ + = o 
C 

( 3 . 4 . 5 )  

( 3 . 4 . 6 )  

( 3 . 4 . 7 )  

( 3 . 4 . 8 )  

where t h e  fo l lowing  d e f i n i t i o n s  have been used 

r 1 

BIKl c ~ ~ F ~ G ~  c ~ + c % ~ F ~ ~ G ~ c ~  

Ac z A [ M1 Aaug 'aug A'] ;  5: Q' + I 0 

The s o l u t i o n s  ( 3 . 4 . 5 )  and ( 3 . 4 . 6 )  are d e r i v e d  from t h e  g r a d i e n t  condi- 



26 

tions 

L J  L 

and 

F2dGd 

( 3 . 4 . 9 )  

respectively, as shown in Appendix A. 

Equations ( 3 . 4 . 7 )  to ( 3 . 4 . 1 0 )  then give the four necessary condi- 

tions for the simultaneous optirnality of the display and control augmen- 

tation for the task, as defined by the performance index J given that 

Controller 1 is of the form stated in ( 3 . 4 . 1 ) .  

2' 

3.5 Application ---- to Pilot-in-the-Loop Synthesis -- 
In the preceding sections, a dual performance optimization problem 

was discussed and the necessary conditions for the optimality of the 

various controllers, and the expressions for the resulting gain 

matrices, were derived. The association of Controller 2 (G2) with plant 

augmentation, and of display control (id) with the display augmentation 

should be apparent in the above formulation. In this section it will be 

shown that Controller 1 6,) can be made to closely approximate the OCM 

model of human behaviour by an appropriate choice of the relevant param- 

eters. In this manner the cooperative methodology, as developed above, 

can be used to do "pilot in the loop" synthesis of the display/control 

augmentation design. 

Consider the Optimal Control Model as discussed in Appendix B. 



27 

-T A -T -T With < 4 uo(t) and x - [x , up(t)l, the dynamics of the augmented sys- 

tern in Equation (B.4) are 
P =  P =  

(3.5.1) 

with Ao,  B l o ,  and Do as in (3.1.1). 

The observations available to the pilot, as given by (B.2)  can be 

rewritten as 

- 
yp(t) = C ;; (t-T) +V(t-T) (3.5.2) 

O P  
where C = [C I d], and the pilot's cost function (B.3) becomes 

0 

(3.5.3) 

Comparing the above formulation for with that for Controller 1 
0 

(u,) as in Section (3.3) we notice that Equations (3.5.1) to (3.5.3) 

have the same form as Eqns (3.3.1) to (3.3.3),  but for the simplifica- 

tion that the time delay, T, has been eliminated in the observations for 
- 

The absence of the time delay simplifies the dynamic order of the u1 
pilot model by eliminating the linear predictor in the control Structure 

(B.17, B.18). The motor noise (v in (B.12)) is however accounted for 

in this formulation in that it may appear as an additional disturbance 
m 

in Eqn. (3.3.1). 

Controller 1 (u ) is as shown in Figure (3.2). 1 

The structure of the pilot model as represented by 

It is worth mentioning here that, though the simplified pilot model 

is used in the synthesis procedure presented in this report, the com- 

plete model (with predictor, etc.) is used to evaluate these deagns. 

Moreover, at each iteration of the synthesis process, the parameters 

(e.g. noise intensities) in the simplified model are updated to yield 
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results that are consistent with the complete OCM model. It has been 

shown in [9] and [16] that by selecting proper noise intensities for the 

control noise 7 and the measurement noise 7 

yield the same human operator dynamics as the complete OCM model. 

the simplified model may m Y’ 

- -  3.6 Numerical Solution Algorithm 

For the case of only control augmentation (G ) being designed, the 2 

problem reduces to one discussed extensively by Innocenti in [ 8 , 9 ]  as 

the Linear Optimal Cooperative Regulator (LOCR) problem. With the 

display-related terms removed from the problem formulation, the neces- 

sary conditions for optimality as derived above reduce t o  those in 

[ ~ l  

For the case of only display control law being designed, the neces- 

sary conditions simplify, with the terms related to Controller 2 (c2) 
removed from the problem formulation. The block diagram for the con- 

troller interaction is the same as in Figure (3.1) but without Con- 

troller 2. 

flow chart for the computer program written to implement the display 

synthesis procedure, is provided here. Since the algorithm is very 

similar to that in [8,9], the reader is referred to the references for a 

more detailed description. 

A brief description of the solution algorithm, alongwith a 

The problem formulation for the case of display augmentaion only 

can be summarized as follows: 

Given the linear time invariant system 

(3.6.1) 
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- 
Yd = cdx 

we w i s h  to determine the optimal controllers 5 

respect i ve 1 y 

and ud that minimize 1 

and 

rn 

(3.6.2) 

(3.6.3) 

subject to the constraint 

In Equations (3.6.1) to (3.6.4) all the vectors and matrices are as 

defined in Section (3.2). 

The numerical procedure solves for the display control law (Ed) 

2 which satisfies the necessary conditions of optimality for the cost J 

(3.4.7 to 3.4.101, given that the corresponding Controller 1 (cl) is 
optimal with respect to the cost J1 (or satisfies 3.3.5 to 3.3.9). 

algorithm for the solution procedure is summarized in Fig. (3.3) and a 

step-by-step description of the algorithm is given in the following. 

The 

- 
Step-1. This step consists of selecting a starting display control 

law u 
able choice (as is shown in later application) is to select G such 

that the display variables xd, as given by (3.1.2) , closely approxi- 
mate those observations of the pilot which are of primary importance 

to initialize the numerical optimization procedure. A reason- d 

d 

for accomplishing the assigned task. 

Another important choice to be made, before starting the iterative 
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Figure 3 . 3  Flowchart for Numerical Procedure 
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procedure,  i s  t h a t  f o r  t h e  i n t e n s i t i e s  of t h e  n o i s e  p rocesses  W and 

v These should be chosen such t h a t  t h e  op t ima l  C o n t r o l l e r  1, f o r  

t h e  s t a r t i n g  d i s p l a y  augmenta t ion ,  c l o s e l y  r e p r e s e n t s  t h e  OCM p i l o t  

model. 

- 
Y' 

Step-2.  Solve f o r  t h e  op t ima l  C o n t r o l l e r  1 (Ll),  as d e t a i l e d  i n  

Sec t ion  ( 3 . 3 ) ,  f o r  t h e  i n i t i a l  d i s p l a y  augmenta t ion ,  and compare wi th  

t h e  corresponding OCM p i l o t  model t o  conf i rm t h a t  t h e  cho ice  f o r  t h e  

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

Step-3. Form t h e  c l o s e d  loop  system, a s  i n  (3.4.3) and (A.4 of 

Appendix A ) ,  f o r  t h e  c u r r e n t  d i s p l a y  augmentat ion ( c d )  and the  

cor responding  op t ima l  C o n t r o l l e r  1. Solve t h e  Lyapunov e q u a t i o n s  

(3.4.7) and (3.4.8) f o r  t h e  m a t r i c e s  L and H,  r e s p e c t i v e l y .  Obta in  

aT2 
t h e  cost  J as i n  ( A . 6 )  and t h e  g r a d i e n t  - as i n  (3.4.10). 

2 aGd 

Step-4. Next a con juga te  g r a d i e n t  s e a r c h  procedure  i s  used t o  

upgrade t h e  d i s p l a y  c o n t r o l  l a w  Th i s  c o n s i s t s  of making incremen- d '  

t a l  changes i n  t h e  g a i n  matrix G i n  t h e  n e g a t i v e  g r a d i e n t  d i r e c t i o n  

till a va lue  of G 

as compared t o  i t s  va lue  ove r  t h e  p rev ious  s t e p .  Note t h a t  a t  each  

incrementa l  s t e p  t h e  c o n t r o l l e r  u i s  updated t o  be t h e  LQG con- 1 

t r o l l e r  f o r  t h e  c u r r e n t  d i s p l a y  l a w ;  

d 

i s  reached  f o r  which t h e  c o s t  J2 shows a n  i n c r e a s e  d 

d' 

aY2 
Step-5. C a l c u l a t e  - f o r  t h e  d i s p l a y  c o n t r o l  g a i n s  Gd ob ta ined  a t  

t h e  end of S t e p  4 and check whether  t h e  n e c e s s a r y  c o n d i t i o n  (3.4.10) 

f o r  J t o  be minimum i s  s a t i s f i e d .  I f  y e s ,  t hen  go t o  S tep  6 o the r -  

aGd 

2 



wise go back t o  S t e p  3. 

Step-6. Check f o r  t h e  convergence of t h e  e n t i r e  i t e r a t i v e  process .  

Th i s  i s  done by e v a l u a t i n g  t h e  d i f f e r e n c e  between t h e  d i s p l a y  c o n t r o l  

g a i n s  G ob ta ined  a t  t h e  end of Step 5 and those  a t  t h e  s t a r t  of Step  

3 .  I f  t h i s  d i f f e r e n c e  i s  less than some bound 8, t hen  proceed t o  

S t e p  7 ,  o the rwise  gosback t o  S t e p  3 and r e p e a t  t h e  g r a d i e n t  s e a r c h  

procedure .  

d 

Step-7. The C o n t r o l l e r  and the d i s p l a y  c o n t r o l  l a w  ud a t  t h e  end 

of S t e p  6 are the  op t ima l  s o l u t i o n  f o r  t h e  problem formula ted  as 

above. But we f u r t h e r  r e q u i r e  t h a t  t h e  C o n t r o l l e r  1 be an approximate 

r e p r e s e n t a t i o n  of t h e  human behaviour  as modeled by t h e  opt imal  

c o n t r o l -  t h e o r e t i c  model. Therefore  t h e  c o n t r o l  g a i n s  and c l o s e d  loop  

s t a t i s t i c s  ob ta ined  a t  t h e  end of Step 6 are compared wi th  t h e  

r e s u l t s  of t h e  e v a l u a t i o n  of t h e  cor responding  d i s p l a y  augmented sys- 

t e m  u s ing  t h e  OCM model. I f  a reasonable  agreement is ob ta ined  

between t h e  two r e s u l t s ,  t hen  t h e  d i s p l a y  c o n t r o l  l a w  ob ta ined  is 

p i l o t - o p t i m a l  and t h e  i t e r a t i o n  process  i s  s topped.  Otherwise t h e  

n o i s e  i n t e n s i t i e s  7 

s t a r t e d  anew from S t e p  1. 

and f; are updated and t h e  i t e r a t i o n  p rocess  
Y 
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I ' s inE t he  a lgo r i thm d i s c u s s e d  i n  Chapter  3, v a r i o u s  d i s p l a y  augmen- 

2 - 
t a t i o n  c o n t r o l  laws,  u w i l l  be s y n t h e s i z e d  f o r  t h e  K/s p l a n t .  The 

c o n t r o l  laws are  e v a l u a t e d ,  u s i n g  t h e  f u l l - o r d e r  OCN m o d e l ,  i n  terms of 

t h e  mean s a u a r e  vali les of t h e  v a r i a b l e s  of i n t e r e s t ,  and t h e  power spec- 

trum of t h e  human o p e r a t o r ' s  c o n t r o l  i n p u t .  D e t a i l e d  f requency  domain 

d '  

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

4 . 1  Prohlen Formula t ion  and S y n t h e s i s  R e s u l t s  - -  - - -- 
2 The dynamics of  t h e  K / s  p l a n t  augmented wi th  t h e  

expressed i n  t h e  form 

d i s p l a v  may he 

wi th  Ao,  R o ,  go and t h e  i n t e n s i t y  TJ of  t h e  wh i t e  n o i s e  p rocess  w a s  

de f ined  i n  S e c t i o n  (2.11, and B = 1. Here t h e  d i s p l a y  dynamics are as d 

i n  (2.2.11, and u i s  t h e  d i s p l a y  c o n t r o l  l a w  t o  be determined.  d 

As d i scussed  i n  Chapter  3, C o n t r o l l e r  Zl i n  t h e  c o o p e r a t i v e  problem 

So d e f i n i n g  fo rmula t ion  is  ana logous  t o  t h e  c o n t r o l  r a t e  u 
u 

o f  t h e  OCM. 
P 

4 i, t h e  dynamics of Eqn. (4.1.1) can be w r i t t e n  as 
1 =  

where 

(3 f ad 

0 

the  c o n t r o l  n o i s e  

r 7 

L 

term, v is t h e  human's "motor rn' 

J 

noise". The 
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o u t p u t s  a v a i l a b l e  f o r  feedback t o  C o n t r o l l e r  1 ( u  ) a r e  the  same a s  t h e  

hunan’s ohse rva t ions .  Therefore  f o r  t h e  d i s p l a y  auRvtented case 

1 

where 7 i s  the  human‘s ohse rva t ion  n o i s e .  To be c o n s i s t e n t  with the  

a n a l y s i s  of Chapter 2 ,  t he  responses  d r i v i n g  t h e  d i s p l a y  are chosen t o  

be 

Y 

(4.1.4) 

where x , ( t )  and x ? ( t )  are the  p o s i t i o n  error and t h e  p l a n t  v e l o c i t y ,  

r e s p e c t i v e l y ,  and a r e  a s  d e f i n e d  i n  Sec i ion  ( 2 . 1 ) .  Then the  d i s p l a y  

& 

c o n t r o l l e r ,  t o  he des igned ,  has the form 

d id = adxd + u 

(4.1.5) 

w i th  G = [a,,, gd3].  

augmented system is t o  r e g u l a t e  t h e  d i sp layed  v a r i a h l e  x Thus t h e  

c o n t r o l l e r  u 

The human ope ra to r ’ s  o b j e c t i v e  f o r  t h e  d i sp lay -  d 

d o  

minimizes  t h e  c o s t  func t ion  J1, where 1 

2 T 
/ ( x i  + r l u l ) d t )  

T- o 
J1 = E{lim (4.1.6) 

Here the  cho ice  of r depends on the d e s i r e d  neuro-muscular-lag t i m e  

c o n s t a n t  T of t h e  human as modeled. For t h e  purposes  of t h e  d i s p l a y  

d e s i g n  f o r  t h e  K/s p l a n t ,  r w a s  c o n t i n u a l l y  a d j u s t e d  t o  y i e l d  T Z 0.1 

1 

n 
2 

1 n 

secs. 

The o b j e c t i v e  i n  the  d i s p l a y  design is t o  h e l p  the  human opehator  

r e g u l a t e  t h e  t r a c k i n g  e r r o r  e (= x,), i n  t h e  presence  of t h e  v e l o c i t y  

d i s t u r b a n c e ,  and wi th  minimal workload. This  o b j e c t i v e  can  be formu- 

l a t e d  as t h a t  of f i n d i n g  t h e  opt imal  d i s p l a y  c o n t r o l  l a w  ud of t h e  form 
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( 4 . 1 . 5 )  which m i n i m i z e s  t he  c o s t  f u n c t i o n  J where 2 '  

m 

1 '  2 J = E{lim - j < a  e e 2  + r 2 1  u2  + f 2 d u d ) d t j  
T- o 2 (4.1.7) 

Foliations (4.1.2) t o  (4 .1 .7)  t hen  d e f i n e  t h e  problem fo rmula t ion  
.. 

f o r  t h e  d i s p l a y  des ign  f o r  t h e  K/sL  p l a n t ,  w i t h i n  the  framework of t h e  

coope ra t ive  methodologv. ITsinR t h e  a l g o r i t h m  d i scussed  e a r l i e r ,  t h e  

opt imal  d i s p l a y  c o n t r o l  g a i n s ,  G a r e  de te rn iner l  f o r  v a r i o u s  va lues  of 

r e l a t i v e  weight ing on the  e r r o r  i n  c o s t  f u n c t i o n  .J Here r e l a t i v e  e r r o r  

d '  

2 '  

'e weight ing i s  de f ined  as  the  r a t i o  - which i s  var ied  by chanaing Q e 2 r 

a n d / o r  r The r e s u l t s  a r e  presented  i n  T a h l e  4 .1 .  *:ate t h a t  i n  2 '  

( k .1 .7 ) ,  f 2 d  n e e d s  t o  be p o s i t i v e  d e f i n i t e  i n  o r d e r  t o  p e t  a f i n i t e  

op t ima l  s o l u t i o n  t o  t h e  problem. However, s i n c e  t h e  d i s p l a y  c o n t r o l  

does  not r e f l e c t  any measure of ene rgy ,  t h e  weight ing  f may be chosen 

t o  achieve some s e l e c t e d  o v e r a l l  d i s p l a y  g a i n ,  o r  s e n s i t i v i t y .  For t h e  

2d 

r e s u l t s  p re sen ted  i n  t h i s  s e c t i o n ,  s imply  a c o n s t a n t  va lue  of € = .no1 

i s  used,  and n o t e  t h a t  t h e  d i s p l a y  s e n s i t i v i t y  - i s  no t  cons t an t .  

Since t h e  a lgo r i thm t h a t  s y n t h e s i z e s  t h e  op t ima l  g a i n s  i s  i t e r a -  

2d 

l:dlss 
t i v e ,  a s t a r t i n g  d i s p l a y  g a i n  m a t r i x  h a s  t o  be s p e c i f i e d .  For t h e  

r e s u l t s  p re sen ted  i n  Table  4.1, C, = 120, 01 i s  used for t h e  s t a r t i n g  d 

d i s l a y  c o n t r o l  l a w .  (Note from S e c t i o n  ( 2 . 1 ) ,  t h e  s t a r t i n f ?  g a i n s  a r e  

such  tha t  t h e  d i sp layed  v a r i a b l e  xd i s  j u s t  tagged e r r o r ) .  Also,  f o r  

comparison wi th  t h e  r e s u l t s  of S e c t i o n  (2.2), ad = -20 sec 

( t h i s  corresponds t o  T = 0.05 s e c s ) .  

va r i ances  f o r  t h e  n o i s e  p rocesses  and v are c o n s t a n t l y  updated i n  

t h e  i t e r a t i o n  p rocess  i n  o r d e r  t o  make t h e  c o n t r o l l e r  u c l o s e l y  approx- 

imate the OM model wi th  t h e  parameters  s e l e c t e d  as i n  S e c t i o n  (2.1). 

- 1  w a s  chosen 
.s 

The weight ing  r l  i n  J1, and t h e  
d 

Y m 

1 
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Case 

1. 

2 .  

3 .  

4 .  

5 .  

TABLE 4.1 : OPTIMAL DISPLAY DESIGNS FOR K / s 2  PLANT 

d Optimal G 2 q, r 

1 2x 1 o - ~  [ 3 6 . 6 ,  11.91 

2 2 x 1 ~ - 4  [49.2, 13.01 

2 1 x 1 ~ - 4  [ 6 4 . 4 ,  16.31 

4 i x l  o - ~  L85.1, 17.31 

4 ~ x I O - ~  [118.2, 22.61 



38 

From t he  r e s u l t s  p re sen ted  i n  Table  4.1 i t  is  noted  t h a t  as t h e  

relative m i g h t t n g  on t h e  error i s  i n c r e a s e d ,  t h e  d i s p l a y  s e n s i t i v i t y  

( f  g ) becomes l a r g e r .  This i s  because  a low va lue  f o r  f 2 d  w a s  chosen 

a s  d iscussed  ear l ier .  But,  as t h e  a n a l y s i s  i n  t h e  fo l lowing  s e c t i o n  

d d2 

w i l l  show, i t  is  the  relative p o s i t i o n  and v e l o c i t y  g a i n  magnitudes i n  

t h e  d i s p l a y  which are of most i n t e r e s t ,  r a t h e r  t han  t h e  a b s o l u t e  v a l u e s  

of the d i s p l a y  ga ins .  

4.2 Evalua t ion  o f  -- t h e  Di sp lay  Quickening  Con t ro l  - Laws  

The d i s p l a y  g a i n s  ob ta ined  i n  S e c t i o n  ( 4 . 1 )  a r e  now t o  be e v a l u a t e d  

- -  

using the  €ulL-order  human o p e r a t o r  model, wi th  t h e  same parameters  in 

t h e  model a s  g iven  i n  S e c t i o n  ( 2 . 1 ) .  For t h e  purposes  of comparison,  

t h e  i n i t i a l  d i s p l a y  case ( G  = [20, 01) and t h e  l i m i t i n g  case of no 

d i s p l a y  lag are a l s o  eva lua ted .  

d 

The d i s p l a y  d e s i g n s  of S e c t i o n  (4.1) are r e f e r r e d  t o  as Designs 1 

t o  5 ,  as def ined  i n  Table  4 . 1 .  The l i m i t i n g  case of no d i s p l a y  l a g  is  

r e f e r r e d  t o  as  "A", t h e  i n i t i a l  d i s p l a y  case as "B" and t h e  case of b e s t  

performance ob ta ined  through t r i a l  and e r r o r  i n  S e c t i o n  (2.2) as "C". 

4 . 2 . 1 Mean-Square Ana lys i s  ---- 
The OCM a n a l y s i s  r e s u l t s ,  i n  terms of t h e  mean-square v a l u e s  of t h e  

t r a c k i n g  e r r o r ,  t h e  human's c o n t r o l  rate, and c o n t r o l  i n p u t  for t h e  

va r lous  cases of d i s p l a y  augmenta t ion  mentioned above, are l i s t e d  i n  

Table  4.2. These r e s u l t s  are a l s o  p l o t t e d  i n  F i g u r e s  ( 4 . 1 )  and (4.2). 

F ig .  (4 .1 )  is a p l o t  of mean-square error vs. mean-square c o n t r o l  rate, 

and Fig. (4.2) is a p l o t  of wan-squa re  error vs. mean-square c o n t r o l  

i n p u t .  The scales are choren  t o  be compatible wi th  Figs. (2.2) and 

(2.3). 
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TABLE 4.2: OCM ANALYSIS RESULTS F O R  VARIOUS CASES 

M.S. Error ( e )  

(in.2> 

0.014 

0.0132 

0.0131 

0.01272 

0.01269 

0.0131 

0.0157 

0.0127 

M.S. Inpu t  ( 6 )  

(in. 2 1 

0.389 

0.492 

0.514 

0.650 

0.665 

1.141 

1.353 

0.789 

M.S. C o n t r o l  Rate <S) 
(in.2/sec 2 

18.64 

23.72 

24.78 

31.58 

32.4Q 

54.73 

67.44 

38.49 
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1 Nomenclature 

2 : Gd = [ 4 9 . 2 ,  13.01 A : No Display-Lag 

3 : Gd = [ 6 4 . 4 ,  16.31 
-01 9 

4 : Gd = [88.1, 17.31 1 

0) 

. O l 3  i z 

B : Gd = [20,  01 

C : Gd = [20, 31 

5 : G = l 1 1 8 . 2 ,  22.61 d 

Beg. D i sp lay  -F 
0 

/z I n c r e a s i n g  Weight on Error 

15 20 25 30 55 40 45 50 55 GO 65 70 

Mean Square C o n t r o l  Rate ( i n .  / sec ) 
2 2 

F i g u r e  4.1 E r r o r  vs. Manual C o n t r o l  Rate for Var ious  D i s p l a y s  
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--- - 
.022 : 

- Komenclature  

1 : Gd = [36.6, 11.91 

2 : G = [ 4 9 . 2 ,  13.01 

3 : G = [ 6 4 . 4 ,  16.31 

4 : Gd = [88.1, 17.31 

5 : G = [118.2, 22.61 

d 

d 

d 

A : No Display-Lag 

B : Gd = [20, 01 

C : Gd = [20, 31 

v t 

,013 1 
Beg. Display-)( 

0 

.3 .4 .5 .6 .7 .e .g I 1.1 1.2 1.3 1-4 
Mean Square Con t ro l  Input (in. 2, 

F i g u r e  4.2 E r r o r  vs. Xanual Cont ro l  A c t i v i t y  € o r  Var ious  D i s p l a y s  
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From t h e s e  r e s u l t s  i t  i s  c lear  t h a t  as  t h e  r e l a t i v e  weight ing  on 

t h e  e r r o r  i n  t h e  c o s t  f u n c t i o n  J i s  i n c r e a s e d ,  t h e  op t ima l  c o o p e r a t i v e  

d i s p l a y  des ign  methodology l e a d s  t o  d i s p l a y  g a i n s  which g i v e  improved 

2 

per foraance  a t  t h e  expense of i n c r e a s e d  c o n t r o l  a c t i v i t y .  I t  i s  noted 

t h a t  f o r  a l l  t h e  5 cases ob ta ined  u s i n g  t h e  c o o p e r a t i v e  methodology, t h e  

f i n a l  opt imal  d i s p l a y  g a i n s  are such  t h a t  t h e  performance i s  s i g n i f i -  

c a n t l v  .improved as compared t o  t h e  s t a r t i n g  d i s p l a y  (R), and a t  t h e  same 

time t h e  "workload" ( 6 )  and t h e  c o n t r o l  e f f o r t  ( 6 )  are  c o n s i d e r a b l y  

reduced.  I f  t h e  weighting; on t h e  e r r o r  i s  h igh  (Cases 4 and S), per fo r -  

inance comparahle t o  the  l i m i t i n g  case ( A )  and t h e  b e s t  performance c a s e  

(C) i s  oh ta ined ,  a long  with reduced workload and c o n t r o l  e f f o r t .  b'ote- 

o v e r  i t  appears  t h a t  €or  t h e  s e l e c t e d  d i s p l a y  bandwidth ( a  = -20 

sec ) ,  t r a c k i n g  performance ( m s  e r r o r )  b e t t e r  t h a n  t h a t  of Case 5 can- 

n o t  he obta ined .  I n c r e a s i n g  t h e  weight on e r r o r  i n  t h e  c o s t  f u n c t i o n  J, 

any f u r t h e r  would o n l y  have t h e  e f f e c t  of l e a d i n g  t o  a d i s p l a y  d e s i g n  

d 
-1 

- 

requi r inp :  h i g h e r  c o n t r o l  e f f o r t  w i thou t  any n o t i c e a b l e  improvement i n  

pe r f  ormance . 
4.2.2 Power Spectrum Ana lys i s  ---- 

Using t h e  Oc41 modeling t echn ique ,  t h e  power s p e c t r a  of t h e  human's 

c o n t r o l  i n p u t s  and t h e  system re sponses  can  a l s o  be e s t ima ted .  Note 

t h a t  the  mean-square va lue  u2 of a z e r o  mean p r o c e s s  x i s  r e l a t e d  t o  t h e  

area under i t s  power s p e c t r a l  d e n s i t y  C ( w ) ,  o r  

X 

X 

( 4 . 2 . 1 )  

F i g u r e  (4.3) prov ides  a comparison of t h e  power s p e c t r a  of t h e  human 

o p e r a t o r ' s  c o n t r o l  i n p u t  ( 6 )  f o r  t h e  d i s p l a y s  1, 3 ,  and 5 ,  and t h e  l l m -  
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Figure 4 . 3  Comparison of Human Operator’s Control Spectrum, b (UJ) 



44 

i t i n y !  case A. The p l o t s  i n  F ipu re  ( 4 . 3 )  show t h a t  t h e  c o n t r o l  power 

r equ i r ed  i s  lower f o r  a l l  t h e  o p t i m a l l y  syn thes i zed  d i s p l a y s  when com- 

pared t o  t h e  i d e a l i z e d  Case A with  no d i s p l a y  lap,. bloreover, t h e  peak  

va lue  inc reases  3s t he  weight ing  on t h e  e r r o r  i n  t h e  c o s t  .I, i s  

inc reased ,  cor responding  t o  t h e  human's t a s k  becomes i n c r e a s i n g l y  more 

d i f f i c u l t  from d i s p l a y  des ign  1 t o  d e s i g n  5. The power spec t ra l  dens i -  

t i e s  of t h e  human's c o n t r o l  i n p u t  6 f o r  a l l  t h e  d i s p l a y s  are shown i n  

t h e  F igures  ( C . 1 )  t o  (C.6) in Appendix C. These f i g u r e s  inc lude :  1)  t h e  

t o t a l  c o n t r o l  i npu t  power ( i n  d R ) ,  2 )  t he  p o r t i o n  of t h e  c o n t r o l  cor re-  

l a t e d  wlth t h e  command d r i v i n g  t h e  system, and  3) t h e  human o p e r a t o r ' s  

remnant ,  o r  t h e  u n c o r r e l a t e d  p o r t i o n  of t h e  c o n t r o l  i n p u t .  

- 

Since the  mean-square value of t h e  e r r o r s  €or t h e  d i s p l a y  cases 1 

t o  5 and t h e  l i m i t i n t g  Case A were not  s i g n i f i c a n t l y  d i f f e r e n t ,  ( s e e  

Tahle  4 .21 ,  t he  power s p e c t r a l  d e n s i t i e s  of  t h e  e r r o r s  €or t h e s e  cases 

would he expected t o  be similar.  Th i s  was indeed found t o  be t h e  case 

and so t h e  e r r o r  power s p e c t r a l  d e n s i t y  p l o t s  a r e  not  i nc luded  i n  t h e  

r e p o r t .  

- - -  4.2.3 Frequency Domain Ana lys i s  

The human o p e r a t o r  model can  a l s o  be r e p r e s e n t e d  i n  t h e  f requency  

domain i n  terms of t h e  t r a n s f e r  mat r ix  between t h e  human's o b s e r v a t i o n s  

and h i s  c o n t r o l  i n p u t s  ( 6 , 1 3 1 .  Since  t h e  Rode c h a r a c t e r i s t i c s  of t h e  

p l a n t  a n d  t h e  d i s p l a y  are known, frequency-domain a n a l y s i s  of  t h e  

manual ly-control led display-augmented systems can  be c a r r i e d  o u t ,  once 

t h e  human d e s c r i b i n g  f u n c t i o n s  are e s t i m a t e d  from t h e  model. 

With t h e  human o p e r a t o r  so r e p r e s e n t e d ,  t h e  b lock  diagram for t h e  

t a s k  is shown i n  Fig. ( 4 . 4 ) .  The display-augmented system is def ined  as 
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x (SI 
C ( s )  - -- A d  

= 6 (s )  

and t h e  human d e s c r i S i n g  f u n c t i o n  i s  

For t h e  d i s p l a y s  1 ,  3 ,  5 ,  and A ,  G ( s )  and P ( s )  are compared i n  " igu res  

(4 .5)  and ( 4 . h ) ,  r e s p e c t i v e l y .  (The Bode-plots of G ( s )  and P ( s )  f o r  t h e  

cases 1 t o  5 and t h e  Case 4 a r e  s h o w  i n  Appendix C.) From t h e s e  fre- 

quency responses  i n  Fiz . (4 .5)  and Fis.(h.6), t h e  open-loop Sode-plots 

may a l s o  b e  deter-nined ( n o t  shown). 'It appea r s  t h a t  open-loop magnitude 

c ros sove r  ( w  such  t h a t  1 "( i w )  C (  i w )  I = 0 dS)  i s  approximate ly  c o n s t a n t  

a t  between 2-2.5 ra t l s / sec  f o r  a l l  t h e s e  cases,  c o n s i s t e n t  wi th  t h e  com- 

mand signal bandwidth (b reak  a t  2 r a d s / s e c ) .  A l s o ,  as t h e  weight ing  on 

e r r o r  increases (Case 1 -> Case 5 ) ,  t h e  s e n s i t i v i t y  ( g a i n )  of the  t o t a l  

p l a n t  plus  d i s p l a y  i n c r e a s e s .  From Fig .  (4.5) i t  is  clear t h a t  a l l  t h e  

syn thes i zed  d i s p l a y s  provide  a d d i t i o n a l  l e a d  between 1 and 10 r a d s l s e c .  

As t h e  weight ing on t h e  e r r o r  i n  t h e  cos t  J i s  i n c r e a s e d  (Case 1 -> 
Case 5 ) ,  t h i s  phase l e a d  provided by t h e  s y n t h s i z e d  d i s p l a y  g a i n s  

decreases .  

2 

The human o p e r a t o r ' s  phase compensation i n  Fig.  ( 4 . 6 )  i s  more 

e a s i l y  i n t e r p r e t e d  by look ing  a t  t h i s  phase compensation wi th  t h e  t i m e  

d e l a y  (T) of 0.2 seconds  removed. T h i s  a d j u s t e d  phase i s  then  g iven  by: 

pc(w) = 4 ? ( j w )  + 57.3 T w ( 4 . 2 . 2 )  

A comparison of t h i s  a d j u s t e d  phase €or t h e  v a r i o u s  d i s p l a y  cases i s  

provided i n  F igu re  (4.7). From t h e s e  p l o t s  i t  appea r s  t h a t  t h e  human 

would need to  g e n e r a t e  much h i g h e r  phase l e a d  for Case A as compared t o  

a l l  t he  o p t i m a l  d i s p l a y  augmenta t ion  cases. For  Cases 1-5, t h e  r e q u i r e d  
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Figure 4.7 Comparison of Human’s Phase Compensation 
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phase lead i n c r e a s e s  with t h e  i n c r e a s e  of  e r r o r  weight ing  i n  the  cost 

f u n c t i o n  J,. 

t r e n d s  i n  F igure  ( h . 7 )  i n d i c a t e  t h a t  t h e  d i s p l a y  augmentation reduces  

t h e  human‘s workload. ‘ loreover,  t h e  p l o t s  p r e d i c t  increas iqp ,  workload 

a s  t h e  e r r o r  weight ing  (q  ) i s  i n c r e a s e d  i n  t h e  s y n t h e s i s  of t h e  

d i s p l a y .  

Thus, usirig t h e  phase lead as a measure of workload,  t h e  
& 

e 

Vith G ( s )  a n d  P ( s )  known, t h e  c losed loop  t r a n s f e r  f u n c t i o n ,  

x(  S )  T ( s )  = ~ 7 ,  i s  e a s i l y  o b t a i n e d ,  th rough a l E e b r a i c  man ipu la t ions  u s i q g  

t h e  hlock d ia r ram of Fig.  ( 4 . G ) ,  t o  he 

C 

, x ( s )  i s  t h e  commanded p o s i t i o n  Mere De(s) A =y-- ”* and D . ( s )  z z -  A ‘d3 

d X d C  s a  

and x(s)  i s  the  p l a n t  p o s i t i o n  s ta te .  Closed-loop f requency  response  

f o r  Cases 1 , 3  and 5 of d i s p l a y  augmenta t ion  i s  compared i n  Fig.  ( 4 . 8 ) .  

The maanitude and phase p l o t s  i n  Fig.  ( 4 . 8 )  i n d i c a t e  t h a t  as  t h e  error 

weight ing  ( q e )  is i n c r e a s e d ,  t h e  s y n t h e s i z e d  d i s p l a y  i s  such  t h a t  t r ack -  

i n g  performance i s  improved. 

Hence, bo th  by comparing t h e s e  r e s u l t s  from t h e  d i s p l a y  augmenta- 

t i o n  s y n t h e s i s  t echn ique  wi th  t h e  r e s u l t s  of Chapter  2 ,  and through 

a d d i t i o n a l  closed-loop a n a l y s i s ,  one c a n  conclude  t h a t  t h i s  s y n t h e s i s  

technique  appea r s  t o  l e a d  t o  d e s i r a b l e  r e s u l t s .  
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APPLICATION OF COOPERATIVE *ETHODOT,nCY TO A 

MORE CO?TPLEX DISPLAY T)ESIcN 

.- - - 

_ _ .  

I n  t h i s  c h a p t e r ,  an example a p p l i c a t i o n  of t h e  op t ima l  c o o p e r a t i v e  

methodology t o  a h igher -order  s y s t e m  i n  a mul t i - i npu t  t a s k  i s  p resen ted .  

The i n t e n t  is  t o  demonst ra te  t b e  a p p l i c a t i o n  of  t h e  cooperative metho- 

dology t o  complex s y s t e m s  a n d  t h e  des ign  presented  h e r e  should not  be 

cons idered  a f i n a l i z e d  des ign .  The chosen p l a n t  t o  be c o n t r o l l e d  

r e p r e s e n t s  t h e  unaugmented Longi tudina l  dynamics  of  sn a i r c r a F t ,  a n d  the 

t a s k  i s  tha t  of t r a c k i n g  a normal -acce lera t ion  command v h i l e  r e w l a t i n g  

Mach number. The c o n t r o l  i n p u t s  a v a i l a b l e  t o  the  p i l o t  are the  e l e v a t o r  

s t i c k  and  t h r o t t l e ,  and the  p i l o t  may S e  assumed t o  he c o n t r o l l i n g  t h e  

a i r c r a f t  remotely from t h e  ground,  f o r  example. The chosen mow1 and 

t h e  t a s k  formula t ion  are d i scussed  i n  d e t a i l .  

The t a s k  is f i r s t  desc r ibed  and modeled, u s i n g  an i n i t i a l  unaug- 

rnented s t a t u s  d i s p l a y .  Then an  op t ima l  d i s p l a y  augmentat ion c o n t r o l  l a w  

i s  syn thes i zed  us ing  t h e  proposed a lgo r i thm.  The p i l o t ' s  performance 

€ o r  t h e  unaugmented and t h e  augmented d i s p l a y  systems is  then  e v a l u a t e d  

and compared. Based on t h e s e  e v a l u a t i o n s ,  improvement i n  performance and 

r educ t ion  i n  the  p i l o t  workload i s  p r e d i c t e d  f o r  t h e  o p t i m a l l y  augmented 

d i s p l a y .  

5 . 1  System Dynamics - -  -- 
The dynamics are those  f o r  an F-15 type  a i r c r a f t  wi thout  any f l i g h t  

c o n t r o l  augmentation, bu t  i n c l u d i n g  a Mach s e n s o r  (wi th  l a g ) ,  a t h r u s t  

l a g  modeling t h e  eng ine ,  and a f a s t  f i rs t  o r d e r  a c t u a t o r  € o r  t h e  e leva-  
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t o r  c o n t r o l .  ('%is model is  f r o n  ? e f . [ 2 1 ] ,  ? u t  wi thout  t he  command alia- 

menta t ion  s y s t e r . )  The v e h i c l e  s t a t e  vec to r  is  

--T x 

a n g l e  of a t t a c k  ( . n l  r a d s ) ,  n i t c h  r a t e  (.01 r a d s / s e c ) ,  p i t c h  a t t i t u d e  

= [17,a, a ,  0 ,  6e ,  ?', 6TI - t h e  per turbed  forward v e l o c i t y  ( f t / s e c ) ,  
V 

( . O 1  r a d s ) ,  t he  e l e v a t o r  d e f l e c t i o n  (.01 r a d s ) ,  sensed Yach niimher ( . O n 1  

Mach), and t h e  t h r u s t  a c c e l e r a t i o n  ( f t / s e c  ). 2 

t o r  d e f l e c t i o n  and t h e  comnanded t h r u s t  a c c e l e r a t i o n .  T h e  s t a t e - space  

r 2 ~ r e s c n t a t i o n  o f  t h e  model i s  

- 
x = Ax + gvT 
V v v  

(5.1.1) 

xhere the m a t r i c e s  A and R a r e  a s  given i n  Appendix E. T h e  s t a t e s  a r e  

t h e  per turbed  va lues  ahout  t he  t r i n  c o n d i t i o n s  a l s o  l i s t e d  i n  Appendix 

V V 

D. 

The p i l o t ' s  assumed o b j e c t i v e  h e r e  i s  t o  t r a c k  a normal accelera- 

t i o n  command ( a  ) while  r e g u l a t i n g  Xach number t o  t h e  b e s t  of h i s  a h i l -  

i t y .  Rather  t han  t h e  d e t e r m i n i s t i c  normal a c c e l e r a t i o n  command ( a  ) 

used f o r  t h e  pushup-pullover maneuver i n  p rev ious  s t u d i e s  [4,5], t h e  

ZC 

ZC 

command s i g n a l  t o  be t r acked  is genera ted ,  for t h e  purpose of d i s p l a y  

c o n t r o l  l a w  s y n t h e s i s ,  by u s i n g  a second o r d e r  Markov process  with a 

b reak  f requency  of 1 r a d / s e c  and a damping r a t i o  of 0.7. With 

a 1,  t h e  command system i s  r e p r e s e n t e d  i n  t h e  s t a t e  v a r i a b l e  -7- A 
xc z [ a z c ,  zc  

form as  

(5 .1.2)  

The i n t e n s i t y  of t h e  white  no i se  process  w is chosen t o  be W = 181 so 
C C 
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a s  t o  yield the rns comnand of  Q = 8 € t / s e c 2  ( o r  0 . 2 5  g’s ) .  a 
2 C  

-T A -T -T Oe€inina xo [ x c ,  x v ] ,  t h e  v e h i c l e  dynamics augmented w i t h  t he  

command system are w r i t t e n  i n  t h e  s t a t e - space  form as 

- 
x = A x  + B T + 3 w  

0 0 0  0 o c  ( 5 . 1 . 3 )  

with appropr i a t e  d e f i n i t i o n s  of A S and n . The t i m e  response of t h e  

va r i ab le s  a $1 and 8 i s  obta ined  €or u n i t  s t e p  c o n t r o l  i npu t s .  The 

time h i s t o r i e s  €or  s t e p  e l e v a t o r  i npu t  a r e  shown i n  F igures  (5.1 (a ) -  

( c ) )  and those  f o r  s t e p  t h r o t t l e  input  i? Figures  ( 5 . 2  ( a ) - ( c ) ) .  

0’ 0 0 

z ’  

5.2  T a s k  ‘‘odeling - - - --- 
For t h e  i n i t i a l  unaiigmented s t a t u s  d i s p l a y ,  t h e  p i l o t ’ s  observa- 

t i o n s  a rc  assumed t o  be the  normal a c c e l e r a t i o n  command s i g n a l ,  t h e  a 

t r ack ina  e r r o r  ( e  

a t t i t u d e .  It w i l l  aga in  be assumed t h a t  t h e  p i l o t  can r e c o n s t r u c t  t h e  

r a t e s  of t h e  d isp layed  s i g n a l s .  Then t h e  p i l o t ‘ s  obse rva t ion  v e c t o r ,  

z 

= a - a Z ) ,  t he  s e n s e d  ( lagged)  Nach number a n d  p i t c h  a z  ZC 

-T - a e ? I ,  bi, 8, e], i s  of t h e  form Yp - zc’ a z ’  

- 
Y p  = COT + EoT (5.2.1) 

with  C and E as g iven  i n  Appendix D. A conceptua l  d i s p l a y  format f o r  

t h i s  s t a t u s  d i s p l a y  is shown i n  Fig.  (5.3). 

0 0 

For the augmented d i s p l a y  system, t h e  p i l o t ’ s  obse rva t ions  are t o  

a and 8 ,  a long  with the  a s s o c i a t e d  r a t e s .  (Note t h a t  be X d l ’  ‘d2’ zc 

compared to  the  s t a t u s  d i s p l a y  case, e and M are rep laced  by the  

“ i n t e l l i g e n t ”  d i s p l a y  v a r i a b l e s  x and x 

t a i n e d  in  t h e  p i l o t ’ s  obse rva t ion  vec to r ) .  Therefore  the  ou tpu t s  a v a i l -  

a b l e  for  feedback by t h e  p i l o t  a re  

a z  

d l  d2 ’ whi le  aZc and 8 are main- 
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Figure  5.l(a) a Response t o  Step E l e v a t o r  I n p u t  z (6e,= 0.01 rads, +ve down) 
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F i g u r e  5.l(b) Mach Response t o  S t e p  Elevator I n p u t  
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Figure S.l(c) 8 Response t o  S t e p  Elevator Input 
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Time (sec) 

Figure 5.2(a) a Response to Step Thr ttle Input s 2 
( 6Tc= lft/(sec 1, +ve thrust) 
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F i g u r e  5.2(b) Mach Response t o  Step  T h r o t t l e  Input 
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Figure 5.3 Conceptual Display Format f o r  Status Display 
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.4 conceptual  d i s p l a y  format f o r  t h e  augmented system i s  shown i n  Fig.  

( 5 . 4 ) .  

Reasonable p i l o t  modeling parameters  f o r  t h i s  a n a l y s i s  are as f o l -  

1 ows : 

( i )  P i l o t ‘ s  obse rva t ion  t i n e  d e l a y ,  T, set  t o  0.2 seconds.  

( i i )  Observat ion n o i s e  r a t i o  set a t  -12  dT? f o r  a l l  o b s e r v a t i o n s .  

( i i i )  !.‘otor no’,se r a t i o  set  a t  - 1 2  d?  €o r  ho th  c o n t r o l  channe l s .  

( i v )  The  weight ing on the c o n t r o l  r a t e s  i n  t h e  p i l o t ’ s  c o s t  frinc- 

t i on  a d j u s t e d  t o  y i e l d  a neuromotor lap, t i n e  c o n s t a n t  of 0 .2  s e c s  

i n  t h e  e l e v a t o r  channel  a n d  5 secs i n  t h e  t h r o t t l e  channel .  

(v)  The p i l o t ’ s  f r a c t i o n a l  a t t e n t i o n  a l l o c a t i o n  ( f  ) was set  a t  
i 

0.3 €or each of  t h e  o b s e r v a t i o n s  a e and M ,  and 9.1 f o r  8. 
zc’  a z  

( v i )  The p i l o t ’ s  i n d i f f e r e n c e  t h r e s h o l d s  € o r  t h e  v a r i o u s  ohserva- 

t i o n s  are set t o  va lues  l i s t e d  i n  Table  5.1 .  

Though parametric performance a n a l y s i s  is no t  t oo  s e n s i t i v e  t o  many 

of these  v a r i a b l e s ,  t h e  va lues  of o b s e r v a t i o n  and motor n o i s e  r a t i o s  are 

chosen to be h i g h e r  t han  i n  Chapter  2 i n  o r d e r  t o  he c o n s i s t e n t  with t h e  

p i l o t  behaviour observed i n  real-time s i m u l a t i o n s  of  complex t a s k s .  

Also the p i l o t ’ s  neuromotor l a g  t i m e  c o n s t a n t  f o r  t h e  t h r o t t l e  channel  

is set a t  5.0 secs t o  r e f l e c t  t h e  f a c t  t h a t  t h e  p i l o t  changes t h e  t h r o t -  

t l e  s e t t i n g  very s lowly ,  s i n c e  t h e  engine  response  is slow. F i n a l l y ,  

from Fig. ( 5 . 3 ) ,  i t  is seen  t h a t  though t h e  p i l o t  obse rves  a e and zc ’  az  
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P i l o t ’ s  o b j e c t i v e :  ( a )  Keep 0 a t  0 mark ing  for Xdl 

(b) Keep a a t  0 mark ing  for Xd2 

F i g u r e  5.4 C o n c e p t u a l  D i s p l a y  Format for Augmented D i s p l a y  
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TABLE 5.1 PILOT PERCEPTION THRESHOLDS 

I Observation 

az 

M(.001 Mach) 

8 (.01 rads) 

x (display units) 

x (display units) 

dl 

d2 

Threshold 

0.5 

0.5 

0 .5  

0.2 

0 . 5  

0 .5  

L t e  Thresholc 

1.0 

1 .o 

1 .o 

0.4 

1.0 

1 .o 



‘.f x and x f o r  t h e  c a s e  of augmented d i s p l a y  - Fig. (5.4)) from 

the same p h y s i c a l  d i s p l a y ,  h e  s t i l l  needs t o  scan  t h e i r  va lues  

d l  d 2  

s e p a r a t e l y .  So w e  w i l l  c o n s i d e r  his a t t e n t i o n  t o  be d iv ided  e q u a l l y  

between t h e  t h r e e  pr imary obse rva t ions ,  with a t t i t u d e  in fo rma t ion  only  

secondary  t o  the  task .  The choice  of t h e  va lues  f o r  p i l o t ’ s  t h r e s h o l d s  

i s  based on the  assumed d i s p l a y  s ize  and minimum r e s o l u t i o n  i n  t h e  con- 

c e p t u a l  d i s p l a y  f o r m t  of F igs .  ( 5 . 3 )  and (5.4). The t h r e s h o l d s  f o r  t h e  

ra tes  a r e  twice the  t h r e s h o l d s  f o r  t h e  cor responding  d i sp layed  v a r i a b l e ,  

f o r  a l l  t h e  p i l o t ’ s  Observa t ions .  

For  t he  unausmented s ta tus  d i s p l a y ,  t h e  p i l o t ’ s  o b j e c t i v e  func t ion  

i s  taken  t o  h e  

(5.2.2) 

which r e f l e c t s  t h e  p i l o t ’ s  emphasis on t r a c k i n g  t h e  a command, and a l s o  

i s  c o n s i s t e n t  wi th  the  u n i t s  of a and Pi i n  t h e  dynamic model. Th i s  

o b j e c t i v e  cor responds  t o  the  p i l o t  a t t e m p t i n g  t o  keep t h e  squa re ,  i n  t h e  

z 

z 

d i s p l a y  format of Fig.  ( 5 . 3 ) ,  over  t h e  a b a r ,  while  a t  t h e  same t i m e  

ma in ta in ing  t h e  Yach needle  wi th in  2 ( 1 5 ) .  

ZC 

Note i n  t h i s  case t h e  

p i l o t ’ s  Commanded t h r u s t  ( 6 T  ) i s  e x p l i c i t l y  inc luded  i n  t h e  c o s t  objec- 

t i v e .  This was found t o  be necessary  t o  keep t h e  commanded t h r u s t  w i th in  

l i m i t s  d e l i v e r a b l e  by t h e  engine.  The weight ings  i n  (5.2.2) were d e t e r -  

mined a f t e r  a few t r i a l s  of the  modeling procedure.  F i n a l l y ,  i n  

C 

(5.2.21, and g are chosen 

neuromotor l a g  t i m e  c o n s t a n t s  

2 

- -  5.3 Optimal Disp lay  S y n t h e s i s  

t o  be c o n s i s t e n t  w i t h  t h e  assumed p i l o t ’ s  

fo r  the two  c o n t r o l  channels .  

for F-15 Nodel ---- 
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For d e s i g n i n g  d i s p l a y  a u v e n t a t i o n  f o r  t h e  a i r c r a f t  d i s c u s s e d  

ahove ,  the  b a s i c  d i s p l a y  dynamics may be t a k e n  t o  be of t h e  €orm 

or 

wi th  

( 5 . 3 . 2 )  

- 
where x 
d e s i g n e r ,  and t h e  d i s p l a y  g a i n s  Gd are t o  he  s y n t h e s i z e d  so a s  to  be 

o p t i m a l  f o r  t h e  t a s k  t o  be  performed. For t h e  d i s p l a y  d e s i g n  p r e s e n t e d  

is as d e f i n e d  i n  (5 .1 .3 ) .  Tn ( 5 . 3 . 2 ) ,  yd is chosen  hy t h e  
0 

- 
i n  t h i s  s e c t i o n ,  yd is  chosen  t o  he  

( 5 . 3 . 3 )  

which means t h a t  a l l  t h e  v e h i c l e  s t a t e s  as w e l l  as the command s t a t e s  

are a v a i l a b l e  for d r i v i n g  t h e  d i s p l a y .  Note t h a t  i n  (5 .3 .1 ) ,  t h e  

d i s p l a y  bandwidth i s  chosen  to  be  f a s t e r  t h a n  the p i l o t ' s  dynamics.  

Also two d i s p l a y  s ta tes  ( a l o n g  w i t h  two  d i s p l a y  c o n t r o l  laws) are  

chosen .  

A 
1 3  Def in ing  C o n t r o l l e r  1 t o  he  t h e  p i l o t ' s  i n p u t s , o r  'iT - T, t h e  

dynamics of  ( 5 . 1 . 3 ) ,  augmented with t h e  d i s p l a y  sys t em and p i l o t ' s  con- 

t r o l  i n p u t s  can be w r i t t e n  as  
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w!iere the  two-dirensionnl rh i t e -no i se  process  7 is  t h e  p i l o t ' s  n o t o r  

n o i s e  i n  t h e  two c o n t r o l  channels .  

m 

With t h e  auzmented d i s p l a y  ( see  Fig.  (5.4)), t h e  p i l o t ' s  t a sk  i s  

t h a t  of r e g u l a t i n g  t h e  d i s p l a y  s t a t e s  x and x This  can be modeled 

a s  f i n d i n g  t h e  op t ima l  C o n t r o l l e r  1 (u ) which minimizes t h e  c o s t  func- 

t i o n  J piven  by 

d l  d 2 '  

1 

1 

m 

* 7  * 7  
+ !z l (6ec)-  + ~ ~ ( 6 T ~ ) ~ ) d t )  (5.3.5) 

The o h j e c t i v e  f u n c t i o n  .J, t o  be nrininized hy t h e  d i s p l a v  c o n t r o l  

c.1 

L 

- 
law ti i s ,  however, taken t o  he 

T 

T- o 
J2 = .Jp(T) + E{lim I . ( 3 n n n l ( ~ i ~  + u2 d2 ) d t )  (5.3.6) 

Note h e r e  t h a t  J (3) i s  as i n  (5.2.2), or t h e  p i l o t ' s  o h j e c t i v e  wi th  t h e  

s t a t u s  d i s p l a y .  The weights  on the  d i s p l a y  c o n t r o l s  ( u  

chosen t o  he very  small i n i t i a l l y ,  a t  l eas t ,  so  t h a t  t h e i r  c o n t r i b u t i o n  

P 
and ud2) are  d l  

t o  J 2  i s  n e g l i g i b l e  as compared t o  J ( T ) .  

c o n s i s t e n t  w i th  o u r  o b j e c t i v e  of f i n d i n g  a d i s p l a y  c o n t r o l  l a w  which 

The cho ice  of J as  above i s  P 2 

h e l p s  t h e  p i l o t  perform h i s  o v e r a l l  t a s k  of  t r a c k i n g  t h e  a command 

whi l e  r e g u l a t i n g  t h e  Mach number. 

2 

I n  order t o  i n i t i a l i z e  t h e  numerical  s o l u t i o n  t echn ique ,  an i n i t i a l  

g u e s s  for t h e  d i s p l a y  c o n t r o l  gains i s  made such  t h a t  x cor re sponds  t o  

-e (i .e.  a -a ) and x t o  0.01 X i n  t h e  s t e a d y  state.  Q e c a l l i n g  

Eqns.(5.3.2) and ( 5 . 3 . 3 ) ,  t h e n ,  t h e  s t a r t i n g  d i s p l a y  c o n t r o l  g a i n s  are 

a1 

a z  z zc d2 

(5.3.7) 0 0  0 0 0 0  0 0.2 7 
Gd start  - [  

-20 0 -0.082 -32.21 0 0 -5.096 

For t h i s  c h o i c e  of Gd,  J1(UI) for t h e  i n i t i a l  d i s p l a y  l a w  c l o s e l y  
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r eo resen t5  .T (7) of the o r i g i n a l  s ta tus-disp:sy case .  
2 

The ont imal  3 i s p l a v  c o n t r o l  g a i n s  d e t e n i n e d  f r o n  the  a lgo r i thm 

c on ve r ged t o  

I - f i . 3 2 ~  -1 .475  -38.n5 -12.06 -4.n19 4 . ~ 2 3  3.213 

-16.74 0.8258 -13.44 -36.74 -15.41, 33.06 -0.202 

(5.3.8) 

I n  t h e  s y n t h e s i s  p rocess  f o r  t h e  opt imal  d i s p l a y ,  the weight ings  z, 

2 1 1  

1 

and :: i n  the  c o s t  f u n c t i o n  J (u ) and the  v a r i a n c e s  f o r  the n o i s e  

processes  v and < 
u c l -ose ly  approximate the f u l l - o r d e r  p i l o t  model. 

- 
a r e  c o n s t a n t l y  updated s o  as t o  make the  c o n t r o l l e r  

nl Y 
- 

1 

5 . 4  Conparison of t he  n i s p l a y s  - - ___-- I - 
The p i l o t ' s  p e r i o r n a n c e ,  as p r e d i c t e d  by model-based e v a l u a t i o n ,  i s  

compared for  t h e  two cases - t h e  s t a t u s  d i s p l a y  and t h e  "opt imal"  

d i s p l a y  augmentat ion syn thes i zed  as ahove. 4s i n  t h e  case of K / s  

p l a n t ,  t h e  c r i t e r i a  used f o r  comparison are  - r;ns va lues  of t h e  v a r i -  

a b l e s  of i n t e r e s t ,  c o n t r o l  and e r r o r  s p e c t r a ,  and f requency  domaix 

a n a l y s i s .  T i m e  h i s t o r i e s  f o r  s t e p  c o n t r o l  i n p u t s  a r e  a l s o  provided t o  

g a i n  a b e t t e r  unders tanding  of t h e  s i g n i f i c a n c e  of t h e  " i n t e l l i g e n t "  

d i s p l a y  v a r l a b l e s  x and x 

r e f e r r e d  t o  as  Display A and t h e  op t ima l  d i s p l a y  as % s p l a y  B i n  t h e  

following d i s c u s s i o n .  

2 

For b r e v i t y ,  t h e  s t a t u s  d i s p l a y  i s  d2' d l  

5.4.1 Time W i s t o r i e s  ---- 

d l  
For Disp lay  B ,  t h e  time h i s t o r i e s  f o r  t h e  t w o  d i s p l a y  v a r i a b l e s  x 

d 2  and x €or  a u n i t  s t e p  e l e v a t o r  i n p u t  are shown i n  F igs .  ( 5 . 5  ( a ) - (b ) )  

and those f o r  a u n i t  t h r o t t l e  i n p u t  are shown i n  F igs .  ( 5 . 6  ( a ) - (b ) ) .  

S i g n i f i c a n t  coup l ing  i s  e v i d e n t  i n  t h i s  case, e s p e c i a l l y  f o r  e l e v a t o r  
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commands. 

f o r  t h e  p i l o t  might  he t o  a t t e m p t  t o  " c o n t r o l "  x w i t h  t h e  t h r o t t l e  and 

x 

u n c o n t r o l l a h l e  from t h r o t t l e  i n p u t s .  For  a s t e p  normal a c c e l e r a t i o n  con- 

mand, t h e r e  w i l l  be a n  i n s t a n t a n e o u s  change  i n  b o t h  x and x ( a s  i s  

a p p a r e n t  from t h e  op t ima l  d i s p l a y  g a i n s  C i n  (5.3.9)). I n  o r d e r  t o  f o l -  

l ow t h e  command, t h e n ,  t h e  p i l o t ' s  s t r a t e g y  would a p p e a r  t o  be t o  a p p l y  

t h e  e l e v a t o r  t o  r e g u l a t e  x and s i . nu l t aneous ly  use  t h e  t h r o t t l e  t o  n u l l  

o u t  t h e  e f f e c t s  of t h e  e l e v a t o r  cmmand and t h e  normal a c c e l e r a t i o n  com- 

;land on Y . T'le u l t i m a t e  s i iccess  of t h i s  s t r a t e p ; y  as well as compar ison  

v i t h  t h a t  f o r  t h e  c a s e  of  s t a t u s  d i s p l a y  ( n i s p l a y  A ) ,  of  c o u r s e ,  

r e q u i r e s  a d d i t i o n a l  a n a l y s i s  a n d  s i m u l a t i o n .  

F r m  t h e s e  t i m e  r e s p o n s e s ,  i t  would a p p e a r  t h a t  t h e  s t r a t e g y  

d l  

w i t h  t h e  e l e v a t o r .  T h i s  i s  due  t o  t h e  f a c t  t h a t  x i s  e s s e n t i a l l y  
d 2  d 2 

d l  d 2  * 
d 

d 2  

r !  1 

5 . 4 . 2  Frequency Domain A n a l y s i s  - - -  
The b lock  d iagram r e p r e s e n t a t i o n s  f o r  t h e  p i l o t ' s  t a s k  fo rmula t ed  

as  above are shown i n  F i g u r e s  ( 5 . 7 )  and (5.8)  f o r  D i s p l a y s  A and R ,  

r e s p e c t i v e l y .  Note t h a t  i n  each  case  t h e  p i l o t  h a s  f o u r  o b s e r v a t i o n s  

and t w o  c o n t r o l s  a v a i l a b l e  t o  him. (The r a t e  o b s e r v a t i o n s ,  as s t a t e d  

ea r l i e r ,  are r e c o n s t r u c t e d  by t h e  p i l o t  f rom t h e  d i s p l a y e d  s i g n a l s . )  So 

t h e  frequncy-domain r e p r e s e n t a t i o n  of t h e  p i l o t  c o n s i s t s  of a 2 x 4 

t r a n s f e r  ma t r ix .  For D i s p l a y  A t h e  p i l o t  r e p r e s e n t a t i o n  is 

P(s) = 

and f o r  D i s p l a y  R 

P ( s >  = 

' 6e- 6e '&e '6e 

-- zc - a z  _1 a e z c  a z  

P 6T 6T ' 6 "  '6T - - - -  
a e M e 

( 5 . 4 . 1 )  

( 5 . 4 . 2 )  
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l'ere P i s  t h e  p i l o t  d e s c r i 5 i n g  f u n c t i o n  f r o n  t h e  normal a c c e l e r a t i o n  
6e - 

a 
ZC 

command o b s e r v a t i o n  a t o  t h e  commanded e l e v a t o r  i n p u t  6 . The o t h e r  

e lements  of ( 5 . 4 . 1 )  and ( 5 . 4 . 2 )  are  s i m i l a r l y  d e f i n e d .  The Rode-plots 

Z C  ec 

f o r  rhe  e i g h t  p i l o t  d e s c r i b i n g  f u n c t i o n s  f o r  Disp lay  A a r e  p r e s e n t e d  i n  

F i g u r e s  (n .1)  t o  (n.8) and t h o s e  f o r  Disp lay  B i n  F i g u r e s  ( D . 9 )  t o  

( n . 1 6 )  i n  .Appendix n, f o r  r e f e r e n c e .  

1 J i t h  t he  p i l o t  r e p r e s e n t e d  by e i g h t  t r a n s f e r  € u n c t i o n s ,  i t  is n o t  

s t r a igh t fo rwar i l  t o  d e f i n e  a meaningful i e a s u r e  of p i l o t  workload i n  t h e  

f renuency-dnmai 7 .  since t h e  v e h i c l e  r lvnnmics and t h e  d i s p l 3 v  d y n n i c s  

a r e  k n o m  and t h e  v a r i o u s  p i l o t  d e s c r i h i n p  € u n c t i o n s  a r e  a v a i t a h l e  as 

above,  a d d i t i o n a l  frequency-domain a n a l y s i s ,  as i n  t h e  case of t h e  Y / s '  
3 

p l a n t ,  may i n  p r i n c i p a l  b e  performed u s i n g  t h e  block diagrams of F i g u r e s  

(5 .6 )  and ( 5 . 7 ) .  However, t h e  r e s u l t s  p r e s e n t e d  i n  Chapter 4 showed t h a t  

t h e  performance and workload i n f o r m a t i o n  o h t a i n e d  f r o n  s t a t i s t i c a l  and 

s p e c t r a l  a n a l y s i s  of t h e  nodel-based p r e d i c t i o n s  i s  c o n s i s t e n t  wi th  t h a t  

d e r i v e d  from t h e  o t h e r  frequency-domain a n a l y s i s .  T h e r e f o r e ,  r e s u l t s  

from s t a t i s t i c a l  and s p e c t r a l  a n a l y s i s  w i l l  be used t o  e v a l u a t e  and com- 

p a r e  the two Disp lays  A and B. 

5 . 4 . 3  RMS A n a l y s i s  - - - -  
Using t h e  complete  human o p e r a t o r  model, c losed-loop a n a l y s i s  was 

performed f o r  bo th  t h e  s t a t u s  d i s p l a y  ( A )  and t h e  o p t i m a l  augmented 

d i s p l a y  ( B ) .  The rms va lues  €or t h e  v a r i a b l e s  of i n t e r e s t  €or t h e  t w o  
a. 

d i s p l a y s  a r e  shown i n  Table  5.2. From t h e s e  r e s u l t s  i t  is  c lear  t h a t  

t h e r e  is  a s l i g h t  improvement i n  a t r a c k i n g  performance f o r  t h e  case 

w i t h  d i s p l a y  augmentat ion,  and Mach number r e g u l a t i o n  i s  much improved. 

2 

Both the p i l o t  c o n t r o l  i n p u t s  and c o n t r o l  rates are  lower f o r  t h e  



77  

TABLE 5.2 OCM ANALYSIS RESULTS 

e e M C l a s s i f i c a t i o n  az az 

f t l s e c  2 .001 Mach 

A :  S t a t u s  D i s p l a y  7 .OO9 11.920 39.11 

B:  Opt imal  D i sp lay  6.659 9 .349  11.32 

0 

.01 rads  

8.45 

3.36 

e c  

.01 r ads  

C l a s s i f i c a t i o n  6 

A :  S t a t u s  D i s p l a y  2.95 

B :  Opt imal  D i s p l a y  1 .78  

0 .1742  

C 
6T 

f t / s e c  

13.21 2.566 

8 .06  0.819 

ec 6 

2 
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o p t i l a l  i isp13y cAse, i r i d i ca t inp  t h a t  t h e  des izned  d i s p l a y  a u y e n t a t i o n  

should lead t o  reduct ion  i n  p i l o t  workload .  

- - -  5 . 4 . 4  Spec t r a l  Analysis 

The power s p e c t r a  o f  t h e  a t r a c k i n g  e r r o r  and both t!ie c o n t r o l  
z 

i n p u t s  for t h e  Displys  A and R a r e  shown i n  F i z u r e s  (D.1) t o  ( n . 6 )  i n  

t h e  'Ippendix 3.  

c o r r e l s t e d  with the  cornman6 dr iv inp ,  t h e  system, and the u n c o r r e l a t e d  

p a r t ,  or  t h e  c o n t r i b u t i o n  due t o  t he  p i l o t ' s  r m n a n t .  

These p l o t s  show t h e  t o t a l  power ( i n  d R ) ,  t h e  p o r t i o n  

The  a t r a c k i n r  e r r o r  power spectrum f o r  t he  n i s p l q v s  I and P, i 4  
z 

covpdred i n  C i g ~ i r e  (5.q). This  power f o r  D i s p l a y  R (aiigmented c a s e )  is 

s l i g h t l y  higher  than 3 i s p l a y  A a t  L o w  f r e q u e n c i e s ,  brit i s  less  t h a n  

q i s p l a y  4 for f r e q u e n c i e s  above 0 . 7  rads/sec. Fven though the  rms 

t r a c k i n g  e r r o r  with the  opt imal  Idisplay ( B )  i s  no t  t o o  nuch lower t han  

t h a t  w i t h  t h e  s t a t u s  d i s p l a y  ( A ) ,  t h e  augmentation appears  t o  reduce t h e  

errors a t  t h e  more-demanding h igher  f requencies .  

The p i l o t ' s  commanded e l e v a t o r  power spectrum and commanded t h r u s t  

power spectrum €or Disp lays  A and B ar2 compared i n  F igures  (5 .10)  and 

( 5 . 1 1 ) ,  r e spec t ive ly .  From t h e s e  f i g u r e s  i t  is  clear t h a t  t h e  power € o r  

bo th  p i l o t  c o n t r o l  i n p u t s  is much lower a t  a l l  f r e q u e n c i e s  €or  t h e  

opt imal  d i s p l a y  case.  As w a s  t h e  case of K/s p l a n t ,  t h i s  i s  a n  indica-  

t i o n  tha t  the p i l o t ' s  workload i n  accomplishing t h e  t a s k  should be 

reduced. 

2 

Thus, from t h i s  i n i t i a l  example a p p l i c a t i o n ,  i t  appears  t h a t  t h e  

suggested d i s p l a y  augmentation s y n t h e s i s  technique  can l e a d  t o  d e s i r a b l e  

r e s u l t s  when a p p l i e d  t o  manual c o n t r o l  of complex dynamics. As f u r t h e r  

experience i s  gained i n  apply ing  t h e  technique ,  even b e t t e r  performance 

m y  5e achieved. 
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The objective of this effort was to develop an analytical technlque 

to aid in the design of display augmentatlon. The main differences 

Setween display auzaentation and control augmentation were pointed out 

usi2g simplified block diagrams. Although different from augmenting 

plant dynamics, it is u s u a l l y  possible t o  improve human operator perfor- 

mance in manual-control tasks hy providing the human with an augmented 

display. 

:fodel-hased evaluations were performed for various emperically- 

2 derived display "quickening" control laws for a simple K / s  plant in a 

compensatory tracking task. The results of this analysis, in terms of 

mean square values of tracking error and manual control activity and 

rate, showed that significant reduction in human operator workload and 

improvement in performance is possible through a proper design of the 

signal being displayed to the human. 

The cooperative control synthesis technique previously developed to 

design pilot-optimal control augmentation was then extended t o  incor- 

porate the simultaneous design of pilot-optimal display augmentation. 

The problem formulation for the cooperative synthesis technique was dis- 

cussed in detail and the necessary conditons for optimality were 

derived. A numerical algorithm for applying the methodology to.gerform 

pilot-in-the-loop synthesis of optimal display augmentation control laws 

was then presented. 

The application of the methodology to a simple system was demon- 

strated by synthesizing various display augmentation control laws for 
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3 
t h e  Y/ s L  p l a n t .  Ry vary in?  t h e  weight inp  p a r a n e t e r s  i n  t h e  c o s t  func- 

t i o n ,  i t  was shown t h a t  th i s  methodolo?y has  t h e  p o t e n t i a l  of p rov id ing  

a sys temat ic  approach t o  des ign  of t a s k  t a i l o r e d  d i s p l a y  augmentat ion.  

The synthes ized  d i s p l a y  des igns  were e v a l u a t e d ,  u s ing  t h e  f u l l - o r d e r  

hunan opera tor  n o d e l ,  i n  t e r n s  of t h e  mean square  va lues  of t h e  va r i -  

a h l e s  of i n t e r e s l :  anfl t h e  power s p e c t r u p  of t h e  human o p e r a t o r ' s  c o n t r o l  

i n p u t .  The e v a l u a t i o n  r e s u l t s  p r e d i c t e d  a r educ t ion  i n  hiiman o p e r a t o r  

wor'tload and improveFent i n  t r a c k i n g  e r r o r  performance with t h e  ang- 

mented d i sp lays .  Yoreover,  when compared t o  t h e  emper ica l ly-der ived  

d i s p l a y  "quickening" c o n t r o l  lards, tlie resu l t s  tended t o  v a i i d a t e  the  

coope ra t ive  approach t o  d i s p l a y  des ign .  

Deta i led  frequency domaii  a n a l y s i s  was a l s o  per forned  f o r  t h e  syn- 

t h e s i z e d  d i s p l a y s ,  u s ing  t h e  frequency-domain r e p r e s e n t a t i o n  of the 

human ope ra to r  model. All t h e  augmented d i s p l a y s  were shown t o  p rov ide  

t h e  human o p e r a t o r  with some l e a d  in fo rma t ion ,  reducing  t h e  r equ i r ed  

human ope ra to r  phase compensation from t h e  case wi th  no d i s p l a y  augmen- 

t a t i o n .  A comparison of t he  closed-loop f requency  r e sponses  f o r  t h e  

v a r i o u s  syn thes i zed  d i s p l a y s  i 3 d i c a t e d  t h a t  t h e  c o o p e r a t i v e  methodology 

does lead t o  d e s i r e d  r e s u l t s .  

An i n i t i a l  a p p l i c a t i o n  of t h e  methodology t o  high-order  system 

dynamics with a mul t i - con t ro l  t a s k  was then  demonst ra ted ,  u s ing  a 

normal -acce lera t ion  t r a c k i n g  t a s k  and a n  F-15 type  a i r c r a f t  model. The 

problem fo rmula t ion  was d i s c u s s e d  i n  d e t a i l  and a p r e l i m i n a r y  di- lay 

des ign  was syn thes i zed  u s i n g  t h e  c o o p e r a t i v e  technique .  A n a l y t i c a l  

methods f o r  e v a l u a t i n g  t h e  syn thes i zed  d i s p l a y  f o r  t h e  complex t a s k  were 

a g a i n  employed, and t h e  r e s u l t s  of t h e  a n a l y s i s  were compared wi th  t h o s e  

€ o r  an  unaugmented s t a t u s  d i s p l a y .  Rased on t h e  s t a t i s t i c a l  a n a l y s i s  

-8 ' . 
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r s s u l t s ,  i r?provment  i.2 performance and p i l o t  workload i s  p r e d i c t e d  f o r  

t h e  syn thes i zed  op t ima l ly  aumen ted  d i s p l a y .  

S ince  t h e  model-based eva lua t ion  o f  t h e  d i s p l a y  des igns  p r e d i c t s  

pronis iny!  g a i n s  i? p i l o t  workload, i t  is sugges ted  t h a t  t h e s e  r s s u l t s  he  

v a l i d a t e d  throuEh real- t ime,  man-in-the-loop s i T u l a t i o n .  For t h e  d i s p l a y  

d e s i g n  syn tbes i zed  f o r  t h e  a i r c r a f t  model, f u r t h e r  i n s i z h t  needs t o  he 

ga ined  i n t o  t h e  s i g n i f i c a n c e  of the  t w o  d i s p l a y  v a r l a b l e s .  F i n a l l y ,  t h e  

a p p l i c a t i o n  of  t h e  c o o p e r a t i v e  methodology t o  d i s p l a y  d e s i g n  f o r  coilplcx 

sys tems shou ld  5e f u r t h e r  e x p l o r e d ,  and systems cons idered  f o r  which 

ot’:er ne thods  !:ave + ? e n  u s e d  t o  s:znthesize t?ie d i s p l a v ,  t o  provir‘e 

f u r t b - e r  conpa r i son  and v a l i d a t i o n .  
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APPENDIX - A 

DERIVATION OF NECESSARY CONDITIONS - FOR CONTROLLER 2 (T ) 
2 - - 

A s  s t a t e d  i n  s e c t i o n  (3.4), the  system dynamics i n  t h e  p re sence  of 

t h e  c o n t r o l  a c t i o n u l  c a n  be w r i t t e n  i n  terms of t h e  augmented s ta te  

v e c t o r  5 as 

. - ’- I #  

q = A 1 q + B’u 2 2  + B’u d d  + D w  (A. 1) 
I I I I 

B2,  Bd, and D are as de f ined  i n  s e c t i o n  ( 3 . 4 ) .  The out-  1’ where 7, A 

p u t s  7 and yd are  g iven  i n  terms of by 2 

and t h e  index  of performance J becomes 2 

I 

w i t h  Q a g a i n  as d e f i n e d  i n  s e c t i o n  ( 3 . 4 ) .  

The c l o s e d  loop  system under the a c t i o n  of C o n t r o l l e r  2 (L2) and 

t h e  d i s p l a y  c o n t r o l  l a w  wi th  the c o n t r o l  laws as g iven  by ( 3 . 1 . 5 ) ’  d ’  

can  t h e n  be w r i t t e n  i n  a compact form as 

. 
# I  - 

q = A C T +  D w 

where 

C and A as def ined  i n  Chapter  3. aug’ aug 1 w i t h  A 

The system g iven  by (A.4) i s  i d e n t i f i e d  as a l i n e a r  s t o c h a s t i c  t i m e  
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I 

invariant system driven by a white noise process w . From linear sto- 
chastic system theory [12], In the steady state case the system state 

covariance matrix L is obtained as the solution to the following 

Lyapunov equation 

A L + LA: +, D ’ w ’ D ’ ~  = o 
C 

I I - AT 
where W is the intensity of the process w and L=E[q q 1. 

Using the trace operator [17], J can be expressed as 2 

J2 = tr[qL] 

where 

- Q - Q  ‘ [  + 0 i 0 

C;G;F~G~C~ + c % ~ F ~ ~ G ~ c ~  

( A . 5 )  and (A.6) can now be treated as a constrained parameter 

optimization problem [18]. Defining H as a symmetric matrix of Lagrange 

multipliers, the cost J can be augmented with the constraint ( A . 5 )  to 

get 

2 

(A.7) - ’T J2 = tr[qL] + tr[H(AcL + LA: + D W D 11 

The necessary conditions for optimality applied to (A.7) yield the 

following relations 

# I  - aJ2 = A ~ L  + LA: + D w D ’T a 0 
aH 

aT2 

aT2 

- =  0 
aG2 

- =  0 
aGd 

(A.ll) 



Equations (A.10) and (A.ll) need further elaboration because the 

augmentation gains G and the display control gains G are embedded in 

the dynamics of the closed loop system. 

2 d 

In T2, the terms containing G2 are and Ac. Therefore 

aT2 
- = -  a (tr[qL] + 2tr[HLA:]} 
aG2 aG2 

( A .  12) 

T where the trace identity tr[HA L]=tr[HLA ] has been made use of. 

Further note that in A G appears both in A as well as in A But 

A 

(3.4.1), and since we are looking for a Nash solution, Controller 1 is 

C C 

c' 2 aug 1' 
is part of the optimal Controller 1 (il), as is apparent from 1 

to be considered fixed in the minimization process for J Thus the 

only gains that may be adjusted in Controller 2 are those in A 
2 '  

where 
aug 

A = A + B G C + BdGdCd. Then 2 2 2  aug 
r 

a - 
aG2 

Noting that 

tr[HLAc] T = "I'l 0 

(A.13) can be simplified to get 

= [B; 0 

( A .  13)  

(A. 14)  

(A. 15) 

Also from the definition of we have 
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- tr[q~] = - a tr{ a 
aG2 3% 

L 

- 1  

= -  a tr{ 
aG2 O 1  

C;G;F~G~C~ o I 

- 2  

= 2F2G2[C2 OIL ( A .  16) 

Combining (A.15) and (A.16), the condition (A.lO) can be written in the 

expanded form as 

as', 
L - -  - 2{F2G2[C2 OIL 

aG2 
+ [Bl 0 } = O  (A. 17) 

In j2, the terms containing G are 5 and A . Therefore as before d C 

aT2 
- = -  a {tr[qL] + 2tr[HLAT]} 
aGd aGd C 

( A .  18) 

Again noting that in A A and M are part of the optimal con- c' 1 1 
troller 1 (u ), the only free gains Gd to be adjusted are those appear- 

ing in A and Caug. Then 

1 

aug 

The matrix on the right hand 

a = -  
aGd 

side of (A.19) can be written as 

(A.19) 

(A. 20) 
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which gives 

a - 
aGd 

(A.21) 

Further, similar to the procedure used to get ( A . 1 6 ) ,  we have 

tr[qL] = 2F2dGd[Cd OIL (A.22) 
a - 

aGd 

Combining (A.21) and (A.22), (A.ll) can be written in the expanded form 

as 

0 I + ' Bd ] THL } ( A. 2 3)  
M1 cu 

(A.81, ( A . 9 ) ,  (A.17) and (A.23) together give the necessary condi- 

tions f o r  the simultaneously optimality of the augmentation controller 

u2 and the display control law Ed. 
- 
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APPENDIX B - 
THE OPTIMAL CONTROL PILOT MODEL -- - 

The optimal control approach to human operator modeling was 

developed by Kleinman, Baron and Levison in the early 1970's.  Since 

that time it has been used successfully to model manual pilot behaviour 

in a variety of complex tasks. A brief discussion of the actual model. 

is given here as it forms the basis for the synthesis and analysis of 

display augmentation designs presented in this report. More detailed 

discussion of the structure of the model can be found in [ 6 ]  and [13]. 

The model is based on the assumption that a "well-motivated" human 

pilot adjusts his gains and compensation f o r  the vehicle and task such 

that an objective function, J is minimized, subject to human limita- 

tions. Typically a piloting task, aircraft and display dynamics are 

represented in the block diagram shown in Figure (B.l) and by the time 

invariant differential equation 

P' 

- 
x(t) = z(t) + bu (t) + Di(t) 

P 
where the A matrix can be an agregation of task, plant and control sys- 

tem dynamics. The vehicle states are represented by the vector x(t) 

while u (t) is the pilot input (assumed to be scalar here for the pur- 

poses of explanation - multi-input tasks are easily accomodated within 
P 

the framework of the model) and w(t) is a "white" noise disturbance with 

intensity W. 

An output vector 7 (t) represents those variables which the pilot 
can observe, either through the cockpit display, out the windows or by 

P 

the "seat of his pants". His observations are given by the relation 
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t 
0 > 

I >  

--- 

1 

Q 
3 



- 
Y P ( t )  = 

where T is  a pu re  d e l a y  a 
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CX( t -T)  + du (t-T) + V ( t - T )  
P Y (B.2)  

s o c i a t e d  w i t h  t h e  i n h e r e n t  d - l a y  i n  t h e  

p i l o t ’ s  p e r c e p t i o n ,  and 

s i t y  V. which models t h e  i m p e r f e c t i o n  i n  t h e  p i l o t ‘ s  o b s e r v a t i o n s .  
Y 

i s  a v e c t o r  wh i t e  n o i s e  p rocess  w i t h  i n t e n -  
Y 

The p i l o t ’ s  t a s k  i s  r e f l e c t e d  i n  t h e  min imiza t ion  of a q u a d r a t i c  

performance index  of t h e  form 

* l T  2 ‘2 J p ( p  ) = E{lim r I ( C qix: + N + gu ) d t }  
P P T+- 0 i=l  

s u b j e c t  t o  p i l o t  o b s e r v a t i o n s  y (a)  f o r  t ime u < t and wi th  c o s t  func-  

t i o n a l  weight ings  q > 0 ,  r > 0 ,  and g > 0. 
P 

i 

I n c l u s i o n  of t h e  c o n t r o l  r a t e ,  u i n  t h e  c o s t  f u n c t i o n  n a t u r a l l y  

l e a d s  t o  a f i r s t  o r d e r  l a g  i n  t h e  p i l o t ’ s  c o n t r o l  law ana logous  t o  t h e  

neuromotor l a g  of the McRuer c r o s s o v e r  p i l o t  model [14 ] .  The t i m e  con- 

P’  

s t a n t  of the l a g ,  fu r the rmore ,  may be a d j u s t e d  through v a r i a t i o n  o f  t h e  

c o n t r o l - r a t e  weight ing  c o n s t a n t ,  g. 

By d e f i n i n g  a new s t a t e  v e c t o r  as 

t h e  augmented system can be  r e p r e s e n t e d  as (u ( t )  = p O ( t ) )  
P 

w i t h  

A b  

*o = [. .] ’ bo = r] ’ Do = F] 
The minimizing c o n t r o l  l a w  i s  

w i t h  
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A 

where T ( t )  i s  t h e  c u r r e n t  e s t i m a t e  of the  s t a t e  y ( t ) ,  and KO is t h e  

unique  p o s i t i v e  d e f i n i t e  s o l u t i o n  of t h e  R i c a t t i  Equat ion 

ATK + K A  + Q  - -  K b bTK = .O 
0 0  0 0  0 g 0 0 0 0  

w i t h  Qo = d i a g ( q i ,  r). Expanding t h e  opt imal  c o n t r o l  l a w  as  

( B . 7 )  

where p ( t )  i s  t h e  c u r r e n t  e s t i m a t e  of  t h e  system s t a t e  x , ( t ) ,  and le t -  

t i n g  

i 

by i t e r a t i n g  t h e  c o n t r o l - r a t e  weight ing,  g ,  t h e  e q u i v a l e n t  l a g  t i m e  con- 

, can be a d j u s t e d  t o  a d e s i r e d  value.  The c o n t r o l  l a w  s t a n t ,  T = - 
l n+ l  

1 

c a n  then  be w r i t t e n  as 

where 

* 
u ( t )  = -feat) 

w i t h  

( B . l O )  

(B. 11) 

1 e = T n [ l l s  12, In] 

From t h e  human o p e r a t o r  viewpoint,  an  e x a c t  c o n t r o l  i n p u t  is no t  

p o s s i b l e .  

i n  t h e  c o n t r o l  equa t ion ,  o r  

This u n c e r t a i n t y  i s  modeled by t h e  a d d i t i o n  of motor n o i s e  vm 

(B.12) 

where vm(t )  is a Gaussian "white" n o i s e  sou rce  w i t h  i n t e n s i t y ,  V,. The 
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controller gains previously calculated are assumed to remain, the same in 

the presence of motor noise. This assumption reduces the human operator 

model to sub-optimal control behadour. 

The current state estimate is derived from the combination of a 

Kalman state estimator and a least mean square predictor. The system is 

rewritten as 

(B. 13) 

where 

A1 = 1 - '1 ' bl = rl] - 
n n 

c1 = [ C  I dl , D l = l  2 
n 

The disturbance noise has the form <:(t) = [GT(t), v (t)] with covari- 

T 

m 

ance matrix 

E{<l(t)<:(a)) = WIG(t-o) (B.14) 

- 
The Kalman filter generates an estimate, X(t) of the model states 

(B.15) 
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where the  e r r o r  cova r i ance  m a t r i x ,  C i s  the  s o l u t i o n  of 
1’ 

A ~ C ~  + z,AT + D ~ ~ D ~  - c c T v -1 clcl = o 
1 1  (B .16)  

The leas t  mean squared p r e d i c t o r  i s  governed by t h e  equa t ion  

- 
S ( t )  = A l r ( t )  + b l p ( t )  (B.17) 

F i n a l l y ,  t h e  c u r r e n t  s t a t e  e s t ima te  is found by combining the  Kalman 

s t a t e  estimate and t h e  p r e d i c t e d  s t a t e  through t h e  r e l a t i o n  

- - *IT 2. - 
d t )  = U t )  + e [x(t--T) - S ( t - ~ ) l  ( B . 1 8 )  

I n  o r d e r  t o  app ly  t h e  opt imal  c o n t r o l  model, i t  i s  necessa ry  t o  

know t h e  v a r i o u s  human response parameters T,T ,V ,V i n t roduced  above. 

Pub l i shed  d a t a  i n  manual c o n t r o l  [14] i n d i c a t e s  t h a t  t y p i c a l  va lues  f o r  

t h e  e f f e c t i v e  t i m e  d e l a y  are ~=0.15-0.25 secs .  The neuromotor l a g  t i m e  

n y m  

c o n s t a n t  T i s  of t h e  o r d e r  of T =0.1-0.6 secs wi th  T -0.1 being t y p i c a l  

[23] .  It should be noted t h a t  r e s u l t s  r epor t ed  i n  [14]  i n d i c a t e  t h a t  T 

v a r i e s  i n v e r s e l y  wi th  f o r c i n g  func t ion  bandwidth. 

n n n- 

n 

I n v e s t i g a t i o n  of t h e  p r o p e r t i e s  of human c o n t r o l l e r  remnant [24]  

have shown t h a t  t h e  sou rces  of remnant can be modeled on the  b a s i s  of 

c o n s t a n t  n o i s e  t o  s i g n a l  r a t i o s .  Thus t h e  o b s e r v a t i o n  n o i s e  a s s o c i a t e d  

w i t h  t h e  ith observed v a r i a b l e  yi has an  i n t e n s i t y  

= Pyi E I Y i I  (B. 19) 

where t h e  c o n s t a n t  p i s  based on t h e  human c o n t r o l l e r ’ s  a t t e n t i o n  
Y i  

be ing  l i m i t e d  t o  t h e  ith obse rva t ion  only.  S i m i l a r l y ,  t h e  motor-noise 

v,(t) i s  modeled t o  have an i n t e n s i t y  g iven  by 

(B.20) 2 v m = Pu EIupI 

The c o n s t a n t s  p and p are re fe r r ed  t o  as o b s e r v a t i o n  n o i s e  r a t i o  and 
Y i  U 
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motor-noise r a t i o  r e s p e c t i v e l y ,  and are g e n e r a l l y  s p e c i f i e d  i n  terms of  

t h e i r  d e c i b e l  va lues .  Model matching a n a l y s e s  have shown v a l u e s  of 

P =0.01n (-20 dB) and pu=0.003a (-25 dB) t o  provide a good f i t  w i t h  

exper imenta l  d a t a  f o r  manual c o n t r o l  t a s k s  i n v o l v i n g  s i n g l e - a x i s  t r a c k -  
Y i  

i n g .  These r a t i o s  have much h i g h e r  v a l u e s  f o r  complex m u l t i - c o n t r o l  

t a s k s .  Since t h e  n o i s e  i n t e n s i t i e s  a r e  s p e c i f i e d  as r a t i o s  of t h e  c l o s e d  

l o o p  i n t e n s i t i e s  of t h e  c o r r e s p o n d i n g  s i g n a l s ,  an  i t e r a t i v e  p r o c e s s  i s  

n e c e s s a r y  t o  de te rmine  t h e  o p t i m a l  c o n t r o l  model f o r  which t h e  r e l a t i o n s  

(B.19) and (B.20) are s a t i s f i e d .  

S t u d i e s  of  human p e r c e p t i o n  a b i l i t i e s  have shown t h a t  i f  a q u a n t i t y  

y .  is disp layed  e x p l i c i t l y  t o  t h e  human o p e r a t o r ,  he can e x t r a c t  t h e  
1 

r a t e  of change of t h a t  q u a n t i t y ,  y Thus t h e  r a t e s  of t h e  d i s p l a y e d  

q u a n t i t i e s  should be i n c l u d e d  i n  t h e  p i l o t ' s  o b s e r v a t i o n  v e c t o r  7 . 
Furthermore,  i f  t h e  human c o n t r o l l e r  has  more t h a n  one e x p l i c i t l y  

i' 

P 

d i s p l a y e d  o b s e r v a t i o n  a v a i l a b l e  t o  him, h i s  a t t e n t i o n  i s  d i v i d e d  between 

t h e  var ious  d i s p l a y s .  The e r r o r  induced due t o  t h i s  d i v i s i o n  o f  a t t e n -  

t i o n  i s  modeled by modifying t h e  o b s e r v a t i o n  n o i s e  c o r r e s p o n d i n g  t o  t h e  

ith disp layed  v a r i a b l e  as 

(B.21) 

where (Vo) 

t o t a l  a t t e n t i o n  a l l o c a t e d  t o  t h e  ith observed v a r i a b l e  and h a s  l i m i t i n g  

i s  as g iven  by Eqn. (B.19). Here f is t h e  f r a c t i o n  of 
Y ii i 

v a l u e s  a t  no a t t e n t i o n  ( f  =0) and f u l l  a t t e n t i o n  ( f  -1) [ 1 5 ] .  The v a l u e s  

o f  f a r e  g e n e r a l l y  de te rmined  on t h e  basis of  t h e  importance of t h a t  

p a r t i c u l a r  o b s e r v a t i o n  i n  s u c c e s s f u l l y  accomplishing t h e  t a s k  as modeled 

i i 

i 

by (B.3). 
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I f  a p a r t i c u l a r  s i g n a l  y i s  very smal l  i n  magnitude, t h e  human i 

c o n t r o l l e r  may n o t  be a b l e  t o  d e t e c t  i t s  non-zero va lue  ( v i s u a l  t h r e s -  

h o l d )  o r  may choose not  t o  r e a c t  t o  t h e  small p e r t u r b a t i o n s  ( i n d i f f e r -  

ence  t h r e s h o l d s ) .  T h i s  aspect of t h e  human c o n t r o l l e r  i s  modeled by 

modifying t h e  o b s e r v a t i o n  n o i s e  i n t e n s i t y  cor responding  t o  t h e  i 
t h  

d i s p l a y e d  v a r i a b l e  as 

( B . 2 2 )  

2 where a = E(y } and N i s  t h e  d e s c r i b i n g  f u n c t i o n  of a dead-zone ele- 

ment [ 6 ] .  (V ) i s  as obta ined  from ( B . 2 1 )  and a i s  t h e  va lue  of t h e  

t h r e s h o l d  f o r  t h e  ith o b s e r v a t i o n .  Pyscophys ica l  s t u d i e s  have shown t h a t  

Y i  i 
I 

Y ii i 

t h e s e  t h r e s h o l d s  t y p i c a l l y  correspond t o  v a l u e s  of 0.05 deg and 0.15 

d e g l s e c  a t  t h e  p i l o t ' s  eye. Also, a r e a s o n a b l e  v a l u e  f o r  t h e s e  t h r e s -  

h o l d s  i s  t h e  minimum r e s o l u t i o n  marking on t h e  d i s p l a y .  

F i n a l l y ,  combining ( B . 1 9 1 ,  ( B . 2 1 1 ,  and ( B . 2 2 1 ,  t h e  i n t e n s i t y  of t h e  

o b s e v a t i o n  noise v t o  be used i n  ( B . 2 )  t o  model t h e  i m p e r f e c t i o n s  i n  

t h e  p i l o t ' s  o b s e r v a t i o n s ,  is  obtained t o  be 

Y i  

w i t h  a l l  t h e  r e l e v a n t  q u a n t i t i e s  def ined  as above. 

( B . 2 3 )  
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APPENDIX - C 
ANALYSIS RESULTS FOR K/s 2 PLANT 

-- 
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APPENDIX D - 
DATA AND ANALYSIS RESULTS FOR F-15 AIRCRAFT -- --- 



TABLE D.1: TRIM CONTIIONS FOR F-15 MODEL 

Altitude 

A n g l e  of Attack 

P i t c h  Angle 

l l a c h  Number 

1 7  e 1 o c i t y 

T h r u s t  

\Ye i gh t 

E l e v a t o r  

Dynamic Force 

0 
h 

a 
0 

00 

*O 

vO 

TO 

wO 

6eo 

9s 

32,000 ft. 

11° 

11° 

.4775 

470.9 ft/sec 

6270 l b f  

40,700 l b f  

-4.76O 

55,821.1 lbf 
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