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ABSTRACT 

T h e  u t i l i t y  of arigmcntinp, d i s p l a y s  t o  a i d  t h e  human o p e r a t o r  i n  
c o n t r o l l i n p  h i g h  o r d e r  c o m p l e x  s y s t e m s  i s  well known. 
' e v a l u a t i o n s  o f  v a r i o u s  d i s p l a y  d e s i g n s  f o r  a s i m p l e  k l s  p l a n t  i n  a com- 
p e n s a t o r y  t r a c k i n g  t a s k  i isinp, a n  O p t i m a l  C o n t r o l  ?lode1 (OCfT) of human 
h e h a v i o r  i s  c a r r i e d  o u t .  T h i s  a n a l y s i s  r e v e a l s  t h a t  s i E n i f i c a n t  
i m p r o v e m e n t  i n  p e r f o r m a n c e  s h o u l d  h e  o h t a i n e d  by s k i l l f u l  i n t e p r a t i o n  of 
k e v  i n f o r m a t i o n  i n t o  t h e  d i s p l a y  d y n a m i c s .  The  c o o p e r a t i v e  c o n t r o l  syn-  
t h e s i s  t e c h n i q u e  p r e v i o u s l y  d e v e l o p e d  t o  d e s i g n  p i l o t - o p t i m a l  c o n t r o l  
a u g m e n t a t i o n  i s  e x t e n d e d  t o  i n c o r p o r a t e  t h e  s i n u l t a n e o i i s  d e s i g n  of  p e r -  
f o r m a n c e  e n h a n c i n g  aup.mented d i s p l a y s .  The  a p p l i c a t i o n  o f  t h e  c o o p e r a -  
t i v e  c o n t r o l  s y n t h e s i s  t e c h n ' q u e  t o  t h e  d e s i E n  o f  aup,mented d i s p l a y s  i s  
d i s c u s s e d  f o r  t h e  s i m p l e  k / s  p l a n t .  T h i s  t e c h n i q u e  is  i n t e n d e d  t o  pro-  
v i d e  a s y s t e m a t i c  a p p r o a c h  t o  d e s i g n  o p t i m a l l y  ai ip ,pented d i s p l a y s  
t a i l o r e d  f o r  s p e c i f i c  t a s k s .  

9 n a l y t i c a l  
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\ l i t h  t h e  a d v e n t  of  h i g h  performance a i r c r a f t ,  t h e  amount of i n f o r -  
n a t i o n  t o  he p rocessed  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 i g n e d  t a s k  h a s  i n c r e a s e d  t r emendous ly .  T t  h a s ,  t h e r e f o r e ,  become 
c r i t i c a l  t o  d e t e r m i n e  and l i m i t  i n f o r m a t i o n  t o  t h e  h e s t  i n f o r m a t i o n a l  
s e t  n e e d e d  by t h e  p i l o t  s o  a s  t o  r educe  h i s  workload and improve h i s  
performance hy r e d u c i n g  complex unusua l  t a s k s  t o  s impler ,  f a m i l i a r  
ones.  The n e e d  €or  p r o v i d i n g  aup,mented d i s p l a y s  t o  t h e  p i l o t  t o  a c h i e v e  
t h i s  o h j e c t i v e  i s  v e r y  w e l l  u n d e r s t o o d .  I n  t h e  p r e s e n t  p a p e r ,  a n a l y t i -  
c a l  e v a l u a t i o n  of  v a r i o u s  d i s p l a y  "Quicken ing"  c o n t r o l  laws f o r  a s i m p l e  
k / s  p l a n t  i s  carr ied ou t .  The e v a l u a t i o n  i s  done f o r  a t r a c k i n g  t a s k  
u s i n 5  a n  O p t i n a l  C o n t r o l  hlodel (OChf) [ l ]  of human hehav io r .  

2 

A methodology t o  d e s i g n  p i l o t - o p t i m a l  d i s ~ l a y / c o n t r o l  a u E n e n t a t i o n  
sys t ems  which a n a l y t i c a l l y  t a k e s  i n t o  accoun t  t h e  c o n t r o l  and informa- 
t i o n  p rocess inE  l i m i t a t i o n s  of  t h e  human c o n t r o l l e r  i s  proposed. T h i s  
methndolozy i s  a n  e x t e n s i o n  of t h e  c o o p e r a t i v e  c o n t r o l  s y n t h e s i s  tech-  
n i q u e  p rev io i i s ly  developed t o  d e s i g n  p i l o t  o p t i m a l  c o n t r o l  augmen ta t ion  
[ 2 , 3 , 4 ] .  Though t h e  proposed methodology h a s  heen developed so as  t o  be 
a p p l i c a b l e  t o  s i m u l t a n e o u s  s y n t h e s i s  of  p i l o t  optimal. c o n t r o l  augmenta- 
t i o n  and d i s p l a y  a u g m e n t a t i o n ,  t h e  p r e s c n t  d i s c u s s i o n  f o c u s e s  on t h e  
a p p l i c a t i o n  of t h e  t e c h n i q u e  t o  d i s p l a y  r1esip;n o n l y .  

?he c o o p e r a t i v e  d i s p l a y  d e s i g n  t e c h n i q u e  i s  a p p l i e d  t o  s y n t h  s i n e  5 performance enhanc ing  aiip.mented compensatory d i s p l a y s  f o r  t h e  k/s p l a n t  
i n  t h e  t r a c k i n p  t a s k .  The d i s p l a y s  t h u s  o h t a i n e d  show improved t r a c k i n g  
performance f o r  milch reduced mean s q u a r e  p i l o t  i n p u t  when e v a l u a t e d  
u s i n g  the nC??l. Tloreover,  t h e  methodology o f f e r s  c o n s i d e r a b l e  p o t e n t i a l  
a s  a t o o l  f o r  p r o v i d i n g  a s y s t e m a t i c  approach  t o  t a s k  t a i l o r i n g  of aug- 
mented d i s p l a y s .  

T T .  DTSPLAY 1)ESTCN FOR k / s 2  PLAYT 

Consider  t h e  k / s  p l a n t  dynarnics a s  d i s c u s s e d  hy Klienman e t  a l .  i n  

__- -- -- 
2 

I l l .  The system s t a t e  e q u a t i o n s  a re  

1 0  

o r  i n  c o n c i s e  form 

- 
x = A x + n u + D w 

o 0 0 

Frere k=1 i n . / i n .  and t h e  s t a t e  x ( t ) ,  a f i r s t  o r d e r  Flarkov p r o c e s s  
I hav ing  a break f r e q u e n c y  of  2 r a d s / s e c ,  3s  t h e  v e l o c i t y  of t h e  command. 

w ( t >  has  i n t e n s i t y  \J = 0.217 t o  g i v e  E{x } = 0.054 i n .  
1 
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= x = e: e r r o r  
Y1 2 

= x + x = e: e r r o r  r a t e  ( 2 . 2 )  
y2 1 3 

where t h e  p i l o t  i s  assumed t o  he a h l e  t o  r e c o n s t r u c t  t h e  e r r o r  r a t e  hy 
ohservinp, t h e  e r r o r  i t s e l f .  For  t h e  OCF.1 model, t h e  p i l o t ' s  c o s t  func- 
t i o n  i s  t aken  t o  he 

( 2 . 3 )  3. '2 . T ( u )  = E r e  } + r E { u  } 

where "r" i s  chosen so  a s  t o  F ive  a nei i rovuscular  l a g  t i n e  c o n s t a n t ,  
T = 0.1 s e c s .  

N 

For a l l  t he  a n a l y s i s  ca r r i ed  o u t  i n  t h j s  s e c t i o n ,  t h e  f o l l o w i n g  
p a r a n e t e r s  were se t  f o r  t h e  OC?! p i l o t  model 

a. P i l o t ' s  O b s e r v a t i o n  t i m e  d e l a y  s e t  t o  0.2 seconds  

b. Obse rva t ion  n o l s e  r a t i o  was s e t  a t  -20 dR 

c .  Plotor n o i s e  r a t i o  vas s e t  a t  -25 dR 

d .  The w e i g h t i n g  on t h e  c o n t r o l  r a t e  i n '  t h e  p i l o t ' s  c o s t  f u n c t i o n  
was aJways a d j u s t e d  t o  y i e l d  'I = 0.1 secs. u 

e. Very low v a l u e s  of t h r e s h o l d s  were used f o r  t h e  o h s e r v a t i o n s  
Fade a v a i  l a h l e  t o  t h e  p i1  o t  . 

With t h e  ahove p a r a m e t e r  s e t t i n g s ,  t h e  OC?I a n a l y s i s  of s y s t e m  
(2.1)-(2.?) gave r e s u l t s  t h a t  are  compa t ih l e  w i t h  those  g iven  i n  [ l ] .  
These r e s u l t s  are  a s  shown i n  t h e  l a s t  row of Table  1 .  

Wext c o n s i d e r  t h e  display dynamics liaviny, the form 

(1 
x = a x  + t i  

d d d  

d 
w i t h  t h e  d i s p l a y  q u i c k e n i n g  c o n t r o l  1 1  Riven hy 

( 2 . 4 )  

( 2 . 5 )  

where 7 
t h e  d i s p l a y  and C is t h e  set  of d i s p l a y  c o n t r o l  g a i n s  heinp, d e t e r m i n e d ,  
o r  

i s  t h e  v e c t o r  of p l a n t  ou tp r i t s  which a r e  a v a i - l a h l e  € o r  d r i v i n g  d 
d 

The dynariics of t h e  d i s p l a y  arrgmented system can then  he w r i t t e n  as 
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The p i l o t ’ s  o h s e r v a t i o n s  f o r  t h e  d i s p l a y  augmented s y s t e m  are  

Y 2  = Xd 

where i t  i s  a g a i n  assumed t h a t  t h e  p i l o t  i s  a b l e  t o  r e c o n s t r u c t  t h e  r a t e  
of d i s p l a y  by o b s e r v i n g  t h e  d i s p l a y e d  v a r i a b l e  i t s e l f .  The p i l o t ’ s  per-  
formance o b j e c t i v e  f o r  t h e  d i s p l a y  augmented system is  t o  minimize t h e  
c o s t  

L‘itli t h e  above f o r m u l a t i o n  i n  m i n d ,  t h e  p e r f o r n a n c e  of t h e  d i s p l a y  
augmented s y s t e m  i s  e v a l u a t e d  u s i n g  t h e  OC?‘ model f o r  v a r i o u s  valties of 
a and v a r i o u s  comhina t ions  of t h e  d i s p l a y  c o n t r o l  g a i n s  C, . Two c a s e s  
o!! 7 
by tfie e r r o r ,  i .e .  s t a t e  x , and t h e  second i s  when 7 c o n s i s t s  of  b o t h  
t h e  e r r o r  as  w e l l  a s  t h e  p j a n t  v e l o c i t y  s t a t e  x 

are  c o n s i d e r e d .  The f i r s t  i s  when t h e  d i s p l a y  s t a t e  qs d r i v e n  o n l y  

d 
3’ 

This i s  t h e  s i m p l e s t  p o s s i b l e  c a s e  f o r  d i s p l a y  of t h e  form ( 2 . 4 ) .  
Fo r  t h i s  c a s e  t h e  d i s p l a y e d  v a r i a b l e  i s  j u s t  lagged e r r o r .  The d i s p l a y  
dynamics a r e  g i v e n  hy 

(2.10) 

where g i s  t h e  d i s p l a y  c o n t r o l  g a i n  on s t a t e  x . For g = -a (2.10) 
c a n  he $ $ i t t e n  i n  t r a n s f e r  f u n c t i o n  form as z a 2  d 

-a 
Xd(S) = -- a X 2 ( d  

s-ad 
( 2 . 1 1 )  

S i n c e  x = e ,  i t  i s  c l e a r  from ( 2 . 1 1 )  t h a t  i n  t h e  s t e a d y  s t a t e  t h e  
d i s p l a y e d  v a r i a h l e  w i l l  c l o s e l y  approx ima te  t h e  e r r o r .  2 

The OChi r e s u l t s  f o r  v a r i o u s  v a l u e s  of a a r e  p r e s e n t e d  i n  Table.  1. 
The r e s u l t s  of Tab le  1 a r e  a l s o  p l o t t e d  i n  Ffg.  1 and Fig.  2 ,  and 
co r re spond  t o  t h e  c u r v e  marked 0 .  From t h e s e  p l o t s  i t  i s  c lear  t h a t  
w i t h  on ly  e r r o r  d r i v i n g  t h e  d i s p l a y ,  t h e  p i l o t ’ s  performance i s  worse 
t h a n  t h e  i d e a l i z e d  no -d i sp lay  c a s e .  A s  a + - 0 0 ,  t h e  p i l o t ‘ s  performance 
approaches  t h a t  of the c a s e  w i t h  no d i s p l a y  aiif lmentation. The no- 
d i s p l a y  case which then  c o r r e s p o n d s  t o  a n  i n f i n e t l y  f a s t  d i s p l a y  is  n o t  
d e s i r n h l e  because  of t h e  i n h e r e n t  l i m i t a t i o n s  on  t h e  p i l o t ’ s  a b i l i t y  t o  
p e r c e i v e  f a s t  chanp,iny, s i g n a l s ,  and t h e  n e e d  t o  p rov ide  f i l t e r i n g  of t h e  
n o i s y  o u t p u t s .  I t  might  be r e a s o n a b l e  t o  se lec t  a d i s p l a y  which h a s  a 
slip, i t l y  h i g h e r  bandwidth than  t h e  p i l o t ,  so a i n  t h e  range -10 t o  -20 
s e c  i s  d e s l r a h l e  s i n c e  t h e  p i l o t ’ s  ninimiim neuro-muscular lap, t ime 
c o n s t a n t  i s  a p p r o x i m a t e l v  0.1 SCCS. 

d 

-\ d 
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For t h i s  case, t h e  d i s p l a y  dynamics have t h e  form 

+ Rd2x2 + gd3X3 x d = a x  
d d 

d i  ' i 
where g i = 2 ,  3 i s  t h e  d i s p l a y  g a i n  on t h e  s t a t e  x . 

(2 .12 )  

S ince  x , ( t )  i s  t h e  p l a n t  v e l o c i t y  s t a t e ,  t h e  above form of d i s p l a y  
w i l l  p rov ide  l e a d  i n f o r m a t i o n  t o  t h e  p i l o t .  The p i l o t ' s  performance can  
t h e n  h e  expec ted  t o  i v p r o v e  as t h e  Rain p i s  i n c r e a s e d .  

d 3  

oC!f a n a l y s i s  i s  car r ied  o u t  f o r  two val i ies  of a : -10 and -20 
-1 = -a a n i  pd7 i s  v a r i e d  f r o n  sec . Tor each  of these v a l u e s  of  a d ,  R~~ 

1 t o  h i n  s t e p s  of 1.  The resiilts of t h i s  a n a l y s i s  a r e  p r e s e n t e d  i n  
Tab le  2 and a r e  a l s o  p l o t t e d  i n  F i g .  1 and Fig.  2 s o  a s  t o  compare them 
w i t h  t h e  c a s e  of g = 0. T t h e  two f i g u r e s ,  t he  ciirve marked 
c o r r e s p o n d s  t o  a G 3 - l O  sec and t h a t  marked 0 t o  ad = -20 s e c  

d 

-Q -P . d 

F ig .  1 i s  R p l o t  of mean s q u a r e  e r r o r  v s .  mean squa re  c o n t r o l  r a t e  . 
( t i )  f o r  t h e  v a r i o u s  d i s p l a y  cases d i s c u s s e d  above and F ig .  2 i s  a p l o t  
o f  mean square e r r o r  vs .  t h e  mean s q u a r e  c o n t r o l  i n p u t  ( 1 1 ) .  The p o i n t  
m a r k e d  A c o r r e s p o n d s  t o  t h e  no d i s p l a y  c a s e  i n  t h e  two f i g u r e s .  From 
t h e s e  two f i g u r e s  i t  i s  c l e a r  t h a t  t h e  mean squa re  i n p u t  and t h e  mean 
s o u a r e  c o n t r o l  r a t e  h o t h  d e c r e a s e  as t h e  d i s p l a y  c o n t r o l  g a i n  p, i s  
i n c r e a s e d .  \?hat i s  most i n t e r e s t i n g  i s  t h a t  t h e  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  a s  F: i s  i n c r e a s e d  and t h e n  s t a r t s  i n c r e a s i n g  beyond a 
c e r t a i n  v a l u e  of $fiat depends on t h e  c h o i c e  of t h e  d i s p l a y  bandwidth 

Yotin.@ t h a t  e a r l i e r  work [5,h]  h a s  shown t h a t  and t h e  d i s p l a y  gaqn f: 

t h e  p i l o t ' s  workload i s  d i r e c t l y  r e l a t e d  t o  t h e  m a n  squa re  c o n t r o l  
r a t e ,  t h i s  m a n s  t h a t  i t  i s  p o s s i b l e  t o  i n p r o v e  performance (of  which 
mean squa re  e r r o r  is  a n e a s i i r e )  w h i l e  a t  the same time d e c r e a s i n g  
p i l o t ' s  workload a n d  t h e  c o n t r o l  e n e r g y  r e q u i r e d  by a s k i l l f u l  i n t e g r a -  
t i o n  of key i n f o r m a t i o n  i n t o  t h e  d i s p l a y  dynamics. f f o r e o v e r ,  t h e  
r e s u l t s  i n d i c a t e  t h a t  € o r  a g i v e n  d i s p l a y  bandwidth there  i s  an o p t i m a l  
c h o i c e  o€ d i s p l a y  c o n t r o l  q a i n s  which l e a d s  t o  t h e  h e s t  p o s s i b l e  p e r f o r -  
mance. For  i n s t a n c e ,  i n  F i g u r e s  1 and 2,  p o i n t  C i s  such a n  o p t i m a l  
d i s p l a y  d e s i g n  f o r  a = -20 s e c  , and f o r  t h i s  c a s e  t h e  performance i s  
s l i R h t l y  b e t t e r  t han  t h e  no -d i sp lav  case. Meanwhile t h e  p i l o t ' s  work- 
l o a d  and t h e  c o n t r o l  e f f o r t  r e q u i r e d  a r e  ho th  s i g n i f i c a n t l y  redriced. 

d 3  

3 
d 2 '  

- 1  
d 

I t  then  a p p e a r s  d c l s i r a h l e  t o  d e v e l o p  a s y s t e m a t i c  approach t o  
d i s p l a y  augmentat ion wliich will make i t  p o s s i h l e  t o  d i r e c t l y  s y n t h e s i z e  
t h e  opt imal  d i s p l a y  d e s i g n  w i t h o u t  havinE t o  r e s o r t  t o  t r i a l  and e r r o r .  
I n  t h e  f o l l o w i n g  s e c t i o n s  an e x t e n s i o n  of t h e  o p t i m a l  c o o p e r a t i v e  con- 
t r o l  s y n t h e s i s  t e c h n i q u e  i s  proposed as  a methodology t o  s y n t h e s i z e  
p i l o t - o p t i m a l  d i s p l a y l c o n t r o l  a u g m e n t a t i o n  sys t ems .  
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TASLF. 1 : OCtf RESULTS FOR VA!?YJXG DISPLAY HNITDIJITIT?? (p: = -ad) a:! 

~ 

5 
6 

TARIX 2 :  0C:c RES111,TS FOR V A R Y I N G  T)ISPT,AY COnTTKOL GAIKS 

---- 
PI. s. 
I n p u t  

1 .117 
(in.") 

0 . 7 3 3  
0 .486 

9.248 
0,187 

0 .  7 3 9  

- - - - - -  
t1.s. 

C o n t r o l  r a t e  

58.06 I 
47.47 j 
38.49 
30.97 
25.15 I 

20.46 

I I .  OPTIPIAJ, COOPERATIVE CO,NTROI,/DJSPl,AY DESIGPJ NEHOD07,nCY - 

I n  t h i s  s e c t i o n  the m a t h e m a t i c a l  f o r m u l a t i o n  o f  t h e  c o o p e r a t i v e  
c o n t r o l  s y n t h e s i s  t e c h n i q u e  i s  p r e s e n t e d ,  and  n e c e s s a r y  c o n d i t i o n s  f o r  
t h e  s i m u l t a n e o u s  o p t i m a l i t y  of t h e  d i s p l a y  a n d  c o n t r o l  a u g m e n t a t i o n  sys- 
tems a re  d e v e l o p e d .  T h e  p r o c e d u r e  f o l l o w e d  here i s  v e r y  s i m i l a r  t o  t ha t  
of [ 3 ,  4 ) .  

C o n s i d e r  tlie d u a l  c o n t r o l l e r  s y s t e m  d e s c r i b e d  hy t h e  l i n e a r  time 
i n v a r i a n t  se t  of f i r s t  o r d e r  d i f f e r e n t i a l  e q u a t i o n s  

- 2 m m 
n -  1 -  w i t h  FER , U , E R  , ~ I , E P  and !,I a zero-mean C a u s s i a n  w h i t e  n o i s e  p r o c e s s  

wi t l i  i n t e n s i t y  1.7. Th$ two c o n t r o l s  r e p r e s e n t  t w o  p h y s i c a l l y  i n d e p e n d e n t  
c o n t r o l l e r s .  

The  d i s p l a y  d y n a m i c s  a r e  n s s u n e d  t o  h e  of t h e  form 

( 3 . 2 )  
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a md w i t h  x sl? , u sR , a n d  11 i s  t h e  d i s p l a y  qi i ickening c o n t r o l l e r .  T h e  
o h j e c t f v e  i s  $0 f i n d  t h e  o p t i m a l  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 
(Gl and G ) a l o n g  w i t i i  t h e  o p t i m a l  d i s p l a y  c o n t r o l  law 11 

d 

d "  2 

C o n t r o l l e r  1 (< ) h a s  n o i s y  o b s e r v a t i o n s  a v a i l a b l e  f o r  feedhack 1 g i v e n  by 

- 
= c  x + c  x + c n  + v  

Y 1  l o  fil d u d  Y 
( 3 . 3 )  

where 7 i s  a l s o  a zero-mean Cai iss ian w h i t e  n o i s e  p r o c e s s  w i t h  i n t e n s i t y  
v .  

Y 
Y 

The augmen ta t ion  c o n t r o l l e r  K and t h e  d i s p l a y  c o n t r o l  law a r e  2 d 
assumed t o  have n o i s e - f r e e  system o u t p u t s  7 and 7 r e s p e c t i v e l y ,  
a v a i l a b l e  fo r  f eedback ,  where 2 d '  

( 3 . 4 )  

Note t h a t  t h e  above f o r m u l a t i o n  does n o t  a l l o w  feedback of t h e  d i s p l a v  
s t a t e s  i n t o  t h e  augmen ta t ion  c o n t r o l l e r  II 2 '  

F i n a l l y ,  t h e s e  two 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  
o u t  pri t f eed  back  form 

- - - 
112 = c 2 y 2  = c, c x 

2 2 0  

( 7 . 5 )  

which i s  c o n s i s t e n t  w i t h  t h e  d e s i r e  f o r  s i m p l e ,  e a s y  t o  implement con- 
t r o l  l a w .  

The i n t e r a c t i o n  hetween t h e  d i f f e r e n t  c o n t r o l 1  ers i s  shown i n  t h e  
b l o c k  diaErarn of F i g u r e  3. 

DESTCF! OBJECTIVES: 

C o n t r o l l e r  1 i s  t o  be o p t i m a l  w i t h  respect t o  t h e  c o s t  
T 

.J = E{lirn 
T- tm 

i n  t h e  p r e s e n c e  of t h e  
i nd i c a t  es t h e  ex pec t e d  

1 (3 .6)  

a c t i o n  of c o n t r o l  i n p i i t s  T,, a n d  U 
v a l u e  o p e r a t o r  a n d  t h e  weiji ,hting m a t r i c e s  a r e  

Itere F { * }  
d '  

O, F > n. 
1 

- 
C o n v e r s e l y ,  C o n t r o l l e r  2 (11 ) and t h e  d i s p l a y  c o n t r o l  law 11 a r e  t o  2 d h e  o p t i m a l  w i t h  r e s p e c t  t o  the c o s t  
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i n  t h e  p r e s e n c e  of t h e  c o n t r o l  a c t i o n  3 
0 > 0 ,  0 > 0,  R > 0 ,  F > 0,  F > 0 .  Augmenting t h e  system dynam- 
i c s  (3.1)  w i t h  t h e  z i s p l a y  ?lynamics2f7.2),  t h e  s t a t e - s p a c e  d e s c r i p t i o n  
of t h i s  augmented s y s t e m  i s  o b t a i n e d  t o  he 

The w e i g h t i n e  m a t r i c e s  a r e  1 '  
2 0  2d 

- -  
OefininR 7 = CnJ, ( x ,  x d ) ,  (3 .8)  can h e  w r i t t e n  i n  a compact form 

w i t h  a p p r o p r i a t e  d e f i n i t i o n s  f o r  t h e  m a t r i c e s  as 

The o u t p u t s  can  s i m i l a r l y  he  w r i t t e n  a s  

(3.10) 

The two c.ost f u n c t i o n s  can t h e n  he  e x p r e s s e d  i n  terms of t h e  aug- 
n e n t e a  s t a t e  v e c t o r  5 a s  

(3 .11)  

where t h e  w e i g h t i n g  m a t r i c e s  0 and a r e  a p p r o p r i a t e l y  d e f i n e d .  
1 2 

- 
SC)T,IITIOF Fnr - 

1 '  

Tn t h e  p r e s e n c e  of t h e  a c t i o n  of c o n t r o l  i n p u t s  u and u as  g i v e n  
2 d '  hy ( 3 . 5 ) ,  t h e  dynamics of t h e  augmented system a r e  o b t a i n e d  t o  be 

wtiere 

A A - ( A + B G C  + R C C )  
auE = 2 2 2  d d d  

and the performance index  

c ( C  + CI,CdCd) 
an/: = 1 

.J becomes 
1 

m 

(3.12) 

(3.13) 

( 3 . 1 4 )  
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E q u a t i o n s  ( 3 . 1 2 )  and ( 3 . 1 4 ) ,  i n  the c a s e  of u n c o r r e l a t e d  p r o c e s s  
and  measurement  n o i s e s  and f o r  V > 0 ,  d e s c r i b e  t h e  s t a n d a r d  non- 
s i n g u l a r  l i n e a r  q u a d r a t i c  G a u s s i a n  r e g u l a t o r  prohlem.  When s t a h i l i z a -  
h i l i t y  and d e t e c t a h i l i t y  c o n d i t i o n s  f o r  t h e  s y s t e m  a r e  s a t i s f i e d ,  t h e  
o p t i m a l  c o n t r o l l e r  is  known 1 7 1  t o  have  t h e  form 

V 

A 

I I  = k l F  
1 

( 3 . 1 5 )  
A 

where  i s  t h e  minimum mean-square es t imate  of t h e  s y s t e v  s t a t e  v e c t o r  
X *  
- 

The g a i n  m a t r i x  k i s  g i v e n  hy 1 
-1 T 
1 1  

k l  = -R R P (3 .16)  

w i t h  P > 0 t h e  symmet r i c  s o l i l t i o n  of the a l g e h r a i c  R i c a t t i  e q u a t i o n  

The dynamics  of t h e  s t a t e  e s t i m a t o r  a r e  . 
(3 .17 )  

(3.18) 

wliere t h e  Kal.man f i l t e r  p i i n  m a t r i x  h l  i s  g i v e n  bv 
1 

l b l  = C cT "-I (3 .19)  
1 aw? Y 

w i t h  C > r) t h e  symmet r i c  s o l u t i o n  o f  the a l g e h r a i c  e q u a t i o n  

A C + C AT + nl~n' - CcT v-'c C = 0 (3.20) 
a w  attp, aul: y ai18 

SOLITTIOP! FOR 11 ANT, -11 * 2 d '  

The o p t i m a l  c o n t r o l l e r  a s  d e r i v e d  ahove  h a s  t h e  form 1 . 
A A - - - 

11 = k l X :  x = 11 X + !I y ( 3 . 2 1 )  
1 1 1 1  

A where  A = ( A  +R k -3 C ). 
1 - aup. 1 1 1 auq 

Then i n  t h e  p r e s e n c e  of t h e  c o n t r o l  a c t i o n  t h e  xystem dynijmics 
c a n  be w r i t t e n  i n  terms of t h e  augmented s t a t e  v e c t o r  5: COL (x, i) as 

I '  
I - . .  - 

which  c a n  f u r t h e r  he  w r i t t e n  i n  a compact  form w i t h  a p p r o p r i a t e  d e f i n i -  
t j o n s  of m a t r i c e s  as 

(3 .23)  
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I,J I n  
Ttie i n t e n s i t y  of t h e  p r o c e s s  w' i s  W' = [o-i+i. 

The i n d e x  of p e r f o r m a n c e  t h e n  hecomes 

( 3 . 2 4 )  

w i t h  

The  d e s i g n  o h i e c t i v e  c a n  t h e n  be s t a t e d  a s  t o  f i n d  the o p t i m a l  con-  
t r o l l e r  ;? a n d  o p t i m a l  d i s p l a y  c o n t r o l  < 
g i v e n  hy r 3 . 2 4 ) .  

w h i c h  minimize t h e  cost  .T 
d 2 as 

P r o c e e d i n p ,  i n  a way a s  d e t a i l e d  i n  1 4 1 ,  i t  c a n  h e  shown t h a t  t h e  
g a i n s  G a n d  C, w h i c h  c o r r e s p o n d  t o  t h e  s i m r i l t a n e o u s  o p t i m a l i t y  of the 
t w o  c o n t r o l l e r s  11 a n d  a re  ,given by 7 d -  

3. d 

c, 2 = -F;++ 0~111, ( 3 . 2 5 )  

and  

n 

- --T 
w i t h  T, = E l 4  (1 } s a t i s f y i n ?  t h e  r e l a t i o n  

T A 1, +  LA^ + ~ ' w D '  = o 
C C 

and  FJ s a t i s f y i n g  

T A H + I ~ A  + i i = o  
C C 

wliere tlie f o l l o . w i n r !  d e f i n i t i o n s  h a v e  h e e n  i ised 

(7.26) 

(3 .27 )  

( 3 . 2 8 )  
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Thouvh t h e  me thodo logy  deve loped  ahove  i s  a p p l i c a b l e  f o r  s i m u l  t a n e -  
oiis s y n t h e s i s  of o p t i m a l  c o n t r o l  and d i s p l a y  a r i g n e n t a t i o n ,  o n l y  t h e  
a p p l i c a t i o n  t o  d i s p l a y  d e s i g n  w i l l  he  d i s c i i s s e d  i n  t h i s  p a p e r .  F o r  t h e  
case of d i s p l a y ,  d e s i g n  o n l y ,  t h e  c o n t r o l l e r  E i s  i n a c t i v e  and t h e  sys -  
t e m  dynamics  and c o r r e s p o n d i n g  c o n d i t i o n s  f o r  o p t i m a l i t y  a r e  a c c o r d i n g l y  
s i m p l i f i e d .  

2 

TV. APPLTCATTOK OF DT SPLAY nFSTGN !lF.THOnOT,OCY TO k / s  PI,A?I'T - - 
A compute r  code  was deve loped  t o  d e t e r m i n e  tlie o p t i m a l  d i s p l a y  con- 

t r o l  g a i n s  us inp ,  t h e  ahove  methodologv.  The d e t a i l s  of  a s i m i l a r  con- 
p u t e r  code a re  documented  i n  141. The a l g o r i t h m  i s  i t e r a t i v e  i isinp, a 
g r a d i e n t  s e a r c h  t e c h n i q u e .  Given 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  ( i n c l r i d -  
i n g  t h e  n u l l  m a t r i x )  t h e  d i s p l a y  g a i n s  t h a t  s a t i s f y  t h e  c o n d i t i o n s  of  
o p t i r n a l i t y  a s  s t a t e d  i n  S e c t i o n  111 are d e t e r m i n e d .  

2 The dynamics  o f  t h e  k / s  , p l a n t  augmented w i t h  t h e  d i s p l a y ,  a re  a s  
i n  S e c t i o n  11. 
d e s i g n  f o r  t h e  c a s e  of a = -2Osec w i t h  h o t h  x3 and x d r i v i n g  t h e  
d i s p l a y  w i l l  he d i s c u s s e f l .  

The a p p l i c a t i o n  of  - f h e  methodology t o  o p t i m a l  d i s p l a y  

3 

The c o n t r o l l e r  < i s  a n a l o g o u s  t o  t h e  c o n t r o l  r a t e  < of  t h e  OC>I, 1 so i n  o r d e r  t o  h e  c o n s i s t e n t  w i t h  t h e  p i l o t ' s  s t a t e d  o h j e E t i v e  of regu-  
l a t i n f :  t h e  d i s p l a y ,  t h e  c o s t  J i s  d e f i n e d  a s  

1 
3 2 .J = E(x-}  + R ) ? { i l l }  

1 d I ( 4 . 1 )  

where  R i s  c h o s e n  so as  t o  s a t i s f y  t h e  r e q u i r e m e n t  of T = 0.1 s e c o n d s  
f o r  t h e  p i l o t ' s  ne i i ro-muscular  l a g .  A l s o  t h e  p r o c e s s  n o i s e  and the 
measurement  n o i s e  i n  t h e  problem f o r m u l a t i o n  are  c h o s e n  s u c h  t h a t  the  
c o n t r o l l e r  f o r  t h e  heg inn iny ,  d i s p l a y  dynamics  i s  c o m p a t i h l e  w i t h  t h e  
OC?f model c o r r e s p o n d i n E  t o  tlie dynamics .  ("he r e a d e r  i s  r e f e r r e d  t o  141 
f o r  d e t a i l s  o f  how t o  a c h i e v e  t h i s ) .  

1 v 

I 

The cost  J i s  d e f i n e d  as  2 
J2 = 0 E{e 2 1 + R 2 E { u I }  2 + F E{u 2 } 

e 2d d 

wliich i s  r e f l e c t i v e  of t h e  o v e r a l l  o h j e c t i v e  of r e d u c i n g  the  t r a c k i n g  
e r r o r  throuy,h tlie means of  a n  " i n t e l l i g c n t "  d i s p l a y .  No te  t h a t  i n  
( 4 . 2 1 ,  F2d n e e d s  t o  h e  p o s i t i v e  r l c f i n i t e  i n  o r d e r  t o  g e t  a f i n i t e  
o p t i m a l  s o l u t i o n  t o  t h e  prohlem.  Ilowever,  s i n c e  t h e  d i s p l a y  c o n t r o l  
d o e s  n o t  r e f l e c t  a n y  measu re  of enery ,y ,  t h e  w e i g h t i n g  F may h e  c h o s e n  
s m a l l  s u c h  t h a t  i t s  c o n t r i h r i t i o n  t o  tlte c o s t  J i s  n o t  significant. F o r  
t h e  r e s u l t s  p r e s e n t e d  i n  t h i s  s e c t i o n  F 

26 
= 0.6nl  was u s e d .  2d 

The r e s u l t s  o b t a i n e d  us inR  t h e  o p t i m a l  c o o p e r a t i v e  d e s i g n  me thodo l -  
opy  f o r  v a r i o u s  v a l u e s  of  n and T? a r e  p r e s e n t e d  i n  T a b l e  3. F o r  a 1 1  
t h e s e  c a s e s  t h e  s t a r t i n g  d i s p l a y  g a i n s  were t a k e n  t o  be  C, = [2O, 01. 
Tn "ah le  3 t h e  o p t i m a l  d i s p l a y  g a i n s  a r e  l i s t e d  as we11 as t h e  r e s u l t s  
of e v a l  r i a t i o n  of tlie c o r r e s p o n d i n g  ai ignentet l  dynamics  u s i n g  t h e  OCM. 
The  p a r a m e t e r s  t h a t  d e f i n e  t h e  O C l  were s e t  t o  t h e  v a l u e s  s t a t e d  i n  Sec- 
t i o n  TI. T h e  OC!f a n a l y s i s  resiilts f o r  tlte n o - d i s p l a y  c a s e  and t h e  c a s e s  

e 2 
d 
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- 1  
of  Gd = [20,  01 and cd = [20, 31 f o r  ad = -2Osec 
Tah le  ’3 t o  p rov ide  a comparison.  The r e s u l t s  o f  Tah le  3 a re  a l s o  p l o t -  
ted i n  F i y i i r e s  4 and 5 .  

a r e  a l s o  l i s t e d  i n  

b:ote t h a t  a s  t h e  r e l a t i v e  weiEhtinp, on t h e  e r r o r  is i n c r e a s e d  i n  
the c o s t  J ? ,  tlic op t ima l  c o o p e r a t i v e  d i s p l a y  d e s i p n  methodology does 
l e n d  t o  d i s p l a y  g a i n s  wliich g i v e  improved performance 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 .  Tlitis t h i s  inPthodolop,y, through a p r o p e r  
c h o i c e  of weir,htinc.s i n  t h e  c o s t  f u n c t i o n  .T Drovides a s y s t e m a t i c  
approach  t o  desip,n o f  t a s k - t a i l o r e d  d i s p l a y  augmen ta t ion .  2 ’  

Also no te  t h a t  f o r  a l l  t h e  5 cases of d i s p l a y  d e s i g n  u s i n g  t h i s  
methodology, t h e  f i n a l  o p t i m a l  d i s p l a y  g a i n s  were such t h a t  t h e  p e r f o r -  
mance i s  s i g n i f i c a n t l y  improved as conpared t o  t h e  heRinninp. d i s p l a y  and 
a t  t h e  same t ine  t h e  workload (:i) and c o n t r o l  e f f o r t  ( u )  are  c o n s i d e r -  
a b l y  reduced. I f  t h e  w e i g h t i n g  on t h e  e r r o r  i s  made h i g h  enough ( c a s e s  
4 and 51 ,  performance comparable  t o  t h e  no d i s p l a y  c a s e  and t h e  h e s t  
case co r re spond ing  t o  C. = [ ? O ,  31 of S e c t i o n  T I  i s  o b t a i n e d  f o r  s i r , n i -  
f i c a n t l y  reduced workload and c o n t r o l  e f f o r t .  Ff r e o v e r  i t  i s  c l e a r  t h a t  
f o r  the d i s p l a y  handwifith such t h a t  a = -20sec performance b e t t e r  
t h a n  t h a t  of r a s e  5 c a n n o t  he obtained. Tncreasiny, t h e  weip.ht on e r r o r  
i n  t h e  c o s t  f u n r t i o n  . J2  any f u r t h e r  w o u l d  o n l y  have t h e  e f f e c t  of l ead -  
i n ?  t o  n d i s p l a y  desiKn r e q u i r i n y :  h i g h e r  c o n t r o l  e f f o r t  w i t h o u t  any 
n o t i c e a b l e  iqarovemcnt i n  performance.  

d 
-P 

TAR1.E 3 :  OClf TIF:SIJJ,TS FOR OPTT?fAJ, DTSPIAYS FOR k / s L  PLANT 
-1 a d = -2nsec , Gd = fp,,,, rd31 

CnF’C1,I’S T P I S  
__-_I- 

3 Throtip,h nC1 a n a l y s i s  of a s i m p l e  k/s’- p l a n t  i t  was shom t h a t  t h e  
performance of a hiimnn c o n t r o l l e r  can  he improved and h i s  workload sip,- 
n i f i c a n t l y  redriced hy  p r o v i d i n g  him a n  a c t i v e  d i s p l a y  which i n t e g r a t e s  
i n f o r s a t i o n  f o r  t l i t  sy s t em dynamics h e i n r  c o n t r o l l e d .  A methodology 
baser! on tlie optimal c o o p e r a t i v e  c o n t r o l  s y n t h e s i s  t e c h n i q u e  was slip;- 

ges t e r l  a s  a neans t o  s y n t h e s i z e  optimal.  d i s p l a y  g a i n s ,  t a i l o r e d  f o r  
s p e c i f i c  t a s k s .  
was discr issed a n d  t h e  resul ts  p r e s e n t e d  show t l i a t  t h e  metl-iodolof:y has  
p o t e n t i a l  f o r  providiny.  a s v s t e m a t i c  approach t o  d i s p l a y  d e s i g n .  

The a p p l i c a t i o n  of t h i s  methodoloEy t o  t h e  Ids2 p l a n t  

18.64 
23.72 
24.78 
31.58 
32.40 
54.73 
67.44 
38.49 
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T h e  resu l t s  o b t a i n e d  f o r  t h e  k / s 2  p l a n t  need t o  he  e x p e r i m e n t a l l y  
v e r i f i e d  w i t h  man i n  t h e  l o o p  s i n i i l a t i o n  i n  o r d e r  t o  v a l i d a t e  the 
d i s p l a y  d e s i g n  methodology. Research i n  t h e  a r e a  of a p p l y i n g  the pro- 
posed d e s i g n  methodology t o  hjf:h o r d e r  rlynamical systems i n  a complex 
mu1 t i - c o n t r o l  task s c e n a r i o  i s  p r e s e n t l y  ongoing and t h e  p r e l i m i n a r y  
resul ts  a r e  q u i t e  encoiirap,inyz. 
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NOMENCLATURE 

@ Only x2 d r i v i n g  d i s p l a y ,  a d  - -5. -10, -20. -50, -100 

A - no d i s p l a y  

@ ad = -10, gd2 = 10, gd3 = 1, 2 ,  3.  4 ,  5 ,  6 

B - gd3 = 2 

- gd3 a 

FIG. 1 PERFORMANCE VS WORKLOAD 
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NOM EN CLATURE 

@ Only x2 dr iv ing  d i sp lay ,  ad  = -5, -10. -20. -50, -100 

A - no d i sp lay  

- gd3 = 2 

c - 8d3 = 3 

@ ad = -20. gd = 2 0 ,  gd3 = 1 ,  2 ,  3. 4 ,  59 6 

FIG. 2 PERFORMANCE VS CONTROL EFFORT 
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KO?E?ENCLATURE 

A :  N O - D I S P L A Y  

B: Gd = ( 2 0 ,  0) 

C: 

1: 

2 :  

3:  

4 :  

5: 

Gd = [20, 31 

Q, = 1, R~ = 20 x 

Q, = 2 ,  R~ = i o  
Q, = 4, R~ = i o  

-5 Q, .= 2 ,  R = 20 x 10 2 

-5 
Q, 4 .  R2 = 5 x 10 

OPT% D l S P L k Y S  

FIG. 5 -  PERFOR’fi’CE VS COKTROL EFFORT FOR OPTIMAL DlSPLAYS 
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