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ABSTRACT 

More complex a i r c r a f t  and miss ion  requirements  w i l l  r e q u i r e  l a r g e r ,  f a s t e r  
d i g i t a l  computers t o  perform a v a r i e t y  of f u n c t i o n s .  For a d a p t i v e  c o n t r o l ,  
c o n t r o l l e r  g a i n s  are computed as a f u n c t i o n  of  f l i g h t  c o n d i t i o n s .  For m u l t i -  
state problems, h i g h  speed computing i s  r e q u i r e d  t o  perform m a t r i x / v e c t o r  and 
matrix/matrix o p e r a t i o n s  i n  o r d e r  t o  compute t h e s e  c o n t r o l l e r  g a i n s .  

Continued s a f e  o p e r a t i o n  of t h e  p l a n t  has  t o  be  maintained i n  t h e  event  of  
sensor  f a i l u r e .  Accommodation of s e n s o r  f a i l u r e s  r e q u i r e s  a system math 
model t h a t  o p e r a t e s  i n  real-time. The model, used t o  c a l c u l a t e  a n  e s t i m a t e  
of t h e  f a i l e d  sensed v a r i a b l e ,  should i d e a l l y  b e  a f u l l  n o n l i n e a r  model. 
Curren t ly  s i m p l i f i e d  models are used because of computing l i m i t a t i o n s .  
Because of t h e  above requi rements ,  r e s e a r c h  i s  b e i n g  done t o  determine t h e  
r o l e  t h a t  o p t i c a l  computers might p l a y  i n  a i r c r a f t  c o n t r o l .  The o p t i c a l  
computer h a s  t h e  p o t e n t i a l  h i g h  speed c a p a b i l i t y  r e q u i r e d ,  e s p e c i a l l y  f o r  
matr ix/matr ix  o p e r a t i o n s .  The o p t i c a l  computer a l s o  has  t h e  p o t e n t i a l  f o r  
handl ing  n o n l i n e a r  s i m u l a t i o n s  i n  real-time. 

I n  a d d i t i o n  t o  t h e  p o t e n t i a l  h igh  speed c a p a b i l i t y  of o p t i c a l  computers, t h e y  
may a l s o  be  more compatible  w i t h  f i b e r  o p t i c  s i g n a l  t ransmiss ion .  
o f f e r  advantages over  convent iona l  w i r e  systems. One a t t ract ive f e a t u r e  of 
f i b e r - o p t i c  systems i s  immunity t o  n o i s e  genera ted  from o t h e r  e lec t romagnet ic  
sources  and immunity t o  l i g h t n i n g  s t r i k e s .  O p t i c s  a l s o  permit  t h e  use  of 
p a s s i v e  s e n s o r s  t o  measure process  v a r i a b l e s .  
s u p p l i e d  t o  t h e  sensor .  
o p t i c a l  computer may b e  avoided if t h e  o p t i c a l  s e n s o r  o u t p u t s  can b e  d i r e c t l y  
processed by t h e  o p t i c a l  computer. 

F i b e r  o p t i c s  

N o  e l ec t r i ca l  energy need be 
Complex i n t e r f a c i n g  between o p t i c a l  s e n s o r s  and t h e  
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Summary 

More complex aircraft and mission requirements will require larger, faster 
digital computers to perform a variety of functions. For adaptive control, 
controller gains are computed as a function of flight conditions. For multi 
state problems high speed computing is required to perform matrix/vector and 
matrixlmatrix operations in order to compute these controller gains. 

Continued safe operation of the plant has to be maintained in the event of 
sensor failure. Accommodation of sensor failures requires a system math model 
that operates in real-time. The model, used to calculate an estimate of the 
failed sensed variable, should ideally be a full nonlinear model. Currently, 
simplified models are used because of computing limitations. Because of the 
above requirements, research is being done to determine the role that optical 
computers might play in aircraft control. The optical computer has the 
potential high speed capability required, especially for matrix/matrix 
operations. The optical computer also has the potential for handling nonlinear 
simulations in real-time. 

In addition to the potential high speed capability of optical computers, they 
may also be more compatible with fiber optic signal transmission. Fiber optics 
offers advantages over conventional wire systems. One attractive feature of 
fiber-optic systems is immunity to noise generated from other electromagnetic 
sources and immunity to lightning strikes. Optics also permit the use of passive 
sensors to measure process variables. No electrical energy need be supplied 
to the sensor. Complex interfacing between optical sensors and the optical 
computer may be avoided if the optical sensor outputs can be directly processed 
by the optical computer. 

NASA Lewis Research Center is supporting two grants for basic research on 
optical computing and how it may be used in aeronautical applications. 
Carnegie-Mellon University is developing a hybrid electro-optic computer capable 
of performing matrix operations such as inversion, multiplication, etc. 
considers an analog optical computer. 

This work 

Ohio State University is developing a digital optical processor. This work 
centers around a liquid crystal light valve which is used to perform various 
logic operations and arithmetic operations. Both binary and residue arithmetic 
are being considered for these applications. Residue arithmetic is potentially 
more attractive because of the inherent parallelism of this type of arithmetic. 

The hybrid and digital optical processors both offer potential improvements in 
computing speed compared to all-electronic processors, but both require 
innovations in device technology before they can be used in practical 
applications. 
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I n t r o d u c t i o n  

This  paper  d i s c u s s e s  r e s e a r c h  programs sponsored by NASA L e w i s  Research Center  
f o r  work on o p t i c a l  computers. The o b j e c t i v e  of t h i s  r e s e a r c h  i s  t o  determine 
t h e  r o l e  o p t i c a l  computers may p l a y  i n  f u t u r e  a i r c r a f t  engine systems. 
o p t i c s  are attractive f o r  engine a p p l i c a t i o n s  because of  o p t i c s '  i n h e r e n t  
immunity t o  e lec t romagnet ic  i n t e r f e r e n c e  (EMI) and because o p t i c a l  s i g n a l s  can 
be  s a f e l y  t r a n s m i t t e d  through areas t h a t  c o n t a i n  e x p l o s i v e  materials. A program 
w a s  undertaken t o  develop o p t i c a l  s e n s o r s  f o r  engine  c o n t r o l .  O p t i c a l  l i n k s  were 
cons idered  t o  be  s u p e r i o r  f o r  s i g n a l  t ransmiss ions  aboard t h e  a i r c r a f t ,  e s p e c i a l l y  
f o r  off-engine mounted c o n t r o l  computers. C u r r e n t l y ,  engine c o n t r o l  computers are 
mounted on t h e  engine.  S p e c i a l  environmental  packages must b e  designed t o  p r o t e c t  
t h e  computer from t h e  h a r s h  temperature  and v i b r a t i o n  environment. Off-engine 
mounted computers would b e  l o c a t e d  i n  a more benign environment. Along w i t h  t h e  
o p t i c a l  s e n s o r s  and o p t i c a l  t ransmiss ion  l i n e s ,  o p t i c a l  computers are cons idered  
i n  t h i s  f u t u r e  technology program t o  determine i f  and how o p t i c a l  computers could 
be  used. O p t i c a l  computers are considered because of p o t e n t i a l  speed improvements 
over  convent iona l  p r o c e s s o r s .  Future  a i r c r a f t  computers w i l l  be  f a s t e r  and w i l l  
have a h i g h e r  c a p a c i t y  t o  h a n d l e  t h e  more complex engines  of tomorrow. Some of 
t h e  f u n c t i o n s  onboard computers might b e  c a l l e d  on t o  perform, i f  t h e  computers 
could o p e r a t e  i n  real-time and had t h e  r e q u i r e d  c a p a c i t y ,  are a d a p t i v e  c o n t r o l ,  
engine  c o n d i t i o n  monitor ing,  and s e n s o r  f a i l u r e  accommodation. For a d a p t i v e  
c o n t r o l  t h e  computer must perform v e c t o r / m a t r i x  and mat r ix /mat r ix  c a l c u l a t i o n s .  
These o p e r a t i o n s  are r e q u i r e d  t o  c a l c u l a t e  opt imal  c o n t r o l l e r  g a i n s  f o r  mul t i -  
v a r i a b l e  c o n t r o l .  

F i b e r  

Engine c o n d i t i o n  monitor ing r e q u i r e s  a n  a c c u r a t e  n o n l i n e a r  s i m u l a t i o n  of t h e  
engine ,  and t h i s  s i m u l a t i o n  must o p e r a t e  i n  real-time. 
a l s o  r e q u i r e s  a n o n l i n e a r  model t o  provide  a c c u r a t e  s t a t e  estimates of f a i l e d  
s e n s o r  states. R e a l - t i m e  s i m u l a t i o n  of n o n l i n e a r  systems i s ,  t h e r e f o r e ,  impor tan t  
f o r  s a f e ,  e f f i c i e n t  o p e r a t i o n .  

Sensor  f a i l u r e  accommodation 

The o p t i c a l  computer h a s  t h e  p o t e n t i a l  f o r  h igh  speed o p e r a t i o n  r e q u i r e d  f o r  
a d a p t i v e  c o n t r o l  and has t h e  p o t e n t i a l  f o r  h a n d l i n g  n o n l i n e a r  s i m u l a t i o n s  i n  real- 
t i m e .  Complex i n t e r f a c i n g  between o p t i c a l  s e n s o r s  and t h e  o p t i c a l  computer may b e  
avoided if t h e  o p t i c a l  s e n s o r  o u t p u t s  can be  d i r e c t l y  processed by t h e  o p t i c a l  
computer. NASA L e w i s  Research Center i s  s u p p o r t i n g  two g r a n t s  f o r  b a s i c  r e s e a r c h  
i n t o  o p t i c a l  computing and how o p t i c a l  computing could b e  used i n  a e r o n a u t i c a l  
a p p l i c a t i o n s .  Carnegie-Mellon U n i v e r s i t y  i s  developing a hybr id  e l e c t r o - o p t i c  
computer capable  of  performing m a t r i x  o p e r a t i o n s  such as i n v e r s i o n ,  m u l t i p l i c a t i o n ,  
e tc .  Ohio State U n i v e r s i t y  i s  developing a d i g i t a l  o p t i c a l  p rocessor .  A l i q u i d  
c r y s t a l  l i g h t  valve (LCLV) i s  used as t h e  c e n t r a l  computing element.  With t h e  
LCLV, l o g i c  o p e r a t i o n s  and a r i t h m e t i c  o p e r a t i o n s  can b e  done. 
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Hybrid Electro-Optical Processor 

Figure 1 illustrates possible steps used in calculating the optimal controller gains 
for adaptive control. From sensed information about the system to be controlled, a 
linearized model is developed using various identification techniques. Given a 
performance index, optimum control gains are calculated for the multivariable system 
by solving the Matrix Riccati Equation. At present this procedure is carried out on 
the ground. It would be desirable to do this onboard since the optimum gains could 
be updated to reflect changes in engine characteristics or variability from engine 
to engine. To do this onboard would require fast solutions to the Matrix Riccati 
Equation. Typically, a solution of the Matrix Riccati Equation rakes hundreds of 
msec on an electronic computer. Using an optical computer to perform the matrix 
operations, solution times of a msec or better-are possible. 

The Carnegie-Mellon optical vector/matrix multiplier is shown in figure 2. 
values of the components of the vector x are represented by the intensities of 
the light emitting diodes (LED) or Laser Diodes (LD). The LED outputs are 
connected to the matrix mask "A" with optical fibers. Variable transmittance of 
the cells of the "A" matrix represent the values of the elements aij. Because the 
A matrix can be bipolar, scaling and biasing to accommodate bipolar values must be 
done, These scaled, biased values are the values of the a.. elements. The product 
of the intensity and mask cell transmittance are summed anaJfocused on a linear 
detector array. This operation is performed rapidly on the optical computer 
because all operations are done in parallel. When combined with a microprocessor, 
the optical matrix/vector multiplier can be used to iteratively solve equations 
of the form Ax = y where x is unknown (figure 3). A guess is made for the x vector. 
A new x value is calculated, and when the last value of x and the new value of x 
are equal w'thin a prescribed tolerance, the solution converges and the implicit 
solution A y = x is obtained. The steady-state Matrix Riccati equation can be 
reduced to the form Ax = y and solved by this method. 

The 

-1 

A photograph of the vector/matrix multiplier hardware used in lab demonstrations 
is shown in figure 4 .  The LED array shown is sealed with white RTV compound and 
bolted to the fiberoptic element, matrix mask and detector array. 
practical application the mask used to represent the "A" matrix must be 
alterable to accommodate changing values of the elements a. . This concept 
does have the potential for rapid solutions of the Matrix klccati Equation. 

To have any 

Digital Optical Processor 

A second grant sponsored by NASA Lewis for work in optical computing is with Ohio 
State University. The objective of this work is to build and demonstrate optical 
analogs to digital components to perform various combinational and sequential logic 
functions. The main element used in this work is a liquid crystal light valve. 
Residue and binary arithmetic are both being considered for use by this optical 
computer. 

The liquid crystal light valve shown in figure 5 operates in a controlled 
birefringence mode. Birefringence means that the refractive index is different 
when the polarization is in the direction of the principal axes compared t o  
polarization at right angles to the axis. In the of f  state the cigar-shaped 
liquid crystal molecules are parallel to the glass face. This state has finite 
birefringence. 
The molecules tip as a function of the excitation and light input. 

This birefringence is decreased with application of the AC voltage. 
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Figure  6 i l l u s t r a t e s  how t h e  LCLV o p e r a t e s .  The e l ec t r i ca l  e x c i t a t i o n  can be 
a d j u s t e d  t o  e i t h e r  of  two v a l u e s .  Zero o p t i c a l  i n p u t  produces e i t h e r  no change 
i n  t h e  read  beam o r  a r o r a t i o n  of 90 i n  t h e  p o l a r i z a t i o n  of the read  beam. 
The i n t e n s i t y  of t h e  i n p u t  l i g h t  beam i s  se t  s o  the complementary r o t a t i o n  i s  
achieved when t h e  beam i s  p r e s e n t .  

0 

The f a c e  of t h e  l i q u i d  c r y s t a l  l i g h t  v a l v e  can o p e r a t e  on approximately 100 000 
s p o t s / i n 2  ( f i g u r e  7 ) .  This  enables  
t h e  LCLV t o  be used f o r  o p e r a t i n g  on 2-D a r r a y s  of b i n a r y  d a t a .  The use of 
r e s i d u e  a r i t h m e t i c  w i t h  t h i s  LCLV w i l l  make optimum use of t h e  p a r a l l e l i s m  of 
t h e  LCLV. This  LCLV, w i t h  t h e  extremely h igh  d e n s i t y  of s p o t s ,  has  p o t e n t i a l  
f o r  very l a r g e  d a t a  t r a n s f e r  rates. 

Each s p o t  i s  independent of  i t s  ne ighbors .  

Ohio S t a t e  h a s  demonstrated a number of l o g i c  f u n c t i o n s  us ing  t h e  LCLV. F igure  
8 i l l u s t r a t e s  a n  o p t i c a l  
r o t a t i o n  of p o l a r i z a t i o n  w i t h  b r i g h t  i n p u t .  A s  long  as A and B s p o t s  bo th  have 
b r i g h t  i n p u t s  t h e r e  i s  an o u t p u t .  Should e i t h e r  A o r  B go dark t h e  output  goes 
t o  ze ro .  

o p e r a t i o n .  The LCLV i s  b i a s e d  t o  produce 90' 

F igure  9 shows a n  o p t i c a l  l a t c h  c i r c u i t .  The Glan Thompson pr ism r e f l e c t s  
v e r t i c a l l y  p o l a r i z e d  l i g h t  and t r a n s m i t s  h o r i z o n t a l l y  p o l a r i z e d  l i g h t .  The LCLV 
i s  b i a s e d  t o  produce a 90 r o t a t i o n  of t h e  r e f l e c t e d  beam when t h e  i n p u t  t o  t h e  
back of t h e  LCLV is  b r i g h t .  The l a t c h  i s  configured t o  load  t h e  d a t a  i n p u t  when 
t h e  c l o c k  is  b r i g h t  (high)  and t o  s t o r e  t h e  i n p u t  when t h e  c lock  i s  dark (low). 
The s t o r e d  o u t p u t  i s  t h e  complement of  t h e  i n p u t ;  t h a t  i s ,  when t h e  i n p u t  i s  
b r i g h t ,  w i l l  b e  dark  and vice versa. I f  bo th  t h e  c lock  and t h e  i n p u t  are b r i g h t ,  
t h e  i n p u t  beam w i l l  be  r o t a t e d  90 t o  ve r t i ca l  p o l a r i z a t i o n  and pass  through t h e  
a n a l y z e r  t o  supply a b r i g h t  s i g n a l  t o  t h e  back of  t h e  LCLV. The h o r i z o n t a l l y  
p o l a r i z e d  l i g h t  from t h e  DC l i g h t  s o u r c e  w i l l  be  r o t a t e d  t o  ve r t i ca l  p o l a r i z a t i o n  
upon r e f l e c t i o n  from t h e  LCLV and w i l l  b e  r e f l e c t e d  by t h e  Glan Thompson pr ism,  
t h u s  producing a d a r k  o u t p u t  q .  When t h e  clock goes da rk ,  t h e  dark  o u t p u t  a w i l l  
remain r e g a r d l e s s  of changes i n  t h e  i n p u t .  This  occurs  because t h e  DC l i g h t  source  
w i l l  c o n t i n u e  t o  i l l u m i n a t e  t h e  back o f  t h e  LCLV through t h e  feedback loop .  
S i m i l a r  reasoning  can b e  used t o  e x p l a i n  t h e  loading  and s t o r a g e  of a dark  
i n p u t  which produces a b r i g h t  o u t p u t  6. 

0 

0 

The LCLV used i n  t h e s e  experiments  i s  very  slow, t a k i n g  hundreds of mil l isecs  
t o  o p e r a t e .  For p r a c t i c a l  systems t h e  s p a t i a l  l i g h t  modulator must o p e r a t e  
i n  msecs o r  b e t t e r  t o  achieve t h e  h igh  d a t a  rates r e q u i r e d  f o r  real-time 
computing . 
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Concluding R e m a r k s  

I n  summary, f u t u r e  a e r o n a u t i c a l  c o n t r o l  systems w i l l  b e  more complex. 
f u n c t i o n s  n o t  performed now and many f u n c t i o n s  done on t h e  ground would b e t t e r  
b e  done onboard i f  t h e  speed and c a p a c i t y  of t h e  computer were adequate .  Among 
t h e s e  f u n c t i o n s  are provid ing  a real-time engine s i m u l a t i o n  f o r  engine  c o n d i t i o n  
monitor ing and f o r  s e n s o r  f a i l u r e  accommodation. For a d a p t i v e  c o n t r o l ,  onboard 
optimum m u l t i v a r i a b l e  c o n t r o l  des ign  would be  done. For t h i s  t o  be  done, r a p i d  
s o l u t i o n s  of t h e  Matrix R icca t i  Equat ion a r e  r e q u i r e d .  O p t i c a l  computers show 
some p o t e n t i a l  f o r  a p p l i c a t i o n s  t o  engine c o n t r o l  systems because of t h e i r  
extremely h i g h  speed.  Large d a t a  t r a n s f e r  c a p a b i l i t i e s  and very  f a s t  s o l u t i o n  
of  m a t r i x  e q u a t i o n s  are p o s s i b l e .  However, much work has  t o  b e  done i n  t h e  
area of f a s t e r  s p a t i a l  l i g h t  modulators ,  o p t i c a l  r e a d / w r i t e  memories, and 
a d d r e s s a b l e  a l t e r a b l e  masks. These technology developments t o g e t h e r  w i t h  
i n t e g r a t e d  o p t i c s  may r e s u l t  i n  a p r a c t i c a l  e l e c t r o - o p t i c  computer t h a t  could 
be  used i n  engine c o n t r o l  systems. 

Many 
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ADAPTIVE r n L  

Figure  1. - Sequence of s t e p s  i n  adap t ive  c o n t r o l  a p p l i c a t i o n .  

OmICAL FIBERS 

IWUT VECTOR WK A muT 
SOLVES Y = (A> x 

Figure  2.-  Vector  matrix m u l t i p l i e r  (analog model). 
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WDULATED 
LIGHT 

SOURCES 

9 
-p 

VECTOR DETECTOR 
FY\'IRIX ARRAY 

WLTIPLIER 

- 

SOLES A X = Y FOR X 

Figure  3 . -  Solu t ion  of vec to r /ma t r ix  equa t ion  using i terative o p t i c a l  p rocessor .  

F igure  4.- I terat ive o p t i c a l  p rocesso r  hardware.  
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Figure  5.- Liquid  c r y s t a l  l i g h t  valve. 

HUGHES LIQUID CRYSTAL L I M  VALVE (LCLV) 
SPATIAL LIGHT MDDULATOR (SLM) 

LCLV LIGHT lour 
5 
a 

- 
z 

r a 
4 
a 
5 m 
a 
LL 
I 

( A R B I T R A R Y  UNIT) 

o THE LCLV ACTS LIKE A MIRROR bMICH ROTATES THE POlARIZATION CF 
A REFLECTED BENl 

o THE PrmUNT OF ROTATIDN DEPENDS ON I,, 

o ME LCLV CAN OPERATE INDEPENDu\cTLY ON THtllSAWS OF SEPARATE 
BEPMS (SPOTS) 

Figure  6.- Operat ion of l i q u i d  c r y s t a l  l i g h t  va lve .  
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Figure  7.- L iquid  c r y s t a l  l i g h t  valve f a c e  showing i n d i v i d u a l  cel ls .  

LIGHT 
S O U E  

Figure  8.- Logica l  D o p e r a t i o n  us ing  l i q u i d  c r y s t a l  l i g h t  valve. 
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LCLV ROTATES KHARIZATICIN 
WITH BRIGHT INPUT' 

F igu re  9.-  O p t i c a l  l a t c h  c i r c u i t .  
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