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ABSTRACT 

This paper r e p o r t s on the development of Charge-Coupled Device (CCD) 
a r c h i t e c t u r e s capable of performing the video image processing r e q u i r e d t o 
determine the p o s i t i o n of an o b j e c t subject t o t r a n s l a t i o n w i t h i n a t h r e e -
dimensional coordinate system. Dimensionality of input data i s reduced by 
using scene " s i g n a t u r e s , " thus enhancing processing speed. A d e s c r i p t i o n 
of a modified CCD image sensor capable of producing these signatures i s 
presented. A l l processing i s performed using analog data. A new perform­
ance index i s introduced which, when minimized, e s t a b l i s h e s o b j e c t p o s i ­
t i o n i n complex scenes. CCD a r c h i t e c t u r e s are proposed f o r determining h o r t 
z o n t a l and v e r t i c a l p o s i t i o n of the image. This research i s among the 
f i r s t t o consider the use of CCD's f o r image processing and addresses the 
important conceptual problem of generating an in p u t - o u t p u t r e l a t i o n s h i p 
f o r a r e a l - t i m e image processor which can be used f o r c o n t r o l purposes 
such as p o i n t i n g and guidance. P o t e n t i a l a p p l i c a t i o n s c i t e d i n c l u d e space­
c r a f t n a v i g a t i o n and p r e c i s i o n c e l e s t i a l image t r a c k i n g systems under 
development at the Jet Propulsion Laboratory and automation research a t 
the U n i v e r s i t y of V i r g i n i a . 

INTRODUCTION 

Recent advances i n Charge-Coupled Device (CCD) f a b r i c a t i o n provide a 
t e c h n o l o g i c a l base f o r the development of devices capable of performing 
image processing using only a few i n t e g r a t e d c i r c u i t s . This represents a 
s i g n i f i c a n t advantage i n s i z e , weight, power consumption, and speed over 
c u r r e n t s i g n a l - p r o c e s s i n g systems. Adaptive t r a n s v e r s a l f i l t e r s based on 
CCD technology combine the advantages of hardware speed and low power 
consumption w h i l e r e t a i n i n g the v e r s a t i l i t y of software and thus can be 
used as general-purpose b u i l d i n g blocks i n a signal-processing system. 

This paper r e p o r t s on the development of CCD system a r c h i t e c t u r e s . 
The system performs the image processing r e q u i r e d to determine the p o s i t i o n 
of an o b j e c t subject t o t r a n s l a t i o n w i t h i n a three-dimensional coordinate 
system. Image a c q u i s i t i o n i s not considered here, and i t i s assumed t h a t 
p r i o r to processing t o determine p o s i t i o n , some form of p a t t e r n r e c o g n i ­
t i o n i s used to ensure t h a t the ob j e c t of i n t e r e s t i s i n the scene. 

General t h e o r e t i c a l models f o r a n a l y z i n g scenes to determine image 
p o s i t i o n are not yet a v a i l a b l e . Techniques described here were developed 
e x p e r i m e n t a l l y and are based on e x i s t i n g signal-processing techniques 
such as c o r r e l a t i o n . Moment techniques are used to process simple scenes 
Image l o c a t i o n i n "complex" scenes i s accomplished v i a a new performance 
index based on the Weiner-Hopf equation. 

^Guidance and Con t r o l Section, Jet Propulsion Laboratory, C a l i f o r n i a 
I n s t i t u t e of Technology, Pasadena, C a l i f o r n i a . 
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Image l o c a t o r s Intended f o r use i n c o n t r o l systems must operate i n 
r e a l time. D i m e n s i o n a l i t y of i n p u t data i s reduced by using " s i g n a t u r e s " 
to represent the scene. This reduces the t o t a l number of data p o i n t s which 
must be analyzed and so reduces processing time. 

This research i s among the f i r s t t o consider the use of CCD's f o r video 
p a t t e r n a n a l y s i s to determine o b j e c t l o c a t i o n and addresses the important 
conceptual problem of generating an i n p u t - o u t p u t r e l a t i o n s h i p f o r an image 
processor which can be used f o r c o n t r o l purposes such as p o i n t i n g and 
guidance, 

IMAGE PROCESSING 

Processing of image data to determine o b j e c t p o s i t i o n i s considered i n 
two operations. The video data from the imaging device i s operated on t o 
reduce the amount of data to be processed, thereby improving processing 
speed as p r e v i o u s l y noted. This i s necessary to prevent "catastrophes," 
which are sudden l a r g e - s c a l e changes i n p o s i t i o n r e s u l t i n g i n loss of the 
image. These i n i t i a l operations are considered s i g n a l processing or 
f e a t u r e e x t r a c t i o n , e.g. edge d e t e c t i o n and s p a t i a l frequency f i l t e r i n g . 
The f e a t u r e s output by the s i g n a l processor are then operated on by the data 
processor to determine o b j e c t p o s i t i o n . These two major d i v i s i o n s of the 
image processor w i l l be considered separately. 

Image data has been c l a s s i f i e d here according to scene type. A simple 
scene contains only a s i n g l e o b j e c t and has p i x e l i n t e n s i t y values governed 
by two p r o b a b i l i t y d i s t r i b u t i o n s w i t h d i f f e r e n t mean values - one f o r the 
object i n the scene and one f o r the background. Complex scenes may c o n t a i n 
more than one o b j e c t and have p i x e l i n t e n s i t i e s governed by more than two 
d i s t r i b u t i o n s . I n a d d i t i o n , p i x e l i n t e n s i t i e s w i t h i n an object's boundary 
may be governed by more than one d i s t r i b u t i o n , a l l o w i n g i n t e r p r e t a t i o n of 
shadows and v a r y i n g gray l e v e l s on the o b j e c t ' s surface f o r a more r e a l i s t i c 
r e p r e s e n t a t i o n . 

SIGNAL PROCESSING 

2 
Mersereau and Oppenheim have shown t h a t any o b j e c t can be represented 

e x a c t l y by an i n f i n i t e number of p r o j e c t i o n s defined as f o l l o w s . The pro­
j e c t i o n of a two-dimensional array of data along the axis x i s given by 

\ ( X 2 }

 =
 ƒ f ( x l > x 2 ) d x l W 

Using only a f i n i t e number of p r o j e c t i o n s , c e r t a i n i n f o r m a t i o n about the 
image may be derived. Object l o c a t i o n may be determined from the p r o j e c t ! 
along the two p r i n c i p a l axes of the scene. These signatures are d e f i n e d f 
the s p a t i a l l y d i s c r e t e case as 

S H ( j ) = I f ( i , j ) ( 2 ) 

i 

f o r the h o r i z o n t a l s i g n a t u r e and s i m i l a r l y f o r the v e r t i c a l s i g n a t u r e , 
Sy ( i ) . This technique i s p a r t i c u l a r l y amenable to implementation using 
a CCD image sensor as the s p a t i a l l y d i s c r e t e two-dimensional data a r r a y . 
Nondestructive taps are placed as shown i n f i g . 1. The normal o p e r a t i o n 
of t h i s type of array makes i t p o s s i b l e by proper connection of the taps 
to form both h o r i z o n t a l and v e r t i c a l s i g n a t u r e s i n only two s h i f t o p e r a t i o r 
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Figure 1. Imaging array w i t h n o n d e s t r u c t i v e taps f o r image fo r m a t i o n 

DATA PROCESSING 

The r e l a t i v e p o s i t i o n of an image w i t h i n the sensor f i e l d of view may 
be determined i n one of several ways depending on the complexity of the 
scene. Image p o s i t i o n i n a simple scene may be computed using area/moment 
techniques. The area technique c a l c u l a t e s absolute image p o s i t i o n i n the 
f i e l d of view using signatures as i n p u t s . Image data i n each quadrant of 
the scene i s summed, and the sums are combined i n the conventional manner to 
compute h o r i z o n t a l p o s i t i o n . This' i s e q u i v a l e n t to summing a l l the e l e ­
ments i n each h a l f of the si g n a t u r e s . By s u b t r a c t i n g l e f t h a l f sums from 
r i g h t h a l f sums, h o r i z o n t a l p o s i t i o n i s generated. S i m i l a r processing of 
the v e r t i c a l s i g n a t u r e generates v e r t i c a l p o s i t i o n . This r e s u l t s i n the 
in p u t - o u t p u t r e l a t i o n s h i p shown i n f i g . 2, which was generated by moving 
a l i g h t square o b j e c t from l e f t t o r i g h t across a dark background. The d i s ­
advantage i n t h i s technique i s t h a t i f the image i s smaller than a quadrant 
of the f i e l d of view, image p o s i t i o n reaches a maximum asymptotic value 
according to image s i z e . To avoid t h i s problem, the moment technique i s 
used, Signatures are formed as described above. P r i o r t o summing, each 
element i s weighted by i t s distance from the midpoint of the scene. The 
l e f t h a l f sum of the h o r i z o n t a l s i g n a t u r e now becomes 

LEFT = t w ( j ) S H ( j ) j<n/2 (3) 

j 

The i n p u t - o u t p u t r e l a t i o n s h i p f o r the a l g o r i t h m i s shown i n f i g . 3. Again, 
the shape and maximum value of the i n p u t - o u t p u t r e l a t i o n s h i p i s dependent 
on the image. The output may be normalized by d i v i d i n g by the sum of a l l 
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Figure 2. Result of unweighted area s u b t r a c t i o n 
I n d i c a t e d p o s i t i o n versus a c t u a l o b j e c t p o s i t i o n 

Figure 3. Result of unnormalized weighted area s u b t r a c t i o n 
I n d i c a t e d p o s i t i o n versus a c t u a l o b j e c t p o s i t i o n 

p i x e l i n t e n s i t y values i n the scene, i . e . by the sum of a l l elements of 
e i t h e r s i g n a t u r e . This has the added advantage t h a t p o s i t i o n data i s now 
immune to changes i n i l l u m i n a t i o n l e v e l . A window may be placed around a 
given area of the scene by r e p l a c i n g scene s i g n a t u r e elements ou t s i d e the 
desired window l o c a t i o n w i t h zeros. Area/moment techniques may be used to 
analyze simple scenes c o n t a i n i n g only one o b j e c t . I f more than one o b j e c t 
i s present, the scene i s complex and more s o p h i s t i c a t e d processing tech­
niques must be used. 

Object l o c a t i o n i n complex scenes has t r a d i t i o n a l l y been accomplished 
by template matching v i a c o r r e l a t i o n techniques. Image data i s c o r r e l a t e d 
w i t h template data p o i n t by p o i n t u n t i l a maximum i s achieved. The cross 
c o r r e l a t i o n i s normalized by d i v i d i n g by the scene i n t e n s i t y at the tem­
p l a t e l o c a t i o n . Processing a l l the elements i n a two-dimensional array 
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using a microcomputer i s slow enough t o preclude r e a l - t i m e o p e r a t i o n . Scene 
signa t u r e s are again used to reduce the amount of data which must be processe 

Template data i s i n the form of a s i g n a t u r e and may be s t o r e d 
a p r i o r i or generated from the video data r e p r e s e n t i n g the f i r s t frame of 
the c u r r e n t t r a c k i n g sequence. The template s i g n a t u r e i s c o r r e l a t e d 
against the scene si g n a t u r e f o r the a p p r o p r i a t e dimension, using a new 
performance based on the Weiner f i l t e r . The goal of t h i s performance index 
i s t o minimize the d i f f e r e n c e between the template and scene s i g n a t u r e s . 
R e l a t i n g t h i s s i g n a t u r e a n a l y s i s to Weiner f i l t e r i n g , the template 
si g n a t u r e becomes the i n p u t s i g n a l and the c u r r e n t scene si g n a t u r e i s the 
output. Since i t i s desired to d r i v e the c o n t r o l system such t h a t the image 
p o s i t i o n w i t h i n the sensor f i e l d of view i s constant, the desired output 
of the image l o c a t i o n system i s j u s t the template s i g n a t u r e . 

The Weiner f i l t e r attempts t o minimize the d i f f e r e n c e between the 
i n p u t - o u t p u t cross c o r r e l a t i o n and the i n p u t - d e s i r e d output cross c o r r e ­
l a t i o n . This may be seen to be the same as minimizing the d i f f e r e n c e 
between the cross c o r r e l a t i o n of template and scene signatures and the 
a u t o c o r r e l a t i o n of the template s i g n a t u r e . P o s i t i o n data i s expressed as 

X = k;min J ( k ) W 

where the performance index J ( k ) i s given by 

J( k ) = I Auto(k) - Cross(k) j • Auto(k) (5) 

Auto(k) i s the a u t o c o r r e l a t i o n of the h o r i z o n t a l template s i g n a t u r e , and 
Cross (k) i s the cross c o r r e l a t i o n of the h o r i z o n t a l template and scene 
signat u r e s . P o s t m u l t i p l i c a t i o n by the a u t o c o r r e l a t i o n i s the n o r m a l i z i n g 
f a c t o r e q u i v a l e n t to d i v i d i n g by image b r i g h t n e s s . 

The i n p u t - o u t p u t r e l a t i o n s h i p of t h i s performance index i s shown i n 
f i g . 4 and may be seen t o be l i n e a r as opposed to t h a t of the area/moment 
technique, which i s h i g h l y n o n l i n e a r . I t must be pointed out t h a t the cor­
r e l a t i o n technique produces s p a t i a l l y d i s c r e t e outputs corresponding to 

Figure 4. I n p u t - o u t p u t r e l a t i o n s h i p of c o r r e l a t i o n t r a c k e r 
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p i x e l s eparation i n the given dimension; i n t e r p o l a t i o n of p o s i t i o n data to 
less than ±1/2 p i x e l i s , t h e r e f o r e , more d i f f i c u l t than i n the case of the 
area/moment technique, which provides continuous p o s i t i o n output. This 
makes the area/moment technique superior to c o r r e l a t i o n f o r p r e c i s i o n 
t r a c k i n g a p p l i c a t i o n s i n which the image w i l l always be w i t h i n the l i n e a r 
range of the i n p u t - o u t p u t r e l a t i o n s h i p . 

PROPOSED CCD ARCHITECTURES 

The cross c o r r e l a t i o n of two i n p u t s may be accomplished i n hardware 
using a t r a n s v e r s a l f i l t e r of the form shown i n f i g . 5. Mavor and Denyer 3 

describe such an analog c o r r e l a t o r , which uses s i n g l e t r a n s i s t o r FET tap 
weights to perform f o u r quadrant m u l t i p l i c a t i o n . The device uses MOS 
capaci t o r s to s t o r e the reference data w h i l e the i n p u t data i s s h i f t e d i n t o 
a s e r i a l i n - p a r a l l e l out (SIPO) s h i f t r e g i s t e r . The devices described here 
are s i m i l a r i n p r i n c i p l e but use SIPO s h i f t r e g i s t e r s t o hold both reference 
and i n p u t data. The conventional template matching process involves a 
template which i s a subset of the i n p u t s i g n a l , i . e . the template contains 
fewer samples than the s i g n a l against which i t i s c o r r e l a t e d . Each time a 
c o r r e l a t i o n i s to be performed, the array to be s h i f t e d must be loaded w i t h 
zeros, the data s h i f t e d i n and c o r r e l a t i o n performed, and as the l a s t e l e ­
ment of data enters the s h i f t r e g i s t e r , t r a i l i n g zeros must be appended. 
Signature processing c o r r e l a t e s two sample s t r i n g s of equal l e n g t h . 

Another method f o r performing the s h i f t i n g o p e r a t i o n i s by r e c i r c u ­
l a t i o n . This may be accomplished using the m u l t i p l e x e d i n p u t r e c i r c u l a t i n g 
s h i f t r e g i s t e r (RSR) shown i n f i g . 6. Data i s entered i n t o the array by 
t u r n i n g o f f the r e c i r c u l a t e gate (RG) and p u l s i n g the i n p u t gate (IG) u n t i l 
N samples have been entered i n t o the N-element r e g i s t e r . Once f i l l e d , IG 
i s turned o f f and RG pulsed to r e c i r c u l a t e the data. Charge i s t r a n s f e r r e d 
from c e l l 1 to c e l l 2, etc. i n the normal manner, but charge enters c e l l 1 
from c e l l N r a t h e r than from the i n p u t . The d r a i n element i n the center of 
the array was introduced by Barbe^ as an antiblooming device f o r CCD imag­
in g sensors. I t i s used here t o cl e a r the array p r i o r to e n t e r i n g new data. 
The s t r u c t u r e i s arranged i n a closed r i n g to reduce n o n l i n e a r i t y and 
increase speed. A r e c t i l i n e a r a r c h i t e c t u r e would r e q u i r e t h a t the charge 
i n c e l l N be sensed and fed back t o the i n p u t f o r r e i n j e c t i o n . The added 
r e i n j e c t i o n and sensing of charge i s slower than d i r e c t c e l l - t o - c e l l 
t r a n s f e r . Also, t h e r e i s n o n l i n e a r i t y inherent i n charge i n j e c t i o n not 
present i n d i r e c t t r a n s f e r . I t i s t h e r e f o r e d e s i r a b l e to confine the charge 
w i t h i n the CCD s t r u c t u r e as much as po s s i b l e . The disadvantage i n t h i s 
r e c i r c u l a t i n g s h i f t r e g i s t e r a r c h i t e c t u r e i s th a t w h i l e data i s being c i r c u ­
l a t e d , the r e g i s t e r i s u n a v a i l a b l e to e x t e r n a l i n p u t s ; t h i s slows processing. 

An a l t e r n a t i v e which allows simultaneous l o a d i n g and r e c i r c u l a t i o n i s 
shown i n f i g . 7. Two RSR's are arranged i n conc e n t r i c c i r c u l a r arrays w i t h 
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O GATES FOR INTERNAL CHARGE TRANSFER 

Figure 7. CCD dual array r e c i r c u l a t i n g s h i f t r e g i s t e r (DARSR) 

a d r a i n c e l l at the center. The values i n the inner r e g i s t e r may be 
r e c i r c u l a t e d w h i l e simultaneously loading the outer array w i t h new data. 
Operation of the dual-array r e c i r c u l a t i n g s h i f t r e g i s t e r (DARSR) i s sum­
marized as f o l l o w s . P r i o r to data e n t r y , the device i s cleared.. Two 
successive p a r a l l e l t r a n s f e r s move data from the outer to the inner a r r a y , 
then from the inner array to the d r a i n . New data i s s h i f t e d s e r i a l l y i n t o 
the outer a r r a y , then moved by p a r a l l e l t r a n s f e r to the inner a r r a y . Data 
may now be loaded i n t o the outer array as before w h i l e simultaneously c i r ­
c u l a t i n g the data i n the inner a r r a y . Data i n the inner array i s the data 
used i n the c u r r e n t computation. New data i s entered by f i r s t moving the 
data i n the inner array to the d r a i n , then t r a n s f e r r i n g data from the outer 
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to Inner array and f i n a l l y s e r i a l e n t r y of new data i n t o the outer array 
and simultaneous c i r c u l a t i o n of inner array data. 

The DARSR may now be used to implement the data processing algorithms 
described above. E n t e r i n g tap weights of plus and minus one r e s u l t s i n the 
area s u b t r a c t i o n a l g o r i t h m . Weights corresponding t o the s i g n a t u r e element's 
distance from the scene center implement the moment a l g o r i t h m . Tap weights 
corresponding t o the elements of the template s i g n a t u r e are used to r e a l i z e 
the performance index of equation (5) f o r o b j e c t l o c a t i o n i n complex scenes. 

The c o r r e l a t i o n i s performed using the a r c h i t e c t u r e of f i g . 5 where 
the s h i f t r e g i s t e r s c o n t a i n i n g the data are DARSR1s. I n the case of complex 
scene a n a l y s i s , the cross c o r r e l a t i o n of scene and template signatures and 
the a u t o c o r r e l a t i o n of template s i g n a t u r e are performed i n two i d e n t i c a l 
c o r r e l a t o r s . The cross and a u t o c o r r e l a t i o n s are then entered i n t o the 
a r c h i t e c t u r e of f i g . 8. The comparator detects the i n p u t element w i t h the 
l a r g e s t value and assigns a value of +1 to the corresponding tap weight, 
r e s u l t i n g i n computation of the absolute value of the d i f f e r e n c e of the 
cross and a u t o c o r r e l a t i o n s . The r e s u l t i s p o s t m u l t i p l i e d by the autocor­
r e l a t i o n t o ensure t h a t the comparison of c o r r e l a t i o n s i s made only over the 
domain of d e f i n i t i o n of the ob j e c t of i n t e r e s t w i t h i n the template scene. 

DEVICE DESIGN AND FABRICATION 

A program i s underway at the Jet Propulsion Laboratory t o e s t a b l i s h 
a Very Large Scale I n t e g r a t i o n (VLSI) design c a p a b i l i t y by t r a i n i n g system 
engineers i n device design, The goal i s t o improve the e f f i c i e n c y of the 
design process by a l l o w i n g design of c i r c u i t s d i r e c t l y i n VLSI r a t h e r than 
t r a n s l a t i n g from c o n v e n t i o n a l breadboards. One area of i n t e r e s t i n v o l v e s 
the design of CCD devices. The t r a n s v e r s a l f i l t e r s are being designed as 
3-phase double poly devices. Tap weights are formed using the s i n g l e 
t r a n s i s t o r MOSFET four quadrant m u l t i p l i e r per Denyer. 3 Tap weight values 
are s t o r e d i n CCD s h i f t r e g i s t e r s as explained above r a t h e r than on chip 
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Figure 8. CCD implementation of performance index of equation (5) 
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c a p a c i t o r s . The devices w i l l use Tompsett i n p u t s w i t h r i o a t i n g gate 

a m p l i f i e r s . 

APPLICATIONS 

The Guidance and C o n t r o l and Automated Systems Sections at the Jet 
Propulsion Laboratory are c u r r e n t l y developing techniques f o r i n c o r p o r a t i n g 
e l e c t r o - o p t i c p o s i t i o n measurement i n t o c o n t r o l systems. Image t r a c k i n g 
has a p p l i c a t i o n s i n r o b o t i c s and t e l e o p e r a t o r systems, spacecraft naviga­
t i o n , and p r e c i s i o n p o i n t i n g of science imaging cameras. I t i s t o the 
l a t t e r two a p p l i c a t i o n s t h a t these CCD image processing devices are p a r t i ­
c u l a r l y aimed. The p r e c i s i o n p o i n t i n g and t r a c k i n g system i s a c o n t r o l 
system which w i l l employ i n e r t i a l , n a v i g a t i o n , and t a r g e t - r e f e r e n c e d video 
t r a c k i n g i n p u t s to p r e c i s e l y p o i n t science imaging cameras at s p e c i f i c 
c e l e s t i a l objects f o r science data a c q u i s i t i o n and n a v i g a t i o n . A system 
s t a b i l i t y of 0.2 arc-second (one eighteen thousandth of one degree) f o r 
t a r g e t - p l a t f o r m r e l a t i v e angular v e l o c i t i e s of 400 arc-seconds per second 
i s the performance o b j e c t i v e of t h i s system. Immediate a p p l i c a t i o n i s 
intended f o r use on the Comet Rendezvous Mission t e n t a t i v e l y scheduled f o r 
launch i n 1985. The P r e c i s i o n P o i n t i n g and Tracking System (PPTS), which 
i s responsible f o r p o i n t i n g the science imaging cameras at the comet, con­
t a i n s a Target Body Tracker, which performs a l l image processing necessary 
to e s t a b l i s h the p o s i t i o n of the image w i t h i n the sensor f i e l d of view. 
Mission requirements i n c l u d e l o c a t i o n of the comet c e n t r o i d (of b r i g h t n e s s ) 
to c o r r e c t f o r gyro d r i f t d u r i n g t r a c k i n g sequences and p r e c i s i o n t r a c k i n g 
of such surface f e a t u r e s as may be d i s c e r n i b l e . 

Spacecraft systems are designed t o s t r i n g e n t requirements of s i z e , 
weight, and power consumption and must operate unattended f o r long periods 
of time. I n a d d i t i o n , i t i s d e s i r a b l e to maintain v e r s a t i l i t y i n the 
design of data and s i g n a l processing to accommodate changes or extensions 
i n mission requirements. The CCD devices described above could perform 
image processing i n the Target Body Tracker w i t h increased speed, lower 
power requirements, and smaller s i z e and weight than a microprocessor con­
t r o l l e d system w h i l e m a i n t a i n i n g the programmability r e q u i r e d t o adapt to 
changing mission requirements d u r i n g the rendezvous phase. The value of 
t a r g e t - r e f e r e n c e d p o i n t i n g w i l l be demonstrated by the Comet Rendezvous 
Mission and w i l l provide experience f o r the design of more s o p h i s t i c a t e d 
image-tracking systems, which could i n c o r p o r a t e p a t t e r n r e c o g n i t i o n . CCD 
image-processing hardware, and i n p a r t i c u l a r programmable t r a n s v e r s a l f i l t e r s 
such as those described here, are expected to become an important a d d i t i o n 
to the t o o l s of space e x p l o r a t i o n and r o b o t i c systems. The s p e c i a l a r c h i ­
t e c t u r e s proposed are also being used at the U n i v e r s i t y of V i r g i n i a f o r 
automation research under sponsorship of the N a t i o n a l Science Foundation. 
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