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T h i s  r e p o r t  r e p r e s e n t s  a f e a s i b i l i t y  s t u d y  o f  a n  

e l e c t r o - o p t i c a l  o b s t a c l e  avo idance  sys tem f o r  u s e  on a pos- 

s i b l e  f u t u r e  N.A.S.A. M a r t i a n  r o v i n g  v e h i c l e .  The proposed 

sy s t em makes u s e  of  t h e  r ange  f i n d i n g  a b i l i t i e s  o f  a s i n g l e  

l e n s  and t h e  f o c u s  d e t e c t i n g  p r o p e r t i e s  o f  t h e  Cadmium Su lph ide  

(CdS) p h o t o c e l l .  By a p p l i c a t i o n  of  t h e  e q u a t i o n s  o f  geomet r i c  

o p t i c s ,  t h e  l e n s  c h a r a c t e r i s t i c s  a r e  r e l a t e d ,  ma thema t i ca l l y ,  

t o  c e r t a i n  p r o p e r t i e s  o f  t h e  d e t e c t o r .  Next t h e  t h e o r y  o f  

o p e r a t i o n  o f  t h e  CdS c e l l  i s  i n v e s t i g a t e d  i n  t h e  c o n t e x t  o f  i t s  

a b i l i t y  t o  d e t e c t  f o c u s .  S e v e r a l  exper iments  were performed t o  

a s c e r t a i n  i t s  a b i l i t y  t o  c a r r y  o u t  t h e  nece s sa ry  f u n c t i o n s  of  

a n  onboard focus  d e t e c t o r .  

The r e s u l t s  i n d i c a t e  t h a t :  (1 )  t h e  o p t i c a l  approach t o  

r ange  f i n d i n g  i s  b a s i c a l l y  sound i f  a  s u i t a b l e  f o c u s  d e t e c t o r  

c a n  be  found;  (2) The CdS c e l l  f a l l s  f a r  s h o r t  o f  b e i n g  t h e  

s o r t  o f  d e t e c t o r  needed i n  such  a  sys tem f o r  o p e r a t i o n  on 

M a r t i a n  t e r r a i n .  

The f a i l u r e  of  CdS c e l l s  a s  a  focus  d e t e c t o r  should  n o t  

d e t r a c t  from t h e  o p t i c a l  f o c u s i n g  method. T h i s  sys tem remains 

t h e  o n l y  one o f  s e v e r a l  cons ide r ed  t h a t  becomes more a c c u r a t e  

as t h e  r ange  s h o r t e n s .  P o s s i b l y  t h e  s o l i d  s t a t e  v i d i c o n  

(Ref. 1) cou ld  be t h e  f o c u s  d e t e c t o r  t h a t  makes t h e  sys tem 

p r a c t i c a l .  
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I. INTRODUCTION 

F o r  a n  unmanned r o v i n g  v e h i c l e  on t h e  s u r f a c e  o f  Mars, 

t h e  d i s t a n c e  o f  t h e  v e h i c l e  from E a r t h  w i l l  be approx imate ly  

150,000,000 m i l e s  which e s s e n t i a l l y  p r e c l u d e s  i t s  be ing  

d i r e c t e d  by c o n t r o l l e r s  on E a r t h  due t o  t h e  1 0  minute  t r a n s i t  

t i m e  f o r  r a d i o  s i g n a l s .  

T h i s  s i t u a t i o n  makes i t  mandatory t h a t  t h e  v e h i c l e  con- 

t a i n  a n  onboard d e c i s i o n  making sys tem t h a t  w i l l  h and l e  

many o f  t h e  p o i n t - t o - p o i n t  n a v i g a t i o n a l  f u n c t i o n s  of  t h e  

v e h i c l e .  One o f  t h e  most impor t an t  problems f a c i n g  t h i s  sys tem 

w i l l  be t h a t  o f  o b s t a c l e  avo idance .  

The photographs  t a k e n  on t h e  Mar ine r  f l y -by  mi s s ions  have  

r e v e a l e d  a  s u r f a c e  which ha s  many s i m i l a r i t i e s  t o  t h a t  of  t h e  

moon e x c e p t  f o r  a tmosphe r i c  wea ther ing .  The haza rd s  p r e sen t ed  

by t h e  M a r t i a n  s u r f a c e  a r e  compl ica ted  by t h e  p resence  o f  sand 

s t o rms  and g e n e r a l l y  u n s t a b l e  a tmosphe r i c s .  

The s u r f a c e  f e a t u r e s  c an  be  lumped i n t o  two broad c l a s s i -  

f i c a t i o n s ,  namely, p o s i t i v e  and n e g a t i v e ,  which a r e  d e f i n e d  

a s  f o l l o w s .  D e t a i l s  which can  be pe rce ived  d i r e c t l y  by a  

l i n e - o f - s i g h t  d e t e c t o r  a r e  s a i d  t o  be  p o s i t i v e  wh i l e  t h o s e  

which make t h e i r  p r e sence  f e l t  by l a c k  o f  d i r e c t  p e r c e p t i o n  

a r e  cons ide r ed  n e g a t i v e .  F i g u r e  1 i n d i c a t e s  p o s i t i v e  and 

n e g a t i v e  t e r r a i n  f e a t u r e s  as s e e n  by a  l i n e - o f - s i g h t  d e t e c t o r .  

An o b s t a c l e  i s  cons ide r ed  t o  be a  f e a t u r e  which t h e  v e h i c l e  

canno t  n e g o t i a t e  d i r e c t l y  and must i n i t i a t e  maneuvers t o  a v o i d .  



2 
To d a t e ,  most avoidance systems considered have used 

p o s i t i v e  f e a t u r e  obs tac le  d e t e c t o r s  ( l ine -o f - s igh t  d e t e c t o r s ) ;  

negat ive  f e a t u r e s  being assumed wherever p o s i t i v e  f e a t u r e s  a r e  

absent  u n t i l  a new veh ic le  p o s i t i o n  provides new d a t a  t o  f i l l  

i n  t h e  gap. These systems f a l l  i n t o  t h r e e  c a t e g o r i e s :  

(1) mechanical, (2) acous t i c ,  and (3)  electromagnet ic .  

The use of mechanical " fee le r s"  i s  almost mandatory f o r  

t h i s  type of v e h i c l e .  This i s  t h e  only system capable of 

d e t e c t i n g  both c a t e g o r i e s  of f e a t u r e s  and would most l i k e l y  

opera te  wi th in  a  d i s t a n c e  of about s i x  f e e t  i n  f r o n t  and t o  

t h e  s i d e s  of t h e  veh ic le .  I t s  b a s i c  shortcoming l i e s  i n  t h e  

f a c t  t h a t  t h e  veh ic le  must approach t.0 wi th in  a  few f e e t  of 

a  f e a t u r e  t o  decide i f  passage i s  poss ib le .  This would most 

l i k e l y  e n t a i l  many r e v e r s a l s  of d i r e c t i o n  with the  a t t endan t  

phys ica l  dangers and wear associa ted  with t h i s  maneuver. This 

s i t u a t i o n  c r e a t e s  a  necess i ty  f o r  a  longer range method of 

o b s t a c l e  sens ing  (poss ib ly  t h i r t y  f e e t )  t o  augment a mechanical 

system. 

An a c o u s t i c  system, s i m i l a r  t o  sonar ,  was contemplated 

by Wright (Ref. 1). However, t h i s  approach was r e j e c t e d  

because t h e  high wind v e l o c i t y ,  when coupled with t h e  low 

Mart ian atmospheric pressure ,  approaches the  v e l o c i t y  of sound. 

A r ada r  system i s  one poss ib le  form of electromagnet ic  

obs tac le  d e t e c t i o n .  The r e l a t i v e l y  s h o r t  d i s t a n c e s  involved, 

however, cause t iming d i f f i c u l t i e s  due t o  inhe ren t  delay and 



s a t u r a t i o n  t i m e s  (Ref.  2 ) .  

Another  p o s s i b i l i t y  i s  a laser r a n g e  f i n d e r .  I n  t h i s  

case, p u l s e s  o f  c o h e r e n t  l i g h t  a r e  t r a n s m i t t e d  and t h e i r  t'imed 

r e t u r n  g i v e s  t h e  range  of  t h e  o b j e c t .  T h i s  method seems t o  

ho ld  more promise  t h a n  t h e  r a d a r  s y s t e m  and a s  s u c h ,  i s  t h e  

s u b j e c t  o f  a p a r a l l e l  e f f o r t  a t  C o r n e l l  U n i v e r s i t y .  

A l t e r n a t i v e l y ,  a n  approach u s i n g  p a s s i v e  o p t i c a l  r a n g i n g  

was proposed by Wright (Ref. 1) and w i l l  be  pursued f u r t h e r  

i n  t h i s  r e p o r t .  The c o n f i g u r a t i o n  t o  be  s t u d i e d  i s  a  s i n g l e  

l e n s  s y s t e m  w i t h  a  f o c u s  d e t e c t o r .  B r i e f l y ,  t h e  method t o  be 

s t u d i e d  is  based upon t h e  f a c t  t h a t  when a l e n s  i s  focused 

on  a n  o b j e c t  a s i m p l e  r e l a t i o n s h i p  e x i s t s  between t h e  image 

d i s t a n c e ,  f o c a l  l e n g t h ,  and o b j e c t  d i s t a n c e .  The knowledge of 

any two o f  t h e s e  q u a n t i t i e s  a l l o w s  t h e  computa t ion  o f  t h e  

t h i r d  ( F i g u r e  2 a ) .  F o r  a p a r t i c u l a r  l e n s ,  t h e  f o c a l  l e n g t h  

i s  f i x e d  and i f  t h e  image d i s t a n c e  c a n  be de termined by 

b r i n g i n g  t h e  l e n s  i n t o  f o c u s ,  t h e  o b j e c t  d i s t a n c e  c a n  be  c a l -  

c u l a t e d .  

The f i r s t  p a r t  o f  t h i s  r e p o r t  r e l a t e s  t h e  o p t i c a l  p a r a -  

m e t e r s  t o  t h e  problem of  r ange  f i n d i n g  by f o c u s  d e t e c t i n g .  

Sample c a l c u l a t i o n s  a r e  p r e s e n t e d  t o  g i v e  t h e  r e a d e r  a  fee l  

f o r  t h e  magni tudes  i n v o l v e d .  While no f o c u s  d e t e c t o r  i s  

s p e c i f i e d ,  t h e  g e n e r a l  q u a l i t i e s  o f  a n  a c c e p t a b l e  d e t e c t o r  

a r e  e s t a b l i s h e d .  



The second p a r t  d e a l s  w i t h  t h e  i n v e s t i g a t i o n  of Cadmium 

S u l f i d e  (CdS) p h o t o c e l l s  as a d e t e c t o r .  The e f f e c t s  o f  t h e  

c e l l ' s  geometry a r e  d i s c u s s e d  and s e v e r a l  e x p e r i m e n t s  a r e  

d e s c r i b e d  which i l l u s t r a t e  t h e  s t r o n g  and weak p o i n t s  o f  t h e  

CdS p h o t o c e l l  as a  f o c u s  d e t e c t o r .  

I .  THE OPTICAL SYSTEM 

O p t i c a l  R e l a t i o n s h i p s  

A s i m p l e  l e n s  w i l l  f o c u s  t h e  l i g h t  r a y s  from a  p o i n t  on 

an o b j e c t  i n  one p l a n e  ( o b j e c t  p l a n e )  i n t o  a p o i n t  i n  a n  

image i n  a n o t h e r  p l a n e  (image p l a n e )  a s  shown i n  F i g .  2a .  The 

d i s t a n c e s  o f  t h e  o b j e c t  and image p l a n e s  f rom t h e  l e n s  a r e  

r e l a t e d  t o  t h e  f o c a l  l e n g t h  of  t h e  l e n s  by t h e  f o l l o w i n g  w e l l -  

known e q u a t i o n :  

where F  i s  t h e  l e n s  f o c a l  l e n g t h ,  U i s  t h e  d i s t a n c e  of  o b j e c t  

p l a n e  f rom t h e  l e n s ,  and V i s  t h e  d i s t a n c e  o f  image p l a n e  f rom 

t h e  l e n s .  

T h i s  r e l a t i o n s h i p  h o l d s  f o r  a l l  o b j e c t s  o u t s i d e  of  t h e  

l e n s  f o c a l  l e n g t h  and g i v e s  a  method o f  d e t e r m i n i n g  t h e  o b j e c t ' s  

d i s t a n c e  f rom t h e  l e n s  a s  l o n g  a s  t h e  f o c u s i n g  o f  t h e  l e n s  

c a n  be  d e t e c t e d .  I d e a l l y ,  t h e  image p l a n e  ( p l a n e  o f  b e s t  f o c u s )  

i s  u n i q u e  and r e a d i l y  de termined i f  t h e  v a l u e s  o f  F and V a r e  

known. The s i t u a t i o n  i s  c o m p l i c a t e d ,  however,  by t h e  



ex i s t ence  of the  depth-of - f ie ld  e f f e c t .  This  e f f e c t  causes. 

t h e  image t o  appear i n  focus over a  range e i t h e r  s i d e  of t h e  

plane of bes t  focus (Fig.  2b). I n  normal photographic work, 

t h i s  e f f e c t  i s  h ighly  d e s i r a b l e  but i t  i s  a  d e f i n i t e  d i s -  

advantage i n  t h e  a p p l i c a t i o n  being considered here .  

When cons ider ing  the  depth-of - f ie ld  e f f e c t  on t h e  image 

s i d e  o f  the  l ens  i t  i s  u s e f u l  t o  de f ine  t h e  c i rc le-of -con-  

f u s i o n  as  the  c i r c l e  formed by a  poin t  image on any plane 

o t h e r  than  the  plane of b e s t  focus.  The diameter of the  c i r c l e -  

of-confusion inc reases  a s  t h e  plane under c o n s i d e r a t ~ o n  i s  

moved f u r t h e r  from t h e  plane of bes t  focus (Fig.  2b).  

When r e f e r r i n g  t o  t h e  ob jec t  plane,  the  depth-of - f ie ld  

i s  t h e  d i s t a n c e  through which the  ob jec t  can be moved without 

s i g n i f i c a n t  defocusing of the  image i n  t h e  plane of bes t  focus.  

11 Obviously, some d e f i n i t i o n  of what i s  meant by s i g n i f i c a n t "  

defocusing must be given i f  these  e f f e c t s  a r e  t o  be discussed 

q u a n t i t a t i v e l y .  Usual photographic p r a c t i c e s  (Ref.3) i n d i c a t e  

t h a t  a  c i rc le-of -confus ion  having a  diameter of . O 1  inch w i l l  

r e s u l t  i n  p e r f e c t  focus i n s o f a r  a s  t h e  human eye can d e t e c t .  

This f i g u r e  w i l l  be used l a t e r  i n  a  sample l e n s  c a l c u l a t i o n .  

For maximum r e s o l u t i o n  i n  t h i s  type of o b s t a c l e  d e t e c t o r ,  i t  

i s  des i red  t h a t  t h e  depth-of - f ie ld  be a s  shal low as  poss ib le .  

For a  given l e n s ,  t h e  depth-of - f ie ld  i s  sha l lowest  near t h e  

l e n s  and g e t s  progress ive ly  deeper a s  t h e  o b j e c t  d i s t ance  

inc reases .  

The manner i n  which the  focusing p r o p e r t i e s  of a  l ens  



can  be app l i ed  t o  t h e  problem of o b s t a c l e  d e t e c t i o n  i s  demon- 

s t r a t e d  i n  F ig .  3 .  Four photographs were t aken  of  a  t e r r a i n  

model w i t h  a camera having a n  F 1.4 l e n s  of 40 mm f o c a l  l e n g t h .  

The l o c a t i o n  o f  t h e  o b j e c t  p lane  i s  determined by t h e  focus  

s e t t i n g  on t h e  camera. A s  t h e  o b j e c t  p lane  i s  passed through 

t h e  th ree-d imens iona l  scene  from f r o n t  t o  back, d e t a i l s  pass  

i n  and ou t  of focus .  I n  p r i n c i p l e ,  i f  t h o s e  o b j e c t s  which a r e  

i n  focus  can be d e t e c t e d ,  t h e i r  ranges  from t h e  v e h i c l e  can be 

computed. However, a s  t h e  focus  s e t t i n g  i n c r e a s e s ,  t h e  depth-  

o f - f i e l d  does a l s o ,  t o  t h e  e x t e n t  t h a t  t h e  p o s i t i o n  of t h e  

o b j e c t  p lane  has  become somewhat ambiguous i n  t h e  l a s t  photo- 

graph.  The f i n a l  photograph covers  as much depth  as t h e  

prev ious  t h r e e  photos combined. 

System Design Cons idera t ions  

I n  o r d e r  f o r  any range f i n d i n g  system based upon f o c u s  

d e t e c t i o n  t o  be p r a c t i c a l ,  i t  must main ta in  a sha l low depth-  

o f - f i e l d  a t  d i s t a n c e s  t o  twenty f e e t  o r  s o  whi le  s t i l l  cover-  

i n g  a minimum azimuth angle  of perhaps 60'. I f  t h e  l e n s  i s  t o  

handle  an  ang le  of t h i s  width  wi thout  mechanical  scanning,  

t h e  focus  d e t e c t o r  may have t o  be  very  a c u t e ,  i n  t h e  s ense  

desc r ibed  below. 

Acutance i n  t h e  focus  d e t e c t o r  i s  now de f ined  a s  t h e  

minimum diameter  of t h e  c i r c l e - o f - c o n f u s i o n  t h a t  t h e  d e t e c t o r  

can  d i s t i n g u i s h  from a  po in t  image. I m p l i c i t  i n  t h i s  

d e f i n i t i o n  i s  t h e  assumption t h a t  t h e  a b i l i t y  of a  dev ice  t o  



d e t e c t  t h e  focus ing  of an  image i s  e x p r e s s i b l e  i n  terms of i t s  

a b i l i t y  t o  d e t e c t  t h e  focus ing  of a p o i n t  sou rce .  Because t h e  

d e p t h - o f - f i e l d  i s  g r e a t e r  on t h e  f a r  s i d e  of t h e  o b j e c t  p lane ,  

t h e  d i s t a n c e  U2 i n  F ig .  14  w i l l  be used i n  t h e  c a l c u l a t i o n s  

because it r e p r e s e n t s  t h e  wors t  c a s e  f o r  focus  d e t e c t i o n .  

The angle-of-view and t h e  f o c a l  l e n g t h  a r e  r e l a t e d  by 

(Ref. 3 ) .  

b  0( = 2  a r c  t a n  

where 4 i s  t h e  angle-of-view when t h e  l e n s  i s  focused a t  

i n f i n i t y  and b  i s  t h e  s i z e  of t h e  image. For an angle-of-view 

of  60° and an assumed image s i z e  of  5 i n ,  x 5 i n . ,  i t  fol lows 

from (2) t h a t  t h e  f o c a l  l e n g t h  must be 4.33 i n .  

Having determined a va lue  f o r  t h e  f o c a l  l e n g t h  of  t h e  

l e n s ,  t h e n  t h e  r e l a t i o n s h i p  between t h e  l e n s  d iameter  and t h e  

d i ame te r  of t h e  c i r c l e - o f - c o n f u s i o n  may be found by cons ide r -  

i n g  t h e  r equ i r ed  d e p t h - o f - f i e l d .  It i s  shown i n  Appendix I 

t h a t  t h e s e  parameters  a r e  r e l a t e d  by t h e  fo l lowing  express ion :  

where D i s  t h e  l e n s  d iameter  and d  i s  t h e  d iameter  of  t h e  

c i r c l e - o f - c o n f u s i o n .  I f  i t  i s  d e s i r e d  t o  have a  f a r  dep th-of -  

f i e l d  o f  2  f t .  a t  a  range of 20 f t .  wi th  a  f o c a l  l e n g t h  of 

4.33 i n . ,  i t  fo l lows  from (3) t h a t  



Hence, t h e  l a r g e r  t h e  c i r c l e - o f - c o n f u s i o n  r equ i r ed  by t h e  focus  

d e t e c t o r ,  t h e  l a r g e r  t h e  l e n s  must be i n  o r d e r  t o  s a t i s f y  t h e  

d e p t h - o f - f i e l d  requirement .  I f  i t  i s  assumed t h a t  t h e  d e t e c t o r  

w i l l  f u n c t i o n  f o r  d = . O 1  i nch  ( s l i g h t l y  b e t t e r  t h a n  t h e  human 

e y e ) ,  t h e  r e s u l t i n g  l e n s  d iameter  would be 6.09 inches .  This  

s i z e  may o r  may not  be p r a c t i c a l  depending on t h e  s t r u c t u r e  of  

t h e  v e h i c l e .  I f  t h e  only  focus  d e t e c t o r s  a v a i l a b l e  r e q u i r e  a 

c i r c l e - o f - c o n f u s i o n  wi th  d iameter  g r e a t e r  t h a n  . O 1  i nch ,  it would 

seem prudent  t o  cons ide r  a l t e r n a t e  approaches ,  such as scanning  

t h e  image. I f  t h e  l e n s  d iameter  must be reduced,  t h e  angle -of -  

view must be reduced,  a l l  o t h e r  f a c t o r s  remaining f i x e d .  

It has been suggested t h a t  i f  t h e  o p t i c a l  system must be 

aimed i n  some manner, it would be prudent t o  r e s t r i c t  t h e  

angle-of-view such t h a t  only  one d e t e c t o r  would be r equ i r ed  f o r  

focus  d e t e c t i o n .  C l e a r l y ,  i t  would be cumbersome t o  p h y s i c a l l y  

a i m  t h e  e n t i r e  system. However, t h e  same e f f e c t  i s  a t t a i n a b l e  

by o t h e r  means. 

For  example, a mi r ro r  mounted on gimbals i n  f r o n t  o f  a 

s t a t i o n a r y  o p t i c a l  system can produce a  s can  of a  wide a r e a  

whi le  a f f o r d i n g  a  minimal moving mass. One p o s s i b l e  a r range-  

ment would invo lve  a v e r t i c a l l y  mounted o p t i c a l  system topped 

wi th  a  pe r i s cope  type  o f  s t r u c t u r e .  An i n h e r e n t  advantage of 

t h i s  c o n f i g u r a t i o n  i s  t h e  p o s s i b i l i t y  of sys tem o p e r a t i o n  i n  

t h e  event  t h e  v e h i c l e  must r e v e r s e  i t s  d i r e c t i o n  of t r a v e l .  



There  a r e  t h r e e  pr imary  methods of f o c u s i n g  t h e  sys tem.  

They a r e :  ( i )  moving t h e  l e n s ;  ( i i )  moving t h e  d e t e c t o r ;  and 

( i i i )  chang ing  t h e  l e n g t h  of t h e  l i g h t  p a t h  by moving a n  i n t e r -  

m e d i a t e  m i r r o r  o r  pr ism.  

The f i r s t  approach h a s  t h e  advan tage  o f  b e i n g  accompl ished 

by r o t a r y  mot ion  a l o n e .  T h i s  a l l o w s  f o r  a  r i g i d  s t r u c t u r e  

t h a t  i s  v e r y  v i b r a t i o n  r e s i s t a n t .  I t s  p r i n c i p l e  d i s a d v a n t a g e  

i s  t h a t  i t  i n v o l v e s  t h e  mot ion  of  t h e  r e l a t i v e l y  mass ive  l e n s  

sys tem.  

The second method h a s  t h e  advan tage  o f  b e i n g  l i g h t  i n  

we igh t  and s t i l l  a f f o r d i n g  r e a s o n a b l e  s t r u c t u r a l  r i g i d i t y .  How- 

e v e r ,  t h e  mot ion  would i n v o l v e  t h e  s t r e s s i n g  o f  d e l i c a t e  

e l e c t r i c a l  c o n n e c t i o n s  which would p r e s e n t  a n  i m p o r t a n t  

r e l i a b i l i t y  c o n s i d e r a t i o n .  

The t h i r d  approach  is f r e e  o f  e l e c t r i c a l  c o n n e c t i o n s  and 

i s  r e l a t i v e l y  l i g h t  i n  w e i g h t ,  b u t  i s  compl ica ted  i n  n a t u r e  

and a p t  t o  be  f r a g i l e .  A c h o i c e  among t h e  t h r e e  approaches  

cou ld  o n l y  be made w i t h  a  knowledge o f  t h e  v e h i c l e  s p a c e  prob-  

l e m s ,  l e n s  s i z e  r e q u i r e d ,  and t y p e  o f  d e t e c t o r  used .  

From t h e  f o r e g o i n g ,  i t  would seem s a f e  t o  assume t h a t  a 

f o c u s i n g  r a n g e  f i n d e r  i s  p h y s i c a l l y  r e a l i z a b l e  i f  a  s u i t a b l e  

f o c u s  d e t e c t o r  c a n  be  found.  The second p o r t i o n  of  t h i s  r e p o r t  

d e a l s  w i t h  one such  d e t e c t o r .  

111. THE DETECTOR 

M a t e r i a l  P r o p e r t i e s  

Cadmium s u l p h i d e  (CdS) p h o t o c e l l s  have  a n  i n t e r e s t i n g  
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non- l inea r i ty  associa ted  with t h e i r  operat ion.  The r e s i s t a n c e  

of t h e s e  photo-conductors not only v a r i e s  inve r se ly  with t h e  

magnitude of t h e  i l l u m i n a t i o n  on t h e i r  s u r f a c e s ,  but a l s o  

v a r i e s  i n  l i k e  manner with t h e  amount of a r e a  covered by t h e  

i l lumina t ion .  This e f f e c t  can be seen i n  p i c t o r i a l  form i n  

Fig .  4 .  Here a poin t  source of l i g h t  i s  defocused s o  a s  t o  

cover succeedingly l a r g e r  a reas  of t h e  c e l l ' s  su r face .  The 

accompanying graph i n d i c a t e s  t h e  change i n  c e l l  r e s i s t a n c e  as  

t h i s  defocusing takes  place.  It i s  t h i s  e f f e c t  t h a t  was 

inves t iga ted  a s  a  poss ib le  focus d e t e c t i n g  property.  Inasmuch 

as any image can be considered an i n f i n i t e  number of d i s c r e t e  

p o i n t s ,  i t  was f e l t  t h a t  t h e  CdS c e l l ' s  r e a c t i o n  t o  poin t  

sources  might be c a r r i e d  over t o  a  more complex image and allow 

t h e  device t o  se rve  a s  a  focus d e t e c t o r .  Real iz ing  t h a t  super- 

p o s i t i o n  does not apply t o  a  non-l inear  device and t h a t  o t h e r  

a t tempts  (Ref. 7)  a t  focus d e t e c t i n g  using CdS c e l l s  have met 

with only l imi ted ,  spec ia l - case  success ,  a  t e s t  program was 

i n i t i a t e d  with simple poin t  images and progressed t o  complex 

t e r r a i n  images i n  s t e p s  small  enough t o  ge t  an emperical  p r o f i l e  

of t h e  c e l l ' s  performance. 

It might be mentioned here  t h a t  oce company (Ref. 7) i s  now 

producing a  device t h a t  u t i l i z e s  t h e  CdS c e l l  a s  a  focus 

d e t e c t o r  on a  simple l i n e  image. I n  t h i s  case the  c e l l  i s  

equiva lent  t o  the  human eye aided by about t h i r t y  diameters  

of magnif ica t ion .  



Mathematical  Model 

Seve ra l  i n v e s t i g a t o r s  (Refs. 4 , 5 , 6 )  have addressed them- 

s e l v e s  t o  t h e  problem of e x p l a i n i n g  t h e  focus  d e t e c t i n g  . 

a b i l i t i e s  of  t h e  CdS pho toce l l .  The fo l lowing  i s  a s i m p l i f i e d ,  

l i n e a r  model t h a t  e x p l a i n s  how focus  d e t e c t i n g  can occur  wi th  

a l i n e  t a r g e t .  

The l o c a l  conductance i n  each p a r t  of t h e  photoconductive 

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

photoconduct ive  s u r f a c e  of t h e  c e l l  i s  thought of a s  forming a  

conductor  m a t r i x ,  such a s  i s  r ep re sen ted  i n  F ig .  5 .  Elements 

i n  t h e  mat r ix  a r e  considered t o  be p a r t i c l e s  (perhaps g r a i n s )  

i n  t h e  s i n t e r e d  photoconductor,  each of which r e a c t s  independ- 

e n t l y  t o  t h e  l i g h t  i n c i d e n t  upon i t .  

Assume t h e  ma t r ix  t o  have m columns and n  rows. For 

s i m p l i c i t y ,  each e lementa l  conductor  i n  t h e  ma t r ix  i s  assumed 

t o  be ve ry  much s m a l l e r  t han  t h e  s m a l l e s t  r e l e v a n t  d e t a i l s  i n  

t h e  image of  t h e  t a r g e t .  Assume t h a t  each l i n e  of t h e  t a r g e t  

covers  an i n t e g r a l  number of conductors  i n  t h e  ma t r ix  and 

t h a t  t h e  conductors  (gas, gab, . . .  e t c . )  which a r e  p a r a l l e l  

t o  t h e  t e r m i n a l s  have l i t t l e  e f f e c t  on t h e  conductance between 

t e r m i n a l s .  

The t e r m i n a l  conductance of  t he  ma t r ix  i s  now cons idered  

f o r  t h r e e  d i f f e r e n t  c a s e s :  

( i )  A uniform f i l t e r  i n  p l ace  of t h e  t a r g e t ;  

( i i )  The f i l t e r  i s  rep laced  by a  Ronchi r u l i n g  ( s ee  F i g . 6 )  

having t h e  same t o t a l  t r a n s m i t t a n c e  a s  t h e  f i l t e r  



used i n  ( i ) .  The l i n e s  of  t h e  p ro j ec t ed  image a r e  

pe rpend icu la r  t o  t h e  t e r m i n a l  e l e c t r o d e s  (see  F ig .  7 ) ;  

( i i i )  Same a s  c a s e  ( i i )  bu t  t h e  l i n e s  of t h e  p r o j e c t e d  

image a r e  p a r a l l e l  t o  t h e  t e r m i n a l  e l e c t r o d e s  ( s ee  

F i g .  8) . 
The conductances f o r  t h e  t h r e e  c a s e s  a r e  der ived  i n  Appendix 

111 and a r e  given by 

he re  go i s  t h e  c o n d u c t i v i t y  of each e l emen ta l  conductor i n  

da rkness ,  m and n  denote  t h e  s i z e  of t h e  ma t r ix ,  LD i s  t h e  

i l luminance  of t h e  d a r k  l i n e ,  LL i s  t h e  i l luminance  of t h e  

l i g h t  l i n e  and L = LD + LL. 

S ince  L  = LD + L it fo l lows  t h a t  G1 = Gq and no d i f f e r e n c e s  
L  

should be noted between case  ( i ) ,  even i l l u m i n a t i o n ,  and c a s e  

( i i ) ,  where t h e  in - focus  l i n e  image i s  o r i e n t e d  pe rpend icu la r  

t o  t h e  t e r m i n a l  e l e c t r o d e s .  On t h e  o t h e r  hand, c a s e  ( i i i ) ,  

where t h e  i n - focus  l i n e  image i s  p a r a l l e l  t o  t h e  t e r m i n a l  

e l e c t r o d e s ,  w i l l  cause  a  s u b s t a n t i a l  d i f f e r e n c e  t o  occur  i n  

t h e  t e r m i n a l  conductance.  Hence, any process  t h a t  begins  wi th  

c a s e  ( i )  and ends  w i th  ca se  ( i i i )  i . e . ,  t h e  focus ing  of a  l i n e  

image, should cause  a  n o t i c e a b l e  change i n  c e l l  conductance 



and hence one should be a b l e  t o  d e t e c t  t h e  focus  c o n d i t i o n  

from measurements o f  t h e  conductance.  

Actua l  exper imenta l  r e s u l t s  w i th  l i n e  t a r g e t s  d i f f e r  

from t h o s e  s t a t e d  above because of  secondary n o n - l i n e a r i t i e s  

p r e s e n t  i n  a n  a c t u a l  c e l l .  These r e s u l t s  w i l l  be t r e a t e d  i n  a 

l a t e r  s e c t i o n .  

C e l l  S t r u c t u r e  and P r e p a r a t i o n  

One of t h e  f i r s t  s t e p s  t o  p r a c t i c a l  expe r imen ta t i on  w a s  

t o  a c q u i r e  a  s imple  a r e a  c e l l  of  t h e  t ype  shown i n  F ig .  11. 

T h i s  proved t o  be a d i f f e r e n t  t a s k ,  s i n c e  most manufacturers  

produce c e l l s  w i th  a s e r p e n t i n e  t ype  of s e n s i t i v e  a r e a ,  s i m i l a r  

t o  t h o s e  i n  F i g .  9 .  The purpose of  t h i s  geometry i s  t o  c i r -  

cumvent t h e  very  e f f e c t  we were i n v e s t i g a t i n g .  It al lows t h e  

CdS a r e a  t o  be o p t i c a l l y  sho r t ed  q u i t e  e a s i l y  s o  t h a t  t h e  c e l l  

as a whole a c t s  a s  i f  i t  were s e n s i t i v e  t o  t h e  magnitude of 

i l l u m i n a t i o n  on ly  and no t  t o  t h e  d i s t r i b u t i o n  o f  t h e  l i g h t .  

A f t e r  much sea rch ing ,  two types  of  s imple  a r e a  c e l l s  were 

found.  One c e l l  was about  114 of an i nch  squa re  and came w i t h  

a n  i n t e g r a l  p l a s t i c  cove r ing .  Th i s  cover ing  caused much 

i n t e r n a l  r e f l e c t i o n  which made t h e  c e l l  u s e l e s s  f o r  our  pur- 

poses .  The o t h e r  c e l l  was about  one i nch  i n  d iamete r  and was 

a c t u a l l y  t h e  same c h i p  a s  found i n  t h e  l a r g e s t  c e l l  i n  F i g .  9, 

b u t  i t  had been removed from produc t ion  b e f o r e  complet ion of 

' t h e  manufactur ing p roces s .  It was t h i s  c e l l  which was 

modified and used i n  t h e  fo l l owing  exper iments .  



An o p t i c a l  bench was s e t  up, ho ld ing  a l i g h t - t i g h t  

enc losu re  w i t h i n  which t h e  t e s t  c e l l s  were mounted. The c e l l s  

could be  t e s t e d  wi th  l i n e  t a r g e t s ,  l i g h t  sou rces ,  and t e r r a i n  

models cons t ruc t ed  on a  modeling t a b l e .  F igu re  10 shows t h e  

s e t - u p  u s i n g  t h e  Nat iona l  Bureau of  Standards  r e s o l u t i o n  c h a r t  

as a t a r g e t .  

The c e l l  i t s e l f  was processed i n  t h e  fo l lowing  manner. 

F i r s t ,  gold c o n t a c t s  were evaporated on t h e  edges t o  a  dep th  

of 700 Angstroms. Second, copper w i re s  were a t t ached  t o  t h e  

gold wi th  indium s o l d e r .  L a s t ,  t h e  ceramic c h i p  was cemented 

t o  an aluminim d i s c  s u i t a b l e  f o r  mounting i n  t h e  t h r e e  po in t  

lensmounts used on t h e  o p t i c a l  bench. The f i n i s h e d  product  

appea r s  i n  F ig .  11. 

Experiments 

A l l  of t h e  fo l lowing  experiments were done u s i n g  t h e  

o p t i c a l  bench and an  F3.5- 75mm l e n s .  I n  a l l  c a s e s  t h e  l e n s  

was moved t o  o b t a i n  focus ing ,  thereby  keeping t h e  o b j e c t - t o -  

c e l l  d i s t a n c e  c o n s t a n t .  Res i s t ance  measurements were made 

by u s i n g  an  ana log  ohmmeter and,  where accuracy was needed, a  

d i g i t a l  ohmmeter wi th  b e t t e r  t h a n  1% accuracy.  

The s e r p e n t i n e  c e l l ,  when presented wi th  an  image made up 

of  a l t e r n a t i n g  1/16 inch  l i g h t  and da rk  l i n e s  (Fig.  12) ,  

r e s u l t e d  i n  t h e  r e s i s t a n c e  changes a s  shown i n  F ig .  12b. I f  

t h e  image i s  p a r a l l e l  t o  t h e  CdS s t r i p e ,  t h e  s o l i d  l i n e  i s  

t h e  r e s u l t ;  i f  pe rpend icu la r ,  t h e  do t t ed  l i n e  i s  t h e  r e s u l t .  
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These, a long with l i g h t  source imaging, were t h e  only r e s u l t s  

ever  noted from the  se rpen t ine  s t r u c t u r e .  

F igure  13 i s  a  p l o t  of t h e  r e s i s t a n c e  change when t h e  

same l i n e  image was presented t o  t h e  a r e a  c e l l p  Here t h e  

s o l i d  l i n e  r e s u l t e d  from t h e  p a r a l l e l  o r i e n t a t i o n  and t h e  dot ted  

l i n e ,  t h e  perpendicular  o r i e n t a t i o n ,  each with r e spec t  t o  t h e  

t e rmina l  conductors.  

The r e s u l t s  c lose ly  resemble t h e  o r i g i n a l  matr ix  model. 

The peak i s  sharp  and well  defined and a l l  i nd ica t ions  a r e  

t h a t  t h e  CdS c e l l  would make a  f i n e  focus d e t e c t o r  f o r  t h i s  

type of t a r g e t .  Resul t s  a r e  s i m i l a r  f o r  o the r  l i n e  and do t  

t a r g e t s  t h a t  approach a  50-50 l i g h t  and dark  d i s t r i b u t i o n  with 

high c o n t r a s t .  I n  every case ,  t h e  c e l l  o r i e n t a t i o n  has proven 

important and a f f e c t s  the  peak amplitude,  but has l i t t l e  e f f e c t  

on the  peak l o c a t i o n  r e l a t i v e  t o  t h e  plane of bes t  focus.  

T e s t s  made us ing  amorphous and complex random t a r g e t s  such 

a s  c r a t e r s  constructed on t h e  t e r r a i n  modeling t a b l e  were,on 

t h e  o t h e r  hand, completely unsuccessful .  Resul t s  on such 

images were completely negat ive i n  t h e  sense t h a t  no measur- 

ab le  changes of r e s i s t a n c e  were de tec ted  as  t h e  l ens  was 

moved. There seems t o  be very l i t t l e  middle ground between t h e  

two extremes; e i t h e r  i t  works we l l  or  not a t  a l l .  

CONCLUSION 

Opt ica l  Sys tem 

The o p t i c a l  s y s t e m  f o r  range f ind ing  by focus d e t e c t i n g  
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seems phys ica l ly  r e a l i z a b l e  i f  a  s u i t a b l y  acute  focus d e t e c t o r  

can be found. The exact  form of t h e  o p t i c a l  system would be 

determined by t h e  veh ic le  and d e t e c t o r  parameters. 

Detec tor  

From the  foregoing d a t a ,  one must conclude t h a t  t h e  CdS 

pho toce l l  would not  perform well  a s  a  focus d e t e c t o r  i n  t h e  

topo log ica l  environment of Mars. Here i t  must be s t a t e d  t h a t  

one important v a r i a b l e  not under d i r e c t  c o n t r o l  i n  t h i s  exper i -  

ment was c e l l  s t r u c t u r e .  While geometry could be va r i ed ,  t h e r e  

was no way t o  vary t h e  m a t e r i a l  cons t i tuency of t h e  c e l l s  o r  t h e  

processes  by which they were made. It was f e l t ,  however, t h a t  

t h e  CdS m a t e r i a l  used i n  these  c e l l s  was very r e p r e s e n t a t i v e  

of modern, panchromatic su lphides .  

Future  Work 

The f a i l u r e  of the  CdS c e l l s  a s  a  focus d e t e c t o r  should 

not d e t r a c t  from f u r t h e r  study of t h e  o p t i c a l  focusing method. 

This  system remains the  only one of s e v e r a l  considered t h a t  

becomes more accura te  a s  t h e  range i s  reduced. Possibly t h e  

s o l i d - s t a t e  v id icon mentioned i n  Ref. 1 could be t h e  focus 

d e t e c t o r  t h a t  makes t h e  system p r a c t i c a l .  





( a )  O p t i c a l  Parameters  

P o i n t  Sourc 

(b)  C i r c l e  o f  Confusion (C.O.C.) 

FIGURE 2 - Simple Lens R e l a t i o n s  



Figure # 3  Depth-of-Field Effects in a Terrain Model 



( c )  1 . 1 0  meter 

(a) 0.85 meter 



(a) Method of Imaging Used 

Diameter of Circle on Cell's Surface 

(b) Cell Response 

FIGURE 4 - Response of "Area" Cell to a 

Point Source 











Figure  # 9  "Serpentine" C e l l s  

F igure  #11 "Area" C e l l  



Figure # I 0  Experimental Setup  



(a) Typical Straight Line Target 

Distance from 

(b) Variation of Terminal Resistance 

as Cell is Moved through P.B.F. 

FIGURE 12 - Response of "Serpentine" Cell 

to a Straight Line Target 







APPENDIX I - DERIVATION OF OPTICAL RELATIONSHIPS 

(a) D e r i v a t i o n  of  Eqn. (3) 

From F i g .  14 it i s  apparen t  t h a t  

Using Eqn. (1)  w i th  U2 and V2 g ives  

which, when s u b s t i t u t e d  i n t o  Eqn. (Al) ,  y i e l d s  

(b) Proof t h a t  t h e  f a r  d e p t h - o f - f i e l d  (U2 - U) exceeds t h e  

nea r  depth-of  - f i e l d  (U-U1). 

An expres s ion  similar  t o  Eqn. (A3) i nvo lv ing  U1 

r a t h e r  t h a n  U2 can be ob ta ined  by s t a r t i n g  wi th  

and u s i n g  Eqn. (1)  wi th  Ul and V1 t o  g e t  

I f  t h e  r igh t -hand  s i d e s  of Eqns. (A3) and (A5) a r e  

equa ted ,  i t  fo l lows  t h a t  



Because UL < U one has tha t  
2' 

(u - ul) < (u2 - u) 

which i s  the desired r e s u l t .  



APPENDIX I1 - PHOTOCELL SOURCES 

( a )  Small 114 x 114 inch "area c e l l " :  

Photomechanics Inc . ,  15 Stepar  PI .  

Hungtinton S t a . ,  L.I., New York 17746 

(b) Large 1 inch diameter "area c e l l " :  

Rat io  Corporation of America 

Components Divis ion ,  Harr ison,  N. J .  

This  c e l l  i s  s i m i l a r  t o  t h e  RCA 4404 c e l l  before 

me ta l i za t ion .  



APPENDIX 111 - DERIVATION OF CONDUCTANCES 

Throughout t h e  d i s c u s s i o n  it i s  assumed t h a t  t h e  e lements  

p a r a l l e l  t o  t h e  t e r m i n a l s  o f  t h e  conductor  ma t r ix  have neg- 

l i g i b l e  e f f e c t s  upon t h e  conductance between t e r m i n a l s .  

Case (i) 

The conductance (Gs) of  a v e r t i c a l  s t r i p  of  n  e lements  

pe rpend icu l a r  t o  t h e  t e r m i n a l  i s :  

G s  
= go - 

n  

where qo i s  t h e  c o n d u c t i v i t y  o f  each e l emen ta l  conductor  i n  

da rknes s ,  and L  i s  t h e  i l l uminance .  

The t o t a l  c o n d u c t i v i t y  (GT) of  m s t r i p s  i s :  

GT = Gs m 

which y i e l d s  Eqn. (8).  

Case ( i i )  

I f  LD i s  t h e  i l luminance  of t h e  d a r k  l i n e s  of  t h e  image, 

t h e  conductance due t o  m/2 v e r t i c a l  s t r i p s  of  n  e lements  each ,  

i l l u m i n a t e d  i n  t h i s  manner i s :  

I n  l i k e  manner, i f  LL i s  t h e  i l luminance  of t h e  l i g h t  

l i n e s  of  t h e  image, t h e  conductance due t o  t h i s  i l l u m i n a t i o n  

is  : 

T o t a l  conductance due t o  both  types  o f  l i n e s  i n  t h e  image 



i s  merely t h e  sum of t h e  two, 

Case ( i i i )  ( r u l i n g  l i n e s  p a r a l l e l  t o  t e r m i n a l  e l e c t r o d e s ) .  

Again i f  LD and LL a r e  t h e  r e s p e c t i v e  i l luminences  o f  

t h e  l i n e s  i n  t h e  image, t h e  r e s i s t a n c e  of a v e r t i c a l  s t r i p  of  

n e lements ,  h a l f  of  which a r e  i l l umina ted  by LD and h a l f  o f  

which a r e  i l l umina ted  by LL i s :  

1 
where ro = - . 

go 

The conductance of th is  s t r i p  i s :  

and t h e  conductance of m such s t r i p s  i s :  
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