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FOREWORD 

Under c o n t r a c t s  NASw- 1159  and NAS12-531, Honeywell  Radiation 
Center  has developed a new e l e c t r o - o p t i c a l  method of measuring 
eye   d i r ec t ion .  The p r i n c i p a l  feature o f   t h i s  new method is  t h a t  
i t  does  not  require  that   the  device  (Oculometer)  be  clamped,  or 
o the rwise   f i xed ,   t o   t he   sub jec t .  A laboratory  Oculometer  has 
been  constructed.  The unique   ab i l i ty   o f   the   Oculometer   to   accura-  
te ly   measure   eye   d i rec t ion   wi thout   in te r fe rence   to   the   subjec t   has  
suggested i t s  a p p l i c a t i o n   f o r   p i l o t   e y e   f i x a t i o n   m o n i t o r i n g .   I n  
t h i s  document ,   the   resul ts  are presented  of  a design  s tudy,   per-  
formed  by  Honeywell Radiat ion  Center ,   of  a remote  configurat ion 
Oculometer   su i tab le   for   measur ing   the   eye   d i rec t ion  of a p i l o t ,  
w i thou t   caus ing   any   i n t e r f e rence   t o   h i s   no rma l  ac t iv i t ies .  

iii 
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SYSTEM  DESIGN  STUDY  FOR AN OPTIMAL 
REMOTE OCULOMETER FOR  USE I N  OPERATIONAL 

AIRCRAFT 

John  Merchant 
Ronald  Wilson 
Kenneth A .  Mason 

Honeywell  Radiation  Center 
Lexington,  Massachusetts 

INTRODUCTION 

A number of techniques  have  been  used  to   measure  eye  direct ion,  

or   sense   eye   mot ion .   Opt ica l   t echniques   involve   e i ther   f i lm re- 

c o r d i n g   o r   e l e c t r o - o p t i c a l   s e n s i n g   o f   c e r t a i n   e y e   d e t a i l ,   e . g . ,  

sclera/iris boundary 

c o r n e a l   r e f l e c t i o n  
purkin j e images 

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

In   an e lec t r ica l  technique (EOG), e lec t rodes   p laced  on the  

sk in   nea r   t he   eyes   s ense  small e l ec t r i ca l  po ten t i a l   p ropor t iona l  

t o   e y e b a l l   r o t a t i o n   r e l a t i v e   t o   t h e   s k u l l .   ( F o r  a summary of 

eye   d i rec t ion   sens ing   techniques  see r e fe rence  1.) 

The Oculome ter Technique 

The Oculometer  technique for measuring  eye  direct ion i s  

based  upon  the fact  t h a t   t h e   p o s i t i o n  of a c o r n e a l   r e f l e c t i o n  

of an   i nc iden t   co l l ima ted  beam of  r a d i a t i o n ,  re la t ive t o   t h e  
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c e n t e r   o f   t h e   p u p i l ,  i s  p r o p o r t i o n a l   t o   o n l y   t h e   a n g u l a r   d i r e c t i o n  

o f   t h e   e y e   ( r e l a t i v e   t o   t h e   i n c i d e n t   c o l l i m a t e d  beam).  This 

re la t ive posi t ion  of   the  corneal   ref lect ion  does  not   depend  upon 

the   spa t i a l   pos i t i on   o f   t he   eye .   (See   F igu re  1). The goemetry 

of   the  technique i s  d e s c r i b e d   i n  Appendix A .  

The Oculometer   technique  has   the  important   advantage  that  

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

requi r ing   head   c lamping .   In   mos t   o ther   op t ica l   eye   d i rec t ion  

sens ing   techniques- for   example   t rack ing   the   cornea l   re f lec t ion-  

a l a te ra l  displacement of the  eye  (as   for   example  between 

Figures  l a  and lb)   p roduces  a d isp lacement   o f   the   de ta i l   be ing  

t racked   ( in   th i s   example   the   cornea l   re f lec t ion)   which   cannot  

be  dis t inguished  f rom  the  displacement  of t h i s   d e t a i l   t h a t   o c c u r s  

i n  a pu re   ro t a t ion   ( a s   i n   F igu res  IC and I d ) .   I n   t h i s  case, there- 

fore ,   the   sensing  device  must   be  f ixed  (usual ly   c lamped  via  a 

d e n t a l   b i t e   p l a t e )   v e r y   f i r m l y   t o   t h e   s k u l l .  (Even then  the 

p o s s i b i l i t y   e x i s t s   o f  some small unknown v a r i a b l e  l a te ra l  d i s -  

placement   of   the   eyebal l   in  i t s  socke t ) .  The n e c e s s i t y   f o r  

r ig id   c lamping  i s  ev ident   f rom  the   d i sp lacement leye   d i rec t ion  

scale f ac to r   o f   t hese   o the r   op t i ca l   t echn iques :  

Cornea l   r e f l ec t ion   t r ack ing :   Sca le   f ac to r  is about 
3 x 10-3 inches   per   degree  

S c l e r a / I r i s   t r a c k i n g :   S c a l e   f a c t o r  i s ,  about 8 x 
inches   per   degree  

2 



( a )   e y e   l o o k i n g   s t r a i g h t   a h e a d  - n o t e   c o r n e a l   r e f l e c t i o n  i s  a t   c e n t e r  
o f   p u p i l .  

( b )   e y e   l o o k i n g   s t r a i g h t   a h e a d   b u t   l a t e r a l l y   d i s p l a c e d  - n o t e   c o r n e a l  
r e f l e c t i o n  s t i l l  a t   c e n t e r   o f   p u p i l .  

( c )   e y e   l o o k i n g   t o   t h e   s i d e  - c o r n e a l   r e f l e c t i o n   d i s p l a c e d   h o r i z o n t a l l y  
f r o m   p u p i l   c e n t e r  

(d)   eye   looking  up - c o r n e a l   r e f l e c t i o n   d i s p l a c e d   v e r t i c a l l y   f r o m   t h e  
p u p i   c e n t  r. 

I 

Figure 1 OCULOMETER  EYE SENSING TECHNIQUE 
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With the  Oculometer   sensing  pr inciple   (Figure l), lateral  

d isp lacements   o f   the   eye   cannot   be   confused   wi th   ro ta t iona l  

displacements   because  they  produce  different  effects .  There 

i s  therefore,   no  requirement  for  head  clamping. 

General   Descr ipt ion O f  Any Oculometer 

Any Oculometer  (Figure 2 )  w i l l  con ta in  a sou rce   o f   r ad ia t ion  

wi th   wh ich   t o   i l l umina te   t he   eye .   (Th i s   r ad ia t ion   shou ld  be i n  

t h e   n e a r   i n f r a r e d  so t h a t  it w i l l  b e   i n v i s i b l e   a n d   n o t   d i s t u r b   t h e  

s u b j e c t . )   T h i s   r a d i a t i o n  w i l l  be   su i t ab ly   p ro j ec t ed ,   by   t he  

Oculometer ' s   p ro jec t ion   op t ics ,   on to  a reg ion  of space   near   the  

Oculometer , which may be   ca l led   the   eye   space .  The eye space is  

a l s o  imaged  (by the   Ocu lomete r ' s   co l l ec t ion   op t i c s )   on to   t he  

sc reen   o f   an   e l ec t ro -op t i ca l   s ens ing   dev ice .  An e l ec t ron ic s   sys t em 

sea rches   fo ry   acqu i r e s ,   and   t hen   t r acks   t he   pup i l / i r i s   boundary  

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

Eye d i r ec t ion   i n fo rma t ion  i s  der ived   by   the   e lec t ronics   sys tem 

as the  displacement   of  a circular scan ,   t r ack ing   t he   co rnea l  re- 

f l ec t ion ,   f rom a c i r cu la r   s can   t r ack ing   t he   pup i l / i r i s   boundary .  

A laboratory  Oculometer   has   been  constructed  with a 1 . 2  i n .  

d iameter   eye  space  located a f e w  inches  from a d i c h r o i c  beam 

s p l i t t e r   t h a t  i s  a t tached   to   the   Oculometer .  (The l abora to ry  

Oculometer i s  d e s c r i b e d   i n  Appendix B;  a more d e t a i l e d   d e s c r i p t i o n  

i s  g i v e n   i n   r e f e r e n c e  2.  ) The s u b j e c t   p l a c e s   h i s  

4 
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e y e   c l o s e   t o   t h e   d i c h r o i c  beam s p l i t t e r   ( t h r o u g h  which  he sees 

normally  because i t  i s  h i g h l y   t r a n s m i t t i n g   i n   t h e   v i s i b l e   b a n d )  

so t h a t   h i s   p u p i l  i s  within  the  eye  space  region  (Figure 3 ) .  

The e lec t ro-opt ica l   sys tem  then   acqui res  and t r a c k s   h i s   e y e ,  

and   eye   d i rec t ion   in format ion  is  generated as described  above. 

(Eye d i r e c t i o n  i s  measured r e l a t i v e   t o   t h e   o p t i c a l  axis of t he  

Oculometer.) 

It i s  ev iden t ,  from t h e   b a s i c  form  of  the  Oculometer  optical  

sys tem  descr ibed   in   re fe rence  2 ,  that  the  Oculorneter  need 

no t   necessa r i ly   be   i n   t he   fo rm,   o r   con f igu ra t ion ,   o f   t he   l abo ra to ry  

Oculometer shown i n   F i g u r e  3. The genera l   op t ica l   requi rements  

for  any  Oculometer are s imply   tha t   (a )  a subs t an t i a l ly   un i fo rm 

i l l u m i n a t i o n   ( o f   i n v i s i b l e  I R )  be  provided,  over  the  eye  space 

region,  from a source  appearing  to   subtend  about  1 degree a t  t h e  

eye,  and  having a rad iance  of about 3 wattslcm / s t e r a d i a n ,  and 

tha t   (b )  The eye  space  region  be imaged on to   t he   s c reen  o f  a 

s u i t a b l e   e l e c t r o - o p t i c a l   s e n s o r  by  means of   an  opt ical   system 

having a co l l ec t ion   ape r tu re   equa l   i n   s i ze ,   and   (op t i ca l ly )   co in -  

c iden t   w i th ,  the i l lumina t ion   source .  

2 

I n   p a r t i c u l a r  , a remote  configurat ion of the  Oculometer i s  

possible   in   which  the  Oculometer-subject   d is tance  can be much 

larger   than  in   the  laboratory  Oculometer .   For   example,   wi th   an 

Oculometer-subject  distance of 60 in .   the   d iameter  of t he   ape r tu re  
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Figure 3 SUBJECT  PREPARING  TO USE THE LABORATORY  OCULOMETER 
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of  the   i l l umina t ion  and c o l l e c t i o n   o p t i c s  w i l l  be  only  of  the 

order  of 1 i n . ;   t h a t  i s ,  t h e   p h y s i c a l   s i z e  of t he   op t i ca l   e l emen t s  

i s  not   unreasonably   l a rge .  

One appl icat ion  of   the  remote  Oculometer   that  i s  o f   p a r t i -  

c u l a r   i n t e r e s t  i s  the  measurement  of  the  eye  direction of a p i l o t  

w i t h o u t   i n t e r f e r i n g   w i t h   h i s   n o r m a l   a c t i v i t i e s .  The s u b j e c t  o f  

t h i s   r e p o r t  i s  the  design  of  a remote  configuration  Oculometer 

s u i t a b l e   f o r   t h i s   a p p l i c a t i o n .  

A number of  important  parameters  of  the  remote  configuration 

are shown i n   F i g u r e  4 .  

1. Eye Space 

When t h e   s u b j e c t  i s  separated  from  the  Oculometer,  and  not 

r e q u i r e d   t o  look through a r e l a t i v e l y  small opening  (as 

shown in   F igu re  3 ) ,  i t  i s  obvious  that  a l a rge r   r eg ion   o f  

eye  space  must   be  provided  to   a l low  for   ' s ide  to  s i d e ' ,  

'up  and down' and ' i n  and out '   motion of t he   sub jec t ' s   head  

r e l a t ive   t o   t he   Ocu lomete r .  As discussed l a t e r ,  i t  i s ,  i n  

genera l ,   imprac t ica l   to   cover  a to t a l   eye   space  volume (as  

shown in   F igu re  4 )  d i r e c t l y ,  as was the  case i n   t h e   l a b o r a t o r y  

Oculometer  (Figure 3 ) .  Ins tead ,   on ly  a r e l a t i v e l y  small 

instantaneous  eye  space volume is  , a t  any   ins tan t ,   i l lumine  

and  then imaged on to   t he   e l ec t ro -op t i ca l   s enso r .  (Note t h a ,  

now, the  eye  space  region  must  be  considered as a volume r a t h e  

8 
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t h a n   j u s t   a n  area (as   implied earlier i n   t h e  case o f   t he  

laboratory  Oculometer) .   This  i s  because   o f   t he   f i n i t e   dep th  

of focus  of  the  Oculometer  Optical   System--about f 1 i n .   i n  

t h e  case o f   t he   l abo ra to ry   Ocu lomete r - - in   r e l a t ion   t o   t he  

range  of   " in-out"   head  motion  that   can  be  expected  to   occur  

in   the   remote   conf igura t ion .  An optomechanical  focusing 

system  and  an  optomechanical  moving  mirror  system are used,  

in   the   remote   conf igura t ion ,   to   ex tend   (deploy)   the   ins tan-  

taneous  eye  space volume ove r   t he   t o t a l   r equ i r ed   eye   space  

volume. 

2 .  Measurement 

The electronics   system  of   the  Oculometer  measures t h e  rela- 

t ive  d isp lacement   o f   the   images   o f   the   cornea l   re f lec t ion  

and of t he   pup i l .   I n   app ly ing   t h i s   measu remen t   t o  a computa- 

t i o n   o f   e y e   d i r e c t i o n  i t  i s  c lear  t h a t   t h e   r a n g e  (R) (from 

eye  to   Oculometer)  must be known. Moreover,   the  eye  angle 

8 (Figure 4 )  tha t   can   be  computed as 

0 0: R X ( r e l a t i v e   c o r n e a l   r e f l e c t i o n / p u p i l  image d i s -  

placement) 

i s  the   ang le   be tween   t he   gaze   (o r   f i xa t ion )   vec to r  and the  

l i ne   j o in ing   t he   Ocu lomete r   t o   t he   eye .   S ince ,   i n   gene ra l ,  

a r e l a t i v e l y   l a r g e  amount of  head  motion w i l l  occur   (within 

the   to ta l   eye   space   vo lume)   the   eye-Oculometer   l ine   cannot  

10 



be  considered as a f i x e d  reference a x i s .  Thus to   de te rmine  

the   abso lu t e   d i r ec t ion   o f   t he   eye  i t  i s  necessary t o  measure 

t h e   a b s o l u t e   d i r e c t i o n  of the  eye-Oculometer  vector,  as w e l l  

as the   ang le  8. 

F i n a l l y ,  i t  may be  noted  that   the  information  required  from 

the  Oculometer may not   be   the   absolu te   d i rec t ion   of   the   gaze  

v e c t o r ,   b u t   r a t h e r   t h e   l o c a t i o n ,  on some two-dimensional  surface 

(such as an  instrument   panel) ,  of t h e   f i x a t i o n   p o i n t .  As discussed 

l a t e r  the   pos i t i on   o f   t he   f i xa t ion   po in t  may be   de te rmined   e i ther  

by  tracking  both  eyes  or  by knowing t h e   s p a t i a l   r e l a t i o n s h i p  between 

t h e   f i x a t i o n   s u r f a c e  and the  Oculometer,   or  by  locating a number 

o f  re fe rence   sources  on the   f i xa t ion   su r f ace .  

The range  of  angles ( e )  that   can  be  measured is  l imi t ed - (a )  

by the  requirement  that   the  Oculometer  must  have  an  unobstructed 

view  of  most  of  the eye  d e t a i l   t o  be  t racked,  and  (b)  by the  

r equ i r emen t   t ha t   t he   co rnea l   r e f l ec t ion  be  formed by a c e n t r a l  

region of the  corneal   surface--which i s  of h i g h   o p t i c a l   q u a l i t y  

ra ther   than  the  edge  regions  where  there  are large  changes  of 

cu rva tu re   (Res t r i c t s  8 t o   abou t  *30 degrees) .  

S ince ,   in  some cases, the dynamic  range  of  the  Oculometer 

w i l l  be l imi t ed  by i t e m  (b)   above,   considerat ion  should  be  given 

t o  s e n s i n g   e y e   d i r e c t i o n ,   i n   t h e  case of la rge   va lues   o f  8 ,  by 

11 



sens ing  the a p p a r e n t   e c c e n t r i c i t y   o f   t h e   p u p i l .  When the  eye i s  
ro ta ted ,   an   ob l ique   v iew  of   the   nominal ly  circular p u p i l  i s  obtained 

and   eye   d i rec t ion   could   be   der ived  from a measure  of  the  pupil  

eccen t r i c i ty .   Th i s   t echn ique  is  u n s u i t a b l e   f o r  small values   of  8 

because   pup i l   eccen t r i c i ty  i s  p ropor t iona l   t o   cos  8 and ,   fo r  small 

values   of  8. 

e 2 
cos 8 a 1 - -  2 

Thus, when 8 i s  small, the  magnitude of t h e   e c c e n t r i c i t y   o f  

t h e   p u p i l  i s  very small and  impossible   to   measure  accurately.  

For   large  values   of  8 ( i . e . ,  8=30 degrees)   the   func t ion   cos  8 i s  

approximate ly   l inear   wi th  8. The pup i l   eccen t r i c i ty   t echn ique  

can be cons ide red ,   t he re fo re ,   fo r  use when t h e   c o r n e a l   r e f l e c t i o n  

technique fa i l s  because  of i t e m  (b)  above. 

General   Description O f  The Remote Oculometer 

The g u i d e l i n e   s p e c i f i c a t i o n s ,   f o r   t h i s   s t u d y ,   o f   t h e  Remote 

Oculometer are as fol lows:  

The Remote Oculometer  should  allow  tracking  of  ei ther  eye 

or   bo th   eyes   o f   the   subjec t  a t  a d i s t ance   o f  3 t o  5 feet  

over a dynamic  range  of*gOdegrees minimum l e f t  and r i g h t  

and  up  and down, with  allowed  head  motion of kt6 i nches   i n  

a l l  d i r e c t i o n s .  The accuracy  and  precision  of  the  system 
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should  be *l degree  and *1/2 degree ,   r e spec t ive ly ,   w i th in  

+-20 degrees  of the   op t i c   ax i s ,   w i th   r educed   accu racy  and 

prec is ion   a l lowed beyond t h e   c e n t r a l  *20 degree  cone. The 

reso lu t ion   of   the   sys tem  should   be  0.25 degree on t h e   o p t i c  

a x i s .  The minimum smooth t r ack ing  rate should  not  be less 

than 60 degrees / s ,  and the  acquis i t ion  and  response times 

should  be less than  0 .1   second.  

I n   o r d e r   t o   a v o i d   e x c e s s i v e  and   confus ing   genera l i t i es ,  i t  

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

of the  remote  Oculometer  that  w i l l  b e s t   f i t   t h i s   s p e c i f i c a t i o n .  

Reasons f o r   t h e  component, sys t em,  and  design  choices , i m p l i c i t  

i n   t h i s   i n i t i a l   d e s c r i p t i o n ,  w i l l  be  given la ter .  The gene ra l  

remote  Oculometer  consists  of 4 subsystems as i l l u s t r a t e d   i n  

F igure  5. These are:  

1. Head Marker 

2.  Two-axis  moving m i r r o r  

3 .  Eye a c q u i s i t i o n  and t racking  system 

4 .  Elec t ron ic s  

Head Marker 

A head  marker i s  i n c l u d e d   t o   p e r m i t   r a p i d   i n i t i a l   a c q u i s i t i o n  

( i .e . ,  wi th in   about  0.1 s )  and t o   e n s u r e   r a p i d  and r e l i a b l e  
r ega in ing  of t r a c k   a f t e r   a n y   l o s s   o f   t r a c k .  
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Figure 5 REMOTE OCULOMETER SUBSYSTEMS 



It c o n s i s t s   o f  a s p e c i a l   c o r n e r   r e f l e c t i n g  material, approxi-  

mate ly  1 in .   squa re ,  0 . 2  i n .   t h i c k   t o   b e   l o c a t e d   n e a r   t h e   e y e   e . g . ,  

f i x e d   t o  a helmet, head  band, o r  intercom  head set  e tc .  

Two-Axis  Moving Mirror  System 

The two-axis  moving  mirror  system  consists  of a gimbal  mounted 

mir ror   capable   o f   two-axis   ro ta t ion   (about  i t s  c e n t e r ) .  The mi r ro r  

i s  r o t a t e d  by two torque   motors   and   the   mir ror   def lec t ion  i s  

measured  by two r o t a r y   v a r i a b l e   d i f f e r e n t i a l   t r a n s f o r m e r s .  Depending 

upon i t s  mode of   opera t ion ,   the   mir ror  may be commanded t o  move t o  

a g i v e n   a n g u l a r   p o s i t i o n   ( o r   p o s i t i o n s )   o r  may be a pa r t   o f   t he   eye  

acquis i t ion   and   t racking   subsys  t e m .  

The pr imary  funct ion  of   the  two-axis  moving mirror   subsystem 

i s  t o   d e p l o y   t h e   r e l a t i v e l y  small i n s t a n t a n e o u s   f i e l d  of view of 

the  eye  acquis i t ion  and  t racking  subsystem, ( i . e . ,  ins tan taneous  

eye   space )   ove r   t he   t o t a l  eye  space area. 

It serves spec i f  i c a l l y   t o  : 

1) d i r e c t   t h e   i n s t a n t a n e o u s   f i e l d   o f   v i e w   o f   t h e   e y e  
t racking  subsystem  to   the  head  marker .  

2 )  d e f l e c t  t h i s  instantaneous  f ie ld   of   view  f rom  the 
head  marker   to   the  eye 

3 )  mainta in   the   ins tan taneous   f ie ld   o f   v iew  over   the   eye  

4 )  dep loy   t he   i n s t an taneous   f i e ld   o f  view from  one  eye 
t o   t h e   o t h e r  ( i f  d e s i r e d )  
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A s  soon as the  head  marker i s  acquired  by  the  eye track system, 

approximate  range  (from  eye  to  Oculometer)  information becomes 

a v a i l a b l e  from an   au tomat ic   focus   sys tem  tha t  w i l l  c ause   t he  

photocathode image of   the   head   marker   to  become sharp ly   focused .  

This   range   in format ion   def ines   the   approximate   bear ing   of   the   eye ,  

re la t ive  t o   t h e   m a r k e r ,  as seen  by the eye  t racking  system. Thus 

the   mi r ro r   can   be  commanded t o   d e p l o y   t h e   i n s t a n t a n e o u s   e y e   s p a c e  

area approx ima te ly   ove r   t he   eye .   I f   t he   i n s t an taneous   f i e ld  of 

view i s  made l a r g e   e n o u g h ,   t o   a l l o w   f o r   t h e   i n e v i t a b l e   u n c e r t a i n -  

t ies  o f   p o s i t i o n   i n   t h i s   p r o c e s s ,   t h e   e y e  w i l l  t hen   be   w i th in   t he  

i n s t a n t a n e o u s   f i e l d  of view and  can  then  be  found  by a p u r e l y  

e l e c t r o n i c   s e a r c h ;   t h a t  i s ,  without   any  search  motion on t h e   p a r t  

o f   the   mir ror .  

Eye Acqu i s i t i on  And Tracking  Subsystem  This  system  consists  of:  

--a xenon s h o r t  arc lamp s o u r c e   o f   i n v i s i b l e   ( o r   s l i g h t l y  
v i s i b l e )   i n f r a r e d   r a d i a t i o n  

--a p r o j e c t i o n   o p t i c a l   s y s t e m   t o   i l l u m i n a t e  a r e l a t i v e l y  
small in s t an taneous   eye  space 

--A c o l l e c t i o n   o p t i c a l   s y s t e m   t o  image the   i n s t an taneous  
eye   space   on to   the   sc reen   of   the  E-0 s enso r  

--An au tomat i c   focus ing   sys t em  fo r   t he   co l l ec t ion   op t i c s .  
Th i s   can   e i the r   be  commanded ( t o  a g i v e n   f o c u s   s e t t i n g )  
by   an   ex te rna l   s igna l  o r  can   au tomat ica l ly   focus   an   image  
by a d i t h e r   m o t i o n  of t h e   f o c u s i n g   l e n s  

--An E-0 s enso r   ( an   image   d i s sec to r   o r   an  image i n t e n s i f i e r /  
image d i s sec to r   combina t ion )  

As descr ibed   above ,   the   ins tan taneous   f ie ld   o f   v iew  ( ins tan-  

taneous   eye   space)   o f   th i s   sys tem i s  deployed ,   in   var ious   ways ,  
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by  the moving mi r ro r .  The fol lowing are the  corresponding modes 

of   opera t ion   of   the   eye   acquis i t ion   and   t racking   sys tem:  

1) Head marker   search 

The moving m i r r o r  i s  made t o  execute a raster search 
motion  in   which  the  instantaneous  eye  space i s  scanned 
o v e r   t h e   t o t a l   e y e   s p a c e   i n  a s e a r c h   f o r   t h e  relatively 
l a r g e ,   h i g h l y   r e f l e c t i n g ,  marker. 

2)  Head marker   t rack  

The head  marker i s  b r i e f ly   t r acked   du r ing   t he  t i m e  i t  
t akes   fo r   t he   au to focus ing   sys t em  to   s e rvo  i tself  i n t o  
a f ine - focus   pos i t i on .  

3 )  Eye Search 

This mode i s  similar t o   t h e   s e a r c h  mode of t he   l abo ra to ry  
Oculometer as desc r ibed   i n  Appendix B 

4 )  Eye t r a c k  

This mode i s  similar t o   t h e   e y e   t r a c k  mode of   the  
laboratory  Oculometer as described  in  Appendix B 

( A n  op t i ca l   a l l - e l ec t ron ic   head   marke r   s ea rch  and t rack  system 

could  be  added  to  the  system  outlined  above f o r  s i t u a t i o n s  where 

ve ry   h igh   speed   acqu i s i t i on  and r e a c q u i s i t i o n  are of   over-r iding 

importance. It would invo lve   add i t iona l   pane l  mounted instrumenta- 

t i o n  as ind ica t ed   i n   F igu re  5)  

ELECTRONICS  SYSTEM 

The e lec t ronics   sys tem  processes  the v ideo   s igna l   gene ra t ed  

by t h e  image d i s s e c t o r ,   g e n e r a t e s   s c a n   d e f l e c t i o n ,   f o c u s   c o n t r o l ,  

andmi r ro rcon t ro l   s igna l s ,   and   computes   eye   d i r ec t ion .  
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SYSTEM FACTORS 

This s e c t i o n  is d e v o t e d   t o   c o n s i d e r a t i o n   o f   t h e   f o l l o w i n g   b a s i c  

f a c t o r s :  

1. The v i s i b i l i t y   o f   t h e   e y e   t o   t h e   O c u l o m e t e r .  

2. Der iva t ion   of   usefu l   in format ion  ( i .e.  , eye   d i r ec t ion  

o r   f i x a t i o n   p o i n t   p o s i t i o n  on an  instrument  panel)   from 

the   bas ic   ou tputs   f rom  the   e lec t ronics   sys tem 

3.  P o t e n t i a l   e r r o r   s o u r c e s :  i . e . ,  

--Range  measurement e r r o r s  

- -Mir ror   angle   p ick-of f   e r rors  

--head r o l l  

- - e r ro r s   de r ived   f rom  phys io log ica l   f ac to r s   o f   t he   eye  

- - eye   t r ack ing   e r ro r s  

V i s i b i l i t y  Of The Eye To The Oculometer 

Description  of  Experiments The range  of   angular   eye 

d i rec t ions   tha t   can   be   measured  by one  Oculometer i s  l i m i t e d  

by the  requirement  that   the  Oculometer  must  have  an  unobstructed 

view of the  eye.  

To i n v e s t i g a t e   t h e   t y p i c a l   c o v e r a g e   a l l o w a b l e ,   t h e   e y e s  of t h r e e  

s u b j e c t s  were examined from a d i s t a n c e   o f  20 f ee t   t h rough  a te lescope  

upon which w a s  mounted a microscope   i l lumina tor .  The v i s i b i l i t y  of 

t h e   p u p i l   a n d   t h e   v i s i b i l i t y   o f , t h e   c o r n e a l   h i g h l i g h t  was then   s tud ied  

as t h e   s u b j e c t   v a r i e d   h i s   d i r e c t i o n   o f   r e g a r d .   V i s i b i l i t y   p r o f i l e  

curves  were obtained  (See  Figure 6 ) .  
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These curves show t h a t  there is  an optimum d i r e c t i o n  relative 
t o   t h e   f i x a t i o n   f i e l d   f r o m   w h i c h   t h e   O c u l o m e t e r   s h o u l d  look a t  

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

depress ion   coverage .  The p r o f i l e   c u r v e s  are based  upon  the 

se l ec t ion   o f   t he   eye   hav ing  minimum v i s i b i l i t y  a t  any  bear ing.  

The results o f   t he  tes t  are as fo l lows .  

Experimental  Results The  optimum look angle   for   the   Oculometer  

i s  25 degrees   i n   e l eva t ion ,   Tha t  i s ,  r a d i a t i o n   s h o u l d   b e   d i r e c t e d  

a t  the   pupi l   and   recol lec ted   f rom a p o i n t  25 degrees  below  the 

mean e l e v a t i o n  of the   d i r ec t ion   o f   r ega rd   and   a long   t he   ave rage  

az imuth   bear ing   of   the   d i rec t ion   of   regard .   (F igure  7). 

I f   t h e   d i r e c t i o n   o f   r e g a r d  ( e ) ,  ( r e fe renced   t o   t he   eye -  

Oculometer ax i s )   exceeds  35 degrees , eye   d i r ec t ion   i n fo rma t ion  

cannot   be  obtained by moni tor ing   the   d i f fe rence   be tween  the  

p u p i l   c e n t r o i d  and t h e   c o r n e a l   h i g h l i g h t .  A t  t h e s e   l a r g e   a n g l e s ,  

a n y   h i g h l i g h t  would  be  generated  by  the  sclera .   Therefore ,  i f  

8 exceeds 35 degrees ,  i t  would become n e c e s s a r y   t o   u t i l i z e  a 

second  measuring  technique. A t  t h e s e   l a r g e   e y e   a n g l e s ,  a 

measu remen t   o f   t he   eccen t r i c i ty   o f   t he   pup i l   ( a s   d i scussed   l a t e r )  

can  provide  approximate  eye  direct ion  information.   This   pupi l  

e c c e n t r i c i t y   t e c h n i q u e  i s  a v a i l a b l e   f o r   v a l u e s   o f  8 up t o   t h e  

l i m i t  se t  by the   obscu ra t ion   o f   t he   pup i l  by f a c i a l   d e t a i l s ;  

t h a t  i s ,  up t o  570 degrees   in   azimuth  and  -35  degrees   to  +55 degrees  

i n   e l e v a t i o n  as shown i n   F i g u r e  7 .  
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Thus ,   ins ide   the   az imuth   and   e leva t ion   prof i le  curves of 

F igure  7 de t e rmina t ion   o f   t he   d i r ec t ion   o f   r ega rd  of the  eye  can 

be made wi th  a s ingle   Oculometer   system. 

Der iva t ion  Of Eye Direc t ion   Informat ion  

The basic  measurement  performed by the   Ocu lomete r   e l ec t ron ic s  

system i s  o f   t he   l i nea r   d i sp l acemen t  on the  sensor   photocathode 

( u , v   i n   F i g u r e  8) of   the  images  of   the  corneal   ref lect ion  and 

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

t h i s  measurement   (u ,v)   and  the  absolute   direct ion of the  eye.  

L e t  &,J9$ be a f i x e d  set  o f   r e c t a n g u l a r   a x e s   ( i . e .  , a i rc raf t  

a x e s ) ,   s u c h   t h a t  when t h e  movi.ng m i r r o r  i s  i n   t h e   n u l l   p o s i t i o n  

(a=O B=O i n   F i g u r e  9 )  t h e   v e c t o r s  I 1 are i n   t h e   p l a n e  of the   s enso r  

photocathode. As t h e   m i r r o r   r o t a t e s   i n   a z i m u t h  by 7 and  then ,   in  

e l e v a t i o n ,  by p/2 (Figure 9 )  t h e  image d i s s e c t o r   a x e s ' '  become 

r o t a t e d   r e l a t i v e   t o   f i x e d   s p a c e   ( i . e .  , relative t o  i k). The 

image d i s s e c t o r   a x e s ,   i n   t h e   g e n e r a l   c o n d i t i o n ,  are shown as 2 
j ,k i n   F i g u r e s  8 and 9. -2 -2 

a 

1 1  

- 9 2  9l-A 

Refe r r ing   t o   F igu re  8 l e t  K be the   d i sp lacement  of t h e   p u p i l  

c e n t e r  f r o m   t h e   c e n t e r   o f   c o r n e a l   c u r v a t u r e   ( i . e . ,  K i s  a c o n s t a n t  

o f   t he   eye ) .  T r 1 2 r l i t  i s  evident ,   f rom  Figure 8 ,  t h a t  
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Where is  a unit v e c t o r   a l o n g   t h e   o p t i c a l   a x i s  of the   eye ,  

and R i s  the   range   f rom  the   eye   to   Oculometer   (See   appendix  A 

f o r  a desc r ip t ion   o f   t he   geomet r i ca l   op t i c s   i nvo lved   i n   t he   d i s -  

placement of t h e   p u p i l   c e n t e r  from t h e   c o r n e a l   r e f l e c t i o n   w h i c h ,  

in   the   photoca thode  image, i s  t h e   v e c t o r  u k2 + V i 2 )  

The v e c t o r  4 can   be   def ined   in  terms of  azimuth  and  eleva- 

t i on   pa rame te r s  (x, y) as 

x & + Y ~  & 
l + x   + y  

I? =4 CI 

2 2 

(See  Figure 9 )  

I n   o r d e r   t o   d e r i v e  a r e l a t ionsh ip   be tween   (x ,y )   ( t he   des i r ed  

a b s o l u t e   e y e   d i r e c t i o n   i n f o r m a t i o n   r e l a t i v e   t o   f i x e d   a x e s )   a n d  

(u,v)   ( the  basic   Oculometer   measurement)   equat ions (1) and (2)  
above  must be combined .   This   requi res   tha t  k2 be expressed 

i n  terms of A, 2, fs: 

From F igure  9 i t  i s  e v i d e n t   t h a t  

J1 = i 

Al =Aces a- & s i n  a 
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k = Tc, cos a + j s i n  a -1 N 

(where j,la!cl are t h e  "image d i s s e c t o r   a x e s "  after a pure  

az imuth   ro t a t ion  - of   t he   mi r ro r )  2 

a l s o ,  

A2 = i cos B - k s i n  B -1 -1 

J2 = il 

k2 = k cos B + i s i n  p CJL -1 

.. g2 = i cos p - (k cos a +j s i n  a) s i n  p 
N hl rJ 

i2 = j cos  a - & s i n  a 
Iv 

w 2  PCD 
k = (k cos a -t j s i n  a)cos p f i s i n  p 

pu 

i . e . ,  i+2 = A cos 8-4 s i n  a s i n  B - k- cos a s i n  p 
Tv 

- 
j2  - j @OS a - k s i n  a 

<,% w 

k2 = i s i n  B S L  sin a cos p + k c o s  a cos p 
1 

L 
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I 

Substituting  in  equation (1) from ( 2 )  and (3 )  : 

u=--f===v i 
1 i 
x  cos p - y  sin 01 sin p 4- cos 01 sin p 

R l + x  

K 
= Iq/i=2 

y  cos 01 C sin a (4 1 

Given  (u,v) ( a , @ )  and R (measurements) , and K (constant  of 
the  eye),  these  equations  enable  the  absolute  direction  (x,y) of 
the  eye  to  be  computed. A first  approximation  is 

x = - u  
Ru 
K B 

Rv 
Y = y  - a  

For  a  one  square  foot  total  eye  space  region,  at  a  minimum 
range (R) of 3 feet, the  values of (a,B) are  limited  to  approxi- 
mately *lo  degrees.  The  order of magnitude  of  the  errors  involved 
in  the  approximation  given  above  are  shown  below  for  these  maximum 
values  of ( a , ~ )  (i.e.,  worst  case). 

(cosine = 1) : error = 1.5% of (x,  y) or 0.3 degree  maximum 
for x, y (20 degrees 
(sine = angle) : error = .05 degree 
(y sin a sin @ = 0 )  : error  is 3% of y or 0.6 degree  maximum 
for  x,y 2 20 degrees 
(dl + x2 + y2 = 1) : error is LO% of (x,  y) or 2 degree 
maximum  for  x.,y - < 20 degrees 
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The approximation 

i v +  a 

where  x,  y are g iven   by   equat ion  (5) i s  much b e t t e r .  

The requi red   eye   in format ion  may, however,   not  be  the  absolute 

d i r e c t i o n   o f   t h e   e y e   ( x , y )   b u t   r a t h e r   t h e   l o c a t i o n ,  on some s u r f a c e ,  

o f   t h e   f i x a t i o n   p o i n t   o f   t h e   e y e .  

L e t  (X,Y) b e   t h e   c o o r d i n a t e s   o f   t h e   p i l o t ' s   f i x a t i o n   p o i n t  

on a p lane  ( T )  norma l   t o  k and  containing  the  Oculometer  moving 

mir ror   (F igure  10). Then,   f rom  the  f igure,  

X = R ( s i n  !3 - x cos  f3 cos a )  

Y = R (cos B s i n  a - y cos f3 cos  a )  

o r ,  t o  a f i r s t   a p p r o x i m a t i o n  

3 

2 
Y = R  ( a 4 - y )  = -  

R v  
K 
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I n   g e n e r a l ,   t h e   f i x a t i o n  surface (e .g . ,   an   ins t rument   pane l )  

w i l l  no t   t ake   t he   fo rm  o f   an   i dea l   p l ane ,  T, as assumed he re .  The 

de te rmina t ion   o f   t he   exac t   l oca t ion  of t h e   f i x a t i o n   p o i n t  on a 

g e n e r a l  surface w i l l  en t a i l   add i t iona l   computa t ion   i n   wh ich   t he  

c h a r a c t e r i s t i c s   o f   t h e   s u r f a c e  are c o n s t a n t s   t o   b e  programmed i n -  

t o  the computation. 

T h i s   a n a l y s i s   h a s   i l l u s t r a t e d  how any   par t icu lar   eye   in forma-  

t i o n   ( d i r e c t i o n ,   l o c a t i o n   o f   f i x a t i o n   p o i n t )   c a n   b e   c o m p u t e d ,  

given : 

u,v,   (basic  Oculometer  measurement) 

( a  , B) (mi r ro r   doub le   ang le s )  

R (range  from  eye  to  Oculometer)  (derived  from  focus  system) 

The exact   formulae  involved are s u f f i c i e n t l y   c o m p l i c a t e d  as 

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

computer).  However, simple  approximations are ava i lab le   which   can  

y ie ld   modera te   accuracy   wi thout   spec ia l   computa t ion .  

The accuracy  with  which  the  above  parameters must be  measured 

. to   g ive   an   e r ror   o f  0 .1  deg ree   ( i n   x ,y )   (due   t o   each   pa rame te r )   o r  

0 . 1  i n .   ( i n  X,Y) i s  given  below  for  R (nominal) = 6 0  i n .  and K 

(nominal) = .18 i n .  
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a , B: 0.1 degree 

u, v: 0.3 thousandths  of  an  inch 

R: 0.3% ( f o r  x = 30 degrees )   fo r  a 0.1 d e g r e e   e r r o r   i n  x 

(or  0.15% f o r  a 0 .1  i n .   e r r o r   i n  X) 

An a l t e r n a t i v e  method  of   der iving  f ixat ion  point   information 

i s  t o   l o c a t e  a number of  suitab!e I R  sources  on the  instrument  

panel  (as panel   markers )   and   t rack   the   cornea l   re f lec t ions   o f   these  

sources .  The Oculometer   output   with  thisapproach  could  be a 

video  display  of   the  panel   marker   ref lect ions,   referred to t he  

cen te r   o f   t he   pup i l   (F igu re  11). 

As discussed l a t e r  the  Oculometer  system w i l l  have a very 

narrow  operating  spectral   band,  and  use a xenon s h o r t   a r c  lamp 

f o r   e y e   i l l u m i n a t i o n   i f   t h e  maximum sun d i s c r i m i n a t i o n   c a p a b i l i t y  

i s  r equ i r ed .   In   t h i s   even t ,   f i l amen t  lamps  used as panel  markers 

would y i e ld  a c o r n e a l   r e f l e c t i o n  100 times less b r igh t   t han   t ha t  

of  the  Oculometer  source,   or  about twice the   b r igh tness  of t h e  

ave rage   pup i l   s igna l .  The c o r n e a l   r e f l e c t i o n  of the  panel  marker 

would a l s o  be  very small. For  example, a .060 in .   square  f i lament  

used as a panel  marker  source would y i e l d  a c o r n e a l   r e f l e c t i o n  

about 0 .3  thousandths  of  an  inch - - i . e . ,  about 100 t i m e s  smaller 

i n  area t h a n   t h a t  of the  main Oculometer c o r n e a l   r e f l e c t i o n .  

31 



Corneal  Reflec- 
tions of Panel 
Markers. 7 

TV Display 

/ /" Panel 
Instrument 

Oculometer 1 
Aperture 

\ Corneal  Reflection  of 
Oculometer  Source 

TV Display  Referenced so 
A Panel  Markers 

that  Pupil  Center i s  Always 
at Center  of  Display 

Figure 11 PANEL MARKER SYSTEM 



A diode   sublaser  as the panel  marker source would  Yield 

a s t ronger   s ignal   which  could  be  modulated.  The maximum radiance  

of a Texas  Instrument GaAs diode OSX 1208 is  about 1 w a t t / c m 2 / .  

s t e r a d i a n .  The diode  has   an effective emit t ing  diameter   of   0 .072  in .  

and  would,   therefore ,   g ive a marker c o r n e a l   r e f l e c t i o n   a b o u t  510 t i m e s  

t h a t   o f  a f i lament  lamp. This  would  yield a video level about   equal  

t o   t h e   p u p i l   v i d e o  level. 

If h i g h   s u n l i g h t   d i s c r i m i n a t i n g   c a p a b i l i t y  i s  no t   r equ i r ed ,  

t he   ope ra t ing   spec t r a l  band of the  Oculometer  can be  opened up 

and a f i lament  lamp panel  marker  would  then  give  an  adequate  signa',  

It is  concluded  that   panel  markers  could be used   to   re fe rence  

t h e   e y e   f i x a t i o n   p o i n t  on t h e   p a n e l   d i r e c t l y  ( a s  i l l u s t r a t e d   i n  

Figure 11). However,  owing t o  the weak co rnea l   s igna l   t ha t   t hey  

w i l l  genera te ,   the   accuracy   of   loca t ion   ob ta inable  may (because 

of t racking   no ise)   be  up to   abou t  3 times poore r   t han   t ha t  of  the  

bas i c  Oculome ter .  

Poten t ia l   Er ror   Sources  

The effect of e r r o r s   i n  the measurement of range (R) , mir ro r  

angles  ( a , p ) ,  and  eye  detai l   posi t ion  (u ,v)   have  been  discussed i n  

the   p rev ious  sec t ion.  
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Eye Er ro r s  

The fo l lowing   sec t ion  w i l l  analyze  the  type  of   eye errors 
generated by physiological  changes  which  produce  an  apparent 

s h i f t   i n   t h e   d i r e c t i o n  of regard   o f   the  viewer. 

The NonfFxation Stare The e r r o r  of a nonf ixa t ion  stare i s  

due t o   t h e   i n a b i l i t y   o f   t h e   O c u l o m e t e r j  when imaging  only  one  eye, 

t o   de t e rmine  i f  the   r ange   o f   f i xa t ion  i s  a real  po in t  on t h e   i n s t r u -  

ment   pane l   o r   an   imaginary   po in t   in   space .  

I f  the  foveal   gaze  vector   of   one of t h e   p i l o t ' s   e y e s   i n t e r c e p t s  

the   pane l  a t  a po in t  8 and  the  Oculometer i s  measuring  that   eye,  

then  the  system w i l l  i n d i c a t e   t h a t   t h e   p i l o t  i s  i n  fac t  looking a t  

the   po in t  0 .  H e  may, however ,   be   s tar ing a t  i n f i n i t y   " n o n f i x a t i o n  

stare . 'I 

To determine i f  t h e   s u b j e c t  i s  n o t   f i x a t i n g  on an   ob jec t   in  

the   near   f ie ld   the   convergence   o f   bo th   eyes   could   be   measured .  

This  technique  could be u s e d   f o r   n e a r   f i e l d   t a r g e t s   t h a t  create 

more then 1 / 2  degree  convergence  between  the two e y e s   ( i . e . ,  

t a r g e t s  less than 2 0  f t  away from  the e y e ) .  

Pupi l  Diameter Changes The p o s s i b i l i t y   e x i s t s   o f   e r r o r s   c a u s e d  

by a displacement of t he   pup i l   cen te r   a s soc ia t ed   w i th   pup i l   d i ame te r  

changes.  These  displacements may have  the  following  components 
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a) completely random, i .e . ,  canno t   be   ca l ib ra t ed   ou t  

b) nonrandom (displacements  of  equal  and  opposite  magnitude 

f o r   t h e  two eyes)   (could  be  caused  by  opt ical   aberrat ions 

and the  asymmetry, i n   t h e   h o r i z o n t a l   d i r e c t i o n ,   o f   t h e  

two eyes).   These effects could  be  cancelled  by moni- 

tor ing  both  eyes   and  averaging.  
c )  o t h e r  x and y d i sp lacemen t s   o f   t he   pup i l   cen te r   t ha t  

are r epea tab le   func t ions   o f   pup i l   d i ame te r .  

Effects (b)  and  (c)  could  be  compensated  for  automatically 

s ince   pupi l   d iameter   in format ion  i s  ava i lab le   in   the   Oculometer .  

Based  upon operating  experience  with  the  laboratory  Oculometer,  

pupi l   d iameter  effects  appear   to   be   negl ig ib le   for   the   minor   pupi l  

d i ame te r   f l uc tua t ions   t ha t   occu r   i n  a cons tan t   ambient   i l lumina t ion .  

Nonrandom effects with  larger  pupil   diameter  changes  have  been 
observed,  but i t  has   no t   been   e s t ab l i shed   t ha t   t hese  are rea l  

e f f e c t s .  They may be  due t o   t h e   l a r g e   p u p i l   s i g n a l   v a r i a t i o n s  

assoc ia ted   wi th   l a rge   pupi l   d iameter   changes ,   and   sys tem limita- 
t ions  of   the   laboratory  Oculometer   in   the  present   form.  

The Effect O f  Head Rol l  The Oculometer senses   the   angle  

between  the  opt ical   axis   of   the   eye  and  the  Oculometer   direct ion.  

In   o rder   to   cor rec t ly   measure   the   angle   be tween  the   v i sua l   ax is  

of   the   eye   and   the   Oculometer   d i rec t ion ,   the   l lv i sua l -opt ic l l   o f fse t  
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angle  must  be  added to  the  Oculometer  output.   This  f ixed  angle 

a d d i t i o n  i s  va l id   p rovided   the   eye  i s  n o t   r o t a t e d   a b o u t   t h e   o p t i c  

axis (See Figure  12) .  

Eyebal l   ro l l   occurs   in   na tura l   eye   mot ion   (most ly   accord ing  

t o  L i s t i n g s  l a w  (Refs 3,4,5)  so  t h a t   t h e  small "errors"   introduced 

are repeatable   and are to   be   cons ide red  as p a r t   o f   t h e  non- 

l i nea r i t i e s   a s soc ia t ed   w i th   t he   measu remen t   t echn ique ) ,   and   a l so  

wi th   head   ro l l .  (See Appendix C )  

Direct v i s u a l   s t u d i e s  of the  eye  during  head  rotat ion  about  

t h e   v i s u a l   a x i s ,  a t  about a 45 d e g r e e / s   r o t a t i o n  ra te ,  i n d i c a t e  

tha t   t he   eyes  are s t ab i l i zed   t o   t he   space   coord ina te   sys t em  fo r  

head r o l l   a n g l e s  less then *7 degrees :   the   speed   of   ro ta t ion  

and  magnitude of t h e   r o l l   a n g l e  seemed t o   e s t a b l i s h   t h e   s i z e  and 

frequency of d i sc re t e   ro l l   s t eps   t ha t   t he   eye   unde rgoes .  For 
n a t u r a l   t a r g e t   s t u d i e s   w i t h i n   t h e   p r o f i l e   c u r v e s   g e n e r a t e d   i n  

Figure 13,  t h e   h e a d   r o l l   a n g l e s ,  on the  average,  do  not  exceed 

*7 degrees as ind ica t ed .  However, the  head - can   be   ro l led  as much 

as *40 degrees and condi t ions   o f   th i s   na ture   might  exis t  f o r  a 

pi lot   maneuvering a h igh   speed   a i r c ra f t .  

I f  a head r o l l   a n g l e   g r e a t e r   t h a n  *7 degrees   occurs ,   then 

in  an  Oculometer sys tem monitor ing  only  one  eye,   an  error  w i l l  

be  introduced. 
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t i o n  of t h e   r o l l   a n g l e  of $he e y e b a l l :   c o r r e c t i o n  vector (4" 
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The b e s t  way t o  overcome a t  least  most   o f   the   adverse   e f fec ts  

of  head r o l l  i s  to   mon i to r   bo th   eyes .   Th i s   t echn ique   u t i l i ze s  

t h e   e q u a l  and o p p o s i t e   h o r i z o n t a l   o f f s e t   a p p e a r i n g   i n   t h e  two eyes 

(See  Figure 14) .  The ave rage   o f   t he   d i r ec t ion   o f   r ega rd   ang le s  

measu red   d i r ec t ly  by t h e  Oculometer on both  eyes  is thus  a d i r e c t  

measure o f   t he   l i ne   o f   r ega rd   o f   t he   obse rve r   i n   t he   ho r i zon ta l  

plane.  The o f f s e t   a n g l e   i n   t h e   v e r t i c a l   p l a n e  is  =1 degree,  

t h e r e f o r e ,   e v e n   i f  a maximum 40 degree   head   ro ta t ion   occur red ,  

t h i s  would y i e l d  a ver t ical  e r ro r   o f   on ly  0.75 degree.  

BASIC D E S I G N  FACTORS 

Eye Sa fe ty  

Eye damage could  occur  with  the  Oculometer  because  of:  

a )   excess ive   i r r ad iance  a t  the   f ron t   su r f ace   o f   t he   eye  

o r  b )  excess ive   i r r ad iance   o f   t he   r e t ina .  

E f f e c t   ( a )  i s  a func t ion   o f   t he   i r r ad iance   l eve l   (wa t t s / cm ) 2 

a t  the   eye ,   o f   t he   Ocu lomete r   r ad ia t ion ,   wh i l e   e f f ec t  ( b )  i s  a 

func t ion   of   the   rad iance   o f   the   source   (wat t s /cm  / s te rad ian) .  2 

The nominal   source  radiance  of   the  laboratory  Oculometer  w a s  

1.5 w a t t s / c m  / s t e r a d i a n .  With f / 5 0   i l l u m i n a t i o n   o p t i c s   t h i s  2 
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y ie lds   an   eye   space   i r r ad iance  of 600 pW/cm . The t o t a l   s o l a r  

i r r a d i a n c e  a t  t h e   e a r t h ' s   s u r f a c e   ( w i t h  an a i r  mass of 2) over  

2 

t h e   s p e c t r a l   r a n g e  0.4 to 1.0~ i s  about  53 mW/cm . Thus  from 

t h e   p o i n t  of  view  of c o r n e a l   i r r a d i a n c e ,   t h e   r a d i a t i o n  level of 

t h e   l a b o r a t o r y  Oculometer i s  about 100 times less than   tha t   due  

t o   n a t u r a l   s o l a r   r a d i a t i o n ,   a n d  i s  the re fo re ,   obv ious ly  w e l l  

w i t h i n   t h e   s a f e   l e v e l .  

z 

The source   o f   i l l umina t ing   r ad ia t ion   i n   t he   Ocu lomete r  w i l l  

subtend  an  angle  of  approximately 1 degree a t  the   eye .  The r e t i n a l  

image  of t he   r ad ia t ion   sou rce  w i l l ,  t he re fo re ,   be   abou t   0 .5m  in  

d iame te r  . 

The t h r e s h o l d   r e t i n a l   i r r a d i a n c e   ( a n d   t h r e s h o l d   e x p o s u r e ) ,  

f o r   r e t i n a l   i n j u r y   w i t h   a n  image  of t h i s   s i z e  on a r a b b i t   r e t i n a ,  

i s  shown i n  Figure 15, acco rd ing   t o  Ham (Reference 6 )  and  Alexander 

(Reference 7 ) .  A l s o  shown i s  the  maximum con t inuous   i r r ad iance  

l e v e l   t h a t  w i l l  not  cause  permanent damage as given  by 0. 

Pomerantzeff of the  Retina  Foundation.  (This i s  0.75  cal/cm / s  
o r  3 w a t t s / c m  ). A s a f e t y   f a c t o r   o f  90 w i l l  b e   a p p l i e d   t o   t h i s  

l as t  va lue .   Th i s   y i e lds  a maximum s a f e   o p e r a t i n g   r e t i n a l   i r r a d i a n c e  

of  0.15 w a t t s / c m  . (Also shown in   F igure   15)  

2 

2 

2 

The corresponding  apparent   source  radiance (B t ) i s  then S I  
given  by: 

0.15 = (2) (BstI) n/4 7 
d 2  

4 1  



Exposure T h e  
.1 ms 1.0 PI 10 mn 100 m.m 1 see 

I 1 I 

Note A Proposed normal  operating level 
for remote  oculometer 

Note B Operating  level  of  remote  oculo- 
meter  with 7 mm pupil assuming 
failure  of  automatic lamp inten- 
sity  contra1 (see text) 

t 
- - Maximum for No Irradiance* (Continuous Exposure)(Retina Foundation) 
- Permanent Damage 
- 7 

- p - 3200°K Tungsten 
Proposed horst 
Case Condi t ion(See  B, 

Efaximurn Operating Irradiance* 

I 
. I  m s  1.0 ms 10 rnS 100 m s  I s  

Exposure Time 

F i g u r e  15 RETINAL SAFETY DATA 
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where T is  the   t r ansmiss ion  factor of  the  ocular.   media,  d t h e  

pupi l   d iameter ,   and a ,  the f o c a l   l e n g t h  of the eye. - 
As a n   a d d i t i o n a l   s a f e t y   f a c t o r ,  the value  of  T w i l l ,  f o r   t h i s  

c a l c u l a t i o n ,  be  assumed t o  be un i ty .  The value  of  "g" w i l l  be 

taken as 23m.  

100 This   g ives  B t - - 
S I -  d2 

This   funct ion i s  p lo t t ed   i n   F igu re   16 .  

It is  c lear  tha t   an   apparent   source   rad iance   o f   1 .5  watts per  

cm p e r   s t e r a d i a n  w i l l  s a t i s f y   t h e   s a f e t y   c r i t e r i o n ,  that  has  been 
specif ied  above,   under  a l l  condi t ions .  However, fo r   b r igh t   s cenes  

the   pup i l   d i ame te r  w i l l  almost  always  be  about 3 m   o r  less. From 

Figure  16 i t  can  be  seen  that   an  apparent   source  br ightness   of  

10  w a t t s / c m  / s te rad ian ,   o r   more ,  i s  then  permissible .  It is  

shown e l sewhere   t ha t   t he   i n t ens i ty  of t h e   p u p i l   s i g n a l   d e t e c t e d  

by the  Oculometer i s  inve r se ly   p ropor t iona l   t o   t he   squa re   o f   t he  

pupi l   d iameter .  Thus when the   pup i l   d i ame te r  i s  small ,  a h igher  

source   rad iance  would  be u s e f u l   t o  overcome the  effect  of a lower 

r e t u r n  from the   eye .   This   sugges ts   tha t  i t  might   be  desirable  

to   con t ro l   t he   sou rce   r ad iance  by a measure  of  the  scene  luminance. 

2 

2 
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Figure 16 MAXIMUM SAFE OPERATING  APPARENT  'SOURCE  RADIANCE (BstI) 



Assuming that the   pup i l   d i ame te r  w i l l  a lways  vary  with  scene 

luminance, as shown i n   F i g u r e  16 , i t  would   then   be   poss ib le   to  

a r r a n g e   t h a t   t h e   s o u r c e   r a d i a n c e  w a s  always as h igh  as p o s s i b l e ,  

c o n s i s t e n t   w i t h   t h e   s a f e t y   r e q u i r e m e n t  as s p e c i f i e d   i n   F i g u r e   1 6 .  

However, t h e r e  i s  no   abso lu t e   gua ran tee   t ha t   t he   pup i l   d i ame te r  

w i l l  vary  with  scene  luminance,  as i n d i c a t e d   i n   F i g u r e  16. Some 

s u b j e c t s  are obse rved   t o   have   unusua l ly   l a rge   pup i l s   i n   r e l a t ion  

to   the  ambient   scene  i l luminat ion.   Another   possible   technique,  

t o   pe rmi t   t he  use o f   t he   h ighes t   poss ib l e   sou rce   r ad iance ,  would 

be t o   c o n t r o l   t h e   s o u r c e   i n t e n s i t y   b y  a measure of   pupi l   d iameter ,  

as determined by t h e   O c u l o m e t e r   ( e i t h e r   d i r e c t l y   o r  by sens ing  

the   pupi l   s igna l -which  i s  i n v e r s e l y   p r o p o r t i o n a l   t o   p u p i l   d i a m e t e r ) .  

This   approach  cannot ,   again,   be   considered as provid ing   an   absolu te  

g u a r a n t e e   t h a t   t h e   s a f e t y   c r i t e r i a  w i l l  not  be  exceeded,  because 

of poss ib le   Oculometer   mal func t ions   l ead ing   to   an   incor rec t  estimate 

of   pupi l   d iameter .  

I n   o r d e r  t o  p l a c e   t h e s e   c o n s i d e r a t i o n s   i n   p e r s p e c t i v e ,  i t  i s  

to   be   no ted   t ha t   t he   t ungs t en   f i l amen t ,  a t  3200"K, has a r ad iance ,  

i n t e g r a t e d   o v e r   t h e  band 0.4 t o  1 . 0 ~ ~  of   about  23 wat ts /cm  / s te rad ian .  

A l lowing   fo r   t he   va r i a t ion   o f   t he   t r ansmiss ion   f ac to r  of the   eye  

o v e r   t h i s   s p e c t r a l   b a n d ,   t h e   e q u i v a l e n t   s o u r c e   r a d i a n c e ,  a t  0 . 8 5 ~ ~  

i s  1 7  w a t t s / c m  / s te rad ian .   Shor t   exposures   (e .g . ,  1 s )  to   such  . 
a source  are not   considered  dangerous.  (Long foveal  exposures  would 

not   normally  occur   because  of   the  discomfort   in   viewing a v i s i b l e  

s o u r c e ,   o f   t h i s   i n t e n s i t y ,   f o r   p r o l o n g e d   p e r i o d s . )  

2 

2 

4 5  



It is  conc luded   t ha t   t he   ope ra t ing  level of  the  Oculometer 
2 

source   r ad iance   can   be   i nc reased   s a fe ly   t o  15 w a t t s / c m  / s t e r a d i a n ,  

f o r  small pupi l s .   (This  l a t t e r  q u a l i f i c a t i o n  i s ,  a c c o r d i n g   t o  

t h e   t h r e s h o l d   s a f e t y   d a t a   g i v e n   i n   F i g u r e 1 5 , n o t   n e c e s s a r y .  

However, i t  seems p r u d e n t   t o   a d h e r e   t o  i t  i n   o r d e r   t o   r e d u c e   t h e  

p r o b a b i l i t y   o f   a n y   i n j u r y   t o   a n   i n f i n i t e s i m a l   v a l u e ) .   T h i s   c o n -  

t r o l  of t he   sou rce   i n t ens i ty   shou ld   be   based  upon  maintaining 

the  magnitude of t he   pup i l   s igna l   r ece ived  by the  Oculometer a t  

a c o n s t a n t  value. T h i s   e n s u r e s   t h a t   t h e   r e t i n a l   i r r a d i a n c e  i s  

kep t   cons t an t .  (The source   r ad iance  would  nominally  be a maximum 

of  15 w a t t s / c m  / s t e r a d i a n  a t  a pup i l   d i ame te r   o f  2.5mm (o r  less) 
f a l l i n g   t o  a minimum of 1 .5  w a t t s / c m  / s t e r a d i a n  a t  t h e   l a r g e s t  

pup i l   d i ame te r  e ) 

2 

2 

The "Bright  Pupil"  I l lumination  Technique 

This   technique i s  d e s c r i b e d   i n   d e t a i l   i n   R e f e r e n c e  2. It 

involves  the  formation  of  an  image, on t h e   r e t i n a ,   o f   t h e  I R  

sou rce   t ha t   i l l umina te s   t he   eye  of t h e   s u b j e c t .  Some of the  I R  

r a d i a t i o n   f a l l i n g   o n t o   t h i s   r e t i n a l  image  of  the  source is  r e f l e c t e d  

back,  and some o f   t h i s   r e f l e c t e d   r a d i a t i o n   p a s s e s   t h r o u g h   t h e   e y e  

pup i l / l ens   and  is  the reby   r e f l ec t ed   back   on to   t he   sou rce .  A beam 

s p l i t t e r   i n   t h e  Oculometer system  allows sane o f   t h i s   r e t u r n e d  

r a d i a t i o n   t o   b e   c o l l e c t e d  by a lens   system  which  images  the  pupi l  

on to   the   sensor   sc reen .  
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. . .- 

There are two important  performance characteristics of the 

b r igh t   pup i l   sys t em:  

1) t h e   a b s o l u t e   i n t e n s i t y   o f  the p u p i l  image  formed a t  t h e  

senso r   s c reen  

2 )  The c o n t r a s t   b e t w e e n   t h e   p u p i l   d e t a i l   a n d   t h e  rest of  

the  eye  and  head. 

These   charac te r i s t ics   depend on 

a )  The r e f l e c t i o n   f a c t o r  (KT) o f   t h e   r e t i n a  and t h e   t r a n s -  

m i s s i o n   f a c t o r  ( T )  of   the   eye  

b )   t h e   s h a r p n e s s   ( i . e . ,   d e g r e e   o f   f o c u s )   o f   t h e   s o u r c e  image 

t h a t  i s  formed  on t h e   r e t i n a  

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

image t h a t  i s  formed a t  t h e   e f f e c t i v e   c o l l e c t i o n   a p e r t u r e   o f  

the  Oculometer  (See  Figure 1 7 ) .  

I n   p rev ious  work  (Referende 2 )  t h e   e f f e c t i v e   r e f l e c t i o n   f a c t o r  

o f   t h e   r e t i n a ,   i n c l u d i n g   t h e   t r a n s m i s s i o n  loss i n   t h e   e y e ,   ( i . e . ,  

K?T ) was measured  and  found t o  be i n   t h e   r a n g e  0.014 t o  0.030. 2 

The e f f e c t i v e   r e f l e c t i o n   f a c t o r   o f   t h e   p u p i l  i s ,  accord ing  

to   s imp le   t heo ry ,   g iven  by 
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of  Image (of A l )  
Spread  on  Retina 

Figure 1 7  F I N I T E   F O C U S I N G  ACCURACY OF  EYE I N  BRIGHT  PUPIL  TECHNIQUE 



where d is the   d i ame te r ,   o f   t he   eye  

a is  t h e   f o c a l   l e n g t h   o f   t h e   e y e  

and F i s  the  Oculometer  F/number ( i .e. ,  t h e   r e c i p r o c a l   o f  

the   angle   subtended  a t  the  eye  by  the common s o u r c e   c o l l e c t i o n  

a p e r t u r e . )  

The measured r e f l e c t i v i t i e s   o f   t h e   p u p i l ,  iris, sclera, eye-  

l i d s ,  and  eyebrows  of a number o f   s u b j e c t s  are p l o t t e d   i n   F i g u r e  18. 

The p u p i l   r e f l e c t i v i t y  i s  shown ( s o l i d   l i n e s ,  D) as a func t ion   o f  

pup i l   d i ame te r  by ex t r apo la t ion   acco rd ing   t o   s imp le   t heo ry  from 

measurements of t h e   r e t i n a l   r e f l e c t i v i t y   o f  a number o f   s u b j e c t s .  

These  measurements w e r e  made w i t h  a r e l a t i v e l y   l a r g e   p u p i l .  As 

i nd ica t ed   i n   t he   f i gu re ,   add i t iona l   measu remen t s  w e r e  made of  

p u p i l   r e f l e c t i v i t y   w i t h  a small pupi l .   These  addi t ional   measurements  

show t h a t   t h e  actual  small p u p i l   r e f l e c t i v i t y  is h i g h e r   t h a n   t h a t  

p r e d i c t e d  by  simple  theory,  A s p e c i f i c  test of   one  subject  

showed t h a t   t h e  3mm r e f l e c t i v i t y  w a s  abou t   tw ice   t ha t   p red ic t ed  

by s imple  theory  f rom  the 6 m  r e f l e c t i v i t y  (E,  i n   F i g u r e  18). 

In   s imple   theory ,  i t  i s  assumed t h a t   t h e   e y e   l e n s  i s  p e r f e c t  

and a l l  images of the  Oculometer   source are p e r f e c t l y   s h a r p .  The 

d e v i a t i o n s  from th i s   a s sumpt ion  w i l l  now be   cons idered .  

A photograph w a s  t aken   o f   t he   r e t ina l   image ,  as formed a t  

t h e   c o l l e c t i o n   a p e r t u r e  ( A 2  i n   F i g u r e  17), with  an  F/50  i l lumina-  

t i on   sys t em,  
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Figure 18 EYE  REFLECTIVITY DATA .8p f .1p 

A . S c l e r a  Reflectance 6-2-68 

B 0 I r i s  Reflectance 8-2-68 

C  x Pupi l  Reflectance e-2-58 
(a5 f u n c t i o n  of p u p i l  d i a m e t e r )  

D  - Pupi l  Reflectance  Computed a s  
Funct ion  of   Pupi l   Diameter  
(Sol id   L ine)  From Xeasured 
- 2 ~ ~  \'slues (Line Segments) 
?!arch 1967 Yonchly Progress  
Report C o n t r a c t  ?us 12-531 

E @ E l  Xearured Pup i l   Re f l ec t ance  
a t  6 m Diameter 

E2 ? leaswed   Pup i l   Re f l ec t ance  
a t  I m Diameter I 7-25-68 . El by Simple  Theory 

x Eyebrow Ref l e c t a n c e  

E l  Value of E? R e d i c t e d  Frw 

Eye l id   Re f l ec t ance  )E-2-68 

G Range o f  Iris Ref lec tance  1-10-6; 

H .Adjustment in D  t o  Allow f o r  
R e s u l t s  c and E 

YB (1)  Dates g i ! m  are d a t e s   o f  vritten 
r e p o r t s  of the i n d i c a t e d  masure- 
a e n r s .  

( 2 )  B r i s h t   p u p i l  s'scen F/nm.bcr: 50. 



It showed 

a )   t h e   s o u r c e ,   s h a r p l y  imaged t o  a t  least a 0 . 1  degree 

b l u r  c i r c  l e  

and 

b )  A large  superimposed  diffuse  background,   approximately 

25% of   the  peak image i n t e n s i t y ,  and  extending  over a 

reg ion   of   about  *2O degrees .   Th i s   sugges t s   t ha t   t he re  

i s  a c t u a l l y  4 times more a v a i l a b l e   e n e r g y   i n   t h e   r e t i n a l  

r e t u r n   t h a t  i s  ac tua l ly   p icked   up   wi th   an   F /50   op t ica l  

system. 

It i s  be l i eved   t ha t   t he   l a rge   background   pa t ch  (b  above) 

i s  due t o  some form o f a s c a t t e r i n g   o f   t h e   i n c i d e n t   r e t i n a l   r a d i a t i o n .  

I n   a d d i t i o n   t o   t h i s   e f f e c t   t h e r e  w i l l  a l s o  be a defocusing  of   the 

source  image when the   eye   l ens  i s  inco r rec t ly   focused .   Th i s   e f f ec t  

w i l l  now be cons idered .  

L e t  t h e   r e l a x e d   p o s t e r i o r   f o c a l   l e n g t h  of the   eye   be   f .  Con- 

s i d e r   t h e  case when the   eye  is  t k n  accommodated t o  a focus   po in t  

R i n   f ron t   o f   t he   eye   (F igu re  1 9 ) .  The accommodated f o c a l   l e n g t h  

i s  x,   where 

l / f  -I- 1/R = l / x  

.. x = f R / ( R  + f) 
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Rays   f rom  the   Oculometer   source   (a t   v i r tua l   in f in i ty)  w i l l  

be   b rought   to  a focus  a t  a d i s t a n c e  6x i n   f r o n t   o f   t h e   r e t i n a  

where 

6x = f -.X = f - fR/(R f )  = f /(R  f)"f /R 2 2 

The d iameter   (by)   o f   the   cor responding   b lur  c i rc le  is  g iven  

by 

The a n g u l a r   s i z e  (6e) o f   t h e   b l u r   c i r c l e  i s  given  by 

68 = 6y/f = d/R 

The value of  68 def ines   the   degree   o f   focus   o f   the   re turned  

r a d i a t i o n  from  the  eye as it  i s  imaged on to   t he   ape r tu re  A 2  ( i n  

F i g u r e   1 7 ) .   O b v i o u s l y   i f   t h e   c o l l e c t i o n   a p e r t u r e   d i a m e t e r  i s  

made smaller t h a n   t h i s   b l u r ,   t h e r e  ' w i l l  be a loss o f   e f f i c i e n c y  

i n   t h e   b r i g h t   p u p i l   t e c h n i q u e ,   b e c a u s e   t h e   a p e r t u r e  w i l l  no t   be  

a b l e   t o   c o l l e c t  a l l  t he   r e tu rned   r ad ia t ion   f rom  the   eye .   Fo r  

t h i s   r e a s o n  i t  i s  u s e f u l   t o   d e f i n e  

F = 1 / 6 8  
B 
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The e f f i c i ency   o f   t he   b r iqh t   pup i l   sys t em,   i n   r e l a t ion   t o   eye  

focus,  depends  upon  the relative magnitudes  of F, F 
B' 

For   equal   aper ture   and   b lur   d iameters  F = 
F B *  

Accommodation i s  normally  measured  in  diopters (D) (The 

power in   d iop te r s   o f   t he   eye   l ens  i s  d e f i n e d   t o  be t h e   r e c i p r o c a l  

o f   t h e   a n t e r i o r   f o c a l   l e n g t h   i n  meters. The power of  the  normal 

eye i s  60 d i o p t e r s ) .  The  power change 6D due t o  a f o c a l   l e n g t h  

change 6f i s  given  by: 

Therefore ,   the  power change  due t o  accommodation  from i n f i n i t y  

t o  a poin t  R from the  eye i s  given by 

3 Now 1/D = f (when f i s  i n   m e t e r s )  

(6D)R = - when R i s  i n  meters R 

As a worst  case R can  be  taken as 6 i n .  Then 
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The d i s t r i b u t i o n   o f   a m e t r o p h i a   ( r e f r a c t i v e   e r r o r   i n   t h e   e y e )  

over   the   popula t ion  i s  g i v e n   i n  Ref 8. Less than 0.1% have a 

r e f r a c t i v e   e r r o r   g r e a t e r  than 8 d i o p t e r s .  Thus an  accommodation 

(o r   focus ing )   e r ro r   o f  8 d iopters   can   be   cons idered  as a 

r ep resen ta t ive   wors t   ca se   cond i t ion .  

Fo r   t h i s   wors t  case 

F = l/SQ = R/d = - 150 
B d 

where d i s  i n   m i l l i m e t e r s .  

As s t a t e d   p r e v i o u s l y ,   t h e   i n t e n s i t y   o f   t h e   p u p i l   s i g n a l  i s  

a funct ion  of   the s ta te  of accommodation  and the  Oculometer F 

number. It  i s  c o n v e n i e n t   t o   d e r i v e   t h i s   r e l a t i o n s h i p   i n  terms 

of  normalized  parameters:  

F/number: x = F/50  ( i .e . ,   the   normalized F/number i s  

u n i t y  a t  F/50) 

Accommodation B = F /50 
B 

L e t  t he   e f f ec t ive   (b r igh t )   pup i l   s igna l   ( a t   F /50 )   due   so l e ly  

t o  t h e ,   s h a r p ,   c e n t r a l   p o r t i o n   o f   t h e   r e t i n a l  image ( i . e . ,   e x c l u d i n g  

the  diffuse  background  mentioned earlier), a t  F = m,be A units on 

some measuring scale (e.g.   video level i n   v o l t s ,   w i t h  a given 

- i l l umina t ion   i n t ens i ty   and   g iven  image d i s s e c t o r ) .  

B 
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Under t h e  same cond i t ions ,  l e t  the  diffuse  background  port ion 

o f   t h e   r e t i n a l  image c o n t r i b u t e  a por t ion  K t o   t h e  effective ( b r i g h t )  

p u p i l   s i g n a l   f a c t o r .  Then t h e   g e n e r a l   p u p i l   s i g n a l  i s  given  by: 

L e t  B be the i n t e n s i t y   o f   t h e  i r i s  a t  F/50 on the same measure- 

ment scale used   (above)   for   the   pupi l   s igna l .  Then the gene ra l  iris 

s i g n a l  i s  given  by 
I = B/x 4 

These two expressions  have  been  manufactured"  to  agree  with 11 

the   fol lowing facts :  

1 )  The i r i s  s i g n a l  i s  i n v e r s e l y   p r o p o r t i o n a l   t o  F 

2)  The p u p i l   s i g n a l ,   o v e r   t o   t h e   l a r g e   d i f f u s e   r e g i o n  

of t h e   r e t i n a l  image, varies  as F 

3) the   pup i l   s igna l ,   due   t o   t he  small sharply  focused 

p o r t i o n   o f   t h e   r e t i n a l  image (with F = CO) v a r i e s  as F 

4 )  t h e   p u p i l   s i g n a l ,   i n  i t e m  (3 )  above, varies as F -4 

when F << F. 
B 

4 

-4 

-2  
B 
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" 

It i s  p o s s i b l e  t o  in t roduce  the v a r i a b l e  d into the equat ion 

f o r  P above : 

@ = F / 5 0  = - = 3/d 150 
B 5 Od 

o r , i n   g e n e r a l , @  = q/d  where  the  expected  worst case i s  q = 3 

Also A = A3d / 9  2 

Where A3 i s  the   va lue  of A a t  d = 3mm. 

A,d 2 / 9  K,d / 9  
2 

.. P =  2 d2 x 
3 

+ 4  x ( 1  + ,7 2, 
J 

X 

This  equation shows tha t   t he   va lue   o f  x f o r  which accommoda- 

t i o n   e r r o r s  becomes s i g n i f i c a n t  i s  

An important   operat ional   parameter  i s  the   pup i l   t r ack ing  

s i g n a l / n o i s e   r a t i o .   T h i s  i s  propor t iona l   to :  

PT TPTT . S T CNAT, T S  STCNAT. 
UPIL SIGNAL + IRIS  SIGNAL 



i.e., 

A K + -  - - B 

x ( 1 + x  / # I )  
2 2 2 x4 x4 

(z) a A J x2 ( L + x  / @ )  

K B 
2 2  + -  x4 + -  x4 

This   func t ion  i s  p l o t t e d   i n   F i g u r e s  20 and 2 1  f o r   v a r i o u s  

va lues  of the  parameters .  

In t roducing   the   pupi l   d iameter  d ,  

X 9 B  

Fo r   s imp l i c i ty   cons ide r   t he  case when K = 0. Pup i l  i r is  3 
c o n t r a s t  i s  z e r o   f o r  a va lue  of d given  by: 

58 



I I I I  I I I I " 

of curves 

Figure 20 RELATIVE PUPIL TRACKING SIGNAL/NOISE  RATIO 
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Figure 21 RELATIVE TRACKING  S IGNAL NOISE R A T I O  
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i . e . ,  

d x  9 B  - z = q  
l + d  x 

7 
2 

Thus f o r   e f f e c t i v e   t r a c k i n g ,   w i t h  a minimum pupi l   d iameter  

d ,it i s  necessa ry   t ha t :  min 

For d = 2mm and, min 

(worst case taken  from  Figure  18) 

E = .3 

q = 3 (worst case, as ,ca lcu la ted   above ,   for  8 d i o p t e r s   e r r o r )  
Then , 

X 

i .e. ,  x 

> 

> 

1 
2 
- 

1 
2 
- 

i .e. ,  x > 1 

11- 
1 
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The va lue   o f  7 ,  below  which  tracking i s  impossible, i s  7 I ,  where 

(This   cor responds   to   an   accommodat ion   e r ror   o f   g rea te r   than  

14 d i o p t e r s )  

Before   summar iz ing   the   resu l t s   o f   th i s   sec t ion  i t  should  be 

no ted   t ha t  

a )   t h e r e  i s  some unce r t a in ty   i n   t he   abso lu t e   accu racy  

o f   t h e   p u p i l   r e f l e c t i v i t y  values shown i n   F i g u r e  18 

because   t he   op t i ca l   sys t em  used   t o   gene ra t e   t he   b r igh t  

p u p i l   e f f e c t  was no t   max ima l ly   e f f i c i en t .  Thus t h e  

actual c o n t r a s t  may be  higher  (by as much as a f a c t o r  

of 2 )  than  values  shown i n   F i g u r e  18. 

b)  The theo re t i ca l   cu rves   o f   F igu res  20 and 2 1  are 

based  upon a hypothet ical   model   of   the   physical  

phenomenon. This  model may not   g ive   an   exac t   representa-  

t i on   o f  a l l  t he   phys i ca l   f ac to r s   i nvo lved .  

It is  concluded   tha t  

1) t h e  F/number of the  Oculometer  system  must  be greater 

than  a c e r t a i n  minimum value.   This  minimum value  i s  i n v e r s e l y  

p r o p o r t i o n a l   t o   t h e  minimum pupi l   d iameter   for   which   t racking  i s  
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t o   b e   e f f e c t e d .  The a n a l y s i s   g i v e n   h e r e   s u g g e s t s   t h a t   t h i s  minimum 

v a l u e   ( f o r  a 2mm p u p i l )  i s  about   F/50  and  that   the  optimum F 

number may be a about   F /75 .   In   par t icu lar  i t  should  be  noted  in  

the   curves  shown i n   F i g u r e s  20 and 21 ,  t h e   s i g n a l   t o   n o i s e   r a t i o  

d r o p s   a b r u p t l y   t o   z e r o   n e a r   t o   t h e  minimum value  shown f o r   e a c h  

curve .   For   l a rge   va lues   o f  x, t h e  (S/N) s i m p l y   f a l l s   o f f   ( e v e n t u a l l y )  

as l / x  . Thus i t  might be c o n s i d e r e d   s a f e r   t o   o p e r a t e   t o   t h e   l e f t  

of the  maximum of the   cu rves  shown i n   F i g u r e s  20 and 21. 

2 

2 )  Pup i l   t r ack ing  is impossible  when ve ry   l a rge   accomo-  

d a t i o n   e r r o r s   e x i s t .  The 8 d i o p t e r s  maximum accommodation  change 

of a normal  eye  does  not  appear  to  pose  any  problems. However, 

t r a c k i n g  i s ,  acco rd ing   t o   t he   ana lys i s   g iven ,   imposs ib l e   w i th  

accommodation e r r o r s   g r e a t e r   t h a n  14 d i o p t e r s .  

The Op t i ca l   S igna l  

It  i s  shown i n   r e f e r e n c e  2 tha t   the   photoca thode   i l lumina t ion  

(E ) due t o   t h e   p u p i l  i s  given by 
PC 
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where 

kR = t h e   e f f e c t i v e   r e f l e c t a n c e  of t h e   r e t i n a  

T = t h e   t r a n s m i s s i o n  of the   ocular   media  

d = pup i l   d i ame te r  (mm) 

a = t he   foca l   l eng th   o f   t he   eye  (m) 

F = Oculometer F/number (-50) 

tI = t r a n s m i s s i o n   f a c t o r  of t h e   i l l u m i n a t i o n   o p t i c s  

tC 

Bs 

= t r a n s m i s s i o n   f a c t o r  of t h e   c o l l e c t i o n   o p t i c s  

= rad iance  of i l l umina t ion   sou rce  

m = optical   magnif icat ion  (photocathode  image i eye  image) 

Note t h a t  ( B  t ) i s  the   appa ren t   sou rce   r ad iance  
S I  

2 Let  N be  the number of  photoelectrons/s/cm  (area  dimension 

r e fe r r ed   t o   t he   eye )   gene ra t ed   by   t he   pup i l  image  on the  photocathode. 
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Then 

2 2 N = E K Q m photoelectrons/s /cm 
PC 

where 

K = a cons tan t   r e l a t ing   pho tons / s   and  watts 

(K -4.6 x a t  0 . 9 ~ )  

Q = quantum ef f ic iency   of   the   photoca thode  

(= 3 x for S 1  a t  .8w-. 9 w )  

From Figure  18 i t  can   be   seen   tha t   the  minimum value  of p u p i l  

r e f l e c t i v i t y   ( a t  2 m  pupi l   d iameter )  i s  0.62  (and t h a t   t h e  maximum 

i r is  r e f l e c t i v i t y  i s  0.3). The r e f l e c t i o n   f a c t o r   o f   t h e   p u p i l ,  

accord ing   to   s imple   theory ,  i s  given by  R = 
2 d 2  2 

(Kr ) (2) F a 

min = 7 0.62 
1 

F 

According to   t he   nomina l   s a fe ty  cr i ter ia  e s t a b l i s h e d   f o r   t h e  

laboratory  Oculometer :  

( ~ ~ t ~ )  max = 1.5 wattslcm 2 / s t e r a d i a n s  

(However, i t  i s  t o   b e   n o t e d   t h a t   c o n s i d e r a t i o n  may be  given 

t o   c o n t r o l l i n g  (B t ), accord ing   t o   t he   ac tua l   d i ame te r   o f   t he  
S I  
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p u p i l .   I n   t h i s   e v e n t  a cons ide rab le  improvement i n   s i g n a l  level, 

o v e r   t h e   b a s e l i n e   s i g n a l  level to   be  computed  here ,   could  be 

r e a l i z e d )  

(a value of 0.4 has  been  assumed f o r  t and  50 f o r  F) 
C 

8 2 
= 1.61 x 10 e l e c t r o n s  /s /cm ( a t   t h e   e y e )  

The photoca thode   i l lumina t ion   due   to   the   cornea l   re f lec t ion  

(Ecr) is given  .( in Ref 2) by 

4 
= E  k - r2p(d/a)2 

r 

where p i s  t h e   r e f l e c t i o n   f a c t o r  of the  cornea  (about  2.5 x 10 -2  ) 

.. 

i ..e. 

NCR = N PC (%)[ 2500) ~ (For F = 5 0 )  

NcR CI 400 N 

= 6.44 x 10" e l e c t r o n s / s / c m 2   ( a t   t h e   e y e )  

The r e l a t i v e   p u p i l  and c o r n e a l   s i g n a l s  are shown i n   F i g u r e  22 

f o r   v a r i o u s   p l l p i l   d i a m e t e r s ,   t o g e t h e r   w i t h   t h e   r e l a t i v e   i n t e n s i t y  

o f   p o s s i b l e   i n t e r f e r i n g   s i g n a l s .  

66 



3 

L 
m 

1 Ob 

bpi 1 
c e n t e r  

D i r e c t  Sun or Sun + 
Gllnc Off" 

Specular h t e r i e l  
Highly   Ref lect ing  

sun C l i n t  Off* 
Uncoated 

3000'K * - 

I r i s  s igns1 Level Glint   Off  
Glass 

?osslhle  

Ap?rtures 
D i s s e c t o r  

To Same 
S c a l e  

0 ~ I r i s  Illumination Due t o  - 
. Image 20 m i l  aperture 

Direct  Sunl ight  

" _ ~  - ~ - "- 

-5 '  0 5' 
0 5 m i l  aperture  

I , , , , I , , , , I oculometer scale f a c t o r  

i 
lmn 2- Im. 

Pupil  Radius 

Figure 22 JILECTR -OPTICAL SIGNAL LEVELS (BASED UPON 
F=50 BbtI=1.5W/cm B /sr XENON ILLUMINATION 

67 



Assuming t h a t  a one   mi l l i s econd   c i r cu la r   s can  i s  used ,   (as  

in   the   menta l   a le r tness   Oculometer )  i t  i s  p o s s i b l e   t o   c a l c u l a t e  

t h e   e l e c t r o n  f lux  pe r   e l emen t   o f   t he   c i r cu la r   s can   fo r   va r ious  

scanning   aper ture   d iameters .  The r e s u l t s  are shown i n  Figure 23 .  

The Effect of  Sunlight  and  Other Ambient I l lumina t ion  

Ambient i l lumina t ion   can   e f fec t   Oculometer   opera t ion   in  

two ways: 

2 )  Cornea l   re f lec t ions   o f   ambient   sources  may i n t e r f e r e   w i t h  

p u p i l  and co rnea l   t r ack ing  (a func t ion   o f   t he   angu la r   s i ze ,  and the  

r ad iance   i n  watts/cm / s t e rad ian  a t  0 . 8 2 5 ~ ,  of   the  ambient   sources . )  
2 

The primary  method t o  be  used  to  overcome  ambient effects  i s  

t o   e n s u r e   t h a t :  

1. The i l l umina t ion  a t  the  eye  due  to  the  Oculometer i s  g r e a t e r  

t h a t   t h a t  due to   the   ambient .  

2 .  The radiance  of  the  Oculometer  source i s  g r e a t e r   t h a t   t h a t  

of  any  ambient  source. 

68 



N E I F -  

Figure 23 NUMBER OF ELECTRONS  COLLECTED  PER  SCAN PERIOD (34  +s) BY THE 
APERTURE FROM  THE PUPIL IMAGE  FOR  VARIOUS PUPIL AND APERTURE SIZES 



The Oculometer  source w i l l  subtend  about 1 degree a t  the   eye .  

The sun subtends just  less then 1 / 2  degree.  Thus, a l l o w i n g   f o r  

t h e   o p t i c a l   l o s s   f a c t o r   i n t r o d u c e d  by the  Oculometer   i l luminat ion 

o p t i c s ,   t h e   i l l u m i n a t i o n  a t  the   eye   due   t o   sun l igh t  w i l l  be  about 

equa l   t o   t he   eye   i l l umina t ion   o f   t he   Ocu lomete r   fo r   equa l   sun   and  

Ocdometer   source  radiances.  

The spec t ra l   rad iance   func t ions   for   the   sun   and   typ ica l   xenon 

s h o r t  arc lamps are p l o t t e d  as func t ions   o f   wavelength   in   F igure  24. 

It i s  e v i d e n t   t h a t   i f   t h e   o p e r a t i n g  band  of  the  Oculometer i s  

conf ined   t o   abou t  0.825r~. *to. Olw then  the  Oculometer  source w i l l  

have a h i g h e r   e f f e c t i v e   r a d i a n c e   t h a n   t h e   s u n .  

As noted   above ,   ambient   i l lumina t ion   can   in te r fe re   wi th   the  

operation  of  the  Oculometer  in  the  following  ways: 

1 )  Ambient i l l umina t ion   o f   t he  iris w i l l  l ower   t he   e f f ec t ive  

p u p i l / i r i s   c o n t r a s t .  ~n approximate minirmm (worst   case)  

e f f e c t i v e   r e f l e c t a n c e   f a c t o r   o f   t h e   p u p i l   ( w i t h   t h e   b r i g h t  

pupi l   t echnique)  i s  1 . 0  ( a t   F /50 ) .  The maximum i r i s  re- 

f l e c t i v i t y  i s  about  0.3. The e f f e c t  on p u p i l / i r i s   c o n t r a s t ,  

a n d   t h e   p u p i l   t r a c k i n g   s i g n a l   t o   n o i s e   r a t i o ,  i n  t h i s   w o r s t  

case of minimum pup i l   b r igh tness  i s  p l o t t e d   i n   F i g u r e  25. 

It can   be   seen   tha t   the   ambient   i l lmina t ion   should   ( for   th i s  
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wors t   ca se )  be less than 30% of the  Oculometer   i l luminat ion 

i n   o r d e r   t o   a v o i d   a n y   s i g n i f i c a n t   i n t e r f e r e n c e   w i t h   t h e  

pup i l   t r ack ing   func t ion . ,  

2 )  A c o r n e a l   r e f l e c t i o n  w i l l  be  formed  of  any  ambient  source 

( o r   o f   r e f l e c t i o n s   o f   a n y   a m b i e n t   s o u r c e )   t h a t   f a l l   w i t h i n  

about  kt70 degrees  of the   fovea l   gaze   vec tor .   These   re f lec t ions  

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

a )  The cornea l   acquis i t ion   and   t racking   sys tem  or  

b) The p u p i l   a c q u i s i t i o n  and t racking  system. 

Cornea l   acqu i s i t i on  w i l l  b e   u n r e l i a b l e   u n l e s s   t h e   e f f e c t i v e  

i n t e n s i t y   o f   t h e   s p u r i o u s   c o r n e a l   r e f l e c t i o n s   a r e  less than 30% 

of   the   cornea l   re f lec t ion   of   the   Oculometer   source .   There  i s ,  i n  

g e n e r a l ,  l i t t l e  l i k e l i h o o d  of a n y   d i r e c t   i n t e r f e r e n c e   t o   t h e   c o r n e a l  

t racking   sys tem by f a l s e   c o r n e a l   r e f l e c t i o n  of the  sun  because  the 

area immediately  surrounding  the  Oculometer  source  aperture w i l l  

obscu re   t he   d i r ec t   r ays   f rom  any   po ten t i a l ly   i n t e r f e r ing   sou rce  

(such as the  sun) .   Specular   ref lect ions  f rom  the  Oculometer   aper ture  

and  surrounding  panel areas should be minimized - by s u i t a b l e  

choice  of  materials u s i n g   a n t i r e f l e c t i o n   c o a t i n g s  etc.  so tha t   they  

w i l l  n o t   i n t e r f e r e   w i t h   c o r n e a l   a c q u i s i t i o n .  
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S p u r i o u s   c o r n e a l   r e f l e c t i o n s  w i l l  n o t   i n t e r f e r e   w i t h   p u p i l  

a c q u i s i t i o n   b e c a u s e   t h e y   e x i s t   w i t h i n ,   o r   n e a r   t o ,   t h e   p u p i l  

area and   t hus   can   on ly   he lp ,   no t   h inde r ,   pup i l   acqu i s i t i on . .  

The e f f e c t   o f   s p u r i o u s   c o r n e a l   r e f l e c t i o n s  on co rnea l  and 

pup i l   t r ack ing   r ep resen t s  a more d i f f i c u l t  problem. L e t  @ be 

the   r a t io   o f   t he   Ocu lomete r   sou rce   r ad iance   t o   t ha t  of t h e   i n t e r -  

f e r ing   sou rce .  L e t  g b e   t h e   a n g u l a r   s i z e   o f   t h e   i n t e r f e r i n g   s o u r c e  

i n   r a d i a n s .  

L e t  6 be  the  diameter  a t  the   eye   o f   the  image d i s s e c t o r  ( I D )  

scanning   aper ture .  Then t h e   s p u r i o u s   c o r n e a l   r e f l e c t i o n  w i l l  be 

0.15g  in.   in  diameter  and of i n t e n s i t y  @ r e l a t i v e   t o   t h e   s y s t e m  

c o r n e a l   r e f l e c t i o n .  The t y p i c a l   w o r s t  case s i t u a t i o n  i s  i l l u s t r a t e d  

in   F igu re  26 i n  which  the  separat ion  of   the two r e f l e c t i o n s  i s  

equal   to   the   rad ius   o f   the   scanning   aper ture  (-1. 6 
2 

The r e l a t i v e   i n t e n s i t y   o f   t h e  two r e f l e c t i o n s  i s :  

1 x ( . 003 )L :  d~ x ( .15g)L 

The c o r n e a l   t r a c k i n g   e r r o r  i s  then =: 

6 2 - (5Og) o r  6dg (1250)  inches 
2 

2 
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of  i f  6 is expres sed   i n  10 inches -3  

2 2 t r a c k i n g   e r r o r  = 4 x 10 6Gg degrees 

The p u p i l   t r a c k i n g   e r r o r  is c a l c u l a t e d  as f o l l o w s   f o r   t h e  

worst  case, shown i n   F i g u r e  26B. 

6 
2 

P u p i l   s i g n a l  relative t o   c o r n e a l   r e f l e c t i o n   s i g n a l  = 4000 
(where 6 i s  in   10   inches)  -3 

I n t e n s i t y  of i n t e r f e r i n g   s i g n a l   ( r e l a t i v e   t o   c o r n e a l   r e f l e c -  

t i o n )  = @(!jog) 2 

Duty c y c l e   r a t i o   o f   i n t e r f e r e n c e  = 250 6 

(assuming 6 i s  la rger   than   the   spur ious   cornea l   re f lec . t ion)  

Ef fec t ivemagni tude  of i n t e r f e r e n c e   s i g n a l  = 6 (50g" (- 2:0) x pup i l   s igna l  

( 6 /4000)  

There fo re ,   t r ack ing   e r ro r  =: 

( 6L /4000)  

=(2)(104) kg2) 
inches 
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Reflect ion  
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Ref lec t ion  

Tracking - 
Error  L CORNEAL 

I D  Aperture TRACKING 

2 m  
Pupil  

Figure 26 THE EFFECT  OF  SPURIOUS CORNEAL REFLECTIONS 
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T h i s   a n a l y s i s   h a s  shown t h a t   . t h e   e r r o r   i n   p u p i l   t r a c k i n g   d u e  

t o  a s p u r i o u s   c o r n e a l   r e f l e c t i o n  is  independent  of  the I D  a p e r t u r e  

diameter  6 ,  w h e r e a s   t h e   e r r o r   i n   c o r n e a l   t r a c k i n g  i s  d i r e c t l y   p r o -  

p o r t i o n a l   t o  6. The pup i l   and   co rnea l   t r ack ing   e r ro r s   due   t o  a 

small s p u r i o u s   c o r n e a l   r e f l e c t i o n  are equal  when t h e  I D  a p e r t u r e  

is about  0.02 in .   d i ame te r .   S ince   t h i s  i s  p r o b a b l y   t h e   l a r g e s t  

a p e r t u r e   t h a t  w i l l  ever be   cons ide red   fo r  use i n  any  Oculometer, 

i t  f o l l o w s   t h a t   t h e   t o t a l   e r r o r   e f f e c t   o f   s p u r i o u s   c o r n e a l  re- 

f l e c t i o n s  i s  independent  of I D  ape r tu re   d i ame te r .   Th i s   e r ro r  i s  

p l o t t e d  as a func t ion  of  g and @ i n   F igu re  27. Provided   tha t  t h e  

s i z e   o f   t h e   s p u r i o u s   r e f l e c t i o n   s o u r c e   ( e . g . ,   t h e   g l i n t  area on 

the   ins t rument   pane l )  i s  small ( e .g . ,  a few m) t h e   e r r o r  due t o  

s p u r i o u s   c o r n e a l   r e f l e c t i o n s  w i l l  be   neg l ig ib l e .  

O b v i o u s l y   t h e   d i r e c t   c o r n e a l   r e f l e c t i o n   o f   t h e  SUR could  occur 

on o r   n e a r   t h e   p u p i l  i r i s  boundary   and   thereby   severe ly   in te r fe re  

w i t h   p u p i l   t r a c k i n g   ( f o r   t h e   s u n ,  g =: 0.01 r a d i a n s ,  b =: 1 (assuming 

a xenon  Oculometer  i l lumination).  To overcome t h e   s u n   e r r o r   i n  

t h i s   c a s e ,   t h e   p u p i l   t r a c k i n g   v i d e o   s h o u l d  be set  a t  the  nominal 

t r a c k i n g  level wherever   the  instantaneous level exceeds a th re sho ld  

value (See  Figure 28 ) .  

I n  surmnary p e r h a p s   t h e   w o r s t   e f f e c t   o f   i n t e n s e   d i r e c t  sun- 

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

f a c t o r   o f  2 i n c r e a s e   i n   t h e   s i g n a l / n o i s e   r a t i o   ( F i g u r e  25) .  I n  

most cases t h e   e f f e c t   o f   c o r n e a l   r e f l e c t i o n s   ( d i r e c t   o r   i n d i r e c t )  
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6 = In t ens i ty   o f   In t e r f e r ing  
Source Relative t o  
Oculometer  Source 

6 = .I 

1 2 3 4 5 6 7 8 9 
g 10-3 Angular  Size  of  Spurious  Source of Corneal 
Ref lec t ion   in   Mi l l i rad ians  (i.e.,mm a t  a range of lm) 

Figure 27 TRACKING  ERROR  DUE  TO SPURIOUS REFLECTIONS 
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of   t he  sun are no t   s e r ious .   Tha t  i s ,  t h e   e r r o r s   i n v o l v e d  are of 

t he   o rde r   o f  0 .1  deg ree ,   depend ing   upon   t he   e f f ec t ive   s i ze   o f   t he  

ambient   source  (usual ly  a g l i n t   r e f l e c t i o n )   ( F i g u r e  27 ) .  

Under  ambient  conditions  that  are less severe than   t ha t   o f  

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

This  i s  evident  from  Figures 29 and 30 which show t h e   s p e c t r a l  

rad iance   o f   var ious   ambient   sources   for   var ious  levels of  ambient 

i l luminat ion.   These figures show, i n  effect ,  t h a t   d i r e c t   s u n l i g h t  

(assumed as a worst  case cond i t ion   i n   t he   ana lys i s   above )  i s  a 

much more severe  environment  than i s  usua l ly   encountered .  

In   o ther   words ,  by u s i n g  a xenon  short  arc i l l umina t ion   sou rce ,  

t he   e f f ec t s   o f   ambien t   i l l umina t ion  are made n e g l i g i b l e   i n  a l l  cases 

e x c e p t   d i r e c t   s u n l i g h t .  Even then   t he   e r ro r s   i nvo lved  are r e l a t i v e l y  

small. 

Sub jec t ive   V i s ib i l i t y   o f   t he   I l l umina t ion   Source  and 

Signal /Noise  Rat io  

.Although the   spec t r a l   band   o f   t he   i l l umina t ing   r ad ia t ion  i s  i n  

the   near   in f ra red ,   ou ts ide   the   nominal   v i sua l   band ,   the   source  may 

s t i l l  be   v i s ib l e   because   o f  i t s  h igh   r ad iance  and t h e   f a c t   t h a t   t h e  

eye  has some s e n s i t i v i t y   o u t   t o  1 ~ .  
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Figure 29 RELATIVE AMBIENT (SUN) SPECTRAL  RADIANCES AS A 
FUNCTION OF LUMINANCE 
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The spec t r a l   r e sponse   o f   t he  human eye is p l o t t e d   i n   F i g u r e  31 

o v e r   t h e   r a n g e   0 . 3 5 ~   t o  1. Ow. 

Consider a source   r ad iance   o f   1 .5  w a t t s / c m  / s t e rad ian .  If t h e  2 

r a d i a t i o n  were concent ra ted  a t  0 . 5 5 ~  i t s  subject ive  luminance 

would  be  10  candles/m2 (600 lumens = 1 w a t t  (approximately) a t  0 . 5 5 ~ ) .  

The v i sua l   r e sponse  curve shown i n   F i g u r e  31 enab le s   t he   ac tua l  

luminance   of   the   source   to   be  computed as a func t ion  of wavelength 

(Figure  32).  

7 

In   o rde r   t o   de t e rmine   whe the r   t he   sou rce  w i l l  a c t u a l l y   b e  

seen ,  i t  i s  n e c e s s a r y   t o   r e f e r   t o   l i m i n a l   t h r e s h o l d   f u n c t i o n   o f  

t h e  human eye.   This   funct ion  can  be  def ined as the  value  of   log 

bL/L, where L i s  the  luminance of the  background  and AL i s  t h e  

luminance  of a just  d i s t ingu i shab le   cen t r a l   r eg ion   sub tend ing  

1 degree a t  the  eye.   This   funct ion is  p l o t t e d   i n   F i g u r e  33.  The 

der ived   va lue   o f   log  AL is a l s o   p l o t t e d   i n   t h i s   f i g u r e .  

Suppose  the  average  scene  luminance (L.) ( in   the  Oculometer  
2 

environment) i s  l o 3  cd/m (very good i n t e r i o r   l i g h t i n g ) .  The 

j u s t   n o t i c e a b l e   c o n t r a s t  AL i s  then 10 cd/m (From Figure  33).  

Thus i f   t h e  Oculometer source  is  t o  b e   o n l y   j u s t   n o t i c e a b l e  a t  

th i s   va lue   o f   s cene   l uminance , i t   shou ld   be  a t  a wavelength  of 

0 . 8 2 ~  (See  Figure  32).  If,  on the  other  hand,  the  Oculometer 

source  i s  t o   a p p e a r   e q u a l l y   b r i g h t  as the  scene,  then  (from  Figure  32) 

2 
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Figure 31 SPECTRAL RESPONSE OF THE HUMAN EYE 
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2 
the  wavelength  should  be 0.76~. For a scene  luminance  of 10 cd/m 

( feeble   to   modera te   in te r ior   l igh t ing)   the   wavelength   o f   the   Oculo-  

meter r ad ia t ion ,   shou ld   be :  

- f o r   j u s t   n o t i c e a b l e   v i s i b i l i t y  0 . 9 ~  

- for   equa l   luminance  as the   scene  0 . 8 2 ~  

However, i f  t he   sou rce   r ad iance  i s  t o  be 10 times the   va lue  

assumed i n   t h e   d i s c u s s i o n   a b o v e   ( i . e . ,  15 i n s t ead   o f  1.5 watts 

(cm /s te rad ian)   the   wavelength   o f   the   rad ia t ion   mus t   be   increased  

by about 0 . 0 3 5 ~  t o   m a i n t a i n   t h e  same v i s i b i l i t y   c r i t e r i o n .  

2 

The choice of ope ra t ing   wave leng th   e f f ec t s   t he   accu racy   (no i se  

level)   of   the   Oculometer   because  the quantum e f f i c i e n c y   o f   t h e  

image d issec tor   photoca thode   var ies   wi th   wavelength   (F igure  3 4 ) .  

An apparent  Oculometer  luminance  ten times the  ambient  back- 

ground may a l s o  be  considered.  This would permi t   the   opera t ing  

band t o  be d i s p l a c e d   t o  a 1ower.wavelength  and a correspondingly 

h i g h e r   s e n s i t i v i t y   o b t a i n e d .  

I f ,  however,  the  system is  to  operate  under  extreme  sun  ambient 

condi t ions , then   the   opera t ing   wavelength   mus t   be   e i ther  0 . 8 2 5 ~  o r  

else 0 . 8 8 ~  i n   o r d e r   t h a t   t h e   g r e a t e s t   p o s s i b l e  sun d i sc r imina t ion  

can  be  obtained.   (see  locat ion  of   xenon  peaks  in ,   for   example,  

Figure 30). Table I. shows t h e   v a r i o u s   p o s s i b i l i t i e s  and b e n e f i t s  

obtained . 
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Figure 34 PHOTOCATHODE SENSITIVITY 
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Table I POSSIBILITIES AND BENEFITS 

SCENE 
LUMINANCE 

10 
cd/m2 

1000 
cd/rn2 

10 

1000 

10 

1000 

MAXILMUM SUN 
DISCRIMINATIOK 

NO 

NO 

YES 

YES 

YES 

YES 

VISIBILITY 
CRITERION 

Just   Noticeable  

1OX Ambient 
Equal 

Just   Not iceable  
Equal 

1OX Ambient 

Just   Not iceable  

1OX Ambient 
Equal 

Just   Not iceable  

1OX Ambient 
Equal 

Equal 
1OX Ambient 

Just   Not iceable  
' i s i b l e  But Not 

Equal 

Vis ib le  But 
Not Equal 

I n v i s i b l e  
V i s i b l e  But 

Not Equal 

WATTS/cm/STERADIAN 
SOURCE  RADIANCE 

1.5 
1.5 
1.5 

15. 
15. 
15. 

1.5 
1.5 
1.5 

15. 
15. 
15. 

1.5 
15 

1.5 

15. 

1.5 
15. 

1.5 

15 

h 
MICRON: 

.9 

.89 

.79 

.95 

.9 

. 8 2  

.82 

.76 

.73 

.855 . I9 

.76 

.825 

.a25 

.825 

.825 

.88 

.88 

.88 

.88 

PHOTOCATHODE 

S25 S1 
XNSITITIW ma/WATT 

3 
9.2 
12 

3 
.8 

9.2 

9.2 
15 
17 

5.8 
12. 
15. 

9.2 
9.2 

9.2 

9.2 

3.5 
3.5 

3.5 

3.5 

1.9 
2.3 
2.3 

1 . 2  
1.9 
2.3 

2.3 
2.3 
2.2 

2.3 
2.3 
2.3 

2.3 
2.3 

2.3 

2.3 

2 
2 

2 

2 

S25 
RELATIVE 

SENSITIVITl 

3 

12 
9.2 

8 
30 
92 

9.2 

17 
15 

58 
120 
150 

9 .2  
9.2 

9 . 2  

92. 

3.5 
35 

3.5 

35 

SENSITIVITY 
RELATIVE TO 

!EtUAL ALERTNESS 
OCULOMETER 

(Typical Worse Case 
cms Noise  Level  with 
20 ms Smoothing) 

1.5 (.35") 
4 . 6  ( .2 ' )  
6 (.leo) 

4 ( . 2 1 0 )  
15 (.1l0) 
46 (.06") 

4 . 6  ' ( . 2 " )  
7 .5  (.16") 
8.5 ( . 1 4 " )  

29 ( . O B o )  
60 (.06') 
75 (.05") 

4 . 6   ( . 2 " )  
46 (.06") 

4.6  (.2") 

46 (.06") 

1.75(.32") 
17.5 (.lo) 

1.75(.32') 

17.5 ( . lo)  



Table 1 gives   the   p roduct   o f  S25 s e n s i t i v i t y   ( i n  mA/wa t t>  
and a fac tor   which  i s  1 when t h e  source rad iance  i s  1 .5  w a t t s / c m  / 
steradian  and  which i s  10 when the   r ad iance  i s  15 w a t t s / c m  / s t e r a d i a n .  

This   product  i s  a m@asure of the  re la t ive s e n s i t i v i t y   o f   t h e   c o r r e s -  

ponding  Oculometer  system.  In  the l a s t  column o f   t h e   t a b l e   t h i s  

r e l a t i v e   s e n s i t i v i t y   f i g u r e  is, in   each  case, degraded by 2 which 

was t h e   c o r r e s p o n d i n g   r e l a t i v e   s e n s i t i v i t y   o f   t h e   m e n t a l   a l e r t n e s s  

Oculometer. Thus t h e   f i n a l  column g ives  a f i g u r e   o f  relative 

improvement ( i n   s e n s i t i v i t y )  of each set  of  Oculometer  parameters 

t h a t  are spec i f i ed   i n   t he   t ab l e   ove r   t he   men ta l   a l e r tnes s   Ocu lomete r .  

2 

2 

Photocathode Damage 

The a v e r a g e   c a t h o d e   c u r r e n t   d e n s i t y   f o r   a n   S 1   o r  S25 s u r f a c e ,  
2 must not   be  a l lowed  to   exceed IpAj’cm . A t  t h e   p e a k   s e n s i t i v i t y  

of   the S 1  s u r f a c e  (3mA/watt) t h e   i n c i d e n t  power must be  held  below 

1 / 3  mW/cm . L 

L e t  B be the   r ad iance   o f   t he   on ly   sou rce   t ha t  i s  imaged onto 

the  photocathode by the  Oculometer.  Then, for   no  photocathode 

damage : 

TB t 
4 < 0.33 w/cm 2 

4 F L  
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Where tc is  the t r ansmiss ion   f ac to r  of t h e   c o l l e c t i o n   o p t i c s  

and F i s  the  Oculometer  F/number. Assuming F = 50, = . 4  then 
tC 

B <  
0 . 3 3  lo-' 4 (2500) 

. 4 a  

i . e . ,  B < 2.5  w a t t s / c m  / s t e rad ian  2 

This l i m i t  i s  inverse ly   p ropor t iona l   to   the   photoca thode  

s e n s i t i v i t y .  The actual l i m i t  f o r  any  cathode, a t  any  wavelength, 

can  be  obtained  from  the  r ight  hand scale of Figure 34 .  

If the  Oculometer   source  radiance i s  made g rea t e r   t han   t he  

l i m i t  as s p e c i f i e d  on Figure 34 ,  then  photocathode damage w i l l  

r e s u l t  i f  a h i g h l y   r e f l e c t i n g   s p e c u l a r   r e f l e c t o r   o c c u r s  - e .g . ,  

a t i e  c l ip   appea r ing   i n   t he   eye   space .   A l so   d i r ec t   sun l igh t   o r  

sun g l i n t  w i l l  cause photocathode damage (on a xenon s y s t e m ) - i f  

t h e   s p e c i f i e d  l i m i t  i s  exceeded,  because  the sun's s p e c t r a l  

rad iance  is  approximately  the same as the  Oculometer   spectral  

rad iance .  (However, a xenon  Oculometer  system  having  an  effective 

source   rad iance   o f  less than 2 .5  w a t t s l c m  / s t e rad ian  can s a f e l y  

be   po in t ed   d i r ec t ly  a t  the  sun). 

2 

If an image i n t e n s i f i e r  i s  used  ahead  of  the  image  dissector 

t h e  maximum o p t i c a l   s i g n a l  must  be  l imited so t h a t  
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a. The photocathode of the i n t e n s i f i e r  i s  n o t  damaged 

(same c r i t e r i o n  as f o r  image d i s s e c t o r   w i t h o u t   i n t e n s i f i e r ) .  

b. The in tens i f ied   phosphor  must not   be damaged ( l i m i t s  

the   ca thode   cur ren t   to   about  0.08pA/cm (e.g. , see RCA spec i -  

f i c a t i o n   f o r   t u b e   t y p e  C33020E, minimum u s e f u l  area/maximum 

photoca thode   cur ren t ) .  

2 

c.  The S20 photocathode  of  the image d i s sec to r   fo l lowing  

t h e   i n t e n s i f i e r  must not   be damaged by t h e  image on the  

( t y p i c a l l y  P20) phosphor  screen.  Allowing  for  the  ten times 

lower damage th re sho ld   i n   t he   r eg ion   o f  0 . 6 ~ ~  and  assuming 

a power ga in   for   the   tube   o f   10 ,   the   input   cur ren t   dens i ty  
2 must   be  l imited  to  O.OlwA/cm . 

In   o ther   words ,   one   o f   the   pena l t ies   incur red   in   us ing   the  

image i n t e n s i f i e r  is a reduct ion  in   the  photocathode damage t h r e s -  

hold by a f a c t o r   a p p r o x i m a t e l y   e q u a l   t o   t h e   e f f e c t i v e   s e n s i t i v i t y  

ga in   o f   the   tube .   Spec i f ica l ly ,   an   in tens i f ie r   sys tem  could   sa fe ly  

g ive  a sens i t i v i ty   ga in   o f   on ly   abou t  30, wi th  a source  radiance 

of 1 .5  watts/crn / s t e rad ian .  Above t h i s   f i g u r e   t h e   c o r n e a l  reflec- 

t i o n   i n   t h e   e y e  image i tself  w i l l  damage the   d i ssec tor   photo-  

cathode. However, i f  the  system were t o  be ope ra t ed   i n   t h i s   cond i -  

t ion   ex t reme care would  have t o  be taken   to   avoid   any   specular  

r e f l ec t ions   ( e .g . ,   o f  t i e  cl ips)   of   the   Oculometer   source from 
e n t e r i n g   t h e   c o l l e c t i o n   o p t i c s .  

2 
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I n  summary the  photocathode damage problem  appears  to rule 

o u t   t h e   p o s s i b i l i t y   o f   u s i n g   a n  image i n t e n s i f i e r / i m a g e   d i s s e s t o r  

combination. 

I f   t he   sys t em were aes igned   t o   y i e ld   any   u se fu l   i nc rease  i n  

pe r fo rmance   ( s ens i t i v i ty )  i t  would  be so s u s c e p t i b l e   t o  damage 

t h a t  i t  would  be i m p r a c t i c a l   t o   o p e r a t e .  

The rad iance   o f   the   Oculometer   source   can   be   ra i sed   to   15wat t s /  
2 

cm / s t e rad ian   ( a s   d i scussed   i n   t he   p rev ious   Sec t ion )   w i thou t  

caus ing   d i r ec t   pho toca thode  damage.  However the   sys tem  could   no t  

t hen   be   s a fe ly   exposed   t o   d i r ec t   sun l igh t .   P recau t ions  would have 

t o  be  taken  to   prevent  i t  from  "seeing"  any  specular material 

having a r e f l e c t i o n   f a c t o r   g r e a t e r   t h a n   a b o u t  17% (0.17 x 15% 

2.5 wat t s /cm  / s te rad ian- - the  damage th re sho ld ) .  2 

Cornea l   Re f l ec t ion /Pup i l   In t e r f e rence  

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

p u p i l ,  i t  w i l l  i n t e r f e re   w i th   pup i l   t r ack ing ,   because   t he   co rnea l  

s i g n a l  w i l l  be  picked  up as the  aper ture   scans  around  the  pupi l .  

Likewise  the  pupi l  w i l l  i n t e r f e r e   w i t h   t h e   t r a c k i n g   o f   t h e   c o r n e a l  

r e f l e c t i o n .  The general   approach  to  be  followed  in  overcoming 

t h i s  problem is:  
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1. The pup i l   v ideo  w i l l  be  clamped t o  the  mean t r a c k i n g  

value whenever   the  pupi l   scanning  aper ture  comes n e a r   t o  

the c o r n e a l   r e f l e c t i o n  .(As i n   F i g u r e  28) .  This   involves  

loss of p u p i l i n f o r m a t i o n f o r a   f r a c t i o n o f t h e a v a i l a b l e   p u p i l  

scan ,  as shown i n   F i g u r e  35. 

2. By us ing  a small s cann ing   ape r tu re   t he   e f f ec t   o f   t he  

p u p i l ,  on the   cornea l   t rack ing   sys tem i s  minimized. 

L e t  g be the   co rnea l   t r ack ing   e r ro r   due   t o  a worst  case 

o f   p u p i l   i n t e r f e r e n c e .  L e t  6 be the diameter   of   the   scanning 

ape r tu re .  It may be  assumed that   the   focusing  system w i l l  main ta in  

f o c u s   t o  a d e g r e e   t h a t   t h e   c o r n e a l   r e f l e c t i o n  w i l l  appear   to   have 

a diameter 6 ,  r a t h e r   t h a n  i t s  t rue  (sharply  focused)   diameter  E .  

L e t  R be t h e   r e l a t i v e   i n t e n s i t y   o f   t h e  m a x l m u m  p u p i l   s i g n a l  and 

sha rp ly   focused   co rnea l   r e f l ec t ion .  Then 

2 
( co rnea l   s igna l )  = - (pup il s i g n a l )  R €  

2 
and; (6 )  ( g )   ( co rnea l   s igna l )  = 1 /2 ,  6 2  ( p u p i l   s i g n a l ) ,  

The minimum (worst case) value of R i s  about 40 and E = 2.7.  

The Oculometer scale f a c t o r  is about 3 x lo-’ inches/degree 
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6 
3 

40 (2.7) 3 

6 
3 

2 880 Therefore ,  g ( i n  degrees)  = = -  

where 6 i s  in 'mi l s .   Th i s   func t ion  i s  p lo t t ed   i n   F igu re   36 .  

Most of t h i s   e r r o r   c a n  be   cor -ec ted   ou t j   s ince   the   pos i t ion  

of t h e   p u p i l / i r i s  boundary re la t ive to   t he   co rnea l   t r ack ing   s can  

i s  known a t  a l l  times. It i s  reasonable  t o  assume tha t   such  

cor rec t ion   could   compensa te   for  a t  least  90% of the  worst  case 

error shown i n   F i g u r e  36. Thus i t  shou ld   be   ea s i ly   poss ib l e   t o  

k e e p   t h i s   p a r t i c u l a r   e r r o r   w i t h i n  0 .1  degree  by  using a 0.01 i n .  

a p e r t u r e   ( o r   s m a l l e r ) .  

The Pup i l   Eccen t r i c i ty  Method .of Measuring Eye Direc t ion  

A poss ib l e  method  of der iv ing   eye   d i rec t ion   in format ion  

from the  eye image i s  t o  measure t h e   a p p a r e n t   e c c e n t r i c i t y   o f  

t h e   p u p i l  image. When the  eye is  r o t a t e d  away from  the  Oculometer 

axis ,   the   Oculometer  sees an  oblique view of   the  pupi l .  The 

e c c e n t r i c i t y  of t h e   p u p i l  image i s  a func t ion  of t h e   a n g u l a r   d i s -  

placement  of  the  eye,  as discussed  below. L e t  a p u p i l   c e n t e r  

a t  P be  viewed from the   po in t  0 (Figure  37).  The po in t  0 is  

def ined by the   coord ina tes  X Y re la t ive  t o  axes centered  a t  Q 

where QP i s  normal t o   t h e   p u p i l ,  and i s  of   un i t   l ength .   Cons ider  

any   po in t ,  T ,  on the  pupil   boundary. The r a d i u s   v e c t o r  PT i s  

given by 

2 

A 
PT = r cos 7 )  i -E r s i n  II/ A 

-u 
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where ?1/ i s  the   angular .   d i sp lacement  of PT from t h e  i d i r e c t i o n .  
4 

Cons ide r   t he   p ro j ec t ion  (TZ) of PT onto  a plane  normal   to  OP: 
4 

= lTPi2 - (TP u ) 2  
9 

U 
L 

2 - r 2 2 2 2 2 2  - 2 2 ( l + x  + y  - x  cos + - - s i n  @ -  
l + x  + y  
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That i s ,  the   normal ized   rad ius   vec tor   conta ins  two s i n u s o i d a l  

components, i n   quadra tu re  of magnitude 

2 2 
u =  x - y  

4 

and 

In   the   pupi l   t rack ing   sys tem,   these   components  may be  recovered 

by appropriate  demodulation. The demodulated  signals may then  be 

used   t o  cause t h e   a d d i t i o n  of second  harmonic  components to   the   bas i ' c  

p u p i l   c i r c u l a r   s c a n   i n   s u c h  a way as to   cause   pup i l   s can   t o   ma tch  

t h e   e l l i p t i c a l   p u p i l   p a t t e r n .  When the  scans  match  there  w i l l  be 

no  second  harmonic  modulation of the   v ideo   and   no   fur ther   addi t ion  

of second  harmonic  components w i l l  be made t o   t h e   c i r c u l a r   s c a n .  

A measure  of   eye  direct ion  (x ,y)  may be  der ived  f rom  the  values  

of the  added  second  harmonic  components  (u,v)  according  to  the 

equat ions  given  above,   which  can  be  solved  to   give 

x2 = 2 {u +* + v2 3 
y = 2  { - u +  $ 7 )  
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Consider   the  effect  (dx,dy)  on  x,y  of errors (du,dv) i n  u 

and v 

dv = 

dx = -k+ 2 xdu + dv 
x + Y  
2(xdv - ydu) 

x + Y  

xdy + ydx 
2 

d Y =  2 2 

Consider   the case when t h e   e r r o r   i n   d u ,   d v  i s  equ iva len t  

t o  1 m i l ,  w i th  a 40 m i l  r a d i u s  (2mm d iameter )   pupi l .  L e t  y = .O ,  

then 

du = 1/40 

and 

dx=x = -  
2 du 

2 ox r ad ians  

Let  8 be the   ang le  x in   deg rees  
X 

i . e . ,  
e =:  OX, de = 60dx = 

X X 

For 8 = 30" , dex = 6 "   ( f o r  

That i s ,  t h e   n o i s e  level of 

X 

60 x 60  18 0 
200 e = -  

X X 

du,   dv =: 

the   eccent r ic   t echnique  w i l l  be 

about  18 times t h a t  of t h e   r e g u l a r  method of measuring  eye  direc-  

t i o n ,  when ex is  30". For smaller va lues  of 8 t h e   e c c e n t r i c  

technique i s  even less accura t e .  
X 

From t h e  las t  column of  Table I ,  and   the   ana lys i s   g iven   above ,  

i t  can   be   seen   tha t   the  m S  n o i s e  level w i t h   t h e   e c c e n t r i c  method 

w i l l  be in   t he   r ange   o f  0.9" to  6"  depending  on the relat ive 

Oculometer   sens i t iv i ty .  
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Dynamic C h a r a c t e r i s t i c s   o f   t h e  Oculometer 

The h e a r t  of the  Oculometer i s  an e l e c t r o - o p t i c a l   t r a c k i n g  

sys  tern t h a t  i s  i n t e n d e d   t o   f o l l o w   c e r t a i n   p a t t e r n   d e t a i l   i n   t h e  

eye  image. If t h e r e  i s  any  motion  of   the  eye  image  detai l   re la t ive 

to   the   sensor   photoca thode ,   there  w i l l ,  i n   g e n e r a l ,   b e  some t r ack ing  

e r r o r ;   t h a t  i s ,  the   e l ec t ro -op t i ca l   t r ack ing   sys t em w i l l  t e n d   t o  

l a g   b e h i n d   t h e   p a t t e r n   d e t a i l   t h a t  i t  is  supposed t o   f o l l o w .  The 

t racking   sys tem  should ,   therefore ,   be   des igned  so t h a t   t h e  dynamic 

t r a c k i n g   e r r o r s ,   r e s u l t i n g  from the  expected  range  of   eye image 

motions,  are acceptab ly  small. 

Motion of the  eye image i n   t h e  Oculometer w i l l  occur   with:  

a. ro t a t ion   o f   t he   eye  

b.   voluntary  displacements   of   the   head 

c .  involuntary  displacements  of  the  head  caused by the  

environmental   v ibrat ion.  

A typ ica l   ro ta t ion   mot ion   of   the   eye  i s  shown i n   F i g u r e  38.  

A s  discussdd   in   another   sec t ion ,  a two-axis  moving  mirror 

system i s  included  in  the  remote  Oculometer  in  order  to  maintain 

the  eye image wi th in   about  0.25 in .   o f   the   cen ter   o f   the   sensor  

102 



0 10 20 30 40 50 Time ms 

1.6 10 4 

0 A c c e l e r a t i o n  " f s 2  

-1.6 x lo4- i I 
I 

Figure 38 TYPICAL 10 DEGREE  SACCADE IN 50 m s  MAX. ACCELERATION = 16,000"/s MAX.MTE = 4 0 0 " / s  2 



photocathode. The max imum voluntary  motion (of type  by  above)  

remaining a f te r  t h i s   s e r v o   m i r r o r   a c t i o n  w i l l  be 0.25 s i n   4 1 ~ t  

inches.  

The d i s t r i b u t i o n  of t y p i c a l  a i rc raf t  v i b r a t i o n ,  and  the 

human to l e rance  l i m i t s  f o r   v i b r a t i o n  are shown in   F igu res  39 and 

40.  

The response  of   the  Oculometer   t racking  system  to   these  var ious 

motor  inputs  depends on the  scan  speed  and  also on the   o rder   o f  

the   t rack ing   se rvo   involved .  

S ingle   o rder   se rvo   t racking   loops  were used  in   the  mental  

a ler tness   Oculometer .   (Figure  41a)  A second  order   t racking 

loop i s  i l l u s t r a t e d   i n   F i g u r e  41b. An impor t an t   d i s t i nc t ion  

between  these two t rack ing   loops  is  t h a t   t h e   t r a c k i n g   e r r o r   f o r  a 

ramp input   ( i . e .  , x = k t )  is u l t i m a t e l y   z e r o   f o r  a second  order 

system  (Figure  42(c)   and  (d))   whereas ,   for  a f i r s t  order  system, 

t h e   t r a c k i n g   e r r o r  r ises e x p o n e n t i a l l y   t o  a nonzero  steady s ta te  

value  (Figure  42(a)   and  (b)) .  

The ampl i tude   response   func t ions   for   the  two types  of   t racking 

loops  (based upon  optimum damping  and a 3 dB frequency  of 80 Hz 

(or   loop time cons tan t  of 2ms)) are p l o t t e d   i n   F i g u r e  4 3  f o r  

var ious   envi ronmenta l   condi t ions .  
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T h i s   i l l u s t r a t e s   s c h e m a t i c a l l y  a n u m b e r  of t o l e r a n c e   c r i t e r i a  for v ib ra t ion .   The   fou r   shaded  
zones   r ep resen t :   t h re sho ld  for percept ion;   the   unpleasant  area of v i b r a t i o n ;   t h e   l i m i t s  of volun- 
t a r y   e x p o s u r e ,   u n p r o t e c t e d ,  for 5-20 minutes ;   and   the   vo luntary   to le rance   l imi t s  for s u b j e c t s  
w i t h   l a p   b e l t   a n d   s h o u l d e r   h a r n e s s  for t h ree   minu te s ,   one   minu te ,   and  less than  one  minute .  
Above   t h i s ,   m inor   i n ju r i e s   occu r ,   depend ing   on   t ime .   A t   t he   t op  of t h e   c h a r t   i s   p l o t t e d   t h e  
vo lun ta ry   t o l e rance   cu rve  for impac t ,   wh ich   may   be .   cons ide red   t o   be   ha l f - cyc le   v ib ra t ion  of 
l a rge   magni tude .   The   convent iona l   way of m e a s u r i n g   d u r a t i o n s   ( t )   a n d   a m p l i t u d e s   ( A )  is shown 
in t h e   s m a l l   d i a g r a m s   a t   t h e   l e f t .  

Source :   Adapted   f rom  von   'Gierke   and   Hia t t  

Figure 40 CRITERIA FOR VIBRATION TOLERANCE 
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The sys tem  response   to   the  maximum residual  head  motion  (0.25 

s i n  47rt) i s  

f i r s t  o rde r :   6 .2  x loe3  inches 

second  order  0.16 x 10  inches - 3  

Typical   worst  case eye  motions are 

.. 
e = 4ooo/s,  e = 16,000° / s  

2 

The f i r s t  o rde r   r e sponse   t o  a ramp of   400° /s   (equiva len t   to  

2 in / s   o f   pupi l   mot ion)  i s  (from  Figure  42a),  

2 x 2 x = 4 x inches 

The second  order   t rack ing   sys tem  y ie lds  a f i n i t e   t r a c k i n g  

e r r o r   f o r   a n   a c c e l e r a t i o n   i n p u t ,  as indicated  in   Figures   42e  and 
42f .  The peak   t racking   e r ror   in   response   to   an   acce le ra t ion  of 

1 6  ,OOO"/s ( equ iva len t   t o  80 i n .  / s  ) i s  2 2 

0.025  x2 - 0.025  to2 80 - 0.025 4 80 
c) 

- 
c) 

- 
0 

f L 

0 
(0.225)L (0.225) ' inches 

= 0.16 x 1 0  inches - 3  
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The f i rs t  and  second  order   system  response  to   the  typical   eye 

motion rates are shown i n   F i g u r e  4 4 .  

The r e s u l t s  shown in   F igu res  4 3  and 44 show the  expected 

magni tudes   o f   the   t rack ing   e r rors   under   var ious   condi t ions .  

The next   ques t ion   to   be   cons idered  is  the  magnitude  of  the 

dynamic t racking   e r ror   tha t   can   be   cons idered   acceptab le .  

Trackfng  errors  have two main e f f e c t s :  

a )  If t he  dynamic t r a c k i n g   e r r o r  i s  l a r g e  enough t h e  

system w i l l  be  forced  out  of i t s  l i nea r   t r ack ing   r ange  

(Figure 4 5 ) .  

b)  The ins tan taneous   eye   d i rec t ion   ou tput  w i l l  be i n  

e r r o r   i f   t h e r e  i s  any d i f f e r e n t i a l  dynamic t r ack ing  

e r r o r  between  the  pupi l   and  corneal   channels .  

Errors   of   type  (a)  may cause loss o f   t r a c k   i f   t h e y   a r e   l a r g e r  

than  the  aper ture   diameter   ( for   the  corneal   system)  or   larger   then 

the   pup i l   fo r   t he   pup i l   sys t em.   E r ro r s   g rea t e r   t han   t he   l i nea r  

t racking  range  (Figure 4 5 )  w i l l  b e   c o r r e c t e d   r e l a t i v e l y   s l u g g i s h l y  

by the  t racking  system.  Errors   of   type  (a)   and  (b)  w i l l  g ive  

r ise to   i n s t an taneous   e r ro r s   i n   eye   d i r ec t ion   ou tpu t .   Fo r  random, 
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h igh   f r equency   v ib ra t ion   t hese  l a t t e r  e r r o r s  may no t   be   o f   g rea t  

s i g n i f i c a n c e   i f   t h e y  are less than,  say 6 x 10  inches ,   s ince   they  

w i l l  ave rage   ou t   i n   any   p rac t i ca l  measure of   eye   d i rec t ion .  

-3 

The v ibra t ion   and   shock   envi ronments ,   in   re la t ion   to   these  

f a c t o r s ,   a r e  summarized in   Table  11. 

It i s  e v i d e n t   t h a t   t h e  2nd order   t rack ing   sys tem i s  very 

much s u p e r i o r   t o   t h e   f i r s t   o r d e r .  It imposes   no   r e s t r i c t ions  

on the   choice   o f   the   aper ture   d iameter   except   for   ex t reme  v ibra t ion  

and  shock  conditions.  

The E lec t ron ic   S igna l  

The  minimum p u p i l   s i g n a l   o u t p u t   f o r  a 20 m i l  a p e r t u r e ,   f o r  

a tube   ga in   o f  3 x 10  and f o r  a 50K R preamp l o a d   r e s i s t o r  i s  6 

8 
x lo x 3 x 10 x 1 . 6  x 10-19x50x~03 6 v =  400 

A video  bandwidth  of  about 100 kHz is  d e s i r a b l e  so t h a t   t h e  

system  can  respond,  within a small f r a c t i o n  of a c i r c u l a r   s c a n  

pe r iod ,   t o   t he   chang ing   s igna l  levels a s soc ia t ed   w i th   t he  time 

d iv i s ion   mu l t ip l ex   s can .  The v i d e o   s i g n a l / n o i s e   r a t i o  i s  of   the  
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Table I1 DESIGN CONSTRAINTS AND TRACKING ERRORS DUE TO MOTION AND VIBRATION ENVIRONMENT 

MOTION .VIBRATION 
ENVIRONMENT 

Eye Motion 

Voluntary Head Motion 

Mean Plus D Typical 
A/C Vibration 

Voluntary Long Term 
Vibration  Tolerance 

Injury  Threshold 
-Short Term Exposure 

Voluntary  Threshold 
Single  Pulse Accelera- 
t ion 

Res t r i c t ion   o r  
6 (aper ture  
diameter   in  
inches) 

Transient 
Errors 

>5 

>IO 

none>? 

Loss of  Track  for 
any 6 

Loss of  Track f o r  
any 6 

f-u 1" 

C \ J  2" 

m .  2" 

N 3 "  

Loss of  Track 
for   any 6 

Loss of Track 
f o r  any 6 

~~ ~~~~ ~ 

SECOND ORDER 
TRACKING LOOP 

Restrict ion 
on f (aper- 
ture   diameter  
10-3 inches) 

Trans  ien t 
Errors  

<. 1" 
<. 1" 

d. 2" 

w .  2" 

-3" 

N 3 "  

f: none - means tha t   v ibra t ion   cons idera t ions  do not  impose any   p rac t i ca l  
l imi t a t ion  and ( i . e .   o ther   fac tors  become dominant i n  the 
se l ec t ion  of 6)  



o r d e r   u n i t y   w i t h   t h i s   b a n d w i d t h ;   t h a t  i s ,  each   e lec t ron   produces  

a pu l se  of t he   o rde r  of 0.10 mV. With a 5 m i l  a p e r t u r e   t h e  

e lec t ron   pu lses   would  s t i l l  be 10 mV b u t   t h e   a v e r a g e   s i g n a l  level  

would  be 0.6 mV. A gain   o f  16 would  be  required  to   br ing  the 

average level  up t o  1 0  mV. This  would cause t h e   p e a k   p u l s e   l i g h t  

t o  be 160  mV. T r a c k i n g   l o o p   c i r c u i t r y   c a n   e a s i l y  be   ass igned   to  

handle   these   vo l tage  levels. It i s  conc luded ,   t he re fo re ,   t ha t  

as fa r  as t h e   e l e c t r o n i c   a s p e c t s  of the  problem are concerned, 

a 5 m i l  I D  aper ture   can   be   used .  

Moving Mirror  Sys t e m  

The moving mi r ro r   sys t em  dep loys   t he   r e l a t ive ly  small i n s t an -  

taneous   f ie ld   o f  view of   the   Oculometer   over   the   l a rger   to ta l   eye  

space   r eg ion .   In   t h i s  way f i n e   e l e c t r o n i c   t r a c k i n g  i s  used   fo r  

f o l l o w i n g   e y e   d e t a i l  (down t o  0.001  inch)  whereas  mechanical 

scanning i s  used  to   fol low  gross   head  motions.  

The clear aper ture   o f   the   mir ror   sys tem w i l l  be   of   the   order  

of  1 / 2  t o  1 inch  (determined by the  range  from  eye  to  Oculometer 

(e.g., 30 inches)   and  the  angular   width  of   the  Oculometer   aper ture  

a t  t h e   e y e   ( t y p i c a l l y  1 / 2  t o  1 degree) .  The  dynamic range of 

t h e  moving mirror   system 1s defined  by  the  desired  height   and 

width  of the to t a l   eye   space   r eg ion ,   and   by   t he   r ange   t o   t he   eye .  
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For  example,with a nomina l   r ange   t o   t he   eye   o f  4 f e e t  and  an  eye 

space  coverage  of *6 inches   the   angular   range   of   the   mir ror   need  

be  only  about  *3.5  degrees.  The t r a n s i e n t   r e s p o n s e   o f   t h e   m i r r o r  

system m u s t  be   such   t ha t   t he   eye   can   be   he ld   i n   t r ack   w i th in   t he  

usefu l   photoca thode  area of the   s enso r   t ube   fo r   any   na tu ra l ly  

occuring  head  motion  and  a lso  must   be  adequate   for   the  execut ion 

of   any  search  funct ions.  The dynamic  response  of  the  mirror  system 

i s  a func t ion   o f   t he   sys t em  ine r t i a  and  motor  torque. 

L e t  I be  the moment o f   i ne r t i a   abou t   one   mi r ro r   ax i s .   Le t  

T be the  peak  torque  of  the  motor.  The response  funct ion i s :  rr. 

where k and h are c o n s t a n t s  and 8 i s  the  angular   response  of   the 

m i r r o r   t o  a commanded p o s i t i o n  Bc. 

The t o r q u e   a c t u a l l y   a p p l i e d  by the  motor i s  given by 

T = 18 
.. 

Rearranging  the  equat ions  and  select ing optimum damping: 

e + 2 mn Q + L U ~  2 .(e - ec )  = o 

where LU is  the  3dB angular   f requency.  n 

117 



and  then 

k = 2 I L u  J- n 

and 

2 h = I u  n 

The so lu t ion   o f   t he   equa t ion  i s :  

I n   t h e  case when t h e  moving mirror   assembly w i l l  be   used  to  

r e f l ec t   t he   r ays   f rom  the   eye   t o   an   Ocu lomete r  mounted i n   f r o n t  of  

the  instrument   panel   (e .  g. ,  see Figure 56 ) , t h e  c lear  a p e r t u r e  

o f  t h e   m i r r o r  w i l l  be less than 1 inch   in   d iameter .   For  a panel  

mounted  system,  the  mirror  aperture  might  be 2 inches.   For   the 

present   purposes   the  mirror   dimensions are assumed t o  be 2 x 1 . 5  x 

0.25 inch. 

The mi r ro r  w i l l  be  mounted  on a two axis  gimbal  system. The 

inner  gimbal w i l l  c a u s e   t h e   m i r r o r   t o   s c a n   i n   t h e   h o r i z o n t a l   d i r e c -  

t i o n   u n d e r   t h e   a c t i o n  of a torque   motor   ( typ ica l ly  TQ-1OW-1 Aeroflex) 

mounted  on tha t   g imbal .  
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The vertical  scan motion w i l l  be   con t ro l l ed  by a l a rge r   ( e .g .  

TQ - 18-7) torque  motor  which w i l l  r o t a t e ,   n o t   o n l y   t h e   m i r r o r ,  

but   a lso  the  horizontal   dr ive  mgtor   and  inner   gimbal   yoke.  

The t o t a l   i n e r t i a   a b o u t   t h e  ver t ical  a x i s  is then   es t imated  

as fol lows:  

Horizontal  Motor  and  Resolver 

Hor izonta l  Yoke 

Mirror  

Vertical Motor 

6 .7  x oz in. s 
2 

2.0 x 

0.6 x 

0.7 x 10-3 

Tota l  I 10.0 x oz i n .  s 
2 

The i n e r t i a   a b o u t   t h e   h o r i z o n t a l   a x i s  i s  s imply   t ha t  due t o  
-3 2 t h e   m i r r o r  and  motor y ,  i. e.  1 .3  x 10 oz i n .  s . 

The angular   displacement  of t he   mi r ro r   ( t o   cove r  *6 inches a t  

4 f e e t )  i s  only * 3 . 5  degrees .  The maximum open  loop  frequencies 

(u ) ( for   these   d i sp lacements )  may be   ca l cu la t ed  from the   equat ion  m 

.. 
T = I e  m 

where 8 = 3.5" s i n  w t m 

= 0.6 s i n  w t ( r ad ians )  m 

:. T = .06 urn2 I m 
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w .. m .06 I 

I 20 

h o r i z o n t a l  axis 

v e r t i c a l   a x i s  
06 (10)(10-3) 

= 113 r a d i a n s / s  (18 Hz) h o r i z o n t a l  

= 182  rad ians /s  (30 Hz) ver t ica l ly  

The a c t u a l  3 dB frequency may be  calculated  f rom  the  value 

of t he   l a rges t   ampl i tude   s t ep   d i sp l acemen t  ne f o r  which l i n e a r  

c losed   loop   t racking  i s  requi red .  This can   be   spec i f i ed   i n  terms 

of typ ica l   rap id   eye   d i sp lacement  i .e. ,  48- 0 . 2  inch a t  50  inches = 

0.25  degree = 4 x 10 r ad ians  - 3  

Then 

h =  1.0 
4 x 

= 2 .5  x 10  2 

( h o r i z o n t a l   a x i s )  

oz i d r a d   i a n  

w =  1 . 2  x 10 

3.6 x 
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2 
LD = 3 . 3  x 10 n 

and 

= 5 x 1 0  3 

l a d i a n s / s  

( v e r t i c a l   a x i s )  

oz i n / r ad ian  

70 
(JJ = - 

10-1 

2 
= 7 x 1 0  rad ians  / s 

These  f requencies   are  more  than  adequate to   cove r  any  degree 

of  head  motion. 

Acquis i t ion 

The Oculometer  must i n i t i a l l y   s e a r c h   f o r   t h e   e y e .  The t o t a l  

eye  space  volume  (in  which  the  eye may be  placed) i s  v e r y   l a r g e  

compared t o   t h e   a r e a   t h a t  i s  sampled  instantaneously  in  the  normal 

t racking  mode ( e . g . ,  two c u b i c   f e e t  compared t o  0.01 cubic   inch) .  

There are th ree  main  problems  associated  with  the  scan  and 

acqu i s i t i on   p rocess .  
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(1) The f in i t e   speed   o f   r e sponse  of the   mechanica l ly  

scanned  elements  of  the  system  (i .e. ,   the  moving  mirror  and 

the  auto-focusing  system).  

(2) The l i m i t e d   i n t e n s i t y   ( i n   p h o t o n s / s )   o f   t h e   d e t a i l  

t o  be  acquired,   which  requires   that   the   Oculometer   sensor  

dwell   over  each small region  of   the  eye  space  long  enough 

f o r  i t  t o   p i c k  up a s i g n i f i c a n t  number o f   p h o t o n s   i n   o r d e r   t o  

s ense   i f   an   eye  i s  a t  t h i s   p o i n t .  

(3) The d i sc r imina t ion  of t h e   e y e   d e t a i l  from  any  other 

d e t a i l   t h a t  may e x i s t   w i t h i n   t h e   t o t a l   e y e   s p a c e .  

Taking i t e m  (3) f i r s t :   t h e   s c a n n i n g   a p e r t u r e   o f   t h e  image 

d i s s e c t o r  may, i n   t h e  search mode , pass   ove r   h igh ly   specu la r ly  

r e f l e c t i n g   d e t a i l   ( e . g . ,  t i e  c l i p ) .   T h i s  w i l l  produce a l a r g e r  

s igna l   t han   t ha t   o f   t he   eye .  Also f o r  small p u p i l s ,  and r e l a t i v e l y  

small values  of  the  Oculometer F/number (e.g.  , 30-50) , t h e   c o n t r a s t  

between  the  pupil  and a w h i t e   d i f f u s e   r e f l e c t o r   ( e . g . ,   s h i r t ,   s k i n  

e t c )  may n o t  be s u f f i c i e n t   f o r   s i m p l e   r e l i a b l e   a c q u i s i t i o n .  

There are two  poss ib le   approaches   to   th i s   p roblem 

(1) Use a spec ia l   head   marker   loca ted   near   the   eye ,   for  

u n i q u e   i n i t i a l   a c q u i s i t i o n  and   then   def lec t   the   sensor  by 
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a preprogrammed  amount  towards the  eye.  It w i l l  then  be 

s u f f i c i e n t l y   c l o s e   t o  the eye so tha t   un ique   eye   acquis i -  

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

(2) Use a s p e c i a l   l o g i c a l  cr i ter ia  f o r   a c q u i s i t i o n ,   r a t h e r  

than a s imple   ampl i tude   c r i te r ion .   For   example   acquis i t ion  

could   be   s igna l led  i f ,  and  only i f ,  t h e   s i g n a l  a t  p o i n t s  A and 

D ,  i s  below a ce r t a in   t h re sho ld   ( co r re spond ing   t o   t he  iris) 

while t h e   s i g n a l  a t  po in t  B i s  above  another   threshold  (corres-  

ponding t o   t h e   p u p i l )  - -where t h e   p o i n t s  A B C are along a 

h o r i z o n t a l  raster l i n e   s e p a r a t e d  by 0.3 in .   each.  

The moving mirror   system  descr ibed  previously  can  deploy 

a 1 i n .  x 1 in .   i n s t an taneous   f i e ld   o f   v i ew  ove r   t he   t o t a l   eye  

space  (12 inl. x 1 2  in.)   in  about  0.2  second  (based upon the  30 Hz 

maximum mi r ro r   ho r i zon ta l   s can  rate) (Note t h a t   t h i s  t i m e  could 

be  reduced by us ing  smaller m i r r o r s ) .  Assuming a 0.005 i n .  image 

d i s s e c t o r   a p e r t u r e  i s  used  with  an  F/50  Oculorneter  optical  system, 

the  maximum depth  of   focus  for   seeing  the  pupi l  would  be  only  about 

5 2  in .   For  a to t a l   r ange   unce r t a in ty   o f  k12 in .   search   ( in   x ,y)  

s i x   d i f f e r e n t  times, each  with a new s e t t i n g  of the  focus  range. 

This would g ive  a maximum i n i t i a l   a c q u i s i t i o n  t i m e  of 1 . 2  seconds. 

123 



A minimum p u p i l   s i g n a l   ( w i t h   t h e  minimum B s t i  value  of  1.5W, 
cm / s t e r )  w i l l  ' r e q u i r e   a b o u t   0 . 1   s e c o n d   f o r   e l e c t r o n i c   s e a r c h  

f o r  one  in .   of   instantaneous  eye  space,   wi th  a 0.005 in .   d iameter  

image d i s s e c t o r   a p e r t u r e .  Thus wi thout  a head  marker  (and  with 

the  other   system  parameters  as previously  assumed)  the t i m e  r equ i r ed  

t o   s e a r c h   t h e   e n t i r e   e y e   s p a c e   r e g i o n   f o r   t h e   p u p i l  would  be 144 x 
6 x 0.1 = 86.4 seconds.  That i s  a c q u i s i t i o n  t i m e ,  i n   t h i s  case, 

i s  l imi t ed   by   t he   s igna l ,   no t   t he   mechan ica l   i ne r t i a   o f   mi r ro r   sys t em.  

For  more r a p i d   a c q u i s i t i o n  a head  marker  should  be  used. The 

head  marker  can  consist   of  an area of   aboutone  in .   of   corner  re- 

f l e c t i n g  material. The i n t e n s i t y  of t h e   r e t u r n  from t h i s  material 

w i l l  be a t  least  e q u a l   t o   t h a t   f r o m   t h e   c o r n e a l   r e f l e c t i o n  - but  

w i l l  of   course  extend  over  a l a r g e r  area. On t h i s   b a s i s   t h e  t i m e  

r e q u i r e d   t o   r e c e i v e  a s i g n i f i c a n t  number of   photoe lec t rons   (e .g . , lO)  

w i l l  be  given  by: 

2 
2 

2 

i . e . ,  

This time is  s o  small, compared t o   t h e  time t h a t  w i l l  be  taken 

to   def lec t   the   mir ror   over   the   head   marker  area ( i . e . ,   abou t  2 m i l l i -  

seconds)   tha t  a very   h igh   th reshold   can   be  set f o r   a c q u i s i t i o n .  
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Acquis i t ion  t i m e ,  i n   t h i s   c a s e ,  i s  l i m i t e d  by t h e   m i r r o r   i n e r t i a  

(no t s igna l )   Because  of t h e   r e l a t i v e l y   l a r g e  area of  the  head 

marker t h i s   a c q u i s i t i o n   s y s t e m  w i l l  have an e x c e l l e n t   d e p t h  of 

focus   ( e .g . ,  a t  least *25 in .   wi th   an  F/50 system). Thus f o r  

i n i t i a l   a c q u i s i t i o n   t h e   f o c u s i n g   s e r v o   c a n   b e   k e p t  set  a t  mid range. 

Once the  head  marker  has  been  .acquired,   the  focusing  servo 

w i l l  b e   a c t i v a t e d   t o   b r i n g  i t  t o   s h a r p   f o c u s ,  and  then  the 

moving m i r r o r  w i l l  be  def lec ted   (by  a preprogranuned  amount) t o  

the  region  of   the  eye,   where a p u r e l y   e l e c t r o n i c   s e a r c h  w i l l  be 

i n i t i a t e d   f o r   t h e   p u p i l .  

The to t a l   s equence   o f   even t s   i n   t he   acqu i s i t i on  mode i s  given 

in   Table  I11 

The Opt i ca l  System 

This   sec t ion   covers   the   conceptua l   des ign   of   the   i l lumina-  

t i o n  and c o l l e c t i o n   o p t i c s   f o r  a panel  mounted  Oculometer  and a 

roof mounted  Oculometer. The requi rements   for   the   i l lumina t ion  

o p t i c s  are as fol lows:  

(a)  Approximately  one  inch  of  eye  space  coverage  with 

u n i f o r m   i r r a d i a t i o n   f o r   r e l i a b l e   a c q u i s i t i o n  from a helmet 

marker. 
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Table 111 ACQUISITION MODE SEQUENCE 

EVENT 

1. Nothing i n  
eye  space 

2.  Head placed 
in   eye   space  

3. Af te r  (2)  

4 .  After  (3) 

5 .  Af te r  ( 4 )  

6 .  Blink 

7. Blink  per- 
s is ts  f o r  
longer  than 
Is 

MIRROR ACTION 

Raster sea rch  
over a l l  of  
eye  space 

Search  stopped. 
Mirror   held a t  
a c q u i s i t i o n  
p o s i t i o n  

Mir ror   def lec ted  
t o   e y e  

Mir ror   t racks  
p u p i l  

Mi r ro r   ' t r acks  
p u p i l  

Held i n  l a s t  t r ack  
p o s i t i o n   f o r  1.0s 

Revert   to  1 

FOCUS  SERVO 
ACTION 

-~ 

Fixed a t  mid 
range 

Servos t o  
sharp  focus  of  
marker 

Fixed a t  previous 
bes t   focus   pos i -  
t ion 

Servos t o   s h a r p  
focus  of  pupil  

Tervos t o   s h a r p  
focus  of   corneal  
r e f l e c t i o n  

Held i n  l as t  t r a c k  
p o s i t i o n   f o r  0.2s 

Revert t o  1 

TIME 

0.2s 
pe r  raster 
frame 

0.1s 

0. Is 

0.03s 

0. Is 

0. Is 
o r  less 

Revert t o  

ELECTRONIC 
ACTION 

Video Level 
analyzsd 

Large  return  from 
head  marker  detectec 

E lec t ron ic   pup i l  
search i n i t i a t e d  
and  video level 
anmlyzed 

Pupi l   de tec ted   pupi :  
s c a n   i n i t i a t e d  videc 
level analyzed 

Cornea l   r e f l ec t ion  
acquired.  Normal 
Oculometer  tracking 

Same as ( 3 )  

Revert t o  1 



(b )   Apparen t   s i ze   o f   t he   l i gh t   sou rce  a t  the   eye  i s  t o  
be  one  degree  for   F/50  opt ics .  

(c )   Apparent   l igh t   source  w i l l  be  about 48 inches  from 

the   eye   by   spec i f i ca t ion .  

(d )   S i ze   o f   i l l umina t ion   op t i c s  i s  t o  be  minimized. 

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

l i s t e d  as: 

(a )  The F/number  of t he   co l l ec t ion   sys t em w i l l  be  about 

50 ( f o r  example 1 in .   d i ame te r   l ens  a t  48 i n .   o b j e c t   d i s -  

t a n c e )   f o r  maximum p u p i l  i r is  c o n t r a s t .  

(b) The  image of  eye  space i s  to   be   focusable  on the  

pho toca thode   fo r   ob jec t   d i s t ances   o f  48 i n .  f 1 2  i n .  by 

s p e c i f i c a t i o n .  

( c )  The eye  space  coverage w i l l  have a one-inch  diameter  

w i th   approx ima te ly   one   t o   one   magn i f i ca t ion   fo r   r e l i ab le  

acquis i t ion   f rom a helmet  marker. 

(d)  The change   in   ne t   magni f ica t ion   wi th   focus ing   ad jus t -  

ment   should  not   be  excessive  and,  i f  p ,os s ib l e ,   l i nea r  t o  

ass i s t  i n   e l e c t r o n i c   , p r o c e s s i n g   t o   e l i m i n a t e   t h e  phenomenon. 
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(e) The imaging  should  be  of good q u a l i t y  (small b l u r  

c i rc le ,  less than 1% d i s t o r t i o n ) .  

( f )  The s i z e  of t h e   c o l l e c t i o n   o p t i c s  is to   be  minimized.  

Optics  Mounted in   Pane l   In   t he  f i r s t  case, the   i l l umina t ion  

and c o l l e c t i o n   o p t i c s  are t r u l y  mounted in   t he   cockp i t   i n s t rumen t  

panel .  

Col lec t ion  Optics I n   t h i s  case, t h e   c o l l e c t i o n   o p t i c s  are of 

s imple   t e lephoto   cons t ruc t ion  as shown in   F igu re  46 .  Focusing i s  

obtained by va ry ing   t he   pos i t i on  of t he   nega t ive   l ens .  Lens  para- 

meters f o r  two p r a c t i c a l   c o l l e c t i o n   s y s t e m s  are shown i n   T a b l e  IV. 

A. I l lumina t ion   Opt ics  The i l l u m i n a t i o n   o p t i c s   f o r   t h e  
1 1  i n  panel" case i s  shown schemat ica l ly   in   F igure  47. Lenses L 1 
and L2 image t h e   l i g h t   s o u r c e   o n t o   t h e  lens  L Lens L i s  imaged 

onto  the  eye  space.  
3' 1 

The re levant   l ens   parameters  are shown i n   t h e   f i g u r e .  It i s  

assumed t h a t   t h e  arc i s  0.033 inches   i n   d i ame te r .  Thus t h e  30x 

magnif icat ion  a l lows i t  t o   t o t a l l y  f i l l  t h e   l e n s  L3. The apparent  

s i z e  of the   source  image t o   t h e   e y e  w i l l  be F/50 (1   i n .   sou rce  a t  

48 i n .   d i s t a n c e ) .  The s i z e   o f   l e n s  L1 i s  0.6 inches   in   d iameter ;  

i t  is  imaged onto  eye  space  with 1 . 6 ~  magn i f i ca t ion ,   t he reby   y i e ld ing  

approximately  1-inch  diameter  eye  space  coverage. 
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Table IV 
LENS  PARAMETERS FOR TWO PRACTICAL  COLLECTION  SYSTEMS 

k 

16  in. 
a)  16  in.  System . *  

y1  Photocathode I 
* 

Eyespace V 
F. L.=  8  in - P L -  =-2*&8  in. nominal 

Object  Distance  Net  Magnification  Change  in  Negative  Lens 
y. (in.) Position (in.) 

60 0.80 e.0.4 2 

5 4  

48 
4 2  

36 

0.89 
1.00 
1.14 

1 . 3 2  

-0 .20  

0.00 

+O. 32 

"0.69 

b )  8 in. System 
" y1 --k8 in. +Photocathode 

I 
F .L .  = in .L' 

F.L.=-o.~. \ 4 in.  nominal 
ln . 

Ob j ec.t  Distance  Net  Magnification  Change  in  Negative  Lens 
y. (in.)  Position  (in. ) 

6 0  

5 4  

4 8  

4 2  

36 

0.82 
0.90 

1.00 
1 .15  

1 . 3 4  

-0.15 
-0 .04 

0.00 

+O .06 
+O .14 
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Eye Space 

1 Image Dissector 

F i g u r e  46 PANEL MOUNTED COLLECTION OPTICS 



L3 L2 
L1 -- 

Eye Space " ""- 
at 48'ind Light Source 
Distance 

" A"- ""- 

in. 

3.33 
in. 

L is 1.0 in: diameter and 2.82 in. focal length 
L2 is -113 inch focal length  and approximately 0.1 in. diameter 
L is 0.6 in. diameter and 0.77 in. focal length 
L and L image  source onto L with 3oX magnification 
L and L image L onto eye space with 1.67 x magnification 

3 

1 

2 1 3 

3 2 1 

Figure 47 "IN PANEL"  ILLUMINATION OPTICS 



It s h o u l d   b e   n o t e d   t h a t   i n   o r d e r   t o   i n s u r e   u n i f o r m i t y  of 

i l lumina t ion   in   the   eye   space   due   to   ax ia l   head   mot ion  i t  may 

be   necessa ry   t o   i nc rease   t he   d i ame te r   o f   l ens  L1 t o  one  inch. 

The qua l i t y   o f   t he   imag ing   fo r   t he   i l l umina t ion   op t i c s   need  

no t   be   h igh ,   and   can   be   ea s i ly   fu l f i l l ed   w i th   t h i s   sys t em.  

B. Focusing  System The focus ing  of t h e   o p t i c s   f o r   t h i s   c o n f i -  

gu ra t ion  i s  ob ta ined   by   va ry ing   t he   pos i t i on   o f   t he   nega t ive   l ens .  

The mi ld   exponen t i a l   change   i n   magn i f i ca t ion   due   t o   focus ing   f rom 

36 t o  6 0  i n c h e s   w i t h   t h i s  scheme can  be  approximated as a l i n e a r  

func t ion   and   thus   e l imina ted   by   e lec t ronic   p rocess ing .  

Both  magnitude  and  direction are n e c e s s a r y   t o   e s t a b l i s h  how 

t o   a p p r o p r i a t e l y  move the   nega t ive   l ens   t o   acqu i r e   focus .  Thus 

a 2 s tage   focus ing   technique  i s  r equ i r ed .  

1. The maximum amount of   motion  necessary  to   acquire   focus 

of a 16 in .   te lephoto  lens   system  would  involve a 1 in .   d i sp l ace -  

ment  of  the  concave  element as i n d i c a t e d   i n   T a b l e  I V .  If the  sub-  

j ec t  accelerates  at  a ra te  of 1 g over a 1 / 2   f o o t   t h e  maximum 

v e l o c i t y   a t t a i n e d  would  be 5.6 f t / s .  This  would  correspond  from 

Table I V  t o  a lens  motion  of 3 i n . / s   wh ich   can   be   i n i t i a t ed  by a 

r ack  and   p in ion   dr ive   o r  worm gea r   d r ive .  
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2. The d i r ec t ion   o f   mo t ion   necessa ry   t o   focus   t he  image 

can  be  obtained by a d i ther   about   the   focus .   For   an   F /50   sys tem 

wi th  a 5 m i l  a p e r t u r e ,   t h e   b l u r  c i rc le  would  be 5 m i l s  i f  the   focus  

changed f 1 / 8   i n .  Thus a 1 / 4   i n .   d i t h e r   p a t h  would s u f f i c i e n t l y  

b l u r   t h e  image o f   t h e   c o r n e a l   h i g h l i g h t  so  as t o  be   de tec tab le   dur ing  

t h e   t r a c k i n g  mode. One hs l f   o f  a c y c l e   o f   t h i s   d i t h e r   s h o u l d  

occur   i n   t he  t i m e  t aken   fo r   t he   concave   focus ing   l ens   t o  move 1 / 8   i n .  

a t  a 3 i n . / s  rate.  This   cor responds   to  a ra te  of  1 2  Hz which  can 

be  implemented  by a spr ing   loaded ,  cam operated sleeve on the   r ack  

and pinion  mentioned  above. 

It s h o u l d   b e   n o t e d   t h a t   i f   t h e  8 i n .  sys t em (Table IV b) w e r e  

used ,   the  smaller requi red   nega t ive   l ens   mot ion  would a l low a 

s lower   ve loc i ty   focus ing   sys tem.  

Optics  Mounted Above o r   t o   S i d e  of P i l -  In   the   second  case ,  

a r o t a t i n g   s p h e r i c a l   m i r r o r  i s  mounted i n   t h e   p a n e l ;   t h i s   m i r r o r  

d i r e c t s   r a d i a t i o n   t o  and f rom  opt ics  mounted  above o r   t o   t h e   s i d e  

o f   t h e   s u b j e c t   ( p i l o t ) .  

A .  Col lec t ion   Opt ics  The layout  of t h i s   o p t i c s   s y s t e m   r e l a t i v e  

t o   t h e   c o c k p i t  i s  shown in   F igure   52 .  A moving mi r ro r  i s  ‘placed 

in   t he   cockp i t   pane l ;   t he   cu rva tu re   and   o r i en ta t ion  of t he   mi r ro r  

a r e   s u c h   t h a t  it causes   an image o f   eyespace   t o   be  formed i n   t h e  

v i c i n i t y  of r e f r a c t i v e   o p t i c s   l o c a t e d   a b o v e   o r   t o   t h e   s i d e   o f   t h e  
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p i l o t .  The refractive o p t i c s   t h e n   r e l a y   t h a t  image  onto  the 

photocathode. 

The refractive o p t i c s  are shown schemat ica l ly   in   F igure  48. 

Lens L1 images t h e   m i r r o r   i n t o   t h e   a p e r t u r e  shown; t h i s   a p e r t u r e  

insures   tha t   on ly   rays   f rom  the   eye   space   reach   the   photoca thode .  

Axial   motion  of   negat ive  lens  L creates a focusing  adjustment .  3 
It i s  assumed tha t   t he   d i s t ance   be tween  L and M i s  f i x e d  a t  

48 inches.  The distance  between M and  the  eye i s  var iab le   f rom 

36 to   60   i nches .  

1 1 

1 

Figure 49 shows l ens   pa rame te r s   fo r  a p r a c t i c a l   o p t i c a l   s y s t e m  

o f   t h i s  type. I n   t h e   d a t a  shown the   magn i f i ca t ion  varies between 

0.84  and 0 .70  as the   focus ing   l ens  L i s  moved over  a t o t a l   r a n g e  

of  3.6  inches. The va r i a t ion   o f   magn i f i ca t ion   w i th   r ange  is  n o t  

a t  a l l  l i n e a r ,  s o  t h a t   i n   t h i s  case a r a t h e r   s o p h i s t i c a t e d   o u t p u t  

l i n e a r i z a t i o n  c i r cu i t  would  have t o  be  designed. However, app ropr i a t e  

modif icat ion  of  some of   the   l ens   parameters   in   the   sys tem  might  

make the   magn i f i ca t ion   va r i a t ion  somewhat  more l i n e a r .  

3 

The t o t a l  refractive sys tem  length   ( in   F igure  49)  i s  ten   inches .  

I t  i s  pGobably p o s s i b l e   t o   r e d u c e   t h a t   l e n g t h  s t i l l  f u r t h e r   w i t h o u t  

apprec iab ly   degrading  image q u a l i t y .  
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I (NOTE: Scale  Distorted  Here) 

i .  Photocathode 

T V '  L3 

L 4 8  in.-L-48 
Eye *12 in .  
Space L1 Images M 1 

Aper-ture 

i 

onto Aperture 

L I y   L Z y  L3, and M image eye  space  onto  Photocathode 1 

Figure 48 LAYOUT OF "ABOVE HEAD" OPTICAL SYSTEM (COLLECTION) 



5 Photocathode 

In. In. 
Space 

-4- M. (F. .+26.7) 

OBJECT MAGNIFICATION CHANGE IN 
DISTANCE (in. ) (NET) POSITION OF L3 (in. ) 

6 0  

54  

4 8  

4 2  

36 

0 . 8 0  

0 . 8 2 1  

0 .835 

0 .840  

0.70 

1 . 2 4  

0.69 

0.00 

-1.04 

-2.36 

Figure 49 PMCTICAL COLLECTION OPTICAL SYSTEM  (ABOVE PILOT) 



B. I l l umina t ion  Scheme  The i l l u m i n a t i o n  scheme is  , i n   t h i s  

ca se ,qu i t e   s imp le .  As s h a m   i n   F i g u r e  50, a p o s i t i v e   l e n s  (L1) 
images t h e   o b j e c t   ( l i g h t   s o u r c e )   o n t o   t h e  moving mi r ro r .  The 

moving mirror   then  images  the  lens  L1 onto  the  eye  space  such 

t h a t  a t  least  1 in .   o f   eye   space  i s  covered. 

Electro-Optical   Sensor  

An image d i s s e c t o r   s u c h  as the  Oculometer  image  sensor leads 

i n e v i t a b l y   t o  a t h e o r e t i c a l l y  low s e n s i t i v i t y   b e c a u s e   o f   t h e   i n -  

herent   nonstorage  operat ion  of   the image dissector .   Thus,   suppose 

a 5 m i l  sampling  aper ture  i s  used   in   t rack ing   the  0 .7  in .   c i rcumference  

of t h e   p u p i l .  A t  any   i n s t an t ,   pho toe lec t rons  are received  from 

only  a small f r a c t i o n  ( 5 / 7 0 0 )  of   the   to ta l   c i rcumference   o f   the  

pupi l   border .  Thus about  99% o f   t h e   t h e o r e t i c a l l y   a v a i l a b l e   s i g n a l  

i s  l o s t  due t o   t h e   n o n s t o r a g e   o p e r a t i o n   o f   t h e   t u b e .  

Considerable   thought   has   been  given  to   the  possible  means 

of  overcoming t h i s  problem.   Unfor tuna te ly   convent iona l   s torage  

tubes   ( e .g . ,  SEC t u b e s )   l o s e   i n   s e n s i t i v i t y  more than   they   ga in  

( i n . t h e   p r e s e n t   a p p l i c a t i o n )  by t h e i r   s t o r a g e   o p e r a t i o n  (e.g., t h e  

Wes t inghouse WL 30691 SEC tube   can   de t ec t  a minimum s i g n a l   o f  3000 

photons,  even  though i t s  S20 photocathode  has a normal  quantum 

e f f i c i e n c y  of 0.20. That i s ,  t h e   e f f e c t i v e   s e n s i t i v i t y   o f   t h e   t u b e  
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appears   to   be  600 times less than   t ha t   o f  i t s  photocathode) .   In  

conven t iona l   ( i . e . ,  TV) a p p l i c a t i o n s   t h i s  loss o f   s e n s i t i v i t y  i s  

r e l a t i v e l y   u n i m p o r t a n t  compared t o   t h e   b e n e f i t   o f   s t o r a g e   o p e r a t i o n ,  

which  for  a 500 l i n e  TV system, i s  a f a c t o r   o f  250,000. For  the 

Oculometer,on  the  other  hand,  the loss due to   nons to rage   ope ra t ion  

is only  a f a c t o r   o f  100. So t h a t   t h e  600 times l o s s   o f   t h e   t u b e  

i s  dominant. 

A conceptua l ly   very  a t t ract ive so lu t ion   to   the   sensor   p roblem 

i s  the  use  of  an image i n t e n s i f i e r   i n   f r o n t  of t he  image d i s s e c t o r .  

The i n t e n s i f i e r  would  have  an S1 o r  S25 photocathode  and a photon 

gain  (a t   the   phosphor)   of  a t  least  500. 

The phosphor on t h e   i n t e n s i f i e r   s c r e e n  would  be  chosen so  

t h a t  i t s  t i m e  cons t an t  w a s  o f   the  same orde r  as the  Oculometer 

s c a n   ( i . e . ,  1 mil l i s econd) .  The 500 photons  generated by the  

phosphor  through  the  emission  of a s ing le   pho toe lec t ron  from a 

po in t  x on t h e   i n t e n s i f i e r   p h o t o c a t h o d e  would  be emi t t ed   i n  a 

random sequence  over a per iod  of about 1 mi l l i s econd .  The d i s s e c t o r  

(which i n   t h i s  case would  have  an S20 photocathode)  would  then  be 

a b l e   t o   g e n e r a t e  a s ingle   photoelectron  even  though i t s  

would dwel l   over   the   po in t   cor responding   to  X f o r   o n l y  

100 of a mi l l i second.   In   o ther   words  a 5 m i l  d i s s e c t o r  

could  scan  around a p u p i l  image  and de tec t   a lmost   every  

- 

a p e r t u r e  

a p e r t u r e  

t h e o r e t i c a l l y  
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avai lab le   photoe lec t ron .  The phosphor, of t h e   p r e c e d i n g   i n t e n s i f i e r  

tube ,  would  have  converted  the  normally  nonstorage  dissector  to,  

e f f ec t ive ly ,   s toa rge   ope ra t ion .  A s ingle   envelope   tube  of t h i s  

type ,  known as t h e  Image Dissect icon,   has   been made by t h e  Bendix 

Research  Laborator ies   for  NOL Corona. 

However, as desc r ibed   i n   t he   s ec t ion  on photocathode  damage, 

t h i s   t y p e  of  tube  must  be  rejected,   in  most cases, because  of  the 

poten t ia l   photoca thode  damage tha t   could   be   caused  by h igh ly  

s p e c u l a r l y   r e f l e c t i n g   s u r f a c e s .  

The re fo re ,   t he   bes t   so lu t ion   fo r the   s enso r   t ube   appea r s   t o  

be  an  image d i s sec to r   (o f   t he  same type as used   in   the   l abora tory  

Oculometer)  having as high a s e n s i t i v i t y  as p o s s i b l e   i n   t h e  

Oculometer  operating  band  -e.g.,  with  an S25 photocathode. 

Recomended Components 

Th i s   s ec t ion   desc r ibes   t he   op t i ca l  and e l e c t r o - o p t i c a l  com- 

ponents   tha t  w i l l  be   ut i l ized  in   the  Oculometer   and why they  

were s e l e c t e d .  
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H e l m e t  Marker 

It is recommended that   the   helmet   marker   be  constructed  f rom 

a No. 3111   hexagona l   p l a s t i c   f i l l ed   r e f l ec to r   manufac tu red   by   t he  

S t imsoni te   Div is ion   of   the  Elastic Stop Nut Corp. of America. 

T h i s   r e f l e c t o r  would  have to   have   the   cube   faces   go ld   coa ted   to  

f u l f i l l   t h e   a n g u l a r   t r a c k i n g   r e q u i r e m e n t s  as spec i f i ed   p rev ious ly .  

The b a s i c   c u b i c a l   s t r u c t u r e   o f   t h i s  material i s  w e l l  s u i t e d   t o   p r o -  

v i d e '   t h e   r e q u i r e d   s i g n a l  return. The out l ine  shape  of   the  helmet  

marke r   cou ld   be   ea s i ly   cu t   f rom  th i s  material. Figure 5 1  is  an 

obse rva t ion   ang le   cha rac t e r i s t i c   cu rve   fo r   t he   uncoa ted  material 

and  demonstrates  the  divergence of t h e   r e f l e c t e d  beam o f   l i g h t  

from t h i s  material. Unfor tuna te ly ,   the  rate of  change  with  entrance 

angle  and o r i e n t a t i o n   a n g l e  i s  r e l a t i v e l y   m e a n i n g l e s s   f o r   t h e  

uncoa ted   r e f l ec to r .  

Observation  Angle: The angle   included by a l i n e  from  the 

l i g h t   s o u r c e   c e n t e r   t o   t h e   r e f l e c t o r  center and a l i n e  from 

t h e   r e f l e c t o r   c e n t e r   t o   t h e   o b s e r v e r .  It i s  8 in   Figure  52a.  

Entrance  Angle: The angle   inc luded  by t h e   r e f l e c t o r   c e n t r a l  

axis   and a l i n e  f r o m   t h e   l i g h t   s o u r c e   t o   t h e   r e f l e c t o r   c e n t e r  

It i s  6 i n   F i g u r e  52a. 
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Figure 52a OBSERVATION ANGLE ( 0 )  
AND ENTRANCE  ANGLE (@) 

1 .x 

Figure 52b ORIENTATION ANGLE 
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Orientation  Angle:  The angle  of ro ta t ion   ( f rom the "top-up" 

p o s i t i o n )  of t h e   r e f l e x   r e f l e c t o r   a b o u t  i t s  own a x i s ,   i n  a 

clcckwise d i r e c t i o n  as viewed  f rom  the  observat ion  posi t ion.  

It i s  a in   F igure   52b .  

P u p i l  I l luminat ion  Source As discussed   prev ious ly ,   the  xenon 

s h o r t  arc is  the   bes t   pup i l   i l l umina t ion   sou rce .  I t  f u l f i l l s   t h e  

requirements   of :  

( a )   I l l umina t ing  a l l  eye  space  without   the  source image 

on the   r e t ina   exceed ing   t he  maximum safe r e t i n a l   b r i g h t n e s s .  

(b)  Simultaneously  providing a means of d i sc r imina t ing  

a g a i n s t   f a l s e   h i g h l i g h t s   g e n e r a t e d  by t h e  sun. 

This   source  must   be  operated  in   such a way as t o  

avo id   undes i r ab le   b r igh t   spo t s   i n   t he  arc t h a t  may exceed 

the  max imum safe b r i g h t n e s s   f o r   t h e   r e t i n a .  

The re   ex i s t s  two p o s s i b l e  arcs a t  t h i s  t i m e  which s a t i s f y  

the   p r io r   r equ i r emen t s .  They are: 

A. A 150 watt xenon i l l u m i n a t o r ,  model 150 x 8 R  manu- 

f ac tu red  by  Varian  Associates,  Eimal Divis ion.  

B. A 75 w a t t  s tandard  xenon  short-arc   adapted  to  ac 

operation  by  Englehard  Hanovia, Lamp Divis ion.  
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The Var i an   un i t  i s  t h e  f i r s t  u n i t   t o   a p p l y   t h e   s e a l e d  beam 

p r i n c i p l e   t o   t h e  xenon  short  arc lamp. T h i s   u n i t   o f f e r s :  

A. The maximum p r o t e c t i o n   t o   c a t a s t r o p h i c   f a i l u r e ,  

B. The maximum o u t p u t   i n t e n s i t y   b e c a u s e   o f   t h e   b u i l t  

i n   r e f l e c t o r .  

C. Both parabol ic   and e l l i p t i c a l  r e f l e c t o r s .  

D. Minimum package  s ize .  

E. Maximum p r o t e c t i o n   a g a i n s t   b r i g h t   s p o t s   i n   t h e  arc 

s i n c e   t h e  arc i s  a l igned   a long   the  beam a x i s .  

For   these   reasons   the   Var ian   un i t  i s  recommended as t h e  

pup i l   i l l umina to r   sou rce .  

Telephoto  Lens 'She bes t   su i t ed   t e l epho to   l ens   a s sembly  and 

layout   appears   to   be  the  panel  mounted conf igura t ion   descr ibed  

i n   t h e   S e c t i o n   e n t i t l e d  "The Optical   System." The i l l umina t ion  

o p t i c s  and t h e   c o l l e c t i o n   o p t i c s  are t r u l y  mounted in   t he   cockp i t  

instrument   panel  as shown in   F igu re  46 and 47 in   tha t   sys tem.  

Seve ra l   comen t s   abou t   t he  16 in .   and 8 in .   pane l  mounted 

sys tems are i n   o r d e r   h e r e .   F i r s t ,   t h e y  were both  designed so  as t o  

maximize the  imaging  qual i ty   for   the  given  system  s ize .   Because 

the   nega t ive   l ens  i s  loca ted  midway between  the  photocathode  and 
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t he   pos i t i ve   l ens ,   t he   r ay   bend ing   i n t roduced   by   t he   nega t ive   l ens  

i s  minimized  and  image q u a l i t y  i s  maximized.  Obviously, as the   sys tem 

s i z e  i s  decreased  (say  from 1 6  i n .   t o  8 in . )   the   ray   bending  

increases   and image qua l i ty   goes  down al though  focusing i s  easier. 

However, i t  i s  be l ieved   the   8 - inch   sys tem w i l l  g ive   adequa te   qua l i t y ,  

and  perhaps  even  shorter  systems  can  be  used. The ultimate p r a c t i c a l  

s i z e  w i l l  have   to   be   de te rmined  by computer  ray traces and it  i s  

a n t i c i p a t e d   t h a t   b o t h  the pos i t ive   and   nega t ive   l enses  w i l l  have 

t o  be of  a t  least  doub le t   cons t ruc t ion .  

SYSTEM  CONFIGURATION 

The Oculometer   sys tem  can   be   des igned   for   ins ta l la t ion   in   an  

a i r c r a f t   i n  a t  least  th ree   poss ib l e   l oca t ions .   These  are: 

A. Behind  the  pilot   suspended  from the cabin  roof .  

B. Under t h e   p i l o t ' s  seat 

C .  In   the   ins t rument   pane l  

Regardless of which  system i s  f e l t  t o  be  more d e s i r a b l e ,   t h e  

actual   d imensional   design  must   be  considered a unique  problem 

f o r  each  type  of a i rc raf t .  This  i s  no t i ceab ly   appa ren t   i n   t he  

re la t ive  s e a t i n g  of t h e   p i l o t ,   c o p i l o t ,   f l i g h t   e n g i n e e r ,  and 

n a v i g a t o r   i n   t h e   l a r g e   t r a n s p o r t s  and the   contemporary   f igh ters .  
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Any of the  proposed  Oculometer  systems w i l l  r e q u i r e   t h e   u s e  

of a moving mir ror   a long   wi th   the   necessary   d r ive   motors  and 

r e so lve r   r eadou t  mechanisms f o r   c o n t r o l  of azimuth  and  elevation 

coverage a t  eyespace.   This   mirror   assembly  can  be  located  in   or  

on the   i n s t rumen t   pane l   i n  a c i rc le  -3 inches  in  diameter  and 

below  the  horizontal  axis of   the  viewer's eye by approximately 

25 degrees.  

The en t i re .mir ror   assembly   depth  i s  a l s o  -3 in .   Not ice   tha t  

i t  i s  n o t   n e c e s s a r y   t o   b u r y   t h i s   e n t i r e  moving mi r ro r   d r ive  

assembly  in  the  panel as ind ica t ed   i n   F igu re  5 3  through 56 . 
The loca t ion  on the  panel   of   the  moving mi r ro r  i s  determined 

by s e v e r a l   f a c t o r s :  

A. The a v a i l a b i l i t y   o f   s p a c e  on the  instrument   panel  

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

i f   b o t h  are to  be  viewed.  Side by s i d e   s e a t i n g   n e c e s s i t a t e s  

a cen t r a l ly   l oca t ed   mi r ro r   fo r   t he   bes t   cove rage  of  the 

p i l o t  and c o p i l o t   w h i l e   f r o n t  and  back  seating i s  b e s t  

covered by a m i r r o r   o f f s e t   t o  one s i d e  and thus  per-  

m i t t i n g  rear seat v iewing   over   the   p i lo t ' s   shoulder .  

C .  The loca t ion   of   f requent ly   used   swi tches   o r  levers 

t h a t  would in t e r rup t   t he   l i gh t   pa th   be tween   t he  moving 

mi r ro r  and the  basic  Oculometer 
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Figure 53 OCULOMETER I N  BOEING CH46 HELICOPTER 
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Figure 54 OCULOMETER IN LOCKHEED C141 STARLIFTER TRANSPORT 



Figure 55 OCULOMETER I N  LOCKHEED T-33 TRAINER 



! 

rppraximate S i z e  of Helmet Marker 
Acqulslcion and Tracking System - 37 in' 

Figure 56 OCULOMETER IN HAWKER SIDDLEY P1127 V/STOL FIGHTER 



Various   mount ing   conf igura t ions   for   the   pupi l   acquis i t ion  

and  tracking  systems are shown in   F igu res  5 3  through 56.  These 

system  layouts shown are t o   s c a l e .  The f i r s t   o f   t h e s e   c o n f i g u r a -  

t i o n s  i s  the   fo l lowing:  

A. Overhead  Mounting 

Figure 5 3  CH 46 Hel icopter  

Figure 5 4  C141 S ta r l i f t e r  Transport  

The a r r angemen t   can   mon i to r   t he   p i lo t ,   cop i lo t ,   f l i gh t   eng inee r ,  

o r   nav iga to r  by appropr i a t e ly   ro t a t ing   t he   un i t   abou t   t he  rear 

suppor t   p ivot   po in t .  When the  Oculometer i s  n o t   i n  use, t h e   u n i t  

can  be  ra ised by te lescoping   the   f ront   suppor t ,   and   s tored   aga ins t  

the   cab in   roof .  The c o n f i g u r a t i o n   u t i l i z e s  a concave  moving  mirror. 

The concave  mirror   serves  as a focusing  element,   since  the  Oculometer 

t o   p u p i l   d i s t a n c e  is twice t h a t   o f  a panel  mounted  configuration. 

The use  of  a focusing moving mi r ro r   ( sphe r i ca l   su r f ace )   does   no t  

in t roduce   apprec iab le   d i s tor ' s ion   o r   aber ra t ion   caused   by   o f f -ax is  

imaging. The assets of   this   system are as fol lows:  

1. The maximum mobi l i t y  i s  provided  to   a l low  monitor ing 

var ious   cab in  area w h i l e   i n   f l i g h t .  
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2. A minimum amount  of r e l o c a t i o n  i s  r e q u i r e d   f o r   e x i s t i n g  

panel   inst rumentat ion.  

3.  A. minimum d a n g e r   e x i s t s   t o   d i r e c t   s u n  image forming 

on the  photocathode of the  image d i s sec to r   s ince   t he   ove r -  

head areas i n   t h e   c a b i n  are e f f e c t i v e l y  masked. 

The system,  however,  does  have  inherent  weaknesses.  These 

are : 

1. The system i s  s u s c e p t i b l e   t o  a t o t a l   b l ackou t   du r ing  

the   opera t ion   of   cer ta in   overhead   swi tches  on the power 

panel  of a he l icopter   and/or   cer ta in   overhead   f l igh t   con-  

t r o l   l e v e r s   o f  a la rge   mul t iengine  a i rcraf t .  This  black- 

out   occurs  i f  t h e   p i l o t ' s   o r   c o p i l o t ' s  ann i s  i n t e r j e c t e d  

in to   the   i l lumina t ion   pa th   o f   the   Oculometer .  

2. Non l inea r i t i e s  are genera ted   in  image magni f ica t ion  

versus   pupi l   to   Oculometer   range by the  focusing moving 

mi r ro r .  

3 .  The he l icopter   mount ing   conf igura t ion  must overcome 

any   v ibra t ion   .o f   the   Oculometer   re la t ive   to   the   pupi l .  

The large  ampli tude-low  f requency  vibrat ion  f rom  the  rotor  

assembly must be damped by the  mounting  assembly. 
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A conf igu ra t ion   o f   t h i s   na tu re   wou ld   be   equa l ly  w e l l  s u i t e d  

t o  such a i rc raf t  as the  Eoeing 7 4 7 ,  t h e  XC 1 4 2  mult iengined V/STOL 

and  the  proposed SST. 

The second  poss ib le   conf igura t ion   involves   the   loca t ion   of  

the   Oculometer   under   the   p i lo t s  seat o r   i n   t h e   s i d e   o f   t h e   f u s e l a g e  

and i s  discussed  below. 

B. Underseat  Mounting  (Figure No. 3 T-33 Tra ine r )  

The a c t u a l   o p t i c a l   s y s t e m  i s  b a s i c a l l y  similar to   the   overhead  

op t i ca l   sys t em,   bu t   enab le s   t he   Ocu lomete r   t o   be   i n s t a l l ed   i n  a 

bubble  canopy  environment. The o n l y   d i f f e r e n c e s   i n   t h e   o p t i c a l  

system  involves   in   the  moving  mirror .  The a c t u a l   m i r r o r   i n  thi s 

conf igu ra t ion  i s  a p l a i n   m i r r o r  and an a s s o c i a t e d   l e n s  i s  used   t o  

achieve   the   func t ion   of   imaging   eyespace   in   the   v ic in i ty   o f   the  

Oculometer  housing.  This  technique i s  n e c e s s a r y   t o   a v o i d   r a y s  

impinging on a f o c u s i n g   r e f l e c t o r  a t  l a rge   ang le s  of  incidence  and 

t h u s   c r e a t i n g  image d i s t o r t i o n .  The pena l ty   pa id   fo r   t he   u se   o f  

a l e n s  i s  the   i nc rease   i n   background   i n t ens i ty  a t  the  photocathode 

o f   t he  image d i s sec to r   due   t o   r e f l ec t ions   f rom  the   cu rved   su r f ace  

o f   t he   l ens .  The actual   Oculometer ,  i f  mounted  under  the sea t ,  

must  be low enough t o   p e r m i t  a t  least  1 2  inches  of  ver t ica l  seat  

motion.  Front  and  back seat monitor ing i s  pe rmi t t ed   w i th   t h i s  

conf igu ra t ion  by i n j e c t i n g   t h e   i l l u m i n a t i o n  beam in to   eye   space  

e i t h e r   o v e r   t h e   p i l o t ' s   h e a d   i n   a n  a i r c ra f t  such as t h e  Bell Huey 
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Cobra  or  the  proposed AAFSS Helkcopter ,   o r   by   o f fse t t ing   the   sys tem 

t o   t h e   s i d e   o f   t h e   f u s e l a g e   a n d   u s i n g   t h e  moving m i r r o r   t o   i n j e c t  

t h e   i l l u m i n a t i o n  beam p a s t   t h e   p i l o t ' s   s h o u l d e r   i n   t h e  case of 

F igure  54 ,  a Lockheed T-33 j e t  trainer. This   sys tem  would   u t i l i ze  

less instrument   space  than a panel  mounted  system  and  would a l s o  

provide easier access f o r   m o d i f i c a t i o n   o r   r e p a i r   t h a n  a panel  

mounted  system.  However,  being  fixed i n   i n s t a l l a t i o n  i t  can  monitor 

o n l y   t h e   p i l o t   o r   t h e   c o p i l o t .  

C. Panel  Mounted  System 

The f i n a l   c o n f i g u r a t i o n  i s  demonst ra ted   in   F igure  No. 56. The 

i l l u s t r a t e d  example i s  t h a t   o f  a Hawker S idde ley  P1127 contemporary 

V/STOL F igh te r .  A conf igu ra t ion   o f   t h i s   t ype  would a l s o   b e   u s a b l e  

i n   a n  a i rcraf t  such as the  A-7 crusader .  

T h i s   p a r t i c u l a r   c o n f i g u r a t i o n  shows  an o p t i o n a l   a l l - e l e c t r o n i c  

head   marker   acquis i t ion   and   t racking   sys tem.   This   par t icu lar   sub-  

sys tem  covers   the   en t i re   eye   space   reg ion   ins tan taneous ly  and 

independent ly   of   the  moving mi r ro r .  It can   be   u sed   i n   app l i ca t ions  

where   very   h igh   speed   acquis i t ion   and   reacquis i t ion  are of prime 

impor tance .   In   th i s  case the  moving m i r r o r  i s  n o t   u s e d   f o r   s e a r c h  

but  i s  merely commanded t o   p o i n t  a t  the   eye ,   once   the   pos i t ion   o f  

the  head marker has  been  determined  by  the  marker  system. 

Th i s   con f igu ra t ion  i s  the   mos t   compact ,   s ince   the   i l lumina t ion  

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

Thus, s impler ,   lower  l o s s ,  co l l ec t ion   op tLcs  are permi t ted   for   imaging  

eye  space  onto  the  photocathode of t h e  image d i s s e c t o r .  
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The less c o m p l i c a t e d   c o l l e c t i o n   o p t i c s   l e n d s  itself more r e a d i l y  

t o  image min i f i ca t ion   t echn iques  i f  a f u r t h e r   r e d u c t i o n   i n   t h e   s i z e  

of  .the c o l l e c t i o n   o p t i c s  is necessary.  

Th i s   sys t em  can   mon i to r   t he   p i lo t   and   t he   cop i lo t   whe the r   s ide  

b y   s i d e   s e a t i n g   o r   f r o n t   t o   b a c k   s e a t i n g  is employed.  This  task is 

s imi l a r ly   accompl i shed   by   appropr i a t e ly   o f f se t t i ng   t he  moving mi r ro r .  

The concept that  the   ins t rument   pane l   mus t   be   modi f ied   to   accept  

the  Oculometer  does  have  one  advantage.  That  advantage i s  t h e   i n t e r -  

n a l   l o c a t i o n   o f  the unit e s t a b l i s h e s   t h e  minimum l i k e l i h o o d   t o   a c c i d e n t a l  

damage in   rough  a i r  turbulence  or   in   combat   maneuvers .  

SUMMARY 

The basic   remote  Oculometer   system,  out l ined  in   the  Introduct ion,  

h a s   b e e n   a n a l y z e d   i n   d e t a i l   i n   t h e  main  body  of t h i s   r e p o r t .  The 

r e s u l t s   o f   t h i s  work w i l l  be  summarized h e r e   i n   t h e  form of (1)  

Performance Summary, (2)  a review of the   p r imary   technica l   con-  

s ide ra t ions   i nvo lved   i n   each   pa r t   o f   t he   sys t em,   ( t oge the r   w i th  

specif ic   design  recommendat ions  where  appropriate:   in  some cases  

experimental  work i s  recommended t o   e s t a b l i s h   d e s i g n   d e t a i l s . )  

and (3 )  a des ign  summary. 
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Performance Summary 

Based  upon the r e s u l t s   o f   t h i s   s t u d y   t h e   f o l l o w i n g   p e r -  

formance  should  be  real izable:  

Angular Range: about  325 d e g r e e   v e r t i c a l l y ,  *35 degrees 

hor izonta l ly   ( regular   Oculometer ) ;  *40 d e g r e e s   v e r t i c a l l y  

*60 degrees   ho r i zon ta l ly   ( eccen t r i c   pup i l   t echn ique ) .  

(See  Figure 7)  

Noise  Level: = 0.1  degree  (regular  Oculometer) 

-L 2 degrees   (eccentr ic   technique)  

= 0.5 degree  (with  panel  markers) 

Other   Er rors :  Head Rol l ,  6 .  (@/lo  monocular  system: 

6/50 binocular   system  with  averaging.)  

Pup i l  Diameter Changes no t  y e t  e s t ab l i shed .  

Cornea l /Pupi l   in te r fe rence  . 2  degree 

Ambient i l l u m i n a t i o n   e f f e c t s  =: . 2  degree 

Acquis i t ion  T i m e  : Head Marker =: 0 . 1  s 

Eye ( a f t e r   marke r   acqu i s i t i on )  =: 0 . 1  s 

Reference  should  be made t o  t h e   r e l e v a n t   s e c t i o n s   o f   t h i s  

r e p o r t   f o r  more exact   discussion  of   the  performance  f igures .  

157 



Technica l  Rev$& 
I l l umina t ion  Sys tem A xenon s h o r t  arc i l l u m i n a t o r  i s  

~ 

recommended because i t  provides  
~~ ~ ~ 

(1) the b e s t   p o s s i b l e  sun d i s c r i m i n a t i o n   c a p a b i l i t y  

(2) a n   a d e q u a t e ,   s a f e ,   i l l u m i n a t i o n   i n t e n s i t y .  

It is i m p o r t a n t   t h a t   t h e   p o r t i o n   o f   t h e   a r c ,   u t i l i z e d  as 

the   e f f ec t ive   i l l umina t ion   sou rce   i n   t he   Ocu lomete r ,   have  a 

f a i r l y   u n i f o r m   i n t e n s i t y ,  and t h a t   t h e   p e a k   i n t e n s i t y   o f   t h f s  

reg ion   be   accura te ly   de te rmined   for  a l l  ope ra t ing   cond i t ions .  

The des ign   of   the   i l lumina t ion   op t ica l   sys tem  must   be   such   tha t  

t h e   r e t i n a l   s a f e t y   c r i t e r i o n   ( a s   d i s c u s s e d   i n   t h i s   r e p o r t )  be 

observed   for   the  maximum radiance  of   any small segment  of  the 

e f f ec t ive   Ocu lomete r   sou rce .   Pa r t i cu la r   a t t en t ion   mus t  be  paid 

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

For   example ,   cons idera t ion   should   be   g iven   to   the   incorpora t ion  

of   an  automatic  lamp c u t o f f   c i r c u i t   a c t i v a t e d  by a n   i n t e r n a l  

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

The maximum 

b e   l i m i t e d   t o  15 

of  the  xenon arc 

mon i to r ing   t he   eye   i l l umina t ing   r ad ia t ion .  

source   rad iance  - as seen  by  the  eye - w i l l  

wat t s /cm  / s te rad ian .  The s p e c t r a l   r a d i a n c e  

a t  .825y i s  about  4 kW/cm /s te rad ian /micron .  

2 

2 

The spec t ra l   bandwidth   o f   the   sys tem  should ,   therefore ,   be  

. 0 2 ~  and the  lamp-eye  t ransmission  factor   ( including  the beam 

s p l i t t e r )   s h o u l d   t h e n   b e  0.2.  In   the   marker   search  mode, how- 

ever, t h e  lamp intensi ty   should  be  reduced  (by  reducing  the 

e l e c t r i c a l   i n p u t )  by a f a c t o r   o f  1 0  times (e .g .  For reasons  

o f   eye   s a fe ty ,  and  photocathode  safety) .  The i n t e n s i t y   o f   t h e  

lamp should   no t   be   increased ,   above   th i s   va lue ,   un t i l   the   pupi l  
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has  been  acquired  and  has   been  t racked  for   about  50 m s .  Then 

' t he  lamp i n t e n s i t y   s h o u l d  be con t ro l l ed   (be tween   t he   spec i f i ed  

minimum and maximum v a l u e s )   i n   o r d e r   t o   y i e l d  a p u p i l   s i g n a l  

o f   c o n s t a n t   i n t e n s i t y .  Thus f o r  small p u p i l s   t h e  lamp i n t e n s i t y  

would  be r e l a t i v e l y   h i g h ,  and f o r   l a r g e   p u p i l s   r e z a t i v e l y  small. 

It is t o   b e   n o t e d   t h a t   e v e n  i f  - due t o  a small malfunct ion - 
the   eye were t o  be   i l lumina ted  a t  t h e   s p e c i f i e d  maximum i n t e n s i t y  

when the   pup i l   d i ame te r  w a s  l a r g e   ( e . g . ,  7 m )  t h e   r e t i n a l   s a f e t y  

c r i t e r i o n  would no t   be   v io l a t ed .  However, the  margin  of   safety 

would,   of  course,   then  be 10 times less t h a n t h e e x i s t i n g   i n  

the   p rope r ly   ope ra t ing   sys t em.  The c o n t r o l   o f  lamp i n t e n s i t y  

( acco rd ing   t o   t he   r ece ived   pup i l   s igna l   l eve l ) ,  i s  recommended, 

t h e r e f o r e ,  as an   add i t iona l  safety f ac to r   des igned   t o   r educe  

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

small va lue .  

Accord ing   to   the   ana lys i s   p resented  ear l ie r ,  the  use  of 

t he  xenon  source   should   p rovide   an   e f fec t ive  sun (ambient) 

d i sc r imina t ion   capab i l i t y   unde r   nea r ly  a l l  cond i t ions .   Add i t iona l  

d i scr imina t ion   could   be   ob ta ined  by modulat ing  the  xenon  source.  

It i s  recommended t h a t   t h e  sun discr iminat ion  performance  of  an 

unmodulated  system  be  evaluated  f i rs t .  It c a n t h e n b e   c o n v e r t e d  

e a s i l y   t o  a modulated  system, i f  t h i s   p r o v e s   t o   b e   d e s i r a b l e .  

A t t en t ion  i s  d i r ec t ed   t o   t he   ques t ion   o f   Ocu lomete r   sou rce  

v i s i b i l i t y ,  relative to   the   ambient   i l lumina t ion .  As shown i n  

Table I a c o n s i d e r a b l e   p r i c e  is p a i d ,   i n  terms o f   r ece ived   s igna l  
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level, i f  i t  is  s p e c i f i e d   t h a t   t h e   i l l u m i n a t i o n   s o u r c e   b e  

c o m p l e t e l y   i n v i s i b l e .  It i s  recommended t h a t  a s u b j e c t i v e  

source  luminance  in  the range  from the amhient  luminance  be 

accepted.  

It i s  recommended t h a t   s p e c i f i c   e x p e r i m e n t a l   v e r i f i c a t i o n  

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

formed t o   e s t a b l i s h   t h e  optimum  F/number for   the  Oculometer  

o p t i c a l   s y s  tern. 

Sensor Tube As discussed   e l sewhere ,  i t  has  been  determined 

t h a t   a n  image d i s s e c t o r  i s  t h e   b e s t   s e n s i n g   t u b e   f o r   t h e  

Oculometer. A very   impor tan t   des ign   choice  i s  the   d iameter  

of t h e   s c a n n i n g - a p e r t u r e   i n   t h i s   t u b e .  It should be as small 

as p o s s i b l e   t o   g i v e   h i g h   r e s o l u t i o n  and  good accuracy.  However, 

v a r i o u s   p r a c t i c a l   f a c t o r s ,   s u c h  as: 

- e lec t ron ic   focus ing   o f   t he  image d i s s e c t o r   t u b e  

- ins tan taneous   depth  of focus   o f   t he   op t i ca l   sys t em 

- d e g r e e   o f   c i r c u l a r i t y   o f   t h e   p u p i l  

- e l e c t r o n i c   s i g n a l  level 

- l i n e a r   t r a c k i n g   r a n g e  

- a c q u i s i t i o n  t i m e  

e t c .  

set a l i m i t  t o   t h e  minimum ape r tu re   d i ame te r :  a d iameter   va lue  

of  .005 i n .   ( a t   t h e   e y e )  i s  recommended. 

It i s  impor t an t   t o   de r ive   t he  maximum p o s s i b l e   s e n s i t i v i t y  

from the   s ens ing   t ube :   fo r   t h i s   r ea son   an  S25 (or  an  extended 

r e d  S20)  phctocathode  should  be  used. 
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Acquisit ion  System As a compromise  between  performance 

and  system  complexity, it i s  recommended t h a t  a head  marker 

( o f   c o r n e r   r e f l e c t i n g   m a t e r i a l )   b e   u s e d   f o r   i n i t - i a l   a c q u i s i t i o n .  

Once t h e  marker i s  acqui red   (us ing   the   moving   mir ror   in  a 

raster s e a r c h  mode) t h e   p o s i t i o n   o f   t h e   e y e  w i l l  be  known t o  

w i t h i n  a small t o l e r a n c e .   E l e c t r o n i c   s e a r c h   f o r   t h e   e y e   c a n  

then  be  perfcrmed  within  this  small t o l e rance   r eg ion .  An 

a c q u i s i t i o n  t i m e  of about  0.2 seconds  can  be  achieved  in   this  

manner. F a c t o r s   r e q u i r i n g   p a r t i c u l a r   a t t e n t i o n  are: 

( a )  moving mirror :   minimize  iner t ia   and  maximize 

t o r q u e   t o   d e r i v e  m a x i m u m  poss ib l e   s ea rch  rates.  

( b )   e y e   a c q u i s i t i o n   e l e c t r o n i c s !   d e r i v e  optimum 

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

be  based  upon  the  col lect ion of a minimum number of  

photoelectrons  f rom  the  pupi l .  

E l e c t r o n i c s  The main e lec t ronics   sys tem  should  be very 

similar t o   t h a t   u t i l i z e d   i n   t h e  m e n t a l  a le r tness   Oculometer .  

Specif ic   changes recommended are: 

( 1 )   d o u b l e   i n t e g r a t i o n   i n   t h e   t r a c k i n g   l o o p s   t o   g i v e  

improved  dynamic  response 

(2)  op t imized   acqu i s i t i on  and loss c r i te r ia .  

( 3 )  t o   t h e  maximum e x t e n t   p o s s i b l e   t h e   e l e c t r o n i c s  

system  functions  should  be  performed by a d i g i t a l  

computer   (a t  least in   developmental   models) .  
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Cal ibra t ion /Data   Reduct ion  The Oculometer  system must be 

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

(a) z e r o   o f f s e t  

(b)  scale f a c t o r  

The exac t   ca l cu la t ion   o f   eye   d i r ec t ion   f rom  the  r a w  

Oculometer   da ta   involves   s ign i f icant   computa t ion .  I t  i s  

recommended t h a t   c o n s i d e r a t i o n   b e   g i v e n   t o   t h e   d e g r e e  of 

computa t ion   ac tua l ly   r equ i r ed ,  and whe the r   t h i s   shou ld ,  o r  

shou ld   no t ,  be  performed i n  real  t i m e .  

To augment, o r   r e p l a c e ,   t h e   d i r e c t   c o m p u t a t i o n   o f   e y e  

d i rec t ion ,   pane l   markers   can   be   used  t o  d i s p l a y ,   g r a p h i c a l l y  

i n  real  t i m e ,  t h e   s u b j e c t ' s   f i x a t i o n   p o i n t .   ( S e e   F i g u r e  11). 

Design Summary 

The fo l lowing  are the  recormnended major   design  choices  

w i t h   t h e   r e a s o n s   f o r  them: 

Sensor 

Image d i s s e c t o r  The only  tube  having  higher  

s e n s i t i v i t y   ( i n   t h i s   a p p l i -  

c a t i o n )  - t he  Image Dissec t ican  

m u s t   b e   r e j e c t e d   f o r   p r a c t i c a l  

reasons .  
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photocathode  size 1.0 - 1.5 in.  larger  size  unnecessary, 
smaller  not  available 

photocathode  type S25 

aperture  size 0.005 in. 

for  maximum  sensitivity 
at  Oculometer  band. 

Small  enough  for  good 
accuracy  yet  large  enough 
f o r  practical  optical 
focus  ing . 

Electronics  System  The  general  system  will  be  the  same  as  in 
the  laboratory  Oculometer.  Consideration  should  be  given  however, 
to  the  desirability  of  implementing  this  system  by  digital  techni- 
ques - for  example  with a small  general  purpose  digital  computer  and 
D-A and A-D converters.  The  potential  advantages  are  reduced  cost, 
flexibility of design,  and  improved  performance. 

Illumination 75W xenon  short  arc  for  good  ambient  discrimina- 
t ion 

Operating  Band  Typically 0.825 1-1 f 0.01 p 

2 Intensity  at  the  eye 1.5 watts/cm  /steradian  (for a 
large  pupil) 

15  watts/cm  /steradian  max  (for  a 2 

small  pupil) 
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Eye Space 

Ins tan taneous  : 1 i n .  x 1 i n .  A l a rge r   eye   space  would 
r equ i r e   h ighe r  lamp  power, 

and b e t t e r   r e s o l u t i o n   i n  

t h e  image d i s s e c t o r ,   a l s o  

may r e s u l t   i n  excessive 

background  i l lumination 

due t o   s c a t t e r i n g   w i t h i n  

the  system. A smaller 

eyespace would no t   be   ab l e  

to   con ta in   t he   eye  image 

under a l l  condi t ions .  

TOTAL 12  in .  x 1 2  in .   x .12  in .  

F /number 50-100 

Design  choice-can  be  larger 

Must  be  high  enough t o  

ensure  good pup i I / i r i s   con -  

t ras t  under a l l  condi t ions  

Focusing  System 3 f t  - 5 f t  of eye  Oculometer  range 

Method Small   axial   motion of 

nega t ive   l ens  of a tele- 

photo  lens  combination. 
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Focus  Sensor 

Moving Mir ror  Sys t e m  

Focusing  lens  made t o   e x e c u t e  

s l i g h t   " d i t h e r "   ( i n   a n d   o u t  

of   focus)  

Tracking   v ideo   ana lyzed   to  

d e r i v e  a modulated  s ignal  

p r o p o r t i o n a l   t o   f o c u s   e r r o r  

(may r e q u i r e  a t r ack ing  

d i t h e r ) .  

Single  mirror  gimbal  mounted 

torque   motor   d r ive   (1   oz- in .  

and 20 oz- in .  ) Rotary Vari- 

ab le   D i f f e ren t i a l   T rans -  

former  pick-off .  

A P P E N D I X   A  

B A S I C  OCULOMETER S E N S I N G   P R I N C I P L E  

The bas ic   sens ing   pr inc ip le   o f   the   Oculometer  i s  tha t   eye  

d i r e c t i o n  is  def ined   by   the   pos i t ion   o f  a c o r n e a l   r e f l e c t i o n  

(o f   t he   r ad ia t ion   sou rce   w i th in   t he   Ocu lomete r ) ,   r e l a t ive   t o  

t h e   c e n t e r   o f   t h e   p u p i l .  

I 
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( imaginary)   po in t  a t  t h e   c e n t e r   o f   t h e   p u p i l ,   t h a t  w i l l  b e   c o l l e c t e d ,  

i s  t h e   r a y   p a r a l l e l  t o  the   i nc iden t   co l l ima ted   bund le .  The d i s -  

p lacement   o f   the   cornea l   re f lec t ion   f rom  the   cen ter   o f   the   pupi l  i s ,  

therefore ,   ( f rom  F igure  A . l )  K s i n  8 where 8 i s  the  angle  between 

the   geometr ic   ax is   o f   the   eye   and   the   d i rec t ion  of t h e   i n c i d e n t  

co l l ima ted  beam (which i s  a r e f e r e n c e   d i r e c t i o n ,   t h e   o p t i c a l   a x i s  

of  the  Oculometer)  and K i s  a dimensional   constant   of   the   eye.  

Thus   by   measur ing   the   d i sp lacement   o f   the   cornea l   re f lec t ion   f rom 

t h e   c e n t e r  of t he   pup i l ,   i n   t he   eye   image ,  a measure is  obta ined  

o f   t he   d i r ec t ion   o f   t he   geomet r i c   ax i s   o f   t he   eye .  

Under the   condi t ions   s ta ted ,   the   d i sp lacement   be tween  the  

rays f rom  the   cen ter   o f   the   pupi l   and   f rom  the   cornea l   re f lec t ion  

i s  independent   of   the   posi t ion  of   the  eye  in  a l l  three  dimensions.  

That i s ,  i f   t h e   e y e  moves ( w i t h   n o   r o t a t i o n )   i n   a n y   d i r e c t i o n ,   t h e  

displacement  between  the two r ays  i s  i n v a r i a n t .  The displacement  

between  the  rays i s  s o l e l y  a func t ion   o f   t he   angu la r   d i r ec t ion   o f  

t h e  eye .  

APPENDIX B 

DESCRIPTION OF LABORATORY  OCULOMETER 

The Oculometer i s  an e l e c t r o - o p t i c a l   d e v i c e   t h a t   d y n a m i c a l l y  

r eco rds   t he   po in t ing   d i r ec t ion   o f   t he  human eye   and   ce r t a in   o the r  

eye  responses .  It i s  n o t   a t t a c h e d   t o   t h e   s u b j e c t ,  and it  ope ra t e s  

w i t h   e s s e n t i a l l y   i n v i s i b l e   i n f r a r e d   r a d i a t i o n .  
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The . l a b o r a t o r y  Oculometer cons i s t s   o f   an   op tomechan ica l   un i t  

( see   F igure  3)  and an e l e c t r o n i c s  unit. 

In   ope ra t ion ,   t he   eye  i s  p laced   near  a d i c h r o i c  beam s p l i t t e r  

a t  one  end  of '   the   optomechanical   uni t .  The eye is then  i l luminated 

by I R  r ad ia t ion   f rom a source   w i th in   t he   un i t .  An image o f   t he  

eye is  formed a t  the  photocathode of an  image d i s s e c t o r   t u b e ,   a l s o  

conta ined   wi th in   the   op tomechanica l   un i t .  .The e l e c t r o n i c s   u n i t  

p rocesses   the   v ideo   s igna l   f rom  the  image d i s sec to r   and   gene ra t e s  

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

a c q u i r e ,  and t r a c k   t h e  image  of  the  eye  that  i s  formed a t  the  

photocathode. Eye d i r ec t ion   i n fo rma t ion  i s  der ived   f rom  th i s  

e l ec t ron ic   t r ack ing   sys t em.  The sys tem  a l so   p rovides  a measure 

o f   pup i l   d i ame te r ,   pup i l   pos i t i on . ,  and bl ink  occurrence.  

BASIC  SENSING  PRINCIPLE 

The bas ic   sens ing   pr inc ip le   o f   the   Oculometer  i s  t h a t   e y e  

d i r e c t i o n  i s  de f ined  by t h e   p o s i t i o n   o f   t h e   c o r n e a l   r e f l e c t i o n  

of t h e   r a d i a t i o n   s o u r c e   w i t h i n   t h e   O c u l a e t e r ,   r e l a t i v e   t o   t h e  

center  of  the  pupil .   (See  Appendix A) 
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OPTOMECHANICAL UNIT 

The optomechanical unit u t i l i z e s  a nove l   i l l umina t ion   t echn i -  

que i n  which  the  eye i s  i r r a d i a t e d   w i t h   a l m o s t   i n v i s i b l e  I R  r a d i a -  

t i o n   t o  show t h e   p u p i l  as a b r i g h t   u n i f o r m   d i s c ,   t o g e t h e r   w i t h  a 

small c o r n e a l   r e f l e c t i o n ,   a g a i n s t  a v i r tua l ly   b lack   background.  

The new i l l umina t ion   t echn ique  i s  i l l u s t r a t e d   i n   p r i n c i p l e  in 

F igure  B . l .  L igh t  i s  projected  f rom a small l i g h t   s o u r c e   o n t o  

t h e   r e t i n a  via a beam s p l i t t e r   i n   f r o n t  of  the  eye.  An image of  

t h e   l i g h t   s o u r c e  i s  formed  on  the  retina,   and a f r a c t i o n   o f   t h e  

i n c i d e n t   r a d i a t i o n  is  sca t t e red   back   f rom  th i s  area o f   t h e   r e t i n a .  

Some o f   t h e   s c a t t e r e d   r a y s  are c o l l e c t e d  by the   eye   l ens   and   then  

r e f r a c t e d   i n   s u c h  a way t h a t  when emerging  f rom  the  eye,   the   rays  

retrace, exac t ly ,   t he   pa th   o f   t he   i nc iden t   r ays   f rom  the   l i gh t  

source.  The emergent  rays are passed  through  the beam s p l i t t e r  

t o  a lens ,   which i s  l o c a t e d  a t  t h e  irirtual image of t h e   l i g h t  

sou rce   i n   t he  beam s p l i t t e r .   S i n c e   t h e   e m e r g e n t   r a y s  are focused 

back, by t h e   e y e   l e n s ,   t o   t h e   l i g h t   s o u r c e ,   t h e   e m e r g e n t   r a y s  

passing  through  the beam s p l i t t e r   c o n v e r g e   t o  a small area a t  t h e  

l ens ,   co r re spond ing   t o   t he  small area o f   t h e   l i g h t   s o u r c e .  The 

power of t h e   l e n s  i s  chosen   to  cause an  image  of   the  pupi l   to   be 

focused   on to   the   sc reen ,   which   in   the   Oculometer  i s  the  photocathode 

of  an  image  dissector.  
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Figure B . l  RETINAL METHOD OF PUPIL/IRIS BOUNDARY ILLUMINATION 



A prime  advantage of t h i s   i l l u m i n a t i o n  method i s  t h a t   t h e  

F /number   o f   the   co l lec t ing   op t ics ,  i . e . ,  t h e   a p e r t u r e  of the  

l ens   i n   F igu re   B . l . does   no t   gove rn ,   i n  a convent iona l  way, t h e  

b r i g h t n e s s   o f   t h e   p u p i l  image on the   s c reen .  The dominant   factor  

i n   t h i s   r e s p e c t  i s  t h e  F/number o f   t he   eye   l ens .   Th i s  fact  makes 

p o s s i b l e   t h e   u s e  of a h igh  F/number opt ica l   sys tem  which   y ie lds ,  

i n   t u rn ,   t he   fo l lowing   advan tages :  

(1) good depth   o f  !Eocus, and 

(2)   improved  resolut ion.  

Moreover,  with a high  F/number  optical   system, a l l  o t h e r  

regions  of   the  eye,   even  though  they are i l l umina ted  by t h e  same 

l i g h t   s o u r c e ,   d o   n o t  show up b r i g h t l y  on the   sc reen   (F igure   B2) .  

The p u p i l  area s t a n d s   o u t   c l e a r l y   t h e r e b y   f a c i l i t a t i n g   a c q u i s i -  

t i o n   a n d   r e l i a b l e   t r a c k i n g .  

An opt ical   schematic   of   the   Oculometer  i s  shown i n   F i g u r e  B 3  

Radiation  from a tungs ten   f i l ament  lamp i s  c o l l e c t e d  by an  F/1.5 

double   plano  convex  lens   system  and  an  enlarged image o f   t he  f i l a -  

ment i s  formed a t  t h e   i l l u m i n a t i o n   a p e r t u r e .  The i l l u m i n a t i o n  

a p e r t u r e   i t s e l f  i s  a t  t h e   f o c a l   p l a n e  of t h e  main i l l u m i n a t i o n  

lens   and  appears  , t o   t h e   e y e ,   t h e r e f o r e ,  t o  be a t  i n f i n i t y .  
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Figure B.2 PHOTOGRAPH  TAKEN  AT  THE  IMAGE  DISSECTOR  PHOTOCATHODE 
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The i l l u m i n a t i o n   r a y s  are d i r ec t ed   on to   t he   eye   by   r e f l ec t ion  

a t  t h e   n e u t r a l  and   d ichro ic  beam s p l i t t e r s .  The eye i s  imaged 

onto  the  photocathode  of   the image d i s s e c t o r  by r a y s   r e f l e c t e d  

f rom  the   d ichro ic  beam s p l i t t e r   a n d   t r a n s m i t t e d  by t h e   c o l l e c t i o n  

aperture   which i s  a t  the   foca l   p lane   o f   the   imaging   lens .  

The image d i s sec to r   u sed   i n   t he   Ocu lomete r  is  an  ITT'F4011 

1 1 / 2   i n .   v i d i s s e c t o r   w i t h   a n  S1 photocathode. 

Elec t rons  are emit ted  f rom  the  photocathode  of   this   tube 

i n   p r o p o r t i o n   t o   t h e   i n c i d e n t  I R  r ad ia t ion .   These   e l ec t rons  are 

a c c e l e r a t e d  by  an e l e c t r i c   f i e l d   t o w a r d s  an a p e r t u r e   p l a t e   h a v i n g  

a c e n t r a l  0.017 i n .   d i a m e t e r   c i r c u l a r   a p e r t u r e .  The e l e c t r o n s  

are magnet ica l ly   focused   on to   th i s   p la te   to   form  an   e lec t ron  image 

of   the   eye .  

The e l e c t r o n  image a t  t h e   a p e r t u r e   p l a t e   c a n  be d e f l e c t e d  

i n  two dimensions by magne t i c   f i e lds   supp l i ed  by d e f l e c t i o n   c o i l s .  

I n   t h i s  way any   pa r t  of t h e   e l e c t r o n  image can   be   l a id   over   the  

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

pass th rough   t o   t he   mu l t ip l i e r   s ec t ion   o f   t he   t ube   wh ich   has  a 

ga in   o f   about  3 x 10 . The output   cur ren t   f rom  the  image d i s s e c t o r  

i s  t h u s   p r o p o r t i o n a l   t o   t h e   a v e r a g e   i n t e n s i t y   o f   t h a t   r e g i o n   o f  

t h e   o p t i c a l  image a t  the  photocathode  corresponding  to   the circular 

a p e r t u r e .  The p o s i t i o n  of t h i s   r e g i o n   i n   t u r n ,  i s  determined  by 

t h e   c u r r e n t s   f l o w i n g   i n   t h e  x and y a x i s   d e f l e c t i o n   c o i l s .  

6 
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ELECTRONICS UNTT 

The e l ec t ron ic s   sys t em of the  Oculometer  can  be  in  any  one 

of t h r e e  states. That i s ,  

in   Pupi l   Track/Comeal  Track, 

in   Pupi l   Track/Comeal   Search ,  

in   Pupi l   Search  

The p a r t i c u l a r  state tha t   the   Oculometer  i s  i n  i s  determined 

by the   cornea l   and   pupi l  s ta te  sensors ,   based   upon  the   s igna l  

output  from  the image d i s s e c t o r .  

I n   t h e   p u p i l   t r a c k / c o r n e a l   t r a c k  mode t h e   d e f l e c t i o n   c o i l s  

apply  a c o n s t a n t   c i r c u l a r   s c a n   p a t t e r n   t o g e t h e r   w i t h   p u p i l  

pos i t i on   and   co rnea l   pos i t i on   s igna l s .  The t o t a l   e f f e c t  i s  as 

i l l u s t r a t e d   i n   F i g u r e  B.4. The t o p   p o r t i o n  of t h e   c i r c u l a r   s c a n  

i s  n o t   u s e d   f o r   p u p i l   t r a c k i n g   i n   o r d e r   t o   a v o i d   e r r o r s   d u e   t o  

obscura t ion  of t h e   p u p i l  by the  upper  sy-e,li”d-  and  lashes. 

The image d i s s e c t o r   o u t p u t   s i g n a l  i s  p r o c e s s e d   i n i t i a l l y  

t o   g e n e r a t e   v i d e o   s i g n a l s   f o r   e a c h   o f   t h e  f ive  t r ack ing   l oops ,  

t h a t  i s ,  p u p i l   d i a m e t e r ,   p u p i l   p o s i t i o n  x and  y, and c o r n e a l  

p o s i t i o n  x and  y. The image d i s s e c t o r   s c a n   s i g n a l s  are assembled 

from a f i x e d   c i r c u l a r   s c a n   p a t t e r n   t o g e t h e r   w i t h   t h e  computed scan 

p o s i t i o n   s i g n a l s .  
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A very  s implif ied  block  schematic   diagram of the  Oculometer 

t racking   sys tem i s  shown i n   F i g u r e  B. 5. 

The pup i l   and   co rnea l  circular t r ack ing   s cans  are der ived  

from a . l  kHz s inuso ida l   sou rce ,   wh ich   i n   t u rn  i s  derived  from 

a master clock  system. The v ideo   ou tput   f rom  the   image   d i ssec tor  

i s  app l i ed   t o   pup i l   d i ame te r ,   pup i l   pos f t ion ,   and   co rnea l   pos i t i on  

demodulators. The output  from  these  demodulators i s  a s i g n a l  

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

c o n t r o l   p u p i l   s c a n   d i a m e t e r ,   p u p i l   s c a n   p o s i t i o n  and co rnea l  

s c a n   p o s i t i o n  (relative t o   t h e   c e n t e r   o f   t h e   p u p i l ) .  The v a r i o u s  

pos i t i on   and   s can   s igna l s  are assembled  and  applied  to  the  image 

d i s s e c t o r   d e f l e c t i o n   c o i l s .  

L e t  i t  be  assumed tha t   t he   s can   sys t em i s  e x a c t l y   a l i g n e d  

w i t h   t h e   a p p r o p r i a t e   e y e   d e t a i l .  The output  from a l l  the  de-  

modulators w i l l  be   zero   and   the   in tegra tor   ou tputs  w i l l  n o t  

change. If the   eye   d i sp laces ,   then   the   v ideo   ou tput   f rom  the  

image d i s s e c t o r  will change. The demodulators w i l l  gene ra t e ,  

f r o m   t h i s   v i d e o ,   a n   a p p r o p r i a t e   e r r o r   s i g n a l   p r o p o r t i o n a l   t o  

t h e   e x i s t i n g   s c a n   p o s i t i o n   e r r o r .   T h i s   e r r o r   s i g n a l  w i l l  cause  

t h e   a s s o c i a t e d   i n t e g r a t o r   o u t p u t s   t o   c h a n g e   i n   s u c h  a way as t o  

c o r r e c t   t h e   e x i s t i n g   e r r o r   i n   s c a n   p o s i t i o n .  When t h e   e r r o r   h a s  

been   cor rec ted ,  a l l  t h e   e r r o r   s i g n a l s  from  the  demodulators w i l l  
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b e   z e r o ,   t h e   i n t e g r a t o r   o u t p u t s  w i l l  not   change,   and  the  scan w i l l  

r ema in   co r rec t ly   pos i t i oned   ove r   t he   eye   de t a i l .  

The basic   scan  per iod  of   the  Oculometer  i s  2 mi l l i seconds .  

That i s ,  the   s can   pa t t e rn  shown in   F igu re  B . 4  has a per iod  of  

2 mi l l i seconds .  

The video  from  the image d i s s e c t o r  i s  p rocessed   t o   y i e ld   pup i l  

and c o r n e a l   s c a n   p o s i t i o n   e r r o r   s i g n a l s .  As i l l u s t r a t e d   i n  

Figure B . 6  t h i s  i s  accomplished  by  (effect ively)   mult iplying  the 

video  with  appropriate   demodulat ion  funct ions  which are synchronized 

wi th   the   scan   pa t te rn .  The pupi l   and   cornea l   t rack ing   scans  are 

shown, in   the   upper   par t   o f   F igure  B . 6 ,  s l igh t ly   misa l igned   f rom 

the   pup i l  and cornea l   re f lec t ion .   Because   o f   th i s   misa l ignment ,  

t h e  image d i s s e c t o r   s i g n a l   o u t p u t  w i l l  f l u c t u a t e  as the  scanning 

ape r tu re   o f   t he  image d i s s e c t o r  i s  made,  by t h e   c i r c u l a r   s c a n ,  

t o  f a l l  o v e r   a l t e r n a t e l y   l i g h t e r   a n d   d a r k e r   p o s i t i o n s  of the  image. 

The r e s u l t i n g   v i d e o   s i g n a l  i s  i l l u s t r a t e d   s c h e m a t i c a l l y  as the  

f i r s t  func t ion  shown i n   F i g u r e  B . 6 .  The cornea l   and   pupi l  x and 

y demodulation  functions are shown next.   In  the  Oculometer  the 

video i s  m u l t i p l i e d  by these   func t ions   t o   y i e ld   s can   pos i t i on   e r ro r  

s i g n a l s .  The x demodulated  video i s  i l l u s t r a t e d  a t  the  bottom of 

Figure 1 3 .  It can  be  seen  that  i f  the  scan is p e r f e c t l y   a l i g n e d  

wi th   t he   pup i l  and c o r n e a l   r e f l e c t i o n   t h e r e  w i l l  be  no 1 kHz modula- 

tion  superimposed on the  video  and  the  average  value  of   each  of   the 
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components;   that  i s ,  p u p i l  x and  y,   and  corneal x and y of t h e  

demodulated  video’ w i l l  then  be  zero.  

I n   t h e   s e a r c h  modes t h e   c i r c u l a r   s c a n s  are suppressed  and 

the   assoc ia ted   t racking   loops  are d i sab led .  A coa r se  raster 
scan i s  s u b s t i t u t e d   f o r   t h e  c i rcu lar  scan. 

In   t he   pup i l   s ea rch  rriode, the  video  from  the image d i s s e c t o r  

i s  a p p l i e d   t o   t h e   p u p i l  s ta te  sensor .  When the   v ideo  level 

exceeds a threshold  level  de te rmined   by   the   se t t ing   o f   the   pupi l  

a c q u i s i t i o n   t h r e s h o l d   c o n t r o l ,   t h e   l o g i c  s ta te  o f   t h e   a c q u i s i -  

t ion  comparator  changes  and  the  system i s  then   he ld   i n   t he   pup i l  

t r a c k  mode f o r  0 . 1  second. While i n   t h e   p u p i l   t r a c k  mode, t h e  

video i s  a p p l i e d   t o   t h e  loss of pupi l   t rack   compara tor .  When 

the   v ideo  level f a l l s  below a threshold  level as determined by 

t h e   p u p i l  loss t h re sho ld   con t ro l   t he   pup i l  loss comparator  changes 

i t s  l o g i c  s t a t e  and, i f  the   sys tem  has   been   in   pupi l  track f o r  

more than 0 . 1  s ,  causes   t he   sys t em  to  go o u t  of pup i l   t r ack .  

When the  system i s  i n   p u p i l   t r a c k ,   t h e   c o r n e a l  t i m e  may 

be  devoted t o  e i t h e r   c o r n e a l   s e a r c h   o r   t o   c o r n e a l   t r a c k .  The 

co rnea l  s t a t e  is determined by co rnea l  s ta te  senso r   i n  a way 

similar t o   t h e   o p e r a t i o n  of t h e   p u p i l  s t a t e  sensor .  
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Eye d i r e c t i o n  i s  p r o p o r t i o n a l   t o   t h e   o u t p u t   o f  

i n t eg ra to r s .   These   i n t eg ra to r   ou tpu t s  are app l i ed ,  

swi tches ,   to   ou tput   ampl i f ie rs   which   have   provis ion  

panel ' ir id.i l i idua1  adjustment  of  gain  and  offset .  

APPENDIX C 

OCULOMETER ACCURACY AND EYE CHARACTERISTICS: 

t h e   c o r n e a l  

via e l e c t r o n i c  

f o r   f r o n t  

ANGLE LA NBDA 

1. The angle  lambda is  the   angle   be tween  the   fovea l   ax is  

and t h e   o p t i c a l   a x i s   o f   t h e   e y e .  The ave rage   va lue   o f   t h i s  

angle  i s  5 degrees  (Ref 3 )  (The f o v e a l   a x i s  i s  d i s p l a c e d   i n  

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

2. The Oculometer de termines   the   k l i rec t ion   of   the   op t ica l  

ax is .   Provided   tha t   there  i s  no unknown ro t a t ion   o f   t he   eye  

a b o u t   t h e   o p t i c a l  axis, a de te rmina t ion   o f   t he   d i r ec t ion  of 

t h e   o p t i c a l   a x i s   d e f i n e s   t h e   d i r e c t i o n 1   o f   t h e   f o v e a l   a x i s .  

However, e r r o r s  w i l l  be  introduced  whenever  there i s  unknown 

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

L e t  ?1/ b e   t h e   a n g l e   o f   r o t a t i o n   a b o u t   t h e   o p t i c a l   a x i s .  The 

co r re spond ing   e r ro r   i n   t he   de t e rmina t ion   o f   t he   d i r ec t ion   o f   t he  

f o v e a l   a x i s  is : 

6 -  - 8.83 x ?c, - 5 n ? 1 / / _  
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3.  When the   ax i s   o f   t he   eye  i s  def lec ted   f rom  the   zero  

( s t r a i g h t   a h e a d )   p o s i t i o n   t o  some o t h e r   p o s i t i o n ,   t h e   e y e b a l l  

moves (nominal ly)   accord ing   to   L is t ings  Law (Ref 4 ) .  This  

states tha t   any   d i sp lacement   f rom  the   zero   pos i t ion  i s  

e q u i v a l e n t   t o  a s i n g l e   r o t a t i o n   a b o u t   a n   a x i s   i n   t h e   e q u a t o r i a l  

plane.  (The e q u a t o r i a l   p l a n e  is  a p l a n e   i n   t h e   s o c k e t ,  

co r re spond ing   t o   t he   equa to r i a l   p l ane  of t he   eye   i n   t he   ze ro  

p o s i t i o n ) .  

Ro ta t ion   o f   t he   eye   abou t - theo re t i ca l ax i s  may ar ise  as 

fol lows : 

(a )   Rota t ion   of   the   head   about   the   op t ica l   ax is   o f   the   eye .  

(b)   Deviat ions  f rom  Lis t ings Law. 

(c)   Rotat ion  of   the  head  about   any  axis   perpendicular   to  

t h e   o p t i c a l   a x i s   o f   t h e   e y e .  

These   e f f ec t s  are cons idered   in   de ta i l   be low:  

3 . 1  L e t  the   head  rotate   through  an  angle  a a b o u t   t h e   o p t i c a l  

a x i s .  The 7 )  i s  equat ion   (1)  , is  given by 

3 .2  According t o  Ref 5 when t h e r e  i s  zero  convergence  of 

t h e  two eyes, dev ia t ions   f rom  the   L i s t ings  Law are small 
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( e . g . ,   1 / 4   d e g r e e )   f o r  .eye r o t a t i o n s  of the  magni tude  incurred 

in   no rma l   v i s ion .   Fo r   eye   ro t a t ions  of 30 degrees ,  a 1 degree 

d e v i a t i o n  i s  r e p o r t e d ,   a n d   f o r   v e r y   l a r g e   e y e   r o t a t i o n s   t h e  

d e v i a t i o n  i s  3 d e g r e e s   t o  5 degrees .  

When the   eyes  are converging on an   ob jec t  a t  30 inches   t he  

convergence i s  about  5 degrees  and a devia t ion   of   approxi -  

mately 1 degree may then  occur   f rom  Lis t ings Law due  to   con-  

vergence. 

3 . 3  L e t  t he   eye   ro t a t e   f rom  the   ze ro   pos i t i on  (A)  t o   p o s i -  

t i o n  (B)  (Figure  C.1). Now l e t  the   head   su f f e r  a pu re   ro t a -  

t i on   ( abou t   one   ax i s )   t o   b r ing  i t  t o   p o s i t i o n  C.  

L e t  OX, OY be r e c t a n g u l a r   a x i s   f i x e d   i n   t h e   p l a n e  of t h e  

p u p i l   o f   t h e   e y e   i n   p o s i t i o n  A. Let  OX , OY be   the   d i sp laced  

axes a t  p o s i t i o n  B. L e t  8 be the  angle   between  the  axis  OX 

a n d   t h e   g r e a t   c i r c l e   p a t h  AB a t  A (Figure C. l a ) .  Then,  by the  

n a t u r e   o f   t h e   e y e   r o t a t i o n   ( L i s t i n g s  Law), the   axes  O X ' ,  OY' 
w i l l  make t h e  same a n g l e   w i t h   t h e   g r e a t   c i r c l e  BD a t  B (Figure  C. lb)  

as a t  A (F igure   C . la ) .   S imi la r ly  l e t  e2 be   the   angle ,  a t  B,  

between OX' and t o   g r e a t  circle pa th  BC. Then e2 i s  a l s o  the 

angle  between OX" a n d   t h e   g r e a t   c i r c l e  BD at: C. (Head r o t a t i o n  

between B and C )  . 

1 1 

1 
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Figure C .1 EYE AND HEAD ROTATIONS 
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Now, le t  the  eye  be  rotated  (with  no  head  motion)   f rom  the 

z e r o   p o s i t i o n   d i r e c t l y   t o  C .  L e t  t h e   g r e a t  circle ang le   w i th  

OX" be e3,  as shown i n   F i g u r e  C. l e  and If. 

C o n s i d e r   t h e   a n g l e s   i n   t h e   s p h e r i c a l   t r i a n g l e  ABC as i n  

F igure  C . 2 .  L e t   t h e  area o f   t h e   s p h e r i c a l   t r i a n g l e   b e  Z and  the 

s p h e r i c a l   r a d i u s  r. Then,  the sum of   t he   ang le s   o f   t he   sphe r i ca l  

t r i a n g l e  i s  given by: 

" 
< A +  <B + <C = T  +T L 

r 

From Figure  2 

<B = el + e 2 

where E is  t h e  angle between OX" and OX"' 

.. 

:. <A + <B + <c = e3  - e + el + e + T - (E  + e 2  + e 3 )  1 2 
. = r -  E 

=TI-+- 2 
Z 

T 
Z 

r 
E = -  

2 
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The ang le  E r e p r e s e n t s  a relative axial r o t a t i o n   o f   t h e   e y e  

( a t  C )  between  the two cases: 

( a )   S ing le   pu re   eye   ro t a t ion  A t o  C 

(b)  A n  e y e   r o t a t i o n  A t o  B t oge the r   w i th   head   ro t a t ion  

B t o  C. 

The Oculometer would  be c a l i b r a t e d   i n  terms of a p u r e   r o t a t i o n  

from A t o  C.  I f ,   i n  fac t ,  t h e   o p t i c a l   a x i s  of the  eye  appears  a t  

C as a result  of   the   separa te   mot ions  AB and BD, a n   e r r o r  w i l l  be 

introduced,   given  by  equat ion 1 where 

0 0 

L e t  the  eye  motion 8 and  the  head  rotat ion 8 Then, e h' 
approximately 

=: 0.01  e eh e 

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

I 

6 = 8.8 x E = 10 -3  
'e 'h 
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The wors t  case e y e   f i x a t i o n   e r r o r   ( i n   d e g r e e s )  as a func t ion  

of head   and   eye   ro ta t ion  i s  g iven   i n   t he   fo l lowing   t ab le :  

Eye Angles  (degrees) 
Head Angle 5" 10" 15" ~ ~ 2 0" 25 " 30 " 

(degrees)  

5 .025  .05  .075 .1 .125  .150 

10 .05 .1 .15 .2   .25 .3 
15 .075 .15 .225 .3 .35 .45 

20 .1 . 2  . 3  .4  . 5  .6  

For   re fe rence ,  3 m i l s  i s  equal   to   approximately  0 .17  degrees .  

4.  Summarizing the   E r ro r s  : 

(a )   Rota t ion   of   the   head   about   the   op t ica l   ax is  

of   the   eye :  0.09 deg rees   e r ro r   pe r   deg ree  of r o t a t i o n   o f  

the   head .   (Er rors   due   to   ro ta t ions   o f   the   head   about   the  

o p t i c a l   a x i s   c a n   b e   c o r r e c t e d   i f   b o t h   e y e s  are t racked ,  

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

f i xed   i n   t he   head ) .  

(b)   Deviat ions  f rom  Lis t ings Law. 

0 .025  degrees   for   moderate   (normal)   eye  rotat ion 

0 . 1  degrees  due  to  convergence a t  an   ob jec t  
30 in .   f rom  the  eye.  

(c) Head r o t a t i o n s ,   o t h e r   t h a n   i n   ( a )   a b o v e :  

See t a b l e   i n   p r e v i o u s   s e c t i o n .  
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