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1.0 LUNAR PHOTOMETRY 

1.1 INTRODUCTION 

The a v a i l a b l e  sur face  b r igh tness  o f - t h e  mom must f i r s t  be c o n s i d e r e d , , i n  

order  t o  determine the requirements of the  o p t i c s  and t e l e v i s i o n  pick-up 

device t o  be used aboard the Lunar Mobile Laboratory.  This b r igh tness  w i l l  

be a func t ion  of the i l l m i n a t i o n  leve l  ( e i t h e r  d i r e c t  sun l igh t  o r  ea r th -  

sh ine ) ,  the  albedo of the lunar  surface,  and a dimensionless  photometric 

funct ion.  The photometric func t ion  r e l a t e s  t he  b r igh tness  to the  angles  of 

incidence and emit tance,  as wel l  as t h e i r  r e l a t i v e  pos i t i ons .  

1.2 ILLUMINATION 

Figure 191 shows the  p o s i t i o n - o f  the moon wi th  r e s p e c t  t o  the  e a r t h  and svn 

dur ing  a complete lunat ion.  The moon i s  shown sec t ioned  i n t o  d i r e c t  sun l igh t  

a r e a s ,  ea r thsh ine  a r e a s ,  and non-illuminated a reas .  The v i s i b l e  ha l f  of the. 

moon rece ives  some degree of i l lumina t lon  dur.ing. t he  complete luna t ion ; .  

however, i t  is marginal a t  the  limb areas dur ing  c e r t a i n  phases. 

The ang le  8 i s  used to descr ibe  the  phase of the  moon and is  taken to  be 0' 

a t  full moon. 

simple func t ion  of time but  can be determined as 

ts days s i n c e  f u l l ,  moon and L is the lpngitvdinal. l i b r a t i o n  which has  l.Fmits 

of  plus o r  minus 6 . 5 * .  

Because of the  e l i p t i c i t y  of t he  lunar  o.rbtt ,  @ i s  n o t  a 

12.2 D + L, where D 



SOLAR IRRADIATION 

I 
de - = 0.508 degrees/hr. 
d t  

a Earth Shine 

Sunshine 

FIGURE 1-1 ILLUMINATION SOURCES DURING LUNATION 
2 



1 . 2 . 1  DIRECT SUNLIGHT 

f 4 14.6 x 10 41ux 1528 x 10 meters max 
Apr i l  or O c t .  1498 x lo8 8 meters mean. 15.15 x lo4 lux  
J u l y  

January 1471 x 10 meters min 15.76 x 10 lux  

8 

The sun can be considered as a po in t  source because of i ts  g r e a t  d i s t ance  

from the  moon. I t s  i n t e n s i t y  can then be determined by I = Bs x As where 
S 

7 2 the  Bs i s  the  sur face  b r igh tness  (225 x 10 

152 x 10l6 m2. 

candles/m ) and the  a r e a  As = 

The i n t e n s i t y  i s  then 3400 x loz4 candles .  

The i l l umina t ion  of the  moon, due t o  t h i s  source,  w i l l  be a func t ion  of the  

sun-moon d i s t ance  which v a r i e s  according to  the  t i m e  of t he  year. Table 

1-1 l i s t s  the  maximum, minimum and mean values4 f o r  th is  d i s t ance  and the  

der ived  va lues  of i l l umina t ion ,  determined by 

Es = Is 

dsm2 

The change i n  i l l m i n a t i o n  due to  the v a r i a t i o n  of sun-moon d i s t ance  dur ing  

the  synodic month i s  small  and not  considered a f a c t o r .  It c o n s t i t u t e s  only 

a 0.27 percent  change i n  the t o t a l  and only ha l f  of t h i s  need be considered. 

The d i s t a n c e s  given i n  the  t a b l e  above a r e  a t  f u l l  moon. 

1.2.2 EARTHSHINE 

The e a r t h s h i n e  i s  p resen t  on the v i s i b l e  po r t ion  of the  moon, t o  some degree,  

except  a t  t he  condi t ion  of new earth.  It need be considered only during the  

3 



absence of d i r e c t  s u n l i g h t  due t o  the r e l a t i v e  magnitudes of the two. A 

p o s s i b l e  exception t o  t h i s  i s  a t  the terminator when t h e  s u n l i g h t  approaches 

zero.  

The i l l umina t ion  due t o  the ea r thsh ine  i s  a func t ion  o f :  (1) the  time of 

t he  year ,  (2)  the e a r t h ' s  a lbedo,  and, (3)  the earth-moon d i s t ance .  The 

time of t he  year  determines the a v a i l a b l e  s o l a r  i l l umina t ion  on the e a r t h .  

The p rope r -va lue  can be e x t r a c t e d  from Table 1-1. 

The albedo of the e a r t h  ranges from 0.32 t o  0.52 with a mean value of 0.36. 

The value depends on the amount of cloud cover p re sen t  and, t o  a l e s s e r  

e x t e n t ,  t h a t  port ion of the e a r t h  r e f l e c t i n g  the l i g h t ,  i . e . ,  the  percent  of 

land - water. 

The i l luminated area of the e a r t h  as seen from the moon v a r i e s  with the 

phase angle  6. 

d i s k ,  and decreases t o  ha l f  t h a t  value a t  1st o r  3rd q u a r t e r .  An equat ion 

f o r  t h i s  a r e a  i s  the sum of 112 d i s k  and an area of 112 an e l i p s e  whose s e m i -  

minor a x i s  i s  R cos ( @  - 180') e 

A t  f u l l  e a r t h ,  @ = 180', the  a r e a  is t h a t  of the f u l l  e a r t h  

1 1 + cos ( 8  180') 1 L 
= T R e  (1-3)  - 

2 L 

There is no l imi t a t ion  on 0 ,  and the (1 + cos 8 - 180') term is 2 when 

0 = 180' ( f u l l  ea r th )  and 0 when@= 0' (new e a r t h ) .  

3 Re COS (0 - 180') 
2 

+ *Re - Ae = Ve 
2 2 

4 



The i n t e n s i t y  of the  e a r t h  considered as a source i s  the  b r igh tness  

pe r  square u n i t  times the area. 

The b r igh tness  i s  determined by BE = ESP, ( 1 - 4 )  
+IF 

where E, i s  the  luminous so l a r  cons t an t  and ye .is the  e a r t h ' s  albedo, 

If E, i s  lumens/m2, then,BEwill be i n  candles/m2. 

The i l l umina t ion  due t o  ear thsh ine  w i l l  then be: 

s u b s t i t u t i n g  fo r  Ae and Bg 

L u- 

where Es = s o l a r  i l lumina t ion  a t  sun-ear th  d i s t a n c e  

pe = e a r t h  albedo 

R, = r a d i u s  of e a r t h  

d = e a r t h  moon d i s t ance  

0 = lunar  phase angle  

= fl luminatiom due t e  ea r thsh ine  

Using a minimum E,, a maximumvalue for 4 and a p e  = 0.36, the  i l lumina t ion  

a t  a @ This  can be considered a minimum value 90° o r  270' is  6.54 lux.  

du r ing  t h a t  period when ear thsh ine  i s  the primary source of i l lumina t ion .  

An equat ion  based on mean values throughout becomes: 

+ COS (e- 

5 



The i l lumina t ion  a t  f u l l  e a r t h  ( @  -180') i s  2 x 7.58 = 15.15 lux and 

a t  1st o r  3rd qua r t e r  (0 : 90° o r  270'1, is. 7.58 lux.  

1.2.3 STARLIGHT 

A t h i r d  source of i l l umina t ion  w i l l  be s t a r l i g h t ,  which w i l l  have a 

va lue  of 2.2 x 10'3 lux. 

s i g n i f i c a n t  only under the  worst  poss ib l e  cond i t ions  of ea r thsh ine ,  

i . e . ,  extreme ang les  of incidence and emit tance.  

This amount of i l l umina t ion  can  be 
6 

1 . 3  ALBEDOS 

I n  Tablel-IISa l i s t  of a lbedos and the range of v a r i a t i o n  i s  suppl ied 

f o r  re ference .  The t a b l e  i s  taken from Reference 6,which i s  a compila- 

t i o n  of values  l i s t e d  a t  the  bottom of the  t ab le .  

The albedo is def ined a s  the  Normal Albedo - the  r a t i o  of luminarice of the  

lunar  surface when observed a8 p a r a l l e l  t o  t he  i l l umina t ipg  r ays  t o  

the  luminance of a Lambert su r f ace  of  u n i t  r e f l e c t i v i t y .  The t e r m  

"luminance'' d i c t a t e s  the  responce of the  eye a s  t he  r e fe rence  and 

cannot be considered exac t  f o r  the  camera response.  

The albedos were determined by observa t ion  here  on e a r t h  and must be 

considered a s  mean va lues  of an area determined by the  phys ica l  c o c s t a n t s  

( ape r tu re )  of t he  te lescope  used. 

of course ,  be viewing a much smaller area which could have an albedo 

v a s t l y  d i f f e r e n t  from the  value given i n  the  t a b l e .  

The camera on the  luna r  sur face  w i l l ,  

6 



TABLE 1-11 Reference 6 

-- ...- 

TABLE OF ALBEDOS OF TYPICAL LUNAR AREAS 

Dark Plains (Maria) 

Brighter Plains (Paludes) 

Mountain Regions (Terrae) 

Crater Bottoms 

Bright Rays 

Brightest Spot (Aristarchus) 

Darkest Spot (inside Oceanus 

Procellarum) 

Average Range 

,065 .05 - .08 
.091 .09 - .10 

. lo5 .08 - .12 
,112 .06 - .18 
,131 .10 - .16 
.176 

.051 

Table compiled from: 

1. Kniper, G. P., "Planets and Satellites'.' Un, of Chi Press 

Chicago, 1961, p 236. 

2. Markov, A .  V., "The Moon, a Russian View" Un of Chi Press 

I 

Chicago, 1962, p 362. 

7 



*Where i t  i s  a f ac to r  i n  the  graphs o r  ,equat ions,  an albedo of  0.07 w i l l  

be used. 

Although i t  i s  said t h a t  t he re  i s  l i t t l e  co lo r  on the moon, t he  albedo is 

no t  constant  throughout the e n t i r e  spectrum of s o l a r  r a d i a t i o n .  For 

example, Markov 

by r e l a t i v e l y  large abso rp t ion  of u l t r a - v i o l e t  rays .  The a c t u a l  r ays  of 

t he  system of Copernicus r e f l e c t  r e l a t i v e l y  few u l t r a - v i o l e t  r a y s ,  while 

the spaces between them r e f l e c t  r e l a t i v e l y  many. 

An increased con t r a s t  r a t i o ,  t he re fo re ,  could be expected i n  the  u l t r a - v i o l e t  

region. I n  the f i n a l  a n a l y s i s ,  t h i s  varying albedo due t o  wavelength should 

be considered when making the choice of s p e c t r a l  s e n s i t i v i t y  of the camera tube. 

10 states "the surroundings of Copernicus are cha rac t e r i zed  

The same occurs f o r  Kepler". 

1.4 PHOTOMETRIC FUNCTION 

1.4.1 DESCRIPTION 

A mul t ip l e  s e r i e s  of q u a n t i t a t i v e  b r igh tness  measurements were made by Fedore t ' s  

Sytinskya and Sharonov. 

phases and the curves were der ived from the da t a .  

see Parker , pages 35-65. From these obse rva t ions ,  the following conclusions 

were reached: 

Fedore t ' s  d a t a  cons i s t ed  of 41 p o i n t s  taken a t  40 

For a graphic  i l l u s t r a t i o n ,  

5 

a )  When observing the f u l l  moon from the e a r t h ,  the b r i g h t n e s s  i s  maximum and 

is only a function of the albedo of the p a r t i c u l a r  po in t .  

condi t ion,  the angle of incidence is varying (a func t ion  of selenographic  

longitude and l a t i t u d e ) ,  bu t  the d i f f e r e n c e  angle  between incidence and 

Under t h i s  

8 



emittance is zero. 

b) If the center of the visible disk (0' selenographic longitude and 

latitude) is observed during a complete lunation, the brightness will 

vary according to the curves of Figure 1-2. In this plot the angle of 

incidence equals the phase angle, while the angle of emittance is zero. 

c) Finally, if many po'ints of the lunar surface are observed during the 

lunation, a family of curves is determined. Figure 1-3 is a deviation 

of these curves, using a change in parameter. Under these conditions, 

the angle of incidence is taken as the algebraic sum of phase angle &and 

the selenographic longitude x. 
longitude since the point of observation is earth. The observations 

show that the isophots (lines of equal brightness) follow the meridians 

so that the function is not dependent on the latitude. This again 

assumes that the effects of albedo are accounted for and the point of 

observation is earth. 

The angle of emittance is equal to the 

In NASA Project Apollo Working Paper No. 1100, this same data of Fedoret is 

presented in terms of two auxiliary angles aandrthat are functions of 

incidence, emittance, and the spherical angle measured between them so that 

the value of 0 can be determined under conditions other than observation 

from earth. 

9 
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Figure 1-4 shows the geometry i n  determining &and 7”. ais the 

t h i r d  s i d e  of an obl ique sphe r i ca l  t r i a n g l e  whose o t h e r  two s i d e s  

are  i and f. 

plane (a plane determined by the l i n e s  of  incidence and emit tance) .  

The angle ? i s  the p r o j e c t i o n  of e i n t o  the s l a n t  

can be shown as the  angle between the l i n e  o f  emittance and the 

p r o j e c t i o n  of the normal i n t o  the s l a n t  plane. 

Then, f o r  a given value of & and P, t he  corresponding value of t h e  

photometric func t ion  $ c a n  be found from Figure 1-3, which then w i l l  

be used t o  complete the  s o l u t i o n  f o r  t h e  su r face  b r igh tness .  

1 . 4 . 2  USE DURING DIRECT SUNLIGHT 

I n  order  t o  r e l a t e  t he  alpha-tau diagram t o  t h a t  of  the l una r  phase 

angle  and selenographic coord ina te s ,  t he  angle  of ircidencse must 

f i r s t  be determined. 

moon. 

l a t i t u d e  (north) i n  r e l a t i o n  t o  the  sub -ea r th  po in t  E .  The angle  of  

incidence i s  then the  s o l u t i o n  of the  r i g h t  s p h e r i c a l  t r i a n g l e  whose 

o t h e r  two s ides  are: the l a t i t u d e  # and t h e  a l g e b r a i c  sum of the 

phase angle  0, and the longitudes. This  s o l u t i o n  i s :  

Figuse 1-5 shows t h e  m o o n e d e g r e e s  after f u l l  

The point P is  shown a t  p o s i t i v e  longi tude A ( e a s t )  and p o s i t i v e  

i a r c  c o s  [cos$ cos  (0- ~,l (1-9) 

+B The s i g n  o can  be included s i n c e  the c o s i n e  f u n c t i o n  is p o s i t i v e  i n  

both’ the f i r s t  and t h i r d  quadracts.  However ( 0 - A )  must be l imi t ed  to  

+ - 90° t o  keep the po in t  P i n  the d i r e c t  s u n l i g h t  a?, yea. 
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I 

Notice t h a t  i f  the p o i n t  P i s  on the equator (4  = 0 ) ,  then i equals  

(0 - 2 ) .  

Before o\ can be determined, an a n x i l i a r y  angle  1 must be solved. 

i s  the angle  included by the s i d e s  i and 8, and the s o l u t i o n  is :  

Y =  a r c  c o s  L t a n b  c o t  17 (1-10) 

Figure 1-6 shows a normal view of the po in t  P. The i n t e r s e c t i o n  of the two 

p r o j e c t i o n s  i s  the normal t o  the tangent plane a t  p o i n t  P. i s  the  angle  

between the p ro jec t ion  of the l i n e  of incidence and the  meridian passing 

through po in t  P. The heading of the MOIAB i s  now introduced as h. The 

ang le  between the l i n e s  i s  y - h .  

and >. Using Figure 1-4,  the s o l u t i o n  f o r  U i s  t h a t  of an obl ique s p h e r i c a l  

t r i a n g l e  where d i s  the t h i r d  s i d e  and the o t h e r  two s i d e s  a r e  i and E, wi th  

the included angle between them Y - h .  

This angle w i l l  be used i n  the s o l u t i o n  of o( 
I 

Using the l a w  of cos ines ,  

6 = a r c  cos [cos i c o s €  - s i n  i s i n  € c o s  ( y  - h g  (1-11) 

Notice t h a t  i f  ( Y-h) = O o ,  then d becomes i -&  

o r  i f  e i t h e r  i or E equals 0 ,  dbecomes  equal t o  the o the r .  

P r o j e c t i o n  of 
Line of Emittance 

P ro jec t ion  of 
Line of Incidence 

Meridian 1 
FIGURE 1-6 Y A N D  h 
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The second a n x i l i a r y  angle  7 ,  used in ,  determinining 8 , can be found by 

d iv id ing  the obl ique sphe r i ca l  t r i a n g l e  i n t o  two r i g h t  s p h e r i c a l  t r i a n g l e s  

as i n  Figure 1-4. 

pro jec t ion  of t he  normal. 

The angle 8 i s  the  angle  between the normal and the 

Then both t r i a n g l e s  a r e  solved by: 

cos i = cos ( - 7 )  c o s 6  (1- 1 2 )  

cos E = cos %os s (1-13) 

By s u b s i t u t i n g  the  second equation i n  the f i r s t  and expanding the cosine of  

the d i f f e r e n c e  of two ang le s :  

cos i = [ cos  cx cos J + s i n  a s i n  q c o s €  
cos 7- 

Simplying and so lv ing  f o r  7 : 

9 = arc tan cos i - c o s a  c o s E  
s i n U  cos 1 

( 1- 14) 

(1- 15) 

The s i g n  of t a u  w i l l  be negat ive i n  almost a l l  ca ses  f o r  the MOLAB problem. 

Figure 1-7 shows the pecu l i a r  case when t a u  becomes pos t lve .  Here the source 

i s  below the l i n e  of emittance i > E  and ais s m a l l .  The p r o j e c t i o n  f a l l s  

ou t s ide  of the i-*€ - & oblique t r i ang le :  

FIGURE 

I n  a l l  o t h e r  cases ,  t a u  i s  taken t o  be negat ive.  

15 
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1.4.3 USE DURING EARTHSHINE 

When the  source of i l l umina t ion  i s  e a r t h s h i n e ,  t he  angle  o f  incidence 

i’s no longer a func t ion  of the phase angles. 

the  equation f o r  i w i l l  s t i l l  be t r u e  i f @ i s  held a t  0. 

of  incidence on the  lunar  su r face  w i l l  be: 

I n  s e c t i o n  1.4.2, 

The angle  

i = arc c o s  ~ o s $ c o s  AI (1-16) 

Although the angle  of incidence i s  not  a func t ion  of 8 ,  t he  amount 

of i l l umina t ion  d e f i n i t e l y  i s ,  t h e r e f o r e , t h e  b r igh tness  w i l l  be d e t e r -  

.mined by t he  @ angle  during both d i r e c t  s u n l i g h t  and e a r t h s h i n e ,  b u t  

f o r  d i f f e r e n t  reasons.  

1.5 BRIGHTNESS 

Once the  amount of i l l umina t ion  has  been determiced, the albedo value 

has  been chosen, and the  photometric func t ion  has been taken, then the 

su r face  b r igh tness  can be computed from: 

(1-17)  

P and d a r e  dimensiofess 

by those used  f o r  5. 

candles  /m2. 

and the  dimensions f o r  B w i l l  be determined 

I f  E i s  lux ( lu luem/m2)  then B w i l l  be i n  

16 



E i s  e i t h e r  taken from Table 1-1, when d i r e c t  s u n l i g h t  i s * i n v o l v e d  

(-90 & @<+ 90), o r  computed from equat ion 1-7, when e a r t h s h i n e  is  

the  source (+ 90 270). The value of t o  be used can be 

taken from Table 1-11 and used d i r e c t l y .  

by : 

a )  

The value of +can  be found 

Determining i from 0 ,  3 $ 4  i n  equa t ion  (1-9) 

Determining from , i i n  equat ion (1-10) 

Determining~from i, e , ,r, h i n  equat ion (1-11) 

€and  h w i l l  be d i r e c t  functi'ons of the MOLAB 

heading and camera tilt .  

b) 8 4  
c )  

d )  Determining ?from i, a , e; equat ion (1-15) 

f )  Using Figure 1-3, s e l e c t i n g  a c u r v e  an3 f ind ing  

along t h e  abs i s sa ,  t hea  $d a t  the  i n t e r s e c  Lion. 

The f i r s t  example of  a br ightness  v a r i a t i o n  i s  taken a t  a f ixed  

po in t  midway between t h e  Copernicus - Kelper r eg ions  o r  approximately 

4 -4 loo Noith l a t i t u d e  and 3: - 30' West longi tude.  The v e h i c l e  is  

conLinmuslyheaded east (!I z t 90') and the dowr,ward tilt of  the camera 

i s  20 degrees.  me i l luminat ion used is  the  mea- value of d i r e c t  s u n l i g h t  

aild the curve extepds from sunr i se  (8 = - 60) t o  sunset  (80 t 120). 

This  would correspord t o  14.74 e a r t h  cays. Piga re  1-8 shows the geometry 

f o r  three p o i n t s  of  t he  lmas Cay. I n  the  l a t e  af ternoon,  t h e  alpha 

angle  diminishes ,  causing the peak i n  b r i g h t n e s s .  

Table 1 - 111 i s  included to  show the  v a r i a t i o n  i n  the  ang le s ,  aed 

Figure 1-9 graphs the br ightness  during the  s u n l i g k t  period. 

17 
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TABLE 1 - ,111 

VARIATION I N  ANGLES, EXAMPLE 1 
-_ __-- 

- _._ - ." --._ - 
b 

@= A =  

S u m  ise - 60 90 

- 30 60.5' 

0 31.6 

Noon t 30 + 10 
+ 60 31.5 

f 90 60.5' 

t100 70.3 

Sunset 1120 90 

I =  
- 90 
-84' 

-73 

0 

7 3' 

84.2O 

86.3 

90 

I f 4  = 
- 180 
-174 

-163.5 

-90 

-71' 

- 6' 
-3.7 

0 

4= 

160 

130 

101' 

70.2 

41' 

11° 

5.8 

20 

** 
-70' 

-70 

-70' 

-69.5' 

-46' 

-48O 

- 70 
- 70' 

8 :  
0 

.06 

.16 

.28 

.45 

.$ 

.82 

.Ol 

-8. 
0 

20 2 

812 

946 

1.5 20 

2700 

27 60 

1950 

brightness 

c an3 1 e /In2 
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The second example shows the v e h i c l e  a t  c o o r i d i n a t e s 8  = 20' North 

and 30° West. The sun i s  60° t o  t he  e a s t  o r  118 e a r t h  hours 

before  noon, a t  t h a t  longitude. Table 1 - I V  shows a t a b u l a t i o n  of 

the  angles  of i n t e r e s t  and Ffgure 1-10 i s  a po la r  p l o t  i n  the  change 

i n  b r igh tness  as the  vehic le  r o t a t e s  through 360O. 

i n  t h i s  non-extreme example i s  15 .3 : l .  The br igh tness  va lues  were 

'computed from the  mean value of d i r e c t  sun l igh t  (15.15 x IO4 lumens/ 

The f a c t o r  d i f f e r e n c e  

m2), and an albedo o f  7% was used. 

t he  camera was again 20°, which i s  somewhat g r e a t e r  than might normally 

be expected. A t i l t  of 5 O ,  giv ing  a emit tance q g l e  of 8509 woru1.d cause 

the  curve t o  be lower i n  mean va lue ,  having a shorter & r a t i o n  peak 

toward the  terminator .  

The tilt  or depress ion  angle  of 



The second example shows the v e h i c l e  a t  c o o r i d i n a t e s  

and A :  30° West. 

z 20' North B 
The sun i s  60' t o  t he  east  o r  118 e a r t h  hours 

be fo re  noon, a t  t h a t  longitude. Table 1 - I V  shows a t a b u l a t i o n  o f  

t he  angles  of i n t e r e s t  and Figure 1-10 i s  a po la r  p l o t  i n  the change 

i n  b r igh tness  as the  veh ic l e  r o t a t e s  through 360O. The f a c t o r  d i f f e r e n c e  

ih t h i s  non-extreme example is  15.3: l .  The b r i g h t n e s s  va lues  were 

computed from t h e  mean value o f  d i r e c t  s u n l i g h t  (15.15 x IO4 lumens/ 

m2), and an albedo of 7% was used. 

2. 

f 

The tilt  o r  depression angle of  

t he  camera w a s  again 20°, which i s  somewhat g r e a t e r  than might normally 

be expected. A t i l t  of 5O, giving a emit tance aggle  of  850, w o d d  cause 

t h e  curve t o  be lower i n  mean value,  having a s h o r t e r  d u r a t i o n  peak 

toward the  terminator .  
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The second example shows the veh ic l e  a t  c o o r i d i n a t e s  

and 30' West. The sun i s  60' t o  the  e a s t  o r  118 e a r t h  hours 

befo re  noon, a t  t h a t  longitude. Table 1 - I V  shows a t a b u l a t i o n  of  

t he  angles  of i n t e r e s t  and Figure 1-10 i s  a polar  p l o t  i n  the  change 

i n  b r igh tness  as the  vehic le  r o t a t e s  through 360O. 

i n  t h i s  non-extreme example i s  15 .3 : l .  The b r igh tness  va lues  were 

'computed from the  mean value of  d i r e c t  s u n l i g h t  (15.15 x LO4 lumens/ 

m2), and an albedo of 7% was used. 

t he  camera w a s  again 20°, which i s  somewhat g r e a t e r  than might normally 

be expected. A t i l t  of  5O, giv ing  a emit tance aegle of 8 5 O S  would cause 

the  curve t o  be lower i n  mean va lue ,  having a shorter d u r a t i o 9  peak 

toward the  terminator .  

z 20' North B 

The f a c t o r  d i f f e r e n c e  

The tilt or depress ion  angle  o f  

2 1  
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The second example shows the v e h i c l e  a t  c o o r i d i n a t e s 8  = 20' North 

and 30' West. The sun i s  60° t o  t he  east  or 118 e a r t h  hours 

befo re  noon, a t  t h a t  longitude. Table 1 - I V  shows a t a b u l a t i o n  of  

t he  ang le s  of i n t e r e s t  and Figure 1-10 is a po la r  p l o t  i n  the change 

i n  b r igh tness  as t he  veh ic l e  r o t a t e s  through 360O. 

i n  t h i s  non-extreme example i s  15.3: l .  The b r i g h t n e s s  va lues  were 

'computed from the mean value of  d i r e c t  s u n l i g h t  (15.15 x IO4 lumens/ 

The f a c t o r  d i f f e r e n c e  

m z ) ,  and an albedo of 7% was used. 

t he  camera was again 20°, which i s  somewhat g r e a t e r  than might normally 

be expected. A t i l t  of  5O, g iv ing  a emit tance aggle  of 85O,  woru1.d cause 

t h e  curve t o  be lower i n  mean va lue ,  having a s h o r t e r  duratiori  peak 

toward the terminator .  

The tilt  or depression angle of 
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TABLE 1 - IV 
VAKUTTON I N  ANGLES, EXAMPLE 2 

M O M  located a t  6 : + 20' - 30' e= - 30 
Angle of incidence I 62' r: - 78.8' 

Heading c 

North 

North East 

Ea8 t 

South Ea8 t 

South 

South West 

West 

North West 

Max 

Min 

00 

4 5 O  

90 

135 

180 

2 25 

270 

315 

-78.8 

101.2 

-78.8 71.1 

-123.8 107.5 

-168.8 130.8 

147 121.7 

101.2 90 

56.8 57 

11.2 12 

33.8 32 

0 7.25 

180 132 

7 

-48 

-61 

-70.5 

-66 

-59 

-44 

-62.4 

-44.6 

-70 

-70 

.25 

.ll 

07 

.08 

.18 

.36 

.83 

.52 

.92 

.06 

846 

37 2 

236 

270 

610 

1215 

2800 

1750 

3105 

20 3 

cand le  s /m 2 
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FIGURE 1-10 EXAMPLE 2 - BRIGHTNESS VARIATION 
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2 .O OPTICS AND SCANNING REQUIREMENTS 

2 . 1  RESOLUTION OF OBJECTS 

Figure 2-1 shows two d i f f e r e n t  types of o b j e c t s  to be resolved by a 

t e l e v i s i o n  camera a t  a d i s t a n c e  s and mounted a t  a height h. 

'The top diagram shows a v e r t i c a l  o b j e c t  of height  v and preser?ts a resolved 

he igh t  6 

angle  of the camera i s  900- I@ . 
which substends the angle T a t  the camera l e x :  The depressior.  

The value of 6 can be found from: 

6 z s i n  a r c  t a n  2 
h 

and the value of T f r o m :  

(2-1) 

Y= a rc  t a n  dv ( 2 - 2 )  
hz + d2 - vh 

I f  d i s  much g r e a t e r  than h o r  v, then t h e  e x p r e s s i o r  redztxs tg: 

r= a rc  t a n  
d 

For a 25 cm o b j e n t  at a d i s t a n c e  of 100 meter's ax! viewed fzcm A 

heig t t .  of 2 a e t e r s , r ,  . 1 4 2 O  and d = 25 cm (24.995). 

(2-3) 

The bottom diagram oE Figare 2 - 1  shows the geometry f o r  the similisr 

problem of a horizontal  o b s t a c l e  such as  a c r e v i c e  l ay ing  across the 

p a t h  of the  vehicle. The substended angle T is :  

r z arc t an  h v - 
hL - s L  - sv 

24 
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and the  resolved o b j e c t  he igh t  is: 

6 = v cos a r c  t a n  5 (2-5 1 

For a 25 cm c r w i c e ,  a t  a d i s t a n c e  of  100 meters and a camera he igh t  
h 

of 2 meters, d : .5 c m  (5mm) and T= ,00288 degrees  (10.35 seconds 

of a r c ) .  

Of the two standard o b j e c t s ,  the c r e v i c e  p r e s e n t s  a much more 

severe problem and i f  one cons ide r s  t h a t  t he  nea re r  l i p  of t he  crevice 

could be higher than the f a r  l i p ,  o r  if t he  l i g h t i n g  angle w a s  such t h a t  

no shadow w a s  c a s t ,  t he  problem becomes even g r e a t e r .  

2.2 OPTICS AND RESOLUTION 

Knowing the v e r t i c a l  s i z e  of the minimum r e s o l v a b l e  element 6, t he  

balance between the camera s r e s o l u t i o n  and t h e  o p t i c s  producing the  

image can be determined. I n  Figure 2-2, t he  r e l a t i o n  of the o b j e c t ,  

image, and l e n s  i s  shown where d '  i s  the he igh t .o f  the r a s t e r  on the 

photocathode. Table 2 - 1  l i s t s  seve ra l  v id i cons  us ing  a sq1iar.e or 

commercial type raster. Ud i s  the l eng th  of the diagonal  

u se fu l  a r ea ,  and A i s  the a spec t  r a t i o  width- to-height .  

of t he  

Ibe Size 

1" 

1" 

2" 

2" 

TABLE 2 - 1  

VERTICAL RASTER SIZES 

Ud A 

15.74 mm 1 :1 

15.74 mm 4 : 3  

35.56 mm 1 :1 

d'  

11.12 mm 

9.53 mm 

25.15 mm 

35.56 mm 1 4:3 21.38 mm 
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I n  gene ra l ,  d '  can be found from: 

dl =KT A 1  (2-8 

A t  a d i s t a n c e  s, the minimum reso lvab le  element 6 i s  t o  be imaged on 

the  photocathode. I n  o rde r  t o  determine t h e  l e n s  requirements,  the 

heigFt of 6 must be found, and must equal  one l i n e  of r e s o l u t i o n .  

The number of l i n e s  of r e s o l u t i o n  must n e c e s s a r i l y  be less  than the  

number of active scanning l i n e s  due t o  the s t a t i s t i c a l  i n t e r f e r e n c e .  

Several  groups have examined t h i s  e f f e c t  with r e s u l t s  ranging from 

0.53 t o  0.85,with t h e  most common value being the  Kel l  f a c t o r  2-4. 

A l i n e  of  r e s o l u t i o n  must then be fl times l a r g e r  than t h e  width of a 

scanning l i n e ,  o r  t he  number of  r e s o l u t i o n  l i n e s  NR equa l s  0.707 the 

number of  ac t ive  scanning l i n e s .  

I 

The height  o f  6 '  can now be found as: 

- . c d '  G d t  
1 

d l ' d  - 
NR N a  Kv N t  

where 

NR= number of l i n e s  of  r e s o l u t i o n  

N a  = number of a c t i v e  scanning l i n e s  

E t =  t o t a l  number of scanning l i n e s  

K,, = ver t ica l  u t i l i z a t i o n  f a c t o r  

(2-7) 

With t h e  object  and image s i z e s  determined, the image d i s t a n c e  can 

now be found from 

S I  s - 6' 
6 
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V 

and the required f o c a l  length t o  produce t h i s  size image from 

s s '  
s+s ' - 

f =  

o r  d i r e c t l y  by s u b s i t u t i n g  f o r  s '  

f =  S 

1 + A  
d' 

(2-9) 

(2-  10) 

This equat ion i s  graped i n  Figure 2-3, using a 1" vidicon,  500 l i n e s  of 

r e s o l u t i o n ,  and a square raster (A = 1). To r e so lve  the  2 5  cm c rev ice  example 

a t  a d i s t a n c e  of 100 meters, a focal  l eng th  of 444 mm would be required.  

I n  Figures  2-4 and 2-5, t he  parameter d' i s  changed by using a 2" vidicon o r  

a g r e a t e r  number of scanning l i n e s .  A 4:3 a spec t  r a t i o  would n e c e s s i t a t e  a 

g r e a t  f o c a l  length.  To show the trade off  between l i n e s  of r e s o l u t i o n  and 

o p t i c a l  f o c a l  length,  the equat ion is graphed i n  Figure 2-6, keeping the 

d i s t a n c e ,  s ,  f ixed  a t  100 meters and u s i n g d  as the parameter. The equation 

R' used i s  def ined i n  terms of d '  and N 

Other values  of i n t e r e s t  can now be found, such as the  v e r t i c a l  viewing angle  

v -  0 

@,+ 2 a r c  tan N R d  - 
2s 

(2-11)  

The value of can a l s o  be found as  the product of t he  angle  subtended by 

the minimum reso lvab le  he igh t  (determined i n  Sec t ion  2.1), y, and the numbers 

of l i n e s  of  r e so lu t ion .  
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1" Vidicon Aspect 1:1 

500 Lines ltesolution 

FIGURE 2 -3  1" VID 500 = NR 

Distance ( 5 )  meters 
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2" Vidicon Aspect 1:l 

500 Lines of Resolutiori 

' M  

:H 

FIGURE 2-4 2" VID 500 = NR 

Distance ( s )  meters 
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1" Vidicon Aapect 1:l 

650 Lirles Resolut ion 

CN 

FIGURE 2-5 1" VID 6 5 0  = N R 32 



FIGURE 2-6 FOCAL LENGTH VERSUS LINES OF RESOLUTION 
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The v e r t i c a l  f i e l d  of view d can be found from: 

d = d .  NR (2-12) 

For example, the 25 c m  c r ev ice  p re sen t s  a 5 mm he igh t  and d would 

be only 2 . 5  meters when using 500 l i n e s  of r e s o l u t i o n .  

The above data  has a l l  been done i n  the v e r t i c a l  place and assumes 

t h a t  the scanning l i n e s  are h o r i z o n t a l .  To determine parameters i n  

t h e  horizontal  plane, t h e  v e r t i c a l  parameters should be mul t ip l i ed  

by the  a spec t  r a t i o ,  i.e., 

& 2 A * &  (2-13) 

UJ = A *  d (2-14) 

The minimum resolvable  element i n  the ho r i zon ta l  plane i s  an exception 

i n  t h a t  t he  r e s o l u t i o n  r a t i o  M must be considered. 

6 -  - 6  - (2-15) 
M 

M z r e s o l u t i o n  i n  horizonal  plane 
r e s o l u t i o n  i n  v e r t i c a l  plane 

6 : minimum reso lvab le  element i n  h o r i z o n t a l  plane 

2.3 LENS PHOTOMETRY 

To re la te  the lunar  surface b r igh tness  as determined i n  Section 1.5 

to the  image plane i l l umina t ion ,  an expression f o r  t he  o p t i c a l  system 

i s  required.  Figure 2-7 shows an o b j e c t  having an area A,  seen by a 

leris having an a rea  A 0  and producing an image A i .  
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I f  the o b j e c t  has a b r igh tness  B y  then i t s  i n t e n s i t y  i s  I = BA, which is  

given as f l u x  per  s o l i d  ang le ,  lumenslsteradian. 

FIGURE 2-7 
LENS PHOTOMETRY 

S v t--+--, L 

Object ive Plane Op t i ca l  Plane Image Plane 

The amount of f l u x  en te r ing  the lens su r face  as dF i s  determined by 

dF = BA d w  (2- 16) 

where h i s  the s o l i d  angle subtended by the l ens  su r face  a t  the  d i s t ance  s .  

Since the a r e a  of the l ens  i s  A = r2 o r  w d 2  , the  f l u x  e n t e r i n g  the  
4 0 

l e n s  i s :  

dF = B A T  d2 
'I 

4 s L  

(2-17) 

This  f l u x  i s  t r ansmi t t ed  through the l ens  with an o p t i c a l  e f f i c i e n c y  o r  

t ransmit tance T. 

The f l u x  t h a t  leaves the l e n s  is 
2 

dF = .  dF x T = B A Y d  T 
2 

4s 

(2-  18) 

This  f l u x  w i l l  s t r i k e  the image plane (~. .otocathode) and produce the image 

A i .  By d e f i n i t i o n ,  the i l luminat ion E i s  the f l u x  pe r  u n i t  a r ea .  

E = - dF' = wBd2TA 
2 

4Ai s A i  
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The ratio of an object 

object distance to the 

area to an image area,A,is the same as the 

image distance; the quantity squared. 
Ai 

Substituting in the equation, it becomes 

7TBd2TS2 E =  
4 (S! ) 2s2 

To put the equation in terms of f/no. '= F, where F : f ,  
d 

(2-20) 

(2-21) 

If the object distance is Fuch greater than the focal length f (S ;-10f), 

the image distance 

fies to: 

7p BT E = -  
4F * 

approaches the focal length and the equation simpli- 

(2-23) 

For objects that are off the optical axis, the illumination decreases 

approximately as the fourth power of the cosine of 8,  where @ is the 
angle subtended at the lens by the object and the optical axis2 so 

that the f i n a l  equation is: 

 COS^ @ VBf  *T 
4F2 (S' ) 

E 2- 
(2-24) 

The units for E will depend on the system used for B. If B is in 

candles per square meter, E will be in .Lumens/square meter ( lux) .  
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Notice that the simplified equation is approximately correct for far 

objects and optimistic for near objects since the ratio of f / s  

than one for a positive (converging) lens. 

is less 

It may be of more interest to put the equation in terms of the object 

distance instead of the image distance. The illumination then becomes: 

E ,= wBT(S-f)2 cos4 0 
4F2S2 (2-25) 

Figure 2-8 shows the transfer curves relating the available illumina- 

tion on the photocathode to the lunar surface brightness. The curves 

assume a 70% lens transmission which accounts for both absorption and 

reflection losses at the lens surface. The curves are shown on a 

"shifted" 5 cycle logarithmic paper in order to include the range 

of surface brightnesses that will occur under varying conditions. 

The f/number (F) is used as the parameter and illustrates the large 

range of aperture control that will be necessary. 

The right side of Figure 2-8 shows the brightness variation under 

several Conditions. All curves are based on a lunar albedo of 7%. 
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Image Plane Illumination vs Scene Brightness 
f o r  various f/-numbers 
(Assuming 70% Lens Transmission) 

E = Pi B T = 0.55 B / f 2  
4 fL  

0 'I 

FIGURE 2 - 8  PHOTOCATHODE ILLUMINATION vs BRIGHTNESS 
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Curve 1 - Brightness due to direct sunlight at 0' longitude and latitude. 

The viewing, angle is zero (viewed ftom the normal) 

Curve 2 - The MOLAB headed east qt Copernicus - Kepler (Example 1 from 

Section 1.5) 

Curve 3 - The variation in brightness due to earthshine f o r  normal viewing 

at 0' longitude and lati-tude. 

In starting a pick-up tube sensitivity,' several factors must be expressed. 

The photocathode illuminations are based on the human eye and would be valid 

oaly for a tube that had the same spectral response as the eye. The sensitivity 

for moving objects is one or two orders of magnitude less than sensitivity when 

televising a still scene. Due to the integrating capability of the target in 

some tubes,'the exposure time, which would be the time between scans, must also 

be considered. Finally, the signal/noise ratio must be given. 

Along the illumination ordinates, several camera sensitivities have been given 

in'terms of moving objects and frame rates of 10 cps. 
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2.4 APERTURE AND SHUTTER CONTRDL 

It is expected that the optical system of the television cameras will 

have a servoed variable aperture system (iris) to compensate for the 

highly varying brightness levels that will be encountered. This 

varying brightness will not only be a function of the lunar phase 

but also a function of the MOLAB heading 

the cameras. 

and the viewing angle of 

The servo system for the iris would include a photo cell having the 

same spectral response as the camera sensor and having the same field 

of view (this could be built in with the camera's optical system). 

A servo amplifier and the motor-driven iris would complete the servo. 

A shutter also could be included as a driven element to shut off the 

optical system if the cameras were aimed directly at the sun (a possi- 

bility at certain phase angles and MOLAB headings). 

Alternately, the photocathode of the sensor can be used as the photo- 

cell, and the average current of its video output can be used as the input 

to the iris servo. A pick-up can be used to control i t s  own sensitiv- 

ity by varying the voltage applied to the elements. A range of YOO0:l 

has been achieved with this method. This would not be sufficient for 

the range of brightnesses expected, so a combination of both methods 

may be required--both automatic light control and a servoed iris. 
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3.0 BANDWIDTH CONSIDERATIONS 

3.1 BANDWIDTH EQUATIONS 

The maximum video frequency generated by a scanning system is r e l a t e d  

t o  the  scanning parameters i n  the following equat ion:  

f = 112 . 11% Kv . A K, . M N t 1 2  f 
V 

where 

t f  
K = Horizontal  u t i l i z a t i o n  f a c t o r  - 

th H 

N.a 6 = Vertical . u t i l i z a t i o n  f a c t o r  - 
A = Aspect r . a t i o  width of r a s t e r  

Q = Kell  f a c t o r  (.7) 

Ntl 

heigth 

(3-1) 

M = Resolution r a t i o  Horizontal  
Vert ica 1 

N t l  = Tota l  number of scanning l i n e s  

f v  = V e r t i c a l  frame r a t e  ( cps )  

The maximum video frequency f w i l l  be generated by the scanning of a 

h o r i z o n t a l  element r t h a t  is j u s t  r e so lvab le .  (* 

I f  t h e  equat ion i s  d e s i r e d ' i n  terms of l i n e s  of r e s o l u t i o c ,  and 

. Kv . Ku 

then 
A fvM NR 2 

f =  
2 . Kv Ku K;H 

where 

N R  = Number of l ines  of r e s o l u t i o n  

(3 -2 )  

(3- 3) 

Also,  i n  terms of active l i n e s ,  ' N a y  
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2 
f = AKu Na M f v  

54 Kv 
( 3 - 4  1 

The h o r i z o n t a l  u t i l i z a t i o n  f a c t o r  % i s  def ined i n  Figure 3-1 .  By maximizing 

the bandwidth can be reduced s l i g h t l y .  This w i l l  mean keeping the KH' 

h o r i z o n t a l  r e t r a c e  time s m a l l .  The NTSC s tandard (commercial) s ta tes  t h a t  

h o r i z o n t a l  blanking i s  0.18 H maximum; therefore ,  18% of one scanning l i n e ,  

miking K - 0.82.and l/$=..l;.23.. To deer-e. Chis f a c t o r  and lower the band- 

width would only mean a s a c r i f i c e  of i n c r e a m d . a w  i n  t h e  h o r i z o n t a l  sweep 

H 

c i r c u i t s .  

AI FIGURE 3-1 
VIDEO SIGNAL 

I n  commerical t e l e v i s i o n ,  an a spec t  r a t i o  of 4 / 3  i s  chosen t o  conform w i t h  

the  human eye whose high r e s o l u t i o n  r e t i n a l  a r e a  (fovea) subtends ang le s  of 

40' i n  the ho r i zon ta l  plane and 30' i n  t h e  v e r t i c a l  plane.  I n  t h i s  app l i ca -  

t i o n ,  t h e r e f o r e ,  as the sensing element i n  the  c o n t r o l  loop f o r  nav iga t ion ,  

i t  is conceivable t h a t  a g r e a t e r  v e r t i c a l  f i e l d  of view would be r equ i r ed  

t o  "see" ahead r a the r  than t o  the s ide.  An a s p e c t  r a t i o  of  1:l might be 

used. 

3.2 FRAME RATE VS VEHICLE VELOCITY 

I f  a low frame r a t e  is  used f o r  the t e a v i s i o n  l i n k ,  the adverse e f f e c t s  on 

the servo con t ro l  loop must be considered. Figure 3-2 shows the  t i m e  sequence 

from the r i m e  when an obs t ac l e  i s  f i r s t  r e s o l v a b l e  t o  the t i m e  when a c o r r e c t i v e  

c o n t r o l  s i g n a l  can f i r s t  be appl ied.  
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.SCAN E SCAN SCAN 0 SCAN I SCAN I 

F T T  A T r  +T T+Tm+ 

CONTROL APPLED 
AT CNO 
CONTROL SIGNALS R C V D  

CONTROLLED ELEMENT HAS REACTED 

FIGURE 3 - 2  DELAY TIMES IN CONTROL LOOP 

The total time consists of the sum of two earth-moon transit times, the 

operator reaction time, the mechanical reaction time, plus twice the-time 

for a television frame. With a frame rate of 10 cps, the total delay time 

is increased by 0 . 2  seconds; a 4.3% increase. This delay time must be 

minimized for good control operation, but if the frame rate exceeds 10 frames 

per second, it is no longer a factor. A minimum f of 10 cps i s  then 

established with a maximum f 

bandwidth that can be transmitted. 

V 

to be determined by the allowable maximum 
V 

A critical distance (d ) can also be determined from Figure 3 - 2 .  (The 
C 

critiaal distance is defined as the minimum distance at which an obstacle 

must be resolved in order to avoid said obstacle.) This distance will be the 

distance travelled during the delay time of the control loop plus the minimum 

turn radi'us, r . For the MOLAB V I 1  vehicle, m 

r = 7.05 meters m 

The maximum speed is expected to be 4 .5  meters/second (10 mph) while manned, 
but in the unmanned mode (when television is used tor control) the speed is 
expected to be 1.5 meters/second ( 3 . 3  mph). 

43 



Using these values,  then, the c r i t i c a l  d i s t ance  

o b s t a c l e  is: 

d = v-[2 t t  + tR + tm + -1 2 
+ r m  

V 
f C 

when tu rn ing  t o  avoid an 

(3-7) 

d =: 1.5 4.84 + 7.05 = 14.26 meters 
C 1 1  

= e a r t h  moon t r a n s i t  t i m e  = 1.32 second 

t = r e a c t i o n  time (operator)  1.0 second 

tm 

f = v e r t i c a l  frame rate  - 10 cps 

t t  

R 
= mechanical response t i m e  f o r  s t e e r i n g  mechanism - 1.0 second 

V 

I f  the L t e r m  had been ignored, the c r i t i c a l  d i s t a n c e  would have been 14.01 

meters.  V 
€ 

The low frame r a t e  of 10 cps i s ,  of course,  below the  c r i t i ca l  f l i c k e r  

frequency f o r  a l l  p r a c t i c a l  con t r a s t  r a t i o s .  

e l imina te  the f l i c k e r ,  a scan converter  may be used. Figure 3-3 i l l u s t r a t e s  

such a system described by P. J. Rousculp and W. S. Pope , where the scan 

conversion takes  place i n  the t h r e e  s to rage  tubes.  

a t  l i n e  a n d . f i e l d  f requencies  of t he  incoming video, while the read beams 

I f  it i s  deemed necessary t o  

11 

The w r i t i n g  takes  p l ace  

ope ra t e  a t  the  higher sweep r a t e s .  

b u t  out-of-phase, according t o  the cha r t .  

10 frames/second, one s to rage  tube would supply the video t o  the  monitor f o r  

The two switches ope ra t e  i n  synchronism 

I f  the incoming video was a t  

30 o r  3 frames. 
10 
- 

Notice t h a t  t h i s  system does not  i nc rease  the  complexity of t he  MOLAB c i r c u i t s ,  

b u t  only those of the ground s t a t i o n .  The ope ra to r  should have the  a b i l i t y  
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FIGURE 3-3 SCAN CONVERTER BLOCK DIAGRAM 
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t o  choose e i t h e r  the o r i g i n a l  video o r  the converted video f o r  h i s  p re sen ta t ion .  

3 . 3  RESOLUTION RATIO 

Once the scanning parameters such as N frame r a t e ,  a spec t  r a t i o ,  and 

u t i l i z a t i o n  factors have been s e t ,  the  maximum video frequency generated i s  

determined by the r e s o l u t i o n  r a t i o  M. 

through a system (such as the RF l i n k )  having a lower cut-off  than the value 

of f using an M = 1, the ho r i zon ta l  r e s o l u t i o n  w i l l  be p ropor t iona l ly  l imi t ed .  

t l '  

I f  the video information i s  t r ansmi t t ed  

Regarding obs t ac l e s ,  h i t  appears t h a t  the g r e a t e r  r e s o l u t i o n  would be needed 

i n  the v e r t i c a l  d i r ec t ion .  A loss i n  h o r i z o n t a l  r e s o l u t i o n  would Mean 

"blindness" t o  a narrow v e r t i c a l  o b j e c t  such a s  a po le ,  b u t  would no t  mean 

the i n a b i l i t y  t o  resolve the v e r t i c a l  edge of a c l i f f .  Loss of r e s o l u t i o n  

i n  the v e r t i c a l  d i r e c t i o n  would cause b l indness  t o  a narrow h o r i z o n t a l  l i n e  

such a s  the appearance of a crevice.  The c r e v i c e ,  of course,  i s  more t o  be 

expected than the pole (un le s s  the pole  were man-made). 

then, using ho r i zon ta l  scanning l ines , ,  a r e s o l u t i o n  r a t i o  of 0.5 t o  0.75 may 

be s a t i s f a c t o r y .  

For t h i s  system 

3 . 4  GRAPHS 

Bandwidth versus  frame r a t e  equations have been graphed i n  Figures  3-4 

through 3-7 t o  f a c i l i t a t e  bandwidth determinat ion i n  t e r n s  of e i t h e r  t o t a l  

scanning l i n e s  or r e s o l u t i o n  l i n e s .  Two aspec t  r a t i o s  have been shown for 
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Eandwidt,h v s .  frame Hate bs. Lines 3f H e s o l u t i o n  

FIGURE 3-4 BANDWIDTH CIfiRT 

V e r t i c a l  F rme  I(.ate 
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Handwidth v s .  Fraxe  date  7)s. L i n e s  of R e s o l u t i o n  

2 
f ,413 N R  f, 

Aspec t  Ilat.io 1/1 
R e s o l u t i o n  R a t i o  0.5 

FIGURE 3 -5  BANDWIDTH CHART 

V e r t i c a l  Frame Ha te  
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Bandwidth v s .  Frame Hate VS. Total Scantling Lines  

f = ,303 N 2  f, 
Aspect t ia t io  l/l 

Vertical r'raine :!ate FIGURE 3-6 BANDWIDTH CHART 
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Bandwidth v s .  Frame R ~ i e  v s  Lines  of' I l e s u l u t i o n  

- 1..33 f, 
= 1.105 

FIGURE 3-7 BANDWIDTH CHART 

ver t ica l  F r m e  :late 
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the  r e s o l u t i o n  l i n e  cha r t s .  Figure 3-5 r e p r e s e n t s  a minimal bandwidth 

cond i t ion  by using a high value of h o r i z o n t a l  u t i l i z a t i o n  f a c t o r  and a 

low r e s o l u t i o n  r a t i o  of 0.5. 

An example of parameters from t h i s  graph could be der ived as follows; 

a )  Assume an a l l o t t e d  RF bandwidth of 8 m c  and a FM modulation system 

using a modulation index of  2. The maximum video frequency i n  the  

modulating s i g n a l  would be 1 .65  m c .  

b )  The minimum frame r a t e  was e s t ab l i shed  as 10 cps.  From Figure 3-5, 

the  number of l i n e s  o f  r e so lu t ion  would be 633 and from Figure 2-6, 

the  f o c a l  l eng th  required t o  s ee  the 25 cm c rev ice  a t  100 meters 

would be 350 mm. 

c)  Since t h i s  i s  based on a 0.5 r e s o l u t i o n  r a t i o ,  the minimum hor i zon ta l  

width t h a t  could be resolved would be 

5mm = l o r n  
. 5  

3.5 STEREOPTICS 

If the t e i e v i s i o n  i i n k  i's cvris idered of siieh h p o r t a n c e  that it be made 

redundant,  then i t  is  f e a s i b l e  t o  consider  a s t e r e o p t i c  ( t h r e e  dimensional) 

video system. The system would c o n s i s t  of two sepa ra t e  cameras and video 

cha ins  with mixing of s i g n a l s  j u s t  p r i o r  t o  modulation. A t  the ground s t a t i o n ,  

s e p a r a t i o n  of l e f t  and r i g h t  video would be hccomplished, and s t e r e o  d i sp lay  
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would be provided t o  the operator .  

s e l e c t i n g  a combined monoscopic display.  

He would a l s o  have the c a p a b i l i t y  of 

On the f a i l u r e  of any p a r t  of e i t h e r  camera chain,  the remaining camera 

could s t i l l  de l ive r  a monoscopic p i c t u r e .  

nonredundant s t e reo  and redundant monoscopic. This assumes t h a t  a l o s s  

of s t e r e o p t i c s  does not prevent the operator  from c o n t r o l l i n g  the MOLAB 

due t o  the loss of  depth percept ion.  

The e n t i r e  system would be 

The d u a l i t y  of the human eyes permits ranging and the s t e r e o  e f f e c t  f o r  

d i s t a n c e s  up t o  a few f e e t .  By inc reas ing  the sepa ra t ion  between the 

o p t i c a l  axes of the camera l ens  o b j e c t i v e s ,  a s y n t h e t i c  s t e r e o  e f f e c t  

can be c r e a t e d  for  g r e a t e r  ranges with an accompaning inc rease  i n  the 

d i s t o r t i o n  of near ob jec t s .  

empi r i ca l ly  a s  i t  i s  based on the psychovisual e f f e c t .  

The optimum spacing can be detennined 

I f  the video i s  mixed and presented on a s i n g l e  monitor,  the t w o , o p t i c a l  

systems must be c a r e f u l l y  a l igned  and a s i n g l e  synchronizing system used 

f o r  optimum r e s u l t s .  

3.6  RANGE FINDING 

I f  range f i n d i n g  i s  to  be accomplished with the two-camera system, the 

following parameters must be considered: 

a )  Allowable range e r r o r  a t  the maximum range. 

b)  The minimum range a t  which range f ind ing  i s  t o  be accomplished. 

c )  The separat ion of the l ens  system's o b j e c t i v e s .  
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(3- 14) 

The 'range e r r o r  d r  i s  then r e l a t e d  t o  the angular  e r r o r  of the mi r ro r  s e t t i n g  

d(3 f o r  s m a l l  values  of d M , and f o r  any given value of range and separat ion.  

I n  o rde r  t o  express  the range e r r o r  i n  terms of the  readout d i a l  e r r o r ,  

equat ion 3-12 i s  r e w r i t t e n  i n  terms of dOc and d and s u b s t i t u t e d  i n  

equat ion 3-14. The range e r r o r  i s  then: 

R' 

(3-15) r 
R d r  = sec2 \ a r c  t a n  f 1 9 0  - arc  t a n  min 

X 

20630 

where 

r i s  range i n  meters 

x i s  sepa ra t ion  i n  meters 

r min i s  minimum range c a p a b i l i t y  

d r  is the  range e r r o r  i n  meters 

d a ,  i s  the r e so lv ing  c a p a b i l i t y  of  the readout d i a l  ( i n  degrees)  

The above assumes t h a t  the f u l l  360" i s  a v a i l a b l e  i n  the readout d i a l .  I f  

t h e  d i a l  has a dead space,  the 20630 term becomes: 

57.3 (360 - ad) 
where ad  is the  unusable port ion o f  the d i a l .  

Equation 3-15 i s  graphed i n  Figure 3-9 and shows the  range e r r o r  to  be 

expected fo r  a given r e s o l u t i o n  of t he  readout d i a l .  All curves assume a n  
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From these valuas, the r e s o l u t i o n  o f  the readout system can be 

de r i v e d  . 
Figgure 3-8 s b w s  t he  bas i c  geometry of t he  range €i.nder, and the 

. t a s i c  rang2 equations: 

r = x t a n =  ('3-8) 

d has maximum value of 90' and a minimum value e s t a b l i s h e d  by 

r 
&min = a r c  t a n  min 

X 

min The range of @then i s  90 - a r c  tan .- X 

(3-9) 

(3-10) 

," r i i i  s range will then be coupled through a gear t r a i n  t o  d r i v e  a 

:;,o'' dial ~ r ~ i  Z C L I ~ G U ~  purposes. The gear t r a i n  r a t i o  N will be: 

3 60 (3 -11)  - - 3 60 N Z  
@range 90 - a r c  t a n  rmin 

X 

3 60 = G t R  
90 - a r c  t a n  rmin a -  

X 

(3-12) 

For r e l a t i n g  the e r r o r s  i n  the system, the d i f f e r e n t i a l  of t he  basic 

range equat ion i s  found: 

2 
d r  = x sec a d 9  

where doc i s  expressed i n  radian measure. 

(3-13) 
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FIGURE 3-8 RANGE FINDER GEOMETRY 
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r min of 5 meters ,  and a non-backlash gear  t r a i n  coupl ing the  movable mi r ro r  

and the  readout d i a l .  

It i s  expected t h a t  the  aper tures  of t he  cameras w i l l  be i n  the  h o r i z o n t a l  

p lane  i n  which the  ranging of ob jec ts  can p resen t  a near  v e r t i c a l  and 

c o n t r a s t i n g  image. The range f inder  would not  be use fu l  f o r  a c r ev ice  

lay ing  normal t o  the  pa th  of the  vehic le .  

The two opposing c o n s t r a i n t s  of wide sepa ra t ion  f o r  range f ind ing  and c l o s e  

a p e r t u r e s  f o r  s t e r e o p t i c  view a t  c lose  ranges would d i c t a t e  a compromise. 

The problem may be solved empir ica l ly  by sepa ra t ing  the ape r tu re s  u n t i l  

un to l e rab le  d i s t o r t i o n  occurs. 

3.7 BANDWIDTH REDUCTION 

It is  a fundamental p r i n c i p l e  of information theory t h a t  an exchange can 

be made between time and bandwidth. This  p r i n c i p l e  i s  used i n  a bandwidth 

reduct ion  system where the video i s  recorded and then read and t ransmi t ted  

a t  a slower r a t e .  I n  t h i s  app l i ca t ion ,  the  increased  de lay  time could n o t  

be permit ted when the  t e l e v i s i o n  i s  performing i t s  prime func t ion  of the  

sensor  i n  the  d r i v e r ' s  con t ro l  loop. 

A second approach t o  t h i s  problem i s  based on a more e f f e c t i v e  use of 

bandwidth by analyzing the  video s i g n a l  and i t s  frequency spectrum. By 

process ing  the video s i g n a l ,  e i t h e r  a g r e a t e r  amount of information can 
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be transmitted in the same bandwidth or the same amount of information can 

be transmitted in a reduced bandwidth. In conventional television, the 

brightness of every element is transmitted. In the processed system, only 

the brightness changes and the position of these changes are transmitted. 

This system will cause a reduction in bandwidth only if the number of 

brightness changes is considerably less than the total. Statistical 

analysis of even high definition pictures shows that this is true, and 

systems which produce a reduction of 50% have been created. 

In a paper by Newel1 & Geddesl', a series of tests were made on three 

systems based on this method. 

conclusion of this paper (page 313) :  

The following was extracted from the 

"The quality of reproduction was in each case noticeably inferior to 

that which can be achieved with the conventional system .... A useful 

reduction could not be achieved by such techniques without imposing 

new restrictions on the amount of fine structure in the picture." 

The purpose of this system is to present a true picture of the lunar 

surface and not just a pleasing picture. Therefore, the present equipment 

for bandwidth reduction is not satisfactory in this application. This is 

based not only on the degradation of picture quality but also on the increase 

of equipment complexity. While the principles are sound, the present 

equipment is lacking and future efforts may produce an acceptable system. 
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4.0 ARTIFICAL ILLUMINATION 

4 * 1  PHOTOCATHODE ILLUMINATION 

It has been seen that the natural illumination sources will not be 

sufficient for adequate video pictures at ail phases of the moon. Due 

to the lack of atmosphere, shadowed areas will appear very dark and 

will require some artificial illumination. It then becomes necessary 

to establish the intensity, beam width, spectrum, and position of the 

lamps, 

It was seen in Section 1.0 that the brightness of the lunar surface 

due to an illumination E was: 

Y d  B = E  
?r 

( 4 -  1) 

If the lights are mounted at the same position as the camera apertures, 

the value of Q will be approximately unity. 

angles d = 5 O ,  the photometric function falls off rapidly. 

Even for small difference 

The value of E will be a function of the lamp parameters, lumped as the 

effective intensity I and the distance(s) involved. The brightness is 

now : 

E’ 

= I E 3  Q cos a 
CI 

where 

( 4 - 2 )  

A = angle of the light beam t o  the normal = - h 
S 
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The value of the effective intensity produced by the lamp will be a 

function of the actual intensity, the reflectors surface reflectivity, 

the transmission efficiency of the glass, and the beamwidth. 

With the filament rated in candles, the total flux emitted ie: 

If this total flux is collected by the reflector and formed into a 

conical beam, then the flux density is increased by a factor equal 

to the ratio of: 

solid angle of a sphere 
solid angle of the beam 

The solid angle of the conical beam can be found from its definition: 

curved surface area of a spherical segment 
(radius of sphere) 2 

l w :  

& i s  the solid angle subtended by an area on a sphere divided by the 

radius of the sphere squared. 

ure 4-21) can be found from: 

The area of 'a spherical segment (Fig- 

PlQMI 4-1 BOLtD 
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I -  

A = 2 p r h  

and 

8, = 2 a r c  cos r - h 
- r  

S u b s t i t u t i n g  f o r  h 
A - 

B = 2 a r c  COS r - 2 w r  = 2 a r c ' c o s  
r 

and s ince  w = A 
2 

r 

o r  

w = 2 (1 - COS - 0, ) s t e rad ians  

2 

The e f f e c t i v e  i n t e n s i t y  can now be determined as: 

To account f o r  t he  absorp t ion  losses  of t he  reflect-or and g l a s s ,  a 

dimensionless  f r a c t i o n a l  quant i ty  L i s  used so t h a t  

= 2 1 a  L 

B 1 - cos I E  
- 
2 

(4 -4)  

( 4 - 5 )  

(4 -5 )  

U s i Q g  this value of IE i n  equation 4-2, the  su r face  b r igh tness  becomes 

(4-7) 

B = 2 I a L ( 3 d h  (4-8) 
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where 

= Actual i n t e n s i t y  of lamp (candles)  'a 

L = Ref lec to r  l o s s e s  

9 = Lunar albedo 

8 = Photometric funct ion 

S = Object d i s t ance  (meters)  

8, = Conical beamwidth of lamp degrees 

TABLE 4-1 EFFICIENCIES OF POSSIBLE SOURCES 
+ 

Source WattsICandle Lumens /watt 

Tungs t en  1.25 10 

Tungsten, Gas F i l l e d  0 . 5  25 

Mercury Vapor Arc 0.3 42 

Sodium Vapor Arc 0.28 45 

L 

The e l ec t r , i ca l  power required t o  produce the l i g h t  depends on the e f f i c i e n c y  

of the source given e i t h e r  i n  wat ts lcandle  o r  lumenslwatt. The two r a t i n g s  

a r e  r e l a t e d  by: 

wat ts lcandle  4 7 1  
lumenslwatt 

(4-9) 

Table 4-1 l i s t s  several  e f f i c i e n c i e s  of  poss ib l e  sources.  
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P = Ia Ef 

= efficiency in watts/candle Ef 

or 

P = 4VIa 

Ef 

(4- 10) 

(4-11) 

= efficiency in lwenslwatt Ef 

The efficiencies given are not absolute, but depend somewhat on the tempera- 

ture of the filament and, therefore, the lamp's power rating. For example, 

a gas filled tungsten bulb at 50 watts is rated at 10 lumes/watt while a 

30kw bulb is rated at 31 lunens/watt. The value of 25 is valid for the 

wattage ratings expected for this application. 

Using the lens photometry equation from Section 2.2, and substituting for 

B y  the complete transfer equation is: 

(4-12) 

Assuming that L = .5, = .07, 8 = 1, T = .7, F = 1, h = 2 meters 

(4-13) 
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B eamwi d t h 

D i s t a n c e  ( s )  m e t e r s  

FIGURE 4-2  P.C.  ILLUMINATION VERSUS DISTANCE 
A R T I F I C I A L  ILLUMINATION 
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Figure 4-2  is a plot of photocathode illumination versus distance for two 

wattage ratings and three beam widths. The wattage ratings given are 

those for a tungsten lamp having an efficiency of 10 lumens/watt. 

4.2 SPECTRAL RESPONSE CONIDERATIONS 

The efficiencies given in Table 4-1 are based on the use of the human eye 

as the receptor and are only valid for a camera having the same spectral 

response as the eye. Since this is not probable, the energy must be 

evaluated in regard to the response curve of the particular device that is 

used. The procedure is to determine the area under a curve produced by 

the products of the irradiation and response curves. This is expressed as: 

00 

G = K S G ( 2 )  r ( n )  d> 
0 

where 

2 
G = Total irradiation in watts/cm 

= Irradiation at a particular wavelength of the source in 
2 

G( 2) 
watts/cm /fi 

y(/\) = Response af the device at a particular wavelength in 

amps/watt/cm a 

K = Constant of proportionality 

Since neither the irradiation or response functions can be described 
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a n a l y t i c a l l y ,  numerical methods are used i n  eva lua t ing  the i n t e g r a l .  To 

determine the current  output  of the device,  a summation of products i s  

made by : 

K=N 
i 

A c l o s e  approximation can be found by using a d 2 = 0.01 microns. Since 

G ( 2 )  i s  given per micron, the answer i s  2 g r e a t e r  than the  computed value.  

For optimum e f f i c i ency ,  the lamp's energy should be concentrated i n  the 
d A  

s p e c t r a l  range of the camera tube. I n  Figure 4-3, the r e l a t i o n s h i p  of the 

s o l a r  i r r a d i a t i o n ,  the s tandard luminousity curve,  a t y p i c a l  vidicon 

response,  and a spectrum o f  a tungsten lamp have been shown. The vidicon 

i s  responsive i n  the s h o r t e r  and n e a r - u l t r a v i o l e t  region near the peak of 

t he  s o l a r  i r r a d i a t i o n .  Much of the energy i n  the tungsten spectrum i s  

concentrated i n  the i n f r a r e d  band and would have a low e f f i c i e n c y  when 

evaluated i n  terms of  the vidicon. The outputs  of a gaseous conduction 

lamp,such as mercury vapor and sodium, produce l i n e  s p e c t r a s  t h a t  are more 

concentrated i n  the region of the vidicon and would, t h e r e f o r e ,  have a 

higher  photocathode e f f i c i e n c y .  

I n  the f i n a l  a n a l y s i s ,  each a r t i f i c i a l  source ( s o l a r  i r r a d i a t i o n  m u l t i p l i e d  

by the s p e c t r a l  albedo of  the moon and the e a r t h s h i n e  m u l t i p l i e d  by the 

lunar  albedo) must be evaluated by the camera t u b e ' s  response.  
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. 
.The source of the curves is  given as follows: 

1.) Irradiation from the sun, neglecting absorp-tion by atmosphere. Moon, 

9 P.  p30. Use l e f t  ordinates. 

9 2) Standard lminousi ty  function. Moon, P P 52 

Relative,  use right  ordinates. 

3) 250 watt tungsten lamp, Moon, P. P 56 

Relative,  use t ight  ordinates, 100 = loq3 watts/cm / p  2 

4) Vidicon Sens i t iv i ty .  RCA Tdbe Handbook. 

Relative,  use right  ordinates, 100 = .0275 A/PW 

c 

. 
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5.0 UP-LINK TELEVISION SUB-SYSTEM 

5.1 REQUIREMENTS 

The purpose of the systemmust be considered before the parameters of this 

sub-system can be chosen. The following assumptions are made for the 

purpose : 

a) This system will be used for transfer of graphic intormation to the 

astronauts in order to expedite repair of equipment. 

b) There will be no continuous motion to be considered in the information. 

However, "step" motion such as would occur in the assembly or dis- 

assembly of a mechanical device must be considered. 

c) This will not be used on a contiqwus basis except possibly as a back-up 

to the main information channels. 

d) The monitor portion of the system may be time-shared with the down 

link video so that the astronauts can have a local display of the MOLAB's 

cameras. 

5.2 SCANNING PARAMETERS AND BANWIDTH 

The scanning parameters will be based on those used in commerical television 

except for the aspect ratio and frame rate, as follows: 
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a) If a square picture (aspect 1:l) is used, then an optimum presentation 

of  page material will be displayed, since it may be aligned either way. 

b) The resolution ratio (M) should be close to unity since equal detail is 

to be expected in both the horizontal and vertical fields. 

. 
c) A frame rate of approximately 2 cps can be considered sufficient for 

the display of static material. 

Using these values then, the bandwidth can be found from equation 3-1: 

with 

= . 9  

\ = .9 

K = .7 

A ’ 1  

U 

M = 1  

= 525 

= 2  

NT 

then f - 193 KC 

5 . 3  POWER LEVELS AND RECEIVER QUALITY 

r 

Using the MSFN facilities of a lOkw transmitter and an 85 ft parabolic 

antenna, an estimate of receiver requirements can be made. Of the lOkw 
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power a v a i l a b l e ,  5kw may be designated f o r  video power, then t h e  r e c e i v e r  

power r e f e r r e d  t o  1 m i l l i w a t t ,  PR (dbm),is' found from: 

PR (dbm) * PT (dbm) t G T +  GR - FS - - M  

where 

PT 

GT 

GR 

LFS 
L, = C i r c u i t  losses (Total)  3db 

M = Design margin = 3db 

= Transmit ter  power i n  dbm = 67 dbm 

= Gain of 8 5 '  d i sh  ( i n  t r ansmi t  phase) = 50db 

= Gain of 4 '  receiving antenna =25db 

Free space loss (at 31 13cm) = 212db 

Then t h e  s i g n a l  power a t  t h e  r e c e i v e r  i npu t  i s  -76dbm. 

I f  a 30db S/N r a t i o  a t  t he  output of t h e  demodulator i s  req.-; urred for an 

accep tab le  p i c t u r e ,  a 19db S/N w i l l  be required a t  t h e  r e c e i v e r  input,, 

based on a frequency modulation system with a modulation index of 2 .  

Using t h i s  va lue  t o  determine t h e  maximum al lowable n o i s e  a t  t t e  

input  NR, 

=-76dbm - 19db = -95dbm 
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To determine a noise f i g u r e  NF from the  a v a i l a b l e  s i g n a l  l e v e l  and r equ i r ed  

no i se  l e v e l ,  

NF = NR - Nd - BW 

I f  the no i se  densi ty  is found from 

using the 290°K temperature of the e a r t h ,  then Nd e -204 dbw. 

The bandwidth, using the value of 200kc from Sec t ion  5.2, is 53 db. 

=The noise  f i g u r e  i s  then, 

NF = -95 - (-204) - 53 
NF = -56 

This shows t h a t  requirements of the r ece ive r  are no t  s t r i n g e n t .  

5.4 MONITOR 

The monitor s i z e  i s  not  deemed cr i t ical  and should conform t o  available 

space and weight a l lotments .  

The mointor should have the c a p a b i l i t y  of p re sen t ing  e i t h e r  the  up-link 
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v€deo (primary) o r  the  output  of the local cameras (secondary). The 

t e l e v i s i o n  l i n k s  are not  expected to  use e x a c t l y  the  same scanning pgrametets 

so some switching may have to occur i n  the  h o r i z o n t a l  and v e r t i e d l  sweep 

circuitry as wel l  as i n  the video. To prevent  unecessary complicatfons,  the  

tip-link system aspec t  ratio should conform t o  the pr imary system (dowwlink 

video 1. 

If the  monitor i s  operated a t  two d f f f e r e n t  frame r a t e s ,  10 cps  and 2 cps ,  

the phosphor should be acceptab le  for  both,  This may r equ i r e  a two l a y e r  

type such as P-7, with  the beam cur ren t  switched t o  a lower value when the 

h igher  frame r a t e  is being used. 

purpose of the  monitor ( the  d i sp lay  of up-l ink video)  should be the c o n t r o l l i n g  

factor. 

Rather than making a compromise, tho prirn0k-p 
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