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A B S T R A C T  

The need f o r  t h e  nav iga t ion  system of  t h e  Lunar 
Roving Veh ic l e  has  been eva lua ted ,  comparing i t  wi th  naviga- 
t i o n  by l u n a r  landmarks and prominent f e a t u r e s ,  and w i t h  t h e  
a b i l i t y  of t h e  c r e w  t o  see t h e  Lunar Module a t  r easonab le  
d i s t a n c e s .  I t  i s  concluded t h a t  t h e  n a v i g a t i o n  system i s  only  
a convenience i t e m ,  n o t  mandatory, and t h a t  miss ion  r u l e s  
should  n o t  r e q u i r e  t h e  system t o  be  o p e r a b l e  e i t h e r  t o  begin  
o r  con t inue  a s o r t i e .  

Considered as a convenience i t e m ,  moderate accuracy 
requi rements  are sugges ted  which can b e  achieved  by t h e  
equipment be ing  developed and wi th  l i t t l e  inconvenience t o  
t h e  c r e w .  The method of ope ra t ion  and sources  of e r r o r  f o r  t h e  
system are analyzed and d i scussed ,  arid a c c u r a t e  nomographs 
u s e f u l  i n  a l i g n i n g  t h e  d i r e c t i o n a l  gyroscope are p resen ted .  
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TECHNICAL MEMORANDUM 

1 . 0  INTRODUCTION 

This  memorandum i s  concerned w i t h  t h e  n a v i g a t i o n  
system of t h e  Lunar Roving V e h i c l e  ( L R V ) .  Planned for u s e  
i n  Apollo mis s ions  15-17, t h e  LRV i s  used t o  ex tend  t h e  area 
around t h e  Lunar Module which can be  i n v e s t i g a t e d .  The 
maximum d i s t a n c e  t h e  LRV can go from t h e  LM i s  res t r ic ted  
t o  9 . 5  KPI a l though t h e  LRV has enough b a t t e r y  power t o  go 
a t o t a l  of  some 7 0  KM i n  sortie d i s t a n c e .  This  i s  t y p i c a l l y  
d i v i d e d  i n t o  t h r e e  s e p a r a t e  s o r t i e s ,  w i th  res t  p e r i o d s  i n  
between, g iven  a t o t a l  l u n a r  s u r f a c e  s t a y  t i m e  of 66  hours .  
F igu re  1 shows p re l imina ry  t r a v e r s e s  planned f o r  Apollo 1 5 ,  
l and ing  a t  Hadley-Apennines, and i l l u s t r a t e s  how t h e  LRV 
pe rmi t s  sampling ma te r i a l  from bo th  t h e  edge o f  t h e  r i l l e  
and t h e  f o o t  of t h e  mountains. 

The n a v i g a t i o n  system has  two major u ses .  One i s  
t o  locate t h e  LRV (wi th  r e s p e c t  t o  t h e  LM) when s p e c i f i c  
s c i e n t i f i c  a c t i v i t y  occur s ,  t h e  o t h e r  i s  t o  show t h e  d i r e c t i o n  
and d i s t a n c e  t o  r e t u r n  t o  the LM. T o  do t h i s ,  it uses  a 
d i r e c t i o n a l  gyroscope t o  r e s o l v e  wheel r o t a t i o n s  i n t o  North- 
South and E a s t - W e s t  d i s t a n c e  components, and manipula tes  t h e s e  
t o  d i s p l a y  r ange  and b e a r i n g  from t h e  LRV t o  t h e  LM. Naviga- 
t i o n  system accuracy i s  reduced! by e r r o r s  i n  e f f e c t i v e  wheel 
s i z e ,  by wheel s l i p  and by d i r e c t i o n a l  gyro  azimuth e r r o r s .  
The n e x t  s e c t i o n  c o n s i d e r s  what system accuracy i s  r e q u i r e d ,  
i n  p a r t i c u l a r  c o n s i d e r i n g  nav iga t ion  p u r e l y  by landmark 
r e c o g n i t i o n  and by a c t u a l l y  see ing  the LM. W e  conclude t ha t  t n e  
system i s  n o t  mandatory f o r  a sor t ie ,  t h a t  it i s  c h i e f l y  a 
convenience item and should be t r e a t e d  as such. I ts  accuracy 
requi rements  are t h e r e f o r e  moderate, n o t  s t r i n g e n t .  

Later s e c t i o n s  d iscuss  how t h e  system works, e v a l u a t e  
t h e  e f f e c t s  of w n e e l  s i z e  and s l i p  and of  d i r e c t i o n a l  gyro  
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accu racy ,  ana lyze  t h e  Sun Shadow Device used t o  a l i g n  t h e  
gyro ,  and p r e s e n t  nomographs u s e f u l  f o r  such purposes .  I t  
appears  t h a t  t h e  system can be h e l p f u l  t o  t h e  c r e w  wi thou t  
r e q u i r i n g  s i g n i f i c a n t  a t t e n t i o n  by them. 

2 . 0  NEED FOR THE LRV NAVIGATION SYSTEM 

The t r e n d  i n  Apollo mis s ions  i s  toward l and ings  i n  
rougher  t e r r a i n .  Such areas a r e  of g r e a t e r  i n t e r e s t  s c i e n t i -  
f i c a l l y ,  e s p e c i a l l y  i n  t h a t  t h e  mare areas have a l r e a d y  been 
v i s i t e d .  F i g u r e s  1, 2 ,  and 3 show t h e  Hadley-Apennines area 
t o  be  v i s i t e d  on Apollo 1 5 ,  and t h e  Copernicus c ra te r ,  and 
t h e  Marius Hills a r e a ,  cand ida te s  f o r  l a t e r  Apollo mis s ions .  

A f a c t o r  i n  choosing s i tes  i s  t h e  a v a i l a b i l i t y  of 
e a s i l y  i d e n t i f i a b l e  landmarks. The r i l l e  a t  Hadley, t h e  
peaks i n  Copernicus,  and t h e  h i l l s  themselves  a t  Marius 
h e l p  t h e  LM Commander a s s e s s  t h e  LM d e s c e n t  t r a j e c t o r y  i n  
g u i a i n g  it t o  a " p i n p o i n t "  landing  a t  t h e  d e s i r e d  s i t e .  

A requirement  f o r  s e l e c t i o n  of a s i t e  i s  t h a t  good 
photography of t h e  area must be a v a i l a b l e ,  f i r s t  t o  assist  
i n  de te rmining  i f  t h e  area i s  s a f e  f o r  l a n d i n g  and then  t o  
p l a n  t h e  LRV s o r t i e s  and the s c i e n t i f i c  a c t i v i t y .  E a s i l y  
i u e n t i f i a b l e  craters and o t h e r  prominent f e a t u r e s  a r e  l o c a t e d ,  
t h e  sor t ies  a r e  planned using these as check-poin ts ,  r e l i e f  
models are made, and t h e  crew i s  t r a i n e d  i n t o  f a m i l i a r i t y  
w i t h  t h e  a r e a .  

The r e l evance  of t h i s  t o  t h e  LRV i s  simply t h a t  
adequate  n a v i g a t i o n  by landmarks and by u s e  of t h e  p i c t o r i a l  
h igh  accuracy maps of t h e  area should  be e n t i r e l y  p o s s i b l e .  
Navigat ion accuracy by t h e  MCC-II and/or t h e  c r e w  u s i n g  t h e  
v i s u a l  check p o i n t s  could be q u i t e  good. A d d i t i o n a l l y  t h e  LM 
should  be e a s i l y  v i s i b l e  a t  d i s t a n c e s  of  a t  l e a s t  1 KM and 
probably  as much as 3KM. (Reca l l  t h a t  t h e  crew should  n o t  go 
f u r t h e r  away than  9 .5  K M . )  The t o p  of t h e  L M  d e s c e n t  s t a g e  i s  
3 . 1  meters h igh  and t h e  t o p  of t h e  LM ascent s t a g e  i s  6 . 0  meters. 
Tne d i s t a n c e  R t o  t h e  luna r  ho r i zon  f r o m  an  o b j e c t  of h e i g h t  h 
i s  of t h e  form R = 1 8 6 4  A, wi th  h and R i n  m e t e r s .  
i f  t h e  s u r f a c e  i s  smooth, a man 2 m e t e r s  h igh  can see t h e  
t o p  of t h e  d e s c e n t  s t a g e  from 5.9 KM away, and t h e  t o p  of t h e  
a s c e n t  s t a g e  from 7 . 2  KM away, q u i t e  comfor tab le  d i s t a n c e s .  

Thus, 

But t h e  s u r f a c e  is  probably n o t  smooth. F igu re  4 
shows w h a t  h e i g h t  o b s t a c l e ,  p l aced  as unfavorably as p o s s i b l e ,  
cou ld  o b s t r u c t  v i s i o n .  Four h e i g h t s  are g iven  f o r  t h e  LM - 
as  i f  it rests below, on or  above t h e  average  s u r f a c e .  S i m i -  
l a r l y ,  t h r e e  h e i g h t s  f o r  tne obse rve r  are given:  w e  remark 
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FIGURE 2 - COPERNICUS PEAKS 
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FIGURE 3 - MARIUS HILLS 
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it i s  a n a t u r a l  p o l i c y  t o  s t and  on t h e  LRV or  climb whatever 
h i l l  is  convenient  when t r y i n g  t o  see a goodly d i s t a n c e .  
Thus, t h e  f i g u r e  shows, f o r  t h e  LM a t  3 meters,  t h e  LRV 
r ange  a t  4 0 0 0  meters, and t h e  eye  a t  1 m e t e r ,  t h a t  an ob- 
s tac le  about  0 . 6  meters h igh  ( n o t  1 because of  t h e  c u r v a t u r e  
of t h e  moon) w i l l  obscure  v i s i b i l i t y  of  t h e  LM, b u t  if t h e  
eye  i s  r a i s e d  t o  3 meters, t h e  r e q u i r e d  o b s t a c l e  s i z e  i n c r e a s e s  
t o  abou t  1 . 8  meters. An o b s t a c l e  of such h e i g h t  may b e  e i t h e r  
a rock  ( i n  which case t h e  proper  procedure i s  t o  d r i v e  on w i t h  
t h e  LRV t o  ano the r  vantage p o i n t ) ,  o r  a r i d g e  (which i f  it 
runs  fo r  an  a p p r e c i a b l e  d i s t a n c e  i s  a u s e f u l  landmark f o r  
n a v i g a t i o n  wi thou t  need t o  s e e  t h e  LM). 
v i s u a i  check-points  u n t i l  t h e  LM i s  v i s i b l e  should  be completely 
accep tab le .  

Naviga t ion  us ing  t h e  

So it appears  t h a t  t h e  LRV n a v i g a t i o n  system i s  n o t  
a mandatory system and t h a t  mission r u l e s  should  pe rmi t  sor t ies  
whether  it i s  ope rab le  o r  not .  Its convenience must b e  
weighed a g a i n s t  t h e  t i m e  d i v e r t e d  from primary s o r t i e  t a s k s  
t o  keep it ope ra t ing .  The accuracy requi rements  p l aced  on it 
must ba l ance  between be ing  a c c u r a t e  enough t o  b e  u s e f u l ,  b u t  
n o t  so s t r i n g e n t  t h a t  it r e q u i r e s  c o n t i n u a l  c r e w  a t t e n t i o n  
( i n  r e a l i g n i n g  t h e  d i r e c t i o n a l  g y r o ) .  On such ba lance ,  
700  m e t e r s  ( l a )  seems t o  be a r easonab le  requirement .*  
Ten deg/hr  gyro  d r i f t ,  3' gyro al ignment  accuracy ,  and 3 
r ea l ignmen t s  made convenient ly  du r ing  a s o r t i e  are needed t o  
ach ieve  t h i s  accuracy (see fo l lowing  s e c t i o n s ) .  With such 
accuracy ,  and r easonab le  LM v i s i b i l i t y ,  no t r a v e l  should  b e  
wasted i n  r e t u r n i n g  t o  t h e  LM. 

S p e c i f i c a t i o n  accuracy requi rements  are e q u i v a l e n t  
t o  850 meters, and t h e  system can be  expec ted  t o  perform ap- 
p r o p r i a t e l y  (or  be t te r )  t o  i t s  func t ion .  

3 .0  FUNCTIONAL DESCRIPTION OF THE NAVIGATION SYSTEM 

F igure  5 shows t h r e e  views of t h e  Lunar Roving 
Vehic le .  The c o n t r o l  console  which c o n t a i n s  t h e  n a v i g a t i o n  
d i s p l a y  and t h e  c o n t r o l  panel  i s  l o c a t e d  on a p e d e s t a l  between 
t h e  t w o  a s t r o n a u t s .  A s  shown i n  F igu re  6 ,  t h e  pane l  c o n t a i n s  
r e a d o u t s  of range  t o  t h e  L M  ( X X . X  K M ) ,  b e a r i n g  t o  t h e  LM 
(XXX.  d e g ) ,  traverse d i s t a n c e  ( X X . X  K M ) ,  d i r e c t i o n a l  gyro  
gimbal  a n g l e  (Heading, i n  1' mark ings ) ,  and a v e l o c i t y  m e t e r .  
The power, system reset and gyro t o r q u i n g  swi t ches  are a l l  
pu l l -before- throw type  c o n t r o l s .  

To a l i g n  or r e a l i g n  t h e  d i r e c t i o n a l  gyro ,  t h e  LRV 
i s  d r i v e n  so t h a t  t h e  sun i s  w i t h i n  215' o f  dead a f t ,  s h i n i n g  
o v e r  t h e  shou lde r s  of t h e  a s t r o n a u t s .  The gnomon of t h e  

*The LRV can d r i v e  7 0 0  meters i n  about  5 minutes .  Walking, 
some 10-15  minutes  would be  r e q u i r e d ,  i f  such a n a v i g a t i o n  e r r o r  
cou ld  go unnot iced  u n t i l  t h e  end. 
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s u n d i a l  i s  then  r o t a t e d  i n t o  p o s i t i o n  so t h a t  i t s  shadow f a l l s  
on t h e  k15O Sun Shadow Device (S.S.D.) scale  a f f i x e d  t o  t h e  
console .  The gnomon i s  s t o r e d  i n  a fo lded  p o s i t i o n  i n s i d e  
t h e  console  f o r  p r o t e c t i o n  a g a i n s t  be ing  b e n t  o r  caus ing  damage 
t o  t h e  c r e w  p r e s s u r e  s u i t s .  The c r e w  r e a d s  and p a s s e s  t o  t h e  
Mission Cont ro l  Center-Houston (MCC-H) t h e  S.S.D. a n g l e ,  and 
t h e  LRV p i t c h  and r o l l  ang le s .  The p i t c h  and r o l l  a n g l e s  are 
o b t a i n e d  from a s imple  pendulum d e v i c e  on t h e  l e f t  s i d e  of t h e  
conso le  ( a s  shown i n  F igu re  7 ) .  

The MCC-H uses  t h e s e  ang le s  and sun and moon ephemeris 
d a t a  t o  c a l c u l a t e  t h e  d i r e c t i o n a l  gyro gimbal (Heading) 
a n g l e  s o  t h a t  t h e  gyro  i s  c o r r e c t l y  a l i g n e d  w i t h  l u n a r  North.  
T h i s  a n g l e  i s  voiced  t o  t h e  LRV crew and se t  on t h e  Heading 
i n d i c a t o r  v i a  t h e  gyro to rqu ing  c o n t r o l .  

Range, Bear ing  and Distance Counters  are i n i t i a l i z e d  
w i t h  t h e  system reset  c o n t r o l  and t h e  s o r t i e  can begin .  To 
measure u i s t a n c e ,  each w h e e l  has n i n e  e q u a l l y  spaced magnetic 
d e v i c e s  mounted on it. A s  t h e  wheels ro ta te ,  t h e s e  cievices 
p a s s  s t a t i o n a r y  r eed  swi t ches  and t r i g g e r  p u l s e s  which are 
s e n t  t o  t h e  computer. A composite p u l s e  occur s  a t  t h e  t i m e  
when t h e  t h i r d  wheel p u t s  o u t  i t s  t h i r d  p u l s e .  
p u l s e  i s  s c a l e d  t o  0.735 m e t e r s  i n  t h e  computer. Requir ing 
p u l s e s  from t n r e e  wheels e l i m i n a t e s  t h e  e f f e c t s  of wheel s l i p  i n  
t w o  wheels.  N o t  r e q u i r i n g  a pu l se  from t h e  f o u r t h  wheel i s  an 
a t t e m p t  t o  avoid t h e  e f fec ts  of a s i n g l e  d e v i c e  f a i l u r e .  

The composite 

The 0.735 meter d i s t a n c e  ( p u l s e )  g r a n u l a r i t y  i n c l u d e s  
n a t u r a l  w h e e l  deformation and nominal s l i p  c o r r e c t i o n  f a c t o r s .  
Each 0.735 m e t e r  d i s t a n c e  increment i s  r e s o l v e d  i n t o  North- 
South and E a s t - W e s t  components u s ing  t h e  s i n e  and c o s i n e  of t h e  
heading angle .  These are e x t r a c t e d  by a S c o t t  'IT" network 
from t h e  d i r e c t i o n a l  gyro s e l s y n  o u t p u t .  Accumulator d i g i t a l  
r e g i s t e r s  hold t h e  North-South, E a s t - W e s t  p o s i t i o n  of t h e  LRV 
wi th  r e s p e c t  t o  t h e  LM. The  Ca r t e s i an  p o s i t i o n  d a t a  i s  
then  conver ted  t o  p o l a r  form (Range and Bearing t o  LM) by a 
novel  t echn ique  c a l l e d  t h e  Cordic Algorithm. [ l l  This  u s e s  
a d d i t i o n  and d i g i t a l  s h i f t i n g  processes  t o  c o n v e r t  C a r t e s i a n  
c o o r d i n a t e s  t o  p o l a r  coord ina te s  wi thou t  u s i n g  t h e  Pythagorean 
theorem o r  a rc - t angen t  func t ions .  A s  a r e s u l t  it saves  con- 
s i d e r a b l e  computer complexity.  

Range and Bearing t o  t h e  LM are d i s p l a y e d  f o r  t h e  
c r e w  on t h e  d i g i t a l  coun te r s  shown i n  F igu re  6.  These  coun te r s  
a r e  reset  only  when t h e  system reset swi t ch  i s  used. I f  LRV 
power or  n a v i g a t i o n  system f a i l u r e  o c c u r s ,  t h e  coun te r s  a r e  
n o t  a u t o m a t i c a l l y  reset. T h e  only c a p a b i l i t y  of t h e  reset  
swi t ch  i s  t o  z e r o  t h e  c o u n t e r s ,  hence no p o s i t i o n  c o r r e c t i o n s  
can be  made du r ing  a t r a v e r s e  even i f  landmark and/or MCC-H 
p o s i t i o n  d a t a  are a v a i l a b l e .  
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P e r i o d i c a l l y  t h e  gyro is  r e a l i g n e d  t o  correct f o r  
i t s  d r i f t  s i n c e  t h e  l a s t  alignment.  How o f t e n  al ignment  
needs t o  be done i s  a f u n c t i o n  of t h e  gyro d r i f t  r a t e  and t h e  
LM r e l a t i v e  l o c a t i o n  accuracy requi red .  Realignment should  
n o t  be needed so  o f t e n  t h a t  it i n t e r f e r e s  wi th  t h e  purposes  of 
t h e  s o r t i e .  

The DIST ( d i s t a n c e  t r a v e l e d )  r eadou t  i s  used mainly 
a s  an i n d i c a t o r  of how much t r a v e r s e  c a p a b i l i t y  ( b a t t e r y  
power) has  been used ,  and t h u s  i s  an i n d i c a t i o n  of t h e  re- 
maining t r a v e l  c a p a b i l i t y  of t h e  LRV. 

More d e t a i l e d  d a t a  on t h e  S i g n a l  P rocess ing  Uni t  
and t h e  D i r e c t i o n a l  Gyro Unit  can be o b t a i n e d  from Reference 2 .  

4 . 0  WHEEL PULSE ACCURACY EFFECTS 

The n i n e  magnetic devices  on each wheel should  pose 
no problem i n  accurate mounting: s l i g h t  i n a c c u r a c i e s  w i l l  
have a n e g l i g i b l e  o v e r a l l  e f f e c t .  The wheels are f a i r l y  
compress ib le ,  and load  v a r i a t i o n s  (rock samples ,  f o r  i n s t a n c e )  
w i l l  change t h e  e f f e c t i v e  wheel r a d i u s .  A l s o  producing errors 
w i l l  be  t h e  e f f e c t  of s o f t  s o i l  which induces  churn ing  and,  
m o s t  c e r t a i n l y ,  wheel s l i p .  These e f f e c t s  w i l l  be a m p l i f i e d  
as t h e  LRV n e g o t i a t e s  s l o p e s .  The technique  of r e q u i r i n g  
odometer p u l s e s  from t n r e e  wheels t o  g e n e r a t e  one composite 
p u l s e  w i l l  n e l p  t h e  odometer e r r o r  s i t u a t i o n  somewhat, b u t  
anytn ing  which s i m i l a r i l y  a f f e c t s  more t h a n  t w o  wheels induces  
an error i n t o  t h e  nav iga t ion  system. 

The North/South p o s i t i o n  (N) and t h e  East/West 
p o s i t i o n  ( E )  can be w r i t t e n  as: 

t 
N =I V cos H d t  

0 

t 

E =I V s i n  H d t  

0 

Where V is  t h e  LRV v e l o c i t y  and H i s  i t s  d i r e c t i o n  
(azimuth,  E a s t  of l u n a r  Nor th ) .  
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Actually this is a discrete equation because the 
distance is measured in pulses. But the pulses come so close 
together that there is no significant difference between 
the results of the two forms. 

Defining a scale factor F as a number normally 
equal to 1.0, varying as the wheel size varies, and defining 
a slip velocity S as motion of the wheels without motion of 
the LRV (with S desirably zero), the true equations are 

t 
iqT = /  

0 

t 

ET = /  
0 

or, expanded, 

t 

NT =I 
0 

t 
ET =/ 

(FV+S) cos H d t  

(FV+S) sin B dt. 

FV cos H dt + S cos H dt 
0 

FV sin H dt + rt s sin H dt. 
0 

The LRV path returns 

I tv  V cos H dt and 
0 

ideally 

of tne sortie. Thus if F is a 
0 

J 
0 

to its starting point, i.e., 

sin H dt equal zero at the end 

constant, an error in wheel 
size will have no effect at the end of the sortie, there is 
simply a rescaling of distance. At other times, the error will 
be the difference in F from unity times the North or East 
position (if F is constant). I f  F is variable, the error 
could be greater or less than such a value depending on the 
variation in F and when it happens. 
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A constant slip S is equivalent to a variation in 
F, but it is most likely a variable. 
terrain softness. 

It depends on slope and 

Analysis by The Boeing Co. based on a variation in 
wheel size of 1% gives an srror of some 50 meters for the 
reference sortie. 
values to use, but they are difficult to quantify precisely 
because they depend also on the soil and terrain along the 
actual path of the LRV. 
alignment errors to be much greater than 50 meters: 
present estimates of wheel size variations and slip are 
grossly in error, these factors will not contribute important 
errors. 

Analysis continues to determine the proper 

But the next section shows gyro 
unless 

5 .0  GYRO ALIGNMENT ACCURACY EFFECTS 

Assuming that the azimuth angle H is in error by a 
small amount AH, the N and E equations become, approximately: 

V cos I i  dt - (AH) V sin H dt It t 
N =I V cos I i  dt - (AH) V sin H dt It t 
N =I 

V sin €I dt + (AH) V sin H dt. 
t 

0 0 

or, for the errors 

t 
E = -1 (AH) V sin H dt 14 

0 

0 

Since the LRV returns to its starting point, constant 
values of Ai5 will cause no error at the end of the sortie, 
the effect being only a small rotation of coordinate axes. 

But this is not the likely case. One expects the align- 
and uncorrelated with ment error at each realignment to be random, 

the error at any other realignment. Additionally, the gyro will 
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probably drift, the value being approximately constant 
throughout the sortie. Under such assumptions we write, for 
the period between the ith and (i+l)st realignment, the equations 
(AHo = alignment error, D = drift rate) - 

V sin H dt - ~ 1 ~ ~ "  (t-ti) V sin H dt 

ti 

- 
"o,i 

- -  E N,i 
ti 

or 

L i 

E = + AH [N(ti+l)-N(ti) 1 + D[ (ti+l-ti) N(ti+l 
E , i  o,i 

For compactness, write these equations as 

E = AHo a + D b i  N,i ,i i 

E = AHo,i c i + D d i  Eli 

The cumulative error at the ktn alignment time (or at time tk) is 
then 

- 
k 

i=l 

c + D di) 
E Elk = f (AHo ,i i 

i=l 



BELLCOMM. INC. - 16 - 

I 

I 

i 
I 
i I 

I 
I 
I 
I 
I 
I 
I 

- To develop statistical measures, the assumptions are (with 
indicating expected value) : 

- 
2 = u  2 , A M  o,i I AHOli = 0 - 2 2 D = D , D  = D  

D AHo = o  AHo,i AHo, j = 0 for i # j li 

With the results, for the mean value 

k 
E Nlk = D E  bi 

i=l 

and for the standard deviation 

i=l 

- k 

i=l 

Figure 8a plots these effects for drift rates of 
10 deg/hr and alignment errors of 3 degrees for the reference 
sortie shown there. East and North errors have been root-sum- 
squared to remove any effect due to the specific orientation 
of the sortie. The data are given for 0 to 5 realignments 
equally spaced during the sortie (a time of 2.5 hours was 
used, which represents the time actually spent moving - a 
science stop for a significant time without realigning the gyro 
will put these data in error), and the errors are shown for 
four times during the sortie. 
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The e r r o r s  scale d i r e c t l y  w i t h  misal ignment  and 
d r i f t  r a t e  v a l u e s .  
approximately e q u a l  errors and a r e  a c h i e v a b l e ,  which i s  why 
t h e s e  s p e c i f i c  v a l u e s  w e r e  used. 

Three degree  misalignment and 10° /hr  g i v e  

The r e s u l t s  a r e  somewhat s u r p r i s i n g :  one would 
e x p e c t  t h e  error t o  reduce t h e  more f r e q u e n t  t h e  r ea l ignmen t s .  
But t h e  s p e c i a l  shape of t h e  sor t ie  pa th  - t h a t  it r e t u r n s  t o  
i t s  s t a r t i n g  p o i n t  - u p s e t s  t h i s  i n t u i t i v e  estimate u n l e s s  
t h e r e  are more rea l ignments  t h a n  it i s  p r a c t i c a l  t o  make. 
This  i s  why t h e  e r r o r s  are g iven  a t  f o u r  d i f f e r e n t  t i m e s  - t o  
avoid  be ing  mis led  by t h e  effects  of t n e  p a t h  shape.  

s o r t i e ,  w i l l  l i k e l y  be random from one sor t ie  t o  t h e  n e x t ,  
it is  r e a s o n a b l e  t o  root-sum-square t h e  e r r o r s  due t o  misa l ign-  
ment and d r i f t ,  and t h i s  r e s u l t  i s  a lso p l o t t e d .  Three 
r ea l ignmen t s  a r e  b e t t e r  t han  2 and about  t h e  same as 4 and 
t h e r e f o r e  an accuracy g o a l  of 700  meters, w i t h  3' al ignment  
e r r o r  and 1 0  cleg/hour G r i f t  r a t e  seems reasonab le  and ach ievab le  
w i t h o u t  d i f f i c u l t y .  

S ince  t h e  c i r i f t  r a te ,  a l though c o n s t a n t  d u r i n g  any 

F igure  8b g i v e s  t h e  same type  of d a t a  f o r  a s t r a i g h t  
l i n e  so r t i e  of 1 0  KM of 2 hours  d u r a t i o n .  The errors are 
s i m i l a r  and t h e  same conc lus ions  can be reached.  

6.0 GYRO ALIGNMENT DETERMINATION TECHNIQUES 

T o  reduce t h e  e f f e c t  of gyro d r i f t ,  t h e  d i r e c t i o n a l  
gyro can be r e a l i g n e d  when t h e  LRV s t o p s  f o r  s c i e n t i f i c  
purposes .  To beg in  a rea l ignment ,  t h e  LRV i s  d r i v e n  u n t i l  
t h e  sun i s  w i t h i n  k 1 5 O  of dead a f t .  The gnomon of  t h e  Sun 
Shadow Device (see F igure  6 )  is then r o t a t e d  u n t i l  i t s  shadow 
f a l l s  on t h e  s c a l e .  The scale angle  ( c a l l e d  Do i n  t h i s  
s e c t i o n ) ,  t h e  p i t c h  a n g l e  P of t h e  LRV, t h e  r o l l  a n g l e  R ,  and 
t h e  d i r e c t i o n a l  gyro a n g l e  G I  a r e  t h e n  voiced  t o  t h e  MCC-H. 
MCC-H u s e s  sun ephemeris d a t a  (azimuth $ and e l e v a t i o n  8 a t  
t h e  p r e s e n t  t i m e  a t  t h e  LM's l o c a t i o n ) "  t o  c a l c u l a t e  a new 
a n g l e  G ,  t o  which t h e  d i r e c t i o n a l  gyro i s  torqued .  Comparing 
G I  b e f o r e  rea l ignment  w i t h  G g ives  an idea of gyro d r i f t  ra te  
(see l a t e r ) .  

Analys is  shows accuracy i n  LRV p i t c h  and r o l l  t o  be 
r easonab ly  impor t an t  ( a l s o  see l a t e r ) .  The re fo re ,  t h e  r ead ings  
- and gyro  t o r q u i n g  should  t a k e  p l ace  wi th  t h e  c r e w  i n  p l a c e ,  
and p r e f e r a b l y  j u s t  b e f o r e  t h e  LRV resumes t h e  sor t ie .  Taking 
r e a d i n g s  b e f o r e  s c i e n c e  a c t i v i t y  beg ins  and t o r q u i n g  t h e  gyro 
a f t e r  s c i e n c e  a c t i v i t y  ends i s  not recommended, because t h e  
p i t c h  and r o l l  a n g l e s  might change. 

*LM o r  LRV - t h e  d i f f e r e n c e  i n  t h e i r  l o c a t i o n s  i s  i n -  
s i g n i f i c a n t  he re .  
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Analys is  a l s o  shows t h a t  t h e  scale r ead ing  Do i s  n o t  
g e n e r a l l y  an a c c u r a t e  measure of t h e  azimuth a n g l e  between t h e  
sun  and t h e  LRV. The c o r r e c t  formula i s  developed i n  t h e  
fo l lowing  s e c t i o n s ,  an a c c u r a t e  approximate formula and nomo- 
graphs are t h e n  developed,  and remarks are made on t h e  
e f f e c t s  of e r r o r s .  

6 . 1  The Sun Shadow Device 

F igu re  9 shows t h e  elements of  t h e  Sun Shadow Device 
and g i v e s  dimensions.  I t  i n d i c a t e s  why t h e  accuracy of t h e  
S.S.D. i s  a f u n c t i o n  of sun e l e v a t i o n .  The p i v o t  of t h e  b r a c k e t  
i s  n o t  a t  t h e  scale and consequent ly  t h e  d i s t a n c e  between t h e  
gnomon and t h e  scale v a r i e s  w i th  sun e l e v a t i o n  and LRV p i t c h .  
The scale i s  c a l i b r a t e d  f o r  a sun e l e v a t i o n  a n g l e  of about  
2 S 0 ,  b u t  i s  33% i n  error a t  a sun e l e v a t i o n  a n g l e  of 6 0 ° .  
F u r t h e r ,  r o l l  of t h e  LRV o f f s e t s  t h e  r ead ing  by about  a f a c t o r  
of u n i t y  a t  a sun e l e v a t i o n  ang le  of 45'. 

The t r u e  r e l a t i o n s h i p  between DO, t h e  s c a l e  r e a d i n g ,  
and t h e  v a r i a b l e s  JI (sun azimuth r e l a t i v e  t o  l u n a r  N o r t h ) ,  
e ( sun  e l e v a t i o n  a n g l e  above h o r i z o n t a l ) ,  H (LRV heading from 
l u n a r  N o r t h ) ,  A ( r e l a t i v e  heading of t h e  LRV t o  t h e  sun ,  see 
F igure  lo), P (LRV p i t c h  ang le )  , R (LRV r o l l  a n g l e )  and i3 
(gnomon b r a c k e t  ang le ,  see Figure  9 )  i s  found by s o l v i n g  t h e  
v e c t o r  equa t ion  shown i n  F igu re  9 f o r  c (where the sun r a y  
which casts a shadow on t h e  s c a l e  h i t s  t h e  gnomon), d ( d i s -  
t a n c e  f r o m  t h e  gnomon t o  t h e  sca le ) ,  and r ( t h e  s c a l e  r e a d i n g  
i n  i n c h e s )  which i s  related t o  D o  by t h e  formula 

Do = r/0.05767. 

The formulas* a r e  shown i n  F igu re  11. 

*The E u l e r i a n  ang le  P used h e r e  i s  t h e o r e t i c a l l y  d i f f e r e n t  
from t h e  a n g l e  P r ead  from t h e  in s t rumen t ,  b u t  t h e  d i f f e r e n c e  
i s  f a r  less t h a n  t h e  p r e c i s i o n  wi th  which t h e  ang le  can be read .  
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The computat ional  procedure i s  t o  vary  t h e  a n g l e  B 
(by a Newton-Raphson i t e r a t i o n  procedure,  f o r  example) u n t i l  
c = 1.1", which i s  t h e  mid-point of t h e  gnomon. 

A t r u e  s u n d i a l  would g ive  D o  = A', b u t  f o r  t h e  
reasons  noted  above, t h e  S.S.D. i s  n o t  a t r u e  s u n d i a l .  
F igure  1 2  shows t h e  error D - A vs.  A f o r  a v a r i e t y  of  sun 
e l e v a t i o n  a n g l e s ,  and w i t h  LRV p i t c h  and r o l l  bo th  zero. The 
e r r o r  approaches 5' a t  h igh  sun angles .  F igu re  13  shows 
D - A vs .  A a g a i n  b u t  now f o r  a p i t c h  ang le  of +5O and a r o l l  
ang le  of -5'. Now t h e  maximum error i s  11'. C o r r e c t i o n s  f o r  
sun e l e v a t i o n  and LRV p i t c h  and r o l l  are obvious ly  necessary .  

A p o l i c y  of l i m i t i n g  r e l a t i v e  sun azimuth t o  +5' 
i n s t e a d  of k15'  has  been d iscussed .  Th i s  reduces t h e  11' 
e r r o r  t o  8 O ,  n o t  enough b e n e f i t  t o  make t h e  p o l i c y  d e s i r a b l e .  
A l a t e r  s e c t i o n  shows t h e  f u l l  k15' can be  used w i t h  l i t t l e  
error. 

6 .2  Sun Azimuth and E l e v a t i o n  

A few words about  sun  azimuth and e l e v a t i o n  may be  
a p p r o p r i a t e  h e r e ,  t o  e s t a b l i s h  t h e  ranges  of i n t e r e s t .  
Reference 4 has  been used. 

R e l a t i v e  t o  t h e  moon's equa to r  and p o l e ,  t h e  s u n ' s  
p e r i o d  i n  l o n g i t u d e  i s  29.5 days ( 0 . 5 0 8  deg rees /hour ) .  I n  
l a t i t u d e ,  t h e  sun v a r i e s  over  a range of +1.6", w i t h  a p e r i o d  
of about  346  days.  

For an  Apollo miss ion ,  t h e  sun e l e v a t i o n  ang le  i s  
r e s t r i c t e d  t o  be ing  g r e a t e r  t han  about  7' a t  l and ing ,  and t o  
less t h a n  about  60'  a t  t h e  end of a 66  hour s t a y  t i m e  w i t h  a 
T + 2 4  hour  launch.  The maximum e l e v a t i o n  a n g l e  a lso depends 
on t h e  l a t i t u d e  of t n e  s i t e ,  which v a r i e s  between about  +25O 
(Hadley-Apennines, Apollo 15)  and about  -10' (Davy) - - these  
be ing  t h e  nor thern-  and southern-most sites under  p r e s e n t  
c o n s i d e r a t i o n .  

F igu re  1 4  shows v a r i a t i o n s  of sun  azimuth I$ and 
e l e v a t i o n  e w i th  t i m e  f o r  s o m e  of t h e  miss ions  of p r e s e n t  
i n t e r e s t .  I t  a l so  shows t h e  change i n  sun azimuth d u r i n g  
5 hours  ( r e p r e s e n t i n g  t h e  maximum d u r a t i o n  of a s o r t i e ) .  
The sun  s t a y s  between -20'  and +40° of E a s t ,  and may change 
as much as 3' i n  azimuth d u r i n g  a s o r t i e ,  a change l a r g e  
enough n o t  t o  be neg lec t ed .  I t  is n o t  d i f f i c u l t ,  however, t o  
p r e c a l c u l a t e  t h e s e  ang le s  f o r  s p e c i f i c  mis s ions ,  and simply 
t a b u l a t e  them. 
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6.3 Sun Shadow Device Nornographs 

Two methods are p o s s i b l e  f o r  p r o c e s s i n g  t h e  d a t a  
g iven  by t h e  c r e w :  
and t a b l e s .  
been t e s t e d  by t h e  w r i t e r s  w i th  p e r f e c t  r e s u l t s ,  g iven  p e r f e c t  
d a t a .  
g iven  ear l ier .  

u s i n g  t h e  RTCC computers,  o r  nomographs 
F igu re  15 g i v e s  a r o u t i n e  f o r  t h e  RTCC which h a s  

I t  i s  a Newton-Raphson i t e r a t i o n  based on t h e  formulas  

Nornographs can be developed e a s i l y  i f  s m a l l  ang le  
assumptions (cos = 1, s i n  = angle)  are made f o r  t h e  ang le s  A ,  
R and A .  A appears  i n  t h e  approximation 

B = e + P + A ,  a < ioo 

The a n a l y s i s  f i r s t  u ses  t h e  equat ion  f o r  c g iven  ear l ier  t o  
f i n d  A ,  and t h e n  s u b s t i t u t e s  t h i s  i n  t h e  e q u a t i o n  f o r  D ,  
s o l v i n g  it f o r  A. The r e s u l t i n g  formulas  are (wi th  a and 
B as b e f o r e )  

Do f ( 8  + P )  A: = 

A' = A i  + A; 

(e, II, from t a b l e s ,  
D ,  P ,  R read by 
c r e w  S = s i n ,  
C = c o s i n e )  

The f u n c t i o n  f ( e + P )  i s  p l o t t e d  i n  F i g u r e  1 6 .  Nomo- 
graphs ,  based on t echn iques  given i n  Reference 5 are g iven  i n  
F i g u r e s  1 7  and 18 .  They are s u r p r i s i n g l y  a c c u r a t e :  g iven  
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CY = 1.35 sin 20" - 0.33 cos 20" 

(3 
r 
B 
& = Do (first guess) 

= -1.35 cos 20" - 0.33 sin 20" 

= D'(0.05767) (converts sundial angle t o  inches on the scale) 
= 8 + P (first guess) 

eC 

er 

= cd - (S,(a-3.25 cos B) - Sx(0-3.25 sin B))/Det 

= r + SY(a cos B + 0 sin B-3.25)/Det 

dSX ~ = +SAcCeCP 
dA 

d'. = -[(a-3.25 cos B) dSZ - - (0-3.25 sin B) dSX - ] /Det  
dA dA dA 

+(cd-eC) (- dSX cos B + dSZ - sin . B)/Det 
dA dA 

de, 
- =-3.25(Sz sin B + Sx cos B)/Det + (Cd-eC)(-SX sin B + sz cos B)/Det 
dB 

dSX dSZ - - _ _  dSy (a cos B + 0 sin B - 3.25)/Det + (r-er) (- cos B + - sin B)/Det der - 
dA dA dA dA 

_ _  der - S y  (-CY sin B + (3 cos B)/Det + (r  - er) (-Sx sin B + Sz  cos B)/Det 
dB 

AC = A c + A A  

B = B + A B  

If ( IAAl <(tolerance A) and IABI <(tolerance B)) exit, otherwise return t o @  

Figure 15 - Algorithm for complete compensation for pitch, roll, and S. S. D. Geometry 
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perfect data, the error is less than 0.5' fo r  all cases in the 
ranges P * l o o ,  R * l o o ,  D +15' and e 10' to 60'. It is generally 
less than 0.2', reaching 0.5' only for e = 6 O o  and P=tlOO, ~=*10O. 

reader can try the procedures noted in the nomographs. 
Table 1 gives sample data and a worksheet so the 

The small angle assumption could also be made for 
the pitch angle but the error rises to as much as 2'.  The 
ease of using the nomoqraphs makes this additional approximation 
unnecessary, and actually simplifies the work. 

6.4 Directional Gyro Angle Nomograph 

The angle H is not exactly equal to the directional 
gyro angle G if the LRV angles P and R are not zero. The 
formula is 

G = arctan 'H'R - 'H'P'R 
'HCP 

If P=R=O, the formula shows that G=H, as expected. 

If the small angle $I is defined by 

G = H + $ I  

then $I is given accurately by 

2 0" = -P'R'CH / (180/.rr) 

Figure 19 is a nomograph for this equation. It is 
used after H is calculated. 

To check gyro drift, assume the reading of the direc- 
tion gyro angle before realignment is GI. 
equation, find H '  from 

Inverting the G 

'GI'p + 'GI'p'R 
H' = arctan 

'GI'R 
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T a b l e  1 

e o  Po Ro 

10 -10 5 

20 1 0  -10  

20 - 5  - 5  

30 5 1 0  

30 -10 5 

40 5 1 0  

40 -10  1 0  

40 5 - 5  

50 - 5  - 5  

50  1 0  - 5 

60 5 5 

60 - 5 5 

I 

1 

DO 

-13 .75  

-13 .10  

9 . 2 7  

- 3 . 3 0  

2 . 7 1  

1 2 . 6 9  

- 2 .87  

7 .99  

-10 .90  

3 . 6 3  

. 0 8  

- 4 . 3 6  

A t r u e  
-15 .00  

- 7.00 

1 1 . 0 0  

-10.00 

1 . 0 0  

4 .00  

-10 .00  

1 3 . 0 0  

- 8 .00  

1 1 . 0 0  

- 9 . 0 0  

-15 .00  

A: 
-15 .49  

- 1 2 . 3 1  

9 . 7 4  

- 3 . 2 5  

2 . 9 7  

1 3 . 2 7  

- 3.31 

8 .36  

- 1 3 . 5 8  

4 .20  

. 1 2  

- 6 . 6 3  

A; 

0 

5.32 

1 . 3 8  

-6 .67  

-1 .97  

-9 .23  

-6 .53  

4.62 

5 .50  

6 .74  

-9.06 

-8.19 

*Case p l o t t e d  i n  f i g u r e s  1 7 ,  1 8 ,  19 .  

Work Form 

e =  

(add) P = 

(e+p)  = I 

A0 $ O  

- 1 5 . 4 9  1 0 0  

- 6 .99  40 

1 1 . 1 2  1 3 0  

- 9 . 9 2  80  

1 .00 1 2 0  

4 . 0 4  1 3 5  

- 9 .84  1 1 0  

1 2 . 9 7  90 

- 8 . 0 8  1 1 5  

1 0 . 9 4  1 1 5  

- 8 . 9 5  3 5  

-14 .82  1 0 5  

- 
- 

(add) A2 = 

A =  

HO 

- 6 4 . 5 1  

- 1 3 3 . 0 1  

- 6 1 . 1 2  

- 9 0 . 0 8  

- 6 1 . 0 0  

- 49 .04  

- 60.16  

-102 .97  

- 56 .92  

- 75 .94  

- 1 3 6 . 0 5  

- 6 0 . 1 8  

$ =  

(sub) A = 

g o  

. 1 6  

. 8 1  

- . l o  
. o o  
. 2 1  

- . 3 8  

. 4 3  

. 0 2  

-.13 

. 0 5  

- . 2 3  

.ll 

G O  

- 6 4 . 3 5  

- 1 3 2 . 2 0  

- 6 1 . 2 2  

- 9 0 . 0 8  

- 6 0 . 7 9  

- 49.42* 

- 5 9 . 7 3  

- 1 0 2 . 9 5  

- 5 7 . 0 5  

- 7 5 . 8 9  

- 1 3 6 . 2 8  

- 6 0 . 0 7  

D =  

R =  
t 1 8 0 . 0 0  

H =  

(add) $ = 

G =  
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and compare H '  w i th  H t o  measure gyro d r i f t .  Note, however, 
t h a t  moon r o t a t i o n  ove r  a p e r i o d  of t i m e  i s  e q u i v a l e n t  t o  gyro 
d r i f t  ( t h e  amount i s  0.0508 s i n  ( l a t i t u d e )  deg/hour) and such 
e f f e c t s  must be  removed b e f o r e  d r i f t  can be c a l c u l a t e d .  

6.5 E f f e c t s  of E r r o r s  

The nomographs a lso make it r e l a t i v e l y  easy  t o  
c a l c u l a t e  t h e  e f f e c t s  of errors i n  r ead ing  D,  P and R. 
F igu re  2 0  shows t h a t  A1 (and A) is changed by 1.7' by a 1' 
e r r o r  i n  D. F igu re  2 1  shows t h a t  A1 i s  changed by 0.6'  by 

a 5' error i n  P (an  exaggera ted  p i t c h  error t o  make t h e  f i g u r e  
easier t o  r e a d ) .  

lo error  i n  R. 
t o  r o l l  errors and t h e  accuracy of t h e  nomograms, etc.  sugges t s  
3' as  a r easonab le  accuracy t o  expec t .  

And Figure  2 2  shows A2 changed by 2 '  by a 
Although t h e s e  are extreme cases, t h e  s e n s i t i y i t y  

Assumed i n  a l l  t h e  above formulas i s  t h a t  t h e  
c e n t e r  o f  t h e  gnomon i s  used (c  = 1.1 i n  t h e  fo rmulas ) .  I t  
i s  impor t an t  t h a t  t h i s  be  done--the scale read ing  can change 
by up t o  2' i f  e i t h e r  end i s  a c t u a l l y  used i n s t e a d  of  t h e  
c e n t e r  ( i f  t h e  MCC-H assumes the c e n t e r  has  been used ) .  
A r e a s o n a b l e  t o l e r a n c e  is  about  k 0 . 2 "  of t h e  c e n t e r ;  and t h e  
c r e w  should  be cau t ioned  t o  observe it. 

C a r e  should  a l s o  be taken  n o t  t o  bend o r  t w i s t  t h e  
b r a c k e t  o r  gnomon. The scale uses  0 .05767"  p e r  degree-- i f  
t h e  gnomon moves by t h i s  much, a rather s m a l l  amount, t h e  
r ead ing  w i l l  change by 1' and, i n  g e n e r a l ,  H w i l l  change by 
more t h a n  1'. The b r a c k e t  appears  f a i r l y  rugged, b u t  t h e  
sma l l  d i ame te r  r e q u i r e d  f o r  t h e  gnomon makes it f a i r l y  f r a g i l e ,  
e s p e c i a l l y  c o n s i d e r i n g  t h e  heavy g loves  worn by t h e  c r e w .  
The c r e w  must b e  caut ioned  t o  t r e a t  it c a r e f u l l y .  Perhaps 
t a b s  should  be added t o  t h e  b r a c k e t  t o  make it easier t o  
handle  wi thou t  touching  t h e  gnomon, and t h e  s t r e n g t h  of t h e  
gnomon base  i n c r e a s e d  by f l a n g e s .  

Moving t h e  scale closer t o  t h e  p i v o t  of t h e  b r a c k e t  
w a s  cons ide red  as a p o s s i b l e  means of improving t h e  S.S.D. 
But r e f l e c t i n g  on t h e  s t r o n g  e f f e c t s  of  LRV r o l l  (as i n  t h e  A2 

nomograph), such measures would n o t  h e l p  much. Funct ion f ( e + P )  
cannot  b e  m a d e  e q u a l  t o  a s imple  c o n s t a n t  of u n i t y  wi thou t  
d r a s t i c  r e d e s i g n ,  u s i n g  t h e  nomographs cannot  be  avoided,  and 
so t h e r e  i s  no p a r t i c u l a r  v a l u e  i n  a t t empt ing  t o  improve t h e  
c o n f i g u r a t i o n  o f  t h e  S. S. D. 
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I 7.0 SUMMARY AND CONCLUSION 

The need for the LRV navigation system to establish I 

where science activity occurs and to assist the crew in 
returning to the LM has been considered. Alternatives, such 
as navigation using landmarks, craters and other prominent 
features plus the ability to actually see the LM at a 
reasonable distance, appear entirely sufficient. Therefore 
the navigation system should be considered only as a convenience 
item. 

i 
I 

Accuracy requirements for such use which can be 
achieved with little inconvenience to the crew have been 
suggested and are compatible with procurement specifications. 

I Operation of the system and effects of errors have been 
I analyzed and discussed. Nomographs useful in aligning the 

directional gyro have been presented. 

Specific conclusions include: 

1. 

2. 

3 .  

4. 

5. 

Mission rules should not make the LRV navigation 
system mandatory either to begin or continue a sortie. 

An accuracy of some 700 m in position at the end 
of a sortie appears adequate, as do directional 
gyro drift rates of 10 deglhour, with qlipment 
accuracy of 3 O ,  using three realignments per 
sortie. 

The Sun Shadow Device is not an accurate sundial. 
Nomographs such as those presented in this memorandum 
are required, or else a computer routine (a l so  
presented). Sun azimuth and elevation variations 
during a sortie snould not be neglected. Changes 
in directional gyro angle due to LRV pitch and roll 
should not be neglected when realigning it. 

The crew should be cautioned to treat the Sun 
Shadow Device bracket and gnomon carefully. Its 
accurate alignment is important to S.S.D. accuracy. 
It may be desirable to review the design of the 
bracket and gnomon to insure they are strong enough 
to resist damage. 

The crew should attempt to read the S . S . D .  scale 
and the LRV pitch and r o l l  angles to within 1" 
accuracy. The center of the gnomon (tolerance 
50.2") should be used to cast the shadow on the 
scale. 
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