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The need for the navigation s y s tem of the Lunar 
Roving Vehicle has been evaluated , compar ing it with naviga­
t ion by lunar landmarks and prominent f e ature s , and with the 
ab ility of the crew to s e e  the Lunar Module at reas onable 
dis tanc e s . I t  is concluded that the navigation sys tem is only 
a convenience item , not mandatory, and that mis s ion rules 
should not require the sys tem to be ope r able either to begin 
or c ontinue a s or tie . 

Cons idered as a convenience item, moderate accuracy 
requirements ar e s uggested which can be achieved by the 
equipment being developed and with little inconvenie nce to 
the c re w .  The method of operation and s ources of error for the 
sys tem are analy zed and dis c us sed , and accurate nomogr aphs 
u s e ful in aligning the dire ctional gy ros cope are pre s e nted . 
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SUBJECT: The N avigation Sys tem of the Lunar 
Roving Vehicle - Cas e 310 

1 . 0  INTRODUCTION 

TECHNI CAL MEMORANDUM 

DATE: December 1 1, 1 9 70 

��= w. G. He f f ron 
F .  LaPiana 

TM- 70 -2 0 1 4 - 8  

This memorandum is concerned with the navigation 
sys tem o f  the Lunar Roving Vehicle (LRV) • Planned for u s e  
in Apollo mis s ions 1 5 - 1 7 , the LRV is u s ed to e xtend the area 
around the Lunar Module which c an be inve s tig ated . The 
maximum dis tance the LRV c an go from the LM is re s tric ted 
to 9 . 5  KM although the LRV has enough battery power to go 
a total of s ome 70 KM in s ortie dis tance . This is typically 
divided into three s eparate s ortie s , with re s t  periods in 
b e tween , given a total lunar s ur f ace s t ay time o f  66 hour s .  
Figure l s hows preliminary travers e s  planned for Apollo 1 5 , 
landing at Hadley-Apennines , and illu s trates how the LRV 
permits s ampling material f r om both the edge o f  the rille 
and the foot o f  the mountain s .  

The navigation sys tem ha s two major u s e s . One is 
to locate the LRV (with res pect to the LM) when s pecific 
s c ientific a c tivity occurs , the other is to s how the direction 
and d is tance to return to the LM . To do this , it us e s  a 
directional gyros cope to re solve wheel rotations into Nor th­
S outh and Eas t-We s t  dis tance components ,  and manipulate s  the s e  
t o  display r ange and bearing fr om the LRV t o  the LM. Naviga­
tion sys tem accur acy is reduced by errors in e f fe ctive wheel 
s ize , by wheel s lip and by dire c tional gyro azimuth error s . 
The next s ection cons ide rs what sys tem ac curacy is required , 
in particular con s idering navigation purely by landmark 
re cognition and by ac tually seeing the LM . We conclude that the 
sys tem is not mandatory for a s ortie , that it is c hie f ly a 
convenience item and s hould be treated as such . I ts accur acy 
r e quirements are there fore moderate , not s tringent . 

Later s ec tions dis cus s  how the sy s tem works , evaluate 
the e f fe c ts of wneel s ize and s lip and of dire ctional gyro 



--··---····---

FIGURE 1 

-

I N I 



I 
I 
I 
I 
I 
I 
I 

II 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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a ccuracy , analy ze the Sun Shadow Device u s ed to align the 
gyro , and pre s ent nomographs us e ful for such purpo s e s . I t  
appe ars that the sys tem can be he lpful to the crew wi thout 
requ iri ng s igni f icant attention by them . 

2 .  0 NEED FOR THE LRV NAVIGATION SYSTEM 

The trend in Apollo m i s s ions i s  toward landings in 
rougher terrain .  Suc h  area s  are o f  gre ater intere s t  s c ienti­
f i c ally ,  es pecially in that the mare are as have already been 
vi s i ted . Figures 1 ,  2,  and 3 s how the Hadley-Apennines area 
to be vi s i ted on Apollo 1 5 ,  and the Copern i cus crate r ,  and 
the Marius Hills area , c andidates for later Apollo mi s s i ons . 

A factor i n  c hoos ing s i tes i s  the availab i li ty of 
eas i ly iden t i f i able landmarks . The ri lle at Hadley , the 
peaks in Coperni cus , and the hills thems e lves at Marius 
help the LM Commander a s s e s s  the LM des cent trajectory in 
guiding it to a " pinpoint" landing at the de s i red s i te . 

A requirement for selection o f  a s i te i s  that good 
photography of the area mus t  be avai lable , firs t  to as s i s t  
i n  determining i f  the area is s a f e  for landing and then to 
plan the LRV s ort ies and t he s c ient i f i c  activity . Eas ily 
i dent i f i able craters and o ther prominent feature s  are located , 
the s orties are planned us ing the s e  as check- points , reli e f  
models are made , and the crew i s  trained into famili ari ty 
wi th the area . 

The re levance o f  thi s to the LRV i s  s imply that 
adequate navigation by landmarks and by u s e  of the pictori al 
hi g h  accuracy maps of the are a s hould be entirely po s s ible . 
Navi gation accuracy by the MCC-H and /or the cre w  us ing the 
visual check po ints could be quite good . Additionally the LM 
s ho uld be e a s i ly vi s ible at d i s tances o f  at le as t 1 KM and 
probably as much as 3KM . (Re c all that the crew s hould not go 
further away than 9 . 5  KM . )  The top of the LM descent s tage i s  
3 . 1 me ters high and the top o f  the LM as cent s tage i s  6 . 0 meters . 
The d i s tance R to the lunar hori zon from an ob jec t o f  he ight h 
i s  o f  the form R = 1 864 l:h, with h and R in meters . Thus , 
i f  the s urface i s  smooth, a man 2 meters high c an s e e  the 
top o f  the de s cent s tage from 5 . 9  KM away , and the top o f  the 
as cen t s tage from 7 . 2 KM away , qu ite comfort able d i s tance s . 

But the s urf ace is probably not s mooth . Figure 4 
s hows what he ight ob s t acle, placed as unf avorably as po s s ible , 
could ob s truct vis ion . Four he ights are given for the LM -
a s  i f  it res ts belo w ,  on or above the average s urface . Simi ­
larly , three he ights for the obs erver are given: we remark 
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FIGURE 2- COPERNICUS PEAKS 
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FIGURE 3- MARIUS HILLS 
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it is a natural policy to stand on the LRV or climb whatever 
hill is convenient when trying to see a goodly distance. 
Thus, the figure shows, for the LM at 3 meters, the LRV 
range at 4000 meters, and the eye at 1 meter, that an ob­
stacle about 0.6 meters high (not 1 because of the curvature 
of the moon) will obscure visibility of the LM, but if the 
eye is raised to 3 meters, the required obstacle size increases 
to about 1.8 meters. An obstacle of such height may be either 
a rock (in which case the proper procedure is to drive on with 
the LRV to another vantage point), or a ridge {which if it 
runs for an appreciable distance is a useful landmark for 
navigation without need to see the LM). Navigation using the 
visual check-points until the LM is visible should be completely 
acceptable. 

So it appears that the LRV navigation system is not 
a mandatory system and that mission rules should permit sorties 
whether it is operable or not. Its convenience must be 
weighed against the time diverted from primary sortie tasks 
to keep it operating. The accuracy requirements placed on it 
must balance between being accurate enough to be useful, but 
not so stringent that it requires continual crew attention 
{in realigning the directional gyro). On such balance, 
700 meters {lo) seems to be a reasonable requirement.* 
Ten deg/hr gyro drift, 3° gyro alignment accuracy, and 3 

realignments made conveniently during a sortie are needed to 
achieve this accuracy {see following sections). With such 
accuracy, and reasonable LM visibility, no travel should be 
wasted in returning to the LM.. 

Specification accuracy requirements are equivalent 
to 850 meters, and the system can be expected to perform ap­
propriately (or better) to its function. 

3.0 FUNCTIONAL DESCRIPTION OF THE NAVIGATION SYSTEM 

Figure 5 shows three views of the Lunar Roving 
Vehicle. The control console which contains the navigation 
display and the control panel is located on a pedestal between 
the two astronauts. As shown in Figure 6, the panel contains 
readouts of range to the LM (XX.X KM), bearing to the LM 
(XXX. deg), traverse distance (XX.X KM), directional gyro 

gimbal angle (Heading, in 1° markings), and a velocity meter. 
The power, system reset and gyro torquing switches are all 
pull-before-throw type controls. 

To align or realign the directional gyro, the LRV 
is driven so that the sun is within 15° of dead aft, shining 
over the shoulders of the astronauts. The gnomon of the 

*The LRV can drive 700 meters in about 5 minutes. Walking, 
some 10-15 minutes would be required, if such a navigation error 
could go unnoticed until the end. 
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s undial is then rotated into position s o  t ha t  its shadow f a l l s  
o n  the ±1 5° Sun Shadow Device (S . S . D . )  s c a l e  a f f ixed t o  the 
cons o l e . The gnomon is s tored in a folded po s ition ins ide 
the cons ole for pro tec tion agains t being bent or cau s ing damage 
to the crew pre s sure s uits . The crew read s  and pas s e s  to the 
Mis s ion Control Center-Hous ton (MCC- H) the S . S . D .  ang l e ,  and 
the L RV pitch and ro l l  angles . The pitch and ro l l  ang l e s  are 
obtaine d  from a s imple pendul um device on the left s ide of the 
cons o l e  (as shown in F igure 7) . 

The MCC-H u s e s  the s e  ang les and s un and moon e phemeris 
data to c a l cul ate the directional gyro gimb a l  (Heading) 
ang l e  so that the gyro is correctly aligned with lunar North . 
This ang le is voiced to the L RV crew and s e t  on the Heading 
indic ator via the gyro torquing contro l . 

Range, Bearing and Dis tance Counters are initia lized 
with t he sys tem re s e t  control and the s ortie c an begin . To 
measure ais tance, each wheel has nine equ a l ly s paced magne tic 
device s mounted on it . As the whe e l s  rota te, the s e  devic es 
pas s s tationary reed s witc he s  and trigger pul s e s  which are 
s ent to the computer . A composite pul s e  o c curs at the time 
when t he third whe e l  puts out its third pul s e . The compo s ite 
pu l s e  is s caled to 0 . 73 5  meters in the computer . Requiring 
pul s e s  from three whee ls eliminates the e f f e c ts of whee l  s lip in 
two whee ls . Not requiring a pul s e  from the f ourth wheel is an 
attempt to avoid t he e f fects of a s ingl e  device f ailure . 

The 0 . 73 5  me ter dis tance (pu l s e) granul arity in c lude s 
natural whe e l  deformation and nominal s l ip correc tion factors . 
Each 0 . 73 5  meter dis tan ce in c rement is r e s o lved into North­
South and E as t-We s t  components us ing the s ine and cos ine o f  the 
heading ang l e . The s e  are extracted by a Scott " T" network 
from the directiona l gyro s e lsyn output . Ac cumul ator digital 
regis ters ho ld the North- South, E a s t-We s t  pos ition of the LRV 
with r e s pe c t  to the LM . The cartes ian po s ition data is 
then conve rted to po l ar form (Range and B e aring to LM) by a 
nove l technique cal led the Cordie Algorithm .  [1] This u s e s  
addition and digital s hif ting proces s e s  t o  conver t  c ar te s ian 
coordin ates to pol ar coordinates without u s ing the Pythagorean 
theorem or arc - t angent functions . As a r e s u l t  it s aves con­
s iderab l e  computer complexity . 

Range and Be aring to the LM are dis played for the 
crew on the digital counters s hown in Figure 6 .  The s e  counters 
are r es et only when the system res e t s witch is u s ed . If LRV 
power or navigation sys tem failure occurs , the counters are 
not automatic a l ly res e t . The only capability o f  the re s e t 
s witch is to zero the counters, hence no pos ition correc tions 
c an be made during a traverse even if l andmark and/or MCC-H 
pos ition data are availab l e .  
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P eriodic ally the gyro is realigned to corr e c t  for 
its drift s ince the las t  alignment . How o f ten alignment 
ne eds to be done is a function of the gy ro drift r ate and the 
LM r e lative location accuracy require d .  Realignment s hould 
not be needed s o  o f ten that it interferes with the purposes o f  
the sor tie . 

The DIST (dis tance trave led) re adout is u s e d  mainly 
as an indic ator o f  how much traverse c apability (battery 
power) has been u s ed , and thus is an indicatio n  o f  the re­
maining travel capability o f  the LRV . 

More detailed data on the S ignal Proce s s ing Unit 
and the Directional Gyro Unit can be obtained from Re ference 2 .  

4 .0 WHEEL PULSE ACCURACY EFFECTS 

The nine magnetic devices on each whee l  s hould po s e  
no problem in a ccurate mounting: s light inac curacies will 
have a negligible overall e f fect . The whe els are fairly 
c ompre s s ible , and load variations (rock s amples , for ins tance) 
will c hange the e f fe c tive wheel radiu s . Als o producing errors 
will be the e f fect of s oft soil which induces churning and , 
mos t  certainly , wheel s lip . Thes e e f fects will b e  amplified 
as the LRV negoti ate s s lope s . The techn ique of requiring 
odometer puls e s  from three wheels to generate one compos ite 
puls e will help the odometer e rror s ituation s omewhat , but 
any thing which s imilarily affects more than two wheels induces 
an error into the navigation sys tem . 

The Nor th/South pos ition (N ) and the Eas t/We s t  
pos ition (E) c an b e  wr itten a s :  

t 

N = J V cos H dt 

0 

t 

E = J v sin H dt 

0 

Where V is the LRV velocity and H is its direction 
(azimuth, East o f  lunar North). 
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Actually this is a discrete equation because the 
dis tance is measured in pulses . But the puls es come s o  c lo s e  
together that there is n o  s ignific ant dif f erence between 
the r es ults o f  the two forms. 

Def ining a s cale factor F as a number normally 
equal to 1 . 0 ,  varying as the wheel s ize varies , and def ining 
a s lip velocity S as motion of the wheels without motion o f  
the LRV (with S des ir ably zero) , the true equations are 

or, 

t 

NT =f (FV+S) cos H dt 

0 

t 

ET 
= J (FV+S) s in H dt. 

0 

expanded, 

t t 

N
T =J FV cos H d t  +j S cos H dt 

0 0 

t t 

E T 
= J FV s in H dt +J s s in H dt . 

0 0 

The LRV path returns to its s tarting point , i.e. , 
t t 

ideally J V cos H dt and j( V sin H dt equal zero at the end 

0 0 
o f  the s ortie. Thus if F is a cons tant , an error in wheel 
s ize will have no ef fect at the end o f  t he sortie ,  there is 
s imply a res c aling o f  distance. At other times , the error will 
be the dif f erence in F from unity times the North or Eas t  
p o s ition (if F is cons t ant) . If F is variable , the error 
could be greater or les s than s uc h  a value depending on the 
variation in F and when it happen s .  
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A constant slip S is equivalent to a variation in 
F, but it is most likely a variable. It depends on slope and 
terrain softness. 

Analysis by The Boeing Co. based on a variation in 
wheel size of 1% gives an error of some 50 meters for the 
reference sortie. Analysis continues to determine the proper 
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. But the next section shows gyro 
alignment errors to be much greater than 50 meters: unless 
present estimates of wheel size variations and slip are 
grossly in error, these factors will not contribute important 
errors. 

5.0 GYRO ALIGNMENT ACCURACY EFFECTS 

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

t t 

N 
= J V cos H dt 

- J (�H) v sin H dt 

0 0 

t t 

E 
= f v sin H dt + j (L'IH) v sin H dt. 

0 0 

or, for the errors 

t 

E:
N 

= - J ( L'IH) v sin H dt 

0 

t 

c
E 

= 
+j (L'IH) V cos H dt. 

0 

Since the LRV returns to its starting point, constant 
values of L'IH 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
ment error at each realignment to be random, and uncorrelated with 
the error at any other realignment. Additionally, the gyro will 
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probab ly drift , the value being approximate ly constant 
throughout the s ortie . Under suc h  a s s umptions we write , for 
the period between the ith and (i+l) s t  realignment , the equations 
(�H = alignment error , n-= drift r ate) 0 

or 

E
N 

. 
, �  

E
E . 

, �  

�H = �H . + D ( t- t. ) 
o, �  � 

ti+l 
�H . J V s in H dt -

o , �  
t. 

� 

(t- t.) V s in H dt 
� 

= + �H . [E (t.) -E (t.+l) ]  + D [- (t.+1
- t.) E (t.+l) 

o , �  � � � � � 

= + �H . [N (t.
+l

) -N (t.) ] + D[ (t.+1
- t.) N (t.+l

) 
o , �  � � � � � 

For compactne s s , write thes e equations as 

The c umu l ative 
then 

E
N 

. = �H . a. + D b. 
, �  o , �  � � 

E
E . = �H . c .  + D d. 

, �  o , �  � � 

e rror at the kth alignment 

k 

E
N , k  

= L: ( llH . a. + D 
o , �  � 

i=l 

k 

E
E , k  

= L ( L'IH . c. + D 
o , �  � 

i=l 

time (or at time 

b .) � 

d.) � 

E (t) d t] 

E (t) dt] 

tk) is 
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To develop s tatis tical me asure s ,  the as sump tions are (with -­

indicating expected v alue )  : 

D l1H . = 0 
o , 1  

D
2 

, l1H . = 0 , 
0 , 1 

2 
l1H . 

011 

l1H . l1H . = 0 for 
011 01] 

With the results , for the me an value 

k 

E
N , k  

= D L 
i=l 

}. 
EE , k  

= D L 
i=l 

and for the s tandard deviation 

b. l 

d. l 

2 
(a.) l 

2 
(c. ) l 

2 
= 0 

i f j 

Figure 8 a  p lots the s e  effects for drift r ate s o f  
1 0  deg/hr and alignment errors o f  3 degre e s  for the ref erence 
s or tie s hown there . Eas t and North error s have been root- s um­
s quared to remove any e f fect due to the specific orientation 
o f  the s ortie . The data are given for 0 to 5 r ealignments 
equally s paced during the s ortie (a time of 2 .5 hours was 
us ed , which repre s ents the time actually s pent moving - a 
s cienc e  s top for a s ignificant time without realigning the gyro 
will put the s e  data in error) , and the errors are s hown for 
four time s during the sor tie . 
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The error s  s cale directly with mis alignment and 
drif t �ate value s .  Three degree mis alignment and 10°/hr give 
a ppr ox1mately equal error s  and are achievable , which is why 
the s e  s pecif ic value s were us ed. 

The res ults are s omewhat s ur pris ing : one would 
e xpe c t  the e rror to reduce the more frequent the re alignments . 
But the s pecial s hape of the s ortie path - th at it return s  to 
its s tar ting point - upse ts this in tuitive e s timate unle s s  
there ar e more realignmen ts than it is practical to make . 
This is why the error s are given at f our dif f erent time s - to 
avoid b e ing mis led by the e f fects of the path shape. 

Since the drif t rate , alth ough cons tant during any 
s ortie , will like ly be random f rom one s ortie to th e next , 
it is r e a s onable to root- s um- square the errors due to mis align­
ment and drif t ,  and this r e s ult is als o plotted. Th ree 
re alignments are be tter than 2 and ab out the s ame as 4 and 
therefore an accuracy goal of 7 00 meters , with 3° alignment 
error and 10 deg/hour drift rate see ms reas onable and achievable 
without diff iculty . 

Figure 8b gives the s ame ty pe of data f or a s tr aight 
line s or tie of 10 KM of 2 hours duration. The errors ar e 
s imilar and the s ame conclus ions can be re ached. 

6.0 GYRO ALI GNMENT DETERMINATI ON TECHN I QUES 

To reduce the e f fect of gyro drif t ,  the directional 
gyro c an be re aligned when the LRV s tops for s c ientific 
purpos e s .  To begin a re alignment, the LRV is driven until 
the s un is within ±1 5 °  of dead aft. The gnomon of the Sun 
Shadow Device (see Figure 6) is then rotated until its shadow 
falls on the s c ale. The s c a le angle (c alled D0 in this 
s e c tion ) , the pitch angle P of the LRV , the roll angle R ,  and 
the dir e ctional gyro angle G '  are then voiced to the MCC-H. 
MCC - H  us e s  s un epheme ris data (azimuth � and elevation e at 
the pre s ent time at the LM's location ) *  to calculate a new 
angle G, to which the directional gyro is torqued. C omparing 
G' b e f ore realignment with G gives an ide a  of gyro drift rate 
(s e e  late r )  . 

Analy s is shows accuracy in LRV pitch and roll to be 
reas onably impor tant (als o s ee later ) . Therefore , the readings 
and gyr o  torquing should take place with the crew in place ,  
and pre ferably jus t before the LRV r e s ume s the s or tie . Taking 
re adings before s cience ac tivity begins and torquing the gyr o 
a f ter s c ience a ctivity ends is not recommended , because the 
pitch and roll angles migh t ch ange. 

*LM or LRV - the dif f e rence in the ir locations is in­
s ignific ant here. 



1000r-----------------------------------------� 

(I) a: w .... 
� 600 

a: 0 a: 
a: w 
� 400 
� 
� 

(I) a: w .... w :Iii i a: 0 a: a: w 
� � 
� 

200 

EFFECT OF 3" RANDOM MISALIGNMENT 

FOR 4 TIMES IN A 2 HR SORTIE 

0.5HR 
.... ················································ ···················· 

2 3 4 
NUMBER OF REALIGNMENTS DURING SORTIE 

EFFECT OF 3° RANDOM MISALIGNMENT AND 

·- •-·- 10 DEG/HR GYRO DRIFT FOR 4 TIMES 

\ IN A 2 HR SORTIE 

1745�Moo'. \ 

\! HR I 
\ I . I \ 

I · .... _. I \ 
-. 

I \ 
-·,. I \ 2 HR ,. '·, I \ ,." ', ·, 

5 

I 

\,..
,., 

'' 
.... ·---.....

-... 

' -­
----

••••••••••••••••••••••••••••••••••••••••••••• 
1.5 HR 

O.&HR '''
••.,,, ·

········ ··········· 

NUMBER OF REALIGNMENTS DURING SORTIE 

- 19 -

"' a: w .... w :Iii I a: i a: w z 0 � 
� 

1000r--------------------------------------, 
EFFECT OF 10 DEG/HR CONSTANT GYRO DRIFT 

FOR 4 TIMES IN A 2 HR SORTIE 

1 HR 

·
-·-

·
, 

\ 
\ 

\ 

1\ \ 
I \ \ 

I \ \ I \ \.. I \ . 
I \ -

·-·-1 \1.5 HR 

I \ 
I \ 

I \ 
I 0.5HR \ 

........................ 1 ............... ._ 

.... 
.... 

.... 

·

-
·

-
·

-

· 

.,.. .,.. .... .....\c: •• , ' :.:::.:: _::.-....-:o: .:: •• 

1 2 3 4 
NUMBER OF REALIGNMENTS DURING SORTIE 

1 HR 

10KM 

0.5 HR 1.5 HR 

SORTIE 

0 

5 

FIGURE 88 ·GYRO ERROR"EFFECTS FOR A STRAIGHT LINE SORTIE 



I I 

8ELLCOMM. INC. - 20 -

Ana ly s is a l s o  s hows that the s ca l e  reading D0 is not 
genera l ly an accur ate measure of the azimuth ang le between th e 
s un and the LRV. The correct formul a is devel oped in the 
fol lowing s e c tion s ,  an accurate approximate f ormul a and nome­
graphs are then deve loped, and remarks are made on the 
e f fe cts of error s .  

6.1 The Sun Shadow Device 

Figure 9 s hows the e lements of the Sun Shadow Device 
and give s dimen s ion s .  I t  indicates why the accuracy of the 
S.S.D. is a f unc tion of s un e levation. The pivot of the bracket 
is not at the s ca l e  and cons equently the dis tance between the 
gnomon and the s c a l e  varie s with sun e l e vation and LRV pitch. 
The s ca l e  is calibrated f or a s un e l e vation angle of ab out 
2 5 °, b ut is 3 3 %  in error at a s un e l evation ang le of 60°. 
Fur ther, rol l of the LRV of f s ets the re ading by about a f ac tor 
of unity at a s un e l evation ang l e  of 4 5 °. 

The true r e l ations hip between D0, the s c a l e  re ading, 
and the variab l es w (s un azimuth rel ative to l unar North )  , 
e (s un e le vation ang l e  above hor izontal )  , H ( LRV heading fr om 
l unar N or th ) , A (re l ative heading of the LRV to the s un, s ee 
Figure 10) , P ( LRV pitch ang le ) , R ( LRV roll angle ) and B 
(gnomon bracket ang l e, s e e  Figure 9 )  is found by s ol ving the 

vector e quation shown in Figure 9 f or c (where the s un r ay 
which c as ts a s h adow on the s c a l e  hits the gnomon ) , d (dis ­
tance f r om the gnomon to the s c a le)  , and r (the s c ale re ading 
in inch e s ) which is related to D0 by the f ormula 

D0 = r /0.05 767. 

The f ormulas * are s hown in Figure 11. 

*The Eulerian ang le P us ed here is the ore tica l ly dif ferent 
from the angl e  P read from the ins trument, but the dif ference 
is f ar l e s s  than the precis ion with which the angle c an b e  read. 
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Calculate: 

a = 1.35 sin 20° -0.33 cos 20° 

{3 = -1.3 5 cos 20° -0.33 sin 20° 

Sx = -CACeCp- SeSp 

Sy = CACeSpSR + SACeCR + SeCpSR 

Sz = CACeSpCR- SACeSR + SeCPCR 

Iterate the following two equations, 
varying B until c = 1.1 (middle of gnomon) 

Det = Sx cos B + Sz sin B 
I 

c = (aSz - f3Sx)/Det N 
w I 

Then complete the calculations with 

d = (a cos B + {3 sin B - 3.25)/Det 

Do = -Sy d/0.05767 

Figure l l  -Algorithm to compute the S.S.D. Scale Reading D0 
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The computational procedure is to vary t he angle B 
(by a Newton- Raphs on iteration procedure, f or example) until 

C = 1.1", which is the mid- point of t he gnomon . 

A true s undial would give D0 = A0 , but f or the 
reas ons n oted above, the S . S . D .  is not a true s undial . 
Figure 12 s hows the error D - A vs . A f or a variety of s un 
elevation angles , and with LRV pitch and roll both zer o .  The 
error approaches 5 °  at high s un angles . Figure 13 s hows 
D - A vs . A again but now for a pit ch angle of +5 ° and a r oll 
angle of - 5 °. N ow the maximum error is 1 1°. Corrections f or 
s un elevation and LRV pitch and roll are obvious ly neces s ary . 

A policy of limiting relative s un azimuth to ±5° 
ins tead of ±15° has b een dis cus sed . T his reduces the 1 1° 
error to 8 °, not enough benefit to make the policy d es irable . 
A later s ection s hows the full ±1 5° can b e  us ed with little 
error . 

6. 2 Sun Azimuth and Elevation 

A few words about s un azimuth and elevation may b e  
appropriate here, to es tablis h the ranges o f  interes t .  
Reference 4 has b een us ed . 

Relative to the moon ' s equator and pole, the s un's 
period in longitude is 29 . 5 day s  (0.5 08 degrees /hour ) . In 
latitude, the s un varies over a range of ±1 .6°, with a period 
of about 3 4 6  day s . 

For an Apollo mis s ion, the s un elevation angle is 
r es tricted to b eing greater than about 7 ° at landing, and to 
les s than about 60° at the end of a 66 hour s tay t ime with a 
T + 24 hour launch . The maximum elevation angle als o depends 
on the latitude of tne s ite, which varies between ab out +25 ° 
(Hadley-Apennines ,  Apollo 1 5 )  and about - 1 0° (Davy ) - - thes e 

b eing t he northern- and s outhern-mos t  s ites under pres ent 
con s ideration . 

F igure 1 4  s hows variations of s un azimuth w and 
elevation e with time for s ome of the mis s ions of pres ent 
interes t .  I t  als o s hows the change in s un azimuth during 
5 hours (repres enting the maximum duration of a s ortie) . 
The s un s t ay s  b etween -20° and +40° of Eas t, and may change 
as much as 3 °  in azimuth dur ing a s ortie, a change large 
enough n ot to be neglected . I t  is not dif ficult, however, to 
precalculate thes e angles f or s pecif ic mis s ion s ,  and s imply 
tabulate them .  
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6.3 Sun Shadow Device Nomographs 

Two methods are possible for processing the data 
given by the crew: using the RTCC computers, or nomographs 
and tables. Figure 15 gives a routine for the RTCC which has 
been tested by the writers with perfect results, given perfect 
data. It is a Newton-Raphson iteration based on the formulas 
given earlier. 

Nomographs can be developed easily if small angle 
assumptions (cos = 1, sin = angle) are made for the angles A, 
R and �. � appears in the approximation 

B = 8 + P + 8, � < 10° 

The analysis first uses the equation for c given earlier to 
find �, and then substitutes this in the equation for D, 
solving it for A. The resulting formulas are (with a and 

S as before) 

f(8+P) = 
(180/1T) (0.05767) 

(3.25-aCB+P-SS8+P)+(aS8+P-sc8+P) (l.l-aSB+P+SC8+P)/3.25 

H = ljJ - A ±180° 

(8, $ from tables, 
D, P, R read by 
crew S = sin, 
C = cosine) 

The function f(e+P) is plotted in Figure 16. Nome­
graphs, based on techniques given in Reference 5 are given in 
Figures 17 and 18. They are surprisingly accurate: given 
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a 1.35 sin 20° - 0.33 cos 20° 

� -1.35 cos 20° - 0.33 sin 20° 
D0(0.05767) (converts sundial angle to inches on the scale) 

B = (J + P (first guess) 

Sy 

Sz 

Det 

= D0 (first guess) 

-CAcCeCp + SeSp 

-CAcCeSpSR- SAcCeCR- SeCpSR 

-CAcCeSpCR + SAcCeSR- SeCPCR 

Sx cos B + Sz sin B 

cd - (Sz(a-3.25 cos B) - SxW-3.25 sin B))/Det 

r + Sy(a cos B +�sin B-3.25)/Det 

dSz dSx 
-[(a-3.25 cos B)- - (�-3.25 sin B)- ]/Det 

dA dA 
dSx dSz +(cd-Ec) ( �- cos B + �- sin B)/Det 
dA dA 

dEc 
dB 

=-3.25(Sz sin B + Sx cos B)/Det + (cd -Ec)( -Sx sin B + Sz cos B)/Det 

dSy dSx dSz --(a cos B +�sin B - 3.25)/Det + (r-Er) ( �- cos B +�- sin B)/Det 
dA dA dA 

Sy (-a sin B + � cos B)/Det + (r - Er) ( -Sx sin B + Sz cos B)/Det 

Ac = Ac+�A 

B = B + �B 

(Invert the matrix) 

If ( I�AI <(tolerance A) and I�BI <(tolerance B)) exit, otherwise return to CD. 

Figure 15 -Algorithm for complete compensation for pitch, roll, and S. S. D. Geometry 
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per fect data, the error is les s than 0.5° for all cas es in the 
ranges P ±10°, R ±10°1 D ±1 5° and 6 10° to 60°. I t  is generally 
les s than 0.2°, r eaching 0.5 ° only f or 6=60° and P =±l0°, R=±lOo. 

Table 1 g ives s ample data and a works heet s o  the 
reader can try the procedures noted in the nomographs . 

The small angle as s umption could als o b e  made f or 
the pitch angle but the error r ises to as much as 2°. The 
eas e of us ing t he nomoqraphs makes this additional approximation 
unneces s ary, and actually s implifies 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. T he 
f ormula is 

I f  P=R=O, the formula s hows that G=H, as expected. 

I f  the small angle � is defined by 

G = H + � 

then � is given accurately by 

Figure 19 is a nomograph f or this equation. I t  is 
us ed af ter H is calculated. 

To check gyr o  drif t, as sume the reading of the direc­
tion gyro angle before realignment is G'. I nverting the G 
equation, find H' from 
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Table 1 

eo po Ro Do Ao 
true 

Ao 
1 

Ao 
2 

Ao 1jio Ho cj>o Go 

10 -10 5 -13.75 -15.00 -15.49 0 -15.49 100 - 64.51 .16 - 64.35 

20 10 -10 -13.10 - 7.00 -12.31 5.32 - 6.99 40 -133.01 .81 -132.20 

20 - 5 - 5 9.27 11.00 9.74 1. 38 11.12 130 - 61.12 -.10 - 61.22 

30 5 10 - 3.30 -10.00 - 3.25 -6.67 - 9.92 80 90.08 .oo 90.08 

30 -10 5 2.71 1. 00 2.97 -1.97 1.00 120 - 61.00 .21 - 60.79 

40 5 10 12.69 4.00 13.27 -9.23 4.04 135 - 49.04 -.38 - 49.42* 

40 -10 10 - 2.87 -10.00 - 3.31 -6.53 - 9.84 110 - 60.16 .43 - 59.73 

40 5 - 5 7.99 13.00 8.36 4.62 12.97 90 -102.97 .02 -102.95 

so - 5 - 5 -10. 9 0 - s.oo -13.58 5.50 - 8.08 115 - 56.92 -.13 - 57.05 

50 10 - 5 3.63 11.00 4.20 6.74 10.94 115 - 75.94 .05 - 75.89 

60 5 5 .08 - 9.00 .12 -9.06 - 8. 95 35 -136.05 -.23 -136.28 

60 - 5 5 - 4.36 -15.00 - 6.63 -8.19 -14.82 105 - 60.18 .11 - 60.07 

*Case plotted in figures 17, 18, 19. 

Work Form 

e Al 1jJ 

(add) p = (add) A
2 

= (sub) A = 

(8+P) = A = 

D = 

±180.00 
R = 

H = 

(add) ¢ = 

G = 
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11 USING THE COMPUTED VALUE OF 
HEADING (H0I AND THE LRV 
ROLL ANGLE (R0I, DRAW 
A LINE THAT MEETS 
THE INTERIM 
SCALE III. 

21 DRAW A LINE FROM 
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VALUE OF LRV 
PITCH (P0I. 
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1/>0 SCALE 
DETERMINES t/Jo 
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and compare H' with H to measure gyro drift. Note, however, 
that moon rotation over a period of time is equivalent to gyro 
d rif t (the amount is 0.0508 s in (l atitude) deg/hour) and s uch 
ef fects mus t b e  removed bef ore drif t c an b e  calcul ated. 

6.5 Ef fects of Errors 

The nomographs a l s o  make it rel atively eas y to 
cal c ulate the eff ec ts of errors in reading D, P and R .  
Figure 20 s hows that A

1 
(and A )  is changed b y  1 .7 °  b y  a 1 °  

error in D. Figure 21 s hows that A
1 

is changed by 0.6° b y  

a 5 °  error in P (an exaggerated pitch error to make the figure 
eas ier to read ) . And Figure 22 shows A

2 
c hanged b y  2° by a 

1° error in R. Al though thes e are extreme cas es ,  the s ensitivity 
to rol l errors and the accuracy of the nomograms, etc .  sugges ts 
3 °  as a rea s onable accurac y  to expec t. 

As s umed in all the above formulas is that the 
center of the gnomon is us ed (c = 1 .1 in the f ormul as ) .  I t  
is important that this b e  done- - the s ca l e  reading c an change 
b y  up to 2° if either end is actua l l y  us ed ins tead of the 
center (if the MCC-H as s umes t he center has been us ed). 
A rea s onab l e  tolerance is about ±0.2" of the center; and the 
crew s hould be c autioned to ob s erve it. 

Care s hould a l s o  be taken not to b end or twis t the 
bracket or gnomon. The s c a l e  us es 0.05 7 67 "  per degree- - if 
the gnomon moves b y  this much, a rather sma l l  amount, the 
reading wil l change b y  1 °  and, in genera l ,  H wil l change b y  
more than 1°. The bracket appears fairl y rugged, but the 
sma l l  diameter required f or the gnomon makes it fairl y fragile, 
es pecia l l y  cons idering the heavy g l oves worn b y  the crew. 
The crew mus t b e  cautioned to treat it c aref ul l y. P erhaps 
t ab s  s hould be added to the bracket to make it eas ier to 
handle without touching the gnomon, and the s trength of the 
gnomon b a s e  increased by fl anges . 

Moving t he s c a l e  c los er to the pivot of the bracket 
was c on s idered as a pos s ib l e  means of improving the S.S.D. 
But ref l ec ting on the strong ef fects of LRV rol l (as in the A

2 
nomograph) , s uc h  meas ures would not hel p much. Function f (e+P ) 
c annot b e  made equal to a s impl e  cons t ant of unity without 
dras tic redes ign, us ing the nomographs c annot b e  avoided, and 
s o  there is no particular value in attempting to improve the 
conf iguration of the S.S.D. 
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7 . 0  SUMMARY AND CONCLUSION 

- 40 -

The need for the LRV navi gat ion system to establish 
where sci e nce activity occurs and to assist the crew i n  
re turni n g  to the Ll'l has been considere d . Alternat ives, such 
as nav i gation usi ng landmarks, craters and other prominent 
features plus the ab i l i ty to actua lly see the LM at a 
reasonable distance, appear en t i rely suffic ient . Therefore 
the nav igation system shoul d  be considered only as a conveni ence 
i tem . 

Accuracy requirements for such use which can b e  
achi eved with l i ttle i nconven i e nce t o  the crew have been 
suggested and are compati ble w i th procurement specifications . 
Operation of the system and effe cts of errors have been 
analy z e d  and discussed . Nomographs useful in a l i gn i ng the 
directional gyro have been presented .  

Spec ific conclusions i nclude : 

1 .  Mission ru les should not make the LRV navigat ion 
system mandatory e i ther to b e g i n  or con t i nue a sort i e . 

2 .  An accuracy of some 700 m in pos i t ion at the end 
of a sort i e  appears adequate, as do directi onal 
gyro drift rates of 10 deg/hour � with �l Lgnmen t  
accuracy of 3 ° , using three realignments per 
sort i e . 

3 .  The Sun Shadow Device is not an accurate sundial . 
Nomographs such as those presented i n  this memorandum 
are required, or e lse a computer routine (also 
presented ) .  Sun az imuth and e l evation variations 
during a sorti e  shou l d  not b e  neglected . Changes 
in directional gyro angle due to LRV pi tch and roll 
should not b e  neglected when rea l igning i t .  

4 .  The crew should b e  cautioned to treat the Sun 
Shadow Device bracket and gnomon careful ly . I ts 
accurate a l i gnment is impor tan t to S . S . D .  accuracy . 
It may be desi rab l e  to review the design of the 
brack et and gnomon to insure they are strong enough 
to resist damage . 

5. The crew should attempt to read the S . S . D .  scal e  
and the LRV pi tch and rol l angles to w i th i n  1 °  

accuracy . The center of the gnomon (tolerance 
±0 . 2 " )  should be used to cast the shadow on the 
scale . 
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