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APOLLO 1 2  (MJSSION H-1) SPACECRAFT DISPERSION ANALYSIS 

VOLUME I V  - DESCENT AND ASCENT DISPERSION ANALYSES 

PART 1 - LUNAR DESCENT 

By Gilbert  L. Carman and Moises N. Montez 

1 . 0  SUMMARY 

The r e s u l t s  of t h e  Apollo 12 (Mission H-1) dispersion ana lys i s  f o r  
t h e  LM descent a re  presented i n  t h e  form of s t a t i s t i c a l  t a b l e s  and 
99 percent,  90 percent ,  and 50 percent landing dispersion e l l i p s e s .  The 
study i s  based on a nonlinear Monte Carlo ana lys i s ,  and 100 deskents 
were run. 

In  summary, t h e r e  were no v io l a t ions  of known systems or t r a j e c t o r y  
cons t ra in ts .  A l l  100 descents were successful.  The 99 percent landing 
dispersion e l l i p s e  (3.2 n. m i .  by 1.1 n. m i . )  does not i nd ica t e  a s ign i -  
f i c a n t  improvement from Apollo 11 because D O 1  execution e r r o r s  t h a t  
result from systems unce r t a in t i e s  overshadow any improvement i n  t h e  
o r b i t a l  navigation accuracies.  To determine these  numbers , it w a s  
assumed t h a t  no update of t h e  landing s i t e  vec tor  during ~ 6 3  w a s  used 
and t h a t  no s t a t e  vector update from t h e  ground w a s  incorporated post-DOL 
Reduction of t h e  accelerometer b i a s  uncer ta in ty  and a correction t o  t h e  

i landing s i t e  increase t h e  p robab i l i t y  of  a pinpoint landing ( i . e . ,  a 
landing which occurs within a 1-km rad ius  of t h e  designated landing p o i n t ) .  

A reduction i n  t h e  accelerometer b i a s  uncer ta in ty  has been confirmed 
s ince  t h e  da t a  f o r  t h i s  repor t  were generated. The major e f f e c t  of t h i s  
reduction i s  a reduction i n  t h e  landing dispersions (from 3 .2  by 
1.1 n. m i .  t o  1 . 2  by 0.7 n. m i . ) .  The e f f e c t  of t h i s  reduction on other 
t r a j e c t o r y  d ispers ions  i s  m i n i m a l .  

2.0 INTRODUCTION 

The purpose of t h i s  document i s  t o  present t h e  t echn ica l  approach 
assumptions and t h e  r e s u l t s  of t he  f i n a l  dispersion ana lys i s  performed 
for t h e  luna r  descent phase of Apollo 1 2  (Mission H-1) as defined i n  
re ference  1. 
e f f e c t s  of navigation, t e r r a i n ,  and systems unce r t a in t i e s  on t h e  probabil- 
i t i e s  f o r  mission success and f l i g h t  s a fe ty .  

The purpose of t h e  dispersion ana lys i s  i s  t o  assess the  
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A nonlinear Monte Carlo ana lys i s  of the  mission w a s  performed t o  
permit inclusion of nonl inear  e f f e c t s  so t h a t  t h e  r e su l t an t  non-Gaussian 
sample s t a t i s t i c  could be computed. The covariance matrices sampled by 
the  Monte Carlo simulation were generated by the  Mathematical Physics 
Branch ( r e f .  2 ) .  
s t a t i s t i c a l  processor ( r e f .  3 ) .  

Samples from t h e  simulation were analyzed by t h e  TRW 

APS 

DAMP 

Do1 

DPS 

FTP 

GAC 

G&N 

LAB 

LGC 

LM 

LPD 

LR 

PDI 

PGNCS 

RCS 

tGO 

t I G  

av 

3.0 ABBREXIATIONS 

ascent propulsion system 

descent ascent Monte Carlo program 

des cent o r b i t  i n se r t ion  

descent propulsion system 

f ixed  t h r o t t l e  point  

Grumman Aerospace Corporation 

guidance and navigation 

Landing Analysis Branch 

LM guidance computer 

lunar module 

landing point  designator 

landing radar  

powered descent i n i t i a t i o n  

primary guidance and navigation control  subsystem 

reac t ion  cont ro l  subsystem 

t i m e  t o  go 

time of i gn i t i on  

change i n  ve loc i ty  
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4.0 ANALYSIS 

Dispersion da ta  f o r  t h i s  Monte Carlo ana lys i s  were generated by t h e  
LAB DAME' program. This study considered t h e  e f f e c t s  of propulsion uncer- 
t a i n t i e s  , landing radar  e r r o r s  , t e r r a i n ,  and t e r r a i n  slope on the  lunar  
landing t r a j e c t o r y  from lunar  o r b i t .  I n i t i a l  systems e r r o r s  f o r  each 
Monte Carlo cycle were se l ec t ed  by a random number generator.  
unce r t a in t i e s  were incorporated i n t o  t h e  i n i t i a l  state vector f o r  each 
cycle by sampling a covariance matrix. S t a t i s t i c s  were generated f o r  
t h e  dispersion da ta  a t  nine poin ts  i n  t h e  t r a j e c t o r y .  
t i o n  of t h e  major po in ts  which cons t i t u t ed  t h i s  Monte Carlo ana lys i s  i s  
given i n  subsections 4 .1  through 4.3. 

Navigation 

A de t a i l ed  descrip- 

4 . 1  Descent Trajectory and Guidance 

The l a t e s t  descent t a r g e t i n g  philosophy w a s  used t o  generate t h e  
des i red  conditions used i n  t h i s  study; these  conditions a re  documented 
i n  reference 1. 

The 
p r i o r  t o  

a. 

b. 

C. 

d. 

e. 

A l l  

simulation w a s  i n i t i a l i z e d  over t h e  landing s i t e  one revolution 
landing. The sequence of events w a s  as follows. 

Target t h e  DO1 burn. 

Coast with an ENCKE program t o  t f o r  D O I .  

Perform t h e  DO1 burn. 

I G  

Coast with an ENCKE program t o  PDI. 

Perform t h e  powered descent. 

t h e  navigation and guidance rout ines  used i n  t h e  simulation - 
were acquired from reference-4 except for t h e  ENCKE and t h e  DO1 t a r g e t i n g  
rout ine  . 

4.2 Error Sources 

The PGNCS e r r o r s  considered i n  t h i s  ana lys i s  were accelerometer b i a s ,  
s ca l e  f a c t o r ,  gyro dr i f t ,  and misalinement. The 30 values f o r  t hese  
e r r o r s  w e r e  obtained from reference 5 and a re  l i s t e d  i n  t a b l e  I. 
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The t e r r a i n  va r i a t ion  model f o r  s i t e  7 ( r e f .  6 )  w a s  used with a 
30. uncertainty of  ?lo i n  t e r r a i n  s lope superimposed on the  t e r r a i n  f o r  
ranges of  l e s s  than 40 kilometers.  
i n  the  following manner. 

Elevation unce r t a in t i e s  are computed 

If range < 40 km, use -TS *Range 

If range > 40 km, use -TS *(40 km) - 

where TS i s  the  tangent of the  uncertainty i n  t h e  t e r r a i n  slope.  
pos i t i ve  slope i s  defined as one which slopes up (from t h e  LM). toward t h e  
1 anding s i t  e .  

A 

The LM DPS model (Victory 7 )  used i n  t h i s  ana lys i s  i s  described i n  
reference 7. It is  a l i n e a r  DPS engine model t h a t  uses bas ic  acceptance 
tes t  d a t a  and ad jus ts  them t o  f l i g h t  i n t e r f ace  conditions. In te r face  
conditions ca lcu la ted  i n  Victory 7 a r e  functions of vehicle  longi tudina l  
accelerat ion and propel lant  flow r a t e s .  Engine t a g  values and c l a s s  
coe f f i c i en t s  which were used i n  t h i s  analysis  a r e  documented i n  
reference 8. 

Navigation unce r t a in t i e s  f o r  a pos i t ion  and ve loc i ty  vector one 
revolut ion p r i o r  t o  landing were used i n  the  form of a covariance matrix 
( r e f .  2 ) .  These covariance matrices a re  l i s t e d  i n  t a b l e  11. The data 
presented i n  t h i s  t a b l e  describe t h e  uncertainty of t he  estimated s t a t e  
vector from t h e  ac tua l  s t a t e  vector.  I n i t i a l l y ,  t he  ac tua l  s ta te  vector 
i s  assumed t o  be i n  the  nominal 60-11. m i .  a l t i t u d e  c i r c u l a r  o rb i t .  

Ent r ies  i n  the  matr ix  a r e  given i n  a UVW system which i s  defined as 
follows. 

u =  
r 
I m ’ 

V = W x U ,  down range 

where r i s  t h e  pos i t ion  vector and E is the  i n e r t i a l  ve loc i ty  i n  selen- 
ocent r ic  coordinates.  

The landing radar  model used i n  the  s tud ie s  f o r  t h e  r epor t  w a s  t he  
GAC mathematical model of reference 9. This model includes t e r r a i n  
e f f e c t s  and de ta i l ed  t r ack  log ic  based on s igna l  t o  noise  r a t i o  calcula- 
t i ons .  A de ta i l ed  e r r o r  model i s  a l so  included which introduces t h e  
following e r r o r  sources i n t o  t h e  range and ve loc i ty  measurements. 



5 

a. Determinis t ic  e r r o r s  

1. Terrain b i a s  e r r o r  

2. Preamplif ier  slope e r r o r  

3. VCO d r i f t  e r r o r  

4. Dynamic l a g  e r r o r  

5. Doppler compensation e r r o r  

b. Random b i a s  e r ro r s  

1. Boresight misalinement e r r o r  

2, I n s t a l l a t i o n  misalinement e r r o r  

3. Modulation rate e r r o r  

c. Random f luc tua t ion  e r ro r s  

1. Spread spectrum error 

2. Doppler compensation e r r o r  

3. Quant izat ion e r r o r  

The t r i a x i a l  p o t e n t i a l  function w a s  modified as suggested i n  
reference 1 0  t o  obtain t h e  R 2  po ten t i a l  function which was used i n  t h i s  
study. 

A l l  t he  parameters which are randomized during each Monte Carlo 
cycle a re  l i s t e d  i n  t a b l e  111. 

4.3 S t a t i s t i c a l  output 

Covariance matrices were generated at landing and at 3 minutes p r i o r  
t o  nominal. PDI. The format fo r  these  matrices i s  the  following. 



b 

where describes t h e  uncer ta in ty  of t h e  a c t u a l  about t h e  reference 

describes t h e  uncer ta in ty  of t h e  estimated about t h e  ac tua l  

describes t h e  uncer ta in ty  i n  weight 

6 x 0 A 8  

c, k. II L!X 

l . X l T  

S t a t i s t i c s  were computed f o r  t h e  parameters defined i n  t a b l e  I V  at 
each of t h e  following poin ts  i n  t h e  descent t r a j ec to ry .  

a. DO1 cutof f  

b. PDI minus 3 minutes 

c. High ga te  

d. Ranges of 20 000, 10  000, 5000, and 2000 f e e t  

e. Ver t i ca l  descent i n i t i a t i o n  

f .  Landing 

S t a t i s t i c s  were generated only f o r  cases which d id  not v i o l a t e  any 
of t h e  following abort  c r i t e r i a .  

a. Propellant depletion p r i o r  t o  luna r  landing 

b. Fa i lure  t o  achieve landing radar  a l t i t u d e  update i n i t i a t i o n  
p r i o r  t o  high ga te  

e. Lunar landing p r i o r  t o  t h e  v e r t i c a l  descent phase 

d. Violation of t h e  4-second APS abort  boundary ( a l t i t u d e  versus 
a l t i t u d e  rate cons t r a in t )  p r i o r  t o  600-foot a l t i t u d e  above lunar  surface 
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5.0 DISCUSSION AND RESULTS 

One hundred descents were run, and none of these  v io l a t ed  t h e  abort  
c r i t e r i a  defined i n  t h e  preceding sect ion.  
successful  landings a r e  presented i n  t h e  form of s t a t i s t i c a l  t a b l e s  and 
landing dispers ion e l l i p s e s .  This discussion includes dispers ions at 
DO1 cutoff  and PDI; landing radar  acquis i t ion ;  t h r o t t l e  recovery; disper- 
s ions at high ga te ,  g l ide  pa th ,  and low ga te ;  dispers ions at v e r t i c a l  
descent; p i t c h  dispers ions at landing and DPS burn t i m e ;  landing disper- 
s ion e l l i p s e s ,  landing ve loc i ty ;  AV and propel lant  dispers ions;  and t i m e  
h i s t o r i e s  with assoc ia ted  30 dispers ions f o r  s e l ec t ed  parameters. 

The r e s u l t s  f o r  t he  100 

The summary f o r  t he  s t a t i s t i c a l  parameters i s  presented i n  t a b l e  V 
while t h e  covariance matrices which were generated i n  t h i s  study a r e  
presented i n  t a b l e  V I .  

5.1 Dispersions at DO1 Cutoff 

The DO1 burn i s  wel l  behaved, and t h e  accuracy with which the  burn 
i s  performed i s  acceptable t o  e s t a b l i s h  a safe per i lune a l t i t u d e  at which 
t h e  powered descent can be i n i t i a t e d .  The dispers ions i n  burn duration 
are a t t r i b u t e d  pr imari ly  t o  navigation uncertainty and accelerometer b i a s  
e r ro r .  A 30 va r i a t ion  i n  burn time i s  to .6  second, and a 30 var i a t ion  i n  
AV i s  21.5 f p s .  A 1-fps var i a t ion  i n  AV causes a var i a t ion  i n  per i lune  
a l t i t u d e  uncertainty of 0.7 n. m i .  
an a l t i t u d e  uncertainty at per i lune  which i s  wel l  within t h e  l i m i t  of a 
sa fe  per i lune  fo r  performance of a powered descent. 
standard deviat ion i n  the  AV res idua ls  at DO1 cu to f f ,  i n  body coordinates,  
are as follows. 

A 3a va r i a t ion  i n  AV would r e f l e c t  

The mean and the  

= 0.09 t 0.04 fps  "x-b ody 

AV = 0.00 2 0.02 fps 
Y-bOdy 

= 0.00 f 0.02 fps  "z-body 

The res idua ls  w i l l  not be trimmed. 

5.2 Dispersion at PDI 

No convergence problems caused by dispers ions a t  PDI w e r e  encountered 
i n  t h e  i g n i t i o n  computations. 
dispers ion i n  per i lune  a l t i t u d e  i s  4800 f e e t .  

Because of systems unce r t a in t i e s ,  t h e  30 
The 30 dispers ions i n  
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v e r t i c a l  and hor izonta l  ve loc i ty  (at  PDI minus 3 min) a r e  k 4 . 5  f'ps and 
29.0 f p s ,  respect ively.  Dispersions of t h i s  magnitude can be corrected 
by the  G&N system and w i l l  r e s u l t  i n  a safe landing. 

5.3 Landing Radar Acquisition 

Landing radar  acquis i t ions of a l t i t u d e  and veloc i ty  da ta  nominally 
occur a t  a l t i t u d e s  of 36 000 f ee t  and 16 700 f e e t ,  respect ively.  
30 high and low a l t i t u d e s  f o r  landing radar  a l t i t u d e  acqui 
4 1  520 feet and 30 500 feet ,  respect ively.  
f o r  ve loc i ty  acquis i t ion  are 18 500 f e e t  and 1 4  900 feet ,  respect ively.  

The 

The 30 high and low a l t i t u d e s  

5.4 Thro t t le  Recovery 

Throt t le  recovery nominally occurs at t = 180 seconds (approxi- 
Go 

mately 118 see p r i o r  t o  high gate  because t a rge t  switch occurs when 
tGo = 62 see ) .  A 30 high value f o r  t at t h r o t t l e  recovery i s  

195 seconds, and a 30 low value would be 165 seconds. 
malfunction, which would reduce t h e  t a t  t h r o t t l e  recovery by 

60 seconds, i s  not incorporated i n  these  values. 
ind ica te  t h a t  without a shutoff  valve malfunction there  w i l l  be a t  l e a s t  
a 105-second period of t h r o t t l e  recovery i n  which t o  meet t h e  t a r g e t  
conditions at high gate.  A minimum t h r o t t l e  recovery time of 30 seconds 
has been shown t o  be adequate i n  previous s tud ies .  

GO 
The shutoff valve 

Gc 
These s t a t i s t i c s  

5.5 High-gate Dispersions 

Nominally, high gate  occurs at an a l t i t u d e  of 6700 f e e t  with a 
f l ight-path angle of -22O and a v e r t i c a l  veloci ty  of -167 fps. The 30 
high values f o r  a l t i t u d e ,  f l ight-path angle,  and v e r t i c a l  ve loc i ty  are 
7750 f e e t ,  - 2 8 O ,  and -200 f p s ,  respect ively.  
same order ,  a r e  5650 f e e t ,  -17' , and -134 fps. 
ind ica te  a f l i g h t  s a fe ty  problem at high gate.  

The 30 low values,  i n  t he  
These dispersions do not 

5.6 Glide Path 

The 30 a l t i t u d e  dispersions at ranges of 20 000 f e e t ,  10 000 feet ,  
5000 f e e t ,  and 2000 f e e t  are +750 feet ,  5546 f e e t ,  rl-450 f e e t ,  and 
5369 feet ,  respect ively.  These dispersions cause t h e  approach t o  be 
outs ide the  des i red  approach corr idor  of reference 22 [ f i g .  l(a)l. 
approach t r a j e c t o r y  dips i n t o  t h e  sun angles ( v i s i b i l i t y  washout) ' 

The 
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at  a range of approximately 7000 f e e t  and an a l t i t u d e  of 1500 f e e t .  
,Al t i tude  versus range f o r  t h e  nominal t r a j e c t o r y  as w e l l  as t h e  30 
a l t i t u d e  dispers ions are presented i n  f igu re  l ( b ) .  

5.7 Low Gate (Range of 2000 f t )  

Low gate  occurs nominally a t  an a l t i t u d e  of  500 f e e t .  The approach 
t r a j e c t o r y  has been designed t o  provide a more e f f i c i e n t  automatic 
t r a j e c t o r y  and an improved redesignation capab i l i t y  a t  low gate.  The 
s t a t i s t i c s  presented i n  t h i s  sec t ion  were computed at  a range of 
2000 f e e t ,  which i s  approximately t h e  range a t  which low ga te  occurs. 
The nominal values for hor izonta l  ve loc i ty ,  v e r t i c a l  ve loc i ty ,  and p i t ch  
a re  84 fps ,  -18 f p s ,  and 23",  respect ively.  
parameters are L3.6 f p s ,  t 9  f p s ,  and tO.go,  respect ively.  These disper- 
s ions a re  considered t o  be within t h e  capab i l i t y  of t h e  p i l o t  t o  perform 
h i s  takeover function. 

The 30 dispersion of t hese  

5.8 Ver t ica l  Descent 

The nominal a l t i t u d e  at v e r t i c a l  descent i n i t i a t i o n  i s  100 f e e t  
(no t e r r a i n ) .  
156 f e e t ,  and a 30 low a l t i t u d e  is  48 f e e t .  These a l t i t u d e s  include 
t e r r a i n  e f f ec t s  and are f o r  completely automatic landings.  Terminal 
propel lant  dispers ions are extremely s e n s i t i v e  t o  a l t i t u d e  dispers ions 
a t  v e r t i c a l  descent i n i t i a t i o n  because of t h e  s m a l l  v e r t i c a l  r a t e .  For 
each second of t i m e ,  approximately 9 pounds of propel lant  i s  expended, 
and a l t i t u d e  i s  reduced by only 3 f e e t .  Therefore, a l t i t u d e  dispers ions 
a r e  3 l b / f t .  

A 30 high a l t i t u d e  at v e r t i c a l  descent i n i t i a t i o n  i s  

5.9 P i tch  at Landing (Landing Gear Probe Contact) 

The nominal p i t ch  (from l o c a l  v e r t i c a l )  a t  landing i s  O o .  The 30 
low and high samples a re  -0.5" and O.go, respect ively.  
were wel l  within the  6" cons t ra in t  of reference 12. 

These values 

5.10 Powered Descent Burn Time 

The nominal DPS burn time i s  676 seconds, and the re  i s  a 99 percent 
p robab i l i t y  t h a t  t h e  time w i l l  be l e s s  than 706 seconds. 
sample w a s  642 seconds. 
conf l i c t  with t h e  DPS burn t i m e  cons t r a in t ,  which is .  approximately 
910 seconds. 

The smallest  
These dispers ions ind ica te  t h a t  t he re  i s  no 



10 

5.11 Landing Dispersion El l ipses  
- 

The current  es t imate  of  t he  LM landing dispers ion e l l i p s e s  i s  based 
on a sample s i z e  of 100 runs and i s  given i n  t a b l e  V I I .  
e l l i p s e  (3.2 n. m i .  by 1.1 n. m i . )  does not i nd ica t e  a s ign i f i can t  
improvement from Apollo 11 because D O 1  execution e r ro r s  t h a t  r e s u l t  from 
systems unce r t a in t i e s  overshadow any improvement i n  t h e  o r b i t a l  navigation 
accuracies.  These numbers assume t h a t  no update of t he  landing s i t e  
vec tor  during ~ 6 3  w a s  used and t h a t  no s t a t e  vec tor  update from t h e  
ground w a s  incorporated post-DO1 . Reduction of t h e  accelerometer b i a s  
and a correct ion t o  t h e  landing s i t e  increase t h e  probabi l i ty  f o r  a pin- 
po in t  landing. 

The dispers ion e l l i p s e s  f o r  d i f f e ren t  30 values f o r  accelerometer 
b i a s  as w e l l  as d i f f e r e n t  navigation accuracies used with an Apollo 1 2  
(H-1) mission t imel ine  are presented i n  t a b l e  V I I .  Also included i n  the  
t a b l e  a r e  t h e  dispers ion e l l i p s e s  i n  which a per fec t  s t a t e  vector  update 
w a s  incorporated p r i o r  t o  PDI. The da ta  i n  t a b l e  VI1 ind ica te  t h a t  a 
reduction i n  t h e  accelerometer b i a s  increases  t h e  probabi l i ty  f o r  a pin- 
point  landing. A s t a t e  vector  update p r i o r  t o  PDI or during ~ 6 3  increases  
t h e  probabi l i ty  even more. There i s  no method cur ren t ly  i n  exis tence t h a t  
can be used t o  co r rec t  cross-range e r ro r s .  Therefore, cross-range disper- 
s ions remain t h e  same with or without & landing s i t e  correct ion.  The 
e l l i p s e s  i n  t h i s  case are ro t a t ed  90' primari ly  because of a platform 
misalinement which has a g rea t e r  e f f ec t  on t h e  cross-range dispers ions.  
A s c a t t e r  p lo t  of t h e  samples and t h e  99 percent,  90 percent,  and 50 per- 
cent dispers ion e l l i p s e s  a r e  presented i n  f igu re  2 ( a ) .  
e l l i p s e s  for t h e  reduced accelerometer b i a s  30 uncertainty (0.2 cm/sec2) 
a r e  presented i n  f igu re  2 ( b ) .  

The 99 percent 

The dispers ion 

5.12 Landing (Landing Gear Probe Contact) Velocity 

Nominal hor izonta l  and v e r t i c a l  v e l o c i t i e s  a t  landing a re  0.008 f'?~s 
and -3 fps, respec t ive ly .  The 30 d ispers ions ,  i n  t h e  same order ,  a r e  
20.6 fps  and 20.6 fps .  
ve loc i ty  uncer ta in t ies .  The 30 ve loc i ty  e r r o r  e l l i p s e  i s  compared i n  
f igu re  3 with the  landing gear cons t ra in ts  at landing spec i f ied  i n  
reference 12. 

No f r e e - f a l l  e f f e c t s  a r e  r e f l e c t e d  i n  these  

5.13 AV and Propel lant  Summary 

The AV and propel lants  a r e  summarized i n  t h i s  document f o r  an auto- 
mat ica l ly  guided descent only; t h a t  i s ,  manual t r a n s l a t i o n  and landing 
s i t e  redesignation (manually inpu t )  a re  not considered. The AV and 
propel lan ts  required a re  tabula ted  at major event po in ts  during t h e  
descent i n  t a b l e  VIII(a). The fue l ,  ox id izer ,  and t o t a l  propel lant  
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r e s u l t s  are derived by use of t h e  l i nea r  propulsion system model (ref.  7 ) .  
The propel lan t  s t a t u s  f o r  t h e  t o t a l  descent i s  presented i n  t a b l e  VII I (b)  ¶ 

which includes loaded propel lant  ¶ propel lant  consumed, and usable remain- 
ing  propel lan t .  
p rope l lan t  remaining at landing which can be used f o r  AV.. The usable 
remaining propel lan t  values do not  allow f o r  system malfunctions ¶ b i a s e s ,  
or contingency s i t u a t i o n s  ( r ed l ine  low-level sensor ,  engine valve 
malfunction).  

Usable remaining propel lant  i s  ¶ by de f in i t i on  ¶ t h e  

5.14 Time His tor ies  and Dispersions f o r  Selected Parameters 

T ime  h i s t o r i e s  as wel l  as the  3a dispers ions f o r  t r u e  a l t i t u d e ,  LPD 
angle, p i t c h ,  v e r t i c a l  ve loc i ty ,  g l ide  angle,  and commanded t h r u s t  are 
p l o t t e d  i n  f igu re  4. 
associated dispers ions were not included because they would be i d e n t i c a l  
t o  t h e  time h i s t o r i e s  which w i l l  appear i n  t h e  LM da ta  book ( r e f .  1 4 ) .  

Time h i s t o r i e s  f o r  engine parameters and t h e i r  

6.0 CONCLUSIONS 

There w e r e  no v io l a t ions  of known systems or t r a j e c t o r y  cons t ra in ts .  
A l l  100 descents were successful .  The 99 percent landing dispers ion 
e l l i p s e  (3 .2  n. m i .  by 1.1 n. m i . )  does not i nd ica t e  a s ign i f i can t  
improvement from Apollo l l b e c a u s e  DO1 execution e r ro r s  t h a t  r e s u l t  from 
systems uncer ta in t ies  overshadow any improvement i n  t h e  o r b i t a l  naviga- 
t i o n  accuracies.  To determine these  numbers it w a s  assumed t h a t  no 
update of t he  landing s i t e  vector during ~ 6 3  w a s  used and t h a t  no state 
vec tor  update from t h e  ground w a s  incorporated post-DOI. Reduction of 
t h e  accelerometer b i a s  uncertainty and a cor rec t ion  t o  t h e  landing s i te  
increase  the  p robab i l i t y  fo r  a pinpoint landing. 

A reduct ion i n  t h e  accelerometer b i a s  uncertainty has been confirmed 
s ince  t h e  data for t h i s  r epor t  were generated. 
reduct ion i s  a reduct ion i n  t h e  landing dispers ions ( f r o m  3.2 by 
1.1 n. m i .  t o  1 . 2  by 0.9 n. m i . ) .  
t r a j e c t o r y  dispers ions is minimal. 

The major e f f e c t  of t h i s  

The e f f e c t  of t h i s  reduction on other  
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Component 

TABLE I.- IMU ERRORS 

Equivalent errors 
in program units 30 error 

t I I 

Gyro misalinement 

Coasting flight gyro drift 

Powered flight gyro d r i f t  

Accelerometer bias 

0.057 deg 0.0009948 rad 

.Og deg/hr .436332 x rad/sec 

.3 deg/hr . .14544 x rad/sec 

.6 cm/sec2 .019685 ft/sec2 

Accelerometer scale factor 30 0 /10 .003 
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TABLE 111.- PARAMETERS RANDOMIZED DURING EACH MONTE CARLO CYCLE 
- 

Gyro mi s alinement 

Coasting flight gyro drift 
Powered flight gyro drift 

Accelerometer bias 
Accelerometer scale factor 

(b) LR 

Boresight misalinement error 
Installation misalinement error 

Modulation rate error 

Spread spectrum error 

Doppler compensation error 

Quantization error 

(e) Engine model and propulsion system 

Thrust 
Specific impulse 
Mixture ratio 

Pressure drop ratio across the injector 
Loaded fuel 

Loaded oxidizer 
Dry weight of LM + APS propellant 

(d) State vector 

Navigated position and velocity vectors 

(e) Terrain 

Terrain slope 
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TABLE 1V.-  DEFINITION OF SYMBOLS 

FPAG 

FPAGT 

HORV 

HORVT 

HDOT 

VERVT 

PVRT 

PVRTT 

HEST 

HTRU 

RANGE 

HVIS 

HORZ 

LATLM 

LONLM 

HLRA 

HLRV 

ELANG 

ELAS 

HPER 

HAP0 

ECC 

Estimated f l igh t -pa th  angle,  deg 

True f l igh t -pa th  angle, deg 

Estimated hor izonta l  ve loc i ty ,  f p s  

True hor izonta l  ve loc i ty ,  fp s  

Estimated v e r t i c a l  ve loc i ty ,  f p s  

True v e r t i c a l  ve loc i ty  , fps  

Estimated p i t c h  from v e r t i c a l ,  deg 

True p i t c h  from v e r t i c a l ,  deg 

Estimated a l t i t u d e  , f t  

Al t i tude  above t h e  l o c a l  t e r r a i n ,  f t  

Z component of LM pos i t ion  vec tor  i n  t h e  guidance 
coordinate system, f t  

True a l t i t u d e  at landing s i g h t  v i s i b i l i t y  acqu i s i t i on ,  f t  

True a l t i t u d e  a t  horizon v i s i b i l i t y  acqu i s i t i on ,  f t  

Lati tude of LM, deg 

Longitude of LM, deg 

True a l t i t u d e  at landing radar  a l t i t u d e  acqu i s i t i on ,  f t  

True a l t i t u d e  at landing radar  ve loc i ty  acqu i s i t i on ,  f t  

Glide angle,  deg 

LPD angle,  navigated, deg 

LM per i lune  a l t i t u d e ,  f t  

LM apolune a l t i t u d e ,  f t  

Eccen t r i c i ty ,  n.d. 
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TABLE 1V.- DEFINITION OF SYMBOLS - Concluded 

D E W  

TFIG 

BURN 

TFXA 

WT 

TTVIS 

WPR 

WF 

wox 

FC 

THF 

PI0 

PIF 

DWO 

DWF 

RE 

REE 

CISP 

EISP 

Total  ac tua l  accumulated AV, f p s  

Total  'DPS burn t ime, see 

Burn time at FTP ( f ixed  t h r o t t l e  p o i n t ) ,  see 

TGO at t h r o t t l e  down t i m e ,  sec 

Weight deviat ion from nominal, l b  

Total  landing s igh t  v i s i b i l i t y  t i m e ,  see 

DPS propel lant  remaining, lb 

DPS f u e l  remaining, l b  

DPS oxidizer  remaining, l b  

Thrust commanded by t h e  guidance, lb 

DPS t h r u s t ,  lb 

Oxidizer i n t e r f ace  pressure,  l b  

Fuel i n t e r f ace  pressure,  lb 

Oxidizer f l o w  rate,  lb / sec  

Fuel flow rate, lb / sec  

Mixture r a t i o ,  n.d.  

Ef fec t ive  mixture r a t i o ,  n.d. 

Spec i f ic  impulse, see 

Effect ive spec i f i c  impulse, sec 
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TABLE=- COVARIANCE MATRICES 

(a) Powered descent initiation minus 3 min 

3 . 1 6 7 3 0 4 9 + 0 6  
- 1 . 2 0 6 1 5 2 4 + 0 7  
' 8 * 9 8 5 0 6 0 9 + 0 3  

I *03l3026*08 
- 2 . 2 8 8 6 8 4 3 + 0 3  
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Accelerometer 
bias 
(30) 

cm/ sec2 

TABLE VI1.- CURRENT ESTIMATE OF LM LANDING DISPERSION ELLIPSE 

Percent 
ellipse 

Down-range 
semimajor axis, 

n. mi. 

Cross-range 
semiminor axis, 

n. mi. 
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.6 99 3.0 

.2 99 1.2 
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Figure 3.-  Landing gear constraints at landing and three-sigma 
velocity error ellipse at probe contact. 
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