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Abs t r ac t  

This  paper  d e s c r i b e s  t h e  s a l i e n t  f e a t u r e s  and 
unique problem s o l u t i o n s  f o r  t h e  Viking  l a n d e r  
guidance and c o n t r o l  system des ign .  Because of  
t h e  fo l lowing d e s i g n  requi rements  imposed, t h e  
l a n d e r  guidance and c o n t r o l  f u n c t i o n  p re sen ted  
s t r i n g e n t  des ign  cha l l enges .  These requi rements  
were: (1)  a  comple te ly  autonomous o p e r a t i o n  was 
r equ i r ed  a l t hough  t h e  on-board computer memory 
s i z e  was l i m i t e d  t o  s o l v e  t he  d e s c e n t  problem; 
(2)  t he  l a n d e r  d e o r b i e  maneuver had t o  be very 
accu ra t e  t o  ach ieve  a s a t i s f a c t o r y  p l a n e t  a t -  
mospheric e n t r y  and a n  a c c u r a t e  touchdown a t  t h e  
p red i c t ed  l a n d i n g  s i te ;  (3) t h e  l a n d e r s  had t o  
descend through an unknown atmosphere w i t h  a 
l a r g e  v a r i a t i o n  i n  p r e d i c t e d  c h a r a c t e r i s t i c s ,  
and they had t o  l a n d  at  an unknown t e r r a i n  h e i g h t ;  
and (4) they  had t o  be a s  f u e l - e f f i c i e n t  a s  pos- 
s i b l e ,  p a r t i c u l a r l y  i n  the  t e rmina l  d e s c e n t  
phase. Th i s  paper  d e s c r i b e s  how a s a f e  and 
accu ra t e  l a n d i n g  on the  s u r f a c e  of  Mars whi le  
meeting t h e s e  d e s i g n  requi rements  was achieved 
by t h e  guidance and c o n t r o l  sys tems o f  both  
Viking l a n d e r s .  

I n t r o d u c t i o n  

The guidance  and c o n t r o l  sys tem des ign  of t h e  
Viking Lander w i l l  be  d i scus sed  i n  two p a r t s .  
F i r s t  d i s cus sed  w i l l  be t h e  b a s i c  l a n d e r  guidance 
and c o n t r o l  problem and how t h e  guidance  and con- 
t r o l  subsystem was implemented t o  s o l v e  i t  a long 
wi th  the unique des ign  f e a t u r e s  o f  t h i s  imple- 
mentat ion.  Second, t h e  a c t u a l  l a n d e r  performance 
a s  determined from use  of  f l i g h t  t e l e m e t r y  d a t a  
i s  presented  a l o n g  w i t h  comparisons t o  ana ly t -  
i c a l l y  determined p r e d i c t i o n s .  S ince  most of 
t he  l ande r  f l i g h t  d a t a  a r e  b a s i c a l l y  guidance 
and c o n t r o l  o r i e n t e d ,  t he se  d a t a  w i l l  con ta in  
t h e  essence  of  t h e  l a n d e r ' s  f l i g h t  performance. 

Design Approach and Unique F e a t u r e s  

The Viking  l a n d e r  guidance and c o n t r o l  sys-  
tem autonomously p rov ides  t h e  n a v i g a t i o n ,  
guidance and c o n t r o l  f o r  t h e  l a n d e r  from sepa- 
r a t i o n  of  t h e  l a n d e r  from the  o r b i t e r  t n  land- 
i n g  on t h e  s u r f a c e  o f  Mars. F igu re  1 (a p i c -  
t o r i a l  review o f  t h e  l ande r  descen t  sequence) 
d e p i c t s  t h e  guidance  and c o n t r o l  problem. 

The two Viking s p a c e c r a f t ,  each  c o n s i s t i n g  
of  an o r b i t e r  and a l a n d e r ,  o r b i c t e d  Mars t o  
acqu i r e  d a t a  f o r  a  p r e c i s e  l and ing ,  t o  enab le  
t he  o r b i t e r  s c i e n t i f i c  i n s t rumen t s  t o  determine 
whether t h e  sites were s u i t a b l e  f o r  l and ing ,  
and whether s u r f a c e  mois ture  and tempera ture  
were compatible w i t h  t h e  s e a r c h  f o r  l i f e .  A f t e r  
s u i t a b l e  l a n d i n g  sites were s e l e c t e d ,  t h e  l a n d e r s  
rece ived  a n  on-board f l i g h t  computer d a t a  update 
and e l e c t r i c a l  power t u r n  on s i g n a l .  Presepara-  
'ion checkout o f  c r i t i c a l  de scen t  equipment began 
about 30 h r  b e f o r e  s epa ra t ion .  

Following s e p a r a t i o n ,  t h e  l a n d e r  was o r i e n t e d  
f o r  t he  d e o r b i t  maneuver by t h e  r e a c t i o n  c o n t r o l  
system (RCS). The same RCS is then  used t o  per-  
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Fig. 1 Viking lander mission sequence. 

form t h e  d e o r b i t .  Following d e o r b i t ,  t h e  l a n d e r s  
went i n t o  a r e l a t i v e l y  qu ie scen t  o p e r a t i o n a l  
phase  of  a t t i t u d e  ho ld  ( c a l l e d  c o a s t )  u n t i l  a  
predetermined t i m e  had e l apsed  a t  which t i m e  
t h e  e n t r y  p o i n t  (800,OOO f t  above t h e  s u r f  ace )  
was reached. This  p o i n t  was chosen as be ing  
s a f e l y  above the  Mar t ian  s e n s i b l e  atmosphere bu t  
s t i l l  a t  l e a s t  7 t o  1 0  min away from touchdown. 
A t  t h i s  p o i n t ,  t h e  guidance and c o n t r o l  sys tem 
became very a c t i v e  a g a i n ,  t h e  on-board f l i g h t  
computer came o u t  o f  i ts  low power "s leep"  mode, 
and t h e  l a n d e r  was r e o r i e n t e d  by t h e  RCS t o  
p rope r ly  p o s i t i o n  t h e  h e a t  s h i e l d  f o r  Mar t ian  
atmosphere encounter .  At t h i s  time, t h e  l a n d e r s  
were t r a v e l i n g  about  4.6 km/sec (15,200 f p s )  . 

Veloci ty  n a v i g a t i o n  was aga in  s t a r t e d  from 
b o o t s t r a p  e s t i sna t e s ,  o f  i n e r t i a l  v e l o c i t y  and 
p o s i t i o n .  The n a v i g a t i o n  p roces s ,  e x c e p t  f o r  
a t t i t u d e  m a t r i x  i n t e g r a L i o n ,  was s topped  a t  t he  
snd of  t he  d e o r b i t  phase  t o  s ave  power d u r i n g  
t h e  l ong  c o a s t  phase.  The b o o t s t r a p  estimates 
of p o s i t i o n  and v e l o c i t y  were e v e n t u a l l y  cor-  
r e c t e d  f o r  any e r r o r s  by subsequent  upda te s ,  
f i r s t  from t h e  r a d a r  a l t i m e t e r  which was tu rned  
on  a t  224 km (800,1163 ft) f o r  a l t i t u d e  upda te s ,  



and then for  v e i o c i t v  wich r e s n e c t  t o  the su r -  
f a c e  updates  f rom t h e  t e rmina l  d e s c e n t  and land- 
i n g  v e l o c i t y  r a d a r  (TDLR) which was t u r n e d  on 
d u r i n g  t h e  p a r a c h u t e  phase a t  app rox ima te ly  4 .57  
km (15,000 f t )  above the  s u r f a c e .  

During e n t r y ,  t h e  a e r o s h e l l  h e a t s h i e l d  pro- 
t e c  t e d  t h e  l a n d e r  from a tmospher ic  h e a t i n g  by 
a b l a t i o n .  When t h e  l a n d e r s  were about  5.79 
km (19,000 f t )  above t h e  s u r f a c e ,  t h e  pa rachu te s  
were deployed t o  f u r t h e r  slow t h e  d e s c e n t .  Seve~.  
s e c  l a t e r  t he  a e r o s h e l l  was j e t t i s o n e d ,  and 8 s e c  
l a t e r  t h e  l a n d i n g  l e g s  were deployed.  The para-  
chu te lbase  cove r  was j e t t i s o n e d  abou t  45 s e c  
later when t h e  l a n d e r  was 1.49 km (4900 f t )  above 
t h e  s u r f a c e  and descending  a t  abou t  66 mps (215 
f p s ) .  Powered f l i g h t  on t h e  t e r m i n a l  d e s c e n t  
p ropu l s ion  sys tem l a s t e d  about  40 sec w i t h  t h e  
t h r e e  t e rmina l  d e s c e n t  eng ines  b e i n g  d i f f e r e n -  
t i a l l y  t h r o t t l e d  t o  c o n t r o l  t h e  l a n d e r  p i t c h  and 
yaw a t t i t u d e s  and a l s o  t h e  l a n d e r  v e l o c i t y  a s  a 
func t ion  o f  a l t i t u d e .  The t e r m i n a l  d e s c e n t  
eng ines  were s h u t  down when t h e  l a n d e r  foo tpads  
con tac t ed  the  Martiarr. s u r f a c e  a t  abau t  2.44 mps 
(8 f p s )  . Honeycomb aluminum shock a b s o r b e r s  i n  
t h e  l and ing  l e g s  a r r e s t e d  t h e  l a n d e r s  a t  touch- 
down. The nominal t r a j e c t o r y  sequence  is  shown 
i n  Figure  2 .  
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Fig. 2 Nominql VL descent trajectory. 

The above d e s i g n  t a s k  was compl ica ted  be- 
cause  t h e  f u n c t i o n s  were t o  be  c a r r i e d  o u t  auto- 
m a t i c a l l y  and comple te ly  a u t o n o m u s l y .  Two-way 
r a d i o  l i n k  t r a n s m i s s i o n  de l ay  times were approx- 
ima te ly  40 min the reby  p rec lud ing  any meaningful  
earth-based c o n t r o l  once t h e  i n i t i a l  s e p a r a t i o n  
s i g n a l  was s e n t .  A d d i t i o n a l l y ,  a l l  d e s i g n  re- 
qui rements  were t o  b e  met whi le  descending  
through any one  o f  f i v e  p o s t u l a t e d  Mar t i an  a t -  
mospheres which v a r i e d  i n  s u r f a c e  p r e s s u r e  from 
4.99 t o  9.3 mbars and l and ing  a t  a  s u r f a c e  e l e -  
v a t i o n  anywhere between +3.05 km (10,000 f t )  and 
-7.92 km (26,000 f t )  w i th  r e s p e c t  t o  mean su r -  
f a c e  l e v e l .  

The fo l lowing  s e c t i o n s  w i l l  d i s c u s s  t h e  
guidance and c o n t r o l  func t ions  i n  a t a sk -  
o r i e n t e d  manner. 

A t t i t u d e  Contro l  

Except f o r  t h e  t e r m i n a l  d e s c e n t  phase  where 
t h e  landers' pitch and yaw a t t i t u d e  were con- 

t r o l l e d  bv d i f f e r e n t i a l l y  t h r o t t l i n g  t h e  ter- 
mina l  descent  e r z i n e s .  a l l  l a n d e r  a t t i t u d e  con- 
t r o l  was handled by t h e  a t t i t u d e  c o n t r o l  sys-  
tem (ACS). The ACS i s  comprised o f  t h e  a t t i -  
t u d e  c o n t r o l  l o g i c  e q u a t i o n s ,  t h e  i n e r t i a l  r e f -  
e r e n c e  u n i t  ( I R U ) ,  and t h e  RCS t o  implement t h e  
t o rque  commands. The l a n d e r  a t t i t u d e  is  meas- 
u red  wi th  r e s p e c t  t o  an i n e r t i a l  frame d e f i n e d  
t o  be identity a t  lander s e p a r a t i o n  by a 
f i r s t  o rde r  i n t e g r a t i o n  a lgo r i t hm wi th  o r tho -  
no rma l i t y  c o r r e c t i o n  terms. The fo rmula t ion  
f o r  t he  second column of t h i s  a t t i t u d e  m a t r i x ,  
[ A ] ,  is :  

where t he  A B s  a r e  t h e  incrementa l  a n g l e s o f  ro l l ,  
p i t ch  and yaw obtained from the IRU rate 
in tegra t i ig  gyro r eba l ance  p u l s e  coun t s .  

Ec2 
and Ec3 a r e  t h e  o r thonorma l i t y  c o r r e c t i o n  

c o e f f i c i e n t s  neces sa ry  t o  ma in t a in  t h e  A mat r ix  
a x e s  or thogonal  and normal because o f  t h e  simple 
i n t e g r a t i o n  a lgo r i t hm.  They a r e  d e f i n e d  by 

The t h i r d  c o l ~ m n  is  computed s i m i l a r l y  and t h e  
f i r s t  column is o b t a i n e d  from t h e  c r o s s  product  
o f  t h e  p rev ious ly  computed e lements  . 

The a t t i t u d e  m a t r i x  i n t e g r a t i o n  was c a r r i e d  
o u t  throughput t h e  whole of t he  d e s c e n t  which 
l a s t e d  upwards of  6 hr .  The p roces s  is  neve r  
updated wi th  s e n s o r  measurements s o  any e r r o r  
acc rued  i n  eitner the i n t e g r a t i o n  algorithm or 
t h e  IRU gyro b i a s  accumulation remains i n  t n e  
a t t i t u d e  ma t r ix  and a f f e c t s  t he  accu racy  of sub- 
s equen t  maneuvers 

Computer s i m u l a t i o n s  have shown t h a t  f o r  
t h i s  a p p l i c a t i o n ,  which had few f a s t  maneuvers 
i n  t h e  f i r s t  p a r t  of  t h e  f l i g h t  and a l o n g  
q u i e s c e n t  c o a s t  time, t h a t  t h e  above fo rmula t ion  
was a b l e  t o  meet t h e  o v e r a l l  accuracy  o b j e c t i v e s .  
For  t h e  24-bit  computer word l e n g t h  and an  up- 
d a t e  r a t e  of  20 msec, t he  A m a t r i x  d r i f t  r a t e  
was l e s s  than  0 .1  deg /h r  except  d u r i n g  h i g h  
rate t r a n s i e n t s  which occu r  l a t e  i n  t h e  f l i g h t  
p r i m a r i l y  du r ing  t h e  parachute  phase .  

A t t i t u d e  maneuvers u s ing  t h e  ACS a r e  accom- 
p l i s h e d  i n  t h e  f o l l o w i n g  manner. Given a de- 
s i r e d  a t t i t u d e  m a t r i x  f o r  t h e  l a n d e r  t o  have 
[ A ~ ] ,  an  a t t i t u d e  e r r o r  ma t r ix ,  [AA] , can b e  

formula ted  : 

where T denotes  m a t r i x  t r anspose .  R o l l ,  p i t c h ,  
and yaw e r r o r s  a r e  d e r i v e d  from t h e  o f f  d i agona l  
terms of  AA: 



This  tzchnique g ives  good r o l l ,  p i t c h ,  and yaw 
e r r o r s  f o r  smal l  angle .  e r r o r s  and a t  least gives  
t h e  proper d i r e c t i o n  t o  tu rn  i n  f o r  l a r g e r  e r r o r s .  
Cer ta in  s i n g u l a r i t y  avoidance problems e x i s t  
around 180° of e r r o r .  Software l o g i c  is incorpo- 
r a t e d  t o  avoid t h e s e  problems by commanding a 
l a r g e  command torque when t h e  180' s i n g u l a r i t y  i s  
sensed. The technique always commands a maneu- 
v e r  of l e s s  than 180' and the  maneuver can 
occur  simultaneously about a l l  t h r e e  l a n d e r  
body axes,  thus minimizing maneuver t ime. The 
l ander  can a l s o  be  allowed t o  d r i f t  i n  an un- 
con t ro l l ed  s t a t e  as long a s  the  t r u e  a t t i t u d e  
matr ix ,  [ A ] ,  i s  computed. The l a n  
cover t o  the  d e s i r e d  o r i e n t a t i o n ,  

t h e  a t t i t u d e  c o n t r o l  loop is  c l o s e i .  

The above a t t i t u d e  e r r o r s  a r e  i n p u t  i n t o  a 
s tandard a t t i t u d e  c o n t r o l  phase p lane  swi tching 
l o g i c  which c o n t r o l s  t h e  opera t ion  of  t h e  e i g h t  
a f t  point ing pitch/yaw RCS engines  and four  r o l l  
j e t s  arranged i n  a b u t t e r f l y  conf igura t ion  (see 
Fig.  3) . 
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Fig. 3 Reaction control system geometry. 

Deorbit 

To save the  weight of a separa te  h igh- thrus t  
deorb i t  engine, t h e  deorb i t  propuls ive  burn was 
accomplished wi th  t h e  e i g h t ,  a f t -po in t ing  RCS 
engines.  These engines  a r e  nominally low-thrust 
engines of 36 newtons (8 l b f )  a t  a tank pressure  
o f  240 newtons/cm2 (348 ps ia ) .  The burn t i m e  of 
t h e  deorbi t  phase t o  accomplish a AV of 156 m/sec 
is about 22 minutes. 

The accuracy of  t h i s  burn i s  of prime i m -  
portance i n  determining subsequent t r a j e c t o r y  
parameters such as e n t r y  v e l o c i t y  f l i g h t  pa th  
ang le  and the coord ina tes  of  the  touchdown point,  
Ffgure 4 shows the components of t h e  l and ing  

Fig. 4 Components of landing elipre semima~or axis errors. 

e l l i p s e  semimajor a x i s  predic ted e r r o r e .  The 
d i f f e r e n c e  over t h e  width of the  ba r s  depends on 
whether the  deorb i t  is  t a r g e t e d  t o  s t a y  i n  plane 
( e r r o r  t o  the l e f t )  o r  t o  c ross  range up t o  a 
maximum of 6' ( e r r o r  t o  the  r i g h t ) .  A s  can be 
seen,  the  maximum e r r o r s  a r e  caused by t h e  de- 
o r b i t  execution.  The o r b i t  determinat ion e r r o r  
i s  caused mostly by impreciseness a s  t o  where 
t h e  spacec ra f t  is i n  i t s  o r b i t  r a t h e r  then  by what 
t h a t  o r b i t  is.  The e n t r y  systems s t a t i s t i c a l  
e r r o r s  a r e  the  r e s u l t  of  an unknown magnitude and 
d i r e c t i o n  of atmospheric winds and uncer t a in  aero  
c o e f f i c i e n t  performance i n  the  Martian atmosphere 
s i c c e  n e i t h e r  the  a e r o s h e l l  o r  parachute  could 
be t e s t e d  i n  the  Martian atmosphere. Map and 
po le  e r r o r s  a r e  simply imprecise knowledge of 
t h e  targeted landing s i te  on t h e  s u r f a c e  o f  Mars 
t o  t h e  known po le  and map loca t ion .  

The n o n s t a t i s t i c a l  e r r o r s  were assumed t o  
come from the  e f f e c t s  of t h e  f i v e  unknown atmo- 
sphere  models (d iscussed previously) .  They were 
t r e a t e d  a s  equally probable and i n  a n o n s t a t i s -  
t i c a l  manner. L a s t l y ,  i t  was known t h a t  an accel -  
eorometer b ias  s h i f t  could occur i f  IRU hea t ing  
by t h e  deorbi t  engines  occurred.  Since  t h e  heat-  
i n g  model was imprecise ,  i t  was decided t o  ac- 
count f o r  the worst-case heat ing.  This  then 
meant t h a t  the worat-case accelerometer b i a s  
s h i f t  was assumed t o  occur  d e t e r m i n i s t i c a l l y .  As 
i t  turned ou t ,  l i t t l e  hea t ing  d id  a c t u a l l y  occur 
but a t  l e a s t  the  t a r g e t i n g  accounted f o r  t h e  
worst-case. 

To minimize t h e  e r r o r s  a s soc ia ted  w i t h  the  
d e o r b i t  burn, a velocity-to-be-gained guidance 
s t e e r i n g  technique was used. Velocity-to-be- 
gained is the  d i f f e r e n c e  between t h e  a c t u a l  ve- 
h i c l e  ve loc i ty  accrued a t  any time and t h a t  value  
requ i red  t o  achieve t h e  des i red  t r a n s f e r  t r a -  
j e c t o r y .  In body coord ina tes ,  these  veloci ty- to-  
be-gained v e l o c i t i e s  a r e  : 
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and VXx, VyI, VZI a r e  accrued i n e r t i a l  v e l o c i t y  

changes from t h e  start of t h e  burn wi thout  grav- 
i t y  e f f e c t s  us ing  t h e  accelerometer i n t e g r a t e d  
ou tpu t s  over one i n t e g r a t i o n  t ime i n t e r v a l :  

and Adll, e t c  are elements of t h e  d e s i r e d  body 

a t t i t u d e  mat r ix  dur ing  t h e  d e o r b i t  burn.  

The s t e e r i n g  laws using t h e s e  v e l o c i t i e s -  
to-be-gained i n  p i t c h  and yaw a r e :  

$ 

where 9 and qc0 a r e  accumulstions of  back value  
CO 

r e s idua l s  i n  removing previous 8 s and $ s and G 
C 

is  t h e  velocity-to-be-gained g a i n  which f o r  bes t  
s t a b i l i t y  and e r r o r  removal was found t o  be 0.1. 

This technique proved b e s t  a b l e  t o  account 
f o r  t h r u s t  misalignments and a t t i t u d e  con t ro l  
limit cycle  e f f e c t s .  It cont inuously  keeps t r a c l  
of  where t h e  total v e l o c i t y  v e c t o r  +.s being 
accrued i n  i n e r t i a l  space t o  the  accuracy of 
measurement by accelerometers  and t h e  a t t i t u d e  
matr ix ,  [A],  accuracy. 

Since the  burn time was c l o s e  t o  % hr  and 
the re fo re  very much not l i k e  an impulsive maneu- 
ver, e r r o r s  i n  AV accumulation ve r sus  time and 
of cutoff  time i t s e l f  have a profound e f f e c t  on 
subsequent t r a j e c t o r y  parameters.  This  was the  
reason f o r  t h e  unique veloci ty-required funct ion,  

Vr. This f u n c t i o n  was s i zed  t o  enab le  t h e  ve- 

h i c l e  t o  always be a b l e  t o  fol low it even wi th  
an engine o u t  and wi th  degraded engine  t h r u s t s .  
This technique assu red  t h a t  t h e  i n e r t i a l  v e l o c i t y  
AV a s  a func t ion  of  time and then t h e r e f o r e  posi-  
t i o n  was always c l o s e  t o  t h a t  d e s i r e d  t o  wi thin  
t h e  t h r u s t  rmdulat ion technique used, i . e . :  

'gxb ' 'ed turn all engines on 

Vgxb <-Ved turn all engines off 

-VBd G Vgxb < Ved no change 

where Ved is an acceptable  AV accumulation e r r o r  

These deorb i  t guidance techuiques  removed t h e  
e f f e c t s  of engine  t h r u s t  misalignments,  c o n t r o l  
system limit c y c l e  e f f e c t s ,  cg o f f s e t  e r r o r s ,  
engine I e r r o r s ,  engine tank p r e s s u r e  e r r o r s ,  

SP 
and engine t h r u s t  e r r o r s .  E s s e n t i a l l y  t h e  only  
remaining e r r o r  c o n t r i b u t o r s  were t h o s e  asso- 
c i a t e d  wi th  how w e l l  w e  knew t h e  v e h i c l e s  atti- 
tude through [A]  and how w e l l  we could  measure 
the vehi r 1 es ! a c c e l e r a t i o n  by t h e  accelerometers  . 

A comprehensive e r r o r  a n a l y s i s  examining a l l  
e r r o r  sources such as i n i t i a l  al lgnmenr of the 
spacec ra f t  t o  t h e  assumed c e l e s t i a l  frame, gyro 
b i a s ,  gyro g s e n s i t i v e  d r i f t ,  gyro g2 s e n s i t i v e  
d r i f t ,  gyro s c a l e  f a c t o r ,  gyro misalignment, 
accelerometer b i a s ,  accelerometer s c a l e  f a c t o r ,  
and accelerometer misalignment was done t o  a s sess  
t h e  impact of t h e s e  e r r o r s  on t h e  d e o r b i t  burn 
accuracy. These e r r o r  sources each c o n t r i b u t e  t o  
deorb i t  AV e r r o r  wi th  t h r e e  i n e r t i a l  e r r o r  veloc- 
i t y  components t h a t  a r e  c o r r e l a t e d  wi th  each 
o t h e r .  The r o o t  s u a  square of t h e s e  components 
form the  axes of a t r i v a r i a t e  e r r o r  e l i p s o i d  whose 
99% p r o b a b i l i t y  s u r f a c e  i s  a t  t h e  3.4-0 l e v e l  (see 
Fig.  5).  Searching t h e  su r face  of t h i s  3 .4 -0  
e l i p s o i d  f o r  combinations of d e o r b i t  bV p o i n t i n g  
and magnitude e r r o r  produces t h e  r e s u l t s  shown i n  
Figure  6 which a r e  w e l l  below the  requirements.  
The de te rmin i s t i c  e r r o r  shown was due t o  t h e  ac- 
celerometer b i a s  t h a t  was not compensated f o r .  
The r e s u l t s  shown a r e  f o r  the f i r s t  Viking mis- 
s i o n .  The second mission r e s u l t s  are very 
s i m i l a r .  

DETERMINISTIC ERROR 
C MAXIMUM 

PERFECT ITARGETI -4 
MAGNITUDE 
ERROH 

-> 

B MAMIMUMANG A ANGULAR ERROR WITH NO 
MAGNITUDE ERROR 

Fig. 5 Deorbllt velocity increment dispersion. 
I099  PROBABlLlrY LFVELI 

DEORBIT JV MAGNITUDE ERROR. % 

Fig. 6 Viking 1 Deorbit AV Error Predictions vs Requirement 

O f  a l l  t he  e r r o r  sources mentioned, acceler-  
ometer b ias  a long t h e  t h r u s t  a x i s  con t r ibu ted  
i -ear ly  a l l  the  e r r o r  t o  deorb i t  AV magnitude and 
l a t e r a l  accelerometer b i a s  p l u s  the  e r r o r s  i n  
i n i t i a l  alignment of the  l ander  t o  t h e  assumed 
L. ? l e s t i a l  frame causes  most of t h e  e r r o r  i n  
deorb i  t AV po in t ing  e r r o r .  

Coast 

As descr ibed i n  the  mission d e s c r i p t i o n  see- 
t i o n ,  coas t  is a r e l a t i v e l y  qu iescen t  phase wi th  
a t t i t u d e  hold being t h e  only  ACS a c t i v i t y .  The 
on-board f l i g h t  computer is a low power "sleep" 
mode t o  conserve power except f o r  occas iona l  
"awake" times f o r  a t t i t u d e  matr ix  i n t e g r a t i o n  and 
a t t i t u d e  c o n t r o l  and o t h e r  necessary func t ions .  



A t  a predetermined time from separa t ion ,  the  
computer co.mands an e n t r y  maneuver us ing  t h e  A 
technique previously  described t o  a l i g n  t h e  aero- 
s h e l l  f o r  atmusphere encounter. Entry navigation 
begins again s t a r t i n g  from predetermined ve loc i ty  
and pos i t ion  es t ima tes .  Soon a f t e r  t h e  en t ry  
point was reached, t h e  sens ib le  atmosphere is  
encountered and t h e  a t t i t u d e  hold mode of con t ro l  
i n  p i t ch  and yaw is re leased t o  t h e  a e r o s h e l l  
dynamic s t a b i l i t y  con t ro l  when .05 g is sensed. 
The ACS provided add i t iona l  r a t e  damping. 

Also a t  t h e  t ime of ent ry  nav iga t ion  s t a r t ,  
t he  a t t i t u d e  matr ix ,  [A], reference frame i s  
switched from t h e  c e l e s t i a l  r e fe rence  obtained 
by the  o r b i t e r  a t  separa t ion  t o  a r e fe rence  frame 
coincident with t h e  an assumed touchdown frame a t  
t h e  assumed touchdown point  (see Fig. 7)  . The 
reason f o r  t h i s  is twofold: (1) i t  f a c i l i t a t e s  
terminal descent  navigat ion,  and (2)  enables con- 
t r o l  t o  be obta ined i n  t h e  proper frame. For 
ins tance,  i t  is  necessary t o  keep t h e  ae roshe l l  
l i f t  vector  i n  t h e  v e r t i c a l  plane and t o  keep 
the  radar a l t i m e t e r  antenna on the  bottom of the  
ae roshe l l  looking down. This i s  accomplished 
during the  e n t r y  ae roshe l l  phase by using AZ3 

a s  a r o l l  con t ro l  s t e e r i n g  command. Nulling AZ3 

keeps Ybody perpendicular t o  the  down d i r e c t  ion.  

-P BODY FRAME DURING 
DESCENT 

-I RAJECTORY TRACE 
ON PLANET SURFACE 

Fig. 7 Touchdown and body frames. 

Parachute Phase 

At t i tude r o l l  con t ro l  and p i t c h  and yaw r a t e  
damping a r e  maintained during t h e  i n i t i a l  pa r t  of 
the parachute phase. Early con t ro l  system mech- 
anizat ions  then went t o  r o l l  gyro a t t i t u d e  (body 
r o l l  angle) hold at ae roshe l l  drop t o  maintain 
the  proper r o l l  o r i e n t a t i o n  on down t o  landing. 
Roll  o r i e n t a t i o n  of t h e  lander  a t  touchdown is  
important t o  a s s u r e  t h e  proper sun ang les  a r e  
obtained f o r  the  camera imagery. Refinements 
of the  parachute dynamic simulations late i~ the 
software t e s t  program ( to  incorporate  a procar  
parachute l i f t  vec to r )  revealed a s i g n i f i c a n t  
problem with  r o l l  gyro a t t i t u d e  hold. The para- 
chute l i f t  v e c t o r  precessed around t h e  veh ic le  

angle  t o  zero, t h i s  r o l l  ax i s  coning motion in- 
duced a s i g n i f i c a n t  i n e r t i a l  r o l l  e r r o r  by t h e  
time the  lander touched down. Figure 7 shows 
t h a t  the  lander w i l l  l and  with i ts X a x i s  coin- 
c i d e n t  with the touchdown Z a x i s  with some un- 
known r o l l  angle,  +, o r i e n t e t i o n  s o  two ordered 
r o t a t i o n s  about p i t c h ,  8 ,  and r o l l ,  4 ,  w i l l  t rans-  
form from one frame t o  the  other .  The t r ans fo r -  
mation from the  touchdown frame t o  t h e  des i red  
frame is  then 

The so lu t ion  t o  the  above r o l l  con t ro l  problem, 
then,  was t o  command a r o l l  angle of 

where Q the des i red r o l l  o r i e n t a t i o n  i n  t h e  
cD 

touchdown frame. 

Note t h a t  u n t i l  t he  vehic le  has completed i t s  
g rav i ty  turn  p r o f i l e  t o  b r ing  the  veh ic le  X a x i s  
v e r t i c a l ,  the veh ic le  A matrix w i l l  n o t  neces- 
s a r i l y  approach (11). However, t h i s  is not  a 
problem because the  l ander  always completes nearly 
a l l  of the gravi ty  t u r n  a t  a high enough a l t i t u d e  
t o  assure  t h a t  (12) w i l l  provide the  proper r o l l  
s t e e r i n g  before touchdown. 

Terminal Descent 

A t  approximately 1.49 km (4900 f t )  above the  
surf  ace ,  the  terminal descent engines a r e  s t a r t e d  
and warmed up. Two s e c  l a t e r  t h e  parachute is  
re leased and the  terminal  descent c o n t r o l  system 
p i t c h ,  yaw, and v e l o c i t y  control  channels a r e  
c losed (see Fig. 8 ) .  These control  loops  a r e  
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INERTIAL NAVIGATION 

LOVATIONS 
VL NAY I N  
BOOV 
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Fig. 8 Terminal descent guidance and control system. 

closed through the  d i g i t a l  computer where t h e  
s t e e r i n g ,  n a v i g a t ~ o n ,  engine mixing, and d i g i t a l  
compensation equations a r e  implemented. The 
sampled-data s t a b i l i t y  margins f o r  t h e s e  d i g i t a l  
c o n t r o l  loops a r e  shown i n  Figure 9 a long with 
t h e  minimum margins under to lerance condi t ions .  
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w i t h  a n  ana log-hybr id  6-degree-of-freedom (DOF) 

- +40F I n o n l i n e a r  s i m u l a t i o n  o f  t h e  t e r m i n a l  d e s c e n t  
p h a s e  by b r e a k i n g  t h e  l o o p s  a t  a p p r o p r i a t e  p l a c e s  

g +20 and  check ing  phase  a n d  g a i n .  T h i s  h a s  shown very  
PHASE MARGIN 1 good agreement . 

It is i n s t r u c t i v e  t o  review F i g u r e  8 w i t h  
some d e t a i l .  The two p i t c h  and yaw s t e e r i n g  
commands a r e  

PHASE, deg where Gs, G a r e  s t e e r i n g  g a i n s .  

I NOTE: BITCH OUTER LOOP, U = 8 ftlsec, TDLR LOCKED 
MINIMUM POSITIVE GAlN MARGIN = 7.5 dB 
MINIMUM NEGATIVE GAIN MARGIN = 4.2 dB 
MINIMUM PHASE MARGIN = 37 des 

These are t h e  g r a v i t y  t u r n  s t e e r i n g  e q u a t i o n s  
used  t o  p l a c e  t h e  t h r u s t  v e c t o r  o p p o s i t e  t h e  t o t a l  
r e l a t i v e  v e l o c i t y  v e c t o r  t o  a c h i e v e  a  g r a v i t y  
t u r n  t r a j e c t o r y .  

NOTE: AXIAL LOOP f1(V)A13 = 2.01, TDLR locked, I- I 

+4O 

RA UNLOCKED BELOW 100 ft 
MINIMUM GAlN MARGIN = 4.9 dB 
MINIMUM PHASE MARGIN = 24 dea 1 

- 
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The descen t  c o n t o u r  shown is a l t i t u d e - v e l o c i t y  
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PHASE, deg 
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rc#pomc 
C o n s i d e r a b l e  l i n e a r i z a t i o n  o f  t h e s e  c o n t r o l  

loops, p a r t i c u l a r l y  of the gravity t u r n  dynamics, 
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where V is t h e  v e r t i c a l  v e l o c i t y  and V is t h e  
V H 

gu idance .  There were some unique problems asso-  - c i a t e d  w i t h  t h i s  gu idance  scheme t h a t  were a l s o  
- uncovered i n  t h e  a n a l y t i c a l  s i m u l a t i o n  and per-  

formance test work. - 
POSITIVE GAiN MARGIN 

NEGATIVE GAIN MARGIN 
Before d e l v i n g  i n t o  t h e s e  problems,  t h e  b a s i c  - t e r m i n a l  d e s c e n t  gu idance  problem w i l l  b e  d i s -  

c u s s e d .  Because of t h e  v a r i e t y  o f  Mar t ian  at- 
- mospheres ,  winds, and t e r r a i n  h e i g h t s  t h a t  t h e  - l a n d e r  must contend w i t h ,  t h e r e  is a  l a r g e  range  

- o f  i n i t i a l  v e l o c i t y  c o n d i t i o n s  a t  t h e  end o f  
t h e  p a r a c h u t e .  The v e l o c i t y  c o n d i t i o n s  r a n g e  - 

I I from 
- 6 0 i i 1 1 1 1 1 1 1 1 1 i  

h o r i z o n t a l  v e l o c i t y  w i t h  r e s p e c t  t o  t h e  s u r f a c e .  
R e f e r r i n g  t o  t h e  r i g h t  hand a l t i t u d e  v e l o c i t y  
c o n t o u r  i n  F i g u r e  1 0 ,  t h e  i n i t i a l  t e c h n i q u e  o f  
a l t i t u d e - v e l o c i t y  gu idance  was t o  d e s i g n  a  s i n g l e  
H-V contour  f o r  a s e t  o f  s t a t i s t i c a l l y  de te rmined  
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Fig. 10 Terminal descent altitude-velocity contours. 



worst-case i n i t i a l  v e l o c i t i e s  from t h e  parachute  
phase. It was thought t h a t  =y lesser v e l o c i t y ,  
no matcer whar ~ t s  components, would b e  a b l e  t o  
fo l low t h i s  "high ve loc i ty"  contour .  As i t  
turned o u t ,  f o r  some combinations of  v e l o c i t y  
c m d i t i o n s  t he  v e h i c l e  was not  a b l e  t o  fo l low 
the  contour and f e l l  continuously behind i t  
eventua l ly  impacting on the s u r f a c e  a t  high 
ve loc i ty .  The reason f o r  t h i s  is obvious  upon 
examination of t h e  a c c e l e r a t i o n  r e q u i r e d  t o  f 01- 
low the  H-V contour ,  a R ' 

where $, or a r e  as shown on Figure 11, V is the  
t o t a l  veh ic l e  r e l a t i v e  v e l o c i t y  and 

t h e  s lope  of t he  contour  func t ion ,  f (V) = Hd 

= GRAVITATIONAL ACCELERATION 
= SURFACE SLOPE 
= LANDER ATTITUDE 
= SLANT RANGE MEASUREMENT 
= ALTITUDE MEASUREMENT 
= TRUE ALTITUDE 
= VELOCITY 
= LANDER ACCELERATION DUE TO 

THRUST 

Fig. 11 Altitude and slant range geometry. 

For su r f ace  s l o p e  of  zero,  eq (15) b e c ~ u ~ s  (I6>. 
Equation (16) shows t h e  reason f o r  t h e  aforemen- 
t ioned problem. Along the  des ign  contour ,  a cer -  
t a i n  V ,  9 combination e x i s t s  a t  any a l t i t u d e .  
Since our c o n t r o l  law only worked w i t h  V ,  t he  
t o t a l  ve loc i ty ,  it  w a s  pos s ib l e  t o  i n t e r s e c t  the  
contour wi th  a + t h a t  was less than  t h e  design 
which could r e q u i r e  an  a c c e l e r a t i o n  t o  fo l low t h e  
contour g r e a t e r  than  t h e  maximum a v a i l a b l e .  This 
is what caused low +, high v e l o c i t y  c a s e s  t o  con- 
t inuous ly  f a l l  behind the  contour and impact a t  
v e l o c i t i e s  g r e a t e r  than 8 f t / s e c .  Other  i n v e s t i -  
ga to r s  have i n v e s t i g a t e d  o t h e r  guidance tech- 

n iques  ( 3 ' 4 )  such a s  range-veloc i ty  (R-V) guidance, 
a l t i t u d e  r a t e - a l t i t u d e  guidance (H-H). These a r e  
f raught  w i th  t h e  same type problems : R-V gyidance 
being very s e n s i t i v e  t o  su r f ace  s l o p e s  and H-H 
guidance be ing  s e n s i t i v e  t o  high IJJS. 

v 

What was needed was some o t h e r  technique  r a t h e r  
than a b a s i c  guidance law change. Also,  i t  was 
des i r ab l e  t o  n o t  use techniques such a s  an on- 
board real- t ime c a l c u l a t i o n  of  optimum descent  
contours given i n i t i a l  v e l o c i t y  c o n d i t i o n s  from 
the  parachute.  The f l i g h t  computer c a p a b i l i t i e s  
f o r  t he  descent  program were s e v e r e l y  l i m i t e d  i n  
terms of bo th  memory and timing. This  was neces- 
s a r y  because t h i s  computer had a m u l t i t u d e  of  
a d d i t i o n a l  f u n c t i o n s  bes ides  descent  t o  perform. 
The most impor tant  landed sc i ence  and d a t a  han- 
d l i n g  func t ions  are t h e  p r i m  u s e r s  o f  t h e  ccm- 
p u t e r  memory. 
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a b l e  to  so lve  t he  above problem wi th  a minimum of  
computer impact. The r i g h t  hand con tou r  is stil l  
designed t o  handle t h e  maximum v e l o c i t y  condi-  
t i o n s  (as  before  w i th  H-V guidance) through a 
g r a v i t y  turn .  This  g r a v i t y  t u r n  des ign  contour  
is very  nea r ly  fuel-optimum f o r  t h e  i n i t i a l  de- 
s i g n  condi t ions .  Thus, it is d e s i r a b l e  n o t  t o  
have a guidance technique  t h a t  d e p a r t s  from t h i s  
t o  handle  t he  h ignes t  ve loc  ;ty f u e l - l i m i t i n g  case .  
Now, what causes $ t o  decrease  and f o r  aR  t o  i n -  

c r e a s e  is f o r  t h e  h o r i z o n t a l  v e l o c i t y  t o  dec rease  
s o  we can des ign  a l e f t  hand contour  t o  t h e  worst- 
t h r u s t  l i m i t i n g  ca se  w i t h  VV = 75 mps, VH = 0. 

Any i n i t i a l  v e l o c i t y  cond i t i on  t o  t he  l e f t  of  t h i s  
l e f t  contour ( s ee  Fig .  l o ) ,  cond i t i on  @, is 
e i t h e r  purely v e r t i c a l ,  $ = 0 ( f o r  which t h e  l e f t  
contour was des igned) ,  o r  has  some h o r i z o n t a l  
v d o c i t y ,  $ > 0 ,  w h k h  is a l e s s  s e v e r e  t h rus t - t o -  
weight  condi t ion .  I n i t i a l  v e l o c i t y  c o n d i t i o n s  
between the  two contours  ( see  Fig.  10 ,  condi- 
t i o n  @) a r e  handled by a l i n e a r l y  i n t e r p o l a t e d  
con t o u r  be tween the  two contours .  The assumption 
h e r e  is t h a t  t he  only  way we can be i n  t h i s  region 
i s  f o r  t he  v e r t i c a l  v e l o c i t y  t o  be n e a r  t h e  maxi- 
mum value  and t h e  h s r i z o n t a l  v e l o c i t y  has  i n -  
c reased  from zero .  I n i t i a l  cond i t i ons  t o  t h e  
r i g h t  of contour 2 (P ig ,  10 ,  cond i t i on  a) were 
never  meant t o  be designed t o ,  bu t  i f  they  a r e  
encountered,  t h e  r i g h t  hand contour is used.  
I f  they  a r e  not  too h igh  i n  v e l o c i t y ,  t hen  the  
f u e l  and t h r o t t l e  margins provided i n  t h e  t e r -  
minal descent  system would enable  t h e  l a n d e r  t o  
"catch up" t o  t h e  r i g h t  hand contour a s  shown 
and land succes s fu l ly  . 

Performance t e s t  and s imula t ion  work done on 
a mu l t i t ude  of i n i t i a l  v e l o c i t y  c o n d i t i o n s  has  
shown t h a t  a l l  i n i t i a l  v e l o c i t y  c o n d i t i o n s  
w i t h i n  t he  i n i t i a l  de s ign  v e l o c i t y  bounds (vV 2 
75 mps, VH 5 80 mps) were a b l e  t o  be handled.  

Touchdown 

The touchdown c o n d i t i m s  of l a n d e r  v e l o c i t y ,  
a t t i t u d e ,  and a t t i t u d e  r a t e  a r e  t he  most impor- 
t a n t  elements of  t h e  e n t i r e  descent  sequence f o r  
which a l l  o t h e r  e lements  o f  l ande r  performance 
a r e  predecessors .  E r r o r  ana lyses  have been per- 
formed f o r  these  touchdown cond i t i ons  cons ide r ing  
t h e  e f f e c t s  of v e l o c i t y  r ada r  n o i s e  and b i a s e s ,  
i n e r t i a l  sensor  and a t t i t u d e  matr ix  misalignment 
and b i a s e s ,  wind f o r c e s ,  and engine misa l ign-  
ment and t h r u s t  no i se .  Table I p r e s e n t s  t h e  re-  
s u l t s  of  t h i s  a n a l y s i s  and shows t h e  nominal 
va lue  expected p lus  t h e  99% to l e r ance  va lue .  The 
va lues  shown on the  bottom l i n e  a r e  t h e  system 
requirement va lues  imposed on the  system t o  as-  
s u r e  a succes s fu l  landing .  

Table I Touchdown error   re dictions 

Performance Achieved 

The two Viking l a n d e r s  each s u c c e e s f u l l y  
landed on the  s u r f a c e  of Mars. The descen t  per-  
formance of  each l a n d e r  was v i r t u a l l y  nominal 
w i th  very l i t t l e  e r r o r .  The fo l lowing s e c t i o n s  
d i s c u s s  t he  des-ent  performance which was ob- 
t a i n e d  p r imar t lg  frcr r e f e rence  5. 



Deorbi t  

Separa t ion ,  t h e  maneuver for d e o r b i t  and de- 
o r b i t  i t s e l f ,  went very smoothly and nominally 
f o r  both  l a n d e r s .  The deo rb i t  bu rns  ended wi th in  
2.8 sec of  t h e  p r e d i c t e d  time f o r  l a n d e r  1 and 
0.1 s e c  f o r  l a n d e r  2. A time d i f f e r e n c e  up t o  
6 sec was accep tab l e .  

Although no d i r e c t  measurements o f  l a n d e r  
v e l o c i t y  and p o s i t i o n  a r e  a v a i l a b l e ,  i t  is pos- 
s i b l e  t o  r e c o n s t r u c t  t he  t r a j e c t o r y  by us ing  t h e  
l a n d e r  gyro and acce lerometer  d a t a  t e l eme te red  
back t o  e a r t h .  Using these  e s t i n i a t e s ,  t h e  e s t i -  
mated d e o r b i t  execu t ion  e r r o r s  were ob ta ined  
(see  Table 11 ) .  The a l e v e l s  shown r e l a t e  t o  
t h e  e r r o r  a n a l y s i s  p r e d i c t i o n s .  

T d a  I I Estimated deorbit errors 

Entry Condi t ions  

The d e o r b i t  e r r o r s  descr ibed  above and the  
o r b i t  de terminat ion  e r r o r s  t r a n s l a t e  i n t o  veloc- 
i t y  and p o s i t i o n  e r r o r s  a t  the  e n t r y  p o i n t  shown 
on Table 111. 

Touchdown Error, km (u) 

-24 (1.06) 

+9.0 (0.40) I 

Table Ill Entry velocity conditions 

Magnitude, ?I ( 0 1  

0 20 ( 1  27) 

0.C55 (0.351 
Viking 1 

Viking 2 

Pointing, deg (a)  

0.24 10.84) 

0.29 (1.01) 

I 

Table IV Altitude erron at pirachute deployment 
and termid k w n t  ignition 

Viking 1 I Viktng 2 

Target 1 Estimate I Error. ul Target 1 Estimate I Error, o 

Maximum 

+ I68 
Deployment 

Engine Start 
I 

Inerttal Fl~ght 
Path Angle. ckg 

Lat.aeroantr~c. 
de9 

Long, dcg . 

I n  fact, most o f  t h e  parachute  deployment 
e r r o r s  r e s u l t e d  from n o t  having a r a d a r  a 1  t i rneter  
b i a s  e r r o r  of  46 m which wae planned on bu t  non- 
e x i s t e n t  because of t h e  very s t r o n g  r a d a r  s i g n a l  
r e t u r n .  The e r r o r s  were w e l l  w i t h i n  accep tab l e  
t o l e r ances .  

These numbers a r e  i n  e x c e l l e n t  agreement t o  
t he  t a rge t ed  va lues .  The on-board n a v i g a t o r  
performance is s t r o n g l y  dependent on t h e s e  i n i -  
t ia l  cond i t i on  e r r o r s .  A l l  e r r o r s  shown a r e  
s i g n i f i c a n t l y  less than  what t h e  guidance and 
c o n t r o l  subsystem is capable  of  handl ing .  It 
r e s u l t e d  i n  subsequent  small e r r o r s  i n  parachute  
deployment and engine  i g n i t i o n  a 1  t i t ude shown 
i n  Table IV. 

-16.985 

12.503 

62.1 51 West 

- 1 6 . m  

12.575 

62,004 West 

Terminal Jkscen t  

The l a s t .  phase of t h e  contour was a cons t an t  
v e l o c i t y  phase which was supposed t o  l a s t  f o r  
16 .8  m. However, i t  l a s t e d  f o r  about  19.2 m f o r  
bo th  l ande r s .  This  e r r o r  was e v e n t u a l l y  t r a c e d  
t o  a r a d a r  a l t i m e t e r  b i a s  e r r o r  on bo th  l a n d e r s  
r e s u l t i n g  from an a l t i m e t e r  c a l i b r a t i o n  e r r o r  
j u s t ,  b e f o r e  launch.  However, t h i s  sma l l  e r r o r  
was no t  s i g n i f i c a n t  s i n c e  i t  r e s u l t e d  i n  u s ing  
on ly  1 kg add iy iona l  f u e l  of  t h e  f u e l  margin 
provided.  

0 34 

0 20 

0 28 

The touchdown c o n d i t i o n s  achieved f o r  both  
l a n d e r s  a r e  shown i n  Table  V. These f i n a l  touch- 
down r e s d t s  exemplify a l l  t h e  o t h e r  r e s u l t s  
achieved by t h e  guidance and c o n t r o l  subsystems 
of both Viking l a n d e r s .  The performance was 
a lmcs t  completely nominal and the  e r r o r s  ex- 
per ienced were w e l l  w i t h i n  t he  s t a t i s t i c a l  
e r r o r s  predic ted .  
Table V Touchdown conditions 

17.005 

36.586 

243.036 West 

Conclusions 

The e x c e l l e n t  performance achieved by both 
Viking l ande r s  has provided another  mi l e s tone  
i n  t h e  development o f  p l ane t a ry  l a n d e r  guidance 
and c o n t r o l  systems.  This  performance is a 
t r i b u t e  t o  the yea r s  o f  des ign  a n a l y s i s ,  simu- 
l a t i o n ,  and performance t e s t i n g  done on t h e  Viking 
l a n d e r  and p a r t i c u l a r l y  a t r i b u t e  t o  t h e  many 
review cyc l e s  and h e l p f u l  c r i t i q u e s  by t h e  
Nat i o n d  Aeronautics and Space Adminis t ra t ion .  

- 17 084 

36 476 

243.1 31 West References 
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The t e rmina l  descen t  phase was ve ry  c l o s e  t o  
nominal. Engine va lve  p o s i t i o n  r e c e i v e d  from 
te le- t ry  data looked much l i k e  s i m u l a t i o n  da t a .  
Fuel  usage ups 68.66 kg f o r  l a n d e r  1 and 68.70 
kg f o r  l a n d e r  2 (total was 83.91kg). 


