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ABSTRACT 

The problem cons idered  was t h e  developmen- of  he c a p a b i l i t y  

o f  an  unmanned Mar t i an  e x p l o r a t o r y  vehic . le  t o  s a f e l y  rove  on 

t h e  s u r f a c e  o f  t h e  p l a n e t .  It was r e q u i r e d  t h a t  the v e h i c l e  be 

a b l e  t o  s e n s e  t h e  t e r r a i n  i n  t h e  d i r e c t i o n  o f  t r a v e l  and choose 

a safe p a t h  t o w a r d  a d i s t a n t  o b j e c t i v e .  

The problem of  s e n s i n g  and modeling t h e  t e r r a i n  w a s  s t u d i e d  

i n  l i g h t  o f  s e n s o r  c a p a b i l i t i e s  and d a t a  p rocess ing  methods 

necessary  t o  o b t a i n  an accurate approximation t o  t h e  a c t u a l  

t e r r a i n .  Improvements were made upon a p r e v i o u s l y  developed 

/ 

modeling t echn ique  and computer s i m u l a t i o n s  were carr ied o u t ' o n  

s e v e r a l  a r b i t r a r y  t e r r a i n s  t o  de te rmine  i t s  accuracy ,  Methods 

f o r  t h e  e v a l u a t i o n  of p a t h - s e l e c t i o n  a lgo r i thms  were developed 

and demonstrated.  Neatv c o n s i d e r a t i o n  was g iven  t o  t h e  c h a r a c t e r -  

i s t i c s  o f  t h e  v e h i c l e  and t h e  a t t a i n i n g  of miss ion  g o a l s .  

A p a t h - s e l e c t i o n  a lgo r i thm which takes i n t o  account  energy 

requi rements  i n  a d d i t i o n  t o  t e r r a i n  p a s s a b i l i t y  and t a r g e t  

d i r e c t i o n  was w r i t t e n .  A t o t a l  package, i n c o r p o r a t i n g  t h e  t e r -  

r a i n  modeling and p a t h  s e l e c t i o n  p r a e d u r e s ,  w a s  shown t o  be 

f e a s i b l e  by computer s imula t ion .  
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I INTRODUCTION 

Under a Nat ional  Aeronautics and Space Adminis t ra t ion 
I 

Grant,  t h e  f e a s i b i l i t y  of an e s s e n t i a l l y  autonomous Mart ian 

exp lo ra to ry  veh ic l e  has been s tudied .  This r e p o r t  concerns 

i t s e l f  wi th  a n a l y s i s  and des ign  of  t h e  automatic roving 

c a p a b i l i t y  requi red  of  t h e  v e h i c l e .  The b a s i c  ques t ions  

involved were; f i r s t ,  what func t ions  were necessary t o  o b t a i n  

t h e  roving  c a p a b i l i t y ;  and second, what were t h e  l i m i t i n g  

f a c t o r s  as t o  how autonomous t h e  veh ic l e  could be? The problem 

was s tud ied  i n  terms of long-range c a p a b i l i t y ,  and t h e  i m p l i c i t  

assumption i s  that. t h e r e  e x i s t s  some s o r t : o f  short-range 

obt-acle avoidance system t o  account f o r  boulders  d i t c h e s ,  and 

o t h e r  minor f e a t u r e s  

The f irst  requirement i s  f o r  a l ine-of ' - s igh t  e l e c t r o -  

magnetic s enso r  t h a t  would be a b l e  t o  provide t e r r a i n  d a t a  I n  

t h e  form of angle  and range measurements. Then, t h e  sensor  

d a t a  i s  processed t o  o b t a i n  a usable  approximation t o  t h e  ter- 

r a i n  f e a t u r e s ,  denoted as t h e  " t e r r a i n  model", o r  "model", 

f o r  s h o r t .  F i n a l l y ,  t h e  c a p a b i l i t y  t o  s e l e c t  a path f o r  

v e h i c l e  t r a v e l ,  t a k i n g  i n t o  account c e r t a i n  of t h e  v e h i c l e ' s  

c h a r a c t e r i s t i c s  i s  sought 

A f t e r  a review of past work, t h e  e f f o r t  was divided i n t o  

two concurrent  s t u d i e s  The  development of a t e r r a i n  modeling 

c a p a b i l i t y  was undertaken by Mr. P a v a r h i .  The eva lua t ion  of 



path  s e l e c t i o n  a lgor i thms,  and t h e  imp l i ca t ions  

l a t i o n  of f u t u r e  a lgo r i thms ,  was s tud ied  by M r .  

f o r  t h e  formu- 

Chrys le r .  \ 
Upon complet ion of t h e s e  t a s k s ,  a p a t h  s e l e c t i o n  a lgor i thm was 

w r i t t e n  a s  a j o i n t  e f f o r t ,  drawing h e a v i l y  upon t h e  r e s u l t s  

i n  bo th  areas, Then, t h e  i n t e r f a c i n g  of t h e  t e r r a i n  modeling 

and pa th  s e l e c t i o n  t a s k s  was performed t o  demonstrate  t h e  

f e a s i b i l i t y  of t h e  automatic  roving  c a p a b i l i t y  t o t a l  package, 

I n  t h e  fo l lowing  s e c t i o n  (11) t h e  work d e a l i n g  wi th  t e r r a i n  

modeling i s  p resen ted ,  S e c t i o n  111 r e l a t e s  e f f o r t s  i n  path- 

s e l e c t i o n  a lgo r i thm e v a l u a t i o n ,  while  S e c t i o n  I V  c o n t a i n s  a new 

type  of  s e l e c t i o n  a l g o r i t h m  a r ’  p r e s e n t s  a s imula t ion  of t h e  

e n t i r e  automatic  rov ing  ca .pab i l i t y  package. 

11. TERRAIN MODELING 
> 

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

The t e r r a i n  modeling f u n c t i o n  i s  t o  c r e a t e  an approxi-  

mat ion t o  t h e  a c t u a l  t e r r a i n  ahead of t h e  v e h i c l e  i n  a numerical  

form which can  be processed by t h e  onboard computer. The 

. e x i s t e n c e  of a d i s c r e t e ,  e lec t romagnet ic  ( l a s e r ,  r a d a r )  sensor  

t h a t  i s  e r r o r l e s s  and ope ra t e s  wi th  a vanish ingly  small beam- 

width i s  assumed. The d a t a  t aken  i s  assumed t o  be t h e  rai?ge (R) 

t o  a p o i n t  on t h e  t e r r a i n  as a f u n c t i o n  of t h e  azimuth ( 8 )  and 

e l e v a t i o n  ( p )  ang les .  It i s  d e s i r e d  t o  u s e  t h e  informat ion  

contained i n  t h e s e  da ta  p o i n t s  t o  gene ra t e  a d e s c r i p t i o n  of those  

2 

t e r r a i n  c h a r a c t e r i s t i c s  which w i l l  be o f  importance i n  s e l e c t i n g  



a d e s i r a b l e  path.  Informat ion  i s  o b t a i n a b l e  only a t  d i s c r e t e  

3 

po in t s  and t h e  i m p l i c i t  assumption w i l l  be made t h a t  t h e  t e r -  

r a i n  i s  l i n e a r  between ad jacen t  d a t a  p o i n t s .  The model, t hen ,  

w i l l  be a complex polyhedra l  approximation t o  t h e  t e r r a i n ,  con- 

s i s t i n g  of  p l ana r  segments which i n t e r s e c t  t h e  a c t u a l  t e r ra in  

a t  t h e i r  v e r t i c e s .  

It i s  a l s o  assumed t h a t  t h e  v e h i c l e  w i l l  s t o p  a t  i n t e r v a l s  

t o  a l low t h e  long-range t e r r a i n  s e n s i n g  t o  occur ,  and a pa th  t o  

be chosen, The v e h i c l e  w i l l  t hen  t r a v e l  t o  some o t h e r  po in t  on 

t h e  known t e r r a i n  ( p r e f e r a b l y  i n  t h e  gene ra l  t a r g e t  d i r e c t i o n )  

and s t o p  aga in  and r e p e a t  t h e  process .  

Evalua t ion  of  any te r ra in-model ing  method poses two main 

q u e s t i o n s :  

1, can enough t q r r a i n  informat ion  ( d a t a )  be obtained t o  

claim t h a t  t h e  major f e a t u r e s  of t h e  t e r r a i n  are 

a c c u r a t e l y  def ined  by t h e  measurements? 

2. does t h e  process ing  procedure a c c u r a t e l y  i n t e r p r e t  

t h i s  da ta  (ice.> does t h e  t e r r a i n  model a c c u r a t e l y  

re f lec t  t h e  a c t u a l  t e r r a i n  f e a t u r e s ) ?  

Therefore ,  t h e  s tudy  of t h e  t e r r a i n  model problem centered  

about t h e  a r e a s  of t e r r a i n  data  acqu i s . i t i on  and process ing .  

Work w a s  done by Mancini '(Ref. l)? who developed s e v e r a l  

methods of i d e n t i f y i n g  t e r r a i n  f e a t u r e s  wi th  t h e  u s e . o f  a d i s -  

c r e t e  s enso r  and s imple d a t a  process ing  ope ra t ions .  S t a r t i n g  

w i t h  t h e  most promising of t h e s e ,  t h e  c r i t e r i a  of adequate  d a t a  



4 

f o r  ' sde f in i t i on" ,  and accuracy of t h e  model were app l i ed  i n  an 

a t tempt  t o  y i e l d  a modeling procedure t h a t  would be s u f f i c i e n t  

f o r  t h e  purpose of long-range t e r r a i n  modeling and even tua l ly  

f o r  pa th  s e l e c t  ion.  

The fo l lowing  s e c t i o n s  d e s c r i b e  t h e  e f f o r t  i n  t e r r a i n  

modeling. F i r s t ,  t h e  q u e s t i o n  of s u f f i c i e n t  d a t a  a c q u i s i t i o n  

was examined, r e s u l t i n g  i n  t h e  formula t ion  of necessary  senso r  

parameters .  Then a t t e n t i o n  was turned t o  t h e  a r e a  of  d a t a  

p rocess ing  techniques  s u f f i c i e n t  t o  a c c u r a t e l y  i d e n t i f y  major 

t e r r a i n  f e a t u r e s ,  F i n a l l y ,  t h e  behavior  of t h e  r e s u l t a n t  system w a s  

computer-simulated on sample t e r r a i n s .  

B. T e r r a i n  D e f i n i t i o n  

I n  p a s t  work, a t tempts  were made t o  describe t h e  ter-  

r a i n  w i t h  t h e  a v a i l a b l e  d a t a ,  r e g a r d l e s s  oi? t h e  l o c a t i o n  of t h e  

d a t a  p o i n t s .  However, i n  t h e  case  where da ta  po in t s  are 

separa ted  on t h e  a c t u a l  t e r r a i n  by s i g n i f i c a n t ' , d i s t a n c e s ,  t h e  

p l ana r  approximation t o  t h e  t e r r a i n  becomes suspec t .  I n  t h i s  

case, it i s  i n v a l i d  t o  process  t h i s  d a t a  and claim t h a t  i t  i s  a 

c l o s e  approximation t o  t h e  t e r r a i n ,  F igure  I, f o r  i n s t a n c e ,  

i l l u s t r a t e s  two p o s s i b l e  t e r r a i n - p r o f i l e  conf igu ra t ions  t h a t  

would r e s u l t  i n  t h e  same da ta  inpu t  and thus  i d e n t i c a l  models, 
.. 

but  would have extremely d i f f e r e n t  imp l i ca t ions  f o r  v e h i c l e  

t r a v e l .  

Consequently,  be fo re  process ing  t h e  senso r  measurements 

it must be d e t e r m i n e d  whether o r  not  t h e  t e r r a F n  d a t a  i s  usable  

i n  t h e  sense t h a t  i t  a c c u r a t e l y  r e f l e c t s  t h e  major t e r r a i n  
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FIGURE 3 ,  A Case of Unknown Terrain 

? 

Sensor  Beams 



G 
f e a t u r e s .  A simple t e s t  devised f o r  t h i s  purpose i s  t o  c a l -  

c u l a t e  t h e  range d i f f e r e n c e s  between a d j a c e n t  po in t s  on t h e  same 

azimuth l i n e .  I f  any of t h e  d i f f e r e n c e s  exceeds a predetermined 

maximy,  it can be s a i d  t h a t  t h e  d a t a  i s  no t  l i k e l y  t o  be 

r e p r e s e n t a t i v e  of  t h e  major f e a t u r e s  a long  t h e  p r o f i l e  l i n e .  A 

value  f o r  t h i s  t e s t  maximum was chosen a s  300 f e e t ,  w i th  t h e  

f e e l i n g  t h a t  g ross  t e r r a i n  f e a t u r e s  would be o f  such a magnitude 

t h a t  they would be "discovered" by d a t a  p o i n t s  s epa ra t ed  by 

less than  300 f ee t ,  While s u b j e c t  t o  some r e a l  c o n s t r a i n t s  

( v e h i c l e  s i z e ,  d e f i n i t i o n  of major f e a t u r e ) ,  t h i s  maximum i s  

b a s i c a l l y  a r b i t r a r y ,  and t h e  a c t u a l  t e r r a i n  may o r  may not  

behave i n  t h e  manner supposed. Genera l ly ,  a 300 f t .  maximum 

made fewer m i s i d e n t i f i c a t i o n s  t h a n  l a r g e r  t e s t  numbers. 

To o b t a i n  more d a t a  p o i n t s  a long each azimuth and, as a 

p r a c t i c a l  c o n s i d e r a t i o h ,  to i n c r e a s e  t h e  angle  of inc idence  of 

t h e  s e n s i n g  beam upon t h e  t e r r a i n ,  it i s  adv i sab le  t o  maximize 

t h e  h e i g h t  of t h e  sensor  above t h e  t e r r a i n .  With t h e  p re sen t  

v e h i c l e  c o n f i g u r a t i o n  des ign ,  it would seem poss ib l e  t o  o b t a i n  

a senso r  he igh t  of perhaps t e n  fee t .  This  he igh t  was assumed 

throughout  t h e  s tudy .  

The important  t h i n g  t o  r e a l i z e  i s  t h a t  sensor  he igh t  should 

be maximized c o n s i s t e n t  w i th  s t r u c t u r a l  cons ide ra t ions  e g. 

r i g i d i t y ,  weight ,  With a c o n s t a n t  ,8 t h e  r e a l i z a b l e  maximum 

range f o r  adequate  d e f i n i t i o n . i n c r e a s e s  l i n e a r l y  with senso r  
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h e i g h t ,  I n  a d d i t i o n ,  t h e  e f f e c t i v e  range of t h e  senso r  i t s e l f  

would most l i k e l y  be increased  wi th  sensor  he igh t  due t o  t H e  

improved impingement angle .  $ 

z 

Since  t h e  t h r u s t  of t h i s  work i s  i n  long-range modeling, 

d i s t a n c e s  of i n t e r e s t  were chosen t o  be those  i n  excess  of 200 

feet  from t h e  senso r  locat ion. ,  I n  a d d i t i o n ,  it i s  d e s i r e d  t o  

extend t h e  maximum range of t h e  model i n  

number of s e n s i n g  s t o p s  t h e  v e h i c l e  w i l l  

o rde r  t o  t r a v e l  some t o t a l  d i s t a n c e .  Of 

o rde r  t o  minimize t h e  

be requi red  t o  make i n  

course ,  t h e  l i m i t s  on 

maximum range w i l l  depend on t h e  e lec t romagnet ic  s e n s o r ' s  range 

l i m i t a t i o n ,  but  t h e  l i m i t s  w i l l  a l s o  be f u n c t i o n s  of bo th  t y p e  
$ : 

of t e r r a i n  and o t h e r  s enso r  c a p a b i l i t i e s  ( e s p e c i a l l y  e l e v a t i o n  

angie  increment ) ,  As d i s t a n c e  from t h e  senso r  Locat ion i s  
2 

i nc reased ,  d i s t a n c e  between a d j a c e n t  data  p o i n t s  a lso i n c r e a s e s  

i f  6.p i s  c o n s t a n t .  

d i f f e r e n c e s  exceed 3 0 0 ' ,  t h e  process  i s  unable  t o  "def ine" ter-  

r a i n  past: a po in t  which i s  a t  a d i s t a n c e  c l o s e r  t han  t h e  

senso r  ' s  maximum range 

I f ,  p a s t  a c e r t a i n  da ta  p o i n t ,  a l l  t h e s e  

E l i o n  (Ref. 2 )  i n d i c a t e s  t h a t  laser technology g i v e s ,  as a 

r u l e  of thumb, beam divergences o f  10-3 r a d i a n  without  o p t i c s ,  

and  no te s  t h a t  f i g u r e s  of 2 x 10-4 r a d i a n  have been achieved. 

Carroll .  (Ref .  3 )  i m p l i e s  t h a t  exper imenta t ion  i n  t h e  e a r l y  

s i x t i e s  r e s u l t e d  i n  beamwidths of 4 x l o m 6  r a d i a n ,  by t h e  use of 

c o l l i m a t i n g  o p t i c s .  

A s  a s t a r t i n g  assumption,  t h e n , t h e  e l e v a t i o n  angle  increment 

( w a s  se t  at 5 m i l l i r a d i a n s  (0.286 d e g r e e ) ,  It was found 
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t h a t  with t h i s  o r d e r 4 p  ,and us ing  t h e  300' i d e n t i f i c a t i o n  

t e s t ,  a r e a l i z a b l e  range maximum on most t e r r a i n s  is  somewhat 

less than  2000 f t .  

All parameter  choices  were developed from examination of 

d a t a  a c q u i s i t i o n  on va r ious  pos tu l a t ed  t e r r a i n  segments, and 

t h u s ,  t h e s e  va lues  are vaguely s u s p e c t  from t h e  s t a r t .  Choice 

of t e r r a i n  types  used i n  a n a l y s i s  was guided by knowledge about 

t h e  Mar t ian  s u r f a c e  (Ref. 4 , 5 ) ,  Therefore ,  due t o  t h e  number 

and types  of  t e r r a ins  u t i l i z e d ,  and t h e i r  s i m i l a r i t y  t o  c u r r e n t  

b e s t  estimates of  Mar t ian  t e r r a i n ,  a f a i r  amount of confidence 

can be placed a t  least  on t h e  o r d e r  of  magnitude of t h e s e  para- 

meters * 

The most vexing problem t o  come out  of t h i s  a n a l y s i s  was 

t h e  r e a l i z a t i o n  t h a t  t h e  e a s i e s t  terrains t o  "def ine" were 

those  which were l e a s t  w e l l  s u i t e d  t o  v e h i c l e  t rave l .  Smooth, 

s l i g h t l y - s l o p i n g  t e r r a i n s  c o n s i s t e n t l y  f a i l e d  fhe  a c q u i s i t i o n  

t e s t  because a s u f f i c i e n t l y  c l o s e  set  of p o i n t s  was not  

o b t a i n a b l e  a long  t e r r a i n  p r o f i l e  l i n e s .  However, f o r  s t e e p e r  

s l o p e s  and h igh ly  contoured r eg ions  t h e  da ra  po in t s  are w e l l  

p laced.  T y p i c a l l y ,  f o r  a senso r  he igh t  of t e n  feet  and a n  

e v a l u a t i o n  angle  increment  of 5 m i l l i r a d i a n s ,  gen t ly  s l o p i n g  

t e r r a in  ( t h e  most i d e a l  t r a v e l i n g  pa th)  was impossible  t o  

' i d  e n t  i f y I F  e 

Figure  2 shows t h e  d a t a  acquired along one azimuth l i n e  of 

a p e r f e c t l y  f l a t  p l a i n .  Applying t h e  s u f f i c i e n e  d e f i n i t i o n  

t e s t  i t  i s  found t h a t  t h e r e  is no p o r t i o n  of t h e  t e r r a i n  t h a t  
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FIGURE 2 ,  D e f i n i t i o n  of  a Flat P l a i n  

Sensor  

Sensor  

FIGURE 3 .  P o s s i b l e  T e r r a i n  Conf igu ra t ion  wi th  Flat P l a i n  Data 
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can be c l a i m e d  t o  have been def ined .  It i s  e n t i r e l y  p o s s i b l e  

t h a t  t h e  a c t u a l  t e r r a i n  could be as shown i n  F ig .  3 and y e t  t h e  

t e r r a i n  d a t a  from an i d e a l  s enso r  would be i d e n t i c a l  t o  t h a t  

obtained on t h e  f l a t  p l a i n ,  

I n  o r d e r  t o  d e f i n e  t h e  t e r r a i n  i n  t h i s  s imple but  import-  

a n t  ca se ,  it was necessary t o  use  a smaller e l e v a t i o n  angle  

increment.  

r a d i a n ,  bu t  only i n  t h e  cases  where t h e  smaller A,& i s  r equ i r ed ,  

The choice  was made t o  dec rease  Ap t o  5 / 3  m i l l i -  

namely, where t h e  s u f f i c i e n t  d a t a  t e s t  has been f a i l e d .  I n  

some .cases ,  e . g . ,  easy t o  d e f i n e  t e r r a i n ,  A p  = 5 m r  i s  sat is-  

f a c t o r y :  however, i n  t hose  cases  where d a t a  po in t s  a r e  w i d e l y  

spread a long  a p r o f i l e ,  t h e  smaller A/? i s  r equ i r ed .  F igure  

4 demonstrates  t h e  a d d i t i o n a l  d a t r  cbta ined  i n  t h e  case  of 

s i g h t i n g  on a f l a t  p l a i n  wi th  t h e  smaller e l e v a t i o n  ang le  

increment.  The p l a i n  1s now "defined".  
\ 

I f  t h e  e l e v a t i o n  angle  increment were t o  become i n f i n i t e l y  

small, t h e r e  would remain cases where s u f f i c i e n t  d a t a  could n o t  

be obta ined .  This  would occur  when l a r g e  p o r t i o n s  of t h e  t e r -  

r a i n  were out  of t h e  l i n e - o f - s i g h t  of t h e  senso r .  Thus, t h e r e  

i s  no j u s t i f i c a t i o n  f o r  dec reas ing  .LAP i n d e f i n i t e l y .  On 

t e r r a i n s  where t h e r e  i s  i n s u f f i c i e n t  d a t a ,  t h e r e  i s  n o t  enough 

informat ion  t o  make any claims about  t h e  c e r r a i n  between t h e  

d a t a  p o i n t s ,  While an  o b s t a c l e  has  not  been d e t e c t e d ,  t h e r e  i s  

nothing t o  i n d i c a t e  t h a t  t h e  r e g i o n  is  o b s t a c l e  f r e e ,  I n  t h i s  



Sensor  

i 
! 

Addi t iona l  
Data P o i n t s  

FIGURE 4.  Effect of  Decreasing Af  f o r  a F l a t  P l a i n  
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case, t h e  only  l e g i t i m a t e  ou tpu t  of t h e  t e r r a i n  modeling process  

would be,  w i thou t  f u r t h e r  o p e r a t i o n ,  t o  d e c l a r e  a - hidden o r  

unknown r e g i o n  to e x i s t  a t  t h a t  l o c a t i o n ,  This  d e s i g n a t i o n  i s  

one of t h e  p o s s i b l e  o u t p u t s  of t h e  t e r r a i n  model. 

I n  e s sence ,  an a t t empt  w a s  made t o  f i n d  t h o s e  sei isor  

parameters  which, w i t h i n  p r a c t i c a l  l i m i t a t i o n s ,  would a l low t h e  

b e s t  d e f i n i t i o n  of  t h e  t e r r a i n  viewed by t h e  s e n s o r .  There 

remain cases where s u f f i c i e n t  d a t a  i s  no t  a v a i l a S l e  f o r  d e f i n i t i o n ,  

and t h e s e  cases prec lude  f u r t h e r  a n a l y s i s  o f  t h e s e  areas, 

‘C. T e r r a i n  Data P rocess ing  

Given t h a t  on some p o r t i o n  of t h e  t e r r a i n  segment of  

i n t e r e s t ,  t h e r e  i s  an  area s u f f i c i e n t l y  def ined  t o  a l low major 

f e a t u r e  approximations t o  be made, o b t a i n i n g  an a c c u r a t e  

r e p r e s e n t a t i o n  o f  t h e  a c t u a l  t e r r a i n  i s  t h e  next  t a s k .  A s  con- 

c e r n  i s  u l t i m a t e l y  f o r  v e h i c l e  t r a v e l  on some p o r t i o n  o f  t h i s  

t e r r a i n ,  and s i n c e  t h e  primary o b s t a c l e s  t o  t h e  v e h i c l e  w i l l  be 

s t e e p  s l o p e s ,  t h e  most d e s i r a b l e  in fo rma t ion  would be some 

i n d i c a t i o n  of  t h e  s l o p e  of t h e  r e g i o n  around each da ta  p o i n t .  

This  i n fo rma t ion  w i l l  be conta ined  i n  a number cal led t h e  

g r a d i e n t ,  where g r a d i e n t  w i l l  be de f ined  as t h e  l i n e  of s t e e p e s t  

s l o p e  through t h e  d a t a  p o i n t  i n  t h e  approximating p lane  formed 

\r 

by t h e  a d j a c e n t  d a t a  p o i n t s ,  

To o b t a i n  t h e  g r a d i e n t ,  two i n t e r m e d i a t e  c a l c u l a t i o n s  w i l l  

be made: 

1 )  In -pa th  s l o p e  (SI) - t h e  s l o p e  of  t h e  l i n e  j o i n i n g  

a d j a c e n t  p o i n t s  a long  a c o n s t a n t  
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2)  Cross-path s l o p e  (Sc) - s l o p e  of a l i n e  perpendicular  

t o  t h e  azimuth l i n e ,  and i n  t h e  

p lane  of t h e  t e r r a i n  approxi-  

m a t  i o n s  

Reference 1 demonstrates  a method f o r  c a l c u l a t i n g  t h e  g r a d i e n t  

u s ing  f o u r  d a t a  p o i n t s ,  two p o i n t s  on each of two ad jacen t  

azimuth l i n e s ,  It w i l l  be shown t h a t  similar r e s u l t s  can be 

obtained us ing  a th ree -po in t  method which has  t h e  advantages 

of s i m p l i c i t y ,  s m a l l e r  s t o r a g e  requirement  and less computer 

t ime,  Re fe r r ing  t o  F igure  5 ,  i t  can be shown (Ref. 1) t h a t  

For a senso r  he igh t  of t e n  fee t  and ranges between 200 and 2000 

f e e t ,  t h e  e l e v a t i o n  angle  of t h e  sensor  ( P ) ,  t h e  h o r f z o n t a l  

being = 0 ,  w i l l  be very sma l l ,  a l lowing  small-angle  approxi- 

mations t o  he employed, such t h a t  

The c ross -pa th  s l o p e  i s  c a l c u l a t e d  i n , o r d e r  t o  even tua l ly  

d e s c r i b e  the. g r a d i e n t  o f  a th ree -po in t  p l ana r  approximation t o  

t h e  t e r r a i n .  F igu re  6a shows a t o p  view of two ad jacen t  

azimuth l i n e s ,  w i t h g 8  be ing  t h e  angle  between t h e s e  azimuth 

l i n e s ,  PI>  P2, and P3 a r e  r e a l  p o i n t s ,  t h a t  i s ,  they a r e  data 
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Hor izon ta l  

FIGURE 5 e IndPath  s l o p e  C a l c u l a t i o n  
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p o i n t s  r e p r e s e n t i n g  a sens ing  beam impingement on a c t u a l  t e r r a i n .  

The g r a d i e n t  a t  p o i n t  2 i s  t o  be c a l c u l a t e d .  Po i s  a pro jec ted  

po in t  used s o l e l y  for computat ional  purposes.  A s  can be seen  

i n  F igu re  6b, Po i s  t h e  i n t e r s e c t i o n  of  a cy l ind r i ca l .  s u r f a c e  

(with a r a d i u s  R3  cos p 3 and major axis .which i s  t h e  v e r t i c a l  

l i n e  through t h e  s e n s o r  p o s i t i o n )  and t h e  l i n e  of s l o p e  SI 

through PI and Pze The h e i g h t  of t h e  t h r e e  d a t a  p o i n t s  (Z) i s ,  

t o  a good approximation: 

i R;/; i =  %,2,3 

L e t t  i^ng R e  = x3-xa 

t hen  

F i n a l l y ,  

Having c a l c u l a t e d  SI and S c ,  a fictitious plane can  be 

c r e a t e d  having t h e  same g r a d i e n t  as t h e  t e r r a i n  approximation 

plane.  T h i s  i s  shown i n  F ig .  7. I f  w e  denote  " the  g r a d i e n t  by 

SG, t hen  
hl s, = 7 

Figure  8 is a t o p  view of t h e  base of F ig .  7. From Fig .  8 ,  

it follows t h a t  

YS, 

Also  

then  
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FIGURE 8. Base Plane  f o r  G r a d i e n t  Ca lcu la t ion  
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The a b i l i t y  t o  c a l c u l a t e  t h e  g r a d i e n t  a l lows t h e  d e f i n i t i o n  

o f  a second type  of r eg ion  on t h e  t e r r a i n  model, Due t o  both 

i t s  geometry and power l i m i t a t i o n s ,  t h e  v e h i c l e  w i l l  be l i m i t e d  

t o  t h e  maximum s l o p e  it can t r a v e r s e  (Gmax) Thus, comparing 

t h e  c a l c u l a t e d  va lue  of SG wi th  t h e  known Gmax w i l l  a l low t h e  

l a b e l i n g  of each p o i n t  of t h e  t e r r a i n  as t o  i t s  s u i t a b i l i t y  f o r  

t r a v e l ,  Those p o r t i o n s  of t h e  t e r r a i n  where S G >  Gmax w i l l  be 

i d e n t i f i e d  as l e s ,  t h e  second p o s s i b l e  

output  of t h e  t e r r a i n  modeling procedure.  

'Ca lcu la t ions  are done a long  each azimuth l i n e  from po in t s  

of smallest t o  l a r g e s t  range. I f ,  a long  any azimuth, t h e r e  are 

no unknown r e g i o n s ,  and no g r a d i e n t  o b s t a c l e s ,  t h e r e  w i l l  

n e c e s s a r i l y  be a po in t  of m a x i m u m  range,  dtre e i t h e r  t o  t h e  

s e n s o r s ' s  range be ing  exceeded o r  t h e  t e r r a i n  being t o t a l l y  
ui 

hidden beyond t h i s  p o i n t .  The l a c k  of t e r r a i n  informat ion  beyond 

t h i s  po in t  prec ludes  any s ta tement  as t o  t h e  s u i t a b i l i t y  of t h i s  

area f o r  t r a v e l .  This  p re sen t s  t h e  t h i r d  p o s s i b l e  output  of 

t h e  modeling p rocess ,  namely, t h e  i n d i c a t i o n  t h a t  t h e  t e r r a i n  

i s  passab le  a long  t h e  azimuth l i n e  up t o  a po in t  of maximum 

range of t h e  senso r .  F igure  9 i s  a flow c h a r t  f o r  t h e  t e r r a i n  

modeling c a l c u l a t i o n s .  I n  t h e  next  s e c t i o n ,  t h e  q u a l i t y  of 

t h e  m o d e l  w i l l  be tested by s i m u l a t i o n  on.sample t e r r a i n s .  

D. Simulat ion 
II__ 

The f i r s t  t e r r a i n  used f o r  s imula t ion  was a 90° 



FIGURE 9.. T e r r a i n  Data Processing Calcula t ions  
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p i e - s l i c e ,  which was c rea t ed  so  a s  t o  be e a s i l y  de f ined .  

F igu re  L O  shows a contour  map of t h i s  r e g i o n  along w i t h  an out-  

l i n e  of t h e  a c t u a l  g r a d i e n t  o b s t a c l e  r eg ion .  I n  t h i s  case, t h e  

maximum senso r  range was chosen as 1600 fee t ,  t h e  azimuth angle  

increment ( A  ) a s  5 O ,  and t h e  maximum a l lowable  g r a d i e n t  (Gmax) 

w a s  assumed t o  be loo. 

Figure  11 i n d i c a t e s  t h e  o b s t a c l e s  modeled by t h e  process  

f o r  each azimuth superimposed upon t h e  a c t u a l  o b s t a c l e  reg ion .  

Note t h a t  maximum range o b s t a c l e s  do not  n e c e s s a r i l y  occur  a t  

t h e  exac t  maximum range o f  t h e  senso r .  For  those  azimuths pass- 

i n g  through t h e  o b s t a c l e  r e g i o n ,  Table  1 summarizes t h e  accuracy 

of t h e  model a s  an approximation o f  t h e  a c t u a l  t e r r a i n .  

TABLE L 

GRADIENT'+ OBSTACLE RANGE LOCATION 

No 

No 

Yes 

No 

Y e s  

Yes 
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no hidden r e g i o n s ,  due i n  p a r t  t o  t h e  Note t h a t  t h e r e  were 

f a c t  t h a t  s l o p e  g e n e r a l l y  i n c r e a s e s  w i t h  t h e  d i s t a n c e  from t h e  

senso r ,  There were no a r e a s  of g rad ien t  o b s t a c l e s  t h a t  t h e  

model was unable  t o  i d e n t i f y .  I n  a d d i t i o n ,  gene ra l  s l o p e s  of 

o t h e r  a r e a s  on t h e  t e r r a i n  were c l o s e l y  approximated. 

As a f u r t h e r  t e s t  of t h e  modeling p rocess ,  a second t e r r a i n  

was formulated wi th  t h e  s p e c i f i c  i n t e n t i o n  t h a t  i t  be a d i f f i c u l t  

type t o  model. 

s l i c e  used. Superimposed are gradien2 o b s t a c l e  r eg ions  (c ross -  

F igu re  12a i s  a contour  map of t h e  60° pie-  

ha tched) .  F igure  12b shows t h e  sensed data  f o r  some azimuths.  

Those p o i n t s  sensed with a 5 m i l l i r a d i a n  e l e v a t i o n  

angle  increment  s can  are shown as d o t s ,  while  t h e  a d d i t i o n a l  

d a t a  p o i n t s  obtained by dec reas ing  Ssp t o  5 /3  milliradian a r e  

denoted by c r o s s e s .  

t e r r a i n  contained hidden reg ions  and g r a d i e n t  o b s t a c l e s  of var ied  

o r i e n t a t i o n  ( S I ~ S , ) ,  and was of s u f f i c i e n t  range t o  enable  

examinat ion of a reasonable  maximum d e f i n i n g  range.  

f n  a d d i t i o n  t o  being gen t ly  s l o p i n g ,  t h e  

A p r o f i l e  s k e t c h  (with an expanded v e r t i c a l  s c a l e )  of  

azimuth ( -Zoo>,  (F ig .  13) i l l u s t r a t e s  t h e  case of a hidden o r  

unknown r e g i o n ,  The downslope occur r ing  i n  t h e  600-1300 f o o t  

range was untouched by t h e  sens ing  scan  at A,b -5 m r ,  whi le  

reducing  t h e  va lue  ap. t o  5 / 3  iiir (do t t ed  l i n e s )  served only 

t o  narrow t h e  gap by ZOO f e e t ,  All of t h e  t e r r a F n  between 770 

f e e t  and 1440 f e e t  along t h i s  p a r t i c u l a r  azimuth is completely 

hidden; t h a t  i s ,  i t  i s  ou t  of t h e  l i n e - o f - s i g h t  of s e n s i n g  beams. 
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FIGURE 1221, T e r r a i n  Segment f o r  S i m u l a t i o n  2 

Veh ic l e  L o c a t i o n  
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FIGURE 12b,  Sensed Data P t s .  f o r  S imula t ion  2 

Vehicle Locat ion 
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Azimuth (+15°> (Fig.  14) i s  a case of  a n  unknown r e g i o n  
27  

being  de f ined  by a d d i t i o n a l  s e n s i n g .  Noteworthy are t h e  maximum 

range o b s t a c l e  a t  1380 f e e t  and t h e  extremely small ang le s  of 

i nc idence  f o r  a l l  d a t a  p o i n t s  i n  excess  of 850 f ee t .  Also ,  

maximum range is  inc reased  by 70 f e e t  by going t o  t h e  smaller 

A P  e 

On t h i s  t e r r a i n ,  cont inuous i d e n t i f i c a t i o n  of t e r r a i n  

a long  an  azimuth was l a r g e s t  f o r  azimuth (20O) t h e  va lue  be ing  

1480 f e e t ,  I n  most c a s e s ,  e i t h e r  unknown or maximum-range 

o b s t a c l e s  occurred  i n  t h e  500-1000 f o o t  range ,  t e r m i n a t i n g  

adequate  d a t a  a c q u i s i t i o n  a t  t h o s e  ranges e Genera l ly ,  da t a  was 

s p a r s e  f o r  ranges  i n  excess  of 1800 f e e t ,  

A l l  of  t h e  major t e r r a i n  feztures tha. t  occurred on t h e  

near  s i d e  of  unknown r e g i o n s ,  2nd wFtEiin s e n s o r  range ,  were 

i d e n t i f i e d .  ( In -pa th  s l o p e  o b s t a c l e s  t o  w i t h i n  38'  w i t h  no over- 

e s t i m a t i o n  of range t o  o b s t a c l e ) .  However, t h e  d e f i n i t i o n  of 
I 

c r o s s - p a t h  o b s t a c l e s  w a s  less  e x a c t  (f70 f t ) ,  This  was due i n  

p a r t  t o  t h e  dependence upon a good match between t h e  ranges on 

both  azimuths t o  l o c a l i z e  t h e  approximation (refer t o  g r a d i e n t  

c a l c u l a t i o n  d e r i v a t i o n )  e 

Because t h e r e a r e  an i n f i n i t e  number of t e r r a i n s  t h e  

s e n s o r  might be c a l l e d  upon t o  model, s i r m l a t i o n  i s  c e r t a i n l y  

not  a o f  t h e  i n f a l l i b i l i t y  of t h e  modeling procedure.  

Computer s i m u l a t i o n s  were rim i n  o r d e r  to examine t h e  behavior  

of t h e  method under  ope ra t ing"  c o n d i t i o n s  1 1  t o  f i n d  a c c e p t a b l e  
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FIGURE 14, An Azimuth P r o f i l e  from Simulation 2 
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va lues  f o r  t h e  s e n s i n g  parameters  ( .& 8 I and s e n s o r  range)  

and t o  s e a r c h  f o r  any s i t u a t i o n s  t h a t  might not  have been con- 

s i d e r e d  i n  fo rmula t ion  of t h e  process .  While it i s  r e a l i z e d  t h a t  

t h e  r e s u l t s  are n e c e s s a r i l y  b iased  by i n d i v i d u a l  t e r r a i n  

choices  as w e l l  as by sens ing  parameters ,  t h e  i d e n t i f i c a t i o n s  

made on a t o t a l  of 32 azimuths t e s t ed  a r e  summarized i n  Table  2.  

TABLE 2 

T e r r a i n  Model Outputs 

*obs t a c f e  max. range 

number 

average range 

E. Summary 
i\ 

A t e r r a i n  modeling c a p a b i l i t y  r e q u i r e s  t h a t  adequate  

d a t a  be a v a i l a b l e  t o  i d e n t i f y  t h e  t e r r a i n ,  A f t e r  de te rmining  

a t e s t  f o r  s u f f i c i e n t  d a t a  a c q u i s i t i o n ,  it was p o s s i b l e  t o  

i d e n t i f y  t h e  s e n s o r  parameters  necessary  f o r  t e r r a i n  d e f i n i t i o n ,  

Once t h e  p o s s i b l e  ou tpu t s  of  a t e r r a i n  modeling process  

were i d e n t i f i e d ,  d a t a  p rocess ing  techniques  t h a t  r e s u l t e d  i n  

a model which c l o s e l y  approximates maj'or terrairr f e a t u r e s  were 

der ived  and s imula ted  on sample t e r r a i n s , .  

I n  a d d i t i o n  t o  t h e  above r e s u l t s ,  a most impor tan t  ou tpu t  

of t h e  t e r r a i n  modeling work is t h e  e f f e c t  o f  a t e r r a i n  model- 

i n g  procedure upon de termining  e v a l u a t i o n  c r i t e r i a  f o r  path- 

s e l e c t i o n  a lgo r i thms .  The knowledge o f  what  t h e  ou tpu t s  of  t h e  
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model are,  and t o  what e x t e n t  t h e y  can be t r u s t e d ,  i s  necessary  

b e f o r e  one can d e c i d e  i f  t h e  way an a l g o r i t h m  t r e a t s  t h e s e  out -  

p u t s  i s  c o r r e c t  o r  i n  any way optimum. T h i s  dependency w i l l  be 

appa ren t  i n  t h e  fo l lowing  s e c t i o n .  

111 EVALUATION OF AUTO!%4.TIC PATH-SELECTION ALGCRTT'HMS 

A, I___ I n t r o d u c t i o n  

The f i n a l  s t e p  i n  t h e  o p e r a t i o n  of t h e  au tomat ic  r o v i n g  

c a p a b i l i t y  of an unmanned Mar t i an  v e h i c l e  i s  t h a t  of automat ic  

pa th  s e l e c t i o n .  An a l g o r i t h m  must be a v a i l a b l e  t o  u s e  t h e  

in fo rma t ion  from t h e  t e r r a i n  mocle1:ing p rocess  and s e l e c t  a pa th  

t h a t  w i l l  lead t h e  v e h i c l e  toward t h e  t a r g e t ,  The path- 

s e l e c t i o n  process  should a l s o  c o n s i d e r  t h e  importan.";: L imi t a t ions  

on t h e  o v e r a l l  system irnpDsed by t h e  m i s s i o ~ ;  requirements  and by 

t h e  a c t u a l  d e s i g n  of  t h e  v e h i c l e .  

P a s t  work i n  t h e  area of au tomat ic  p a t h - s e l e c t i o n  
I 

a l g o r i t h m s ,  bo th  by Lallman (Ref. 6) and Lim ( R e f ,  7 )  has  been 

p r i m a r i l y  concerned wi th  t h e  fo rmula t ion  and t e s t i n g  of  va r ious  

a lgo r i thms .  These p a s t  a lgo r i thms  have h a :  t h e  common c h a r a c t e r -  

i s t l c s  of be ing  e s s e n t i a l l y  two dimensional  i n  make up,  They 

used a t e r r a i n  map t h a t  had only two types  of r e g i o n s ,  namely, 

f ree  and o b s t a c l e  t y p e s ,  o r  and "no-go". The no-go 

r eg ions  were a r e a s  i n  which t h e  t e r r a i n  modeling process  found 

a g r a d i e n t  o b s t a c l e  and t h i s  i s  t h e  only three-d imens iona l  

i n fo rma t ion  t h a t  t h e  p a t h - s e l e c t i o n  a lgo r i thms  used e There 



was no d i f f e r e n t i a t i o n  between s l o p e s  i n  t h e  free r e g i o n s .  
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These a lgo r i thms  were concerned wi th  t h e  s o l e  problem , o f  

f i n d i n g  a pa th  through a sample t e r r a i n  t o  a g iven  ta rge t .  The 

s e l e c t i o n  p rocess  d i d  i n c l u d e  t h e  impor tan t  i d e a  of  maximizing 

t h e  d i s t a n c e  t r a v e l e d  toward t h e  t a r g e t  when c o n s i d e r i n g  t h e  

v a r i o u s  p o s s i b l e  pa ths  ., 

Because i t  i s  p o s s i b l e  t o  d e v i s e  a g r e a t  v a r i e t y  of path-  

s e l e c t i o n  a lgo r i thms  > it becomes i n c r e a s i n g l y  impor tan t  t o  have 

a q u a n t i t a t i v e  means f o r  e v a l u a t i n g  d i f f e r e n t  a lgo r i thms .  The 

f i rs t ,  s t e p  was t o  look  a t  t h e  o v e r a l l  systsem and de termine  what 

parameters  were infportant.  The s e l e c t i o n l o %  t h e s e  parameters  i s  

dependent upon both  t h e  miss ion  requi rements  and t h e  a c t u a l  

v e h i c l e  d e s i g n ,  

Once t h e  impor tan t  parameters  were i d e  i t i f i e d  a performance 

index was formulated t h a t  was related t o  each  area o f  concern.  

Each index  a s s i g n s  a q u a n t i t a t i v e  measure t o  t h e  performance of 

a g iven  a l g o r i t h m  on a sample t e r r a i n .  The q u a n t i t a t i v e  n a t u r e  

of t h e  index  t h e n  a l lows  t h e '  comparison of d i f f e r e n t  a lgo r i thms ,  

on t h e  same t e r r a i n ,  t o  de te rmine  which does t h e  b e s t  j o b .  
' 

The problem o f  e v a l u a t i n g  a lgo r i thms  is q u i t e  s imilar  t o  

t h e  s t u d y  t h a t  should go i n t o  t h e  fo rmula t ion  of new a lgo r i thms ,  

The re fo re  t h e  u t i l i t y  of  t h e  work on p a t h - s e l e c t i c n  a lgo r i thm 

e v a l u a t i o n  i n  t h e  w r i t i n g  of f u t u r e  a lgo r i rhms  would appear  t o  

be a n  impor t an t  by product  of t h e  s tudy .  These i m p l i c a t i o n s  are 
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d i scussed  i n  each  of t h e  two major areas of concern.  

i d e a s  have been pu t  t o  use  i n  t h e  fo rmula t ion  o f  a new typq of 

These 

p a t h - s e l e c t i o n  a lgo r i thm and i n  t h e  i n t e g r a t i o n  of  t h e  t e r r a i n  

modeling and p a t h - s e l e c t i o n  a lgo r i thm tasks, both  of which w i l l  

be d i s c u s s e d  i n  S e c t i o n  IV, 

B. S a f e t y  of t h e  Vehic le  

A mis s ion  t o  put  a n  unmanned rov ing  v e h i c l e  o n  t h e  

s u r f a c e  of Mars w i l l  n e c e s s a r i l y  have t o  p l ace  a h igh  p r i o r i t y  

on t h e  success  o f  t h a t  mi s s ion ,  I n  r e l a t i o n  t o  au tomat ic  p a t h  

s e l e c t i o n ,  t h i s  means t h a t  a lgo r i thms  must be a v a i l a b l e  t h a t  

w i l l  s e lec t  a path- t h a t  w i l l  keep t h e  v e h i c l e  c lear  o f  t e r r a i n  

hazards .  For  example, i t  would be b e t t e r  f o r  a p a t h - s e l e c t i o n  

a l g o r i t h m  t o  f a i l  i n  f i n d i n g  a pa th  r a t h e r  t h a n  t o  send t h e  

v e h i c l e  on a pa th  t h a t  would be cons idered  too  dangerous.  If 

such a d i f f i c u l t  t e r r a i n  confronted  t h e  v e h i c l e ,  t h e  c o n t r o l  

should be switched t o  E a r t h  where v i s u a l  p i c t u r e s  could be 

used t o  h e l p  guide  t h e  v e h i c l e .  An a l t e r n a t i v e  t o  t h i s  might 

be t h e  a d a p t a t i o n  o f  t h e  pa t i2-se lec t ion  a lgo r i thm t o  r e f l ec t  

t h e  type  of t e r r a i n  i n  which t h e  v e h i c l e  i s  o p e r a t i n g .  E i t h e r  

.way, a p a t h - s e l e c t i o n  a lgo r i thm should be q u i t e  c o n s e r v a t i v e  

wd.th respect t o  t h e  s a f e t y  of t h e  v e h i c l e  when choosing a pa th .  

For t h e  purpose of  e v a l u a t i n g  a lgo r i thms  wi th  r e s p e c t  t o  

t h e  s a f e t y  of t h e  v e h i c l e ,  a n  Average Danger Index (ADI) has  

been formula ted ,  It i s  a h e u r i s t i c  performance index t h a t  a s s i g n s  
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a q u a n t i t a t i v e  measure t o  how c l o s e  t h e  p a t h  s e l e c t e d  by a 

p a t h - s e l e c t i o n  a lgo r i thm l i e s  t o  t h e  o b s t a c l e s  i n  t h e  t e r r a i n .  

(danger l e v e l ) '  x (pa th  l eng th )  
- 11 regions  

AD1 = 
t o t a l  pa th  l eng th  

To u s e  t h e  average danger  index a sample  t e r r a i n  o r  t e r r a i n  

model i s  selected.  For  t h e  a lgor i thms now i n  e x i s t e n c e ,  t h i s  

would be a two-dimensional t e r r a i n  map wi th  go and no-go 

r eg ions  marked o f f  on i t .  The no-go r eg ions  correspond t o  t h e  

g r a d i e n t  o b s t a c l e  and unknown reg ions  d i scussed  i n  t h e  previous 

secti 'on.  Contours are then  d r a m  about t h e  o b s t a c l e  r eg ions  and 

assigned a danger l e v e l .  The danger  l e v e l  would n a t u r a l l y  

i n c r e a s e  as t h e  o b s t a c l e  is  approached, Because of t h i s ,  i t  i s  

d e s i r a b l e  t o  have a p a t h - s e l e c t i o n  a lgo r i thm t h a t  would keep t h e  

v e h i c l e  a reasonable  d i s t a n c e  from o b s t a c l e s .  T h i s  i s  t h e  type  

of performance t h a t  t h e  average danger index i s  designed t o  

measure. II 

Once a sample t e r r a i n  has  been selected,  t h e  r eg ions  drawn, 

and t h e  danger  l e v e l s  ass igned ,  t h e  average danger index can be 

found €or  any g iven  pa th  on t h a t  t e r r a i n  u s i n g  t h e  above formula.  

A set  of r a t h e r  s imple  t e r r a i n s  could t h e n  be used t o  t e s t  how 

va r ious  p a t h - s e l e c t i o n  a lgor i thms react t o  o b s t a c l e  conf igura-  

t i o n s  t h a t  are known t o  cause  t r o u b l e .  

Some of t h e  o b s t a c l e  c o n f i g u r a t i o n s  t h a t  are known t o  cause 

t r o u b l e  are shown i i z  F igu res  15a-c.  Each f i g u r e  shows a 
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FIGURE 15. Examples of Trouble-causing Obstacle 
Configurations. 
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d i f f e r e n t  way i n  which p a t h - s e l e c t i o n  a lgor i thms have chosen 

pa ths  t h a t  would lead t h e  v e h i c l e  dangerously c l o s e  t o  an  

o b s t a c l e .  These c h a r a c t e r i s t i c s  can be c l a s s i f i e d  as c u t t i n g  

co rne r s  t o o  c l o s e l y ( a ) ,  t r a v e l i n g  t o o  c l o s e  when pass ing  an 

o b s t a c l e ( b )  and approaching t o o  c l o s e  b e f o r e  d e t o u r i n g  around 

an  o b s t a c l e  ( c  . 
The average danger  index can be used t o  t e s t  e i t h e r  t h e  

p a t h - s e l e c t i o n  a lgor i thms o r  t h e  complete t e r r a i n  modeling and 

p a t h - s e l e c t i o n  a lgo r i thm package. The l a t t e r  of t h e s e  two 

app lzca t ions  should prove t o  be of t h e  g r e a t e s t  va lue .  The 

a b i l i t y  t o  t e s t  t h e  t e r r a i n  modeling and pa th  s e l e c t i o n  u n i t s  

t o g e t h e r  i s  important  because t h e  s a f e t y  of t h e  v e h i c l e  i s  not  

only dependent on t h e  p a t h - s e l e c t i o n  a lgo r i thm but on t h e  

accuracy of t h e  t e r r a i n  modeling process  t h a t  i s  be ing  used. 
\ 

Example 

A simple example w i l l  i l l u s t r a t e  t h e  use of  t h e  ADI, For 

t h i s  s i m u l a t i o n ,  a two dimensional  t e r r a i n  map was used t o  e v a l u a t e  

v a r i a t i o n s  of one of Lal lman's  a lgor i thms.  The o v e r a l l  width 

of t h e  danger  r e g i o n  was t aken  t o  be 100 fee t .  This  was then  

subdivided and t h e  r eg ions  were assigned danger  l e v e l s  accord-  

i n g  t o  t h e  graph i n  F ig .  16 .  

t o  put  a g r e a t e r  p e n a l t y , o n  c r o s s i n g  froin'an 8 r e g i o n  t o  a 10 

This  d e f i n i t i o n  was used i n  o rde r  

r eg ion  t h a n  from a 4 t o  a 6 r e g i o n  by narrowing t h e  w i d t h  of the 

reg ions  as t h e  danger  i n c r e a s e s .  This  i s  c o n s i s t e n t  wi th  t h e  
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FIGURE 16 .  D e f i n i t i o n  of Danger Regions and Levels 
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high  concern f o r  t h e  s a f e t y  of t h e  v e h i c l e .  
37 

The sample t e r r a i n  and r e s u l t s  of t h e  s imula t ion  are shown 

i n  F ig .  1 7 .  The average danger  index f o r  pakhs I, 2 ,  and 3 a r e  

approximately 48, 4 ,  and 0 r e s p e c t i v e l y .  Th i s  gnd ica t e s  t h a t  

pa th  3 i s  s a f e r  t h a n  pa th  2 ,  which i s  i n  t u r n  s a f e r  t h a n  path 1. 

It a l s o  i n d i c a t e s  t h a t  t h e  a lgo r i thm t h a t  s e l e c t e d  pa th  3 would 

be t h e  most d e s i r a b l e  of t h e  t h r e e .  T h i s  a lgor i thm keeps 

t h e  v e h i c l e  completely out  of t h e  danger r eg ion  while  only l o s i n g  

30 f t .  i n  t h e  d i s t a n c e  t r a v e l e d  toward t h e  t a r g e t  compared t o  

t h e  most dangerous,  and longes t  pa th .  

I m p l i c a t i o n s  f o r  Fu tu re  Pa th -Se lec t ion  Algorithms 

Under t h e  proper  c i rcumstances each of t h e  a lgor i thms 

tes ted e x h i b i t e d  t h e  very dangerous c h a r a c t e r i s t i c  of  t r a v e l i n g  

a r b i t r a r i l y  c l o s e  t o  an o b s t a c l e .  This occurred e i t h e r  while  

approaching o r  p a s s i n g  an  o b s t a c l e .  To r e a l i z e  j u 8 t  how 

s e r i o u s  t h i s  problem can be i t  i s  necessary  toll take a c l o s e  

look  a t  t h e  a c t u a l  t e r r a i n  modeling process .  

If  a g r a d i e n t  o b s t a c l e  o r  unknown r e g i o n  i s  found along a 

given azimuth and not  a long t h e  ad jacen t  azimuth, i t  i s  known 

t h a t  t h e  o b s t a c l e  must end somewhere i n  between, The problem 

i s  t h a t  t h e  a c t u a l  placement of t h e  o b s t a c l e  i n  t h a t  r e g i o n  i s  

- not known and i t  could l i e  a r b i t r a r i l y  c l o s e  t o  the  azimuth 

t h a t  was l abe led  as f r e e ,  as i n d i c a t e d  F ig .  18. I n  choosing 

any p a r t i c u l a r  azimuth,  t h e  long-range p a t h - s e l e c t i o n  package 



FIGURE 1 7 ,  Simulation for Average Danger Index 
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FIGURE 18. Poss ib le  P o s i t i o n s  of Obstacles  Between 
Azimuths ( ind ica ted  by dashed l i n e s ) .  i, 

Obstacle  
Defined 

Azimuths 
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i s  j u s t  p i ck ing  a g e n e r a l  d i r e c t i o n  f o r  t h e  v e h i c l e  t o  t r a v e l ,  

It i s  expected t h a t  t h e  v e h i c l e  w i l l  wander somewhat from t h e  

s e l e c t e d  azimuth as t h e  sho r t - r ange  o b s t a c l e - d e t e c t i o n  system 

guides t h e  v e h i c l e  around sma l l  t e r r a i n  hazards .  I n  l i g h t  of 

t h i s ,  t h e  v e h i c l e  should not  be allowed t o  t r a v e l  a long  any 

azimuth t h a t  would l e a d  i t  next  t o  a g r a d i e n t  o b s t a c l e  o r  unknown 

reg ion .  

Perhaps t h e  p a t h - s e l e c t i o n  a lgor i thm should not  cons ider  

any azimuth t h a t  i s  a d j a c e n t  t o  one t h a t  ends a t  a g r a d i e n t  

o b s t a c l e  o r  unknown reg ion .  O r  i f  such an azimuth i s  t o  be 

cons ide red ,  i t  should not  be considered p a s t  t h e  po in t  where t h e  

o b s t a c l e  was de f ined  on t h e  ad jacen t  azimuth. This  procedure 

would keep t h e  v e h i c l e  from t r a v e l i n g  a r b i t r a r i l y  c l o s e  t o  a n  

o b s t a c l e  r e g i o n  as it proceeded t o  t r a v e l  around t h a t  o b s t a c l e .  
\ 

I n  t r a v e l i n g  d i r e c t l y  up t o  an o b s t a c l e  t h e  same s o r t  o f  

problem e x i s t s .  I n  r e f e r e n c e  t o  Fig.  1 9 ,  i f  e i t h e r  a g r a d i e n t  

o b s t a c l e  o r  unknown reg ion  i s  found a long  an azimuth a t  poin t  

8 ,  t h e  a c t u a l  l e a d i n g  edge of t h a t  o b s t a c l e  i s  somewhere 

between p o i n t s  7 and 8. Again, t h e  a c t u a l  p o s i t i o n  i s  not  

known and i t  may l i e  a r b i t r a r i l y  c l o s e  t o  t h e  po in t  7 .  For 

reasons of s a f e t y ,  guard bands should 'be placed ' on t h e  l ead ing  

edges of t h e  o b s t a c l e s  de f ined  by t h e  t e r r a in  modeling process .  

The guard bands a r e  meant t o  r e s t r i c t  t h e  t r a v e l  of t h e  v e h i c l e  

t o  less t h a n  t h e  t o t a l  d i s t a n c e  t o  an o b s t a c l e  be fo re  i t  s t o p s  



' f  
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FIGURE 19 .  P o s s i b l e  P o s i t i o n s  of t h e  Leading Edge of an 
Obs tac le  ( ind ica t ed  by dashed l i n e s )  e 
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t o  a c q u i r e  new d a t a .  

The s i z e  o f  t h e  guard bands should be a f u n c t i o n  o f  t h e  

d i s t a n c e  from t h e  v e h i c l e  t o  t h e  o b s t a c l e .  Or e q u i v a l e n t l y ,  

a f u n c t i o n  of t h e  d i s t a n c e  between t h e  d a t a  pointsb The s i z e  

of t h e  guard bands should i n c r e a s e  w i t h  t h e  d i s t a n c e  from t h e  

v e h i c l e  because t h e  d a t a  p o i n t s  t o  which they  are related are 

spread f a r t h e r  a p a r t  as t h e  d i s t a n c e  i n c r e a s e s ,  Also,  e r r o r s  

i n  t h e  s e n s o r  would have a g r e a t e r  a f f ec t  on t h e  t e r r a i n  

d e f i n i t i o n  as t h e  d i s t a n c e  i n c r e a s e s ,  s i n c e  it has  been shown 

t h a t . t h e  d i s t a n c e  between d a t a  p o i n t s  i n c r e a s e s  wi th  d i s t a n c e  

from t h e  v e h i c l e .  

The s i z e  of t h e  guard bands a t  any given range should 

a lso be dependent  on t h e  t y p e  of  o b s t a c l e  t h a t  is  de f ined .  

The g r a d i e n t  o b s t a c l e  should have t h e  Larges t  guard band i n  

f r o n t  o f  i t  as i t  i s  known t h a t  t r o u b l e  l i e s  w i t h i n  t h a t  r eg ion .  

It i s  q u i t e  easy  f o r  p a s s a b l e  t e r r a i n  t o  be de f ined  as an 

unknown r e g i o n ;  t h e r e f o r e ,  t h i s  t ype  of  o b s t a c l e  should have 

a smaller guard band a s s o c i a t e d  w i t h  i t .  The out -of - range  

o b s t a c l e  i s  one t h a t  i s  c lear  t e r r a i n  t o  a c e r t a i n  p o i n t .  Th i s  

t ype  of  obstacle should n a t u r a l l y  have t h e  s m a l l e s t  guard band, 

I n  v a r y i n g  t h e  s i z e  o f  t h e  guard bands i n  this way, t h e y  are 

be ing  used t o  p e n a l i z e  t h e  t r a v e l  towards one type  of o b s t a c l e  

more t h a n  a n o t h e r .  Th i s  i s  done i n  a manner t h a t  i s  c o n s i s t e n t  

w i th  t h e  h i g h  concern  f o r  s a f e t y .  
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One a r e a  t h a t  needs t o  be looked i n t o  i n  some d e t a i l  i n  

t h e  f u t u r e  i s  t h e  p o s s i b i l i t y  of an  adap t ive  nav iga t ion  syqtem.  

The p a t h - s e l e c t i o n  and/or  t e r r a i n  modeling processes  could be 

modif ied to r e f l e c t  t h e  gene ra l  t y p e  of  t e r r a i n  t h a t  t h e  

v e h i c l e  i s  t r a v e l i n g  i n .  For  example, if t h e  t e r r a i n  was 

f a i r l y  free of g r a d i e n t  o b s t a c l e s ,  t h e  pa ths  t h a t  would l e a d  t o  

c h a t  t y p e  of o b s t a c l e  might be dropped from c o n s i d e r a t i o n ,  The 

guard bands on t h e  o t h e r  t y p e s  of o b s t a c l e s  might be a b l e  t o  be 

decreased a l s o ,  I n  p a r t i c u l a r l y  rugged t e r r a i n ,  t h e  oppos i t e  

would be t r u e .  The guard bands would have t o  be increased  and 

pa ths  l e a d i n g  towa’rds g r a d i e n t  might have; t o  be considered 

because they  might be t h e  only  ones a v a i l a b l e ,  

The t e r r a i n  modeling process  could a l s o  be modif ied.  %he 

p r e s e n t  process  d e f i n e s  anyth ing  over L O  de’grees a s  a g r a d i e n t  

o b s t a c l e .  This  va lue  could be changed t o  r e f l e c t  t h e  gene ra l  

Of t e r r a i n  t h e  v e h i c l e  w a s  t r a v e l i n g  i n .  These mod i f i ca t ions  

could be made e i t h e r  au tomat i ca l ly  o r  from t h e  Ea r th  c o n t r o l  

c e n t e r ,  

c ,  

The second area of major importance i s  t h a t  of the 

p6wer and energy r equ i r ed  by t h e  v e h i c l e .  This  a r e a  i s  a f f e c t e d  

by bo th  t h e  miss ion  requirements  and t h e  v e h i c l e  des ign .  Some 

of  t h e  f a c t o r s  t h a t  are related t o  t h e  p a t h - s e l e c t i o n  t a s k  

are: t h e  t o t a l  d i s t a n c e  t h e  v e h i c l e  i s  t o  t r a v e l ,  t h e  d e s i r e d  
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speed,  t h e  amount and weight of t h e  power s u p p l i e s ,  and t h e  

power used by t h e  v e h i c l e ,  It is  not  t h e  purpose of t h i s  r e p o r t  

t o  de lve  deeply  i n t o  the power and energy requirements  and make- 

up of t h e  v e h i c l e .  Much of  t h e  informat ion  concerning t h i s  

area w a s  obtained from t h e  v e h i c l e  des ign  group a t  RPI.  

Discuss ion  wi th  members of t h e  v e h i c l e  des ign  group has  

i n d i c a t e d  t h a t  power and energy requirements  pose s t r o n g  l i m i t a -  

t i o n s  on t h e  v e h i c l e ,  It i s  very important  t o  minimize t h e  

power and energy r equ i r ed  f o r  t h e  o p e r a t i o n  of t h e  v e h i c l e .  

.For t h e  rov ing  c a p a b i l i t y ,  t h e  m a j o r i t y  of t h e  power used 

by t h e  v e h i c l e  i s  l i k e l y  t o  be f o r  propuls ion .  The amount used 

f o r  s t e e r i n g ,  d a t a  process ing  equipment, e t c , ,  i s  comparat ively 

smal l .  Power and energy curves  can  be de r ived  from p o t e n t i a l  

energy c o n s i d e r a t i o n s ,  u s ing  a 2 degree s l o p e  as Level grourid 

t o  account  f o r  f r i c t i o ’ n a l  l o s s e s .  Graphs f o r  power vs .  s l o p e  
I 

and energy per  d i s t a n c e  vs .  s l o p e  are shown i n  F igs .  20a and b. 

These graphs are f o r  a cons t an t  v e h i c l e  speed and an Ear th  

weight of 1000 l b s ,  T h e i r  d e r i v a t i o n  w i l l  be shown i n  S e c t i o n  IV4 

The importance of  power and energy would i n d i c a t e  t h a t  a 

p a t h - s e l e c t i o n  a lgo r i thm should use t h i s  type  of in format ion  

when s e l e c t i n g  a pa th ,  Therefore ,  a performance index has  been 

formulated t o  e v a l u a t e  d i f f e r e n t  algoritI ims as t o  how w e l l  they  

minimize t h e  amount o f  energy used by t h e  v e h i c l e ,  

Before a performance index could be selected, i t  w a s  

necessary t o  t a k e  a closer look a t  t h e  a c t u a l  power make up of 
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t h e  v e h i c l e .  P lans  now c a l l  f o r  a d u a l  mode power supply 

system. The major p a r t  of  t h e  power load is  to be handled by a 
I 

r a d i o a c t i v e  thermal  gene ra to r  (RTG). For  per iods  o f  peak 

power requi rements ,  such as cl imbing s t e e p  s l o p e s ,  b a t t e r i e s  

would be used to supply t h e  e x t r a  power. The b a t t e r i e s  would 

t h e n  be recharged by t h e  RTG. It i s  no t  unreasonable  t o  t h i n k  

t h a t  r e g e n e r a t i v e  b rak ing  ~ 0 U l d  a l s o  be used t o  recha.rge the  

b a t t e r i e s  whi le  t r a v e l i n g  on downslopes a 

The peak power was considered f o r  a t i m e  to be t h e  l i m i t # -  

i n g  f a c t o r .  But i t  i s  assumed, t h a t  i n  cases o f  emergencies ,  

t h a t  t h e  v e h i c l e  lias t h e  a b i l i t y  t o  c l imbia t  l ea s t  a 25 degree  

To do s o ,  t h a t  much power imst be a v a i l a b l e .  The p resen t  

t e r r a i n  modeling process  d e f i n e s  any r e g i o n  wi th  a g r a d i e n t  of 

over  LO degrees  as a g r a d i e n t  o b s t a c l e .  Therefore ,  f o r  t h e  pur- 

poses  of pa th  s e l e c t i o n ,  i t  i s  not  t h e  power t h a t  i s  t h e  

impor tan t  f a c t o r  bu t  t h e  l e n g t h  of t i m e  t h e  power i s  r e q u i r e d ;  

t h a t  i s ,  energy .  A l s o ,  t h e  power supp l i ed  by t h e  RTG i s  con- 

s i d e r e d  to be "free"  i n  t h a t '  i t  i s  nondeple tab le ,  c o n s t a n t ,  

power supp ly .  I n  conclus ion ,  i t  i s  t h e  energy d r a i n  of  t h e  

,ba t te r ies  t h a t  i s  t h e  important  f a c t o r  t o  cons ide r .  

. . As a performance index ,  t h e  ac tua l  va lue  of t h e  energy 

d r a i n  on t h e  ba t t e r i e s  i s  a n  easy  f a c t o r  t o  use. For  a g iven  

RTG l e v e l ,  t h e  graph of energy p e r  d i s t a n c e  vs .  s l o p e  can  be 

modif ied to be t h e  energy o f  t h e  b a t t e r y  pe r  d i s t a n c e  vs.  

s l o p e .  From t h i s  and t h e  pa th  gener,ated by a p a t h - s e l e c t i o n  
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a l g o r i t h m  on a sample t e r r a i n ,  t h e  t o t a l  energy d r a i n  of t h e  

batteries can be found,  Th i s  va lue  can t h e n  be used to con- 5 
p a r e  t h e  a l g o r i t h m  t o  o t h e r s  used on t h e  same sample  t e r r a i n  

t o  f i n d  o u t  which does t h e  b e s t  j o b  o f  minimizing t h e  t o t a l  

b a t t e r y  d r a i n .  

A s e t  of meaningful sample t e r r a i n s  needs t o  be developed 

for  t h e  e v a l u a t i o n  of  a lgo r i thms  wi th  respect to energy.  This  

has n o t  been done. The major o b s t a c l e  t o  doing  t h i s  i s  t h e  

i n a b i l i t y  to s i m u l a t e  t h r e e  dimensional  t e r r a i n  on t h e  d i g i t a l  

computer. This  c a p a b i l i t y  i s  a must b e f o r e  such work could be 

a t t empted  ., \ 

Caut ion  must be used when comparing a lgo r i thms  because t h e  

fa.ct t h a t  one p a t h - s e l e c t i o n  al.gorithm prcdzices 2 pa th  wi th  a 

lower energy  d r a i n  does no t  au tomakica l ly  i n d i c a t e  t h a t  t h a t  

a l g o r i t h m  i s  indeed t h e  best .  A p a t h - s e l e c t i o n  process  needs 

fio make a t r ade  o f f  between t h e  energy of t h e  b a t t e r y  t h a t  is 

used and t h e  d i s t a n c e  t h a t  t h e  v e h i c l e  w i l l  t r a v e l  towards t h e  

t a r g e t .  For  example, a p a t h - s e l e c t i o n  a lgo r i thm t h a t  p i cks  a 

p a t h  w i t h  z e r o  b a t t e r y  d r a i n  whenever p o s s i b l e  would be f a r  

from t h e  most d e s i r a b l e .  A pa th  l e a d i n g  t o  t h e  t a r g e t  w i th  

' 

z e r o  b a t t e r y  d r a i n  might no t  e x i s t .  Pa ths  wi th  z e r o  b a t t e r y  

d r a i n  could  l ead  t h e  v e h i c l e  away from t h e  t a r g e t .  Even i f  

such  a ze ro  energy p a t h  d i d  e x i s t ,  t h e  l e n g t h  o€ t i m e  r e q u i r e d  

t o  t r ave l  such a p a t h  might make i t  less d e s i r a b l e  t h a n  o t h e r s  

a v a i l a b l e  e I n  the e v a l u a t i o n  o f  v a r i o u s  a lgo r i thms  t h i s  t rade 
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o f f  must be kep t  i n  mind and a way of j udg ing  t h i s  t r ade  o f f  

must be developed.  Th i s  ma-tter Is f u r t h e r  d i scussed  i n  

s e c t i o n  I V  where a new p a t h - s e l e c t i o n  a lgo r i thm i s  presented  

t h a t  a u t o m a t i c a l l y  makes t h i s  t r ade  o f f  between t h e  energy 

and t h e  d i s t a n c e  t r a v e l e d  toward t h e  t a r g e t ,  

Imp l i ca t ions  f o r  Future  Algorithms 

Once i t  was determined t h a t  t h e  energy used by the v e h i c l e  

was a very  important  f a c t o r ,  a r a t h e r  fundamental  q u e s t i o n  had 

t o  be answered, Is it p o s s i b l e  f o r  t h e  two dimensional  path-  

s e l e c t i o n  a lgor i thms now i n  e x i s t e n c e ,  o r  any two dimensional  

a lgo r i thms ,  t o  take t h i s  impor tan t  f a c t o r  i n t o  c o n s i d e r a t i o n  

when making i t s  s e l e c t i o n ?  

The p r e s e n t  p a t h - s e l e c t i o n  a lgor i thms use  t h e  informat ion  

from t h e  t e r r a i n  modeling process  as a two dimensional ,  go, 

no-go map. While some energy informat ion  i s  contained i n  t h i s  

t ype  of map, i n  t h a t  any r e g i o n  having a g r a d i e n t  of g r e a t e r  

t h a n  10 degrees i s  labeled a g r a d i e n t  o b s t a c l e ,  t h i s  i s  no t  

enough. If  t h e  v e h i c l e  has  an  RTG power ou tpu t  of 300 watts 

3 

and i s  t o  main ta in  a constar , t  speed of 3 mph, t h e  break  po in t  

between "free" power from t h e  RTG and "Costly" power from t h e  

b a t t e r i e s  i s  about  4 degrees .  The ac tua l  v a l u e  

po in t  v a r i e s  d i r e c t l y  wi th  t h e  RTG power ou tpu t  

with t h e  v e h i c l e  speed .  However, t h e  300 watts 

i s  cons idered  a maximum, and t h e  s lowing of t h e  

of t h i s  break  

and i n v e r s e l y  

of RTG power 

v e h i c l e  t o  
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reduce  t h e  power r equ i r ed  i s  c o s t l y  i n  terms of t h e ,  and t h e r e -  

f o r e  t h e  break  p o i n t  would be expected t o  be i n  t h e  under  10 

degree,  f ree  reg ion .  The two dimensional  p a t h - s e l e c t i o n  

a lgo r i thms  use no s l o p e  in fo rma t ion  under  10 degrees  so  they  

d o n ' t  c o n s i d e r  t h e  most fundamental  in format ion  necessary  to 

make t h e  best  s e l e c t i o n  wi th  r e s p e c t  t o  energy.  

A s imple  example w i l l  show t h e  inadequacy of t h e  p re sen t  

a lgo r i thms ,  F i g . 2 1  shows a s imple  t e r r a i n  and two p o s s i b l e  

pa ths .  The pa th  t o  t h e  r i g h t  of t h e  o b s t a c l e  involves  t h e  

climGing of cons ide rab ly  h i g h e r  s l o p e s  t h a n  t h e  pa th  t o  t h e  l e f t  

of t h e  o b s t a c l e ,  One of t h e  two dimensional  a lgor i thms would 

p i c k  pa th  1 t o  fo l low because it rr,a.ximizes t h e  d i s t a n c e  t r a v e l e d  

toward t h e  t a r g e t ,  Algorithms need t o  b2 developed t h a t  w i l l  

i n c l u d e  s l o p e  in fo rma t ion  throughout  t h e  f ree  r eg ions  of t h e  

t e r r a i n  map s o  t h a t  a pa th  such as pa th  2 would be selected,  

Such a p a t h  would be more d e s i r a b l e  t h a n  pa th  1, provided it  

used cons ide rab ly  less b a t t e r y  energy ,  because t h e  d i s t a n c e  

n 

t r a v e l e d  toward t h e  t a r g e t  i s  only  sligbtl.. less t h a t  €or  

pa th  1. Agaim, a d e c i s i o n  l e v e l  must be s e t  up as t o  make t h e  

t rade  of f  between energy and d i s t a n c e  t r a v e l e d  e 

The example shows t h a t  t h e  two dimensional  a lgor i thms are 

no t  capab le  of  making t h e  proper  s e l e c t i o n s  wi th  r e s p e c t  t o  

energy .  Th i s  will be demonstra-ted t o  g r e a t e r  d e t a i l  a g a i n  i n  

p a r t  11%. Three d imens iona l  p a t h - s e l e c t i o n  a lgor i thms are 



51 

c o n s t a n t  

FIGURE 21 ,  T e r r a i n  and P o s s i b l e  Paths (showing 
importance of energy c o n s i d e r a t i o n s )  ,* 



d e f i n i t e l y  needed t h a t  w i l l  c o n s i d e r  a l l  s l o p e  in fo rma t ion ,  

T h i s  w i l l  a l s o  make necessary  t h e  m o d i f i c a t i o n  of t h e  t e r r a i n  

modeling s e c t i o n  so  t h a t  t h e  necessary  in fo rma t ion  i s  avail.. 

able f o r  t h e  p a t h - s e l e c t i o n  a lgo r i thm to use. 

D, Summa3 
_I- 

Two performance indexes have been formula ted ,  Each 

of t h e s e  i s  r e l a t e d  t o  one of  t h e  impor tan t  parameters  o f  t h e  

o v e r - a l l  system. The average danger  index  i s  a measure of  how 

c l o s e  t h e  vehicl-e would t r a v e l  t o  o b s t a c l e s  and i s  re la ted 

t o  t h e  s a f e t y  o f  t h e  v e h i c l e .  

on a p a t h  is a d i r e c t  measure ~ . f  t h a t  impor tan t  parameter .  It 

has  been demonstrated how each oE t h e s e  indexes can be used i n  

t h e  e v a l u a t i o n  of d i f f e r e n t  p a t h - s e l e c t i o n  algorithms 

The t o t a l  b a t t e r y  energy used 
\ 

1 

The i m p l i c a t i o n s  t h a t  t h e  work on t h e  ' zva lua t ion  of  a l g o r i -  

thms has had t o  t h e  w r i t i n g  of  f u t u r e  a lgo r i thms  has  been d i s -  

cus sed .  These ideas  have been put  t o  use  i n  t h e  fo rmula t ion  

of a t h r e e  d imens iona l  p a t h - s e l e c t i o n  a l g o r i t h m  t h a t  takes 

i n t o  c o n s i d e r a t i o n  both  t h e  s a f e t y  of  t h e  v e h i c l e  and t h e  energy- 

d i s t a n c e  t r a d e - o f f ,  This  a l g o r i t h m  i s  presented  i n  d e t a i l  i n  

t h e  las t  s e c t i o n  of  t h e  r e p o r t ,  

It i s  impor tan t  t o  use t h r e e  d imens iona l  t e r r a i n  whether 

i t  be f o r  t h e  e v a l u a t i o n  of e x i s t i n g  a lgo r i thms  o r  as an  a i d  

i n  t h e  fo rn iu l a t ion  and t e s t i n g  of  new t h r e e  dimensional  

a l g o r i t h m s  t h a t  are needed, h t  p r e s e n t ,  t h e r e  i s  no c a p a b i l i t y  

of s i m u l a t i n g  t h r e e  d imens iona l  t e r r ' a i n  on t h e  d i g i t a l  computer. 
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The c a p a b i l i t y  i s  a must be fo re  much more work can  be done i n  

e i t h e r  o f  t h e s e  areas.  

IV, TOTAL PACKAGE FOR AUTOMATIC ROVING CAPABILITY 

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

Cons iderable  work has  been done i n  t h e  areas of ter-3 

r a i n  modeling and au tomat ic  p a t h - s e l e c t i o n  a lgo r i thm formu- 

l a t i o n  and e v a l u a t i o n ,  However, t h i s  work has  never  been com- 

bined t o  produce a n  i n t e g r a t e d ,  t o t a l  system t h a t  would accept: 

t e r r a i n  d a t a  as t h e  i n p u t  and g ive  heading commands as t h e  

ou tpu t  e 

S e c t i o n  111 showed t h e  need f o r  t h e  development of new, 

t h r e e  dimensional ,  p a t h - s e l e c t i o n  a lgor i thms t h a t  would make a 

pa th  s e l e c t i o n  w i t h  r e s p e c t  t o  t h e  s a f e t y  of  t h e  v e h i c l e  and 

t h e  energy d r a i n  of t h e  v e h i c l e ' s  b a t t e r i e s  on t h e  pa th .  Such 

an a lgo r i thm i s  d eve 1 oped i n  t h i s  s e c t i o n .  For  s imul a t  i o n  i t  
ii 

was decided t o  i n t e g r a t e  t h i s  new p a t h - s e l e c t i o n  a lgo r i thm 

wi th  t h e  t e r r a i n  modeling process  discussed i n  Sec t ion  11. 

This  would, f o r  t h e  f i r s t  t i m e ,  show t h e  f < a s i b i l i t y  of a com- 

p l e t e  system, 

B. 'Cos t '  Cons idera t ions  and I n t e r f a c i n g  

I n  o r d e r  t o  formula te  a new p a t h - s e l e c t i o n  a lgo r i thm 

t h e  impor tan t  c o s t s  had t o  be determined,  This  s u b j e c t  was d i s -  

cussed i n  d e t a i l  i n  S e c t i o n  111. To summarize t h e  f i n d i n g s  o f  

t h a t  s e c t i o n ,  t h e  impor tan t  f a c t o r s  t o  be considered are:  



1, t o t a l  energy d r a i n  of t h e  b a t t e r i e s  

2, maximization o f  t h e  d i s t a n c e  t r a v e l e d  toward t h e \  
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t a r g e t  

3 .  s a f e t y  of  t h e  v e h i c l e  when t r a v e l i n g  near  o b s t a c l e s  

In t h e  process  o f  s e l e c t i n g  a pa th ,  t h e  p a t h - s e l e c t i o n  

a l g o r i t h m  w i l l  a t t empt  a subopt imiza t ion  of t h e  a v a i l a b l e  pa ths  

w i t h  r e s p e c t  t o  t h e  above f a c t o r s  i n  i t s  s e l e c t i o n  o f  a pa th .  

To implement t h e  a lgor i thm,  informat ion  about  t h e  energy 

r e q u i r e d  t o  propel  t h e  v e h i c l e  i s  needed. The v e h i c l e  des ign  

p r e s e n t l y  be ing  cons idered  has  a dual-mode power supply .  P a r t  

of t h e  power w i l l .  'be supp l i ed  by a r a d i o a k t i v e  thermal  

g e n e r a t o r  (RTG) e Its  ou tpu t  ra te  would be l i m i t e d ,  but i t s  

power can be cons idered  "free" i n  t h a t  it i s  a c o n s t a n t  power 

source,  n o t  subjec t  t o  d r a i n  over  t h e  missiSn l i f e - t ime ,  The 

rest of the power would be obtained from a b a t t e r y  system whose 

o u t p u t  would be cons idered  c o s t l y  i n  view of t h e  fact  t h a t  

r e c h a r g i n g  of t h e  b a t t e r i e s  l i m i t s  o p e r a t i n g  time and i s  never  

100% e f f i c i e n t  o r  i n d e f i n i t e l y  r e p e a t a b l e .  A graph o f  t h e  

energy o f  t h e  b a t t e r i e s  needed t o  propel  t h e  v e h i c l e  was der ived  

,from t h e  fo l lowing  assumptions 

1, c o n s t a n t  v e h i c l e  speed o f  3 mph. 

2. a n  R"rG power l e v e l  of  300 w a t t s .  

3 .  a d r i v e - t r a i n  e f f i c i e n c y  of  70% 

4. absence of  r e g e n e r a t i v e  b rak ing  

5. t h a t  on ly  t h e  change f n  p o t e n t i a l  energy need 

be cons idered  i n  c a l c u l a t i n g  power ou tpu t  on a s l o p e ,  
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6 ,  use  o f  a 2 degree s lope  as l e v e l  ground t o  

account  f o r  f r i c t i o n a l  losses, 

7.  v e h i c l e  Ea r th  weight of 1000 pounds. 

From t h e s e  assumptions,  t h e  equa t ions  f o r  t h e  power (P) 

and energy (E) r equ i r ed  by t h e  v e h i c l e  to cl imb a g iven  s l o p e  

of degrees  are 

P = 2 , 2 1  x 103 s i n  

E = 8.38 x D x s i n  ( X + 2 ° )  watt-mine 

>.+zo> watts 

The graphs of t h e s e  equat ions  a r e  shown i n  F i g s ,  20a and b. A s  

a l r eady  noted,  i t  i s  only t h e  energy t h a t  i s  used from t h e  

b a t t e r i e s  t h a t  i s  a c o s t l y  f a c t o r ,  The assumed output  o f  300 

w a t t s  from t h e  RTG means t h a t  c l imbing s lopes  up t o  about  4 

degrees  i s  n o t  cosCly a t  a speed o f  3 mph, The graphs of F ig .  20 

can then  be modif ied to be an "energy of t h e  b a t t e r i e s  pe r  d i s -  

t ance  vs ,  s lope '*  graph t h a t  i s  shown i n  F i g .  22. 

graph t h a t  i s  needed f o r  t h e  c a l c u l a t i o n s  i n  t h e  new path-  

s e l e c t i o n  a lgor i thm.  

3 

This  i s  t h e  

To c a l c u l a t e  t h e  energy of the b a t t e r y  t h a t  would be used 
* 

along a g iven  pa th ,  t h e  t e r r a i n  modeling process  must be 

modified t o  d o  t h e  fo l lowing  i t e r a t i v e  c a l c u l a t i o n s .  These c a l -  

11 if c u l a t i o n s  approximate t h e  a c t u a l  energy expended on an  n po in t  

path.  Adjacent  p o i n t s  a long  t h e  pa th  a r e  sepa ra t ed  by d i s t a n c e s  

Di where 1 5 4 n-1, F i r s t ,  

(see S e c t i o n  11) 
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Slope i n  Degrees 

FIC?.JRE 22,  Battery Energy Drain Per  Distance vs, S l o p e  
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then  

and t h e  b a t t e r y  d r a i n  ( ) on t h e  pa th  has  been c a l c u l a t e d .  

These c a l c u l a t i o n s  can  be done s imultaneously wi th  t h e  

o b s t a c l e  c a l c u l a t i o n s  i n  t h e  t e r r a i n  modeling s e c t i o n  of t h e  

system. 

An impor tan t  p a r t  o f  t h e  p a t h - s e l e c t i o n  a lgo r i thm i s  t h e  

handl ing  of t h e  energy-d is tance  t r a d e - o f f .  Kaving no empi r i ca l  

in format ion  as t o  what d e c i s i o n s  wotrld be b e s t ,  a l o g i c a l  

approach would be h e u r i s t i c ,  where d e c i s i o n  l e v e l s  a r e  d e t e r -  

mined from t h e  examinat ion of numerous cases. For example, 

it could be demanded t h a t  a path  us ing  1 / 2  t h e  t o t a l  energy of 

another  pa th  be at least  2 / 3  a s  long before t h a t  pa th  would be 

selected a 

C a l l i n g  t h e  longe r  pa th  PI and t h e  s h o r t e r  pa th  P2, t h e  

d e c i s i o n  l e v e l  KB i s  given by 

Where D T ~  and D T ~  are t h e  d i s t a n c e  t r a v e l e d  toward  t h e  t a r g e t  

and El and E2 a r e  t h e  energy c o s t s  on t h e  r e s p e c t i v e  pa ths .  

This  d e f i n i t i o n  a p p l i e s  only t o  p a t h s  t h a t  a r e  f r e e  of  g r a d i e n t  

and unknown r e g i o n  o b s t a c l e s  

I n  t h e  d e f i n i t i o n  of t h e  d e c i s i o n  l e v e l  KB t h e  energy 

c o s t  t e r m  E2 cam no t  be allowed t o  become zero ,  Therefore ,  t h e  

energy c o s t  i s  de f ined  to be t h e  sum of t h e  energy expended by 
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t h e  b a t t e r y  and a second t e r m  t h a t  i s  dependent on ly  on t h e  pa th  

l e n g t h ,  Th i s  would correspond to t h e  i d e a  t h a t  even i f  t h e  

b a t t e r y  energy  used on a p a t h  were z e r o  t h a t  t h e r e  i s  s t i l l  some 

c o s t  involved wi th  t r a v e l i n g  t h a t  pa th .  The energy c o s t  i s  

then  de f ined  by: 

Let %lax be t h e  d i s t a n c e  toward t h e  t a r g e t  of  t h e  pa th  t o  

be used as 

achieved by t r a v e l i n g  any o t h e r  pa th .  By c o n s i d e r i n g  a number 

s t a n d a r d  and DT t h e  d i s t a n c e  towards t h e  t a r g e t  

o f  examples l i k e  t h e  one desc r ibed  above, a graph f o r  t h e  

d e f i n i t i o n  of KB as a f u n c t i o n  of  DT 

graph i s  shown i n  F ig .  23 .  It should be noted t h a t  t h i s  d e f i n i n g  

can be gene ra t ed .  This  
Dmax 

graph f o r  KB i s  no t  unique b u t  t h a t  any similar d e f i n i t i o n  could 

be used and t h e  g e n e r a l  o p e r a t i o n  o f  t h e  a lgo r i thm would not  be 

a f f e c t e d  
'I 

The s teeper  s l o p e  i n  t h e  graph f o r  KB f o r  small 'va lues  of 

ref lects  t h e  fac t  t h a t  s h o r t  p a t h s  are h igh ly  u n d e s i r a b l e ,  

Th i s  d e f i n i t i o n  of I<B d e a l s  w i t h  t h e  t r a d e - o f f  between energy 

and d i s t a n c e  a long  c lear  p a t h s ,  The problems concerned wi th  

t h e  s a f e t y  of t h e  v e h i c l e  w i l l  have t o  be dea l t  wi th .  

Raving t a k e n  care of  t h e  ene rgy-d i s t ance  t r a d e - o f f ,  

a t t e n t i o n  i s  tu rned  toward s a f e t y  c o n s i d e r a t i o n s ,  The fo l low-  

i n g  a l t e r n a t i v e s  were i d e n t i f i e d  : 



FIGURE 2 3 .  Definition of Trade-off Levels 
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r e j e c t  any pa th  toward a g r a d i e n t  o b s t a c l e  

o r  unknown r e g i o n  

re jec t  any p a t h  next  t o  a g r a d i e n t  o b s t a c l e  o r  

a n  unknown r e g i o n  

u s e  guard bands around o b s t a c l e s  and f o r b i d  

t r a v e l  w i t h i n  t h e s e  areas 

i n c r e a s e  KB f o r  any pa th  i n  proximity of a 

g r a d i e n t  o b s t a c l e  o r  unknown r e g i o n  

v e h i c l e  t r a v e l s  a p a t h  l e a d i n g  toward an unknown 
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r e g i o n  t h e r e  i s  t h e  q u e s t i o n  of  what t ype  of t e r r a i n  i s  con- 

t a i n e d  i n  t h a t  r e g i o n .  Because of  t h e  p o s s i b i l i t y  t h a t  t h e  

unknown r e g i o n  a c t u a l l y  c o n t a i n s  impassable t e r r a i n ,  a pa th  

l e a d i n g  t o  s :xh  a r e g i o n  should be penal ized  i n  some w a y  com- 

pared t o  a pa th  t h a t  i s  f r ee .  One way o f  do ing  t h i s  i s  t o  a s s i g n  

a h i g h e r  va lue  of  KB t o  a p a t h  t h a t  approaches a n  unknown r e g i o n ,  

For  example, i f  +,he r a t i o  of DT/D,,, i s  2 / 3 ,  l e t  t h e  va lue  o f  

of K be 2 ,  r a t h e r  t h a n  4 / 3 ,  i f  t h e  p a t h  leads t o  an  unknown 

r e g i o n ,  Th i s  modif ied K' i s  a l s o  shown i n  F ig .  23.  

€3 

13 

C.  A P a t h - S e l e c t i  

Having c a l c u l a t e d  a breakeven p o i n t ,  o r  d e c i s i o n  

l e v e l ,  f o r  a p a t h  i n  terms o f  t h e  energy c o s t - d i s t a n c e  trade- 

o f f ,  it i s  l o g i c a l  t o  d e s c r i b e  t h e  pa th  by its performance 

r e l a t i v e  t o  i t s  b reak  even p o i n t ,  L e t  a l l  pa ths  be compared 

t o  t h e  one t h a t  g i v e s  t h e  g r e a t e s t  d i s t a n c e  t r a v e l e d  toward 

t h e  t a r g e t ,  B,,, w i t h  energy c o s t  Emax. Then t h e  graph f o r  



KB a s s i g n s  t o  each path i t s  own c h a r a c t e r i s t i c  break  even 

po in t  dependent on t h e  r a t i o  DT/Dn,axe This  r e p r e s e n t s  t h e \  

maximurn energy c o s t  on t h e  pa th  f o r  which t h a t  pa th  would be 

more d e s i r a b l e  t h a n  t h e  pa th  of l eng th  Dmax. 

An a c t u a l  measure of t h e  q u a l i t y  of  a p a t h  i s  K, where K 

The r a t i o  K/KB t h e n  g ives  a. measure of how w e l l  each pa th  com- 

pares  wi th  i t s  own break even p o i n t .  I f  t h i s  r a t i o  i s  g r e a t e r  

t han  l i t  i n d i c a t e s  t h a t  t h e  path i s  b e t t e r  t han  t h e  pa th  t h a t  
i 

maximizes t h e  d i s t a n c e  t r a v e l e d  toward t h e  t a r g e t ,  t h e  one 

de f ined  as Dmax. I n  o t h e r  words, t h e  r e d u c t i o n  i n  t h e  energy 

c o s t  is  l a r g e  enough t o  o f f s e t  t h e  dec rease  in t h e  d i s t a n c e  

t r a v e l e d  toward t h e  t a r g e t ,  
1 

O f  a l l  pa ths  cons idered ,  t h e  p a t h - s e l e c t i o n  a lgo r i thm 

should p i c k  t h e  one w i t h  t h e  maximum value  of K/KBe I n  terms 

of  t h e  major c o s t s  t h i s  path,  out  performs a l l  t h e  o t h e r s  and i s  

.. t h e r e f o r e  t h e  most d e s i r a b l e  path.  

D, Simula t ion  
_p__-s_l 

The s i m u l a t i o n  of t h e  t o t a l  system wi th  t e r r a i n  d a t a  

as i n p u t  and a s e l e c t e d  pa th  as t h e  ou tpu t  was performed making 

t h e  fo l lowing  assumptions:  

I, only azimuth l i n e s  were. considered as p o s s i b l e  

pa ths  
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azimuths ending i n  g r a d i e n t  o b s t a c l e s  were n o t  

considered 

azimuths on e i t h e r  s i d e  of  a g r a d i e n t  o b s t a c l e s  

o r  unlcnown r e g i o n  were not  considered.  

g r a d i e n t  o b s t a c l e  i s  a r e g i o n  w i t h  a 10 degree 

g r a d i e n t  o r  g r e a t e r .  

guard bands of  w i d t h  L were placed on maximum 

range o b s t a c l e s ,  where L = ( 0 . 0 8 )  x Robsts and 

Robst i s  range t o  t h e  o b s t a c l e .  

u se  "6 f o r  an azimuth ending i n  an unknown reg ion .  

guard bands of width L' were placed on g r a d i e n t  

o b s t a c l e s ,  where L' = (0,I.O) x Robst" 

DT = DTOT e COS 8 

azimuth path. l e n g t h  

where DTOT i s  t h e  t o t a l  

The t e r r a i n  modeling process  was modified t o  output  t h e  

necessary b a t t e r y  d r a i n ,  o r  energy c o s t ,  in format ion  t o  t h e  

pa th-se lec t i -on  sec t i -on ,  Th i s  was t h e  only mod i f i ca t ion  

necessary t o  i n t e g r a t e  t h e  two s e c t i o n s  i n t o  one working u n i t .  

F ig .  24 shows a s i m p l i f i e d  b lock  diagram of t h e  t o t a l  system. 

The f i r s t  t e r r a i n  t h a t  w a s  d i scussed  i n  S e c t i o n  I was 

used f o r  t h e  simral-atkon. Table  3 p r e s e n t s  t h e  d a t a  used and 

shows t h e  s t e p  by s t e p  c a l c u l a t i o n s  f o r  de te rmining  K/KBa 

Figure  '25 is a graph of t h e  r a t i o  K/KB as  a f u n c t i o n  of 

t h e  azimuths e Find ing  t h e  inaxinrum r a t i o ,  t h e  p a t h - s e l e c t i o n  
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:degrees} 
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- 5  

0 
5 

10 
15  
20 
25 
30 
35 
4-0 
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TABLE 3 

Data and  Calculations for Simulation of T o t a l  Package \ 

Robst 
(feeel 

1535 
1555 
1530 
1410 
1500 
1500 
1500 
14-5 5 
1015 
1115 
1100 
LO90 
1160 
1260 
1530 
1508 
1550 
1480 
1500 

__I- 

BT 
(feet} 

1085 
1190 
1255 
1220 
1360 
1410 
l4502k 
1430 

1____1-- 

X380 
1300 
1270 
1130 
1060 

EBATT 
(watt,m-in, } 

54-8  
7 9 - 1  

134.4 
142 1 
249,7 
314.1 
304.9 
313 8 

- 

20s-. 3 
49 * 85 
19.50 

0 
0 

___p_j__l____. 

Ec 
(watt m i n .  } 

131.5 
156.9 
210.9 
2 1 3 , l  
324.7 
389 1 
37969 
396 * 52 

i 

284.8 
124 .9  , 

97 
7 4  
75 

___1_1/ 

K 3  

1 . 2 8  
1.18 
1.13 
1 - 1 6  
1 - 0 7  
1 , 0 3  
1 - 0 0  
1.01 

X,05 
1.15 
1 , 1 2  
E*22  
1 . 2 7  

K 

2 .19  
2 , 0 7  
1.64 
1- e 56 
1.14 

0 99 
1.05 

e 99 

1.33 
2.72 
3 .58  
4.20 
3.86 
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v _ u  

K / K ~  

1 . 7 1  
1 ,75  
1.45 
1.35 
1.09 

96 
1.05 

0 98 
0 
0 
0 
0 
0 
0 

3,26 
2.36 
3 ,20  
3.44 
3,04  
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FIGURE 25 ,  K/KB v s ,  Azimuth Pa th  
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a l g o r i t h m  would p ixk  azimuth (+SO0) ., 

The pa ths  t o  t h e  far  r i g h t  on t h e  sample t e r r a i n  are \ 
I 

i n t u i t i v e l y  t h e  "best"  as they  use  t h e  smallest amount of  b a t t e r y  

energy ,  O f  t h e  groupoflow-energy azimuths,  t h e  p a t h - s e l e c t i o n  

a l g o r i t h m  chose an azimuth t h a t  r e s u l t e d  i n  zero  energy d r a i n  of 

the  b a t t e r i e s .  A s  a second c h o i c e ,  i t  p r e f e r r e d  t o  spend a 

small  amount of b a t t e r y  energy i n  o r d e r  t o  g a i n  a g r e a t e r  d i s -  

t a n c e  towards t h e  t a rge t ,  i . e .  ,azj-muth ( + 3 5 O >  was chosen over  

azimuth (+4.5°> 

.It i s  r e a l i z e d  t h a t  t h e  p a t h - s e l e c t i o n  al-gorithin presented  

i s  n o t  u s e f u l  f o r  ' e v a l u a t i n g  rqths which t ~ a r y  from t h e  t a r g e t  

d i r e c t i o n  by 90° o r  more, 

- -1-85 

I n  t h e  case where a l l  pa ths  i n  a 
0 

scan o f  t h e  t a r g e t  d i r e c t i o n  are blocked,  a p ~ s s i b l e  

s o l u t i o n  would be t o  assume a new t a r g e t  d i k e c t i o n  u n t i l  t h i s  

o b s t a c l e  r e g i o n  i s  s a f e l y  s k i r t e d  and t h e n  t o  r e c a l c u l a t e  t h e  

actual  ta rge t  d i r e c t i o n  and resume normal o p e r a t i o n ,  

E ,  ._PI- Summary ~ 

A major achievement of t h i s  s e c t i o n  was t h e  demonst ra t ion  

of t h e  c a p a b i l i t y  t o  write a p a t h - s e l e c t i o n  a lgo r i thm t h a t  con- 

. s i d e r e d  a l l  impor tan t  cost  c r i t e r i a  of a path .  No claim is made 

as 'to t h e  e f f i c i e n c y  of t h i s  a l g o r i t h m  conipared wi th  some 

t h e o r e t i c a l  op t ima l  method, The  t r a d e - o f f  l e v e l s  between c o s t s  

were s e t  i n t u i t i v e l y  by t h e  a u t h o r s  and t h e s e  l e v e l s  can be 

e a s i l y  changed t o  slter the r e sponse  of t h e  a lgo r i thm,  
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It was p o s s i b l e  and r e l a t i v e l y  s i m p l e  t o  modify t h e  t e r -  

r a i n  model d i s c u s s i o n  S e c t i o n  11 i n  o r d e r  t o  complete t h e  i n t e -  

g r a t i o n  process  a Most of t h e  a d d i t i o n a l  i n fo rma t ion  r equ i r ed  

of t h e  t e r r a i n  model w a s  a l r e a d y  a v a i l a b l e  as a product  of t h e  

o b s t a c l e  c a l c u l a t i o n  procedure.  

The s i m u l a t i o n  i n  t h i s  s e c t i o n  demonst ra tes ,  f o r  t h e  f i r s t  

t i m e ,  t h a t  t h e  c r e a t i o n  of  a t o t a l  package 2s f e a s i b l e .  

V. CONCLUSION 

Cons ide rab le  g a i n s  have been made toward t h e  e v e n t u a l  

c r e a t i o n  of an au tomat ic  r o v i n g  c a p a b i l i t y  f o r  an uninanned M a r t i a n  

e x p l o r a t o r y  v e h i c l e .  The e f f e c t  of t h e  o p e r a t i n g  parameters  of 

an i d e a l  e r r o r l e s s  t e r r a i n  s e n s o r  upon t h e  q u a l i t y  of incoming 

t e r r a i n  d a t a  was de te rmined ,  R e s t r i c t i o n s  on s e n s i n g  parameters 

were t h e n  o b t a i n e d ,  and a suggested set  of  parameters  w a s  l i s t e d .  

A 3-po in t  p l a n a r  approximation to t h e  a c t u a l  t e r r a i n  was 

genera ted  by a p p r o p r i a t e  p rocess ing  of t h e  sensor d a i a .  

S imula t ion  demonstrated t h a t  t h e  process  c l o s e l y  approximated 

major t e r r a i n  f e a t u r e s .  

P a t h - s e l e c t i o n  a lgo r i thm e v a l u a t i o n  was s t u d i e d  for t h e  

purpose o f  e v a l u a t i n g  e x i s t i n g  a lgo r i thms  and as a guide t o  

f o r m u l a t i n g  f u t u r e  a lgo r i thms  S a f e t y  and energy c o n s i d e r a t i o n s  

were determined t o  be t h e  impor tan t  zreas of  concern fo l lowing  

an examinat ion of t h e  t e r r a i n  modeling process  and v e h i c l e  

d e s i g n .  Performance indexes were t h e n  formulated t o  a s s i g n  a 



q u a n t i t a t i v e  measure t o  a l g o r i t h m  performance. 

The work i n  p a t h - s e l e c t i o n  a l g o r i t h m  e v a l u a t i o n  demon- 

s t r a t ed  t h a t  t h e r e  were no e x i s t i n g  a lgo r i thms  t h a t  considered 

a l l  major c o s t  f a c t o r s  r e l a t e d  t o  v e h i c l e  t r a v e l .  Con- 

sequen t ly ,  an a l g o r i t h m  was formulated t h a t  a u t o m a t i c a l l y  made 

t h e  ene rgy-d i s t ance  " t r a d e - o f f  while  guard ing  the s a f e t y  of t h e  

v e h i c l e .  The a lgo r i thm and terrair!  modeling process  were t h e n  

i n t e r f a c e d  t o  form a complete o p e r a t i n g  system. 

The l o g i c a l  next s t e p  in t h e  development of a rov ing  

c a p a b , i l i t y  i s  t o  remove t h e  assumption of an i d e a l  s e n s o r .  

Using a sensor  w i t h  e r r o r s  i n  s e n s i n g  parameters  ( Q , P )  and 

range c a l c u l a t i o n ,  t h e  r e s u l t a n t  e r r o r s  i n  t h e  t e r r a i n  model 

should be examined. Then, t h e  e f f e c t  o f  t h e s e  e r r o r s  on t e r r a i n  

d e f i n i t i o n ,  major f e a t u r e  d e t e c t i o n  and t h e  o p e r a t i o n  of a path-  

s e l e c t i o n  a l g o r i t h m  can  be determined e 
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