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ABSTRACT 

A number of problems r e l a t e d  t o  unmanned explorat ion of p l a n e t s  o r  o t h e r  
e x t r a t e r r e s t r i a l  bodies wi th  Mars a s  a ca se  I n  poin t  have been inves t iga t ed .  
The program has had two p r i n c i p a l  goals:  (a )  t h e  design and eva lua t ion  of a 
prototype rover  concept wi th  emphasis on mobi l i ty ,  maneuverabili ty,  s t a b i l i t y ,  
con t ro l  and propulsion and (b) t h e  development of t e r r a i n  sensor  concept? and 
assoc ia ted  software f o r  t h e  autonomous c o n t r o l  of any p l ane ta ry  rover .  The 
prototype rover  s t u d i e r  were intended t o  serve a double purpose i n  t h a t  t h e  
r e s u l t s  would be app l i cab le  no t  only t o  t h e  design of a mission rover  b u t  
t h a t  t h e  v e h i c l e  could be used as a t e s t  bed f o r  t h e  r igorpus  eva lua t ion  of 
a l t e r n a t i v e  autonomous c o n t r o l  systems. 

The prototype rover  has  been t e s t e d  ex tens ive ly  and i t s  conf igura t ion  
h a s  been modified t o  i nc rease  i ts  mobil i ty .  The concept i s  now we l l  developed 
and documented. An a l t e r n a t i v e  t o r o i d a l  wheel design has been t e s t e d  and 
shown t o  have considerable  p o t e n t i a l  f o r  mission appl ica t ion .  The wheel is 
charac te r ized  by a high load car ry ing  capac i ty ,  l a r g e  f o o t p r i n t  a r eas ,  low 
f o o t p r i n t  p ressures  and high r e l i a b i l i t y .  The rover  can now se rve  its second, 
and perhaps more important r o l e  as a test bed f o r  t h e  eva lua t ion  of a l t e r n a t i v e  
autonomous con t ro l  systems. 

An in tegra ted  s h o r t  range ( 1  t o  3 meter) autonomous rove r  c o n t r o l  system 
employing a one laser /one  de t ec to r  t r i angu la t ion  concept has  been simulated 
by c o m p t e r  and has been implemented and t e s t e d  on t h e  rover.  Included i n  
t h i s  e f f o r t  a r e  t h e  required hardware, te lemetry and software. The e f f ec t ive -  
ness  of t h i s  sho r t  range hazard de t ec t ion  and avoidance system has  been 
assessed through ex tens ive  labora tory  anda f i e ld  t e s t i ng .  Computer s imula t ion  
predic t ions  of t he  performance of t h i s  system f o r  autonomous c o n t r o l  of t h e  
rover  have been v e r i f i e d  by t h e  experimental measurements. The one l a s e r l o n e  
de t ec to r  system is ' found t o  be r e l i a b l e  and e f f e c t i v e  i n  avoiding d i s c r e t e  
hazards and i n  planning a s a f e  pa th  t o  a des i red  des t ina t ion  provided t h a t  
general  t e r r a i n  g rad ien t s  a r e  less than 5 0 ' .  Foz more severe  t e r r a i n s ,  t h e  
system p ro tec t s  t he  rover  i n  a f a i l  s a f e  manner by i n t e r p r e t i n g  a s  impassable 
t e r r a i n s  which a r e  i n  f a c t  acceptable .  This  defec t  is due t o  t h e  decis ion-  
making algori thm which cannot d i s t i n g u i s h  between a d i s c r e t e  hazard and a 
s lope  on the  b a s i s  of t he  l imi ted  d a t a  provided by the  one l a s e r l o n e  d e t e c t o r  
system. 

The f e a s i b i l i t y  of an  e l eva t ion  scanning system involving mul t ip l e  l a s e r  
beams and d e t e c t o r s  t o  reduce t h e  quant iza t ion  e r r o r  has been inves t iga t ed  
by computer s imula t ior .  An eleven l a s e r f s i x t e e n  de t ec to r  system shows 
considerable  promise f o r  supporting a more percept ive  and e f f i c i e n t  c o n t r o l  
of a rover .  Such a system shows p o t e n t i a l  f o r  being ab le  t o  d e a l  with in- 
path and cross-path s lopes  a s  wel l  a s  compound hazards made up of combinations 
of t e r r a i n  f ea tu re s .  

The accomplishments of t he  pas t  decade of research  a r e  reviewed along 
with l i s t i n g s  of t he  technica l  r e p o r t s  and publ ica t ions  which have accrued. 
The educat ional  implicat ions of the  research  programs a r e  a l s o  presented. 



I. INTRODUCTION 

Current na t iona l  goals  i n  space explorat ion include a de t a i l ed  explora t ion  
of the  planet  Nars. In  the  pas t ,  these  inves t iga t ions  have employed remote 
sensing systems c a r r i e d  by fly-by veh ic l e s  and more r ecen t ly  o r b i t i n g  devices.  
Even more recent ly ,  two Viking spacecraf t  were landed and have performed a number 
of  s c i e n t i f i c  experiments. On completion of t he  Viking missions, bas ic  knowledge 
of b io logica l ,  chemical and meteorological c h a r a c t e r i s t i c s  of t he  lfars sur face  
w i l l  have been gained. Despite the  monumental a c h i e v e ~ ~ e n t  which the  Viking mis- 
s ion  represents ,  t h e  l imi ted  zone of explorat ion a s  constrained by the  ten-foot 
sampling boom w i l l  not  f u l f i l l  t he  long-term s c i e n t i f i c  ob jec t ives .  Ultimately, 
a r a t h e r  more complete explorat ion of Mars and o ther  s u i t a b l e  p l ane t s  and ex t ra -  
t e r r e s t r i a l  s o l a r  system bodies w i l l  be desired. 

The major impediment t o  an  unmanned mission of planetary explora t ion  is  t h e  
long round-trip c o ~ i c a t i o n  delay. For Mars, t h i s  delay v a r i e s  from a minimum 
of about n ine  minutes t o  a maximum of approximately 45 minutes depending on t h e  
d is tance  between Yars ant: Earth. For o the r  missions, the  delays a r e  even longer.  
Thus, f o r  a mission of any consequence i n  range and a reasonable dura t ion  i n  
time, i .e . ,  s e v e r a l  hundred ki lometers  o r  more, i t  i s  not  f e a s i b l e  t o  r e l y  
s t r i c t l y  on e a r t h  con t ro l  t o  d i r e c t  a veh ic l e  o r  equivalent  r e loca t ab le  device 
from the o r i g i n a l  landing s i t e  t o  t he  desired sampling points .  It fol lows t h a t  
a roving veh ic l e  possessing a high degree of automatism i s  e s s e n t i a l  t o  such 
missions. 

I n  looking forward towards s i g n i f i c a n t  and de t a i l ed  unmanned p lane tary  
explora t ion ,  i t  would appear t h a t  developmental a c t i v i t i e s  should be aimed a t  
two basic  problems i n  order  t o  permit e i t h e r  an augmented Viking mission o r  a 
sample r e t u r n  mission. 

F i r s t ,  t he  v e h i c l e  should be character ized by a high l e v e l  of n o b i l i t y  
i n  order t h a t  reasonable paths be ava i l ab l e  t o  reach the  desired t a rge t s .  A 
veh ic l e  of l imi t ed  a b i l i t y  t o  dea l  with boulders,  c r a t e r s ,  crevasses ,  s lope  
and o ther  t e r r a i n  i r r e g u l a r i t i e s  may r equ i r e  an inord ina te  l eng th  of t i n e  and 
d i s t ance  t o  reach the  desired goal. Indeed in some circumstances, such a 
veh ic l e  may not  be a b l e  t o  reach the  t a rge t .  A s  the  v e h i c l e ' s  mobiltcy is  
increased,  i t  w i l l  be ab l e  t o  dea l  with more d i f f i c u l t  t e r r a i n s .  L r e  pa ths  
w i l l  be a v a i l a b l e  and t h e  opportuni ty f o r  s e l ec t ing  optimal paths  w i l l  b e  in-  
creased. 

Second, such-a  roving veh ic l e  should be provided with a guidance and 
con t ro l  system of q u a l i t y  comparable t o  i t s  mobility.  The dec is ion  as t o  
which path should be followed must be made by a path se l ec t ion  system which 
is comprised of t e r r a i n  sensor (s ) ,  a t e r r a i n  modeler and a path s e l e c t i o n  
algorithm. A low l e v e l  path s e l e c t i o n  system w i l l  have t o  be biased conser- 
v a t i v e l y  t o  minimize t h e  r i s k  of an unperceived hazard. Thus, many and per- 
haps a l l  acceptab le  pa ths  may be excluded, thereby immobilizing t h e  vehic le .  
The e f f e c t  of a low-level system i s ,  i n  f a c t ,  t o  reduce the  v e h i c l e ' s  mobil i ty .  
A s  a minimum, the  path taken towards the  des i red  goal  w i l l  be l eng th i e r  and 
more time-consuming and the  range of explorat ion w i l l  be reduced. On the  o the r  
hand, a higher  l e v e l ,  more s e n s i t i v e  and percept ive system w i l l  be a b l e  t o  de- 
t e c t  a l a r g e r  f r a c t i o n  of passable  paths and s e l e c t  those most compatible with 
the  mission and the  vehicle .  



This research  program has been addressing these  two major problems and 
o the r  c lo se ly  r e l a t e d  i s sues  wi th  the  goal of providing bas ic  knowledge of 
long-term va lue  t o  NASA and developing concrete  a l t e r n a t i v e s  app l i cab l e  t o  
f u t u r e  p lane ta ry  explora t ion  missions.  

11. OVERVIElJ OF THE PROJECT 

During the  pas t  few years ,  emphasis has been d i r ec t ed  towards t h e  con- 
cep t ion ,  implementation and eva lua t ion  of  autonomous roving c a p a b i l i t y  f o r  
t h e  Rensselaer rover.  The program planned f o r  the  period Ju ly  1, 1976 t o  
June 30, 1977 i s  described schematical ly  i n  Sect ion A of Figure 1. Also shown 
i n  Sect ion C of Figure 1 a r e  r e l a t e d  a c t i v i t i e s  being conducted under a sepa- 
r a t e  research  program funded by NASA Grant NSG 7184. Sect ion B of Figure 1 
focussed on a p o t e n t i a l  hybrid buidance system combining t h e  c a p a b i l i t i e s  of 
t h e  short-range concepts being s tud ied  i n  t h i s  p ro j ec t  and of t h e  long-range 
system being inves t iga ted  under NSG 7184 is  included t o  suggest an  o v e r a l l  
guidance which might be super ior  and which i s  worthy of f u t u r e  study. This 
r e p o r t  summarizes progress  achieved i n  vehicu la r  mobi l i ty  and short-range 
hazard avoidance systems, namely, Sect ion A of Figure 1 ;  a review of recent  
progress  r e l a t i n g  t o  Sect ion C is  provgded i n  Reference 1. 

Since Ju ly  1 emphasis has  been d i r ec t ed  towards: improved wheel design,  
s t r u c t u r a l  modif icat ions t o  i nc rease  tu rn ing  c a p a b i l i t i e s  i n  i r r e g u l a r  t e r r a i n  
s i t u a t i o n s ,  e l eva t ion  scanning hazard de tec t ion ' sys tems ,  higher  l e v e l  shor t -  
range hazard de t ec t i on  concepts,  computer software and implementation and 
eva lua t ion  of  Path Se lec t ion  System I. 

In b r i e f ,  a very s i g n i f i c a n t  improvement i n  t h e  t o r o i d a l  wheel design 
appears  t o  have been made poss ib l e  by an invers ion  of t he  hoop spoke. The 
new conf ipura t ion  permits  a much l a r g e r  and s o f t e r  f o o t p r i n t  without deforma- 
t i o n s  of t he  hoops beyond t h e i r  e l a s t i c  limits. The inver ted  hoop spoke a l s o  
i nc reases  t he  l a t e r a l  s t i f f n e s s  of t he  wheel. 

The cu r r en t  s t r u c t u r a l  design of t he  f r o n t  s t r u t  limits t h e  tu rn ing  r ad ius  
of  the  rover  i n  i r r e g u l a r  t e r r a i n  s i t u a t i o n s  where t h e  grad ien t  of t h e  t e r r a i n  
under the  f r o n t  wheels i s  s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  under t h e  r e a r  
wheels. Design concepts minimizing t h i s  l o s s  of mobi l i ty ,  have been developed 
and a r e  t o  be implemented. 

The hazard de t ec t i on  system required by Path Se lec t ion  System I involves  
a s i n g l e  l a s e r  sweeping a t  one e l eva t ion  angle  and a s i n g l e  focussed photo- 
de t ec to r  swept 3t a d i f f e r e n t  e l eva t ion  angle.  Although t h i s  system i s  e f f ec -  
t i v e  f o r  a l i m i t e d  c l a s s  of hazard s i t u a t i o n s ,  s t u d i e s  have revealed that a 
scanning system involving e l eva t ion  as wel l  as azimuthal sweeping is l i k e l y  
t o  be necessary. The mechanical design of an  e l eva t ion  sweeping l a s e r  t rans-  
mitter system has been completed. 

Higher-level short-range hazard de t ec t i on  concepts employing t h e  l a s e r /  
photodetector  t r i angu la t i on  p r i n c i p l e  have been under study. The Path Se lec t ion  
System Simulation computer code has been modified t o  permit t h e  s tudy of a broad 
range of l aser /photode tec tor  combinations and t h e  processing of t he  sensed da t a  
f o r  hazard de t ec t i on .  



Figure 1 Overview of Research Program 
a t  Rensselaer Aimed at  O R l ~ W A L  pl\GE IS 

~nmanned Exploration of the Planets 
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Considerable e f f o r t  has  been appl ied t o  t h e  completion and va l ida t ion  
of computer software f o r  t he  closed-loop con t ro l  required by Path Select ion 
System I and t o  t h e  m d i f i c a t i o n  of a l l  of the software required by the  new 
operat ing system implemented on the IDIIOM-Varian In t e rac t ive  Graphics Com- 
puter  System during the  summer. 

Autonomous roving was achieved i n  February and a considerable amount of 
laboratory t e s t i n g  and some f i e l d  t e s t i n g  was undertaken. The performance of 
the  laserlone-sensor hazard de tec t ion  system pa ra l l e l ed  r a the r  c lo se ly  t h e  
predic t ions  of t he  Path Se lec t ion  System Simulation. The need f o r  an e f fec-  
t i v e  memory system t o  guide the  veh ic l e  around d i sc reze  obs+acles  was con- 
firmed i n  t h e  experiments. The i n a b i l i t y  of t h e  simple system t o  func t ion  
i n  t e r r a i n s  possessine pitch-and-roll g rad ien ts  i n  excess of 12-15O was demon- 
s t r a t e d  i n  t h e  f i e l d .  However, when sur face  gradien ts  were more gen t l e ,  t h e  
de tec t ion  s y s t e a  was able t o  recognize and avoid hazardous paths  and t o  pick 
d i r ec t ions  which were safe .  

111. DETAILD SUMMARIES OF PROGRESS 

TASK A. Mechanical Systems - J. Koskol, Student Group Leader, D. Jensen, 
R. Kaltenbach, D. Knaub, K. Schmidt. 

Facul ty Advisor: Prof.  S, Yerazunis 

Four major t o p i c s  r e l a t i n g  t b  the rover ' s  mechanical systems were under- 
taken. These were: 

1. Improvements i n  the design of the  t o r o i d a l  wheel and t h e  development 
of a t h e o r e t i c a l  ana lys i s  on which fu tu re  designs of t h i s  concept can 
be based. 

2. Modificat ions i n  t h e  veh ic l e ' s  s t r u c t u r a l  conf igura t ion  t o  i nc rease  
i t s  turn ing  capab i l i t y  i n  t e r r a i n  s i t u a t i o n s  involving considerable  
p i t c h  and r o l l .  

3.  Improvement of t h e  cur ren t  one l a se r lone  de t ec to r  system t o  provide 
f o r  more accura te  l e n s  pos i t ion ing ,  ?o in t ing  angle and f i e l d  of view 
of t h e  de t ec to r .  

4 .  Design, development and implementation of t he  l a s e r  sub-system f o r  a 
higher  l e v e l  e l eva t ion  scanning sensor. 

Task A . l  Toroidal  Wheel Zmprovements - J. Koskol, D. Knaub, K. Schmidt 

The ex tens ive  f i e l d  t e s t i n g  of t h e  rover during the  previous year revealed 
se r ious  d e f e c t s  i n  t h e  design concept of t he  o r i g i n a l  t o r o i d a l  loop wheel. Ef- 
f o r t s  t o  achieve a l a r g e  footpr in t / low f o o t p r i n t  p ressure  wheel i nev i t ab ly  re- 
su l t ed  i n  e a r l y  f a i l u r e  i n  t e s t i n g  under heavy dynamic loads  and i n  an unac- 
ceptable  weakness t o  l a t e r a l  loading. A s  a result, an in-depth experimental 
ana lys i s  cf t he  behavior of ind iv idua l  hoops under obl ique as we l l  as normal 
loads and of complete wheels wi th  and without grousers  was undertaken during 
t h e  previous year as reported i n  Reference 2. Subsequent a n a l y s i s  of t h e  da t a  
and photographs suggested t h a t  a f a r  superior  performance might be obtained i f  
t h e  hoop spoke t o  which the  hoops a r e  at tached were t o  be  inverted.  In t h e  
o r i g i n a l  hoop spoke configurat ion,  s i g n i f i c a n t  de f l ec t ion  of t h e  hoop due t o  



F u l l  d e t a i l s  are provided i n  Reference 3. 

Task A.2 Rover Turning Mobility Improvements - K. Kaltenbach 

The cu r ren t  rover  front-end design permits a f u l l  90" t u r n  only i f  t he  
s lope of t h e  t e r r a i n  under t he  f r o n t  wheels d i f f e r s  from t h a t  under t h e  r e a r  
wheels by less than 7".  Otherwise, i n t e r f e rence  between t h e  f r o n t  wheels 
and f r o n t  s t r u t  limits t h e  maximum turn ing  angle f o r  t h e  present  veh ic l e  t o  
about 25". Since t h i s  r e s t r a i n t  would limit se r ious ly  the  u t i l i t y  of t h e  
rover i n  eva lua t ion  of a l t e r n a t i v e  hazard de t ec t ion  and path s e l e c t i o n  systems, 
an ana lys i s  of a l t e r n a t i v e  configurat ions t o  increase  t h e  turn ing  mobi l i ty  was 
undertaken. 

loading l e a d s  inev i t ab ly  t o  an i n f l e c t i o n  point  a t  which deformation becomes 
excessive r e s u l t i n g  i n  ea r ly  f a i l u r e .  The inverted hoop spoke concept shown 
i n  Figure 2 e l imina tes  t h i s  i n f l e c t i o n  point even under extreme loading t o  
the poin t  where t h e  hoop makes contact  with the  wheel hub. Test ing of both 
vheels  r evea l s  t h a t  t he  inverted configurat ion i s  f a r  super ior  t o  t he  e a r l i e r  
design wUch f a i l s  very quickly under heavy loads. Another major advantage 
of t h e  inverted spoke concept i s  t h a t  i t  i s  inherent ly  r e s i s t a n t  t o  l a t e r a l  
forces ;  any l a t e r a l  displacement automatical ly  produces forces  ac t ing  aga ins t  
t he  l a t e r a l  displacement. 

A t  t h a t  p a r t i c u l a r  loading which places t he  hoop i n  t he  s t a t i c  condi t ion 
shown i n  Figure 2 ,  severa l  usefu l  geometric r e l a t i onsh ips  along with a com- 
p l e t e  loading and de f l ec t ion  ana lys i s  can be obtained. This information on 
the  behavior of a s i n g l e  hoop can then be employed with appropr ia te  apptoxi- 
mations t o  p red ic t  t he  load/def lec t ion  c h a r a c t e r i s t i c s  of a complete wheel. 
That t he  approximations made i n  pred ic t ing  complete wheel behavior using 
ind iv idua l  hoop c h a r a c t e r i s t i c s  were appropr ia te  i s  shown by t h e  comparison 
i n  Table 1 of  t he  theo re t i ca l  and experimental parameters. Xany experimental 
hoops were a l s o  t e s t e d  t o  ve ry i fy  the  cor rec tness  of t he  t h e o r e t i c a l  ana lys is .  
Experimental f ind ings  a r e  compared with t h e o r e t i c a l  p red ic t ions  i n  Table 2 ' .  

In  o rde r  t o  eva lua te  f u r t h e r  the  t h e o r e t i c a l l y  based design equat ions,  
a l i f e  pred ic t ion  was made f o r  a s t e e l  prototype inver ted  hoop wheel, 
by using t h e  Goodman S-N diagram technique. The ca lcu la ted  l i f e  of t he  proto- 
type of 40,000 cyc les  was confirmed by t e s t i n g  t o  f a i l u r e  on the  dynamic wheel 
t e s t i n g  f a c i l i t y  shown i n  Figure 3 with a c t u a l  f a i l u r e  occurr ing a t  42,600 
cycles.  Th i s  wheel, which was i n  f a c t  designed t o  f a i l ,  was a th i r ty - fo ld  
improvement over that of previous designs using the  comparable number of hoops 
and s imi l a r  mater ia l s .  Other important c h a r a c t e r i s t i c s  of t h e  wheel include 
i t s  low f o o t p r i n t  pressure (of t he  order  of 0.3 p s i ) , i t s  p o t e n t i a l l y  high pay- 
load t o  wheel weight (capable of exceeding 25 t o  1,depending on the  n a t e r i a l s  
of cons t ruc t ion) ,  and i ts  c a p a b i l i t y  f o r  i n f i n i t e  l i f e  when properly designed. 
The "softness" of t he  design concept could i n  conjunction wi th  an appropr ia te  
grouser o f f e r  except ional  t r a c t i o n  c h a r a c t e r i s t i c s  i n  rough t e r r a i n  s i t u a t i o n s .  - .  

The geometric ana lys i s  produced a family of design curves,  shown i n  
Figure 4 ,  which r e l a t e  the  maximum f r o n t  a x l e  tilt r e l a t i v e  t o  t h e  r e a r  ax l e  
i n  degrees as the  o rd ina t e  t o  t h e  included angle  i n  t h e  f r o n t  s t r u t  (see 
Figure 5) a s  a funct ion of :he increment i n  height  of t he  f r o n t  s t r u t  beyond 
the  cur ren t  heights .  Also shown is  a design curve which would r e t a i n  t h e  
l a se r lde t ec to r  mast v e r t i c a l  r e l a t i v e  t o  t h e  vehicle .  The e f f e c t  of t h e  pro- 
posed front-end configurat ion change, which is  shown i n  Figure 5, i s  t o  r a i s e  
the s t r u t s  and provide clearance f o r  t he  f r o n t  wheels. On the  b a s i s  of t h i s  
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Figure 3 Inverted Hoop Spoke Wheel Undergoing 
Endurance Teeting i n  the Dynamic 
Wheel Test ing F a c i l i t y .  
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ana lys i s  the  f r o n t  s t r u t  i s  being modified t o  increase  the  height  by 8 inches 
permit t ing the re fo re  f u l l  90" turning capab i l i t y  f o r  t e r r a i n  "tilts" up t o  some 
35". Since t h e  Rensselaer rover ' s  in-path and cross-path s lope c a p a b i l i t i e s  
a r e  of t h e  order  of  35", the proposed conf igura t ion  makes ava i l ab l e  t he  vehi- 
c l e ' s  f u l l  tu rn ing  mobili ty f o r  autonomous roving experimentation. 

Task A.3  Laser/Detector Mechanical Control Systems - J. Koskol 

The e f f ec t iveness  of t he  one l a se r lone  de tec tor  short-range hazard de- 
t e c t i o n  system depends c r i t i c a l l y  on the  maintenance of spec i f i r ed  geometric 
f ac to r s .  Several  design modif icat ions intended t o  improve t h e  cu r r eu t  system 
were implemented. The l e n s  which co l l imates  t h e  l a s e r  beam was mounted i n  a 
new mechanism involving th ree  ad jus t ing  screws a s  shown i n  Figure 6. It is  
now poss ib l e  t o  a l i g n  t h e  l e n s  very p rec i se ly  so  a s  t o  achieve t h e  des i red  
col l imation and point ing angle,  t he  l a t t e r  achieved in conjunction wi th  a 
mirror.  For t h e  case  of t he  de t ec to r ,  i t  was necessary t o  devise more p rec i se  
means f o r  "pointing" the  de tec tor  as w e l l  a s  an improved control .  The pointing- 
angle  problem was resolved by a gear t r a i n  mechanism involving a 2400 t o  1 in- 
put  t o  output  r a t i o .  Accordingly, one input  tu rn  r e s u l t s  i n  a 0.15' s h i f t  i n  
t h e  de tec tor  o r i en t a t ion .  Control of t h e  cone of v i s i o n  of t he  de t ec to r  w a s  
obtained by t h e  s h u t t e r  mechanism showfl i n  Figure 7. The device, which i s  es- 
s e n t i a l l y  a one-dimensional aper ture ,  can con t ro l  t he  cone of v i s ion  from 0' 
t o  7" range by 140 revoiu t ions  of t h e  screw mechanism. These two design modi- 
f  i c a t i o n s  cont r ibu ted  s i g n i f i c a n t l y  t o  the  autonomous roving experiments. . 
Task A.4 Elevat ion Scanning Laser Subsystem - J. Koskol, D. Jensen 

Although t h e  one laser /one  sensor hazard de t ec t ion  system has app l i ca t ion  
p o t e n t i a l  as a sho r t  range hazard de tec t ion  system f o r  a n  autonomous p lane tary  
rover ,  Reference 5 (a l so  see  Task D), i t  has t h e  shortcoming of being too con- 
serva t ive .  This i s  because t h e  go/no decis ion i s  s e t  t o  i n t e r p r e t  t h e  l a c k  of 
s i g n a l  as a hazard even though t h e  t e r r a i n  f e a t u r e  causing the  l a c k  of s i g n a l  
i s  not  hazardous. Studies  have shown t h a t  a three-detector system, Reference 
7, would be more e f f e c t i v e  i n  d is t inguish ing  between hazardous and non- 
hazardous f ea tu re s .  Current i nves t iga t ions  described under Task D of t h i s  
r epo r t  i n d i c a t e  that a multi-laser/multi-sensor system could be very powerful. 
Proceeding on t h i s  assumption, a mechanical system capable of sweephg t h e  
l a s e r  beam ac ros s  an e leva t ion  angle  f i e l d  was designed and constructed.  A 
r o t a t i n g  mirror  capable of r o t a t i n g  up t o  7000 RPM is t h e  e s s e n t i a l  f ea tu re .  
A d i s k  a t tached  r i g i d l y  t o  t he  mirror  s h a f t  se rves  as a pos i t i on  encoder. A 
small hole  i n  t h e  d i s k  permits l i g h t  from a l i g h t  emi t t ing  diode t o  reach a 
photodiode, s i g n a l l i n g  t h a t  t h e  mirror  i s  a t  t h e  re ference  loca t ion .  A t iming 
c i r c u i t  can be actuated on t h i s  s i g n a l  t o  f i r e  t h e  l a s e r  a t  those subsequent 
t imes a t  which t h e  mirror is i n  t h e  proper l oca t ion  t o  produce t h e  des i r ed  e l e -  
va t ion  angle  a r ray .  The same encoder s i g n a l  w i l l  a l s o  serve  a s  input  f o r  t h e  
feedback con t ro l  of t he  mirror ro t a t ion .  The mechanical system is  now complete. 

TASK B. Development of a Real-Time Hazard Avoidance Saftware System - D. Robbins, 
Student Group Leader, A. O t i s ,  L. Ricci. 
Facul ty ~ d v i s o r  : Prof. S. Yerazunis 

Objective: The ob jec t ive  of t h i s  t a s k  i s  t h e  implementation of a p r imi t ive  path 
oe lec t ion  con t ro l  system on a minicomputer l inked wi th  t h e  Rensselaer rover .  
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This w i l l  a l low t h e  vehic le  t o  undertake "closed loop" missions under computer 
con t ro l  and pennit  evaluat ion of t h e  path select ion/hazard avoidance system's 
performance i n  t he  f i e l d .  

Discussion: F i r s t ,  an explanation of the  system's operat ion w i l l  be  given, 
followed by a desc r ip t ion  of t he  work ca r r i ed  on t h i s  year .  

The MRV is  l inked wi th  a 16-bi t ,  32 K-word minicomputer, t h e  Varian 620-1. 
There a r e  t h r e e  communication l i n k s ,  ou t l ined  i n  Figure 8, which handle PRV 
communication requirement;. 

The te lemetry l i n k  t ransmi ts  vehic le  state da t a  and l a s e r  te r ra in-sens ing  
da t a  t o  t he  computer i n t e r f ace .  The con t ro l  l i n k s  a r e  responsible  f o r  t rans-  
mission of commands from the  remote con t ro l  box and t h e  computer t o  t he  vehic le .  

Communication from the  computer i n t e r f a c e  t o  t he  computer i t s e l f  t akes  
s eve ra l  forms. Di rec t  memory access  (DMA) places d a t a  words d i r e c t l y  i n t o  t h e  
computer's memory without program intervent ion.  All da t a  from t h e  te lemetry 
l i n k  a r e  i npu t  i n t o  a DhlA core  region i n  t h i s  manner. 

Single-word input  t r a n s f e r  r equ i r e s  generat ion of an i n t e r r u p t  s i g n a l  and 
execution of an i n t e r r u p t  handling rou t ine  f o r  t r a n s f e r  .of a s i n g l e  word from 
the  i n t e r f a c e  t o  t h e  computer. Commands from t h e  remote con t ro l  box are input  
i n  t h i s  fashion. Single-word output t r a n s f e r  required a spec i a l  r o u t i n e  t o  
handle t r a n s f e r  of a word from t h e  computer t o  t he  in t e r f ace .  Commands from 
the  computer t o  the  veh ic l e  a r e  t r ans fe r r ed  t h i s  way. 

Computer i n t e r f a c z  sense i n s t r u c t i o n s  allow the  computer t o  i n t e r r o g a t e  
t he  i n t e r f a c e  concerning the  i n t e r f a c e ' s  s t a t e .  Sense i n s t r u c t i o n s  a r e  em- 
ployed i n  t h e  Mars software t o  d i f f e r e n t i a t e  between t h e  two types of i n t e r -  
r u p t s  generated by the i n t e r f a c e  -- end of l a s e r  scan i n t e r r u p t s  and remote 
con t ro l  command input  i n t e r r u p t s .  

External con t ro l  (EX)  i n s t r u c t i o n s  a r e  ava i l ab l e  t o  allow t h e  computer 
t o  i n i t i a t e  a s p e c i f i c  mode of operat ion i n  t h e  in t e r f ace .  I n  p a r t i c u l a r ,  
EXC i n s t r u c t i o n s  are used t o  both enable and d i s a b l e  i n t e r r u p t s  and DYA as 
necessary, 

Data flow among t h e  software programs is  diagrammed i n  Figures  9 and 10. 
VEHINT, t h e  i n t e r f a c e  i n t e r r u p t  handling rou t ine  i s  run whenever t h e  computer 
i n t e r f a c e  genera tes  an i n t e r r u p t .  Its purposes a r e  t o  accept  commands inpu t  
through t h e  remote con t ro l  l i n k  and t o  buf fer  laser da t a  words. The OUTPUT 
rou t ine  takes  computer-generated coxranands and remote con t ro l  box-generated 
commands and sends them t o  t h e  i n t e r f a c e  f o r  t ransmission over t he  computer 
con t ro l  l i nk .  

GYRO decodes the  d i r e c t i o n a l  and v e r t i c a l  gyroscope da t a  words g iv ing  t h e  
i n e r t f a 1  heading, and p i t c h  and rol l .  angles.  It a l s o  decodes t h e  f r o n t  axle  
r o l l  data.  NAVIGl  merely echoes the  heading requested by t h e  computer opera tor .  
I n  t h e  f i n a l  pos i t i on  mode, NAVIG1 c a l c u l a t e s  t h e  des i r ed  heading by c a l l i n g  an 
arctangent  rout ine.  

The t e l e t y p e  rou t ine  handles conrmunication between t h e  software and t h e  
computer operator .  For example, i t  a sks  the  opera tor  which mode of opera t ion  
(headingl f ina l  pos i t ion)  i s  des i red  and t h e  va lues  of t h e  assoc ia ted  parameters. 
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Two s e t s  of d i sp lay  rout ines  a r e  ava i l ab l e  f o r  use.  DISDAT and PICVEH 
disp lay  th ree  orthographic views of the vehic le ,  veh ic l e  s t a t e  da t a ,  x,y 
coordinates of t he  vehic le  and the  r e a l  time clock value on the  I D I I O M  
computer CRT screen.  A new s e t  of d i sp lay  rout ines  has been wr i t t en  which 
display the  veh ic l e s '  pos i t ion  on an x,y grid along with a 1-0 b i t  stream 
of the received l a s e r  da t a ,  and some vehic le  s t a t e  da t a  i n  decimal format. 

Time i s  the  I D I I O M  in t e r rup t  r o u t h e  which responds t o  I D I I O M  60 HZ 
cyc le  t imer i n t e r rup t s .  Since these  i n t e r r u p t s  occur at regular  i n t e r v a l s ,  
they a r e  used f o r  timing and scheduling purposes. 

PATHSL is  the  path se l ec t ion  con t ro l  rou t ine .  I n  conjunction with 
tou t ines  CONDNS, LASMEM, and PTHCHS, it s e l e c t s  the  path f o r  the  veh ic l e  t o  
t r a v e l  on. To make t h i s  s e l ec t ion ,  i t  considers  both the  l a s e r  t e r r a i n  sensing 
da t a  and t h e  des i red  heading. TRNVEH generates  t he  veh ic l e  s t e e r i n g  commands 
necessary t o  guide the  veh ic l e  along t h e  path se lec ted  by PATHSL. 

The da t a  recording subrout ine,  RECORD, a t  scheduled i n t e r v a l s ,  wr i t e s  DMA 
da ta ,  common da ta  (used t o  l i n k  subrout ines)  and o ther  important da t a  t o  a 
magnetic tape.  This  tape serves  a s  a de t a i l ed  mission record and can be 
analysed o f f - l i n e  on RPI's IBY 360-57 computer. I n  add i t i on ,  t he re  i s  a Varian 
program, REDUCT, which m y  be used t o  perform an of f - l ine  o c t a l  dump of t he  
tape ' s  contents .  

Although Figure 9 suggests t h a t  da t a  a r e  passed d i r e c t l y  from one sub- 
rou t ine  t o  another ,  i t  general ly  i s  not .  Most da t a  common t o  two o r  more 
programs r e s i d e  i n  a common da ta  database t o  t ~ i c h  t h e  ind iv idua l  programs 
r e f e r  . 

The execut ive scheduling rout ine ,  EXEL, c a l l s  t h e  var ious  subrout ines  a t  
t h e  appropr ia te  times. 

The software described above has been developed over t he  pas t  2 years .  
Work undertaken during thc  Fall. 1976 semester has included upgrading previously 
developed software a s  wel l  as designing new software. 

Progress has been made i n  t h e  following areas :  

Task B . l  Code Modification 

Over t he  summer of 1976, a new opera t ing  system, developed by s tudents  at 
RPI w a s  incorporated i n  the Varian computer.. This opera t ing  system, while  
providing v a s t l y  improved performance by t h e  Varian, required a number of 
changes t o  e x i s t i n g  programs so  as t o  make them compatible wi th  the  new system. 
Among these  changes were modification of a l l  absolu te  format programs t o  
r e loca t ab le  format and de l e t ion  of ill implied i n d i r e c t  addressing code 
present  I n  t he  MARS software. These changes involved co r rec t ion  of some 1100 
lines of assembly language code. 

Task B. 2 ~ n t e r r u p t  /DMA Operation 

I n t e r r u p t  processing is a n  important p a r t  of t h e  communication betveen 
veh ic l e  and computer. Problems i n  t h e  a b i l i t y  of t h e  software t o  handle 
properly computer interface-generated i n t e r r u p t s  were encountered during the  
Spring 1976 semester. The e f f o r t s  ou t l ined  below corrected these  problems. 



Task B.2.1 

A new scheduling rou t ine  was designed and implemented. This program 
con t ro l s  t h e  sequencing and timing of a l l  programs used i n  t he  Mars software 
system, with the  exception of i n t e r rup t - in i t i a t ed  programs. 

Task B.2.2 

New interrupt-handl ing rou t ines  were wr i t t en  (TIME and VEHINT). These 
r o u t i n e s  were designed t o  minimize the  time spent by the  computer i n  t h e  
in t e r rup t  s t a t e .  They were a l s o ,  designed t o  be themselves i n t e r rup tab le ,  
t o  e l imina te  problems caused by i n t e r r u p t s  occuring a t  c lo se ly  spaced i n t e r -  
va ls .  

Task B.2.3 

Modifications were made t o  t he  Computer I n t e r f a c e  hardware. C i r cu i t ry  
was added t o  permit use of External  Control i n s t ruc t ions  t o  con t ro l  t he  
in t e r f ace .  A s  a r e s u l t  i t  is now poss ib le  f o r  t h e  software t o  enable o r  
d i s a b l e  i n t e r r u p t s  and/or D?lA. C i r cu i t ry  was a l s o  added t o  d i sab le  Computer 
Interface-generated i n t e r r u p t s  upon generation of an i n t e r r u p t  by a computer- 
connected device other  than t h e  Mars Computer In t e r f ace ,  (e.g. t h e  I D I I O M  
d isp lay) .  This permits s imp l i f i ca t ion  of t he  interrupt:handling rout ines .  
The two changes out l ined  y i e ld  complete software c c n t r o l  over i n t e r r u p t  
occurence. 

Task B.3 Implementation of Special  Purpose Routines 

Task B.3.1 Navigation Routine 

The navigat ion rou t ine ,  NAVIGL, s t a r t e d  l a s t  semester was f in i shed  and 
evaluated. It was shown t h a t  e r r o r s  introduced by approximations employed i n  
the  rou t ine  a r e  n e g l i g i b l e  when compared with inaccuracies  i n  t h e  da t a  
presented t o  t h e  program by sensors  on the  Mars Vehicle. 

Task B.3.2 Output Routine 

A rou t ine ,  OUTPUT, t o  handle t r a n s f e r  of veh ic l e  commands from t h e  so f t -  
ware t o  t he  Computer In t e r f ace  was designed and t e s t e d .  The rou t ine  keeps 
sepa ra t e  f i l e s  f o r  computer-generated and Remote Command Box - generated 
commands. These commands are recorded on t c  t he  magnetic t ape  as they a r e  
s e n t  out .  

, Task B.3.3 Data Base 

i 
A da ta  base was created t o  s impl i fy  d a t a  t r a n s f e r  between rou t ines  and 

t o  a i d  i n  program i n i t i a l i z a t i o n  p r i o r  t o  start up. The da t a  base conta ins  
most d a t a  common t o  two o r  more programs. 

i Task B.4 Data Recording and Reduction Promams 

Data recording and reduct ion programs were developed t o  provide a means 

1 of analysing t h e  hazard detection/avoidance system's operat ion.  During a test 
mission, key program parameters and d a t a  words a r e  recorded onto magnetic tape .  
Af te r  t e s t  completion, t h e  d a t a  on t h e  tape  may be examined i n  d e t a i l  o f f - l i ne .  

I 
Programs which se rve  these  funct ions a r e  out l ined  below. 
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Task B.4.1 Data Recording 

The r o u t i n e ,  RECORD, r e c o r d s  miss ion d a t a  on to  magnetic t ape .  A t  t h e  
beginning o i  a t a p e ,  RECORD w r i t e s  d a t a  format d e s c r i p t i o n  informat ion which 
i s  necessa ry  f o r  IBX 360 i n t e r p r e t a t i o n  of t h e  t ape .  RECORD'S f e a t u r e s  
inc lude  easy a d d i t i o n  of new d a t a  words t o  t h e  l i s t  of d a t a  recorded d u r i n g  
a miss ion.  Also t h e  computer o p e r a t o r  may enab le  o r  d i s a b l e  t h e  program 
d u r i n g  a t e s t  by throwing a computer sense  swi tch.  

Task B.4.2 Data Reduction (Varian 620) 

The r o u t i n e  REDUCT was w r i t t e n  t o  a l low t h e  computer o p e r a t o r  t o  s c a n  
o r  p r i n t  o u t  t h e  raw d a t a  recorded on magnetic tape .  This  program does 
l i t t l e  a c t u a l  d a t a  reduc t ion ,  bu t  it does  p rov ide  t h e  o p e r a t o r  t h e  oppor tun i ty  
t o  view miss ion d a t a  without t h e  t ime and expense requ i red  t o  run  an IBM 360 
job.  

Task B.4.3 Data Reduction (IBM 360-67) 

Th is  program was developed t o  g i v e  a d e t a i l e d ,  easy  t o  r e a d ,  d e s c r i p t i o n  
of a Mars Vehicle  ?f iss ion.  Using t h e  magnetic t a p e  w r i t t e n  d u r i n g  t h e  miss ion ,  
t h e  360 r e d u c t i o n  program p r i n t s  o u t  d a t a  as reques ted  by t h e  u s e r .  Th i s  d a t a  
can inc lude  l a s e r  d a t a  i n  t h e  form of a s t r i n g  of 1's and O ' s ,  v e h i c l e  commands 
s e n t  ou t  ( i n  e n g l i s h ) ,  s t e e r i n g  a n g l e s  i n  decimal degrees ,  etc. A p a r t i c u l a r  
e f f o r t  was made t o  make t h e  ou tpu t  e a s i l y  unders tood.  Also,  t h e  r e d u c t i o n  
program w i l l  p r i n t  ou t  a map i n  x,y  c o o r d i n a t e s  of t h e  v e h i c l e ' s  pa th  d u r i n g  
t h e  mission.  

Task B. 5 i k z a r d  Detection/Avodiance Sof tware  

A s e t  of modular programs f o r  hazard de tec t ion /avo idance  and p a t h  s e l e c t -  
i o n  was developed. These programs should a l s o  be s u i t a b l e  f o r  u s e  v i t h  f u t u r e ,  
more advanced pa th  s e l e c t i o n  systems. 

Task B.5.1 PATHSL 

The program which c o n t r o l s  t h e  modular programs mentioned above i s  PATHSL. 
It c a l c u l a t e s  t h e  necessary  s t e e r i n g  a n g l e  t o  y i e l d  t h e  d e s i r e d  heading a n g l e  
(determined a t  t h e  start of a miss ion) ,  and t h e n  calls o t h e r  r o u t i n e s  which 
pu t  t h e  v e h i c l e  on t h e  s a f e  pa th  n e a r e s t  t h e  d e s i r e d  p a t h  ( i f  such a s a f e  p a t h  
e x i s t s ) .  The programs c a l l e d  by PATHSL a r e  d i s c u s s e d  below. 

Task B.5.2 

CONDNS i s  used t o  condense t h e  l a s e r  d a t a  (15 words, o n l y  one b i t  i n  each 
of which i s  used however) i n t o  a s i n g l e  word f o r  ease i n  manipulation.  The 
l a s e r  d a t a  c o n s i s t s  of go/no go in format ion  about t h e  1 5  p a t h s  scanneg by theo 
l a s e r .  A cmplc:e l a s e r  scan c o n s i s t s  of one sho t  every 10' from -70 t o  +70 
w i t h  r e s p e c t  t o  t h e  s t e e r i n g  ang le .  

Task B.5.3 LASMPi 

The LASHEM r o u t i n e  main ta ins  a laser scan d a t a  memory and a l s o  creates a 
b u f f e r  zone around t h e  v e h i c l e  by pa th  blocking.  Th is  scan memory a l l o w s  t h e  
computer t o  make u s e  o f  o ld  scan d a t a  when a t t empt ing  t o  s e l e c t  a s a f e  pa th .  
Use of t h e  memory r e s u l t s  i n  t h e  v e h i c l e  being less l i k e l y  t o  s t r i k e  o b s t a c l e s  



with i t s  r e a r  wheels. 

Task B.5.4 PTHCHS 

PTHCHS, the  path choosing rout ine  has a s  inputs ,  the f i l t e r e d  da t a  word 
from BLOCK and the  desired s t e e r i n g  angle a s  determined by PATHSL. It chooses 
t he  s a f e  path neares t  t he  des i red  s t ee r ing  angle.  I f  no good pa ths  a r e  found, 
a  f l a g  i s  set, and the  vehic le  i s  stopped. The veh ic l e  w i l l  remain stopped 
u n t i l  a  path becomes c l e a r .  A path could become c l e a r  should the  veh ic l e  be 
moved t o  a  d i f f e r e n t  loca t ion  by a  human operator  using the  Remote Control 
Box. Clear ly ,  a  more sophicated method of deal ing with the  a l l -pa ths  hazardous 
case would be necessary f o r  a c t u a l  use on Mars, but t h i s  system should prove 
adequate f o r  t e s t i n g  the  path se l ec t ion  algorithm. 

Task B.5.5 TRNVEH 

The vehic le  s t e e r i n g  rou t ine  is  TRNVEH. TRNVEH generates  t h e  command f o r  
s t e e r i n g  the  veh ic l e  t o  t h a t  d i s c r e t e  s t ee r ing  angle permitted by the  r e a l  
mechanical system which i s  most near ly  equal t o  the  s t e e r i n g  angle  output from 
PTHCHS. 

Reference 4 summarizes t h e  software deveiopment program i n  d e t a i l ,  

TASK C Experimental liazard Avoidance Studies  - T. Kasura 
Faculty Advisor: Prof .  S .  Yerazunis, Prof.  D. Gisser 

The r a t i o n a l e  underlying the  s i n g l e  l a s e r l s i n g l e  de tec tor  system hazard 
i s  i l l u s t r a t e d  i n  Figure 11. So long a s  a  sur face  capable of back s c a t t e r i n g  
of the l a s e r  e x i s t s  within the  zone of perception, a  pos i t i ve  s igna l  w i l l  be  
generated by the  focused photodetector.  I f  t he re  i s  no r e f l e c t i v e  su r f ace  
s i t u a t e d  wi th in  the  zone, a  negat ive s igna l  w i l l  be generated. This r a t i o n a l e  
i s  applied t o  severa l  s i t u a t i o n s  i n  Figures 12.A, 12.B and 12.C. So long a s  
a  r e f l ec t ed  s igna l  is de tec ted ,  Figure 12.A. t he  t e r r a i n  i s  considered safe .  
Discre te  hazards g rea t e r  than some spec i f ied  but a r b i t r a r y  s i z e  (determined 
by the geometry se lec ted  by t h e  user )  w i l l  not  produce r e f l e c t i o n s  (or  d e t e c t o r  
s igna l s )  a s  shown i n  Figure 12.B and 1 Z . C .  an event which i s  t o  be in t e rp re t ed  
a s  a  hazardous t e r r a i n .  

This concept f o r  assess ing  t h e  p a s s a b i l i t y  of t e r r a i n  i s  implemented a t  
1 5  azimuth angles  covering a  f i e l d  of 140'. Figure 13 i l l u s t r a t e s  t h e  concept 
as well  a s  suggesting the  condensed l a s e r  word, CDNDAT, which i s  used by t h e  
decision-making algorithm. I n  t h e  f i r s t  ins tance ,  t h e  rover  encounters an 
obs t ac l e  on i t s  l e f t  s i d e  with t h e  lef tmost  four  pa ths  being blocked. Because 
of the  f i n i t e  width of t h e  rwer, four  add i t i ona l  azimuth pa ths  a r e  blocked: 
The dec is ion  maker than a e l e c t s  t h a t  path most cons is tan t  e i t h e r  wi th  t h e  
f ixed  heading o r  f i n a l  d e s t i n a t i o n  c r i t e r i o n  and i s s u e s  appropr ia te  s t e e r i n g  
commands . 

Experiments were undertaken t o  eva lua te  t h i s  hazard de t ec t ion  and avoid- 
ance system. The he ights  of t he  l a s e r  and de t ec to r  were s e t  a t  1.68 and 1.0 
meters respec t ive ly .  The poin t ing  angles  were se lec ted  so  t h a t  a p o s i t i v e  
s t e p  12 inches o r  g rea t e r  located a t  a  d i s t ance  of 4 f e e t  from t h e  veh ic l e  
would be in t e rp re t ed  a s  a  hazard. A drop of 12 inches a t  a  somewhot g rea t e r  
d i s tance  would l i k w i s e  be considered hazardous. Ter ra in  f e a t u r e s  f a l l i n g  
i n s i d e  t h e  - +12-inch envelope were considered as safe .  
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In  conducting the experiments, 8 mm motion p i c tu re s  were obtained f o r  
subsequent re ference  i n  ana lys is .  The post  processor da t a  reduct ion system 
refer red  t o  under Task B was a l s o  employed t o  provide a hard copy of experi-  
mental d e t a i l .  

A broad range of experiments were conducted i n  t h e  labora tory  including: 

1. d i r ec t  obs tac le  encounters,  

2. long wal l  hazards,  

3. two obs t ac l e s  forming an opening, 

4. staggered hazards,  and 

5. hazardous and non-hazardous ramps. 

F ie ld  t e s t s  uere a l s o  undertaken t o  determine t h e  performance of t he  
system with respec t  to: 

1. a l a r g e  pos i t i ve  hazard, I 

2 .  c l i f f  edges and c r a t e r s ,  . . 

3. l a rge  boulders i n  a bourder f i e l d ,  and 

4 .  general p i t c h / r o l l  s i t u a t i o n s .  

I n  general ,  t he  performance of t h e  hazard avoidance system followed c lose ly  
t h e  predic t ions  of t he  Path Se lec t ion  Systems Simulation Program, Reference 5. 

Figure 14 i l l u s t r a t e s  t h e  r eac t ion  of t he  rover i n  encountering skewed 
obs tac les .  The hazard was sensed and the . rove r  adjusted its path t o  avoid t h e  
obs t ac l e  and maintain the  des i red  heading angle.  Xn t h e  case  of a long w a l l ,  
Figure 15,  t he  rover  given a desired heading of 45' which would involve an 
encounter with t h e  wal l  adjusted i ts s t e e r i n g  t o  move p a r a l l e l  with t h e  wall .  
Figure 16 i l L i s t r a t e s  one of the  cur ren t  d e f e c t s  i n  t h e  pa th  se l ec t ion  algorithm. 
The rover w a s  t o  l oca t e  an opening i n  a long w a l l  s i t u a t i o n .  Although it was 
a b l e  t o  l o c a t e  t h e  opening, i t  employed too l a r g e  a s t e e r i n g  angle wi th  t h e  
r e s u l t  t h a t  t he  r e a r  wheel h i t  t h e  corner of t h e  w a l l .  As shown i n  F i g ~ r e  1 7 ,  
t h i s  i s  due t o  t h e  dynamics of t h e  rover  and r equ i r e s  a higher  l e v e l  a lgori thm 
which can r e t a i n ' a  knowledge of where t h e  obs t ac l e  i s  loca ted  r e l a t i v e  t o  t h e  
vehicle .  The cu r ren t  system employed i n  these  t e s t s  involved only a memory of 
when the  obs t ac l e  was last seen and spec i f i ed  a f ixed  time i n t e r v a l  before  a 
maximum s t e e r i n g  angle towards t h e  goal  could b e  implemented. In  some cases ,  
t h i s  system was e f f ec t ive ;  i n  o the r s  such as t h e  one a t  hand, i t  was no t  
adequate. The a b i l i t y  of t h e  rover  t o  l o c a t e  and pass  through a r e l a t i v e l y  
narrow cor r idor  i s  shown i n  Figure 18. The veh ic l e  was a b l e  t o  l o c a t e  and move 
through a 6 foo t  cor r idor  (note  t h a t  t h e  veh ic l e  is  4 f e e t  wide). The ramp 
testsosupported the  s imulat ion predictAons i n  t h a t  t h e  rover  i n t e rp re t ed  s lopes  
of 16  a s  hazards whereas s lopes  of 11 were considered passable.  Likevise,  
drops (negat ive f ea tu re s )  i n  excess of 12" w e r e  i n t e rp re t ed  as hazardous whereas 
smaller  drops were not.  
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of t h e  hazard avoidance system i n  t h e  
A l a r g e  p o s i t i v e  obs t ac l e  was sensed 

f i e l d  a l s o  supported 
and avoided. Impass- 

a b l e  c r a t e r s  and c l i f f s  edges were a l s o  sensed and proper c o n t r o l  a c t i o n s  were 
taken. F igure  19  i l l u s t r a t e s  t h e  r e a c t i o n  of t h e  rover  a s  it  was d i r ec t ed  t o  
fol low a heading which would fo rce  i t  over  t h e  c l i f f  edge. The system sensed 
t h e  hazard and se l ec t ed  a pa th  p a r a l l e l i n g  t h e  c l i f f  edge, s t ay ing  t h e r e f o r e  
a s  c l o s e  as poss ib l e  t o  t he  des i red  heading. 

It was noted e a r l i e r  t h a t  a post-processor d a t a  reduct ion  system was used 
not  only t o  provide t h e  graphica l  output  r e f e r r e d  t o  above, bu t  a l s o  t o  o b t a i n  
a hard copy of t h e  d e t a i l  d a t a  f o r  each experiment f o r  subsequent ana lys i s .  
Shown i n  Table 3 a r e  t y p i c a l  l a s e r  d a t a  and c o n t r o l  i n s t r u c t i o n s  which were 
obtained f o r  t h e  c l i f f  experiment descr ibed above. The percept ion of t h e  cliff 

ledge caa be noted on t h e  second page of Table 3 where zeros  appear on t h e  
r i g h t  h ~ n d  s i d e  of  t h e  condensed l a s e r  word. (Note t h a t  t h e  r ightmost  d i g i t  
i n  t h e  laser word is aiways zero and i s - n 0 t . a  fa'ctor i n  t h e  d-ecision miking). 
The post-processor a l s o  provides o the r  important data a s  shown i n  Table 4 i n  
which t h e  c l i f f  experiment i s  Test  No. 23, F i l e  15. The column heidings have 
t h e  fol lowing s ign i f i cance  s t a r t i n g  from t h e  l e f t :  t h e  f i l e  number requi red  
only a s  a matter of record, t he  record number during t h e  t e s t ,  elapsed t ime 
of test i n  seconds, t h e  x-coordinate of t h e  rover  i n  meters,  t h e  y-coordinate -= 

i n  meters ,  t h e  gyro heading, t h e  s t e e r i n g  angle,  t h e  d i f f e r e n c e  between t h e  
s t e e r i n g  ang le  and the  gyro heading, and t h e  v e h i c l e  speed. In  t h e  c l i f f  
test, t h e  c l i f f  w a s  sensed a t  record 6 and appropr i a t e  s t e e r i n g  a c t i o n s  were 
taken. . . , 

Between t h e  d i r e c t  observat ions made during an experiment, t h e  motion 
p i c t u r e s  of t h e  test and t h e  post-processor hard copy, a s u b s t a n t i a l  documentation 
is a v a i l a b l e  f o r  ana lys i s .  

These experimental s t u d i e s  lead t o  t h e  fol lowing conclusions regard ing  t h e  
s i n g l e  l a s e r l s i n g l e  d e t e c t o r  hazard de t ec t ion  and avoidance concept: 

D i sc re t e  v e r t i c a l  w a l l  hazards are de tec ted  and avoidance a c t i o n  is  
taken. However, depending on t h e  r e l a t i v e  orientations of t h e  v e h i c l e  
and t h e  obs t ac l e ,  r e a r  wheel c o l l i s i o n s  may occur. An Fmproved a lgor i thm 
which remembers t h e  loca t ion  of t h e  hazard and accounts  f o r  t h e  v e h i c l e  
dynamics is  required.  

The system can l o c a t e  and guide t h e  rover  through openings between 
o b s t a c l e s  provided t h a t  t h e r e  is  s u f f i c i e n t  c learance.  

I 

Drops such as c r a t e r s ,  t renches  o r  c l i f f s  are i n t e r p r e t e d  c o r r e c t l y  
provided t h a t  v e h i c l e  r o l l  is  modest. 

The i n c o r r e c t  i n t e r p r e t a t i o n  of  a passable  s lope  and t h e  obl ique search  
p a t t e r n  a s  pred ic ted  by s imula t ion  w a s  confirmed. 

The impl ica t ions  of severe p i t c h  and r a l l  with r e spec t  t o  i n c o r r e c t  
i n t e r p r e t a t i o n  a l s o  predicted by s imulat ion was confirmed by t h e  f i e l d  
tests. 

6. An autonomous guidance system using t h e  s i n g l e  l a s e r / s i n g l e  d e t e c t o r  
concept can be e f f e c t i ~ e ~ p r o v i d e d  t h a t  t h e  c o n s t r a i n t s  t h a t  p i t c h  and 
r o l l  w i l l  no t  exceed 510 a r e  met. However, t h e  system w i l l  b e  
extremely conservat ive and unnecessar i ly  long pa ths  w i l l  be  s e l e c t e d  



.) 

' I =  + 
- 0  t r l 
- 1  \ 
. I  ' 
2 I 

1 
I 
I 
I 
I 
0 
I 
I 

I 
I 
I .. I 

'1 I 
? I 
8 -  - 
r :  

I 
r 1 
I 
I 
1 
I 
1 
0 

I 
1 
I 
I 
I 
I 

: I - I 
.' I . * &  - 1 - I . I 
* I 
I 
I 
I 
I 
I - 
I 
I 
I 
I 
1 
1 
: I 
.'I 
- 1  

L - 
; 1 
'. I 
. I  
. I  

I 
I 
1 
I 
I . 
I 
1 

I 
t 
I . I 

I 

: I - I 
.I . I 
I 
1 
I 
1 
I - 
I 
I 

I I 
: t 
I I . I 
I 

i 1 
; I 
:-- 
LC*  1 

- - - 
C 
r 
4 
C . 
0 
8 





-4-3 
- C c C  
C Q C C  

0)  
d 
P 
(I! 

B 





because of t h i s  b i a s .  I n  c i rcumstances  where t h e  p i t c h / r o l l  c o n s t r a i n t s  a r e  n o t  
sa t i s : i ed ,  t h e  system may i n d i c a t e  no s a t i s f a c t o r y  pa ths  even though t h e  t e r r a i n  
i s  i n  f a c ~  passab le .  A higher  l e v e l  system i n v o l v i ~ ~ g  m u l t i - l a s e r s  and mul t i -  
d e t e c t o r s  such a s  is  desc r ibed  under Task D i s  r e q u i r e a  t o  provide f o r  more 
e f f i c i e n t  guidance.  

These exper imental  s t u d i e s  a r e  desc r ibed  i n  d e t a i l  i, Reference 6. 

TASK D Development of a  Multi-LaserIMulti-Detector Short  R a n ~ e  Hazard Detec t ion  
Svstem - G .  Maroon - 
Facu l ty  Advisors:  P r o f s .  D.K. F r e d e r i c k ,  S .  Yerazunis 

Although t h e  s i n g l e  l a s e r / s i n g l e  d e t e c t o r  system can be used as t h e  b a s i s  
of a hazard avoidance,  i t  s u f f e r s  from two major l i m i t a t i o n s .  Both of t h e s e  
o r i g i n a t e  w i t h  t h e  f a c t  t h a t  t h e  d e c i s i o n  regard ing  t h e  p a s s a b i l i t y  of t h e  
t e r r a i n  i s  based on t h e  i s s u e  of whether t h e  t e r r a i n  l i e s  i n s i d e  t h e  i n t e r s e c t i o n  
of a  s i n g l e  l a s e r  beam end t h e  cone of v i s i o n  of a  s i n g l e  d e t e c t o r .  The geometry 
of t h e  system can be c o n t r o l l e d  t o  make t h i s  zone of a c c e p t ~ b i l i t y  of a r b i t r a r y  
s i z e .  It can,  t h e r e f o r e ,  be s e t  t o  sense  t h a t  a  boulder  o r  c r a t e r  of excess ive  
s i z e  l i e s  i n  t h e  r o v e r  p a t h .  P h y s i c a l l y  i n  such a s i t u a t i o n  a s  shown i n  F igure  
20 f o r  an unsafe  bou lder ,  t h e  l a s e r  r e f l e c t i o n  i s  o u t s i d e  t h e  f i e l d  of view of - 
t h e  d e t e c t o r  and no s i g n a l  would be rece ived .  A s i m i l a r  r e s u l t  would o b t a i n  i n  
t h e  c a s e  of t o o  deep a  t r ench  or  a  c r a t e r .  However, s a f e  t e r r a i n s  could a l s o  
produce t h e  same r e s u l t  a s  shown i n  t h e  c a s e  of an i n c l i n e  i n  F igure  20. This  
ambiguity i n d i c a t e s  t h a t  t h e  s i n g l e  l a s e r i s i n g l e  d e t e c t o r  system would i n t e r p r e t  
many s a f e  p a t h s  as hazardous and would f o r c e  t h e  r o v e r  t o  fo l low unnecessa r i ly  
t o r t u o u s  p a t h s .  Indeed, under c e r t a i n  c i rcumstances  no p a t h  would be   consider^^ 
passab le .  

I n  a d d i t i o n ,  t h e  a b i l i t y  of t h e  rover  t o  d e a l  wi th  va r iou .  t e r r e i n  f e a t u r e s  
depends on i t s  o r i e n t a t i o n  r e l a t i v e  t o  t r u e  v e r t i c a l .  For exanple ,  i f  t h e  r o v e r ' s  
s l o p e  c l imbing a b i l i t y  were 30'. i t  could d e a l  wi th  a  40' s lope  r t f t a t i v e  t o  t h e  
rover  provided t h a t  t h e  rover  was i n c l i n e d  downward by a t  l e a s t  1 0  . Since  t h e  
s i n g l e  l a s e r l s i n g l e  d e t e c t o r  system i s  capable  on ly  of d e t e c t i n g  a r i s e  o r  drop 
of f ixed  s i z e ,  ( i n  t h e  case  a t  hand s t e p s  of +I?" which a r e  equivel.ent t o  s l o p e s  

0 
of +13 ) ,  i t  cannot provide t h e  i n f o m a t i o n  r e q u i r e d  f o r  s a f e  pa th  s e l e c t i o n  i n  

t e r r a i n s  c h a r a c t e r i z e d  by s i g n i f i c a n t  g r a d i e n t s .  Thus, i t s  use i?i ~ r a c t i c e  w w l d  
be l i m i t e d  t o  t e r r a i n s  invo lv ing  modest g r a d i e n t s  of t h e  o rder  of 1 ~ '  or less. 

These l i m i t a t i o n s  were recognized dur ing  s i m u l a t i o n s  of t h e  s i n g l e  l a s e r /  
s i n g l e  d e t e c t o r  system. S u h e q u e n t l y ,  i t  was show. t h a t  a  t h r e e  l a s e z l t h r e e  
d e t e c t o r  system could reduce t h e  ambiguity between boulder  and s l o p e s ,  Reference 
7. Hovever, t h i s  system could n o t  d e a l  wi th  t h e  q u e s t i o n  of t h e  v e h i c l e  
o r i e n t a t i o n ,  i .e.  p i t c h  and r o l l .  

To overcome t h e s e  s e r i o u s  l i m i t a t i o n s ,  a multi-laser/multi-detector concept 
was i n v e s t i g a t e d .  The concept ,  w h i c h i s  i l l u s t r a t e d  i n  F igure  21 f o r  a n  e leven 
l a s e r / s i x t e e n  d e t e c t o r  system, i n c r e a s e s  bo th  t h e  d a t a  d e n s i t y  and t h e  d a t a  
accura ry ,  I n  p r i n c i p l e ,  a  series of l a s e r  p u l s e s  a t  s p e c i f i c  e l e v a t i o n  a n g l e s  
a r e  f i r e d  a t  a  s i n g l e  azimuth ang le .  Depending on t h e  t e r r a i n  f e a t u r e  l y i n g  
w i t h i n  t h e  f i e l d  of view, p a r t i c u l a r  d e t e c t o r s  would s i g n a l  r e c e i p t  of a l a s e r  
r e f l e c t i o n  i n d i c a t i n g  t h e  l o c a t i o n  of t e r r a i n .  The u n c e r t a i n t y  t o  be a s s o c i a t e d  
w i t h  t h e  l o c a t i o n  of a s p e c i f i c  b i t  of t e r r a i n  would be determined by t h e  
geometry, 1 . e .  l o c a t i o n s  of l a s e r  source  and d e t e c t o r s ,  t h e  p o i n t i n g  a n g l e s  of 
each and t h e  "cones of v i s ion"  of t h e  d e t e c t o r s .  I n  p r i n c i p l e ,  t h e  accuracy of 
t h e  measurement can be inc reased  by making t h e  "cqnes of v i s i o n "  s m a l l e r  ; - d  
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Figure 21 11 Laser, 16 Detector System 



smaller and t h e  number of measurements can be increa-c" by a corresponding 
increase  i n  t h e  number of e leva t ion  angles  a t  which .?s l a s e r  is pulsed. I n  
prac t ice ,  it  would be des i r ab l e  t o  l i m i t  t h e  number I l a s e r  pulses  t o  permit 
higher scanning speeds and i n  combination with the  number of de t ec to r s  t o  
reduce computational requirements. Therefore, some trade-offs  a r e  required 
between accuracy and implementabili ty.  

This multi-laserlmulti-detector concept was s tudied  using a por t ion  of 
Path Se lec t ion  System Simulator, Reference 5 and 8, as a s t a t i c  s imulator .  
In  t h i s  case,  wi th  t h e  rover  located a t  a s p e c i f i c  d i s t ance  from some 
t e r r a i n  f e a t u r e  such a s  a s lope o r  boulder and with a spec i f ied  mult i - laser /  
mult i -detector  system, t he  s i n u l a t i m  generated the  s i g n a l s  which could be 
expected. The rover  was then moved a spec i f ied  d i s t ance  and t h e  simulation w a s  
repeated. By t h i s  procedure were obtained a sequence of percept ions depending 
on t h e  s p e c i f i c  sensor concept, i . e .  t he  number of l a s e r s  and de t ec to r s ,  point- 
ing  angles ,  e t c . ,  t he  t e r r a i n  f e a t u r e  and i ts  loca t ion  r e l a t i v e  t o  t h e  rover .  

Twc techniques have been found use fu l  i n  i n t e r p r e t i n g  the  information which 
can be obtained from t h i s  concept. The f i r s t  i s  a numerical technique which 
uses  t he  height-distance da t a  assoc ia ted  with each poss ib le  combination of l a s e r  
and de tec tor .  The second technique is one of p a t t e r n  recognit ion.  

The numerical technique is  use fu l  i n  es t imat ing  the  general  i n c l i n a t i o n  
of t he  t e r r a i n  located wi th in  the  f i e l d  of view. It is  i l l u s t r a t e d  i n  Figure 
22 i n  which a r e  p lo t t ed  the  estimated he ights  and d i s t ances  of t h e  t e r r a i n  
sur faces  from which t h e  l a s e r  l i g h t  is  r e f l e c t e d .  The case  shown i n  Figure 22 
involves a s ec t ion  of l e v e l  t e r r a i n  followed by a s lope  inc l ine .  Shown i n  
Table 5 a r e  t h e  s lopes  vhich would be estimated f o r  a s e t  of spec i f i ed  inc l ina-  
t i o n s  a s  a funct ion of rhz d i s t ance  from t h e  rover  mast t o  the  beginning of t h e  
s lopes  f o r  an 11 l a s e r / l 6  de tec tor  system. It should be noted t h a t  t h i s  da t a  
processor unders ta tes  t h e  i n c l i n a t i o n  of pos i t i ve  s lopes  a t  the  l a r g e r  d i s t ances  
because it inc ludes  t h e  re ference  t e r r a i n  ( i . e .  t e r r a i n  which is p a r a l l e l  t o  t h e  
veh ic l e  hor izonta l )  in t h e  ca lcu la t ion .  

An a l t e r n a t e  da t a  processor which excludes a l l  but  t h e  l a s t  re ference  t e r r a i n  
da t a  appears t o  have the  p o t e n t i a l  t o  perceive the  i n c l i n a t i o n  a t  g rea t e r  d i s t ances  
a l b e i t  with increased e r r o r ,  Table 6. It should be noted t h a t  both d a t a  processors  
converge t o  t h e  same rescilt as t h e  vehic le  approaches the  t e r r a i n  f e a t u r e  more 
c lose ly .  It should a l s o  be observed t h a t  t he  e r r o r  i n  es t imat ing  t h e  s lope  de- 
p m d s  on the  i n c l i n a t i o n  of t h e  t e r r a i n  and increases  with increas ing  p o s i t i v e  
s lope.  

What i s  no t  shown i n  Tables 5 and 6 is  t h a t  t h e  es t imat ion  e r r o r  is  a 
d i r e c t  func t ion  of t he  da t a  dens i ty  ( i .e .  member of l a s e r s )  and the d a t a  d i sc re t e -  
ness  ( i . e .  p r imar i ly  determined by t h e  cone of v i s i o n  of de t ec to r s ) .  A 22 laser/ 
32 de t ec to r  system covering the  same t o t a l  f i e l d  of view produces es t imates  which 
a r e  i n  e r r o r  by ha l f  of t h a t  of t h e  11 x 16 system. 

Although these  numerical techniques can provide an es t imate  of t h e  i n c l i n a t i o n  
of t he  t e r r a i n ,  i n  themselves they cannot d i s t i n g q i s h  between a planar i n c l i n a t i o n  
and another t e r r a i n  form which would produce t h e  same i n t e g r a l  r e s u l t .  For 
examplc, a boulder superimposed on a small  s lope  would be ind i s t i gu i shab le  from 
a g rea t e r  s lope.  
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F i g u r e  2 2  A r e a  Integration Technique 



Table 5 Area I n t e g r a t i o n  R e s u l t s  Including Reference 
Terrain  Data f o r  an 11 Laser / l 6  Detector System 

Expected Slopes 
(degrees) . . 

T e s t  Slope 
Distance .35 
(meters) 25 15 0 -15 -25 
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T a b l e  6 Area I n t e g r a t i o n  Techn ique  E x c l u d i n g  ~ e f e r e n c e  
T e r r a i n  f o r  a n  1 1  L a s e r / l 6  Dete 'c tor  System. 

Expected Slopes 
(degrees) 

T e s t ,  Slope 

Distance 
(meters) 25 35 - . . .  . - 45 



An a l t e r n a t i v e  approach involves a  study of t he  pat tegn of the  r e tu rn .  
Shown i n  Figure 23 a r e  t he  l a s e r l d e t e c t o r  r e tu rns  f o r  a  30 inc l ina t ion .  The 
I t l ' s "  correspond t o  a  normal r e tu rn ,  i . e .  a  de t ec to r  sensed r e f l e c t i o n  of a  
l a s e r  from a sur face ;  t h e  "3's" correspond t o  t h e  de t ec to r  which would have 
sensed a  l a s e r  r e f l e c t i o n  had the  t e r r a i n  been hor izonta l .  That t he  t e r r a i n  
i s  upwardly inc l ined  is  indicated by t h e  f a c t  t h a t  t he  l a s e r  r e f l e c t i o n  is  
sensed by d e t e c t o r s  with higher point ing angles  than would have been t h e  
case f o r  ho r i zon ta l  t e r r a i n .  

A convenient procedure f o r  represent ing  and i n t e r p r e t i n g  these  r e s u l t s  
is  t o  "diagonalize" the  da t a .  The diagonalized r e t u r n  is  obtained by ca l cu la t -  
ing  the  number of diagonals by which the  a c t u a l  da t a  a r e  displaced from the  
diagonal represent ing  hor izonta l  t e r r a i n .  For the  case  of Figure 23, t he  
diagonalized r e t u r n  is shown i n  Figure 24. The p a t t e r n  of p o s i t i v e  parameters 
is  i n d i c a t i v e  of a  t e r r a i n  f e a t u r e  located above t h e  re ference  t e r r a i n .  A 
downward s lope  would produce a  diagonalized r e tu rn  containing a  sequence of 
negat ive values.  In t e rp re t a t ion  of t he  diagonalized r e t u r n  is  a l s o  i l l u s t r a t e d  
i n  Figure 25 f o r  t h e  c a s e  of t he  11 x 16 system. Note t h a t  each diagonal 
represents  roughly a  p a r t i c u l a r  e levat ion.  (The curvature i s  due t o  t h e  equal 
spacing of t h e  l a s e r  pulses  and t h e  equal cones of v i s ion .  More nea r ly  hori-  
zonta l  l i n e s  can be obtained by modification of t he  e i t h e r  of t hese  geometrical 
parameters.) Thus the  s p e c i f i c  diagonalized r e t u r n  obtained f o r  a  f e a t u r e  w i l l  
r e f l e c t  d i r e c t l y  t he  e leva t ion  of t h e  f e a t u r e  r e l a t i v e  i o  t h e  veh ic l e  hor izonta l .  

Shown i n  Tables 7, 8, 9 and -10 a r e  t h e  diagonalized r e t u r n s  t o  be expected 
from an  I1 x 1 6  system f o r  a  s e t  of hemispherical boulders loca ted  on ho r i zon ta l  
t e r r a i n .  The d i s t ance  r e f e r s  t o  t he  loca t ion  of t h e  cen te r  of t h e  boulder 
r e l a t i v e  t o  t he  mast on which the  sensor system i s  located.  Comparison of these  
four  t a b l e s  sugges ts  some poss ib le  r u l e s  which may be usefu l :  

(a) Sequent ial  diagonal increases  i n  successive l a s e r  pos i t ions  occur with 
increas ing  frequency with l a r g e r  boulders.  The l a s t  9 scans with t h e  
0.35 boulder and 16  of t he  l a s t  17 with t h e  0.5 boulder shows t h i s  
e f f e c t .  However, t he  same e f f e c t  is observed i n  10 of t he  last 14 f o r  
t h e  0.3 m boulder and i n  7 of t h e  l a s t  13  f o r  t h e  0.25 m hazard. To 
be su re ,  ana lys i s  of a s i n g l e  scan w i l l  not  be dec is ive ;  however, a  
r u l e  requi r ing  an event t o  occur a t  a  spec i f ied  frequency can reduce 
t h e  uncer ta in ty .  For t h e  requirement t he  four  out  of four  consecut ive 
scans involve the  0-1-2 p a t t e r n  i n  s equen t i a l  scans can d iscr imina te  
e f f e c t i v e l y  between 0.25 and 0.35 m boulders.  Such a  r u l e  would be 
f a i l - s a f e  in t h a t  i t s  percept ion f o r  a  smaller boulder would r e s u l t  
i n  a  no-go decis ion.  

(b) The percept ion of a  0-1-2 p a t t e r n  followed by 3 signals is a c l e a r  
i nd ica t ion  of at  least a  0.35 boulder. 

( c )  Missing r e t u r n s  due t o  t h e  masking o r  shadow e f f e c t  of the  boulder can 
be an ind ica to r  of i t s  s i ze .  A s  i n  t h e  case  the  sequent ia l  diagonal  
i nc rease  c r i t e r i o n ,  t he  frequency of double missing r e t u r n s  must be 
used t o  increase  t h e  q u a l i t y  of t he  discr iminat ion.  

Similar  s t u d i e s  have been made f o r  t h e  ca ses  of c r a t e r s  on ho r i zon ta l  
t e r r a i n s  and f o r  c r a t e r s  and boulders superimposed on s lopes.  Rules f o r  per- 
ceiving these  f e a t u r e s  can be deduced along l i n e s  s i m i l a r  t o  those  suggested 
above f o r  boulders.  
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"1" = Nornal ~ e t u r n s  
"2" = Returns on Reference Terrain 
"3" = Reference Terrain 

, > -  .. - - - .-----.- 
LASERS .. 

2 3 4 . 5 ' 6  7 8 9 1 C i  

Figure 2 3  .Sample Table of Laser-Detector Returns 



Iaser Number 

Distance 1 2 3 4 5 6 7 8 9 10 

Position from Reference Diagonal 

F i g u r e  
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o -1 diagonal 

Figure 25  Diagonalized Laser-Eetector F i e l d  



Distance Laser No. 
(meters) . 3  4 - r 6 7 8 9 10 

1.38 0 0 0 0 0 1 1 1 * 
1.36 0 0 0 0 1 1 1 1 * 
1-34 0 0 0 0 1 1 2 1 * 
1.32 0 0 0 0 1 1 2 1 * 
1.30 0 0 0 0 1 1 2 1 .  * 
1-28 0 0 0 0 1 1 2 1 * 
1-26 0 0 0 0 I 2 2 1 * 
1.24 0 0 0 1 .  1 2 2 * * 
1-22 0 0 0 1 1 2 2 * * 
1.20 0 0 0 1 I 2 2 * 0 
1.18 0 0 0 1 1 2 2 *. - 0 
1-16 0 0 0 1 . 2  2 2 * . O  
1-14 0 0 0 1 2 2 2 rt 0 
1.12 0 0 0 1 2 2 1 * 0 - 
1-10 0 0 1 1 2 2 * * 0 
1.08 0 0 1 1 2 2 * * 0 
1-06 0 0 1 1 2 2 * 0 0 
1.04 0 0 1 2 2 2 rt 0 0 
1.02 0 0 1 2 2 2 * 0 0 
1-00 0 0 1 2 2 2 * 0 0 

Table 7- - Diagonalized Returns for -25 m Boulder. 

Table 8 - Diagonalized Returns for -30 m Boulder, 



D i s t a n c e  Laser No. 
(meters) 1 2 3 4 5 6 7 8 9 1 0  

1.38 
1 - 3 6  
1 - 3 4  
1 - 3 2  
1 - 3 0  
1 - 2 8  
1.26 
1.24 
1.22 
1 - 2 0  
1-18 
1.16 
1 - 1 4  
1-12 
1 - 1 0  
1.08 
1.06 
1.04 
1.02 
1.00 

Table 

T a b l e  10 - 

0 0 0 0 
0 0 0 1 
0 0 0 1 
0 0 0 1 
0 0 0 1 
0 0 0 1 
0 0 0 1 
0 0 1 1 
0 0 1 1 
0 0 ' 1  2 
0 0 1 2 
0 0 1 '  2 
0 0 1 2 
0 0 1 2 
0 1 1 2 
0 1 2 2 
0 1 2 2 
0 1 2 2 
0 1 2 .  2 
0 1 2 2 

Diagona l i zed  Returns 

Diagonalized Returns 

1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 

for 

1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 .  
3 

' 3  

f o r  

2 2 * 
2 '2  * 
2 2 * 
2 2 * 
2 2 * 
2 * * 
2 - * * 

-35 rn Boulder .  

.SO m Boulder, 



I A t  t h i s  p o i n t ,  t h e s e  r u l e s  based on p a t t e r n  i n t e r p r e t a t i o n  should be 
consiuered a s  f i r s t  approximations.  F u r t h e r  a n a l y s i s  i s  r e q u i r e d  t o  r e f i n e  
them and t o  i n c r e a s e  t h e  r e l i a b i l i t y  of t h e  i n t e r p r e t a t i o n .  The advantages  

I t o  be gained by i n c r e a s i n g  t h e  d a t a  d e n s i t y  and reducing t h e  u n c e r t a i n t y  t o  
be a s s o c i a t e d  wi th  each s i y a l  by us ing  more l a s e r s  and d e t e c t o r s  must be 
e s t a b l i s h e d .  The b e n e f i t s  t a  be gained by a higher  l e v e l  system must be 

I balanced a g a i n s t  t h e  increased scanning t ime and rompu'ation b e f o r e  a f i r m  
p o s i t i o n  can be taken.  

The combination of t h e  numerical  technique,  which p rov ides  an e s t i m a t e  
of t h e  average i n c l i n a t i o n  of t h e  t e r r a i n  and t h e  p a t t e r n  r e c o g n i t i o n  
technique,  which provides  i n s i g h t s  a s  t o  t h e  l o c a l  t e r r a i n  c h a r a c t e r i s t i c s ,  
may be s u p e r i o r  t o  e i t h e r  approach a p p l i e d  i n d i v i d u a l l y .  

F i n a l l y ,  a l l  of t h e s e  s t u d i e s  were aimed a t  i n t e r p r e t i n g  t h e  t e r r a i n  
a long a s i n g l e  azimuth. A f t e r  success  h a s  been achieved i n  t h i s  g o a l ,  i t  
w i l l  be necessa ry  t o  ob-ain an i n t e r p r e t a t i o n  of cross-path  t e r r a i c  char-  
a c t e r i s t i c s .  Although, i t  has  n o t  y e t  been demonstrated t h a t  t h e  mul t i -  
l a s e r l m u t l i - d e t e c t o r  concept can produce t h e  d e s i r e d  l e v e l  of i n t e r p r e t a t i o n ,  
t h e  r e s u l t s  obta ined t o  d a t e  o f f e r  promise f o r  success .  Reference 9 
d e s c r i b e s  i n  d e t a i l  t h e s e  i n v e s t i g a t i o n s .  

IV. CONCLUDING W X S  

Over t h e  t e n  year  per iod d u r i n g  which t h i s  NASA g r a n t  suppor ted s t u d i e s  
r e l a t e d  t o  t h e  unmanned e x p l o r a t i o n  of Mars, a number of ~ i g n i f i c a n t  problems 
a r e a s  have been s t u d i e d .  During t h e  f i r s t  h a l f  of t h e  pe r iod ,  t h e  i n v e s t i -  
g a t i o n s  addressed important but n o t  coordinated t a s k s  such as: 

On-line atmospheric parameter updat ing dur ing  l and ing  t r a j e c t o r i e s .  

Adaptive t r a j e c t o r y  c o n t r o l  u s i n g  v a r i a b l e  t h r u s t  a n d l o r  d r a g  
p rocesses  i n  concer t  wi th  atmospheric parameter updat ing.  

F e a s i b i l i t y  of autogyro concepts  f o r  l and ing  as opposed t o  r e t r o -  
rocke t ry .  

Roving v e h i c l e  c o n f i g u r a t i o n  d e s i g n  concep t s  w i t h  p a r t i c u l a r  a t t e n t i o n  
t o  m o b i l i t y ,  maneuverabi l i ty  and dynamics. 

Global n a v i g a t i o n  concepts  f o r  t h e  l o c a t i o n  of t h e  rover .  

Development of a three-dimensional p a t h  s e l e c t i o n  system s i m u l a t i o n  
t o  s e r v e  as En a i d  f o r  assessment of a l t e r n a t i v e  autonomous guidance 
systems. 

A non-l inear  op t imiza t ion  computer program f o r  guidance i n  t h e  des ign  
of an o v e r a l l  unmanned miss ion.  

O?timization of gas  chromatographic s e p a r a t i o n  systems. 



About 1972, i t  was decided t o  focus  t h e  p r o j e c t  e f f a r t  on a  p ro to ty?e  
p l a n e t a r y  r o v e r  and t h e  requ i red  sensor  systems i n c l u d i n g  sof tware  r e q u i r e d  
f o r  an unmanned p l a n e t a r y  miss ion wi th  Mars se rv ing  a s  a  c a s e  i n  p o i n t .  I n  
t h e  i n t e r v a l ,  t h e  fol lowing t a s k s  were pursued: 

1. A prototype rover  was des igned,  cons t ruc ted  and t e s t e d  wi th  r e s p e c t  
t o  c o n f i g u r a t i o n ,  dynamics, propuls ion and c o n t ~ o l .  The c u r r e n t  
v e r s i o n  which !ias gone through s e v e r a l  i t e r a t i o n s  i s  a  d e v i c e  of 
e x c e p t i o n a l  m o b i l i t y  and s t a b i l i t y .  New concep ts  i n  t o r r o i d a l  wheel 
des ign  have been developed and evaluated.  The rover  p rov ides  a  test 
bed which can be  u s e  i n  c o n p l - x  real t e r r a i n s  f o r  r i g o r o u s  e v a l u a t i o n  
of t e r r a i n  sens ing  and i n t e r p r e t a t i v e  systems f o r  autonomous conLro1. 

2. In-depth s t u d i e s  of t h e  f e a s i b i l i t y  of u s i n g  r a n g e l p o i n t i n g  a n g l e  
d a t a  such as might be  acquir?d by a  l a s e r  rangef inder  have been 
pursued. Methods f o r  d e t e c t i n g  d i s c r e t e  o b s t a c l e s  and t h e i r  o u t l i n e s  
o u t  t o  40 meters  have been developed. Techniques f o r  e s t i m a t i n g  t h e  
s l o p e s  and g r a d i e n t s  of t h e  t e r r a i n  have been conceived and eva lua ted .  
The e f f e c t s  of ins t rument  and system n o i s e  on t h e s e  i n t e r p r e t a t i o n s  
have been deduced. The r a n g e l p o i n t i n g  a n g l e  concept h a s  been shown 
t o  be f e a s i b l e  f o r  t h e  mid-range (4-40 meters )  guidance of an  autonomous 
r o v e r .  

3. The d e t e c t i o n  and avoidance of hazards  j-n t h e  s h o r t  r ange  ( i . e .  1 t o  
3 meters)  has  s t u d i e d  n o t  only i n  theory and a n a l y t i c a l l y  bu t  a l s o  by 
a c t u a l  experiment u s i n g  t h e  rover  both  i n  l a b o r a t o r y  and f i e l d  environ- 
rneqts. Th i s  .ystem which i s  based on t h e  t r i a n g u l a t i o n  of a  l a s e r  and 
a  f o c u . e d  phc tode tec to r  has  a  v e r y  r e a l  f e a s i b i l i t y .  A s i n g l e  l a s e r /  
s i n g l e  d e t e c t o r  system t o g e t h e r  wi th  t h e  a s s o c i a t e d  sof tware  h a s  con- 
f inned  t h e  performance p r e d i c t i o n s  of t h e  Pa th  S e l e c t i o n  System 
Simulat ion Program. 

The i n v e s t i g a t i o n s  made p o s s i b l e  by t h i s  NASA Grant have l e d  t o  new support  i n  
r e c e n t  years .  The r a n g e l p o i n t i n g  ang le  concept r e s e a r c h  i s  now being supported 
by t h e  O f f i c e  of Aeronaut ics  and Space Technology through Grant KSG-7184. The 
s h o r t  range hazard d e t e c t i o n  s t u d i e s  a r e  being supported by OAST (KSG-7369) a - \ '  
by t h e  Jet Propu ls ion  Laboratory (Contract  9 5 4 , 8 8 9 ) .  Thus, t h i s  pat has  l a i d  
t h e  foundat ion f o r  a  ~ u s t a i n e d  program of r e s e a r c h  i n  t h e  a r e a  of a r t i f i c i a l  
i n t e l l i g e n c e  and r o b o t i c s .  The p a s t  work and work now i n  p r o g r e s s  has  p o t e n t i a l  
f o r  a p p l i c a t i o n  o u t s i d e  t h e  more narrow g o a l  of unmanned p l a n e t a r y  e x p l o r a t i o n .  

The achieversents dur ing t h e  p a s t  decade a r e  documented i n  over  50 t e c h n i c a l  
r e p o r t s  and 44 p u b l i c a t i o n s  which a r e  l i s t e d  i n  Appendix A as w e l l  as numerous 
t h e s i s  and p r o j e c t  r e p o r t s .  

Beyond t h e s e ,  t h e  impact of t h e  p r o j e c t  on t h e  educa t ion  of s t u d e n t s  from 
:.le j u n i o r  undergraduate  t o  t h e  d o c t o r a l  l e v e l  has  been profound. A s  shown i n  
r i g u r e  26, over  t h e  t e n  year  pe r iod  t h e r e  were some 262 s t u d e n t - p a r t i c i p a n t  
y e a r s  i r .?olved i n  t h e  program. The actual number of s t u d e n t s  who had t h e  b e n e f i t  
of  t h e  exper ience  i s  more n e a r l y  200 s i n c e  some p a r t i c i p a n t s  were on t h e  p r o j e c t  
f o r  more than  one year .  The i r  r s a c t i o n  t o  t h e  a c t i v i t y  p a r t i c u l a r l y  a f t e r  
g radua t ion  and employment has  been uniformly e n t h u s i a s t i c .  The p r o j e c t  provided 
a n  o p p o r t u n i t y  t o  d e a l  w i t h  real  and p r a c t i c a l  des ign  c h a l l e n g e s  c w e r i n g  a c t i v -  
i t ies  rang ing  advanced t h e o r e t i c a l  s t u d i e s  t o  c o n s t r u c t i o n ,  t e s t i n g  and eva lua t ion .  
The s t u d e n t ' s  pe rcep t ion  of modem eng ineer ing  h a s  been s u b s t a n t i a l l y  enhanced. 





In closing, it should be observed that NASA's support has contributed to 
the public interest through the technical knowledge which has been gained and 
through the superb educational experience gained by a large number of engineer- 
ing students. NASA's support over this extended period of time is deeply 
appreciated by Rensselaer. 
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