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ABSTRACT 

To gather more information about the solar system, future missions 

t o  Mars should include visits to many remote locations on the planet surface 

for scientific experimentation. 

relies on terrain data acquired by a hierarchy of sensors for navigation is 

one method of carrying out such a mission. 

sensors is a short range sensor with sufficient resolution to detect every 

possible obstacle and with the ability to make fast and reliable terrain 

characterizations. A multi-laser, multi-detector triangulation system is 

proposed as a short range sensor. 

mine its perception capabilities and limitations. 

resolution sensor system is then considered. 

a hazard detection algorithm is developed that accounts for all possible 

terrains given the sensor resolution. 

various terrains is then used to test the entire hazard detection system. 

A n  autonomous roving science vehicle that 

Included iu the hierarchy of 

The general system is studied to deter- 

A specific rover and low 

After studying the data obtained, 

Computer simulation of the rover on 

viii 



1. 

I INTRODUCTION 

The use of remote sensors  t o  explore the s o l a r  system has COP 

t r i bu ted  much knowledge i n  the  search f o r  answers to  numerous questions 

concerning, par t i cu la r ly ,  t h e  o r i g i n  of the  universe and the  exis tence of 

extraterrestrial l i f e .  Considerable e f f o r t  has been focused on explora- 

t ion of the  planet Mars ana successes achieved t o  d a t e  represent a grea t  

achievement. As with any good s c i e n t i f i c  invest igat ion,  however, more new 

questions have been raised than resolved. 

an extensive su r face  exploration of Mars should be undertaken. 

of t he  type of experiments t o  be performed, a thorough invest igat ion of 

t he  planet surface should involve v i s i t i n g  many s i tes  on a t r a j ec to ry  of 

several hundred kilometers. 

To answer these new questions,  

Regardless 

One method of conducting widely separated experiments is t o  con- 

s t r u c t  many sets of  s c i e n t i f i c  equipment and t o  land one set a t  each site. 

While t h i s  plan is f eas ib l e ,  i t  requires  much duplication of e f f o r t  and 

hardware. Another a l t e r n a t i v e  fs a mobile science s ta t ior .  that can v i s i t  

every s i te .  The time required t o  v i s i t  every s i te  is now an important con- 

s idera t ion .  

u i l l  have few traversable  t r a j e c t o r i e s  ava i lab le .  

on the  other  hand, can take advantage of more d i r e c t  y e t  possible  adverse 

terrairs thereby minimlzing t r a v e l  time and naxlmizing science t i m e .  h e  

suggested vehicle  is  a "tumbleweed" tha t  is blown across the planet surface 

by wind. It is not l i k e l y ,  though, t h a t  the  tumbleweed w i l l  reach all 

of the  desired sites by chance. Furthermore, even such a high mobility 

vehicle  can get permanently lodged i n  one location. 

A vehicle  t h a t  cannot dea l  with a wide va r i e ty  of adverse t e r r a i n s  

A iiit;her mobility vehicle ,  

For  these reasons, the 



vehicle  t o  be used should be control lable .  

Selection of a desired path for a rovinp vehicle  should proceed 

on several  levels. Obtahing  an o v e r a l l  view the  I *.?in t o  be  tra- 

versed is a good first step.  

similar t o  going on vecation without a road map. 

route W i l l  probably be taken. 

kilometers, an o r b i t h g  sensor is a good choice. Due to a r e so lu t ion  of 

only 100-200 meters, however, many smaller ob jec t s  that may be hazardous 

t o  the  rover are not detected. Therefore, shor t e r  range, higher resolu- 

t i o n  sensors are required i n  addi t ion t o  the  o r b i t i n g  sensor. 

t o  the  long range sensor, shor t  range sensors W i l l  have a higher scanning 

frequency and w i l l  require  a higher frequency of path se l ec t iun  decision. 

Given long round t r i p  communications delay times of from nine t o  f o r t y  

minutes and limLLrd 'bindows" dur?.ng which inf o r r a t ion  can be transmitted,  

d i r e c t  ea r th  cont ro l  of t he  vehicle is not n rout ine matter. Nost of the  

path se l ec t ion  decisions should o r ig ina t e  on %rs, 

Mars is a possible solut ion but .s made d i f f i c u l t  by the  long duration of 

the  mission, higher r i s k  involved, addi t ional  payload required, and a netes- 

sary return t r i p ,  

sensors can provide a simpler a l t e r n a t i v e ,  

Withaut sLch Information, the s i t u a t i o n  is 

:&{: unnecessarily long 

To gather information over severa l  hundred 

Compared 

A manned mission t o  

An autonomous roving vehicle with onboard shor t  range 

One possible s t r a t egy  is t o  f irst  plan a rough path t o  be tr3- 

versed t h a t  avoids major t e r r a i n  f ea tu res  based on o r b i t e r  sensor da t a ,  

Tclevisior.camerason board the  veh ic l e  enable con t ro l l e r s  on ea r th  t o  

locate landmarks nnd t o  choose intermediate t a r g e t s  along the rou te t  

Finally, a short  range sensor with appropriate software i s  employed to  

?cer the vehicle  s a f e t l y  from one t a rge t  t o  the next. 



The focus of t h i s  paper is to investigate the short range sevsor 

A general sensor scheme is proposed and its characteristics are concept. 

aanlyzed. For a particular given setk:or, a terrain modelling algorit'm 

is  developed and is tested and evaluated by means of computer simulation. 



4. 

11. BACKGROuLiD 

There are severa l  shor te r  range sensor systems cur ren t ly  L.rrlg 

studied. Techniques such as  TV imagfng and laser range f inding are being 

developed f o r  use over a range of about f i f t y  meters. With these  s y s t e m  

the  vehic le  s + ~ p s ,  a scan is taken, the  dacs are ptocesscd, a path is  

selected,  and the vehicle  moves along the  desired t ra jectory.  

problem is that t o  get su f f i c i en t  reso lu t ion  over a f i f t y  meter range, 

a l a rge  quant i ty  of data  and, therefore,much da ta  processing time are re- 

quired. The r e s u l t  is a vehicle  moving only on the  order of 400 meters 

per day. 

grea te r ,  time becomes m important i s sue ,  

The only 

With a missior? covering a dis tznce several orders  of mag3itude 

A b e t t e r  solutioii  might be t o  maintain the  same resoht!-on 

whils shortening the range t o  a few meters and, thus,  decreasing the 

amount of data  t o  be processed. 

rates made possible  by chis  shor t  range sys t em,  vehicle  speed can be 

g rea t lv  increased. 

The midrange sensors with a f i f t y  meter rsnge have a h:gh probabi l i ty  of 

choosing as d i r e c t  a path as possib;; over t he  f i f t y  meter view. h shor t  

range sensor tha t  can see only a few meters a t  a time w i l l  not necessar i ly  

choose the optimal t ra jec tory .  The short  range system w i l l  prove t o  be 

superior i f  the e f f e c t  of iwreased  speed exceeds t h e  e f f e c t  of longer 

t r a j e c t o r t e s  so that  t h e  overa l l  vehicle  displacement over time is  increased. 

The increcse i n  vehicle speed using a short range system is  estimated t o  

be a t  l e a s t  one ol-.!rr of magnitude by v i r t u e  of t h e  enormous data  reduction. 

The midrange sensqxs arc nb: expected t o  glve a comparable reduction in 

path length. Even though a s h r t  r u g e  sensor is not l i k e l y  to choose t\e 

optimal t r a j ec to ry  fo r  a t r i p  of several  hundredkilometers, 3 f i f t v  Ue:er 

With the  increased scan and decision 

The only drawback is a very l imited f i e l d  of view. 
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mid range scanner w i l l  probably not do much be t t e r .  

Use of a short range sensor does not automatically rule out  

techniques such as TV or laser range finding. TV p ic tu res  do present  a 

time problem, though, due t o  the  extensive i u i g e  enhancement techniques 

that must be applied.  

necessary f o r  a shor t  range system to be feas ib le .  

f inding data c m  be processed quickly enough, t h e  technique is more 

d i f f i c u l t  to implement over short ranges because of t he  increased d i f f i -  

culty i n  measuring 

Decision rates on the  order  of one p e r  second are 

While laser range 

t i m e  of f l i g h t .  

An easier techniqte  forobta in ing  accurate  measurements with a 

laser over sho r t  ranges is t r iangula t icn .  

located on a mast with a laser detector  located a t  a known separat ion,  

Firme 1. 

sects the  de tec tor  f i e l d  of view.  

loca t ions  of both the  laser and detec tor ,  t he  loca t ion  of t he  l i n e  segment 

of in te rsec t ion  can be determined by trigonometry. 

strikes t e r r a i n  lying within the  de tec tor  f i e l d  of view, sca t te red  l i g h t  

is sensed. 

segment of intersect ion.  

assumed t o  l i e  elsewhere. 

s i ze ,  a spsten can be developed i n  which a r e tu rn  ind ica tes  the  presence 

of safe t e r r a i n  while no r e tu rn  means a hazardous path. 

mast enables the  scanning of sever&! i:fimuths i n  search of s a f e  paths,  

Figure 2. Such a one l a se r ,  one de tec tor  system scanning f i f t e e n  azimuths 

a t  ten degree spacings has been tes ted  a t  R.P.I. lS2 The vehic le  operated 

subject  to  assumptions that ' vniy t e r r a i n s  involving gradients  of l e s s  than 

The system cons i s t s  of a laser 

When t he  laser is pulsed, a short segment of the  beam in t e r -  

Knowing the  point ing angles and 

I f  a laser p u l s e  

The t e r r a i n  is then known t o  l i e  somewhere along the  l i n e  

I f  no r e tu in  s igna l  is received, t he  t e r r a i n  is  

By proper choice of pointing angles and de tec tor  

Rotating the  
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FIGURE 2 

Top view of triangulation sensor showing sensed azimuths 
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t h i r t e e n  degrees and s t e p  obstacles  with less than twelve inches 

d i f f e r e n t i a l  were safe. A l l  o ther  terrains re su l t&  i n  no r e tu rn  

signal and were assumed hazardous. The surpsiisingly'gotd perfprmance 

obealned represents  a remarkable achievcment s ince  t h i s  is t he  only 

hazard detect ion system to  be successful ly  f i e l d  t e s t ed ,  

While pas t  invest igat ions have demonstrated that the  laser/ 

detector  t r i angu la t ion  system can work, it is not clear that other  

systems w i l l  not  perform as w e l l .  

better chance of choosing more d i r e c t  t r a j e c t o r i e s .  

by the  s ing le  l a se r /de t ec to r  systemqretoo erratic, the higher vehicle  

speed may not be enough t o  o f f s e t  t h e  e f f e c t  of longer t r a j e c t o r i e s .  

path se l ec t ion  problems are due t o  uncertainty.  

ized by t r u l y  safe paths and unsafe paths, Figure 3. 

hazard detector  is t o  choose the  most d i r e c t  path from the  safe paths 

avai lable .  As with any real sys t em,  t' re is always some uncertainty 

added. The one laser, one dr. ' -cfar system bases its decis ions on very 

l i t t l e  information and as a r e s u l t ,  many t e r r a i n  c l a s s i f i c a t i o n s  are unsure. 

With the success o r  f a i l u r e  of the  mission de3endent on avoiding dangerous 

s i t ua t ions ,  311 unsure t e r r a i n  must be c l a s s i f i e d  as unsafe. The result 

is a smaller number oi' safe paths ava i l ab le  and a reduced a b i l i t y  t o  ,elect  

a more d i r e c t  path. 

c e r t a i n t y  and mre ava i l ab le  paths. Clear ly ,  i f  t he  l a se r lde t ec to r  shor t  

range t r iangulat ion hazard de t ec to r  is t o  be competitive, t he  mount of 

uncertainty associated with each scan should be reduced. 

More sophis t icated systems have a 

I f  the  paths chosen 

The 

Any t e r r a i n  is character-  

The job of the  

A mare accurate  system is characterized by less un- 

The main source of uncertainty i n  the  s ing le  l a se r /de t ec to r  systen 

is t he  low qua l i ty  and accuracy of da ta .  Additional l a s e r  firings and shorter  
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line segments of intersection would give a better terrain ricture. 

multi-laser, wrlti-detector system provides the extra data desired, 

Figure 4. 

are neglected because their effect on the lengths and positions of the 

line segments Is assumed small. The multi-laser/detector hazard detection 

system is the short range sensor proposed for an autonomous Martian rover. 

A 

Other sources of uncertainty, such as instrumentation error, 
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111. THEORY 

Figure 5 illustrates t h e  generalized multi-Iaser, mult i -detector  

system v i th  a boulder in the f i e l d  of view. 

as the darkened line segments. 

da t a  that a bump occurs in the  terrain, the  actual contour is  not  c l e a r  

and a wide v a r i e t y  of terrain fea tu res  is possible ,  Figure 6, 

a single scan does not  necessar i ly  produce da ta  t h a t  deffne unambiguously 

a p a r t i c u l a r  obstacle. 

ties of t he  system are and which parameters can improve perception. 

Ihe da ta  obtained are shown 

Note that while i t  is obvious from the 

In general ,  

It is he lp fu l  t o  learn w h a t  t he  perception capabi l i -  

Probably the greatest l i m i t a t i o n  on t he  perception results frczm 

t h e  d iscre teness  of system. 

t e r r a i n  f luc tua t ions ,  t he re  is a mininnm da ta  spacing or r a t e  of sampling 

that must be observed. 

signals. 

reconstructed a f t e r  sampling i f  the  sample rate is a t  least twice the  

highest  frequency contained i n  the signal. 

sensing is t h a t  i f  high frequency o r  highly f luc tua t ing  t e r r a i n  is ignored, 

the  0 r ig i . d  terrain can be uniquely reconstructed from sensor da ta  by 

choosing the sampling rate s u f f i c i e n t l y  high. 

that rap id ly  f luc tua t ing  terrain does ncC exist is a v a l t d  one s ince  fea tures  

such as spikes,  poles, or  tree trunks are not l i k e l y  t o  be fpund on Mars, 

In  order  t o  perceive destred f e a t u r e s  o r  

There is a d i r e c t  analogy tc sampling of e l ec t ron ic  

In theory, a s igna l  t h a t  has a f i n i t e  bandwidth can be uniquely 

What t h i s  means for terrain 

To some degree the  assumptfon 

Unfortunately, the  theory discussed above assumes that the  signal 

is w e l l  known a t  the  sample points ,  

t r iangula t ion  sensor,  Even I f  

high frequency t e r r a i n  per turba t ions  are ignored and if t he  proper sampling 

rate is observed, the  o r ig ina l  t e r r a i n  cannot be uniquely reconstructed from 

the  da ta ,  Figure 7, The most that can be hoped fo r  is t o  def ine 4n envelope 

This is not necessar i ly  t r u e  for the  

The sample po in t s  a r e  r e a l l y  l i n e  segments, 





14. ' 

FIGURE 6 

Example of ambiguity associated with  sensor data 



a J.J. 

FIGURE 7 

Example of ambiguity resulting from uncertainty at sample points 
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in which the  t e r rah  lhs, 

it  is possible  t o  determine the  e n t i r e  range of t e r r a i n s  possible  given a 

ret Of data assuming t h a t  high frequencieaare ignored. 

envelope can be reduced by observing that extreme t e r r a i n  f l u c t u a t i o n s  are 

not possible  between da ta  points  s ince  o the r  adjacent de t ec to r  would have 

sensed the  terrain. 

knowledge of the character of Martian t e r r a i n ,  an envelope can, i= theory ,  

be constructea in which the  t e r r a i n  is known to  l i e ,  While t h i s  4~ not as 

good as completely specifying t h e  terrain locat ion,  a t  least t h e  t e s s ib le  

t e r r a i n s  are bounded and t h e  uncertainty i n  t e r r a i n  locat ion is r-;,LxJced, 

While It is not tr ivial  i n  practice, i n  theory 

The s i z e  of t h e  

Therefore, given the  sensor da t a  3nd some a prior2 

One of the  keys t o  b e t t e r  perception is t o  reduce t h e  sfzs Of 

t he  t e r r a i n  envelope, 

a t  intermediate e levat ion angles w i l l  make the  envelope b e t t e r  &z-Zd- 

Doubling the number of laser pulses does improve the situation f’l_ a5f f tbDaL 

lasers reveal an Fnteresting problem. Since adjacent laser s h o - . ~  S’t ‘sdly 

seen by the  same detectDr, the pat tern of l i n e  segments i s  very + r ~ = = ~ J r ~ ,  

Figme 8 ,  As the number of laser pulses approaches i n f i n i t y ,  

ac tua l ly  become a series of contiguous quadr i l a t e ra l s  resembling -7-.=3e1.y 

grams, Figure 9,  

defined. 

verrlces, 

f i e l d  of view and two laser pulses. I f  the  locnt icns  of all co:.------ pr t  Z = e c  

are known from the pointing angles  of t he  corresponding lasers x- ; ~ z ~ ’ T ? K c -  

f sn the parallelograms are uniquely defined, The conclusion fz ==z a- 

of the information obtained from an a r b i t r a r i l y  l a rge  number of 

is t o t a l l y  represented by the  locat ion of the  n+l v e r t i c e s  wher- = 2. 

A l og ica l  conclusion may be t h a t  more la= ?*:3es 

- .  

What is of i n t e r e s t  is t h a t  the parallelograms z=- 

Each parallelogr3n is joined t o  i t s  neighbors only a t  -rLze 

The four s ides  3re formed by the  edges of an i n d i v i d x d  ~ s = e C ~ ~ ~  

.- 
--e 5 - k r s  
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the laser need only be fired at those poin ts  *-ere the  t e r r a i n  i n t e r s e c t s  

detector bou~daries. gaoving the laser and detec tor  poiating angles, 

the envelope can be constructed. A zontinuous laser that scans for t h i s  

occurrence w i l l  do the job. 

Tke above findings provide an easy method for obtaining an 

accurate terrain envelope, Fxrthermore, i t  can be concluded that each 

additional laser contributes a decreasing marginal increase t o  the  munt 

of information. There is an upper Usit t o  t h e  amount of Wormat ion  and, 

hence, a laser l i m i t  t o  t h e  uncertafaty associated with a given d e r  of 

de tec tors  and an a r b i t r a r y  number of lasers, 

avai lab le  from a f i n i t e  de tec tor  system can be maximized wfthout increas- 

Tke amount of f n f o m t i o n  

ing the amount of da t a  that must be processed. 

Just as decreasing the  lasar spacing gave improved perception, 

similar benef i t s  should be obtafned by decreasing indivfdual  detector  sizes, 

S m a l l e r  detector  f i e l d s  of view shorten the  l i n e  segments of fptersectim 

and decrease the  uncertainty associated with each measurement, Wherwer 

data are taken, t he  locatfon of t he  t e r r a i n  is known more accuratelyI  The 

e f f e c t  is to  decrease the s ize  of t h e  t e r r a i n  envelope, In the  1-t as 

the detector  f i e l d s  become inf in i tess fmal ly  narrow, t he  l b e  segments of 

fnteralction are reduced t o  points,  Figure 10, Thts I s  t h e  case of $deal 

sempling where the  t e r r a fn  is uniquely reconstructed from t h e  data  when 

the  proper sample rate is obsemed. 

From the  above ana lys i s  i t  is now known t h a t  laser dens i ty  deter-  

miner che sampling rate and, thus, t he  number of data  points  while the  

detector  der, i _. .:*-.a t h e  da ta  accuracy, It i s  posstble,  alchough 

not a h  .;: . f ine  an envelope tha: bounds the  set of possible te r ra fns  
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given a set of data.  

easily be generated by us- a continuous laser that scans t he  terrain f o r  

de tec tor  boundaries. 

It has been shown that an accurate  envelope can 

Furthermore, this system represents  t he  optlmm 

usage of t he  laser since the naudmum amouut of information is es t rac ted  

w i t h  a minimum of data. 

f i e l d s  w i t h  a sufficient number of laser f i r i n g s  y i e lds  da ta  from which 

t h e  actual terrah can be uniquely reconstructed. 

The use of very narrow individual  de tec tor  

While t he  conclusions drawn look promising, there  are p r a c t i c a l  

considerations that cannot be overlooked. 

has been to account for a l l  of t he  possible  terrains that may have given 

rise to a set of da ta  shce,  for safety's sake, even the  improbable terrains 

cannot be ~ve~looked.  

theory, one can always be generated, 

though, CIO method has been developed for generating these terrain bounds 

in the  general  case. 

ing and narrow detec tor  f i e l d s ,  the v a l i d i t y  of t he  expected t e r r a i n  

envelope breaks down. 

fine that the  assumption that. measurement e r r o r  can be neglected no longer 

holds. 

theory is not always true in prac t ice ,  

The m a i n  t h r u s t  of t h e  analysis 

A terrain envelope performs t h i s  function and, 2n 

Except for a few spec ia l  cases, 

Even in t he  two spec ia l  cases of narrcw laser spac- 

In these cases the measurements being made are so 

The message here is merely a reminder tha t  what can be done in 

There are other  considerations t o  be made when spectfying a 

sensx  system. 

One reason f o r  a shor t  range sensor is to  maintain high resolut ion with a 

small number of Individual detectors .  Y e t ,  there  is a lower limit t o  the  

s i t e  of the  f i e ld .  The f i e l d  of view m s r  be wide enough to  see su f f i -  

c i e n t l y  la rge  sec t ions  or' obstacles  so t ha t  meaningful decis ions can be 

made. 

conditions,  rap id ly  r i s i n g  or f a l l i n g  t e r r a i n  may f a l l  outs ide of the sensor 

The ove ra l l  de tec tor  f i e l d  of v i e w  is of c r i t i c a l  importance. 

Another constraint  is t h a t ,  pa r t i cu lb r ly  under l a r g e  vehicle  p i t ch  
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field of view, figure ll, 

The hCatiOn of the lasers and detectors is also a tactor, Wtth 

the baser and detector clusters testricted to bahg on t'm same mast, 

b8tter results are obtained with a larger sepa2acim 13tweaa the Aser 

and detector clusters. Increasing the;lr separotloa ttcreases the angles 

betwuen laser beams and detector fields and decreases ,:he lengths of the 

line segments of intersection, Figure 12. There are practical limits to 

the degree of separation. 

while the detectors must be high enough to clear t!.e ground. 

The laser height cannot exceed the mast height 
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FZGURE 11 
Small sensor f i e l d  loses s i g h t  of terrain 
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FIGURE 12 

Effect of laser-detector mast separation on 
data accuracy 
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W. THE ELEVATION SCANNING LASW24ULTI-DETECMR CONCEPT 

tlaving gained 80- knowledge about general  multi- laser,  multi- 

detector  sensors,  a t t e n t i o n  is now focused on the spec i f i c  case of the 

elevat ion scanner l a s e r  system under development at  Rensselaer. 

metry is i den t i ca l  t o  the general  case but there  are some very important 

parameter constraints .  For simulation purposes, t he  lasers are placed a t  

the  top of the  mast at a height of 2.0 meters and the  de tec tors  are 

located a t  a height of 1.0 meter. loca t ions  which compare w e l l  t o  actual 

vehicle dimensions. The lowest laser and lowest de tec tor  are aimad t o  

jntersect level ground a t  1.0 meter. 

obstacles  c loser  than 1.0 meter cannot be sa fe ly  avoided without a backup 

maneuver, 

average separation of at least one degree, 

equal f i e l d s  of v i e w  are ava i lab le  and t h i s  represents  a major problem. 

A tradeoff must be made between resolut ion and ove ra l l  f i e l d  of view. 

The vehicle  encounters t e r r a i n s  varying in slope from - 3 O O  t o  30° and w i l l  

need a 60' f i e l d  o f  view to dea l  with the  most extreme s i tua t ions .  

proper op t i c s  the  60° f i e l d  can be obtained but the individual detector  

f i e t d s  must be 3* each. 

not su f f i c i en t  t o  detec t  ce r t a in  obstacles.  More will be sa id  on t h i s  Issue 

later. As a compromise, 2 O  detec tor  f i e l d s  with a 40' overa l l  f i e l d  of view 

are chosen f o r  simulation. 

detector  dzns i t l e s  are equal, there  w i l l  a l s o  be 20 laser f i r i n g s  of 2' 

fncrbmantsr 

can be undertaken, Figure 13. 

The gm- 

This distance Is chosen because 

The laser f i r i n g s  can be var iably spaced but must have an 

Only twenty de tec tors  vith 

Using 

The resolut ion possible from such a system is 

To maintain a "square" ar ray  where l a s e r  and 

A base design has  now been developed with which experiments 

The remaining task i s  t o  develop an algorithm for in te rpre t ing  
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sensor data tha t ,  given t h e  uncertainty inherent  i n  the  system, accounts 

f o r  a l l  possible  t e r r a i n  features .  

f indings can be appl ied in this  case. 

result in such l a r g e  l i n e  segmants of i n t e r sec t ion  that i d e a l  sampling 

and unique reconstruction of the  terrain is not possible. 

the lengths  of the l i n e  segments equal o r  exceed t h e  dimensions of obstacles .  

A terrain envelope can be e a s i l y  generated using a continuous laser but 

this is not  poss ib le  given the  hardware on t h e  B.P.I. rover. 

laser cannot even be reasonably approximated by t h e  pa r t i cu la r  pulsed 

laser being used. The reason is one of i n s u f f i c i e n t  power d i s s ipa t ing  

capabi l i ty .  To achieve an acceptable 

ambient l i g h t  each laser pulse mst be of a c e r t a i n  minimum power. 

power level is l a rge  enough compared t o  the  laser's power r a t i n g  that the  

maximum allowable pulse  rate must be kept low. 

must be developed f o r  bounding the  t e r r a i n ,  

be kept simple given the  add i t iona l  cons t r a in t  of Limited computer support 

ava i l ab le  t o  the  R.P.I. vebicle, 

Unfortunately, none of t h e  earlier 

The 2 O  individual  de tec tor  f i e l d s  

In many cases, 

A continuous 

s i g n a l  t o  noise  r a t i o  of laser t o  

This 

Clearly, another method 

Furthermore, t h e  nethod must 



V. DATA PROCESSOR FOR HAZARD DETECTION 

A method for processing laser data is suggested by analyzing 

In t h e  typical r e tu rn  matrix from a s ingle  azimuth scan, the raw data. 

Ngure 14, each column represents  the result of t he  f i r i n g  of a s i n g l e  

laser. 

that received a return a f t e r  t he  laser pulse. The number "2" is used 

instead of "I" if t h e  return fell on l e v e l  ground i n  the  context of a 

vehicle f ixed coordinate system. 

line indica t ing  the r e tu rns  that would have been received i f  t h e  terrain 

had been level. By taking t h e  d i f fe rence  in pos i t ion  between t h s  actual 

data and base terrain da ta ,  t h e  measurements representing the  t e r r a i n  i n  

a given azimuth can be reduced t o  a diagonalized r e t ~ r n , ~  Figure 14, This 

set of data  gives  an indicat ion of the  l e v e l  of t he  t e r r a i n  above o r  below 

level ground. 

s y s t m  defined earlier is  somewhat misleading. 

ments of in te rsec t ion  f a l l  i n t o  curved bands, Figure 15. 

re turn  concept would be more usefu l  i f  the  da ta  f e l l  i n t o  s t r a i g h t ,  horizon- 

t a l  bands tha t  corresponded d i r e c t l y  to  the  diagonalized r e tu rn  levels. 

Such a system can be achieved by proper choice of laser and de tec tor  poiut- 

ing  angles. 

s t ra ined  to  uniform spacing, A good approximation t o  horizor.r3i -eveis 

is possible  with evenly spaced de tec tors  5y a imbg  l a se r  pulses  at :he 

center of in te rsec t ion  of t he  individual  de tec tor  f i e l d s  with l e v e l  groundt 

This modified arrangement which replaces  the  o r ig ina l  system i s  defined as 

a quasi-linearized array,  Figure 16. 

a r e  of l i t t l e  use s ince  they i n t e r s e c t  t he  detector  f i e l d  a t  too grea t  a 

The posi t ion of t he  number "1" in a column indica tes  t h e  de tec tor  

The "3"'s are inser ted as a reference 

Application of t he  diagonalized re turn  concept t o  the  R.P.I. 

Notice tha t  t he  l i n e  seg- 

The diagonalized 

The particular de tec tor  system t o  be used, however, i s  ca:-  

Notice tha t  t h e  uppermost laser p u l s e s  
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FIGURE 14 

Typical sensor return matrix and 
corresponding diagonalized return 
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range. 

lL laser pulses and 20 detectors ,  Figure 17. 

For thls reason, these higher e levat ion angles are umitted leaving 

Scanning an a r b i t r a r y  tai.ain with the  quasi-llnearized a r r a y  

reveals that t h e  terrain da ta  are ac tua l ly  quantized by t h e  roughly horizor.- 

t a l  discrimination l eve l s ,  Figure 18. 

terrain, each set of da ta  maps t h e  t e r r a i n  i n t o  a set of s teps .  Auy one 

of the  possible  pa t t e rns  can be completely an(' uniquely descrLbed by t h e  

locat ion and magnitude of t h e  ' t eps .  

Regardless of the  contour of t he  

Give:; t he  w e l l  defined pa t te rns ,  a possible  da t a  i n t e r p r e t i ~ g  

scheme night be t o  associate  a p a r t i c u l a r  pa t t e rn  with a p r t i c u l a .  terrain 

fea ture .  

F i r s t ,  there  is not a one-to-one correppondence between t e r r a i n s  and pat tz rns ,  

With an i n f i n i t e  mmber of possible  ter--ains  but only a f i n i t e  number of 

poss:.ble pa t te rns ,  each s i t t e r n  represents  an i n f i n i t e  number of t e r r a i n s ,  

Even though t h e  set of ?at terns  I, f i n i t e ,  t he re  are very many of them. 

Attempting t o  match up 7. given da ta  set with cne of a large set  of st .:ed 

pa t t e rns  can be a gre2.t bookkeping and searching task. F ina l ly ,  thc ,-qsi- 

l inear ized a r r a y  is by no me37s miform. 

pa r t i cu la r  t e r r a i n  f ea tu re  varies with the  r e l a t i v e  posi t ion of the featuro, 

within the  a r ray .  I n  s p i t e  of these d i f f i c u l t i e s ,  pat tern r e c a p i t i o n  my 

sti l l  be a viable  solut ion and is l e f t  open t o  rither investigations.  

There are some problems t c  be dea l t  with i f  t h l s  idea i s  atteinptzd. 

The F a t t e n  associated with a 

Before attempting t o  der ive an algorithm t o  process sensgr da ta  

fo r  hazard detect ion,  a c l e a r  and concise d e f i n i t i o n  of a hazard must be 

developed. A generalized de f in i t i on  is  desired f o r  two reasons. Firrt . .  

the  simpler the de f in i t i on  is, t h e  simpler is the task  of analyzing the 

data  fo r  hazards, Second, the d e f i n i t i o n  canndt be so s p e c i f i c  t na t  i t  

requires  more i n f o r a t i o n  than is ava i l ab le  from the data. 

, 

To obtain some 
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critt - 4  for ident i fy ing  obstacles ,  the  vehicle's n o b i l i t y  charactetlscics 

must be considered. From tests it is known t h a t  the vehic le  can climb a 

maXirmna of a 30° s lope  and descend a -30' slope. 

is l imited to a height equal to the wheel rad ius  of 0.25 

assumed that the sanm l i m i t  appl ies  t o  negative steps.  

a h  more simply, any fea ture  whose vertical height exceeds 0.25 meters 

and whose s lope  magnitude exceeds 30" is a hazard. These criteria have 

bean establ ished for a vehicle on l e v e l  ground but do not necessar i ly  hold 

If t h e  vehicle is pitched. 

addi t iona l  positive obstacles  cannot be to le ra ted ,  

appl ies  t o  the  negative case. 

initial point for invest igat ion.  

t o  aU. t e r r a i n  features ,  

The s t e p  climbing a b i l i t y  

meters. It is 

Restat- the  

men t h e  vehicle's inpath slope exceeds 20°, 

AD analogous. r u l e  

The crude rules thus presented form an 

The criteria .:e simply defined and apply 

Eaving defined w h a t  an obstacle  is, a l l  that remabs #,s t o  ex- 

tract the  desired information from the ava i lab le  da ta ,  The test f o r  

critical height can be e a s i l y  done s ince  the  a r ray  is organized i n t o  essen- 

t i a l l y  h o r i z m t a l  height leve ls ,  

placed on the site of the quantization bands. 

be so l a rge  that they exceed the cri t ical  s t ep  height,  then s igni f icant  

terrain fea tures  cannot be detected.  By choosing the  levels t o  be su f f f -  

cj.ently small, a crftical a l t i t u d e  change is revealed as a s t ep  change In 

the  data.  

is to  scan the diagonalized return f o r  l e v e l  changes. 

There are, of course, r e s t r i c t i o n s  t o  be 

I f  the levels  are chosen tQ 

Thus, a r e l a t i v e l y  simple way of t e s t i n g  fo r  pgsstble obstacles.  

There is, however, s ~ m e  ambiguity ppssfble, Figure 1 9 ,  While 

the f igure  shows two obstacles  of d i f f e ren t  heights,  the  diagnolized return 

is 

0 0 0 1 1 1 0 0 0 0 1 1 1 1  
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and h d t c ~ t 3 8  tvt-0 owest8  of Adenttcal W h t ,  The cagwseneaa of the  

quantization does not allow a b e t t e r  d i s t inc t ion .  

i s  B hazard but the smaller object is not, then a serious problem exists. 

Auy terrain perturbation, regardless  of size, that crosses  the  boundary 

between two quantization and causes a level change in t he  diagonalized re- 

turn i s  an unsure case and must be c l a s s i f i e d  as unsafe. 

p robabi l i ty  of any a r b i t r a r y  but d e  terrain crossing a quantisatfon 

level is q u i t e  high, almst all terrains would be viewed as hazardous. 

To r d y  this situation the restriction must be imposed on the width of 

the  quantization levels that a 0.25 m e t e r  t e r r a i n  rise w i l l  result i n  at  

least two level changes in  the data .  

u e e t  this condition with the twenty detector  array,  

of the  a r r ay  the  lasers, de tec tor  c i - ' 3 9 ,  and discriminaLon l eve l s  diverge 

as the distance from the  vehicle  increases, Figure 20. 

d i t i o n  t h a t  t h e  width of two adjacent discrimination levels be no more than 

0.25 meters even 5n t he  most d i s t a n t  areas of the array would requi re  very 

narrow individual de tec tor  f i e l d s  and thus, a prohib i t ive ly  s m a l l  ove ra l l  

f i e l d  of view, 

condition only in the  area near the  vehicle, Figure 21. 

creates a very myopic vehicle  that w i l l  accurately de tec t  only l a r g e  

obstacles  at  l a rge  dis tances ,  

u n t i l  a range is reached where perception accuracy reaches desired levels. 

To insure t h a t  every t e r r a i n  sec t ion  is examined in the accurate area,  the 

rwer displacement between successive scans must be made s u f f i c i e n t l y  small. 

If the  l a rge r  ob jec t  

Since the 

Unfortunately, it is d i f f i c u l t  t o  

Due t o  t h e  geometry 

To impose the  con- 

The only a l t e r n a t i v e  is t o  compromise by sa t i s fy ing  the 

The r e s t r i c t i o n  

Perception improves as the  vehic le  approaches 

. 

The Inherent d i scre teness  of the a r ray  has so f a r  been only a 

source of problems, Yet, there is one benef i t  derived from d i s c r e t e  data ,  

The quantization of data  " f i l t e r s  out" small t e r r a i n  perturbations i n  much 
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t he  same way that d i g i t a l  communication systems are useful i n  reducing 

noise  in a signal. 

possible  hazards will show up in the data .  

within a single d i s c r i m h a t i o n  level is s a f e  md need not be scanned for 

hazards. 

without computational e f f o r t .  

Only those fea tu res  that  are l a rge  enough t o  be 

Any terrain t h a t  f a l l s  e n t i r e l y  

This is a b i g  bene f i t  since obs tac les  are automatical ly  revealed 

€lawing addressed the problem of l oca t ing  cri t ical  heights ,  t h e  

next s t e p  is to f ind  a method f o r  determining slopes. 

a s lope  is r e i a t e d  to  t h e  spacing of l e v e l  changes i n  the  da ta ,  

succession of l e v e l  jumps suggests a s t eep  s lope  while widely separated 

jumps nean a much gent le r  terrain. Unfortunately, t he  da ta  l eve l s  have 

f i n i t e  width so that a diagonalized r e tu rn  does not uniquely spec i fy  a 

single s lope  but ,  r a the r ,  a small range of possible  s lopes,  Figure 22, 

order  to  exac t ly  spec i fy  t h i s  range of s lopes,  the  upper and lower bounds 

must be computed, 

absolute  worst poss ib i l i t y .  

no r i s k  can be taken, 

cases and, thus, providing f o r  b e t t e r  decisfons,  

The magnitude of 

A rapid 

In 

The upper bound is usefu l  because i t  represents  t he  

This is important f o r  a Xartian vehic le  since 

The lower bound is usefu l  f o r  resolving some ambiguws 

Suppose, for instance,  that t h e  range of slopes calculated f o r  a 

p a r t i c u l a r  t e r r a i n  f ea tu re  fs 25' t o  35", 

t h e  maximum slope exceeds 30'. 

t h e  t e r r a i n  is s a f e  s ince  t h e  s lope could be as l o w  aa 25', 

ambiguous, 

feature .  

case, though, the  minfrmtm s lope  a l s o  exceeds 30' ind ica t ing  tha t  a hazard 

d e f i n i t e l y  e x i s t s ,  

minimum slope est imates  is  presented here, 

cluded t o  a i d  i n  the  explanation of the  procedure, 

A possible  hazard exists s fnca  

However, there  is a l s o  the  p o s s i b i l i t y  t h a t  

Thts case  is 

Suppose now t h a t  s lopes of 35' t o  45' are estimated for another 

The upper bound of 45" again ind ica t e s  a possible  hazard, In  t h i s  

A simple procedure f o r  ca lcu la t ing  the  maximum and 

Figures 23 and 24 have been in- 
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FIGURE 22 

Range of slopes p o s s i b l e  with g i v e n  sensor data 
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FIGURE 23 

Technique for determining maximum slopes 
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FIGURE 24 

Tochnincie f n t  d e t e d n i n n  min imum slopes 
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Maximum Slope 

1. Determine t h a t  a poss ib le  height d i f f e r e n t i a l  of 0.25 meters 
exists. 

2. Determine the coordinates  of t h e  lower endpoint of t h e  f i r s t  
line segment a f t e r  t he  f i r s t  jump and the  higher endpoint of 
the  last line segment before t h e  last jump. 

3. 

4. 

Compute the s lope  using these two points.  

For negat ive fea tures ,  select the same l ine  segments but  use 
the opposi te  endpoints. 

5. If mult iple  or consecutive jumps occur, select the  lower end- 
poin t  of t h e  line segment before t h e  jump and the  higher end- 
poin t  of t h e  l ine segment a f t e r  t he  jymp. 

Minimum S l o p  

1. Determine tha t  t he  least possible  height  d i f f e r e n t i a l  exceeds 
0.25 meters. This is done t o  make sure that  any s lope  calcu- 
l a t e d  rises above 0.25 meters. Otherwise, the  s lope  is not 
hazardous regard less  of  how s t eep  i t  is. 

2. Determine t h e  coordinates  of the  higher endpoint before  the  
f i r s t  jump and the  lower endpoint a f t e r  t he  l a s t  jump. 

3. Compute the  s lope between the  two points.  

4. For negat ive fea tures ,  select the  lower endpoint before  the  
f i r s t  jump and the  higher endpoint a f t e r  the  last jump. 

5. The procedure does not change f o r  mul t ip le  o r  consecutive 
jumps* 

These methods y i e ld  the  least and g rea t e s t  s lopes poss ib le  t h a t  

intersect every line segment in the  area i n  question. They are also e a s i l y  

implemented. The loca t ions  and magnitudes of l e v e l  jumps are known from 

the  diar nalized return.  The endpoints of a l l  l i n e  segments i n  the  a r r ay  

can be computed by geometry and s tored f o r  easy access when needed. Since 

the  s lope ca lcu la t ions  involve j u s t  two points ,  the  arithmetic is minimal. 

So f a r ,  the  s t e p  and s lope criteria f o r  obs tac le  de tec t ion  have 

been considered. The remaining case is the  decreased climbing capab i l i t y  
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when t h e  vehic le  p i t c h  exceeds 

the  vehic le  a t t i t u d e  is read i ly  ava i l ab le  from onboard gyros. 

vehicle p i t c h  exceeds Z O O ,  then any pos i t i ve  jumps are assumed impassable. 

Similarly,  negative jumps are impassable i f  t he  p i tch  is less than - 2 O O .  

20'. This test is e a s i l y  done because 

I f  t he  

A l l  of t he  obs tac le  criteria defined earlier have now been 

There is, however, another p o s s i b i l i t y  to be cansidered. t reated.  

possible  that a laser shot will not be seen by any detector .  

occur i f  t he  sca t t e red  l i g h t  is blocked by an obs tac le  before i t  reaches 

a detec tor ,  

a deep crevasse exists, 

t ion.  Based on the  number of consecutive missed r e t u r n s  t he  size of t he  

hole  can be estlmated. 

i n to ,  then the  path is unsafe, Figure 25, However, j u s t  because the  gap 

is small, sa fe ty  is not  guaranteed. 

signnify a sharp, hazardous drop. 

d i f fe rence  in t e r r a i n  height before and a f t e r  t he  missed r e tu rns  is cmputed, 

Figure 26, Of course, when the  missed r e tu rns  occur a t  e i t h e r  end of a scan, 

the  height of t h e  t e r r a i n  is not known on both s ides  of the  missed data .  

If the c loses t  laser shots  are not seen, then the  vehicle  is c lose  to  L 

potent ia l  obstacle  but can no longer see the  e n t i r e  feature .  

t h i s  case, i t  is assumed that the  whole f ea tu re  was seen i n  a previous scan. 

Since past  scans . l id not detec t  an obstacle ,  the  t e r r a i n  is considered s a f e  

i n  s p i t e  of missed returns .  

of the  scan, 

possible  obs tac le  is  detected a t  a d is tance  but there  is lnsuf f ic :  

formation t o  make a d e f i n i t e  decis ion,  

Aingle one a t  the  f a r  end of a scan may s igna l  the  leading edge of a 

crevasse o r  j u s t  a small, t raversable  depression, 

ambiguous case occurs :?hen a d i s t a n t  object  is deterrpined t o  have a range 

It is 

This can 

In t h i s  case, no da ta  is received and it  must be assumed that 

Fortunately,  missed r e tu rns  provide some informa- 

I f  the  hole  is l a rge  enough f o r  a wheel to  f a l l  

Several  missing r e tu rns  can also 

To account for t h i s  poss ib i l i t y ,  the  

To dea l  with 

Missed r e tu rns  can a l s o  occur E t  the  f a r  end 

This p o s s i b i l i t y  raises another important i s sue ,  Ofteu a 

1 in- 

In  the  case of missed re turns ,  a 

An example of another 
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,hess'* than wheel 
diameter 
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of Slope8 from 25' to 35'. 

be exercised siuce t he  terrain is po teu t i a l ly  hazardous. To turn away 

immediately, boosever, is not a good idea because many f a l s e  alarms can 

occu=. This is p a r t i c u l a r l y  true due t o  the  poor accuracy of the data 

at long distances.  

b e t t e r  look. 

differeat views of t h e  saane terrain as t he  vehicle approaches. 

five scans increases the  chances of resolving the  ambiguity. 

there is a limit as to how c lose ly  t h e  vehic le  c a n  sa fe ly  approach an 

obstacle. In t h i s  system, t h e  limit is set a t  1.4 meters. 

is, therefore ,  t o  approach an obs tac le  u n t i l  e i t h e r  a d e f i n i t e  decision is 

made o r  u n t i l  the  obs tac le  is wit'.in 1.4 meters ia range. 

In both of t he  above cases,caution should 

The obvious so lu t ion  I s  t o  ge t  c lose r  and t o  take a 

The R.P.X. vehicle has a scan rate f a s t  enough t o  give f i v e  

Taking 

Naturally,  

The s t ra tegy  

Un t i l  now, all of the obs tac le  de tec t ion  has been done in the  

The reason fo r  doing the  ana lys i s  this way vehic le  frame of reference.  

is simplicity.  

data from the  vehic le  to the  planet  frame requi re  add i t iona l  ca l cu la t iona l  

e f f o r t  and time. After that has been done, the bene f i t s  of t h e  hor izcnta l  

quant izat ion l e v e l s  are l o s t .  However, the  s t e p  and s lope climbing a b i l i t y  

are re l a t ed  t o  grav i ta t ion  and only have meaning i n  the  planet  frame. 

so lu t ion  is t o  convert all of the  computer terrain slopes cu the  *. lanet  

frame by simply a d d h g  i n  t h e  vehicle a t t i t u d e .  

f a s t e r  than doing the transformation before  the slopes a r e  computed, 

The coordinate transformations required t o  convert t he  

The 

This is  much simpler and 

The hazard detect ion algorithm is now complete and a general  

f law char t  appears i n  Figure 27. 
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V. SIHULILTION PP,CKACE 

The m l t i - l a s e r / d e t e c t o r  t r iangula t ion  sensor and the  accompanying 

hazard detect ion algorithm are t o  be t e s t ed  using the  R.P.I. dynamic simu- 

lator . 
aad accurately represents the scanning, decis ion making, and motion of t he  

actual vehicle on specified terrain surfaces. 

a number of sable general terrain sur faces  including s lopes,  hills, and 

she waves. Discrete obs tac les  such as boulders, c r a t e r s ,  and s t eps  may be 

added to the general t e r r a i n  surface. 

simulating rubble and d l  rocks on the  sur face  as a noise  function. 

4 The dynamic simulator is the  result of s eve ra l  years of e f f o r t  

The user can choose from among 

There is also the  provision f o r  

The user may also choose from a va r i e ty  of sensors and is f r e e  t o  

specify the  placement, s i ze ,  and geometry of each. 

data processors and path se l ec t ion  algorithms to  in t e r f ace  w i t h  the var ious 

sensors. 

noise  if so desired. 

dynamics of the  vehicle.  

There is a choice of 

The measuremeats made by the sensors  can a l s o  be contadnated  by 

The user  can also cont ro l  the  physical dimensions and 

After  the  user  s p e c i f i e s  the i n i t i a l  and t a rge t  locations,  the 

simulation package takes  over. 

i n t e r v a l s  a f t e r  vehic le  a t t i t u d e  information from the gyro subroutine a d j u s t s  

the  sensor pos i t ion  posi t ion.  

path is se lec ted  based on the  vehicle 's  pos i t ion  r e l a t i v e  t o  the  t a rge t  and 

the surrounding hazards. Control then passes t o  the motion rout ine  and the  

vehic le  is moved a t  a rate and fo r  a durat ion given by the user .  The cycle  

then repeats  a f t e r  t h i s  point. 

Sensor scans are taken a t  user  prescribed 

A t e r r a i n  model is developed and the  bes t  

The simulation terminates when e i t h e r  the t a rge t  is reached, t he  

a l l o t t e d  time is exceeded, o r  the vehic le  f i n d s  no safe  paths avai lable .  

A t  t h i s  t i m e ,  the performance is evaluated b?-- on path length,  t r i p  
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duration, and the number of close Urcgunten with tatakda, p&ql ly ,  

mnps are printed out showing the terrain and tht. vehicle trajectory. 
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VI. SIBULATIONS AND RESULTS 

Four groups of simulations have been conducted each designed 

to test t h e  sensor's a b i l i t y  to  detect var ious obs t ac l e s  under var ious 

conditions. These are sunnnatieed i n  t h e  table below. 

Sirmllntions Performed 

I. Vertical Steps 

A. 0.2 meters high 
B. 0.3 meters high 
C. 0.4 meters high 

11. Smooth Slopes 

A. Twenty degrees 

B. Rranty-five degree magnitude 
1. Pos i t ive  s lope  with 15 laser, 20 de tec to r  system 
2. 
3. Negative slope,  o r i g i n a l  system 

Pos i t i ve  slope,  same sensor but f i e l d  of view aimed c l o s e r  

C. Thir ty  degree s lopes  

1. Original  15 laser, 30 detector  system 
2. 25 laser, 30 detector  system 
3. 32 laser, 40 detector  system 

111, Sine Waves 

A. 0.25 meter amplitude, 6.0 meter period 

B. 0.3 meter amplitude, 6.0 meter period 

C, 0.4 meter amplitude, 6.0 meter period 

IV, Boulder-and Crater Field 

In the  f i r s t  group of simulations, v e r t i c a l  s t e p s  of various s i z e s  

are placed i n  the  vehicle 's  path, The purpose of these tests is t o  deter-  

mine the vehicle 's  a b i l i t y  t o  de t ec t  changes i n  t e r r a i n  elevation. When a 

change i n  height of 0.25 meters is detected,  the  slope of t he  leading edge 

of the  s t e p  I s  computd. No calculat ions are done f o r  small steps.  The 

smallest s t e p  size worth considering is 0.2 meters. According t o  the  
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algorithm, an object  must create a change of two l e v e l s  in t h e  diagonali- 

zed re turn  before it can be considered hazardous. A drawing of the  15x20 

array shows that t h i s  does occur when a 0.2 meter s t e p  is within a 1.4 

meter range. Figure 28. The sfnnllaticn verifies this. I n i t i a l l y ,  only 

zero- and ones appear In t he  diagonalized re turn  and the  terrain is con- 

s idered safe. 

occur in t he  second level. 

edge and t h e  fea ture  is declared hazardous, Figure 29. Ideal ly ,  the path 

should have been declared s a f e  since the  obs tac le  is below t h e  0.25 meter 

threshold. It is the discreteness  of t he  data,  not a defect  in the  data 

processor that prevents making a more accurate  decision. Given the  data  

received the  s t e p  could have been as high as 0.35 meters o r  as l i t t l e  as 

0.1 meters. Since the  error is due t o  the  f i n i t e  width of t h e  quantiza- 

tion l eve l : ,  making them smaller is the  bes t  way t o  imprave performance. 

Steps of greatkr height are also considered. Obviously, these 

It is not  u n t i l  the  scan a t  one meter range that re tu rns  

A slope of 98O is calculated f o r  t he  leading 

will be Z-tected as-hazardous. What is of interest is t o  note a t  w h a t  

range the  decision t o  avoid the obstacle  is made. 

vehicle  w i l l  see only l a rge r  ob jec t s  a t  a dis tance and the  smaller ones 

up close. For a 0.3 meter s t e p ,  a possible  obstacle  is detected a t  2.2 

meters range. 

for ce r t a in  that a hazard ex is t s .  The c r i t e r i o n  f o r  such a decis ion is that 

the  minimum possible change in elevat ion be a t  least 0.25 meters. 

never happens, though, and the  vehicle  continues t o  approach u n t i l  i t  

reaches 1.0 meters range. Even though the  ambiguity is not resolved, the  

vehicle  must turn due t o  the  close proximity of t h e  obstacle.  

Due t o  myopia, the  

However, the data are not good enough a t  t h a t  point t o  know 

This 

The l a s t  run i n  t h i s  group is a 0.4 meter s tep.  A possible  hazard 

Again, the data is not  good enough t o  is detected a t  2.5 meters range. 
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make a decision. 

s t e p  of 0.25 meters is detected.  

s lopes  are 105O and 60°, respect ively.  

meters w i l l  be declared d e f i n i t e l y  hazardous on the  f i r s t  scan. 

would occur a t  about 2.5 meters in range. 

least 0.2 meters in height  is avoided by the vehicle.  

from 0.2 t o  0.25 meters high that i n  r e a l i t y  are safe.  

seen and avoided a t  greater ranges than smaller obstacles .  

stem from the quant izat ion e r r o r  inherent  i n  the  system. 

improve performance is t o  increase  detector  dens i ty  by adding more de- 

t e c t o r s  and reducing the  f i e l d  of view of t he ind iv idaa l  detector .  

The vehicle proceeds until a t  1.9 meters range a mimum 

The ca lcu la ted  maximum and minimum 

Steps whose he ights  exceed 0.4 

This 

I n  summary, anv obs tac le  a t  

This includes f ea tu res  

Large obs tac les  are 

The l i m i t a t i o n s  

The bes t  way t o  

The next group of s imulat ions tests the  a b i l i t y  of the  algorithm t o  

estimate the  magnitudes of smooth slopes. 

demonstrate t he  performance f o r  an easy case. 

horizontal  ground and approaches the  slope head on. 

Information is ava i l ab le  t o  estimate a maximum s lope of 39'. 

vehic le  approaches, the  est imates  improve u n t i l  a t  the  1.0 meters range 

the  s lope is estimated t o  l i e  between 17O and 25", Figure 30. 

ca lcu la t ions  f o r  t h e  off  cen ter  azimuths ind ica t e  less severe s lopes s ince  

those grad ien ts  are not  as steep. 

t r u e  gradient  is 17.3' and the  processor computes the  maximum slope as 1 8 O .  

Also of note  is tha t  the  mininnrmslvpecalculations a r e  generally more 

accurate  than maximum slopes. 

computed over longer ranges. 

bad data.  

The f i r s t  run a t  20' is used to  

The vehic le  begins on 

At 1.8 meters enough 

As t h e  

The s lope  

For instance,  in the  30" azimuth the  

The reason is tha t  minimum slopes must be 

This helps  average wt some s t a t i s t i c a l l y  

As the  vehic le  continues t o  approach the  20' slope, the  estimates 

do not improve appreciably. The maximum slope never exceeds 2 5 ' ,  though, 
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curd the  vehic le  is allowed to  climb. 

ing slope magnitude is perceived. After cor rec t ing  the  s lope  estimates 

for the  vehic le  a t t i t u d e ,  they are s imi la r  t o  the  estimates obtained on 

level  ground, demonstrating that accurate estimates can be  made when t h e  

vehicle has an a r b i t r a r y  pi tch.  

of t h e  slope,  the perceived s lope  is  so small t h a t  no p o t e n t i a l  hazards are 

detected,  Figure 31. 

about t he  terrain inc l ina t ign t ; '  

e leva t ion  seen by t h e  vehic le  is less than 0.25 meters. 

slope estimate is obtained. 

inpath s lope is less than 20°, any t e r r a i n  t h a t  l i e s  ahead is  safe.  

vehic le  then proceeds to  climb completely onto the  s lope  a t  which point  It 

sees f l a t  t e r r a i n  everywhere. I n  t h i s  case, the  assumption made as t o  the  

sa fe ty  of t he  terrain is correct. 

though, where the  log ic  breaks down. 

across the  face  of a 30° slope, Figure 32. 

t he  crosspath s lope is  30'. 

vehic le ' s  high s ide ,  t he  path i n  which i t  l i e s  is considered safe .  

reason is t h a t  as i n  the  case above,the vehic le  inpath p i t c h  is less than 

20'. 

a gradient  i n  excess of 20° ,  

obszacles in t h i s  case and the  t e r r a i n  is  ac tua l ly  hazardous. 

example involves the  vehicle  climbing a 40° slope a t  a 45' angle. 

inpath gradient is 28' and safe.  

turn.  me scan shows f l a t  t e r r a i n  end the  turn is allowed, In  r e a l i t y ,  

the  path chosen has a 40" gradient.  

r o l l  must a l s o  be accounted f o r ,  

As this  occurs, a s t e a d i l y  decreas- 

When the veh ic l e  p i t ch  approaches that 

In thi3 s i t u a t i o n  the re  is less that can be s a i d  

The reason is that the  change i n  t e r r a i n  

Therefore, no 

In t h i s  case, the  vehic le  assumes tha t  i f  i ts  

The 

The program ignores o ther  p o s s i b i l i t i e s ,  

Suppose t h e  vehic le  is t rave l ing  

The inpath s lope is 0' while 

I f  a s m a l l  t e r r a i n  f ea tu re  appears on the  

The 

However, i f  t h e  vehicle  cnooses that path,  i t  w i l l  be t rave l ing  up 

The vehic le  can t o l e r a t e  absolutely no 

A simpler 

The 

Suppose the  vehicle  wants t o  make a -45' 

To correc t  t h i s  problem, the  vehic le  

From p i t c h  and r o l l  information the  plane 
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in w h i c h  t h e  vehicle lies can be determined. 

t o  find tha i nc l ina t ion  In any azimuthal direction by taking the direc 

ti& derivative.  

corrected for vehicle attitude. 

It is then an easy m a t t t t  

In this way, the estimated slopes can be pr. -e:.! 

To test t h e  vehicle  under more challenging coaditfons,  a 25" 

slope is attempted. 

range. 

within 1.0 meters. 

34". 

are generally predicted less accurately than gent ler  ones. 

be determined by observing the data f o r  both cases, Figure 33. 

slopes t h e  level jumps occur closer together and allow a greater range of 

slopes. 

The f i r s t  s lope  estimates of 41' occur a t  1.8 meters 

As with the  20° slope, t h e  estimates improve -til t h e  vehicle I s  

At t h i s  range the computed s lope range is from 2l' t o  

This range of slopes is grea ter  than f o r  t he  20' case. Steeper slopes 

The reason can 

With s teep  

Furthewore, negative s lopes are estimated more accurately th2 .  

wsitlve ones. 

to  the laser shots,  F l g u e  34, and allow only a very small s lepe  var ia t ion.  

A test on a -25* slope reveals  tha t  t he  s lope eatimates have a much 

small- variance than in t he  25O case. 

negative t e r r a i n  is perceived more accurately than p o s i t h e  t e r r a in .  

Is only a spec ia l  case of smooth s lopes,  

t he  terrain is very poor and should result in poor estimates for a r b i t r a r y  

negative obstacles.  

This happens because negative slopes are near ly  parallel 

This does .lot mean that, i n  general, 

This 

The data  in the  lover area of 

Returning t o  t he  25* sirmiration, the  computed slope range of 21' to  

3 4 O  in the center  azhmth  forc-s t he  vehicle  t o  change course, It must 

:.mb the  slope a t  an angle 90 that the  gradient is less steep, Once the  

vehicle  is completely on the  slope,  it sees l eve l  ground and is able  to  

resume its o r i s i n a l  heading, Figure 35. It is disappointing t o  see t h a t  a 
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FIGURE 34 

Slope estimates experience smoottrrrdevlations in the 
negative case 
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25" slope cannot be climbed head on. 

data were made amre accurate. 

f i e l d  of view In closer. This concentrates t he  same number of laser 

shots into a smaller area. To test the  effect iveness  of such a modifi- 

cation another 25O run is done with t h e  15x20 array.  

f i e l d  of view is moved in so t h a t  the  f i r s t  laser pulse s t r i k e s  l e v e l  

gmmd a t  0.6 meter as opposed to  1.0 meter previously. As a result, 

the veh ic l e  must aow approach even closer t o  get a good view. 

modified array, uo slopes are calculated un t i l  the vehicle  is within 1.0 

meters. 

f o r  t he  initial est imate  f o r  t he  f i r s t  case. 

was made a t  1.8 meters range. 

21" t o  34' at t h e  1.0 meter range. 

predicted by the  modified a r r a y  a t  the  s a m e  distance. 

t h e  modified a r r a y  improve as i t  approaches while the  o r ig ins1  sys t em 

gave p r a c t i c a l l y  the same estimates. 

31'. 

m u s t  still turn s ince  the 30' threshold is exceeded, The conclusion Is 

that, a t  least for  SE - th  slopes. no not iceable  improvement resul ts  f r o s  

moving the  field of v-. 

This would be possible  If t h e  

(kre way of doing t h i s  is t o  mow t h e  

ThI3 t i m e  t he  

With the  

A t  t h i s  point t he  init ial  estimate is 34' as compared t o  41' 

However, t h a t  41' estimate 

The previous system predicted a slope of 

This is t h e  same rmxlmum slope 

The e s t h t p  from 

A t  0.6 meter the computed slope is 

This is 3" b e t t e r  than the  o r i g i n a l  system. Hence, the  vehicle  

i n  c loser .  

Returning t o  the o r ig ina l  15x20 system, a 30' slope is n@w attempted, 

Of course, there  is no way that the  veh ic l e  c.m climb thfs slope head on, 

The simulation Is, therefore ,  done with the  vehicle attempting t o  climb 

a t  a 40' angle. 

detectors  are also t es ted  on the same path as the 15x20. Thls is done 

t o  determine the  effect iveness  of increasing data density itnd nccuracv, 

The resul ts  a r e  shwn i n  Table 1, 

Systems wfth 25 lasers x 30 detectors mid 32 lasers x 40 
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TABLE 1 

COMPARISON OF DIFFERENT SENSOR SYSTEMS 
VIEWING 30' SLOPE 

Range to start Slope estimates (degrees) 
of slope (m.) 15x20 25x30 32x40 

1.8 86 43 as 38 a3 43 40 40 84 38 - 26 25 26 26 29 25 25 

1.5 45 a4 42 43 84 40 47 44 33 32 40 83 
28 28 27 27 2a 27 25 27 

1.2 32 43 82 52 30 a3 42 41 33 37 35 34 34 34 ,4i 
23 29 2a 27 29 26 27 27 26 26 27 26 

1.0 54 32 44 38 39 37 45 44 43 38 30 32 37 36 31 36 
25 24 28 29 28 29 28 28 28 27 27 28 27 

0. 7 51 47 32 39 38 32 32 45 34 33 36 35 32 33 
2a 26 30 27 28 27 1 ~ )  78 30 29 28 

0.4 4a 43 33 33 33 34 35 35 33 31 32 32 33 
26 28 28 28 29 29 28 28 

Ttm sets ofslope estimates are given of each location for each system. 
The maximum estimates are on the upper l ine and the minimum estimate: 

are 011 the lover line. 

Mul t ip le  estimates are given of each location because the e s t h t e s  
correspond to different sections of the same terrain. 
in increasing order of range. 

They arz arranged 
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The effect of additional lasers and detectors is quite notice- 

able. 

estimate the true sloge while the minimum estimates always underestimate. 

The difference is that the amount of variation in the estimates is greatly 

decreased wheu greater data density is used, 

finest array eves som statistically bad data, even at close range. 

Eowever, the probability of receiviag statistically bad data is much lower 

than with the 15x20- 

is to use filtering or smoothing techniques. This usually requires many 

measurements of the same signal or object. men though the laser scanner 
does not generate a large quantity of data, some first approximations can 

be made. 

estimates over a short section of terrain. If the terrain is assumed not 

to vary greatly.over small distances, then some smoothing can be done. 

an example, Figura 36 lists slope estimates obtained from a 25dOsensor 

system scanning a 30° slope. 

a shgle scan. 

and the estimates are printed in order of increasing ranT.6, 

azimuth, the 39O estimate is the closest and is based on *\e most accurate 

data, However, ic is also the least accurate estimate of the five calcu- 

lated in  that azimuth. 

cast doubt on the validity of the 39' estimate. 

of the 39' estimate partially overlaps the range of the adjacent 32O estimate. 

For these reasons,the inconsistent estimate should not be counted as heavily. 

With all three systems, the mnxirmma slope estimates always over- 

Unfortunately, even the 

A common way of dealing with statistically bad data 

The higher order systems, such as 25x30 make several slope 

As 

A l l  of the estimates are based on data from 

Each estimate represents only a small section of the slope 

In the -60" 

The other four estimates are very consistent and 

Furthermore, the range 

In this example, the slope is sti l l  hazardous even if the 39O 

estimate is ignored, 

would have a greater effect, 

There may be cther situations in which this technique 
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25x30 System, 30' slope; example of inconsistent estimates 



A technique that w i l l .  yield better results is to filter data 

Table 2 shows maximum and minimum slope estimates from several scans. 

obtained over six consecutive scans made by a 32x40 system as the vehicle 

approached a 30' slope. 

to the vehicle of the terrain associated with that estimate. 

the estimates are regrouped by location relative to the planet. 

there are several slope estimat% at each location. 

estimate always overestimates the slope while each minimum always under- 

estimates. 

est minima for each location. 

placed in Table 4. 

representation of the terrain than any set of estimates from a slcgle 

Along with each estimate is the location relative 

la Table 3, 

Note that 

Each maximum slope 

Clearly, the best estimates are the least maxima and the great- 

These estimates have been selected and 

These "filtered" estimates are a much more accurate 

scan. 

The benefits obtained from this technique must be weighed against 

the computational effort required for implementation. The coordinate 

transformation of the estimate locations from vehicle to planet frame is 

easy with a straight trajectory as in this example but is much more 

complicated otherwise. 

were given as points. 

ranges of the terrain and often the ranges from consecutive estimates will 

overlap. Finally, in the example above, only data from the center azimuth 

are considered since those scans overlap when the vehicle is on a straight 

trajectory. 

much as in the 0' case. 

deal with this. 

obtained in the center qf scan. 

system will have better central visiion than peripheral vision. 

Furthermore, in this example the estimate locatlsns 

In reality, the estimates are taken over finite 

The data obtained from off centet azimuths do not overlap as 

A more sophisticated algorithm would be needed to 

Even with a complex algorithm, the best results will be 

The implications are that the resulting 

Actually, 
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TABLE2 

32x40 system, 30° s lope  
Maximum, minimum s lope  estimates and corresponding range estimates 

Vehicle Location 
Planet  Raaie Slop estimated (degrees) 
(meters) Range estimates, vehic le  frame (meters) 

-1.8 Max 43  
Range 1.9 

Min 26 
Range 1 .8  

-1.5 

-1.2 

-1.0 

-0.7 

-0.4 

47 I 
1.6 

28 
1.6 

33 
1 . 3  

27 
1 .3  

3 s  
1.1 

28 
1 .0  

34 
1.0 

30 
1.0 

33 
0.9 

29 
0.9 

40 
2.1 

29 
2.0 

44 
1 .8  

27 
1 . 7  

32 
1 .5  

27 
1 .4  

30 
1.1 

28 
1.1 

33 
1.1 

28 
1 .0  

33 
1 . 0  

28 
1 .0  

40 
7 .2  

25 
2.1 

33 
1.8 

25 
1 .8  

I C  - -  
1 .6  

26 
1.5 

32 
1 .3  

27 
1 .2  

36 
1.2 

30 
1.1 

31 
1.1 

28 
1 .0  

84 
3 *4 

25 
2.3 

32 
2.0  

27 
1.9 

34 
1 . 7  

26 
1.6 

37 
1 .4  

27 
1 .3  

35 
1 . 3  

29 
1 .2  

32 
1 .2  

38 
2.6 

40 
2.2 

34 
1 .9  

27 
1 .8  

36 
1.5 

28 
1.5 

32 
1.4 

28 
1 . 3  

31 
1 . 3  

83 
2.5 

34 41 
2 .0  2 .2  

26 
2.0 

31 36 
1 .6  1 .8  

27 
1 .5  

33 
1 . 5  
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TABLE 3 
32xh0  svstem, 30" ,slope 

Slope  estimates from six consecutive 
scans grouped by planet frame location 

Terrain Location 
Planet frame 
(meters ) 

Maximrnn Slope Minimum Slope 
Estimates (degrees) Estimates (degrees) 

0.0 26 28 

0.1 4 3  47 33 38 30 28 27 28 

0.2 29 27 27 27 

0.3 40 44 33 32 32 34 25 25 26 27 30 28 

27 26 30 0.4 40 35 37 33 

0.5 32 34 36 36 33 25 28 27 29 29 

0.6 84 31 35 33 27 28 28 28 

0.7 40 34 32 31 

0.8 38 34 36 3 3  32 26 

0.9 31 

1.0 53 41  
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32x40 syqten, 30p dope 

Best slope estimates obtained from 
six consecutive scans 

Terrain Location Least Maximum Greatest Minimum 
Slope Estimate Planet Frame Slope Estimate 

(meters) (degrees) (degrees) 

0.6 - 28 

0.1 30 28 

0.2 

0.3 32 

29 

30 

0.4 33 30 

32 29 0.5 

0.6 31 28 

- 0.7 31 

0.8 32 26 

31 rr 0.9 

1.0 41 
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this  I s  not necessar i ly  a problem at  a l l  s ince  the  human eye behaves 

In the same way. 

A l l  of t h e  drawbacks l i s t e d  above can be overcome a t  the  cent 

of increased computer t i m e .  

the addi t iona l  computing is j u s t t f i e d .  In theory, the  idea has merit 

because it  makes use of all of the  da ta  avai lable .  

as t he  one s tudied here,  discarding even a s m a l l  amount of da t a  can sub- 

s t a n t i a l l y  degrade results. 

the estimates are done recursively.  

quired as opposed t o  s t o r i n g  a l l  of the  da ta  i n  a constant ly  updated map. 

Much more s torage  and ca lcu la t ing  t i m e  are required with the  map method. 

Only fur ther  study w i l l  t e l l  whether o r  not 

With a system as crude 

The technique has  the  fu r the r  advantage t h a t  

This g rea t ly  reduces the  e f f o r t  re- 

Returning t o  the  comparison of the  three simulations on 30" slopes,  

increased da ta  d m s i t y  does provide b e t t e r  estimates.  

result in more accurate  d i s t i n c t i o n s  between sa fe  t e r r a i n  and hazards and 

allow the  vehicle  t o  travel a more d i r e c t  course towards its ta rge t .  

the simulations, the  t r a j e c t o r y  followed f o r  the  32x40 is s teeper  than with 

thc  1 9 2 0 ,  Figures 37 and 38. Furthermore, the  t r a j ec to ry  f o r  the  32x40 

could have been s teeper  s t i l l  i f  the  vehic le  had not been constrained t o  

a heading of 40'. 

admirable. 

problems. 

approach a t  an angle. 

s lopes so that s t ee r ing  commands beborne more e r r a t i c .  

Better estimates 

In 

The performance of t he  15x20 system is nonetheless, 

Slopes from -20° t o  +ZOO a r e  negotiated with absolutely no 

More severe s lopes can a i s 0  be handled but t he  vehic le  must 

The amount of uncertainty inc..eases with increasing 

Another group of simulations places  the  vehicle  on s inusoidal  

t e r r a i n s  of varying amplitude. 

with a var i e ty  of constant ly  varying t e r r a i n  s i tua t ions .  

The purpose is  t o  test the  a b i l i t y  t o  dea l  

While the  r e s u l t s  
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look good, they are mare d i f f i c u l t  t o  Znterpret  quan t i t a t ive ly  than the 

previous siwrlatioas. 

cult  to imagine what the  vehicle sees durian a scan under a r b i t r a r y  p i t c h  

and roll  conditions.  

rou t ine  that a d j u s t s  t h e  sepsor attitude f o r  vehic le  r o l l .  

sbulations w i l l  be a f f ec t ed  to some degree by t h i s  defect .  

This I s  primari ly  due to  t h e  f a c t  that it is d i f f t -  

Also, au error has been found in t he  simulation sub- 

SubsequenL 

Three simulations are performed on a sine wave with 6.0 meter 

period and amplitudes of 0.25, 0.30, and 0.40 meters. 

to  dupl ica te  simulations performed earlier t o  test the  previous one, two, 

and three l a se r /de t ec to r  systems.4 

formed as w e l l  or b e t t e r  than previous systems, as would be expected. 

run f o r  0.25 meters amplitude poses no problem a t  all as the  vehic le  is 

able t o  travel a d i r e c t  heading. 

which ccinpares t o  true maxiwnn lor11 slopes of +14,5', - 

These are chosen 

In all cases the  new 15x20 system per- 

The 

The maxfmum computed s lopes  are - +22* 

The 0.3 meter z p l i t u d e  case revea l s  an add i t iona l  problem, The 

primary source of t rouble  is a small f i e l d  of view. As the  vehic le  scans 

down from a c r e s t  i n t o  a trough, the  closest laser sho t s  are not seen be- 

cause the  terrain f a l l s  below the de tec tor  f i e l d ,  Ftgure 39, 

is set t o  iden t i fy  four or more consecutive missed r e tu rns  as an obstacle .  

It is total  l ack  of data ,  not poor data, tkt  causes the  vehic le  t o  turn. 

Laser sho t s  are also missed a t  the  :at end whtr. Letrain rises cbove the 

detec tor  f i e l d ,  

ward. 

The algorithm 

This  occurs espec ia l ly  when tlie veh ic l e  is p l t c k d  d ~ n -  

The ;*roblam with missed r e tu rns  become more pronounced xn t he  

0.r meter case. 

f i e l d ,  t h e  t e r r a i n  fall .& off  so quickly nor (maximum of - +22.5') t h a t  some 

1-ser shots  aimed i n t o  troughs are blocked by the  s lope,  Figure 6 0 ,  

the  number of missed rc turns  due t o  t h i s  is not s u f f i c i e n t  t o  be haz~rdous ,  

g rea te r  amplitudes will no doubt be fmpassable as t h l s  e f fec t  will worsen, 

X i  addi t ion  t o  i a s e r  shots h i t t i n g  outs ide of t h e  de tec tor  

While 



- 
..I. 

I -  . -- ...- ..e..- 
E: 

I I 1 



78. 



79. 

Putthermore, t h e  max- slope esthates a t  close rmge are appr~qchfng  

30" and are just barely acceptable,  In s p f t e  of this, both the  0.3 and 

0.4 meter cases are t raversed with near ly  s t r a i g h t  trajectories, Fijprte 

41. 

is small and the error in correcting the  scanner a l t i t u d e  is,li!cewise, 

small. The simulation results are, therefore ,  r e l i ab le .  

Since the  trajectories are almost s t r a i g h t ,  the  veh ic l e  r o l l  is 

The last simulation tests the  15x30 system on a f i e l d  of 

shallow boulders and craters, Figure 42. Most of them are small e- mqh 

t b a t  they can be s a f e l y  traversed. They are merely added t~ - . ,  

terrain uneven and cause va r i ab le  p i t ch  and r o l l  s i t u a t i v  

hazardous boulders and craters are interspersed and thEy 

from among the  o ther  feattrres. 

b4 detected 

The vehic le  performs w e l l  and is a b l e  to  t raverse  the  boulderf 

crater f i e l d  without mishap. On t he  f i r s t  t w o  scans hazards a r e  detected.  

This  comes as a su rp r i se  s ince  the  t e r r a i n  was intended to be safe a t  t ha t  

point.  What is seen is a 0.15 meter deep c r a t e r  adjacent t o  a 0.15 meter 

boulder. The f ea tu res  are s a f e  yhen considered separately.  When p u t  

together,  though, the  combination y i e lds  an average slope of 20' over a 

0.25 meter rise with a maximum instantaneous slope of 37'. 

to  predicted s lopes of 34"-36". It is possible  t h a t  the algorithm made 

t he  cor rec t ,  though unexpected, decision. A s h a r p  turn follows and the  

vehicle makes a successful  a t tempt  t o  en ter  the  f i e l d  a t  another point.  

proceeds c n  a d i r e c t  course toward the  t a rge t  passing alongside a 0 . 2 5  

meter deep c r a t e r ,  

hazardous by t h e  vehicle ,  

should be interpreted.  With a depth of 0.25 meters, a maximum local slope 

of 48', and an average slope of 18.5" from edge t o  cen ter ,  i t  is  not c l e a r  

This compares 

It 

Contrary t o  expectations,  the c r a t e r  is not considered 

Agaln there  is a problem as t o  how the  f ea tu re  
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Vbtbelc 011 not t h e  crater; $,a hzqrdoua  by the given algof$.thxrt, 

espec ia l ly  t r u e  since a local slope cannot be determined by the  scanner. 

The decis ion is made more d i f f i c u l t  considering the  vehicle 's  dis tance 

from t he  crater and its p i t c h  and r o l l  s i t ua t ion .  

vehicle  has some roll casts some doubt as to the  v a l i d i t y  of the  r e su l t s .  

In te res t ing ly ,  t h e  crater is d e f i n i t e l y  not hazardous . \ c a u s e  of i ts  small 

size compared t o  the  vehic le  dimensions. 

through the  crater, i t  would experience a maximum p i t c h  of 7' and a maximum 

r o l l  of 9,s'. 

these  considerations in to  account, 

required that estimates t h e  veh ic l e t s  expected p i tch  and r o l l  h s t e a d  of 

or in addi t ion t o  t h e  t e r r a i n  slope. 

This $a 

The f a c t  t h a t  t he  

I f  t h e  vehicle were t o  pass  

Of course t h e  present algorithm is not expected t o  take 

A more sophis t icated algorithm is 

The question aa to whether or not t h e  15x20 system considered 

the  0,25 meter crater hazardous has not been answered ye t ,  

t o  ge t  t he  answer is t o  repeat t he  simulation a f t e r  correct ing the  program 

f o r  t he  r o l l  adjustment e r r o r ,  

thsugh, is t h a t  the  question of def ining a hazard fs by no means t r i v i a l ,  

More work must be done t o  extend t h e  simple r u l e s  developed here. 

The only way 

What t h i s  simulation does demonstrate, 

In a l l  of t he  simulations,  t h e  15x20 system d t h  the hazqrd 

de tec t ion  algorithm is a b l e  t o  steer clear of ell obstacles ,  

some sa fe  t e r r a i n  is a l s o  avoided. 

cases must be t r ea t ed  with caution, 

of improving the  performance is t o  increase data densi ty  and Wcuriicy by 

going t o  higher order scanning systems, 

reduced thereby minimizing the va r i a t ion  of computed slopes,  

important is the  accuracy of the  data  in t e rp re t e r .  

Unfqktunqtely, 

This i s  necessary sknce a l l  mbfgt J 

It was seen t h a t  one of t h e  best  ways. 

The number of bad estbatesr #.% 

Jus t  I S  

The algorithm developed 
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is q u i t e  reliable since it makes use of a l l  of the  da t a  ava i l ab le  i n  a 

scan and attempts t o  account for  a l l  p o s s i b i l l t ' v .  

made are based on some oversimplified assumpti..as hnd techniques and could 

s tand some ~rwement, 

since t h e  assumptions lend to  make t h e  algorithm more conservative i n  

decis ion making. 

scan, i t  ignores da t a  taken from previous, overlapping scans. 

t h e  addi t iona l  information would be he lp fu l  but t h e  tradeoff i s  a much 

more t i m e  consuming program. 

tiowever, the  decis ions 

It muSt be stressed t h a t  t h i s  is not  d i sas t rous  

While the algorithm does use a l l  of the da ta  taken in a 

No doubt 

Even with the  d i f f i c u l t i e s  mentioned above, t he re  Ls absolute 

confidence i n  the  s lope estimates. 

l i e  outs ide  the  bounds predicted by t h e  maximum and minimum slope calcula-  

tions. 

averages taken over a f i n i t e  range i n t e r v a l  in which the  terrain slope is 

varying, Furthermore, t h e  maximum s lope  es t imates  are usual ly  computed 

over a shor t e r  range than the  minimum slopes,  

d i f f i c u l t  t o  a t t a c h  physical meanhg to  the  estimated range o f  slopes when 

the  upper and lower bounds do not  represent  t h e  same t e r r a i n ,  Figure 43. 

The estimates are still no less co r rec t  i n  s p i t e  of t h i s ,  

Not once d id  the  t rue  terrain s lope 

Sometimes t h i s  is hard to ascertain s ince  the  estimates are only 

As a r e s u l t ,  i t  is sometimes 

Another i o t e n t i a l  problem demonstrated by the  simulations i s  in- 

adequate f i e l d  of view. 

when absolutely no information is  received about a sec t ion  of t e r r a i n ,  

With a small f i e l d  of v%ew, there  w i l l  be times 

This is pa r t i cu la r ly  dangerous when the  a rea  i n  question i s  very c lose  t o  

the  vehicle ,  

t i on  is given is t o  choose another path,  

t o  the  vehicle ,  The addi t iona l  lasers and de tec tors  needed t o  cover the  

e n t i r e  f i e l d  oE view would be a worthwnile modification, 

The only decision a caut ious vehic le  can make when no informa- 

This is  an unnecessary hindrance 

Assuming the  
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Exfqpla of calculated slorea demonstrating difftculty 
in attaching physical significance to estimates 
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vehicle w i l l  never have a p i t c h  in excess of +30°, a 60' fAeld of view 

is recommended. 

detectors .  

is a tradeoff between adequate per iphera l  vision and Ecurate center 

vis ion.  

degrades the data overa l l .  

the laser sho t s  and de tec to r s  d i r e c t l y  in f r o n t  of the vehicle, 

would insure tha t  one very accura te  scan can be obtained, 

the per iphera l  vision problem, addi t iona l  lasers and de tec to r s  with 

greater spacing cmld 

t o  signal a major s h i f t  I n  the  terrain. I f  t h e  t e r r a i n  rises o r  f a l l s  

g rea t ly  or i f  t he  vehic le  is pitched, t h e  scanner can be ro ta ted  so t h a t  

it again focuses on t h e  ground innzedlately i n  f ron t  of t h e  vehicle.  

Naturally,  this would requi re  a degree of sophis t ica t ion  t h a t  has not  y e t  

been reached with the  R.P.I. rover. However, t he  Idea is  by no means un- 

r e a l i s t i c .  

- 
A t  2' per  de tec tor ,  this requ i r e s  an addi t iona l  t e n  

Given a f ixed  number of detec tors ,  the  f i e l d  of view problem 

Expanding the f i e l d  of view without adding add i t iona l  de tec tors  

One so lu t ion  might be t o  concentrate  most of 

This 

To dea l  with 

cover the  f r i n g e  areas. These would be used mainly 

There is one grea t  l imi t a t ion  with t h e  hazard de tec t ion  algorithm 

t h a t  has not ever been considered in this  paper. 

designed t o  i n t e r p r e t  da t a  i n  a s i n g l e  azimuthal scan. 

gradients  occur i n  a l l  d i r ec t ions  and these  are t o t a l l y  olerlogked,-&t &% 

e n t i r e l y  possible  t o  have s a f e  s lopes i n  the  inpath d i r ec t ion  but hazardous 

s lopes i n  the  crosspath sense, Figure 44. This happens, fc r  instance,  when 

the  vehic le  t..avels ac ross  t h e  f ace  of a slope. 

t he  problem would be t o  t r y  t o  estimate crosspath information from inpath 

slopes. 

an adjacent one is estimated a t  -20'. 

are sa fe  i n  the  inpath sense, a 

t ion.  This technique, though, is q u a l i t a t i v e  bes t  and gives much more 

This da ta  processor was  

Unfortunately, 

One way of dealing with 

As an example, suppose a 20' slope is indicated one azimuth while 

It is apparent t ha t  while both paths 

. a r p  change occurs i n  the  crosspath direc- 
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Vehicle Attitude Problem 
s i d e  view 

Crosspath Hazard Problem 
f ron t  view 

FIGURE 44 
Vehicle A t t i t u d e  and Cross, Considerktions 



emphasis to the inpath interpretation. There is no reason to believe 

that the inpath slope is any more important than the crosspath slope. 

To give equal treatment t o  the crosspath case, the algorithm used for 

the inpath data can also be applied to data perpendicular to the path. 

The main problem with this solution is that except for very close ranges, 

the data density in the crosspath sense is less than in the azimuths. 

Terrain interpretation would be difficult. 

ing the azimuth shots at increments smaller than 10'. 

8- 150' sweep, this requires more azimuths, more data, and more proces- 

sing time. 

together but to use the same number. 

smaller area. 

peripheral vision. It would appear that the tradeoff is worth it since 

the terrain immediately in front of the vehicle is of the greatest con- 

cern. 

made before any action is taken. 

This can be remedied by tak- 

To maintain the 

Another alternative is to make the azimuth shots closer 

This concentrates them in a much 

The center vision is again improved at the expense of 

If a sharp turn is required, a scan in the new direction can be 

The hazard detection algorithm presented i r  ? does have some 

weak areas that require further study. Most imprta.t among these are 

the need for crosspath slope information and a more refined conception 

of what an obstacle is. The main purpose of this investigation, however, 

was to determine whether or not a multi-laser/detector triangulation 

hazard sensing system is feasible. . This has been accomplished. 

resolution problems, reasonably accurate terrain characterizations have 

been made using the R.P.I. system. Xore importantly, reliable bounds 

have been placed on thc terrain estimates. 

the R . P . 1 .  rover never found itself in a dangerous situation and this is 

an important consideration when piaMing a liars mission, 

Despite 

It is for this reason that 

Without the 



hardware constraints limiting the R.P.I. system, jmreased resolution 

and performance are possible with a triangulation sensor. 

laser density increases the quantity of data and finer individual 

detector fieldc improve the accuracy. The amount of information avail- 

able from the data, however, i s  a function of the spacing of buth cbr? 

lasers and detectors. Furthernore, it is, in theory, possible to extract 

the maximum amount of icformation available from a given sensor and to 

eas i ly  construct an accurate envelope enclosing the terrain. 

the limited data aid large uncertainties characteristic of the R.P.I. 

system a short range multi-laser/detector triangulation sensor, by virtue 

of its speed, can compete with larger range sensors. 

as a basis for further investigatizn that should further strengthen t k  

case for the short range sensor. 

Increased 

Even with 

This work s-rves 
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BXt .  CONCLUSIONS 

Computer simulations save &own that a U laser, 20 detec tor  

Z l&.gulation sensor can be used for hazard detect ion on an autonomous 

r,* vehicle, An algorithm has been developed that, regardless  of t h e  

cype of terrain, c-".rdates terrain slope estimates allowing the vehicle 

t o  loca te  an4 avoid obstacles. 

system maximum and arin.rwmr slope estimates are computed to account for all 

terrain poss ib i l i t i e s .  

is large, a conservatively biased vehicle dec lares  some s a f e  paths as 

hazardous. 

Because of ambiguity inherent in the 

The price t o  be paid is that if t h e  range of slopes 

It is possible  t o  improve perception by increasing laser density.  

While t h i s  does not  improve accuracy, t he  extra laser pulses increase the 

amount of data, 

without adding to t h e  total number of data  points. 

have shown tha t  the combined e f f e c t  of decreased laser spacing and reduced 

detector  fields is t o  reduce the  ambiguity in the  system and increase the 

number of safe paths available.  

Making detector  fields smaller increases da ta  accuracy 

Computer simulations 

It is evident from simulations that a 40" overa l l  field of view 

is i n su f f i c i en t  t o  de tec t  a l l  safe terrains. Theoretical  considerations 

suggest a 60' f i e l d  would subs tan t ia l ly  improve the  t e r r a i n  in te rpre ta t ions .  
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APPENDIX A - CODE LISTINGS 

A. Subroutine DIAGNL - T h i s  subroutine diagonalizes 
the laser/sensor returns. 

B. Subroutine MODEL 2 - This subroutine processes 
the laser/sensor returns in accordance with the 
terrain modeling rules 
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SUGROUIIISE f l O D E L 2  
cOZInO~/CHOOSE/!~aKOD, Nl'lSSN, NHPSA , N M T R N ,  I N T V D B ,  INTSZN, 

CO2lRON/TIEU P/THETNU, ALPHA,SLPIN , SLPCRS ,SLPCHS, TALLOW 
G INTilOD,INTPSA, INTTRN,INTGYR 

C O M ~ O N / D Y N P I C / C W N R 1 X , U e H A X , V ~ H L & N , 9 8 n U I D , C R S ~ A X , ~ E L ~ A X ,  
E DT,TUPNl,STEMAX 

CORflON/SENSR/BE?!RNG, ASRUTH, L A N G L E ,  RTN, KOUJT,  ISCAN 
COi4HOY/SLOPE/SLPMAX, S L P J I N ,  I S T O P 1 ,  ISTC E2 
CO!lHON/DETECT/SB?JTLn ,SCNTIR, *'IRSTP, SENSTP ,S EN HI,Sc"NLIn,  

COnnON/SENX/HITLAS,HITSSN,NUnLnS,NU~LAS0NUHSEN,NUKAZ0INTD~T0N~DTPR, 

R E A L  ffANCE(S0) ,SLPflAX(SO,50,3) ,SLPt l iN(SO,50,3)  ,AZ?lOTH(SO) , 
ASnUTH (SO) , POS (50,51,2) , LASAGL ( S G )  , SENGLE (50) 
REAL B E H R N G ( 5 0 )  ,LAHGLE(SO) 
INTEGER HAZARD (SO) ,DELTA,JOHP (S0,2) , SEN1 ,SZN2,SEN3, SEN4 
I N T E G g R  RTN (50) , D f A G  (50,SO) 
IJJVTEGER*2 DATA (50,SO) 
I P ( I J K , C T , O )  GO TO 7C 
RSAD(S,30) M X H I S S , Z M A X ,  R N G n X N  
POBfld P ( 1 2 , 8  X, 2 F 10.5) 
CON VR I= 18 0 , / 3 , 1 4  1 59 
DO 50 I = l , N U E I A Z  
AZEUTH (I) = A S H U ' I H  (I) *CO?JVRT 
RETURN 
CALL D I A G N L  
DO ONZ LOOP PER AZI3UTH 
DO 4000 J = l , N U M A Z  
I= 1 
CHECK FIRST i lETURNSPOi l  HISSING CATA 

6 SSNLEN0SENYID,NUn83R,IJK 

& LASAGL,SENGLE,SCON,DATA, C I A G , ? O S  

& 

H X H I S S  IS  B A X I H O M  N U N R E R  OF flISSES ALLOWED, I? THIS  IS ZXCEEfED 
STORE I N F O R ~ A T I O N  ro BE PRINTED A N C  GO TO N E X T  AZXXUTLI  

I F ( D Z A G ( J , I )  ,NE ,1000)  SO TO 300 
I F ( I , Z Q . R X n I S S )  GO TO 2 0 0  
I = I + l  
GO TO 100 
RANGE (J) =1. 
H A Z A R D  (3) =2 
GO TO 11000 
ISTRT INDICATES F I J S T  LASE3 R A K I N G  HIT 
I S T R T = I  
LCOK FOR HISSING RZTURNS 
IP(I.EQ,NUMLAS) GO TO b o o  

IF ( D I A G ( J , I )  .NE,  1 0 0 0 )  G O  TO 400  
IflISSl - F I a S T  L A S E R  WITH RISSING RETURN 
11 ISS 1=I 
R A X ,  NO, OF f l ISSES EXCEECED? 
IF(I-I!!ISSl.G~.EIXMISS) GO TO 700 
I=I+1 
LOOK FOR NEXT HIT 
I P ( I . C r , N U H L A S )  GO TO 9 0 0  
I F ( D X A G ( J , I )  .EQ.1000) G O  TO 500 
I ' f l ISS2 - LAST L A S E 2  WITH HISSED RETURN 
I ? l l S S Z = I - l  
COYPARE D I A G O ! l A L I Z E D  RETUilNS B E F O R E  A N C  AFTER 3 I S S E S ;  
INSERT LOUER D I A G 0 : I A L X Z E C  RSTURN A S D  C U R R Z S P O N D I N G  S E N S O R  
THAT WOULD H A V E  SELN LASER AT A L L  MISSES 
DELTA=MINO ( D I A G ( J ,  1) # c I A G  ( J ,  IMISS1-1) ) 
DO 600 K=IMISS 1, IZI ISS2 

r = I + i  



600 

C 
C 

700 

800 

C 
9 00 
1000 

C 
C 

1100 

1200 

1300 

1 4 0 0  
C 

C 
C 

1500 

C 
C 

1600 

1610 
C 

C 
1 6 5 0  

1700 

C 

D I N  ( J , K )  =DELTA 
DATA(J,K) =K*DBLTA 
CONTINUE 
GO TO 400 
IF TOO P l A N Y  n f S S E S ,  STORE RANGE OF LAST HIT, 
H A Z A R D  INDICATES TYPE OF OBSTACLE A N C  IS USED LATER, 
I H I T ~ I H I S S l - 1  
ISAW=DATA (J,  IHIT)  
R A Y G E  ( J )  =POS ( I H I T ,  ISAW, 2) 
EAZARD (J) =2 
GO TO U O O O  
fS'IOP=NU MLAS ORIGINAL PAGE 1s 
GO TO 1000 OF POOR PiT I I 1 . 1 ~  
REtlEMBER LASER THAT EADE LAST HIT  
I S T O P = I M I S S l - l  
IP(XF~X(SLPIN/(CONVRT*20,))) 1100,1SOO, 1300 
IF PIFCBC-20 CHECK FOR NEG-OBSTACLES 
IF PITCfi>20 CHECK FOE POS- OBSTACLES 
DO 1200 R=ISTRT,ISTOP 

ISAY=I)ATA (J,K) 
R A N G E  (J) =POS (K,ISeu, 2) 
HAZARD (J) = 3  
GO TO 4000 
CONTINUE 
GO TO 1500 
DO 1 4 0 0  K=ISTRT,ISTOP 
I F  (DIPG ( J , R )  .LC.DIAG [J, ISTRT) ) GO TO 1 4 0 0  
ISAW=DATA (J ,R) 
S A X E  (J)  =POS (K , ISAW, 2) 
HAZARD (J) =4 
GO TO 4000  
CONTINUE 
ICOUNT - COUNTS J U Z B E 3  OF . . 'TAG, JUEPS 
ICOONII=O 
CO?lPU'TE LOCATION E SIZE CP ALL C I A G O I A L  JU?lPS A N D  STORE 
I Y  JUaP 
J U R P ( N , l )  - LASZR B S F O R E  t i -TH JUHP 
JOHP(N,2) - SIZZ OP N-TU JORP 
I S'LO P 1 = I S TO P- 1 
I P ( I S T O P 1 , E ~ , O )  GOTO 1 6 1 0  
DO 1600 I = I S T R T , I S T O P l  
DELTA=DIAG ( J ,  I+1) -3IAC ( J  ,I) 
IP(DELTA.EQ.O) G O  'ro 1600 
I 2 0 U N P = I CO [I !I T + 1 
JO?!P(ICOUNT, 1)  =I 
JU ?lP ( I  C O U N T ,  2) =DELTA 
CO N T I  id U E: 

I P ( I C O U N T . N E , O )  GOTO 1 6 5 0  
HAZARD(J) =1 
GO TO 4000  
J Z O U N P  COUVTS NO, OP SLOPES CbLCULATEC E CHECK FOR LAST J U H P  
K =  1 
JCOUNT-O 
IF ( K - G T .  ICOUNT) G O  TO 22CO 
I Y t R = O  

Y =  1 
LASl=JUIU,P ( K ,  1) 

I P ( D I A G ( J , K )  - G S . D I X G  ( J , I S T R T ) ) G O  TO 1 2 C O  

CH%CK PO ?IO DIAG, JUflPS 

tl INDICATES S I G N  03 JUMP, IF J U M P C O  ,F!=-l 



1800 
C 

1900 

2000 

C 
2100 

2 150 

2 170 

C 
2200 

2250 

2300 

2UOO 

2500 

SYNlalFIX(DATA(J, CAS 1) +.5-N/2.) 
Zl=POS(LASl,SSNl,l) 
I F  ( N * J U R P ( K , Z )  .GT,  1) GO TO 1900 
INCR=INCR*t 
LOOK FOR D I A G .  JUtlP=2 , I F  JUtlP CHANGES CLRECTION,STOP 
fF(K*fNCB.CT.ICOUNT) GO TO 2200 
IF(N*JUMP[K+iNCR,2).LT.O) GO TO 2000 
LAS2=JUMP (KtINCB, 1) t 1 
SENZtIFIX (DATA (J, LAS2) +.5+N/2,) 
22=POS(LAS2,SEN2,1) 
DeLZ=Z2-Z1 
IF(ABS(DEL2) ,GE.ZPlAX) SO TO 2100 
GO TO 18GO 
K=K+INCB 
GO 'ro 1700 
COtlPUT2 H A X I H U t !  S L O P E  
IF (LASZ-LAS 1 ,LE. 2) GC PO 21 50 
LAS3=LAS1+1 
LAS4rLAS2-1 
SE!43=IFIX (DATA (J,LAS3) *. S-N/2.) 
SEN4=1PIX(DATA(J,LASU) +.,S+N/2,) 
Z3=POS (LAS3.SEN3,l) 

R3=POS(LAS3,SEN3,2) 
RU=POS(LASU,SEJQ,Z) 
DELZ=ZU-Z3 
GO TO 2170 
C3=POS(LASl,SEN1,2) 
RU=POS (LAS2,SEN2,2) 

JCOUNP=JCOUNTtl 
SLPMAX(J,JCOU!JT, 1) =ATAN2 (DEL2,DELZ) 
SLPMAX(J,JCOUNT,2) = R 3  
SLPHAX(J,JCOUNT,3) =34 
R=ICtl 
GO TO 1700 
STORE N U f l , P E R  O P  SLOPES CALCULATED 
I S TO P 1 = J COU N T  
IF(ISTOPl.NS,O) GO TO 2250  
HAZARD (J) =9 
GO TO U O O O  
I(= 1 
JCOUNP=O 
IF(K,GT.ICOUNT) GO TO 28CO 
IYCR=O 
N =  1 
IP(JU!!P(K,2) .LT,O) N=-1 
LASl=JrJPIP (K, 1) 
SZNl=IFIX ( D A P A ( J ,  LXS 1)  t .5+N/2.) 

IF ( N * J U f l P ( K , 2 )  .GT. 1) GO TO 2500 
INCR=INCRtl 
IF (KtINCH.GT.1.- ' U N T )  GO TO 2800 
I F ( N + J U f l P ( K + I N C R , 2 )  .LT.O)GO TO 2600 
LASZ=JUYP(KtINCR, 1) + l  
SEh'2tfFI X (DATA (J, LAS 2) 
ZZ=POS(LASZ,SENZ, 1) 
D,"LZ=ZZ-Zl 
IF (ABS(D&LZ) . G T . Z f l J X ) S O  TO 2700 
GO TO 2 U O O  

ZU=POS (CRS4,SENQ, 1) 

3ELR=fiO-33 

2 l=POS (LASl ,SEN 1,l) 

5-!J/2 .) 



2600 

2700 

2800 
C 

C 
C 

2300 

3000 

3 100 

3200 

3 300 

3320  

3UOO 

3500 

3600 
3620 

3 6 U O  

3700 

3800 

3 900 
u 000 
C 

4 100 



5 000 

5500 
1 

6000 

6500 
1 

' 2  

7000 

7500 
I 
2 

8000 

8500 
1 
2 

9000 

9500 
1 
2 

10000 

10500 
1 
2 

1 1 0 0 0 ~  

11500 
1 

12000 

12500 

20000 
1 

C 
C 
C 

GO T0(5~00~6000,7000~80CG~9000~ 10000,11COO~ 12000) ,I: 
RTY (3) 01 
WRITE (6,5500) J 
F O R ~ A T ( ' 0 ' , 3 X , ~ 2 , 5 X , ( S C A N  INDICATES LEUEL GROUND, T E R R A I N  ' 

#'IS PASSABLE. 8 ,61 X, '  1 ') 
GO TO 20000 
RTN (3) =O 
WRITE (6,6500) J , f lXMISS,BANGB (3) 
FORBAT('O', 3X,12,SX,Xl,'  MISSING RETURNS OETECTElr BEGINNING'. 

'AT A R A N G E  OF ' , P 3 , 1 , '  METEES. TERRAIN I S  NOT PASSABLE-', 
23X, '  0') 

GO TO 20000 
RTH (J) =O 
W R I T E ( 6 , 7 5 0 0 )  J , R A N G E  (J) 
FO&tt lAl ( 'O' ,3X, I2 ,5X,  'NEGATIVE OBSTACLE DETECTED AT ' e F 3 - 1 ,  

UIETEB B A N G E  CJITR VEHICLE PITCH BELOU A SAFE LEVEL- NOT', 
' PASSABLE, ', I O X ,  ' 0 ' )  

GO TO 2 O C O O  

W R I T E ( 6 , 8 5 0 0 )  J , R A I G E  (J) 
FOEMAT('0D,3X,12,5X,*POSlTIVE OBSTACLE DETECTED AT ' , P 3 - 1 ,  

RTN (3) --O 

VtlETER RANGE WIT8 VEHICLE PITCH ABOVE A S A F E  LEVEL, NOT', ' PASSABLE- 'I 10% e '  0 '  ) 
GO TO 20000 
RTN (J) -0 
WRITE(6,9500) J,RANGE (J) 
FORflAT('0',3X,I2,5X8~0f3STACLE DETECTED AT ' , F 3 . 1 , '  HETER RANGE' 

,' WITH FOSSIBLY BBZAEDOUS SLOPE.  T E B i l A I X  DILL EE AVOIDED,', 
16X, ' 0 ' )  

GO TO 20000 
RTN ( J )  =O 
RRlTE (6 ,10500)  J,RAYGE(J) 
PORMAT('O',3X,l2,5Z,'OBSTACLE DETECTED AT ' ,E '3 .1 , '  HETEB R A N G E  ' a  

8 WITH DEPINfT!?LP H A Z A B C O U S  SLOPE, TEEBAIN IS NOT PASSABLE, ', 
14X, ' 0 ' )  

GO TO 2 O C O O  
RTN (J) = 1 
WRITE (6 ,11500)  J 
FORMAT('O',~X,I~,SX,~P~~~I~LE OBSTACLE DETECTED BOT N O T  CLOSE I, 

GO TO 20000 
RTN (3) m l  
WRITE (6,12500)  3 
P03RAT(@O', 3X,12,%, 'OBSTACLES CETECTEC A R E :  NOT RAZXSDOUS. ' 
C O N T I I U E  
RETORN 
END 
SUEROUTINE PITCH (J) 
C O n n O ~ / S E N S R / B E ~ R N G , A S ~ U T H , L A N G L E , % T ~ , ~ O U N T , I S C A N  

COMHO!l/SLOPE/SLPMAX, SLPflIN, ISTOPl, ISTOP2 
REAL SLPMAX(S0,50,3) ,SLPRIN (50,50,3) ,ASflUTF? ( S O )  
REAL EF?;llDNG (50) , L A t i G L E  (SO) 
INTEGEh RTN (50) 
T H I S  SUBROUTINE CORRECTS CALCULATED OeSThCLE SLOPES T O  ACCOUNT 
FOB VEHICLE ATTITUDE, 

'ENOUGH TO NECESSITATE A V O I D A N C E .  ', 38X, ' 1 ' )  

, 8 TERi?AfH I S  PASSAELE. ' ,52X, ' 1 ' )  

C O M R O N / T I E U P / T H E T N U , A L P R A , S L P I N , S L P C R S , S ~ P C H S ~ ~ A L L O W  

DELTA=ASflUTR (J)  + A L P H A  
T B E T A a I T A N  ( T A N ( S L P I 9 )  *COS (DELTA) -TA:i (SLPCRS) *SIN ( D E L T A )  ) 



DO 100 X=l,XSTOPl 

DO 200 I=l,ISTOPZ 

SLPnAX(J,f,l)=SLPflAX(Z,T:, 1) +THETA 
100 CONTINUE 

SLPHIN (J,f,l)=SLPHIN (J,I, 1) +THETA 
200 CONTINUE 

R E T U R N  
END 


