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ABSTRACT

A roving vehicle capable of autonomously exploring
the surface of an alien world 1is under development at
Rensselaer Polytechnic Institute. An advanced terrain
modeler to characterize the possible paths of the rover as
hazardous or safe {is presented in this report. This
advanced terrain modeler has several improvements over the
Tfoiani mudeler that include: A crosspath analysis, better
determination of hazards on slopes, and methods for dealing
with missing returns at the extremities of the sensor field.
The results from a package of programs to simulate the
roving vehicle are then examined and compared to results

from the Troiani modeler.
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PART 1

1. INTRODUCTION

Although present funds for extraterrestrial
exploration have been reduced for the immediate future, it
is highly probable that at some time in the future national
interests will once again turn towards expanding our
knowledge of the solar system we live in. When man does
decide to explore new worlds it will be necessary to have
the required technological background to proceed with the
exploration so interest in the project will not be lost
while the technclogy base is being developed. Therefore, it
is important to develop this technology required for the
exploration of alien worlds now, before the actual

exploration mission is planned.

When it is decided to explore an alien world, such
as Mars, the first step will be to send robot explorers to
investigate the world and provide for the maximum safety of
human explorers, if they follow. A major advantage of these
robot explorers is that a great deal of expense will be
saved over a human exploration mission. The main savings
will be from excluding a return flight in the mission, thus
costly and heavy return rockets do not have to be launched

with the mission. 2lso more risks may be taken since a
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mission failure will not result in the loss of human life.
This could result in more exploration and studies being

conducted as well as less money spent on the project.

There are many approaches being studied for
possible robot explorers spanning the range in
sophistication from "dumb", uncontrolled, tumbleweed type
explorers to rocket powered gliders capable of many take
offs and landings. OCne practical concept that offers a2 high
degree of controlled mobility in this range of robot

explorers is a roving vehicle.

There are two sensor systems that would be
necessary for a surface roving type vehicle. The first
sensing system is a long range sensor that would provide the
rover with the general route to follow to the destination
while avoiding major terrain features that would slow down
the progress of the rover. This sensor system is analogous
to a road map for a long drive. This sensor system could be
provided by satellites orbiting the planet or even pictures
already taken of the surface of the planet. Large, Earth-
based computer systems could spend a great deal of time
preparing possible routes for the rover since the routes
would not be required in a real-time sense. The second
sensor system needed would be a short range system capable
‘of identifying smaller hazards 1like small craters and
boulders that would not be seen by the 1long range sensor

system, This system would have to be incorporated as part
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of the rover in order to detect the possible hazards and
would have to make use of computing facilities on the planet
or the rover because of the time delay involved in

communication with Earth-based computer facilities.

There are many approaches for constructing a short
range sensor system including complex video systems and
simple leser-photodetector triaengulation systems. Eince the
laser-photodetector triangulation system takes & minimel
amount of data and the amount of work necessary to translate
this data 1into usable information is small, it is the most

feasible approach from a computational point of view,

The roving vehicle being developed at Rensselaer
uses a laser-photodetector system as the short range sensor
and previous work has been done at Rensselaer to develop
terrain modelers to ~characterize the terrain as safe or
hazardous for the rover [1,2]. These methods included
pattern analysis, slope calculations using area analysis,
and a sophisticated method developed by Troiani which used
estimated slope and step~height calculations. The advanced
terrain modeler in this report 1is &an evolution of the
Troiani concepts that refines some of the procedures and

adds a crosspath analysis to the modeler.




PART 2

2. SYSTEM CONFIGURATION

The planetary rover under development at
3 Rensselaer Polytechnic 1Institute has keen divided into two
systems, the hardware system and the software system., The
hardware system consists of all the mechanical and
electripal systems used by the rover, the computer
controlling it, and the telemetry system connecting them.
The software system is composed of all the computer programs

used to run or simulé.e® the running of the rover,

2.1 Description of Hardware System

The rover consists of a platform mounted <n four

- T e T e - R e T e e oA

individuelly powered wheels. Mounted on the platform is a

F , two meter mast with the elevation scanning laser at the top
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and the detector array half the way up the mast. The

platform alsc holds all the mechanical and electrical

elements of the rover.

Each wheel is powered by a 1/6 HP electric motor

giving the entire rover the ability to climb approximately

30 degrees or to travel at approximately 0.2 meters/second

on level terrain. Each whesl is one half meter in diameter

; giving the rover the ability‘ko negotiate steps less than

0.25 meters or holes and trenches less than 0,25 meters wide
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without difficulty.

The f:ont wheels of the rover are attached in a
manner that allows them to be individually raised and
lowered without affecting the roll nof the rover. Thus the
roll of the rover is determined solely by the roll of the
rear wheels. The pitch of the rover is determined by the
average height of the rear wheels and the average height of

the front wheels.

The data oi: the terrain in front of the rover are
supplied by an elevation scanning laser/multidetector system
mounted on a mest on the rover which scans through
18 azimuths as shown in Figure 1, This system will simulate
up to 32 lasers by using one laser and a rotating mirror
system. By precisely controlling the speed of the rotating
mirror and the timing of the laser pulses it is possible to
fire laser pulses in 32 different elevation angles. The
system will have 40 photo-detectors, or a configuration of
detectors that appears to be 40 detectors to all the rest of

the systems, mounted one meter up the mast,

When a laser pulse {s fired each detector responds
by 1indicating whether it saw the reflection from the laser
pulse. A two laser/two detector system it shewn in Figure 2
to illustrate how & multilaser/multidetector system works.
Notice that each laser pulse intersects each detector cone

once creating four line segments of laser-detector

&
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intersection. If the terrain passes through any of these
line segments of intersection then the laser beam will be
reflected off the terrain and the detector will sense it

when the laser is fired.

The computing power for the rover 1is provided
through a telemetry 1link to a FRIME 550 computer. This
32-bit computer has an average instruction execution time of
approximately one microsecond. The system can take up to
8 M-bytes of random access memory and is configured with two

80 M-byte disk drives.

2.2 Description of Software System

Presently there are two software packages in us.
on the Mars Rover Project. The first package is the real
time software which actually controls the rover and makes
the path selection decisions based on the data sent to the
computer from the rover. The second package is the
simulation software which models an input terrain for the
modeling and path selection algorithms, then models the

response of the rover from the outputs of these routines.

The real time software consists of a modeler
routine, a path selection routine and several system
routines. The modeler routine takes the laser-detector data
from the rover and determines which of the 15 azimuths are
safe for the rover to travel and which ones are not. The

path selection routine uses the outputs from the modeler
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routine along with the knowledge of previous hazards
encountered and the final destination of the rover to
determine an optimal path for the rover. The system
routines take care of functions 1like translating the
information from the telemetry link into a useful format for
the modeler routine, translating the outputs from the path
selection routine into a format that can be sent to the
rover as a command, and processing the interrupts as they

occur.

The simulation software consists mainly of a
modeler routine, a path selection routine, a sensor routine,
a terrain set-up routine, and motion routines. The modeler
and path selection routines perform the same functions as {n
the real time software. The terrain set-up routine sets up
the model for the test terrain and stores it for later
reference by the other routines. The sensor routine sets up
the locations of the laser-detector intersections for the
particular laser-detector system being used and determines
which detector sees the terrain for each laser pulse being
simulated. The motion routines keep track of the pitch and
roll of the rover and whether it has collided with any

hazards on the simulated terrain.

The two major routines, the modeler and the path
selection routines are common to both software packages, so
work is in progress to integrate the two software packages

into one system that uses common modeler and path selection
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routines for both the real time and the simulation systems.
This will eliminate the need to write and debug a modeler or
a path selection routine for the simulator then, after it
works with the simulator software, rewriting it for the real

time software.
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PART 3

3. THE TERRAIN MODELER

The terrain modeler uses the laser-detector data
to determine which of the 15 azimuths are safe for the rover
to travel and which ones are not. There are several
techniques for trying to determine whether an azimuth is
safe but the advanced terrain modeler uses an improvement on
the algorithm developed by Troiani. The slope of the
terrain 1is bounded and if the bounds are less than
30 degrees then the terrain 1is considered safe, if the
bounds are greater than 30 degrees it is considered

hazardous, and anything in between is considered uncertain.

3.1 Historical Review

In May of 1977 Gary Maroon submitted a report(l]
that conducts an initial investigation into the development
of the terrain modeler for the rover under development at
Rensselaer. This report covered a numerical technique using

estimation of slopes and a pattern analysis method.

The numerical technique determined the
intersection of each laser pulse and the center line of each

detector cone from which the laser was detected. Then the




area of the cross section along that azimuth of the terrain
was generated by connecting each of these returns. From

this area the slope was calculated using the formula:

: SLOPE = TAN-12 * AREA
(LENGTH)

]

where the length indicated is the length of the slope being

i examined.
i
The pattern analysis technique uses differences in

boulders, craters, positive inclinations, and negative

l
‘ the laser-detector returns to classify hazards such as large
[ inclinations. The rules for determining these four types of

hazards were determined and shown to be reasonably effective

in distinguishing these hazards from safe terrain.

In May of 1978 Nicholas Troiani submitted a
reportf2) that presented a working and tested terrain
modeler that evolved from the numerical technicue presented
by Maroon. Troiani simplified and improved Maroon's slope
calculation technique by determining the height and range of
two points on the terrain and setting the slope equal to the
difference in the heights of the two points divided by the
difference in range of the two points. The Troiani modeler
also took into account the slope of the rover and the
possibility of step hazards. This modeler detected most
hazards, but Jlike Maroon's work did not account for

v crosspath hazards.
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Further work is in progress to develop new terrain
modelers for the rover and hazard detection system at
Rensselaer. This research has split into two branches, one
is investigating pattern anaiysis methods of detecting
hazardous terrains and the other is continuing the work done

in the Troiani and advanced terrain modelers.

3.2 Acquisition and Representation of Detsa

The data is collected on each azimuth scanned by
firing a laser pulse in 32 angles. Each time the laser is
fired each detector returns either a =zero indicating that
the particular detector did not see the laser or a one

indicating that the detector did see the laser.

This information is encoded Immediately at the
rover by send?ng back to the computer just the number of the
detector ,position that saw the laser instead of the string
of 2zeros and ones. In this manner the entire array of
information for a sweep of 15 azimuths can be stored in one
15 by 32 array. Figure 3 shows a possible terrain
configuration and laser-detector intersections for one
azimuth on a 15 laser by 15 detector system. The return

from the rover is shown below in Table 1.
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LASER 1 2345678 910 1) 12 13 14 15

112356781011 1212 13 14 15

TABLE 1

Laser-Detector Data Returned from Terrain in Figure 3

Next these data are put into the more useful form
of an array of relative values. This is done by subtracting
the number of the laser pulse :rom the number of the
detector that saw the reflection from the laser. The values

in Table 1 are shown again as a relative array in Table 2.

LASER 1 2 3 456 78 91011 12 12 14 15

0o-1-1-100001 1 1 0 0 0 O

TABLE 2

Relative Array Constructed from Data in Table 1

In order to derive the most information from the
relative array the laser-detector system must be set up as a
quasi~linearized array. In a quasi-linearized array each
laser is aimed to intersect the center of the corresponding
detector cone at the position of level terrain. The
corresponding detector cone is that cone which has a2 number
that is the same as the number of the 1laser ©pulse. Thus,
the array of relative values indicates the extent to which
the actual terrain differs from being level as shown in

Figure 4. If the detector that saw the laser pulse is above

- 15 -
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the detector that would have seen level ground, then the
corresponding value 1in the relative array is positive. On
the other hand, if the detector that saw the laser shot |is
below the detector that would have seen level ground, then

the value in the relative array is negative.

The reason the rover system at Rensselaer has
40 detectors but only 32 lasers is because of this quasi-
linearized array set up. By examining Figure 4 it can be
seen that the 1last laser pulse (the higher numbered laser
pulses) have to travel further before they intersect a
detector field. 7Tn many laser-detactor configurations this
means that the distance to most of the detector cones is out
of the range of the laser. Since these lasers add no useful
data to the system, they are simply not included in the

system design.

A missing return occurs when none of the detectors
indicate that the reflection from the laser pulse was seen,
as would happen if the rover was looking at a deep hole or
other terrain feature that blocked the detectors from seeing
the laser pulse. Some terrain features that cause missing
returns are shown in Figqure 5. When a missing return is
encountered the rover returns a zero for the laser firing.
Wwhen the return is transformed into a relative array this
zero is changed into three asterisks. The return from the
rover and relative array for the azimuth in Figure S are

shown in Table 3 and Table 4 respectively.
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LASER 1 23456 78 921011 12 13 14 15

012356708 911123 01416

TABLE 3

Laser-Detector Data Returned for the Terrain in Figure 5

LASER 1 2 3 4567 8 910 11 12 13 14 15

®h% ] -] =] 0 0 O %% -] =) (0 ] #**+ 0 ]
TABLE 4
Relative Array for the Terrain in Figure 5

One problem not yet discussed is the quantization
of the data. It should be noted that each detector cone
does not see a point but instead sees the intersection of a
line and a cone which is a 1line segment. Thus, if a
detector sees the laser reflection, this indicates that the
terrain passes somewhere through this line segment. In
theory this line segment can be made arbitrarily small by
decreasing the size of the sensor cone at the cost of adding
more detectors to the system or making the overall detector

field smaller.

This quantization of the input data means that the
exact position of the terrain can not be known in & real

system. The best that can be done is to construct an

- 19 =
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envelope that contains all the possible terrains
representable by this data. Then if 211 possible terrains
in this envelope are safe for the rover the terrain
represented by the data must be safe. Likewise if all
possible terrains in this envelope are hazardous for the
rover, the terrain represented by the data must be
hazardous., The design objective in setting wup a fixed
number of detector cones is to minimize the number of

possible safe terrains that will be classified in the same

envelope as hazardous terrains while keeping the overall

detector field large enough to see that safe terrain is not

aveuided because it can not be seen.

A significant advantage of the quantization |is
that terrain features with a low amplitude will in a sense
be filtered out. Any terrain feature with an amplitude less
than one half the length of the line segment of the laser-
detector cone intersection will generally not appear in the
laser-detector data. This inherently decreases the amount
of information that the computer system must process, making
the elevation scanning laser/multidetector system much more

feasible computationally.

Previous reports have suggested that the high
frequency components of the terrain are also lost because of
the sampling effect associated with the discrete lasser-
detector ‘system, but this turns out not to be go. Even in

the unlikely situation of poles or spikes pointed directly

- 20 -




at the laser 1in such a manner that none of the lasers hit

them, as shown in Figure 6, the high frequency

can still be detected. In Figure 6
generate missing returns and give the

returns shown in Table S.

LASER 1 2 3 4 5 6 7 g 910 11

components

spikes shown

of relative

14 15

TABLE 5

- 21 -
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Relative Array for Terrain in Figure 6
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3.2 DNDefinition of & Hazard

The definition of a hazard for the planetary rover
at Rensselaer has been kept simple to minimize the amount of
computation that must be done to find the hazards, while
remaining elaborate enough to encompass all possible hazards
the rover might run into. The rover has basic capabilities
and limitations that will be used to define a hazard.
Because the tires on the rover are (0.5 meters 1in diameter,
steps greater than 0.25 meters and craters and trenches
wider than 0.2%5 meters can not be negotiated. As stated
previously in this report, the motors are not powerful
enough to bring the rover up a slope greater than 30 deqgrees
nor are they powerful enough to maintain control over the
rover on a downward slope less than -30 degrees, In
addition to these specifications the roll of the rover can
not be greater than 30 degrees. The strictness of these
specifications 1is to insure the safety of the rover, but
they can easily be changed through program inputs 1if they

prove too strict.

Using the above specifications a hazard is defined
to he any terrain feature thet would force the pitch or roll
of the rover to be greater then 30 degrees or less than
-30 degrees, would force the rover to negotiate a ster

(either positive or negative in height) greater than

N

.




0.25 meters in height, or would force the rover to cross a !

crater or trench wider than 0.25 neters. Later in this

report this definition will be translated into an algorithm

and tests from a digital computer will be examined.

3.4 Calculation of Upper and Lower Bounds on Slopes

o TSR

The quantization of the laser-detector data makes
it impossible to determine the actual position of the
terrain within the line segment of intersection between the
laser beam and the detector cone. Through any two of these
line segments an infinite number of 1lines with widely |
varying slopes may be constructed as shown in Figure 7.

Therefore, since the actual slope of the terrain can not be

EOT A T A e T R e e

computed from the laser-cdetector date the upper and lower

bounds on the magnitude of the slope must be computed for

the terrain as shown in Figure 8. 1If the upper bound on the
magnitude of the slope is less than 30 degrees then the

| magnitude of the slope of the terrain that passes through

;

these line segments must also be less than 30 degrees,
Likewise if the lower bound on the magnitude of the slope is
greater than 30 degrees then the magnitude of the slope of T
the terrain must be greater than 30 degrees. But if the
upper bound is greater than 30 degrees and the lower bound
is less than 30 degrees, then the magnitude of the slope can

not be classified as less than or greater than 30 degrees.
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LOWER BOUND ON
POSSIBLE SLOPES

UPPER AND LOWER BOUNDS ON A POSSIBLE TERRAIN

e ol

© pame.

- 26 -

R ¥ S

e el . ek e mee e e



The procedure for calculating the upper bounds on
the magnitude of the slopes using the data contained in the
relative array is shown in Figure 9 and the steps are as

follows:

l. Determine the lower endpoint of the line segment for
the laser-detector intersection before the first jump

(points labelled A on Figure 9).

2. Determine the higher endpoint of the line segment for
the laser-detector intersection after the last jump

(points labelled B on Figure 9).

3. For negative features select the same laser-detector

intersections, but use the opposite endpoints.

| ' 4., Compute the slope of the straight 1line passing

through these two points.

S The difficulty in the procedure lies in

determining where the jump starts and ends. The start of

the first jump is found by scanning through the relative

array for one azimuth, starting with the lowest laser

= T Te T

firing, until a nonzero value is found. This is the start
i : of the first Jjump. Scanning through the relative array
| continues until a possible height differential of
! 0.25 meters is found between the line segment of
intersectibn before the jump and the any laser firing above

it. If a possible height differential of 0.25 meters is

A o v !-A
= v . L e R ' . R PN 5" I - )



POINT (b)

0.35m

UPPER BOUND
ON SLOPE

! POINT (a)
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~
UPPER Bounp _N ™.
ON SLOPE

FIGURE 9

> POINT (b)
EXAMPLES OF CALCULATING UPPER BOUNDS
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found then the maximum slope 1is calculated using the
procedure outlined above. The start of the next jump is
found by searching the rest of the relative array on the
azimuth for a value that differs from the last value of the
last jump. The process continues until the highest laser on
the azimuth is checked. Examples of the calculation of the

upper bounds on slopes are given in Figure 9.

The lower bounds on the slopes are calculated in

an analogous fashion:

l. Determine the higher endpoint of the line segment for

the laser-detector intersection before the first

jump.

2. Determine the lower endpoint of the line segment for

the laser-detector intersection after the last jump.

3. For negative features select the same laser-~detector

intersections, but use the opposite endpoints.

4. Compute the slope of the straight 1line passing

through these two points.

The beginnings and the ends of the Jjumps are
calculated exactly as they were for the upper bounds except
that the height differential must be at least 0.25 meters.
This is to insure that any slope calculated rises above
0.25 meters since any rise less than this is not a hazard

regardless of how steep the slope is.




R T

Rt T e e T omemr m omEmmmow

I ZE Y R

it

3.5 Analysis of the Data

The advanced terrain modeler examines each azimuth
of the relative array one at a time to determine which
azimuths are safe and which ones contain hazards. Any
terrain that can not be classified either as safe or
hazardous is avoided once the rover gets closer than one
meter. This 1is to give the rover enough distance to avoid

the possible hazard.

The initial test for a safe azimuth 1is whether
there are enough consecutive missing returns to imply the
presence of a hole or trench wider than 0.25 meters across.
If the missing returns start at a distance of less than one
meter from the rover then the azimuth is immediately flagged
as hazardous and the next azimuth 1is examined. 1If the
string of missing returns starts more than a meter from the
rover and does not include the final laser shot on the
azimuth, then the azimuth is marked as hazardous and the
range to the first missing return is stored Instead of
proceeding to the next azimuth the modeler continues in case

any closer hazards are present.

If the final laser pulse is included in the string
of missing returns the azimuth is not flagged as hazardous
unless the string starts a2t 2 range of less than one meter
from the rover., If the last laser pulse is in the string of

missing returns, then the terrain on the azimuth probably

PO TR i~ ‘. SN . C W s,




rises outside the range of the overall detector field as
shown in Figure 10. This normally does not constitute a
: \ hazard unless the slope is too steep so the rover is allowed

to approach closer to get a better view of the situation,

After checking for missing returns the modeler

T T

determines the roll of the rover in the azimuth being
scanned by using the current pitch and roll of the rover.
If the magnitude of the roll computed is greater than
30 degrees then the azimuth is flagged as unsafe and the

next azimuth 1is examined. If the roll computed is greater

§
!
}
j
i
|
[ than 20 degrees then the modeler checks for any positive
£ steps in a crosspath sense. This entails checking the

azimuth directly to the 1left of the current azimuth to

i | determine if any values are greater than ine corresponding
f values on the current azimuth, If any are found then the
azimuth 1is flagged as hazardous and the next azimuth is
examined. If the roll computed 1is less than minus
20 degrees then the modeler checks for any negative
crosspath steps, flagging any found as hazardous before
continuing with the next azimuth. Then, if the magnitude of
the roll in the current azimuth is less than 20 degrees, any
crosspath steps greater than 0.25 meters in magnitude are
B , flagged as hazards. If no hazardous <crosspath terrain

features are found then all the upper bounds on the inpath

slope are calculated as described in Section 3.4, If no

upper bounds on the magnitude of the slope in the a2zimuth

[ )
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have been found, then the slope is computed through the base
of the rover and the upper point on the farthest line
segment of laser-detector cone intersection from the rover,
This slope 1is used for the upper bound on the slope of the
terrain in the azimuth. Then the pitch of the rover in the
azimuth being scanned is computed using the pitch and roll
of the rover and the upper bounds on the slopes are adjusted
accordingly. If none of the upper bounds are greater than
30 degrees and no previous hazards were found, then the
azimuth is flagged as being safe and the next azimuth is

examined.

If any of the upper bounds were greater than
30 degrees then the lower bounds on the slope of the azimuth
are calculated and adjusted for the pitch of the azimuth.
If any of the lower bounds on the slope are greater than
30 degrees then the azimuth is flagged as hazardous. If
none of the lower bounds on the slopes are greater than
30 degrees then it cannot be determined whether or not the
azimuth is hazardous at this point. Since there is no
immediate hazard on the azimuth, the modeler classifies the
azimuth as safe and waits until it is closer to the possible
hazard before determining whether the azimuth is actually

safe. See Figure 11 for a flow diagram c¢f this algorithm.
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3.6 Comparison of Advanced Modeler with Troiani Modeler

The Troiani terrain modeler‘did not calculate a
maximum slope for any azimuth where there were no jumps
larger than 0.25 meters in the relative array. This led to
two difficulties, the first stemming from the fact that the
rover can not climb a full 0.25 meters step on a slope that
is greater than 20 degrees. This is because the effective
slope of the climb is greater than the 30 degree <c¢limbing
ability of the rover. The Troiani terrain modeler solved
this problem by signaling any positive sfeps as hazards when
the rover had a pitch greater than 20 degrees. Likewise any
negative steps were also'flagged as hazards when the pitch
of the rover was 1less than =20 degrees. The second
difficulty occurs when the rover is climbing & slope greater
then 30 degrees in a manner such that the rover has a pitch
less than 30 degrees. 1If the slope 1is relatively planar,
when the rover 1looks up the slope, which is greater than
30 degrees, it will appear as level ground in the rover
frame of view and will not be flagged as a hazard by the

Troiani modeler.

To overcome these problems the advanced terrain
modeler calculates at least one maximum slope in every
azimuth., This also eliminates the need to search for
obstacles when the absolute value of the pitch of the rover
is greater than 20 degrees, a procedure that classified many

safe terrain features as hazards even though there was
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enough information in the array of relative values to

classify them as safe.

A second problem in the Troiani terrain modeler
resulted from the laser-detector configuration. The
detector cone size is kept small in order to keep the range
of uncertainty for each laser-detector intersection small
but since each detector cone is adjacent to both the cone
above and below it, the total sensor field is too small. In
fact the rover can look at a steep, but climbable slope and
the far end will be outside the overall sensor field so the
last laser pulses in the azimuth are not seen by any
detectors as depicted in Figure 10. The Troiani modeler
flagged this as a hazard but the advanced terrain modeler
will not flag a consecutive string of missing returns that
includes the last laser pulse as a hazard unless the string
extends down the slope far enough to make avoidance
necessary. Then, as the rover moves onto the slope and
closer to the missing returns a more accurate determination

can be made.

Likewise, Figure 12 shows how the first laser
pulse will not be seen by any detectors for moderate
downgrades. Since these returns are so close to the rover,
they should not be ignored as in the case with the missing
returns at the end of the azimuth. This situation is
improved .significantly by adjusting the laser pointing

angles so that the first laser pulse intersects a detector
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field other than the first one at level ground. This will
leave some "unused" detector cones below 1level ground for
the first 1laser pulses in case the terrain does slope
downward. A multilaser/multidetector systcem with the laser

angles aimed in this manner is shown in Figure 13,

A final problem that none of the previous terrain
modelers considered is the problem of crosspath hazards, or
hazards that would cause the rover to have a roll greater
than 30 degrees. The data from the elevation scanning
laser/multidetector system 1is inherently difficult to
analyze accurately in a crosspath sense. Figure 14 depicts
the rover, some points where the terrain is being sampled,
and the projection of the rover along one of the azimuths.
Notice that an approximation to the crosspath difference in
the height of the two azimuths can be made by comparing the
heights of the same laser pulse on two azimuths. Since the
terrain in front of the rover is sampled in a semicircle
pattern, this approximation will only hold for azimuths
adjacent to each other; thus this approximation can not be
used to calculate the slope of the crosspath as was done in
the inpath. Instead, the advanced terrrain modeler uses
this approximation to search for any hazardous steps in the
crosspath sense. Then an approximation to the slope of the
rover in that azimuth is made by assuming that the terrain
is plana; and projecting the pitch and roll of the rover

into the azimuth being examined.
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FIGURE 14
PROJECTION OF ROVER IN -30 DEGREE AZIMUTH
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Finally 2 test is made that is similar to the test
for an obstacle on a 20 degree slope made by the Troiani
modeler. If a crosspath slope with a magnitude greater than
20 degree is detected, then any crosspath step in the same
direction as the slope is flagged as hazardous. This |is
because a step with a height of (.25 meters on a slope
greater than 20 degrees could cause an effective slope

greater than 30 degrees.

These improvements result in an advanced terrain
modeler that rejects more hazardous terrain configurations
and accepts more safe terrains than previous modelers.
Results from tests of the advanced terrain modeler are shown

and explained in the next section.
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PART 4

4, SIMULATED PERFORMANCE AND RESULTS

Once the terrain modeler routine was written eéan
optimal laser-detector configuration was chosen and the
entire system was tested. Tests were chosen to compare the
advanced modeler with the Troiani modeler and to determine
how well the advanced modeler performed when problems such

as crosspaths and complex terrains were encountered.

4.1 Evaluation g£ Detector Cone Size for a

32 Laser/40 Detector System

This section will explain the ©procedure for
choosing an optimal detector cone size for the rover under
development at Rensselaer, then present the results of a
search for the optimum cone size. The rover at PRensselaer
hes a 22 laser/4C detector system and uses the advanced
terrain modeler explained earlier in this report. The use
of a different terrain modeler or a different laser/detector
system could affect the optimum cone size, but the method

for determining the optimum cone size would be the same.

In choosing a detector cone size, the objective is
to keep the size of the detector cone as small as possible
while still maintaining 2 large enough overall sensor field
to see 4dll the ©possible terrezins. If the overall sensor

field sees level ground from one meter to two meters in
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front of the rover then the rover, which is traveling at
0.2 meters/second and taking one scan every second, will be
able to make about five scans of each possible hazard. When
looking at an uphill slope the rover will see less of the
terrain and thus will have fewer scans of each feature.
Likewise, while looking at a downhill slope the rover will
see more of the terrain and thus will have more scans of
each feature. These phenomena are shown in Figure 15, It
is of no use to the rover to see at ranges closer than
0.5 meters, since the rover is only designed for forward
motion and it could not avoid obstacles that close without
reversing itself. Likewise, the line segments of
intersection become too large at ranges greater than 3 or
4 meters severely limiting the usefulness of the data at
these ranges. 2Also the maximum range of the laser beam

starts to become a problem at these distances.

In setting up the laser/detector configuration,
missing returns at the far end of the detector field, as
shown in Table 6, pose no problem because the advanced
terrain modeler ignores them. On the other hand, missing
returns close to the rover are a serious problem so the
lasers and detectors must be set up to avoid them for safe
terrains. To solve this problem the first laser should hit
level ground at the center of one of the detector cones
numbered between four and seven, to leave encugh detector
cones below the first laser to see a 20 to 25 deqgree

downslope.
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TABLE 6

Illustration of Missing Returns at the Far End

the Relative Array

- 47 -

14

LA R
L X 2
LA 2

*
»
-

W D LI ™' S B d mh6h %HtNUITAININAUIIN IR U

[ X 2]
the

LN ESESESESESESNENRSRENENEFNRISIINE N RPN R N NN RN NN N SRV IR T S S

h‘. S T oo ity



Ty T &~ e e e e e

i

ey

e |

The actual specifics for the laser/detector
configurations are computed as shown 1{n Figure 16. The
range foé the intersection of the first detector cone and
level ground 1is chosen, wusually about 0.7 meters. From
this, the pointing angle of the first detector cone can be

computed using the formula:

Angle = TAN-IWSU%TRWJ

but since the height of the detector array is one meter this
formula reduces to the Arc Tangent of the range. For a
range of (.7 meters the first detector angle 1is about

25 degrees.

Néxt the detector cone that the first laser will
intersect at level ground is chosen. For a 0.75 degree cone
size the seventh detector cone was chosen. The pointing
angle of the start of the detector cone that sees the first
laser pulse is the pointing angle of the center of the first
cone plus the cone size times the number of the detector to
see the first laser pulse minus one and a half. The one
half is subtracted because the angle of the leading edge of
the cone is desired, not the center of the cone. For the

example being used this angle is:

35.0 + 0,75 * (7 -1 - 1/2) = 39.1 deg.
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Thus the range of the detector cone that sees the first
laser pulse on level ground is the tangent of 29.1 degrees,

which is 0.8 meters.

The location of the end of the last detector cone
to see a laser pulse at level ground is found by taking the
tangent of the sum of the start of the first detector cone
to see a laser pulse and the cone sizit times the number of

lasers. For the above example this location is:

TAN(39.1 + 0,75 * 32) = 2.0 meters

The results of these calculations are given for four

different cone sizes in Table 7.

size of cone size range to % of first closest farthest

sensor detector detector laser laser
field cone field
{degrees) (degrees) (meters) to see hit hit
laser (meters) (meters)
30 0.75 0.7 7 0.°¢ 2.0
35 0.875 0.7 5 0.8 2.3
40 1.0 0.7 4 0.8 2.7
60 1.5 0.5 2 0.5 3.8
TABLE 7

Results of Cone Size Calculations

The results of running these laser/detector
configurations on the simulator are shown in Table 8. The

rover was positioned in front of a hill with 2 slope between
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25 and =25 degrees. If the rover went in a straight line
from the start to the target as shown in Figure 17, then in
Table 8 the run is labeled as "good". 1If the rover deviated
from a straight line, but still reached the target as shown
in Figure 18, then the run is listed as "deviated", If the
rover deviated so much that it did not reach the target then
the run is listed as "almost"™ and if the rover did not even

try to negotiate the slope the run is listed as "no good".

Slope Cone Size
(degrees) (degrees)
0.75 c.875 .0 1.5
30 No Good No Good No Good No Good
25 Almost Cood Almost No Good
20 Good Good Deviated No Good
15 Good Good Good Good
-15 Good Deviated Good No Good
-20 Deviated No Good No Cood No Good
-25 Almost No Good No Good No Good
-30 No Good No Good No Good No Good
TABLE 8

Results of Computer Simulations on Varying Cone Sizes
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FIGURE 18

ROVER ADVANCING TO TARGET IN

DEVIATED COURSE




Note in Table R that as the cone size got smaller the rover
generally performed better. This 1is because the smaller
cone size results in a smaller line segment of intersections
and thus a better estimate of the slope as is shown in
Table 9 which lists the estimates of the slopes made for
each cone size. On slopes where there is more than one
entry, the other entries are estimates of the slope as the
rover moves onto the slope in a straight line and the pitch

in parentheses is the pitch of the rover as it looks at the

slope.

In Table 9 there are several values for the upper
bound on the slope enclosed in parentheses that seem much
larger than the rest of the estimates of the slopes. These
slopes are generated because at the end of the azimuth the
advanced terrain modeler drops the regquirement that the
upper bound have a possible 0,25 meter jump. This insures
that a last upper bound on the slope is calculated on the
azimuth, but sometimes results in an overly large slope
because the data points a used to calculate the slope are so

close together in height and range.
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Also note in Table 9 that the lower bounds on the
slopes aée much closer to the actual value of the slopes
than the upper bounds on the slopes. This is because of the
terrain set up used rather than any inherent superiority of
the 1lower bound calculations over the upper bound
calculations. The terrain was constructed vf long, not too
steep slopes. Since the lower bound calculations are not
made until the smallest possible jump 1is greater than
0.25 meters, fhe points used in the lower bound calculation
tend to be more separated and estimate the long slope better
than the upper bound calculations that use points which are
closer together. If the terrain had instead been short,
steep, step-like slopes then the wupper bound calculations
would have resulted 1in <closer estimates to the actual

slopes.

From all this testing the best cone size for the
32 laser pulse/40 detector system to be used at Rensselaer
in conjunction with the advanced terrain modeler is
0.75 degrees. This sees from 0.8 meters to 2.0 meters in
front of the rover on level terrain providing that the first
detector cone is set up to intersect level ground 0.7 meters
in front of the rover and the seventh deteztor cone sees the

reflection of the first laser pulse off level terrain,
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4.2 Tests Comparing the Advanced Modeler with the Troiani

Modeler

The advanced terrain modeler has three functional
differences from the terrain modeler developed by Troiani.
The advanced modeler performs a crosspath anelysis, it
ignores missing returns at the far end of the relative array
and it computes at least one upper bound on the slope in
each azimuth. Since the Troiani modeler did not compute
crosspath slopes, no comparison 1is warranted on this
subject. The effect of the advanced modeler ignoring the
far missing returns is that the laser/detector configuration
can have smaller detector cones with the advenced modeler,
allowing a more accurate estimate of the slope of the
terrain. The effects of varying detentor cone sizes were
discussed in the previous section. Since the advanced
terrain modeler computes the slope in every azimuth it does
not have to check for any steps on azimuths with slopes

greater than 20 degrees as the Troiani modeler did.

Figure 19 shows the simulated running of the rover
up a 20 degree slope with a 0.1 meter block on it under the
advanced terrain modeler. It is seen that the advanced
modeler has no problem recognizing that this terrain is
safe. Figure 2C shows the rover attempting to negotiate the
same terrain under control of the Troiani modeler, After
the slope ‘of the rover has attained 20 degrees the rover

sees the return shown in Table 10. Since the slope of the
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FIGURE

19

ROVER CLIMBING 20 DEGREE SLOPE WITH A SMALL BLOCK

WITH THE ADVANCED TERRAIN MODELER
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Looking at a 0.1 Meter High Block

b

Relative Array from Rover on a 20 Degree Slope
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4.3 Tests of Advanced Modeler on Slopes with Varying

Crosspaths

The running of the rover was simulated on several
slopes under control of the advanced modeler with crosspath
slopes varying from 15 to 30 degrees. Since the terrain
that the rover was 1looking at had the same slope as the
rover, the relative array wes all zeros as shown in
Table ll. When the crosspath slope was less than 30 degrees
the rover progressed straight to the target as shown in
Figure 21. On slopes greater than or equal to 30 degrees
the rover did not go anywhere because of the crosspath slope
ahead of it and the possible inpath hazards going up and

down the slope.

The same tests were run with a block in the path
that showed up in the relative array as shown in Table 12.
With a 15 degree crosspath slope the rover progressed
straight to the target without any difficulty as shown in
Figure 22, When the crosspath slope was increased to
25 degrees the advanced modeler determined that the block
was a hazard and avoided the block as shown 1in Figure 23,
Finally when the crosspath was increased to 30 degrees the
rover once again stopped before going too far as shown in

Figure 24,
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Relative Array from Planar Terrain with same Slope as Rover
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ROVER NEGOTIATING 15 DEGREE CROSSPATH
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ROVER NEGOTIATING 25 DEGREE
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4.4 Test of Advanced Modeler on Complex Terrain

Figure 25 shows a terrain consisting of a large
crater, two smaller <craters and four blocks and the path
taken by the rover to get from the starting position to the
target, Table 13 gives the first relative array seen by the
rover. The level terrain outside the crater can be seen as
all zeros. The negative numbers show the edge of the large
crater and the positive numbers in the center azimuths are
the returns from the small block in front of the rover. The
missing returns just behind these are from the 1large block
behind the smaller one and are caused by the fact that the

top of the large block is outside the sensor field of view.

The rover decides that it can not go straight
ahead and moves forward to the left, For the second scan
shown in Table 14 the relative array shows the same features
as the first scan except that they are to thé right of the
relative array since the rover turned to the left. As soon
as the rover got past the two blocks it turned to the right

and arrived at the target as shown in Figure 25.
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TABLE 13

Relative Array from First Scan

Figure 25
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Relative Array from Second Scan

of Terrain in Figure 25
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PART 5

5. CONCLUSIONS

The advanced terrain modeler presented in this
report is a wviable solution to the problem of choosing a
safe path for the rover at Rensselaer to travel. Crosspath
as well as {npath hazards are taken into consideration by

the advanced modeler.

Tests have shown that a 32 laser/40 detector
configuration with a cone size of 0.75 degrees can
distinguish inpath slopes within the range of plus or
minus twenty degrees as safe terrain. The modeler can also
distinguish crosspath slopes free from hazards inside the
range of plus or minus thirty degrees as safe terrain.
Crosspath slopes with hazards on them give the modeler a
more difficult ¢time, but safe terrain could still be

distinguished in the range of plus or minus twenty degrees.

Future work on terrain modelers at Rensselsaer
should focus on two topics: more advanced methods of
performing the crosspath analysis, and alternate methods of
hazard detection. The crosspath analysis on the advanced
terrain modeler depends on the current pitch and roll of the
rover to compute the <crosspath slope. It is possible to
imagine terrains where the crosspath slope 1is greatly

different from that calculated by the pitch and roll of the
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rover, so methods that 3just use the information in the
relative array shculd be developed for computing the
crosspath. The present methods of calculating the crosspath

will always be good as the rover approaches very close to

th

(4]

terrain being examined but new approaches might improve

the performance of the terrain modeler at greater distances.

The work on alternate methods of hazard detection
could follow up on the work done by Maroon[2] involving
pattern analysis and possibly try combining some of the
numerical methods used in the advanced terrain modeler with
the new techniques developed. Developments in these areas
could provide interesting results and even suggest more ways
to improve the numerical techniques wused 1in the terrain

modeler presented in this report.
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APPENDIX

; SOURCE CODE FOR SUBROUTINES
DEVELOPED UNDER THIS PROJECT

(FLOW DIAGRAM IS SHOWN IN FIGURE 1l1)

lig
- MODEL3
- CALSLP
B
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RO N A T 2 A I S R A T B




YEAIRT T T T T T we—

PN

SUBRCUTINE MCODEL3
cccceeercoeccercececrecececcececccccercceecccececececcceceeccececcceccecceccecce

THIS IS THE JUXT 11,1979 VERSION CTF SUBRCUTINE MODEL3
THIS SUBROUTIME IS A TERRAIN MODELER WEITTEN BY ERWIN HUNTZER
SHICH IS A MONIFICATION CF NICK TROIANI'*S CONCEPTS

THE FOLLOWING ARE SCME CF THE ARRAYS USED IN THIS PRCGRAM

DATA(I,J) = ACTUAL STNSCR DATA FNB ASAUTH I, LASEEG J
DING(I,J) - DIAGONALIZEL RETUPN FOF ASMUTH I, LASER J
PNS(I,J,1) - HEIGHT OF THE ITH LASER, JTH SENSOR INTERSECTION

C
Cc
[«
C
C
(of
C
C
C
C
PCS(T,7,2) - RANGE CF THE ITH LASER, JTIH SINSOR INTERSEICTION C
C
c
c

c
c
c
o
c
c
c
c
c
c
o
o
c
C

CCCCCCECCCCCCCCECCCCrcCetCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeccecccee
CO%MAY /CHARST
N¥¥OD, N"STY, NMPSA, NMNFAIL, INTVDBE, TNTSEN,
TH™M0D,INTPSA,INTFAL, INTGYR
cesMey STITUR/
1 TLTTNY,ALPHM,SLPIN,SLECRS,TALLOW
CONMOM /DY N®IC/
DWHMAX,UDPYAX,VEHLEY ,VEHWID,CRSMAX,VELMAX, DT, TURNY,
2 STRMAX, STPYAX
corYen /SENSR/
1 ASMUTH,LANGLE,RTH
Cr¥vMoN /DETECT/
)| SENTIM,SIMST?,SINIIX,IJK
CAY¥NY /SENK/
1 HITLAS,HITSIN,NUMLAS, NUMSEN,NUMAZ, INTDAT, N¥DTPR,LASAGL,
2 STNGLE, SCNN, CATA,CIAG,POS,SEN1ST

(36 Y

-

REAL * 4 RANGE(50),SENGLE(50) ,LANSLE(50),A2MUTH (50) ,LASAGL(50),
1 ASMUTII(S0),POS(50,51,2)

INTEGER # & HAZARD(50),RTY (S50),DIAG(50,50),SEN1ST

IYTEGER * 2 DATA(50,5C)

LOGICAL * 1 OPMAX

LIST = 6

CCC THIS IS THF INITIALIZATICN SECTICH

IF(IJK .GT. N) GJ TC S
REZAD (5, 1700) YMAX,ZMAX,ENGHIN
1000 FNRY“AT(3F10.5)
IF (INTMCD .EQ. 1) WRITE(LIST,1050) XMAZ,2ZMAX,RNGMIYX
1050 FORMAT(//10X,*'THIS IS THE INITALIZATION SECTION OF MODEL3Y,
i /710X, THE MINIMUM ALLCWABLE DISTANCE FOR MISSING BRETURNS IS '
F10.3,
/10X, THE MAYXTHMUY STEP CLIMBAELE IS 'y
F10.3,

'S

) -

ORJ\\A
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3 /10X,%THE %INI4U% RANGE BEFCRE AVCIDING A HAZARD IS ',
b F15.3)
CONVAT = 180.0 ,/ 3.14159
3CA% = 1.0 / CONVET
NIWAXD = TP¥AX & CONVRT
nYYAXD = DREMAX * CONVERT
neTURY
5 CONTINUE

CONZTRLCY™ THE DIASONALIZED RETURN FOR THT LASER-SENSOR DATA IN
ARFAY DATA

00N

CALL NIASGHNL

o7 TI=1,50

HATARN(T) = 1
7 CONTINUE

c
C PROCESS TACH ASMUTH, CNE AT A4 TIME
o)

D2 120 J=1,NUNAT

c
CCC MN% SEARCE FOR ANY MISSING RETORNS
~
C WALAS IS THR LAST LASER IN EACH AZINUTH WHICH CNLY HAS SAFE TERRAIN
c IN FRCNT OF IT
C HAZARD = 1 MEANS THAT NO HAZARDS HAVE DEZN FOUND FOR THIS AZIMUTE YET
n 14153 IS THY NU“BCDR CF CCYSECHTIVE MISSING RETURNS FCUND SC FAR
s
MALAS = NUMLAS
TMISS = 0
c
C FOR TACH LASER SHCT IN THIS AZINUTH, DETZRMINZ IF A SENSOR DETECTED
cIT
(o
DN 50 TI=%1,NUNLAS
c
S DIAG(J,I) 13 THE SENSOE WHMICH DETECTED THE ITH LASEIR uN THE JTH
C AZINUTH
¢ IF YTAG(J,I) = 1000 THEN YO SENSOR SAW® THE LASER SHCT
c
IF(DIAG({J,I) .LT. 1000) GO TO 30
c
C IY¥ WC SENSOR SAW THE LASER SHOT THEN:
C INCTEMENT THE NUMEZR CF CCNSECUTIVE MISSING RETURNS
C IF¥ THIS IS THE PIRST CONSECUTIVE MISSING RETURY THEN SET ISTRT
C EQUAL TO THE LASER NUMBER AND FIRSTH TU THE POSITION
c OF THE LAST HIT
c THTY CONTINUE PITH THE NEXT LASER SHOT
c
IMISS = IMISS ¢ 1
IF(IMISS LLE. 1) ISIRT =1
G0 TO 50
10 CONTINUZ
C

C IF TOO FAMY MISSING BETURNS WERE FCHUND, THEN SET

- A3 =
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RANGE = THE RANGE OF THE LAST LASER-SENSOR INTWRSECTION RHICH
TOUND SATE TCORRAIN AND INCICATE THAT TOC MANY MISSING RETURNS

NSRS FOUND BY SETTING HAZAWD = 2

REANGE(J) = 0.0

IF(ISTRT .LF, 1) &0 7C 20
500D = ISTRT = 1

ILAS = ISTRT = 1

TSTY = MATA(J, TLAS)

RANGE (J) = DPOS(ILAS,ISER,D)
CONTINIR

AZATO(J) = 2

6N TO 69

coNTINUE

LAIND = Y

IF(INISS .E2. 0) GO TQ 50
TP(T .60. NUMLAS) LGCCD = ISTRT - 1

DETE“WINE THE LENGTHI NF THE MIASING RETURY FIELD

DATA(J,I) = I ¢ ISTRT
ABS(P0S (I-1,DATA{J,T)-1,2)-POS(ISTRT,ISEN,2))

T .GC. XMAY) GC TC W

ISZN
QI
(D

m||n

IF TIHT XUMUBER OF CONSECUTIVE MISSING RRTURNS FCUND WAS LESS THAN
THE NUMBLIR ALLOWABLZ, THEY
STT DIAG AVD CATA EQJAL TC THE MINIWUM CF THE SUGRONDING TENRAIM

RESLT IMISS TQ O

IFILL = O
IF(ISTRT .6T. 1) IFILL = DIAG(J,ISTRI-1)
IF(IFILL .GT. DIAG(J,I)) TIFILL = DTAG(J,I)
DA 40 X=TSTRT,INISS

DIAG(J,K) = IFILL

DATA(J,K) = IFILL ¢ K ¢ SENIST = 1

4n CCNTIMUE

I%ISS = 0

50 CONTINUT
60 CONTINUZ

nnaooaonoaon

(2]
n
N
[g]

IF THE NOUMDER OF CONSECUTIVE MISSING RETURNS IS NOT 2ERO (SEITHER
EFCAUST THERE WERE MISSING RETURNS AT THE END OF THE AZINUTH
OR BECAUSE MORT THAN YXXMISS CONSECUTIVE MISSING RETURNS WERE
FOUND), THEN SET NALAS TC THE LAST GOOD LASER SHOT

IF (IMISS .NE. 0) NAIAS = 1700

TUETA IS THE SICPE CF THE RCVER IN RESPECT TO THE CURRENT AZIMUTH
CRSPTH IS THE CROSS-PATH SLOFE IK THE CORNENT AF TMUTH
ALPHA IS THE HEADING ANGLE
SLPIN IS THE INPATH SIOFE
SLPCRS TS THE CROSS PATH SLOPE Ul
Op ('*\J. L
AS®ITH(J) ¢ ALDHA o
() i“()(jE 0 1(,”

(’.4; .

DELTA
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. CCCC  NOTE THAT TN IMPRCVE THE SPEED GF THIS HODELER THE SMALL ANGLE
CCCC  ADPDPROXIMATION CAN BE USED FOR ASIN( ), SIN(SLEIN), AND
CCCC SIN(SLPCRS) SINCE THE IMPORTANT VALUCS CF THESE ARFT ALL LESS

] CCCr  THAN 30 DEGTEES. THE SMALL ANGLD APPROXIMATION CAN NOT DE

! CCCC US5FD FOR DELTA SINCE CELTA COULD B% AS LAEGE AS 160 DEGREES
ccce

SININ = SIN(SLPIN)
SINCRS = STN (SLPCRS)

; CCSD = COS (MELTA)

: SIND = SIN(DELTA)
THETA = ASTYN(SININSCCSL = SINCRS*SIND)

QUTSLP = THLTA * CONVRT
CRS2TH = ASIN(SININ®SIND ¢ SINCRS®COSD) * CONVAT
c
CCT MOV COMDUTE THE MAXIMUM SLCEES
c
¢ LASTD TS5 THE DTAGOKALIZED RETURN FP0% THE LAST LASER SHOT
! c TLAST IS TH® LAST LASER TEAT SHOT BEFORE THE CURRENT SLOPE
c CP%AX TELLS CALSLP TO CALCULATE THE MAXIMU™ SLOPES
C 7%RX IS THT MAXINUM STEF THE ROVER CAN NEGOTIATE
c
LASTD = D |
ILAST = =2 {
03X = .TRUE, 3
Z7EST = IWAX 1
C
C IF THE CROSS~-PATH FOR THIS AZINUTH IS GRYUATER THAN 30 DEGREES
€ THEY TLAG TUE AZTINUTH AS BEING HATARDOUS
C
TLAS = 1
ISEN1 = DATA (T, 1)
IF (ABS(CRSPTH) .GE. 30.0) GO TC 715
DA 70 T=1,NALAS
; c
; C =-- PTRFOPM THE CROSS-PATH ANALYSIS --
- c NN AMY AZIMUTH, IF THERE IS A STEDP DIFFERENCE BETWEEN IT AND
c THE NEXT AZIMUTH GREATER THAN ZMAX, TUTY FLAG BOTH THE AZIMITH
: c AND THT NEYT AZIMUTH AS HAZARDOUS
; c
. c - CR -
c IF THE CRCSS-PATH SLOFE OF THE RCVER ON THAT AZIMITH
. c WOULD BE GEEATER THAN 20 DEGREES, THEN PLAG ANY POSITIVE
: c OBSTACLES AS BEING HAZARDS
J o IF THE CROSS-DATH SLGCPE OF THE RCVER ON THAT AZIMUTH
c WOULD BE LESS THAN MINUS 20 DEGREES, THEN FLAG ANY NEGATIVE
c OBSTACLES AS BFING HAZARDS
. ¢

IT(J .LE. 1) GO TO 64
. ISENT = DATA{(J,I
ISEN2 = DATA(I-1,I)
- IF(ISEN2 .LE. 0) GO TO 64
% IIAS = I
IF(CRSPTH .5E. 20.0) GO TO 61
IF(CPSPTH .1E. =20.0) GG TO 62
I¥ (ABS (PCS (I,ISENT,1)=-POS (I,ISEN2, 1)) .GT. ZMAX) GO TO 75

I3 p
1
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GN TN 64

61  CONTINUE
IT(ISIN2? .GT. ISEN1) GC TO 75
GT TC 64
52 CONTIWUE
IF(ISEN2 .LT. ISEX1) GO TO 75
64  CoNTINIE
-
T IF THT DIAGONALTZSD RETURN DID NOT CHANGE, AND WE ARE HOT ON THE
c LAST LASZR SEOT, THEN GC TO THE NTYXT LASER SHCT
-

TS(DTAG(J,I) .EQ. LASTD .AND. -NE. WYALAS5) GO TU 70
LASTID = DIAG(T,I)

c
C n% THT LAST LASER SHCT FCRCE CALSLP TO CALCULATE THE SLOPE BY
S SFITING THE MAXIWUY STEP EQUAL TO A NIGATIVE NUMBER
C AND I¥ NO SLCPES WERE CALCULATED FCR THIS A2IMUTH, THEN CALCULATE
C THT AVERAGD SLOPZ FOR THE ENTIRE AZINUTH
e
I=(I «NE. YALAS) GC TO 65
ZTEST = =1.90
IT(ILAST 4LTe =~1) TILAST = 0
0% cauTINgT
c
C IF ILAST = -1, THEN THIS IS THE START OF A NEW SLOPE, S50 SET ILAST
C ®QUAL TO THT LAST LASER SHCT BEFORF® THIS SLOPE
C
I'" 'TLA3T JLT. 0) TILAST = I-1
Cr.L CALSLP(I,ILAST,J,2TEST,OPMAX,SLOPE,DIST)
C
¢ IF N SLOPZ WAS CALCULATED, THEN ILAST WILL BE SEI TOo =1
€ IF NC SLADP® WAS CALCULATED, THEN THE ClANGE IN HEIGHT WAS LESS THAN
C IMAY, SO FIND THE NEXT JUMP IN THIS SLOPE
c
I¥(TLAST .G=. 0) GO To 7¢C
c
C 1IF A SLOP® WAS CALCULATEL, THEN TRANSFORW IT INTC THE PLANET PRANE
c A%D INTO DEGREES (FROM RADIANS)
C AND TEST WHETHER IT 1S WITHIN THE BOVER'S CLIMING ABILITY
C

SINPE = (SLOFZ¢THETA)*CONVRT
IF (I¥THOD .EQ. ') WRITE(LIST,900) J,0UTSLP,SLOPE
900 FOR¥™AT{' FOR 1Hz *,12,' AZINMUTH THE SLOPE OF THE TERRAIN IS ',
1 ¥7.2,' DEGREES AND THE MAY S1OPE IS ',F7.2,' DEGREES')
IF(SLOPT .LT. UPMAXD .AND. SLOPE .GI. DNKAXD) GO T0 70

c
C TIF THE SLOPE IS HAZARDOUS, THEN INGICATE THAT IT IS
C AND END COMTUTATIONS OM TL™S AZIZUTH IF IT IS TOC CLOSE
c
IF(DIST .GT. RNGMIN) GO TO 80
HAZARD{J) = 3
RAYGE (J) = DIST
60 TO 100
70 CONTINUE
GC TH 190
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IF M CROSS-PATH HAZARD WAS DETECTECD, THEM MARK THE TUG
AZIMUTHS DBEING CHRCKED AND CONTINUE TO THE NEXT AZIMUTH

75 coyTINUE

Gn TH 139

Cc
C OTHELWISE, TF THE HAZARD IS N71 TNOGC CLOSE, COMPUTE THE MINIMUM SLOPES
C

380 CANTINUE
c
CCC unt COMPUTE THE MINIMUF SLCERES
c
C LASTD IS THE DIAGONALIZED RETURN FPNX THE LAST LASER SHOT
c TLAST IS THE LAST LASER THAT SHOT BEFORE THE CURRBRENT SLOPE
c OP*%AY TELLS CALSLP TO CALCULATE THE MINIMUY SLOPBES
C

nnooaonao anon annNnaoa D EeNaNe]

aoanan

HAZARD(J) =
HAZARD (J=1) = &

RANGL(J) = POS (ILAS,ISE%1,2)
RAANGE(J=1) = RANGE (J)

6

LASTD = 0
ITAST = -1
CPYAY = FALSL,

2 93 I=1,%ALAS

IF TUZ DIAGONALITED RCTUWN DID K0T CHAWGE WTHEN GO TC THE NEXT LASER

SHOT
IF (DTAG (J,I) «E2. LASTD) GO TC 90
LASTD = CIAG(J,T)

IF ILAST = -1, THES THIS IS 1HE STAFT OF A NE¥ SLOPC, SO SET ILAST

SOUAL TO THE LAST LASIR SHOT BEFORE THIS SLOPE

IT(ILAST LT. 0) ILAST = I-1
NOX CALCOLATE THE MINIXOFM SLCPE

CALL CALSLP(I,1LAST,J,2%AX,0PMAY,SLOPZ,DIST)
IF A SLCPE WAS CALCULATEC, THEW ILAST BILL BE SET TO -1
TF N0 SLOPE WAS CALCULATED, THEEN TEYE CHANGE IN HEIGHT WAS LESS THAN
ZMAX, SO FIXD THE NEXT JUNP IN THIS SLOFE

IF (ILAST .GE. 0) GO TO 90
IF A SLOPS WAS CALCUIATED, THEN TRANSFORM IT INTO THE PLANET FRAREE

AND INTO DEGREES (FROM RADIANS)
AND TEST WHETHEF IT 1S WITHIN THE ROVER'S CLIMING ABILITY

IF IT IS, THEN FIND THE NEXT MINIMUY SLCPE

SLOPE = (SLOPE+THETA) * CONVET

IF (INTMOD .EQ. 1) WRITE(LIST,910) J,0UTSLP,SLOPE
910 FORYAT( POR THE *,I2,' AZIMITH THE SLOPE OF THE TERBAIN IS
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1 £7,2,* NEGRTES AYD THE MiY SLOPE 1S ',F7.2,' DEGREESY)
IT(SLOPE LLT. UPMAXD .AND. SLOPE .GT. DN%AXD) GO TO S0
C IT THT ®ININUM SLOPT IS MOT WITHIN THET ROVER'S CLIMING ABILITY THEN
£ THT S!NPS IS DEFINITELY A HAZARD AND SHOULD BE AVOIDED
c
HAZATD(J) = 4 ’
RAMGET (J) = DIST
60 TO 10N
50 CONTINUY

IF(YATARD(J) .EQ. 1) HAZARD(J) = 5
103 CcoNTIRYS
¢ AUTPUT DATA OF AZIMUTHS
WRITE(C,1100)
1199 TORMAT('1',*AZIMUTH',46X,'TERRAIN CHARACTERIZATION®',43X,°'KTH')
56 29700 J=1,NU%A2
T=HAZARD (J)
GO Tn(110,120,13%,140,15C,169) ,I
110 noN () =1
¥RITT(6,12500) 4
1259  TORMAT('0*,3X,I2,5Y,'CESTACLES DETRCTED ARE NOT HAZARDOUS.®
1 ,' TCPRAIN IS FASSAPLE.',52X,'1')
GG TN 20007
120 aTN(J) =0
SRITE(6,6500)J,RANGE (J)
6509  FORYAT('0',3X,I2,5X,'MISSING RETURNS DETECTED BEGINNING',
' AT A DANGT OF ¢,P3.1,' METERS. TERRAIN IS NOT PASSABLE.®,
2 23¢,101)
50 T4 20000
130 RTH(M =0
KRITT(6,9500) J, BANGE (J)
$506  FARMAT('0',3X,I2,5X,'GBSTACLE DETECTED AT *,F3.1,' METER EANGE'
,' WITH POSSIBLY BEAZARDOUS SLCPE. TERRAIN WILL BE AVOIDLD.',
18%, 01y
GO TO 20000
149 BTV (J) =0
WRITE(€,10500)J,RANGE (J)
10500 FORMAT('0',3X,T2,5K, 'CBSTACLE DETECTED AT *,F3.1,' METER RANGE °*,
1 *WITH DEFINITELY HAZARDOUS SLCPL. TERRAIN IS NOT PASSAELE.Y,
2 16X,10)
G TN 20000
150 RTY (J) =1
WIITE(6,11500) 3
11500  FORMAT('0',3X,I2,5X,'POSSIBLE OBSTACLE DETLCTED BOT NOT CLOSE ',
1 *EKOUGH TO KECESSITATE AVOIDANCE.',38X,'1°?)
GO TO 20000
165  CONTINUE
ETH({J) = 0
WRITE(LIST,12000) J,RANGE(J)
12000 FORYAT('0',3X,I2,5X, 'HAZARDOUS CROSS PATH DETECTED AT RANGT ',
1 F3.1,' MCTERS, TERRAIN IS NOT PASSABLE.',36X,'0')
20000 CONTINUE
RETURY
TN

I -
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SHEROUTINE CALSLP ({I,TLAST,IASM,ZMAX,NPMAX,SLCPE,XLAST)
CCCCCCCeCCCosrecereecceeeerecaccececececccececcecececcececeecceccecceceececcccec
C
THIS TS SUSROUTINE CALSLP WHICH CALCULATES THE MAXINUYM
AL MINIwJ¥ SLOPES FCR YMCDEL3

C
c
C
IF OPYAX IS TRUE, THEN THE MAX SLCPE WILL BE CALCULATED c
ATHORVISE THE MINIMUM SLOPE WILL CALCULATED C
ZYANY IS THC MAXINUY SLOPE THE ROVER CAW HANDLE C
SLPPF IS THE VALWE CF THE SLCPE BRTURNED BY THE SUBROUTINE c
I M SL7PL TS CALULATED EY THIS ROUTIVE, THEV ILAST IS SET C
T2 =1 TO INDICATECD THAT THT VALID SLOPE WAS CALCULATED c

c

C

NLONOTINNNT YOO

CCCCCCECECCCaCECCCCCCCCCCCCCCCCCCCCCCCCCCCTCoeccceeccecerececceecececeec

Couv0N /SEXX/

1 HITLAS,HITSEN, KIMLAS, NOMSEX,NIMAX,INTDAT, N¥DTPR,LASAGL,

2 SINGL%,SCON,DATA,LIAG,P0S,SENIST
REAL * 4 PNS(50,51,2) ,LASAGL(5C),SENGLE(50)
INTEGER * 4 DIAG(50,5C),SEN1ST
INTEGIR * 2 DATA(50,50)
LOSICAL * 1 OPMAY

¢
c
C IF ILAST IS MCGATIVE, THEN SET IT TO 2ZEIRD INCASE NO SLOPE
c IS CALCULATE®
-
IF(ILAST .LT. 0) ILAST = 0
YLAST = 9.0
] LSZY = 0
YLAST = 0.0
c
. C IF TLAST 1S MOT ZERO, THEN CALCULATE WHICH SENGOR SAW THE F1RS?T
¢ v21ID IASEL SHNT
¢
, IT(ILAST .GT. 0) LSEN = DIAG(IASM,ILAST)
; c
C IF Yau ARE COMPUTING THE MAX SLOPE AND THE SLOPE IS GOING:
: c - UPHILL THEW ADD 1 TG THF LAST LASER IN THE SLOPE
c - DNENHILL TET% ALD 1 70 THE FIRST LASER IN THE SLOPE
E C IF YGU ARE COMPUTING THE MIN SLODE AND THE SLOPE IS GOING:
c - UPETLL THEY ADD 1 TC THE FIRST LASEP IN THE SLOPE
o c - DOWNUTLL THEK ADD 1 TO THE LAST LASEZR IN THE SLOPE
, c
¥ o= 0
= IF (DIAG(IAS™,T) .1T. LSEN) N = 1
IF(.%0T. OPEAY) ¥ = 1 = ¥
e TT(TLAST .LE. Q) GO TO 10
LSEN = DATA(IASM,ILAST) + N
YLAST = POS(TLAST,LSEN,?)
10 CONTINUE
7. = 1- N

ORIGINAL PAGE IS
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NOW COMPUTE THE SENSOR THAT SA& THE LAST VALID LASER SHOT

DATA (IASM,I) ¢ N
POS (I,NSEN,1)

IF THE CHANGE IN HEIGHT IS NOT GREATER THAN ZMAX, THEN BRETURN

DELTY = YNEW -~ YLAST
IF (ABS (DELTY) .LT. 2ZMAX) GO TC 20

OTHERWIST COMPISTE THE NEW SLOPE

IF(ILAST .GT. 0) XLAST = POS(ILAST,LSEN,2)
XNEW = POS(I,N3EV,2)

DELTX = ABS{XNEW - XIAST)
SLOPE = ATAN(DELTY/DELTX)
ILAST = =1

CONTINUE

RETURN

END
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