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ABSTRACT

An autonomous roving vehicle capable of exploring
the surface of the planet Mars has been under construction
and continual development at Rensselaer Polytechnic Institute.
An improved multi—laser/multi-detector triangulation scheme
has been proposed to collect data on the terrain in the im-
mediate foreground of the planetary rover. The purpose of
this report is to present a terrain modeling algorithm that
would reconstruct the sensed ground images formed by the tri-
angulation scheme, and classify as unsafe any terrain feature
that would pose a hazard to the vehicle. This modeler greatly
reduces quantization errors inherent in a laser/sensing systen
through the use of a thinning algorithm. Dual filters are em-
plcyed to separate terrain steps from the general landscape,
simplifying the analysis of terrain features. Finally, a
crosspath analysis is utilized to detect and avoid obstacles
that would adversely affect the roll of the vehicle. Comp-
uter simulations of the rover on various terrains examine the

performance of the modeler.

viii

Y T




s

o, ‘
Ehmxﬂumammmmmmmewm;www

SO e T A R e A4S = R s =T e T T T Eee L an ea e  hee e USRS e TERC

PART 1

INTRODUCTION

Mechanical probes and remoie sensing devices have
long been used to explore regions that are beyond the immedi-
ate reach of man. This is true not only on the Earth's sur-
face, but also iﬁ deep space research., The first lunar probes
were unmanned and were mainly used to gather the initial data
on the moons's surface. High powered Earth based telescopes
and "fly-bys" were able to pick out major points of interest
that a probe could explore. These early probes were station-
ary; once landed, they could not move.

Considerable effort has élsc been focused on the ex-
ploration of the planet Mars. Unfortunately, Mars is much
further away from the Earth than the moon. This of course
limits the resolution that may be obtained through telescopes
for the purpose of positioning a martian probe. This would
not be a problem if many probes were to be placed on the plan-
et, however this would require a great deal of duplicity in
the mission., Another alternative would be to have a few mob-
ile vehicles that would roam the surface., Such a vehicle
would not be limited to a single location; this eliminates one
problem, but creates others.

There is a very large communication delay time (from
nine to twenty-five minutes) between Mars and any Earth based
control station. f the roving vehicle were dependent upon

messages from the Earth, it might take days to move several
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meters, or more likely, the vehicle would fall into a crater
before the command center could prevent such a disaster.

The vehicle then needs to be somewhat autonomous.
While the extreme long range hazards could be avoided via the
communications link, a short range detection system would also
be a necessity. Such a short range detection system would
make use of computing facilities on-board the rover itself,
eliminating the dangerous time delay of the communications
link.

The autonomous rover being developed at Rensselaer
Polytechnic Institute uses a laser/photodetector triangulation
system as the short range sensor. A great deal of work has
gone into the development of terrain modelers - algorithms
that detect and catagorize possible hazards. All previous
work in this field has concentrated on slope calculations us-
ing area analysis to detect hazards. While these methods do
a fairly good job at detecting boulders, negative obstacles
such a craters frequently go undetected unless they are very
large. Sloping terrain across the path of the vehicle also
presented problems to these modelers.

The subject of this report is the development of a
new modeler using completely different techniques, breaking
away from all earlier modelers. The cuxrent version of the
modeler using these new concepts draws slightly from pattern
recognition ideas, processing data from the sensors before any
analysis is performed. Results of tests show vastly improved

recognition of both positive and negative hazards; and
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PART 2

SYSTEM CONFIGURATION

The Mars Rover praject has two major divisions, the
hardware and software groups. The hardware group is divided
into two smaller teams: one is responsible for all uf the mech-
anical aspects of the rover, the other must develop and main-
tain the electrical components and subsystems of the vehicle.
The software group is also subdivided into two teams, Realtime
control and Simulation. As its name implies,the realtime
group works closely with the hardware group and is responsible
for the data received, and for the total control of the rover
during an actual run of the vehicle., The simulation team has
almost no physical contact with the vehicle, although all of
the programs that analyze the incoming data and select the
path of the vehicle are created by this group. Through the
use of many sophisticated and complex mathematical models,

runs of the rover are simulated on computers.

2.1 Mechanical Hardware Description

The heart of the rover (Figure 1) is a box that con-
tains a microprocessor which controls wheel speeds, analyzes
vehicle attitude, and interfaces with the telemetry link. A1l
of the power sources for the vehicle and the gyroscopes are on
this box. The box or bedy of the vehicle is supported by four
wheels each independently powered by a 1/6 HP motor. In this
configuration, the rover has a very good mobility. It has the

ability to traverse level ground at approximately 0.2 meters
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per second and can negotiate thirty degree slopes. The wheels
were designed for the rover; each is one-half meter in diame-

ter. On level ground this permits the vehicle to handle 0.25

meter steps (on slopes this figure decreases until at a thirty
degree slope no obstruction would be tolerated).

The front struts of the vehicle are joined to the main
frame such that each of the front wheels may be raised or low-
ered individually; thus the front wheels do not significantly
affect the "tilt" or roll of the vehicle, This is determined
solely by the roll of the rear wheels,

Directly between the front wheels is located the el-
evation/scanning mast. This mast contains the lasers and scn-
sors of the short range detection system. The mast rotates in
a contra-clock-wise direction with a period of about two sec-
onds. A mirror at the top of the mast also rotates in an up-
ward direction making a complete revolution twelve times

per second.

2.2 Blectronic Hardware Description

The "eye" of the vehicle is the laser/sensing schems
located on the front center of the vehicle. All of the hard-
ware associated with this scheme is known as the elevation
scanning (laser/multi-detector) mast (Figure 2). At the very
top of the mast is a rotating octahedrally sided mirror. This
system simulates the firing of up to thirty-twe lasers using
only one laser and the mirror arxrangement.

A gallium arsenide 100 watt laser is pulsed from be-

low the mirror onto one of its faces. As the mirror turns,
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the incident angle of the beam and hence the reflected beam
are altered. By controlling the speed of rotation of the mir-
ror and timing the laser pulses, it is possible to fire '"las-
ers” to sweep out thirty-two different elevation angles.

Near the base of the mast will eventually be fourty
photo-detectors (there are twenty in place at the present
time). The detectors are arranged such that they cover all
of the terrain that would be swept out by the lasers on level
grouid.

While an actual Mars vehicle woﬁld have an on-board
computer capable of analyzing the elevation scanning mast data,
most of the computing power for the RPI rover is provided
through the use of a two-way telemetry link to a Prime 650
computer. The terrain 1aser/sensor data, as well as all of
the pertinent vehicle attitude and status information is sent’
to the Prime, and the vehicle commands are sent along the same

link to the rover.

" 2.3 Realtime Software

The realtime software is concerned with getting the
data in from the craft, analyzing it, and sending additional
commands back to the rover. The data flows in along the tel-
enetry link. This data is translated through an interface
board and placed in buffers for use by other routines. The
initial program is one of the most important since it has the
direct link to the veghicle,

The data in the buffers is just what was sent by the

vehicle: laser/sensor data and vehicle attitude information,
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The laser/sensor data is used by the modeler. This is a rou-
tine that tries to recreate the terrain in front of the vehi-
cle. Attitude information is used in both the modeler

and the path selection algorithm. The output of the modeler
and path selection algorithms are used to generate the commands
that are sent back to the vehicle., Since the modeler and path
selection algorithm are common to both realtime control and
similations, these will be examined in more detail in a later

section.

2.4 Simulation Software

The simulation team has a difficult problem: it does
not have a vehicle or terrain from which to get data. These
must be "created" before anything else is attempted. The Sim-
ulator in its present state has evolved over many years and is
quite compiex. There are routines that create the terrain and
simulate the vehicle and its laser/sensor system. ther pro-
grams move the "vehicle" over the terrain toward its target.
The created landscape may have boulders, cliffs, craters, crev-
asses, hills, or blocks. The overall terrain itself may be
level, sloped; or have a rolling base., In addition to this,
noise may be added to corrupt various parameters, simulating
rubble or small rocks that may litter the view. The simulated
terrain may be made to be very similar to an actual martian
landscape. The modelers and path selection algorithms used

in realtime control are developed and tested on the Simulator.
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2.5 Data Collection and Analysis Path

The new heading commands that are sent to the rover
are generated within the path selection algorithm. The path
selection system however consists of three separate and dis-
tinct subsystems: the data collector (sensing system), the

modeler, and the path selection algorithm.

2.5.1 The Sensor

The sensor must employ some means of gathering in-
formation about the surrounding terrain. There are several
approaches that may be used. A complete video system would
be able to see everything, t analysis may prove to be much
more difficult than a simple range finder. A video system
would probably be suited for the long range hazard detection
mentioned earlier. The RPI rover uses the laser/sensor scheme
to gather the near field information. The hardware for this
was described in section 2.2. The sensors have a set cone or
field of vision which samples the line segment formed by the
laser beam/sensor cone intersection. The laser/sensor inter-
section points for a system using thirty lasers and forty de-
tectors are shown in Figure 3.

Analysis of such a system very quickly becomes com-
plex, A three laser, four detector arrangement is shown in
Figure 4 to illustrate how this system works. Each laser
pulse intersects each detector cone once forming twelve line
segments of intersection., If the terrain is present within

any segment, it will scatter the laser pulse. The sensor as-
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sociated with that segment will detect a portion of the en-
ergy from the diffracted beam, provided the path from the las-
er to the ground and back to the sensor is clear of other
obstructions, Ideally, for each laser fired, one sensor will
see it. Should none of the sensors detect a pulse, the path
from the ground to the sensor must be blocked, and a '"no re-

turn" condition results (Figure 5).

2.5.2 The Modeler

The data that comes from the sensor mast must then be
analyzed. This data enters the terrain modeler - a special
processor the "recreates" the landscape in the foreground of
the rover. The modeler is perhaps the most important routine
of the path selection process; if the terrain is reconstructed
improperly, an obstacle may be overlooked, and an unsafe path
for the rover to follow may be chosen. Alternatively, spot-
ting hazards that are not present may force the vehicle to de-
tour far from the desired course.

This reconstruction is not as simple as it first ap-
pears. In Figure 6, using the three laser, four detector sys-
tem, several possible terrains are shown that would give iden-
tical returns to the sensor configuration used on the vehicle.
It is the modeler's responsibility to incorporate vehicle at-
titude information with the appropriate hazard definitions
into the sensor data. The output from the modeler would be the
location of hazards to be avoided by the path selection algor-
ithm.
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2.5.3 The Path Selection Algorithm

The path selection algorithm accepts as input the
range and location of possible hazards., The path initially
calculated is the direct line to the target from the present
location of the vehicle - as if no obstacles are in its path-
way. If the path were clear, this is the heading that the
vehicle would take, If hazards are present, the selection of
paths becomes much more difficult. The analysis of steering
angles and rear wheel movement as well as other factors must
be considered. Without going into detail, the path select-
ion algorithm chooses a heading angle {if one exists) which
is nearest the desired unblocked heading that avoids all of
the flagged hazards.

While selecting a path, constraints are placed on the
future available steering angles based on the location of
noted hazards. Until well behind the vehicle, although these
obstacles are out of sight, they pose a hazard to the vehicle.
The constraints placed upon the steering angles prevent the
rover from striking an obstacle located to the side of the

vehicle when it is no longer visible.
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PART 3

THE TERRAIN MODELER

3.1 Historical‘Review

{ : : In May of 1976 Marjan Krajewski submitted a repo:r:‘b1

i thét began the initial investigation into the development of a

g‘ | : terrain modeler for the planetary rover, In this report three

% | slightly different configurations were compared against each
other: a single laser-single detector system, a two laser-

single detector system, and a three laser-three detector sys-

tem., His recommendations were to employ more lasers and sen-

Y [P

% SR sors, include vehicle attitude information, and develop a more
3 ) sophisticated pattern recognition scheme.
‘ It was quickly recognized that indeed many lasers and ’
? o detectors would provide more detail, but that this would re-
quire some very comr icated interpretive software. The single
laser-single detector system was installed on the vehicle for

testing other concepts, meanwhile work was begun on better path !

UL Lo

selection algorithms as well as terrain modelers that would be

able to handle a multi-laser/multi-detector system.

A report by Gary'Ma,roon;2 in 1977 presented a numerical
technique for the estimation of slopes. His paper was mathem-
atical in nature; it did not present a terrain modeler, but

layed the foundation for work that was to be done by Nick

bbb et et s RS

- Trojani. Most of his work dealt with area-slope calculations;

however obstacles such as boulders and craters wreaked havoc
on his slope estimations. Early experiments indicated that

17
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the characteristics of different terrain features often over-
lap, creating difficulties in determining hazards.

1978 was the year that Troiani completed his work3 on
a usable modeler using Maroon's study as a framework. Certain
calculations were simplified and improved; the sensor geometry
was altered to form a "quasi-linearized" array of laser-sensor
intersection points. This modeler detected most large posit-
ive (boulders and uphill slopes) obstacles, but did not do

very well in the classification of negative hazards (craters),

nor did it consider cross path obstacles.

Using the same slope equations used by the previous
modelers, Erwin Hunter.refined Troliani's modeler and imple-
mented a crosspath analysis to detect very large obstacles
that would affect the roll of the vehicleu. Negative hazards
were still not readily detected, siope estimaies were good to
within ten degrees, and slopes with obstacles continued to
create problems for the area-slope manipulations, Although in
the very near field (less than ctne meter) objects were easily
identified, this did not leave the vehicle enough time to a-
void small obstacles.

The modeler in this paper for the most part, discards
all of the attempts made using the area-slope estimates and
starts again from Krajewski's initial work. A thinning al-
gorithm reduces the quantization errors that prevented pre-
vious modelers from identifying terrain steps. A dual first
order filter separates the problem of slope and height est-
imates into two parallel paths of analysis. The crosspath de~

18
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tection algorithm eliminates the dangerous possibility of tip-

ping the vehicle to either side,

3.2 Definition of Hazards

Before any further description of the modeler is pre-
sented, an examination of exactly what constitutes a hazard
would be beneficial. In section 2.1, the wheels of the rover
were described to be 0.5 meters in diameter, Because of this,
steps greater than 0.25 meters in height are considered to be
hazards., Steps of that heighi cannot be negotiated without
forcing the wheels of the vehicle to travel only in a verticle
direction (Figure 7).

The slope hazards have been set at thirty degrees for
both uphill and downhill travel. The reasons for this depend
upon the size of the motors used and the stability of the veh-
icle. Although more powerful motors could force the rover to
negotiate the steeper slopes, the location of the center of
mass would be altered, and the stability of the vehicle becomes
very low. This would increase the chances of the rover tipping
onto its side. If this were to occuxr on Mars, its mission
would be essentially ended since in all likelihood, the vehi-
cle could nou right itself. The same reasoning for the inpath
slopes also holds true for the crosspath slopes. Thus, the
roll of the vehicle must be kept below thirty degrees. En-
ough of a safety factor has been built into these figures,
such that, if these constraints are followed (0.25m stegp, 300

slopes) the rover should always be in a stable attitude.
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3.3 Description of the New Modeler

The terrain data collected by the sensors is essent-
ially in the form of height/range information. It can be seen
from the previous examples of the terrain possible for one
given set of returns, that this data is limited in accur-
acy by the finite dimensions of the intersection line seg-
ment formed by the laser beam and the detector's cone of vis-
ion. The accuracy of the return is dependent on several var-
iables. As expected, the first of these is the range at which
the intersection occurs, In general, the further from the

~vehicle that the terrain is observed, the larger the inter-
section segment: The other two variables that affect the ac-
curacy are the separation distance between the laser and de-
tector assemblies, as well as the detector'scone of vision.
The job of the terrain modeler is to reduce these uncertain-
ties from the laser/detector system to tolerable propoxrtions,

recreating the most probable terrain from the data.

3.3.1 The Filters

There are several types of hazardous terrain, each of
these will be discussed in turn. The two major classifications
of hazardous terrain are steps and slopes. This modeler rec-
ognizes that the steps and slopes can be distinguished by
noting that steps would appear over only a few terrain samples.
The data samples ordered in increasing range from the rover
wouid have an almost constantrheight value until the step is
encountered. At this point, the height of the terrain would
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suddenly shift to another value. Slopes on the other hand,
would appear over many samples (long slopes would appear over
the entire in-path scan). Each succeeding sample from the veh-
icle would have only a slight change from the previous return.

Recognizing this, the inherent inaccuracies of the
individual data samples could be greatly reduced, while pre-
serving the pertinent feature information by passing the
height and slope data through separate filters. The estimated
terrain height would be obtained by lightly filtering the data.
That is, a quickly responding filter would be used to preserve
the presence of step changes. The estimated slope of the ter-
rain would be obtained by heavily straining (using a more
slowly responding filter) allthe data. This would prevent
sudden steps or singularities from appearing in the slope es-
timates unless they were extremely large obstacles (in which
case they would be easily spotted by the height analysis).
This in itself eliminates a major source of error that was
found in the earlier modelers. The output of each of these
filters could then be examined for its own particular kind of
hazard.

The data from the elevation scanning mast cannot be
filtered as it is collected since the raw data is the same for
both steps and slopes. Once in the modeler, the data can be
filtered by different algorithms. The dual filtering concept
is impemented using the following equations (beginning with

the second data point in an azimuth):

22
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New Height Estimate = (1 - q)X(Current Sensor Sample Height)
+ ( a )X(Previous Height Estimate)

Current Comp- 1 [Néw Height Estimate - Previous Height Estimat%}
= tan

i uted Slope Current Sample Range - Previous Sample Range

i | New Slope Estimate = (1 - B)X(Current Computed Slope)
‘ + ( B )X(Previous Slope Estimate)

By controlling the parameters o and B (the height and slope

E | ; filtering coefficients), the degree of filtering may be al-
{ tered. The equations for both the height and slope filters
are identical. In each case a value of 0.0 for the coeffic- i
ient would essentially remove that filter from the data's :
: - path; there would be no filtering and each estimate would

3 ’ ’ take on the current sample value. Conversely, 1f the coeffic-

ient were to have the value 1.0, perfect filtering would oc-~

?‘ cur; the value of the initial sample would be given to each of

the successive estimates.

These equations form the first order digital filters ;
which effectively decouple +the step and slope hazard identi-

B fication problem., Although somewhat crude, they do an admir-

able job estimating the terrain features. Higher order fil-

ters were tried, but no real noticable difference was observed.

]
;
3
%

Since these equations were more complicated, they required

more calculations (and hence time). The additional calcula-

tions performed were deemed unnecessary and outweighed the

guestionable gain over the first order scheme: they were el-

el eend ™o %
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iminated from further consideration.

3.3.2 Initial Processing

Before each run, a "look-up table”" is generated of

every possible laser/sensor cone mid-point intersection point;

this table contains the height and range from the vehicle of ]
each intersection point (Figure 8). Since it is not known

where within the cone the terrain fell for any given sensor
return, the mid-point is used to minimize the error (other

modelers used either the top or bottom edge). This look-up
taﬁle will be used in the modeler.

Every time a laser is fired, each sensor responds

| SOy

with a '0' (no detected pulse) or a 'L' (pulse detected).
Each laser has been assigned an identification number (from 1
to the number of lasers), as have each of the sensors., When a

laser fires, the number of the laser as well as the number of

the sensor that saw the return are encoded at the vehicle and
sent to the computer. Thus, at the end of one azimuth, a one
dimensional array has been formed: the rows are the number of
a laser, while the sole entry of a row is the number of the f
sensor that saw that laser. At the end of an entire scan,

there are as many of these one dimensional arrays as there

were azimuths. If each of these arrays were placed next to

each other, a two dimensional array would be formed: the rows

again would be the number of a laser, the columns would be the

number of an azimuth., An entry of the array in the ith row,

jth column would be the numbexr of the sensor that saw the ith

24
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laser along the jth‘azimuth (Figure 9).

The data from the sensorslenters the modeler one az-
imuth at a time. Thus, the information in the first column of
Figure 9 is examined before the second column. The modeler
now knows which sensor saw which laser. From the look-up
table, the approximate range and height of the terrain are
found. The data points for an azimuth are then oxrdered in
terms of increasing range from the vehicle.

Before proceeding through the dual filters, a thin-
ning algorithm is used to eliminate closely spaced data points.
This reduces the effect of quantization errors frequently en-
countered near terrain steps. This is especially important
when the slope estimates will be made (Figure 10 and the slope
filter equations).

A quick test for extremely large obstacles is then
performed along each azimuth., If fewer than half of the fired
lasers were observed by the sensors, or if the range of the
furthest intersection point is less than 1.5 meters distant,
there is clearly an unusual and most likely hazardous terrain
feature present (the sensors are able to detect a laser pulse
up to 5.0 meters away). Should this “be the case, the entire
azimuth is flagged as hazardous., If an appropriate number of
sample points remain after the thinning algorithm, the dual
filtering process is begun (a sample of raw data returns and
the new data set formed by the filters is given in Figure 11).

The new data set from the height filters is examined

solely for sudden steps in both the positive and negative dir-
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ection. Any hazardous slopes that exceed the safe limits are
detected from the output of the slope filter, Before the ex-
amination of either data set takes place, the attitude of the

vehicle is taken into account.

3.3.3 Inpath Analysis

The attitude of the vehicle is used in the slope es-
timates to determine what the attitude of the wvehicle would be
if it were to travel along a given azimuth, The current vehi-
cle attitude also affects the size of the step that the rover

may be permitted to take, If the total inpath slope of the

vehicle is less than 2/3 the maximum permitted (twenty degrees),

then the full step size of 0.25 meters is traversable, If

the vehicle is on a slope greater than twenty degrees, but
less than twenty Tfive degrees (5/6 maximun) steps of 0.12 met-
ers may be safely handled. Vehicle attitudes of twenty-five
to thirty degrees dictate a maximum step size of 0.06 meters.
The rationale behind these changes in the hazard definition
for steps may be seen in Figure 12,

Data returns from greater than 3.5 meters distant
are ignored since the line segments of intersection begin to
become large (review Figure 3). Any steps that are larger
than the current hazard definition are flagged as dangerous,

as are slopes that exceed the.thirty degree definition. The

azimuth and range at which the hazard is detected are stored in

memory for further use.
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3.3.4 Crosspath Analysis

The modeler has an algorithm to determine crosspath
hazards. All previous modelers had the ability to detect most
hazards along an azimuth, but only one even attempted to check
for crosspath obstacles, The modeler discussed here uses fewer
calculations, i1s more sophisticated in its hazard determinations,
and gets better results than the earlier attempt of crosspath
analysis.

The problem of crosspath hazards can be clearly seen
in Figure 13. The figure shows a positive step located adj-
acent to a hole. The inpath scans of the terrain are suggest-
ed by'the azimuths 1-4, In the first two azimuths the terrain
drops 0.20 meters at some distance from the rover. Azimuths
three and four show a sudden jump of 0.20 meters at the same
range from the vehicle. Each azimu{h taken individually in-
dicates that there is safe terrain ahead of the vehicle when,
in fact, this is not the case. If the terrain were sampled
Just after the discontinuities and examined, the terrain as
suggested by the crosspath would h& reconstructed. Obvious-
1y should the rover elsct to travel on this hill, it would
be extremely unstable and would protably tip over.

Although exaggerated, this figurs graphically shows
the crosspath problem. As the data is being filtered, var-
ious data points are "picked off" for the cross path analysis.
These points are spaced at approximately 0.25 meter intervals
beginning at 1.25 meters from the vehicle along each azimuth.

The overall analysis (both inpath and crosspath) forms a grid

32

Bl e

LI N~ AR U 2 S T



o — b g e Lol -~ e ottt A N

ko

s
\ A
- . \
- éD“\ éé? /)t -ﬁ ‘
T 1 ‘ } / A
o | ' ;
‘ i i \ &P, R :
- \ AR T A7
' -, s VY
\,:u \. \ ' /.P - ...-......_7/.'....-..%.. :
\ azimuth | : ;
] 3. /
\ - { atimuth / ;
N
aumuth \ ! Jfaumoth 1
\\ \ / S ;
; o A) Terrain viewed from rover along four azimuths (arrows point
TR away from the vehicle), Step (on left) is adjacent to hole, 1
S -path ana‘ﬁls
; es a saje step :
a ‘L_ ;ﬁm e s |
' Tuimuth 4 ‘{H
] ; E
: /—‘-/
* azimuth 3 N
‘L 4 ) T lﬂ-Pa{h analysfs
1 . DI S sees a 331'0*5':’1"
f: 3 s alonq 37mY ;
f; :’? L 1 a%J 2 :
¥ FZimoty 1
R ;
1 B) “ide view of the same four azimuths shown above (Height vs. 3
i Lange). No hazardcdas terrain can be found if only the in- :
; path returns are examined (arrows again point away from the 5
¢ rover). ;
o e Py §
R B i
? C) "Reconstruction"” of the
’ . crosspath terrain using the points
"o Pl_P4 from part A. This type of &
i afialysis shows a hazard that the B ?
e rover would not be able to negotiate - it was entirely missed
.. by the inpath search for obstacles.
i
SR
I Pigure 13, Crosspath Hazard Illustration
S
- 33

i. . _— o e o s R o o




o
p : Lt e]
H L
? } i
! o
¢
v S
3 -
3 X
i
i
N b

—

PSS
B ]

—
t

1

T = T - e TS maet T T wene B =R S A T . - -
e T i AT K TE e R T gy = < mgny g

»
as shown in Figure 14,

A careful examination of the crosspath slopeé is of §
more importance than that of the irpath slopes since it is act-
ually easier to tip the vehlcle sideways than vo tip it back- |
wards. The analysis however is basically the same., The safe
step size is massaged depending on the actual roll or cross-
path slope of the vehicle, *
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PART 4

PROPOSED COMPUTER SIMULATIONS

Once the appropriate values of alpha and beta are
selected, the results of this modeler are expected to be more
descriptive of the terrain in the vieinity of the rover than
any other previous modeling scheme, To test the abilities of
the modeler, a series of computer simulations are to be run.
The first phase of these runs are to be performed under "lab-
oratory" conditions. Exactly hew the rover approaches an ob-
sracle will be under "manual control'; that is, no path sel-
ection algorithms are to be used. A predetermined course
will be followed. The rover will traverse level ground only -
there will be no pitch or roll. This type of environment will
present repeatable results showing just how the terrain is be-
ing interpreted by the modeler.

Although the hazards have been predefined, the rover
may not rinterpret the terrain as expected. From these initial
tests, what the rover is seeing will be examined and the par-
ameters of the filtering equations will be determined. The
remainder of the runs will pose various problems to the in-
terpretive abilities of the modeler over a range of simulated
terrains. The path selection algorithm will be fully active
during these more normal or "fiéld" conditions. The rover
will be expected to maneuver around obstacles placed in its
path.

One of the major additions to the modeler is the
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capability to detect hazards that are across the path of the
vehiclé. The vehicle will be given different rolls and/or
obstacles that must be examined for crosspath hazards. Hav-
ing tested how the roll affects the vehicle, the pitch will
then be tested using a sinusoidal terrain. The terrain will
be designed such that it is always traversable, The mest im-
portant reason for the existance of the modeler is of course
the avoidance of obstacles such as boulders and craters. This
then is to form the next series of simulations. Since the
roll and pitch have essentially been tested individually, the
vehicle is to have both a pitch and a roll during some of
these runs. Finally, if all goes according to plan, all of
the preceeding tests will be combined into several difficult,
realistic terrain simulations. These will be designed to test
all of the modeler and its integration with the path select-
ion algorithm, detection, classification, and avoidance of
all types of hazards on a surface comparable to the martian
landscape. The entire testing sequence is shown in Figure

15.
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PART 5

SIMULATION RESULTS

5.1 Determination of Alpha and Beta

The first phase of computer testing examined how the
filtering equation parameters affected the performance of the
modeler. In each of these tests, the rover would advance al-
ong a straight line toward its target. Located immediately
behind the target was an obstacle of one particular type: a
boulder, crater or slope. Since these obstacles were not in
the pathway of the vehicle, they would never prevent the rover
from reaching its destination.

At first glance it might appear that such tests have
little value; looking at only the final output maps, they
would indeed seem to serve no purpose. However, in many cases,
the most useful data is not in these final maps, but from the
intermediate data and decisions from the modeler or path sel-
ection algorithm. By setting certain flags, all of the inter-
mediate data from the modeler was presented for observation.
This information included all of the initial heights and ranges
(of the laser/sensor intersection points), as well as the out-
put from the dual filters., Careful study of this massive out-
put of data permitted an indepth understanding of how the mod-
eler "saw" the terrain feature as the rover neared the obstacle.

To examine how the height estimate depended upon al-
pha, the vehicle would approach a boulder of a safe height.
Since the height parameter alpha is independent of the slope
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parameter beta, the latter was fixed to a single value for
these tests. The rover would approach the same boulder along
the same path for several simulator runs. Only the height par-
ameter in the filtering equations was a variable. Following
these simulations, a bouider that was considered unsafe for
the rover to climb was substituted for the previous rock.

Each of the earlier runs was then repeated. Examination of

the intermediate data for all of these tests revealed a range
of alpha for which the safe boulder would appear safe, and the
unsafe boulder would stand out as a hazard.,

The same procedure that was used for boulders was then
applied to safe as well as unsafe craters., With alpha fixed
to a single value, and beta as the variable, each of the above
simulations was repeated for safe and unsafe slopes in both the
uphill and downhill directions. ZEach of these groups presented
a range for alpha or beta that would appropriately classify the
hazard associated with that parameter.

The range of alpha for boulders was then compared to
the range of alpha for craters. From this a smallér range of
alpha was found that would properly classify the height obst-
acles. Similarly, the range of beta for uphill slopes was
compared with that of the downhill slopes establishing an-
other range for beta that would classify slopes. The values
selected for alpha and beta from these final ranges were 0.25
and 0.90 respectively. These were used in all of the remaining

simulations,
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5.2 Obstacle Classification

Using the chosen values of alpha and beta, a table of
how the modeler sorts obstacles was established. These are pre-
sented in Table 1. The steps are discernable to within a few
centimeters and slopes to within one or two degree. A few
points should be clarified here concerning Table 1. A 0.24
meter boulder, or a 0.26 meter crater may occasionally be clas-
sifisd as unsafe or safe respectively. This depended upon its
exact location as the rover approached. The fault of this is
not really'due to the modeler, but to the geometfy of the las-
er/sensor system., Two solutions to this problem are possible:
a) the rover may be slowed down to allow more scans of the ob-
stacle as it was approached, or b) increase the number of las-
ers and sensors to get a clearer picture of the obstacle.

Although the unsafe craters were seen for each of
these runs, invariably they would be noticed at a closer range
than unsafe boulders of similar dimensions. This problem will
never be alleviated; it is inherent in any type of terrain de-
tection system. Consider the following analogy: a one meter
fence post is located five meters from an observer. Even at
that distance, a fairly good approximation could be made of its
height. If instead of the post there was a posthole, the ob-
server would have no idea what-so-ever what the depth of the
hole might be. The observer would have to move toward the
hole to get a feeling for its true depth. Although somewhat
extreme, it illustrates the problem of detecting negative haz-

ards.
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‘Figure 18. Rover approaching a slope near the
hazard definition. With just slightly less
information than that needed to determine if
the slope is safe, the modeler recreates the
terrain to the right - an apparent boulder
(shaded area is the step hazard definition)
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The classification of "slightly hazardous" terrain
for the twenty-eight degree slope can be understood when the
data from the sensors is examined as the rover approaches the
slope (Figure 18). The terrain is seen as safe up to the fin-
al scan that the rover makes just before it gets on the slope.
Since at this point it still appears as though there were a
large boulder in its path, the modeler declares the path as
unsafe, and the path selection algorithm moves to avoid the
obstacle., This situation occurs only when the rover nears a
sudden very long slope (or as will be seen later, extreme var-
iations in the terrain). Short slopes with the same degree of
incline pose no problem. Once entirely on the slope the mod-

eler had no difficulty detexrmining the actual terrain.

5.3 Crosspath Results

While it is slearly important for the rover fo be
able to =@ (bjects in its pathway, certain hazards may be
overlooked if only one azimuth at a time is examined. These
are collectively known as crosspath hazards. It is entirely
possible to have safe steps along the inpath direction which
are hazardous in a crosspath sense. Several examples of this
problem are depicted in Figure 19. The data from the mast is
taken along one azimuth at a time and is processed for inpath
hazaxds. t is only after 21l of the azimuths have been ex-
amined (one full scan) that enough data exists for the cross-
path analysis.

The next several pages contain simulation resulis of
obstacles that would present crosspath hazards. Figure 20 is
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the "control" of Figure 19A. In this run; the ground is lev-
el; the rover is aimed toward its target in a manner such that
its left wheels would roll into a crater and its right wheels
would roll over a boulder if its path were not altered. Since
the overall roll of the vehicle was less than the thirty degree
hazard, the rover did not change its cdurse and proceeded dir-
ectly toward the target. If the overall roll of the vehicle
was to become greater than thirty degrees along an azimuth (as
would be the case if the boulder were higher and the crater
deeper), a crosspath ha..rd would be observed. To avoid an un-
safe attitude, the vehicle would be forced to alter its course
(Figure 21).

In both of these figures, as in all other maps in
this report, the location of the elevation mast (center of
front wheels) has been highlighted by a heavy, double line.
The motion of the rear wheels has been shown by a dotted and
dashed line. Any obstacles have been outined in a single heavy
line. A rough cross-sectional view of the terrain has been
sketched at the bottom of each page. In order to bring at-
tention to the obstacles and motion of the vehicle, some ter-
rain information may have been painted out of the picture,

Another crosspath hazard was shown in Figure 19B. . An
initial control of this situation had the rover pointed toward
its target with a 0,10 meter block in the path of its right
wheels. The initial roll of th. vehicle was 0.0 degrees (lev-

el ground). As expected, the rover had no difficulty neg-
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Figure 19, Crosspath Hazaxrds
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otiating the block (Figure 22), This experiment was repeat-

~ ed with the rover on a hillside such that its initial roll

was twenty degrees (Figure 23). Again since the overall
roll of the vehicle was kept below the hazard level, the rov-
er was able to move directly toward the target. It was only
when the vehicle would have had to take on an unsafe roll that
the rover was forced to detour around the block (Figure 24).
Although not explicitly shown, it should be clear
that any crosspath slope less than that of Figure 24 would
be classified as safe unless the obstacles themselves were lar-
ger; this would once again force the rover into an unsafe at-
titude. The crosspath analysis works equally well for slopes
in the other direction, and obstacles do not have to be pos-

itive steps (Figure 19C).

5.4 Sinusoidal Terrain

Most of the terrain on the planet Mars is not going
to consist of perfectly level ground, or abrupt smooth slopes.
Instead, some type of rolling, varying hillside wita obstacles
is more apt to be found. It is important to know how the rover
would handle this type of terrain, or more specifically, how
the modeler interprets the data received when the vehicle has
a pitch and roll, The next series of simulations was designed
to show what can happen if the terrain becomes too rolling or
hilly. In these runs the rover will travel over a sinusoidally
varying terrain base toward its target. The only variable will
be the amplitude of the sinusoidal base.
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[ Figure 23. Near Crosspath Hazard of an Uphill Positive Obstacle :
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jL Before these runs were executed, it was expected that

- the rover would devide not to traverse ground that it should

have been able to cover, The reasons for this can be seen in

Figure 25, Here the rover is on a sine based terrain that it 1

£t

I should be able to roll over without detouring. At various loc-
ations below the main figure are drawn the raw data returns

from the sensors., At point three, the terrain is declared as

iy

hazardous. This is because not enough information exists at

F»f~ és that point about the ground (notice that the same terrain has

been swept out by the lasers as the vehicle approaches point

P A ebE oy G

L
i bk three, but there is no data on the land between points three
L o and four). As the terrain forces the pitch of the vehicle to

become more and more violent, the "obstacles" (missing returns)

that the vehicle sees become larger and more hazardous.

Figures 26 - 29 show the results of these simulations.
b The terrain with a 0.25 meter amplitude is easily traversed by
K the rover, At a 0.30 meter amplitude, the vehicle first per-

ceives an obstacle (Figure 27). As predicted, as the ampli- :

St

| tude variations increased, the sensors detected larger hazards

which the vehicle needed to avoid, until at a 0.40 meter ampli-

bt e i

tude (not shown), the rover become "lost". The path followed

i is the same as that for Figure 29, except once the rover moved %

off the top of the page, it never returned to the target.
Returning to Figure 27 (0.30m. amplitude), it would be

interesting to note how the modeler might interpret a few small

<1( obstacles placed ir. its pathway${ this was done in the next few

; simulations.
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In Figure 30, small boulders were used, while in Figure 31
small craters that were of the same size as the boulders were
used. In each case, the rover easily avoided the owmtacles
and proceeded to the target,

Admittedly, a terrain with this magnitude of varia-
tion is not expected to be encountered. If one examines photo-
graphs of Mars, although it does have a rolling landscape, the
variation is much slower. However, it was reassuring to note
that the vehicle performed as well as it did during these test.
Since a varying terrain such as that used in these simulations
is not expected, the sensor system and modeler are satisfactory.
If the vehicle were going to encounter terrain of this nature,
several things could be changed to permit the vehicle to tac-
kle the job. MNMore lasers and sensors might be added to in-
crease the range of sight of the rover (more sensors would
probably do the trick). Another possibility would be to oscil-
late the sensor angles. On scan 1, the vehicle might look at
ground 0.8 to 3.0 meters from the rover, scan 2 would cover
the terrain from 2.5 to 6.0 meters; scans 3 and 4 would be the
same as scan 1 and 2, Both of these possibilities are real-

istic solutions.

5.5 Obstacle Avoidance

In the last few sinusoidal terrain simulations, some
small boulders or craters were added to the landscape. While
these small obstacles exist, in reality a more general mix of

both large and small terxrain features would be found. With
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this in mind, the next task would be to set the rover moving
through boulder-crater fields with varying obstacle sizes.

Bach boulder-crater field simulation was run several

r i times, During the second run, '"noise" was added to both the
; I pitch and roll of the vehicle. Examination of the martian
2 o surface reveals not only the reletively larger obstacles that

the modeler would detect, but a surface littered with smaller

rocks and holes that would probably go unnoticed. The "noise"
added to these runs corrupts the attitude of the vehicle and

is intended to disturb the vehicle in the same manner as the A

actual rubble, This noise had a maximum deviation of plus or

minus ten degrees with a standard deviation of from 3.5 to 4.0

RTINS NI - o i ¥ B

degrees., Figure 32 shows how this would change various terrain
surfaces.,
A1l of the simulations had successful terminations -

the target was safely reached., There were of course minor

variations to the initial path chosen when the attitude noise i
was added, but essentially the same course was followed for ;
each of the noisy runs. Since approximately the same path was ¥
chosen by the vehicle if the noise was present, in Figure 36B,

the noise was changed for the worse; for this run (and the next)
the nolse had a maximum deviation of plus or minus fifteen deg- g
rees with a standard deviation of 4,2 degrees. This type of ‘
rutble would really shake up the planetary rover, so it was

really no surprise that the vehicle chose an entirely new path

to follow, This run was repeated for a third time with the
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(due to the scale of this map, no differ-
ence could be noted between the normal
and the noisy run., The simulation map

i ~ of the un-noisy run was not printed.)
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vehicle starting from a slightly different location., With this
starting angle, the vehicle could not safely pass between the
first two obstacles. This was observed in the simulation, and
although it initiaily began to move away from the target, the
rover none-the-less proceéded on as short a path as possible

toward its destination,

5,6 Realistic Terrains

The final simulations are fairly representative of
the terrain that is likely to be found on Mars. Photographs
of the martian surface were used in the creation of these land-
scapes? The output of each run is preceeded by a "three-dimen-
sional'" projection of the texrrain used, This was done solely
te provide a better grasp of what was displayed on the vehicle
path maps,

Figures 37A and 37B show a large gaussian hill along
with scattered boulders and craters that were placed in the veh-
icles path. The destination was on the top of another hill,

Ten degree attitude noise was added to both the pitch and the
roll. The vehicle started toward the hill, but then changed
course to avoid a crosspath hazard forméd by the hill and a
crater (the case not shown in the crosspath tests). The larger
hill was slightly too steep for the vehicle to climb directly
toward the target, but the hill was negotiated by reduéing its
pitch (veering toward the left). A close up of the last eight-
teen meters of this simulation are shown in Figures 38 (A and B).

The last run (Figures 39A and 39B) again used the ten
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degree attitude noise, tut on a sine wave based terrain with an
amplitude of 0.40 meters over a ten meter pericd. A 1.5 meter
hill was added to the top of a crest of the sine wave; boglders
and craters completed the view. 4 large bump on the side of
the hill did not prevent the vehicle from arriving at its des-

tination.

5.7 Obsexrvations

Bach successive simulation posed a more difficult task
to the modeler's interpretive abilities. Simple tesits examined
the reconstruction and classification of various terrain obstia-
cles: smzll boulders, craters, and slopes that were near the
hazard definition for that feature. The crosspath algorithm
worked quite well, concluding the first phase of simulations,

‘With few or no obstacles in its pathway, how the rover
would handle a sinusoidal terrain with & period of only thrse
times the vehicle length was of interest. The particular las-
er/sensor geometry was found to limit the reconstruction of
the terrain accurately when the vehicle had a rapidly changing
pitch. In each of the boulder-cratier field tests the rover
reached iis target - even when the vehicle wWas almost bouncing
due to the "rubble" beneath its tires. Although some of these
tests have been rather exireme, they give an example of how

the modeler resacts under the most adverse of conditions.
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PART 6

CONCLUSIONS

A terrain modeler employing vastly different tech-
nigues than the methods used by previous modeling schemes
has been proposed in this paper. Each of the earlier model-
ing attempts encountered problems with its slope estimaticns
when terrain steps were present. This was due to the guan-
tization errors that are inherent with a laser/sensor data
collection system of the type used on the Mars Rover. These
errors were greatly reduced and almost eliminated when a thin-
ning algorithm removed data points that were too closely spaced
(in range) before any further processing was performed.

The heart of the modeler was a dual filtering scheme
that essentially separated the problem of identifying step and
slope hazards. The returns from the scanning elevation mast
were known height and range points. This raw data was light~
ly filtered for the terrain .height estimates. These were ex-
amined for sudden steps that the rover might not be able to
climb, Some raw data was more heavily filtered forming a ser-
ies of slower varying points which were used for the slope es-
timates.

The results of initial computer simulations indicated
excellent predictions by the modeler of the actual terrain.
Boulders and craters were distinguishable to within a few centi-
meters; slopes (both up and downhill) were determined to within

one or two degrees. The fact that negative obstacles were more

82

e gt e i B i b i b it

FISE Ll At en et o

.

B ¥ L R T S

e i beiethe | e

RN RS



o

readily apparent is significant in jtself; several earlier
modelers had problems detecting them. A crosspath obstacle
detection algorithm that had been implemented also was found
to work extemely well, Cresspath hazards were easily avoided.

A second round of simulations involved moving the rov-
er over a variety of surfaces: sinusoidal terrain with a per-
icd of a few times the vehicle length, smooth terrain with
boulder and crater obstacles, rubble strewn boulder-crater
fields, and finally realistic martian landscapes. The mcdeler
performed well under all of these circumstances, flagging haz-
ards to be avoided by the path selection algorithm.

The new tarrain modeler detected every type of haz-
ard as well as, or better than any previous modeler. Minor
refinements might benefit the modeler, but improvements shcould
probably be concentrated in other areas. As was pointed out
a number of times in this paper, the modeler would have per-
formed better if there had been more lasers and sensors, in-
creasing the range of sight for the vehicle. There are however,
limits ‘o be considered. Adding more lasers/sensors increases
not onl; the difficulty in controlling them, but increases the
complexity and the time needed for the software to interpret
the data. Exactly how closely spaced the laser shots have to
be should be reviewed. It may be that information of the ter-
rain further from the vehicle coculd be gathered using the same
number of lasers by varying the geometry of the mast, without

significantly affecting the excellent near field results.
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SUBIHOUTLINE MODLLI

Cxxxxerxscrx

PURPOS

METHOD

AONOANAAOOCcAcCOONOOOCOOO0O0OOOODO0aDaOcOn

B e e R R s R R P S RS PR RS S S S S

SUBROUTINE MODEL!

F.:

TUIS SUBROUTINE ACCEI"IS SENSOR DATA FROM SENSR1 AND
PROCESSES IT TO FIND AND CATALOGC HAZARDS.

TIIE METUOD USED IS A TEIUWIN ESTIMATION TECUNIQUE WHERE RAW

SENSOR DATA IS PASSED THROUGH A DUAL FIRST ORDFR FILTERING

SCIEME. TIHE FINST FILTER IS A IHGH=PASS FILTER wlICH

FSTIMATES TNFE TERRAIN HRIGHT. THE SFCOND FILTER IS A LOW-PASS
FILTER WIICH USES TUE UEIGUT ESTIMATES TO I'RODUCE A SLOPE ESTIMATE.

AFTER CONVERSTON TO THE PLANET FRAME. OF REFERENCE, THE RESULTING

VALUES ARE COMPARED TO TUE APPROPRIATE TURESUOLD VALULS.
HAZARDS ARF. THEN CATALOGED.

IN ADDITION TO TIE IN-PATI ANALYSIS DESCRIDED ABOVE, A CROSS
PATH EXAMINATION IS ALSO PERFORMED AT VARIOUS DISTANCES FROM

" THE VEHICLE. THIS CROSS-PATII ANALYSIS FREQUENTLY FINDS LAZ-

AIRDS THAT ARFE NOT NOTICED RY THF. IN-PATH PROCFSSING. THESE
HAZARDS ARE ALSO CATALOGED. THIS CATALOG IS MADLC
AVAILABLE FOR USE BY THE PATH SELFECTION ALCORITHM.

INPUT:
A - HEIGHT FILTER COEFFICIENT
B - SLOPE FILTER COEFFICIENT
STTH - LEVEL GROUND STEP THRESIHOLD (METERS)
SLTUH = SLOPE THRESHOLD (DECREES)
RH - ASSUNMED HAZARD RADIUS (METERS)
OUTPUT:
XIAZ(N) - X COOIWINATLE OI" HAZARD N (PLANET FRAME)
YHAZ(N) = Y COORDINATE OF HAZARD N (PLANET FRAME)
NUAX(N) = ESTIMATED RANGE OF HAZAID N (VEHICLE FRAME)
THAZ - NUMBER OF HAZARDS CATALOGED THIS SCAR
1ul - ASSUMED HAZAIW RADIUS (METERS)

AR R R R R R R R R R R RN R R R KRR LR LR L LKL CRKRE LR LR RL LR L L LR R R EEL R L EEERRERLL LR

COMMON /SENX/

R —-

RITLAS,RITSEN, NUMLAS , NUNSEN, NUMAZ, INTDAT. NMDTPR, LASAGL.
SENGLE, SCON, DATA, DIAG, I'0S

COMMON /TIFUP~/

THETNU, ALPHOA, SLPIN, SLPCRS, TALLOW

COMMON ~/CHOOSF.”

NMMOD, NMSEN, RMPSA, NMFAIL, INTVDD, INTSEN, INTMOD, INTT'SA,
INTFAL, INTCYR

COMMON ~VEHCLE~/

VELNOW, HEADNG, XMRV, YMRV, ZMRV, TARI.OX, TARLOY, TARLOZ

COMMON /SENSR/

ASMUTH, LANCLE, RTN

COMMON - XMOD~

XKUAZ, YHAZ, RHAZ, | HAZ, RH

COMMON ~/RMOD~/

RANGE

REAL SX( 100) , XIIAZ( 100) , YILAZ( 100) , IUAZ( 180) , TZ(59) , TR(508)
REAI. LLASAGL(50) ,SENCLE(S50) ,POS(50,51.2)

REAL ASMUTII(50) , LANGLE(350) , RANGE(50)

REAI. CRS7Z.(7,50) ,SUMZ(7) ,CRSAVG(7?) ,DIV(T)

INTEGER DIAG(50,50) ,LINE(130), IAZI( 100) ,ITN(50)
INTEGER®:2 DATA(HO,50)

DATA INIT/06/,LINE/136%'_"'/

DRCON=3.14159/180.0

RDCON=180.0-3. 14159

(@))
=




R LT LR TR E L AL L LR L L L LT E XL XL XX XTI XL LR

c

C VAIRIABLES USED IN MODEIN

C

(0 3O S 3 K K K O K O K K R KK K KK K XK K KR KK TR KK
C A HEIGHT FILTER COEFFICIERT

Cc ALI'UA TRUE JHEADING OF THE VENITCLE

C n SLOPE FILTER COEFFICIERT

C DELTA TIRULE HEADING ALONG AN AZIMUTH

C THAZ NUMBER OF HAZARDS CATALOGED THIS SCAR

C IUIAZCN) ESTIMATED IWANGE OF UAZAIW N (VEHICLE FRAME)

C SLLTH SLLOPE THRESHOLD (DEGREES)

Cc STURES  CUIUWENT STEP TIHWSHOLD (METERS)

C STTH [.LEVEL. GROUND STEP THRESHOLD (METERS)

Cc SX(N) ESTIMATED SLOPE ALONG AZIMUTH N (PLANET FRAME)

C TSID ESTIMATED SILOPE ALONG AZIMUTH (VEHICLE FRAME)

Cc TRCN) RANCE OF LASEIVSENSOIU INTEISECTION (RRAW AND FILTERED DATA)
G TT7Z(N) HEIGHAT OF LASR/SFENSOR INTERSECTION (RAW AND FILTERED DATA)
c XIAZ(N) X COMDINATE OF HAZAIWD N (I'LANET FRAMLE)

C YHAZ(N) Y CORRDINATE OF HAZARD N (PLANET FRAME)

C

3K S o K o KK S S TS 2 0 3K K40 5K K K 3K 3K S0 40 S S K S K S8 34 3K O K K 3 O 2K S S O K R R S R R R

C
C INITIALIZF THE SURROUTINF ON THEF. FIRST PASS, THEN RETURN.
c

(3333323 PRI E TSI TS IS FIISI SIS SIS ST IIITI SIS IITI LS SRR S

IFCINIT.NE.®) GOTO 1060
READCS, 10) A, B,STTH,SLTH, RH

10 FORMAT(S5F16.2)
WILITE(6,20) A,B,STTH, SLTH, RH
20 FORMAT(//77751X, '** DMODEL1 PARAMETERS #x'///4|X,'HEIGOT FILTER ',
1 "COEFFICIENT = ',F10.2//741X, 'SLOPE FILTFER COEFFICIENT = °*,F10.2//
2 41X,'LEVEL GROUND STEP THRESHOLD = ',F10.2,' METERS'//4I[X,
3 'SLOPE TURESHOLD = ' ,F10.2,’ DECREES'//41X,'ASSUMED HAZARD °,
4 'RADIUS = ',F10.2,* METERS')

SLUTU=SLTUXDRCON
DO 30 I=1,100
SXil)=0.0
XKHAZ(1)=0.0
YUAZ(L1)=0.0
RAAZ(1)=0.0
IAZI1(1)=0
30 CONTINUT
DO 40 I=1,50
RTN( 1) =1
RANGE(1)=1000.0
40 CONTINUE
INIT=1

RETURK
100 CONTINUE
Cof % R R R0 KO R KR R S R S KR S K S KK K KKK KK K KKK R KR KK RO O R ko
C
THE SUBROUTINE HAS BEEN INITIALIZED. IF INTERMEDIATE OUTPUT FROM
MODELI 18§ DESIRED, PRINT OUT THE HEADING.

oco

LB T S s S S S e s
IFCINTMOD.EQ.0) GO TO 120
WIRI'TEC(O, 1 10)

110 - FORMAT(//51X, *** MODEL1 OUTPUT '*%'//)

120 CONTINUL

R S R R S s P e R e P P e PP P P

Cc RUN THROUGH THIS LOOP ONCE PER AZIMUTH TO PERFORM THE IN-PATH TERRAIN
o PROCLESSING.
C
C

FF R RO KRR R NS S KK RSO S K O 3 3 SOK K KO K K KOK O K K KKK K KK KKK
1HAZ=0
DO 9060 IAZ=1,NUMAZ
RTNC 1AZ) =1
RANGE(IAZ)=1000.0
I1SAVH= THAZ
88
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FIRST, DETERMINE TRUE AZIMUTH ANGLE TO PRGPERLY LOCATE UAZAIRDS
IN THE PLANET FRAML.

£ 300

R o S P s P P T TR T T
TEMP= HEADNG+ASMIUTH( 1AZ) + ALPILY
IFCTEM' LT 0.0) TEMI=6, 28318+ TEMP
IF(TEMP.CT.6.28318) TEMP=TEMP-6.28318
CREZEFE TSRS L EELLH LR LD LB KR LS DT LR KA A4 KK LKA KT AL LKA LKL K KA
C

¢ DETERMINE MIDPOINT OF ALL SENSE RECIONS PRODUCING RETURSN SIGNALS

c AND STORE THEM.

C

Cxxx:xxxxxxxxzxx:zzxxzxxx:xxzxt:x:xzxxzzx:x:wxztxz*xmxxzx*z*zxxx*#xz:xx:*xx:*
ICOUNT=0

DO 200 IL=1,NUMLAS
HIOLD=DATACIAZ, 1L
IFCTHOLD.LE.® GO TO 200
ICOUNT= JCOUNT+ |
TPILS=THOLD+
TZC1COUNT) =(POSCIL, IPLS, D+I0SCIL, 1HOLD, 1)) /2.0
TROICOUNT) =(POSCIL, IPLS,2)+POS( IL., IHOLD,2)) /2.0
SX(ICOUNT)=1.0
200 CONTINHUFE
O T T S T

> ORDER THESE POINTS IN TERMS OF INCREASING RANGL.
CHRERREEE R ERE R E EFE R KRR 0 05K 0000 S 00 S 00 S O S K O S SO o K K

IX= ICOUNT=-1
IF(IX.LE.06) GO TO 230
DO 230 1971, 11X
IR=1J
210 IP1.S5= TR+
IFCIRCIPLS) .CE.TI( 1) GO TO 220
RWHOI.D=TR( IPLS)
TRCIPLS) =TIR( 11V
TR( TR) = XHOLD
XHoLD=TZ(IPLS)
TZ( IPIS)=TZ( IR)
TZ(IR) =XIIOLD
IR=TR-1
IF(IR.LE.O0) GO TO 220
CO TO 210
220 CONTINUE
230 CONTINUE
ot R R EF F RN AN R R R AR R R LR LR MR R T E R LI F R R R LR KRR R R L LSRR KKK R KK KSR LK
G
i PRINT OUT RAW DATA SAMPLE POINTS IF DESIRED.
C

IFCINTMOD. EQ.0) CO TO 390
WRITE(6,300) LINE

Joo FOILLATT( 'O, 13VAL)
AZH= ASMUTH( I AZ) *RDCOR
WIITEC(6,310) AZU

310 FORMAT( *OAZIMUTH = °*,F7.2,°' DEGCREES'/'OSAMPLED TERRAIN POINTS:')
1M JCOUNT. LQ. W) WRITE(6,320)
320 FORMAT( *ONO SAMPLE POINTS'")

IFCICOUNT, Q. 0) GO 10 U0
IS= ICOUNT

1FC1COUNT.GT.20) 1IS=20
WRITE(6,330) (TR(I),I=1,18)

330 FORMATC ' ORANC . . ' ,2X,20(1X,1°5.2))
WRITE(6,340) (TZ(1D) ,1=1,1I8)
340 FORMAT(®* HEICUT:', 1X,2001X,1'5.2))

IFCTCOUNT.LE.20) GO TO 390
IS=1COUNT

ITFCICOUNT.CT.40) !S=40
YRITE(6,350) (TR(1),1=21,18)

350 FORMAT( ' ORANGE: ' ,2X,20( 1X,.F5.2))
WRITECG ,360) (TZ(1),1=21,18)
360 PFORMATL* HEICHT:: , 1X,20( 11X, F8.2))

IFCICOUNT.LE.40) GO TO 390
1S= ICOUNT

WRITE(6,370) (TR(I> 1=41,18)
370 FORMAT( * ORANCE: ' ,2X,20( 1X,F35.2)
WRITE(6,380) (TZ(1),1=41,18)
Jue FORMAT(* HEIGHT:* ,1X,2001X,F5.2))
390 CONTIHUE G
09
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s e ninit o CIEy Al N N

C4tl**lAllzxmllmm*x*x***!RxlXXWXXX***Z**R**X#llt**x*X**x****************!****

. s i
L' I&'I'I'Em"l' W COIUWCT ANY SENSOR QUANTIZATION ERRORS RY FLIMINATING 1
i (, SAMPLE PGINTS SPACED TOO CLOSELY TO PREVIOUS ORES OR POINTS i

) fr_‘ BLEYOND U.§F METEDUS IANGE. CTILINNINC ALCORLITHM

s

Cxx:x*xxzx*xxzxx*x*txxxx**x*****z*xz*xzx***x**xx*******x**xxt*x***x*****x**x*
; IFC ICOUNT.LT.3) GO TO 460
: KUM=0.
| FTIM=TRC VCOUNT) =TR( 1)

: DO 400 i1J=2, ICOUNT ;
| IFCTROTIY.GT.3.5) CO TO 419 .
IM=1J~] ;

Vs

ADTFF=ABS(TR( 1.J) =TR( TM)) %
' IFCADIFEF,GT.FTIM SUM=SUM+ITIM ';

- IFCADIFF.LE.FTIM) SUM=SUM+ADIFF :
AVG=SUM/( 1J-1) :
FTIM=AVC®5. 0
400 CONTINUE
410 AAVC=AVC/2.0
DO 440 1J=2, ICOUNT
IFCTROLIJ).CT.3.3) SX(1.))=6.6
IFCTR(IJ).GT.3.3) GO TO 440
. IM=1.0-1
’ 420 IF(SX(IM).NE.0.0) GO TO 430
: [M= |-
: GO TO 420
: 430 DIFF=TRCLI-TRCIM ) <
IF(DIFF,GE.AAVG) GO TO 440 3
ICABSCIZCIM) ) LCELABS(TZ(1J))) SX(1J)=0.6 - 3'
IF(ABS(TZ(IM) . LT.ABS(TZ(IJ))) SX(IMD=0.0 |
440 CONTINUL ) :
IP=0 :
DO 450 1J=1, ICOUNT
IF(SR(TJY.EQ.0.0) GO TO 450
=P+ :
; TZCIP)Y=TZ( I
THOLPY =TI 1D
45§ CONTINUT.
' 1COUNT= I
: 460 CONTINTT.
k C*&:*x*::*m****x***************x********xx******x****************x***********
c
C IF TOERE ARE LESS THAN HALF TIUE POSSILLE NUMBER GF IWTURNS ;
C OR IF THE MOST DISTANT WETURN IS LESS THAN 1.5 METERS AWAY ;
Cc TOIS AZIMUTH 1S CONSIDERED TO BE UAZAIWBOUS.
o

DU L. Al

M e e

Y

; CHREXFERERFRERRERRR LRI RS FRYOR LR R KR R WK KA RK KKK RAK KRR KKK KK KRR KKKk R KKK
; IX=NUMLAS/2

: IF(ICOUNT.LE.IXDO GO TO 500

g ' IFCTRCICOUNT) .CE. 1.5) GO TO 5560 :
CREFFLRE N R K KKK AR KRR LR RIS R R RRKN RRRAI R RIS Rk Rk Rk k¥ okk

s

THERE ARE TOC FEW RETURNS TO MAKE THIS A SAFE PATH. CATALOG AN IN-
SUFFICIENT DATA HAXARD.

e

IC 0O

5 3k 3k 2k bk 3Kk 2K 2 2K 2K 2K 23K 2K 3 2K 3K K K SR K 2K KKK K KK KR R K K K R SR KK K R KK R KK KRR R R X R R KR KRR R KRR KKK KKK
D 500 1HAZ= [HAZ+ 1
i IF(LHAZ.GT.160) CO TO 1000
¥ RTNC IAZ) =0
; ’ 1AL L LHAZ) = [AZ
RNG=1.0
IFCICOUNT.LE. IX) GO TO 510
RNG=TR( 1COUNT)
510 INEVAGRIEVAESTIH
RANGE( TAZ)=RNC

...._..w_.
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(22323 FIEFFFFIIFAIIINAL PP TINIIFEII I TIP3 352 333/2 3532223 55233 ¢+ PN S & & 4

C

C RANCF. IS THE DISTANCE TO THE BAZARD. PU THIS INTO ITS X.Y COORDINATES
C (PLANET FRAMES .

‘-

RIS PILIII LIS 2222323232322 FFEII LTI EIFIIPIIIIITEIT PIHEITFT LT

IFCTEMPLCT.1.52708) GO TO 5260
ANG=TEMY
YHAZA THAZ) = YMRV+RNCRCOS( ATC)
- XHAZ( THAZ) =XPMNRV+RNCxS IN(ANG)

€O TO 550

320 IF(TEMP.CT.3.14159) GO TO 530
ANG=U., 14139-TEMP
YHAZ( THAZ) = YMRV-RNG#COS ( ANG)
XUAZ CLUAZ) = XMRV+INCGXS INCANC)
GO TO 5§50

530 IFCTEME? . CT.4.7T1239) CO TO 540
ANG=4.71239-TEMP
YIAZC LUAZ) = YMUV-IINGXS IN( ANG)
XHAZ( THAZ) = XMRV--RNG£COS( ANG)
co ‘19 350

340 ANG=6.28318-TEMP
YUAZC TUHAZ) = YMILV+HIINGR COS CANG)
KHAZCTHAZ) = XMRV-RNCxS INCAKRG)

950 CONTINUL

(MRS 32 3T FIFPEE P I FFF I TP I I I RIS P 3 3 s Y T P P s T s TR T P
C

[ RECIM TERRAIN FILTERING.

[ FIRYT, DETERMINE THE TRUE SLOPE OF THE VELICLE ALONG THIS AZIMUTIL.

1.

CREXFELFENL L RE LA LA RE NN I LT RN W23 3K 3K A S 3K 3K 3 3K 3K 03K S S K K K oK 3 o oK v oK 2K 3 ok ok ok
DELTA= ASMIUTH( TAZ) +ALLPHA
TSID=ATAN(TAN(SLP IN) *COS(DELTA) ~TAN(SLI'CRS) xS IN(DELTA))

SXC1)Y=TSID

R R R R R R R R R RN R R R R R R R R N YU N R R R N R R R KRR KKK KR KKK KKK K

c

c NOW RUN THROUGH THE FILTERS,.

C

2SI DL TELT S I LTI IETE I TS 2SI EITEI TS FFFTE LI IFTE L H PETTIF TIPS
IFCICOUNT.LE. 1) CO TO 816
I1SUP=1
TSKF0.0

DO 600 IJ=1,7
CIWNZ(1J,1AZ)=1000.0
DIViIJ)=0.0
SUMNZ(1D)=0.0
600 CORTINUE
DO uvov 1J=2, 1COUNT
IM=1J~1
TLZCLI)=( (1, 0-A) ¥ LACLS) ) +CAXTZ I M)
PES ST RIS LS PR SRS P S Y e E R = PP S PP P TR R P I PP P T T P
C
c GET THE DATA TO BE USED IN THE CROSS-PATH ANALYSIS.
C
R R KRR R KRR R KRR R R R R R KRR KRR R R R A R R R A R R R R R R R SR A S R SRR S o R R
IFCTROIMD L LE.(1.25)) CHUSZCL, 1AZ) =T4C 1M
IFCCTROTD LGT.C1.25)) LAUDL(TROIJ) LLE. (1.5))) CRSZ(2,1AZ)=TZ(1J)
IFCCTROLII) LGT.(1.5) ) JAND, UM LJ) LLE. (1.75)) ) CRSZ(Y, 1AZ) ="TZ( 1J)

IFCCTROID) LCT.(1.75)) ARG {TROLII) LLE.(2.0))) CRSZ(4,TAZY=TZ( I
IFCCTROID) LGT.(2.0)) .AND. (TRC IJ) .LE.(2,25))) CRSZ(35, IAZ)=TZ( L))
IFCCTROLIJ) LCT.(2.25)) AND.(TRC LY .LE.(2.5))) CRKSZ(6, TAZ)=TZ( 1)
IFCCTR(TJ) .GT. (2.5)) .AND.(TR(1J) .LE. (2.75))) CRSZ(7, IAZ)=TZ{IJ)
TRECCL.0-BYATANC(TZ L)) =TZCIM ) Z/CTRC L) =TRC M) ) ) ) +( BxTSK)
ESTSLP=TSID+TSK

SX( 1J)=EsSTSLY

IFCISUP.NE. 1} GO TO 800
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CRER R L L RO R LR LT ERREE R AR R KR TR LR ER LT KK TR E LT RE XKL LKL LR R KL IR LR
C
((.: BECIN DETERMINATION FOR HAZADOUS AZIMUTH. TEST SLOPE THRESHOLD.
UXZEXBMEXRR XKL XL XL LR E X R RN K K R KK AKX KT 3K 5K 35K 3K 3 K45 20 323K 307 3 2 K K K KK 3K K K XK K O 3K SR o 3K K KoK
IFCABSO(ESTSLPY) LQT.SLTHY 1MM=1J
IFCADSCESTSLY) CT.SLTH) GO ‘IO Too :
¢ (R332 FFTFEI T2 IS T S 3PP P PP PP TIIPT P OFIF PP P T P TP I PP PP PP P PP L LB !
C
. DETERMINF PRESENT STEP THRESHOLD AND TEST. ,
c_ ‘
CREZXREFLLER AL L RR KL KR LR K LR R KRR Z K KK K K K R S o S A S S48 3 S 200 S S8 38020 3 R R 0 2R S S S S o S R S SR S e
STINES=STT1
AFS= ARS(FESTSLP)
IF(AES.GT. (SLTII*.67) . AND.AES.LE. (SLTU*3./6.) ) STURES=STT1/ 2. |
IFCAES.CGT. (SLTH=8 .76 . ) ) STHRFS=STTH/+.
DO 610 ICHK=1,IM
IMM= L)=-1CHEK
DIFF=TR( LJ)-TRCIMD
1 IFCIMFFLLT.STHRES) GO TO 610
E IF(ICHK. 2. 1) GO TO 620
IFCDIFP. EG.STHRES) GO TO 620
1MM= 110+
CO T0 620
610 CONTINUE
: 620 ESTDU=TLZ0 1) -TZO MM

. S

Sy S

e

_ ESTDH= ARS(ESTDH) s
E IFCESTDU, LE, STUNES) GO TO 800
j (32322 TP PHFEPFSIIPIFEELE T ILIIS L2 LIRS F LTSI ILLIE I 2RI ST 24232 2 A ;
¢
f c CATALOC SLOPE OR STEP RAZARD.
C : |
(R R R R R R R R R R R R A R R R R S SR R SR IR SRR SR R SR R W R R R R R IR R R R R R R R RSO R R R R R %
700 CUNTINUL |
ISUP=0 .

IWNG=TRC [ MM
THAZ= THAZ+ 1
IFCHIAZ.CT. 100) GO TO 1000
TAZTCTRAZ) = TAZ '

SR et

RTHCIAZY =0

RHAZ( THAZ) =RNGC
RANGE( IAZ) =RNG i
(W s PP PRI T ILIAIISEIIIIFIF IS I I I FIII LI+ +FEF 2+ 2T T2 F 3 T2 2 P e 35 38 3 P 4
c :
C FIND THFE X,Y COORDINATE OF FACH HAZARD. H
c ki
3 CEREREEREEREKK K KR KK LR KKK KRR KL LR L L LR KRR KK KR ELER KRR L LKL LR KL ELR LR R R LI LR KR LR RRR R KKK f
[F(TEMP.GT.1.5708) GO TO 720 |
ANG=TEMP §
YHAZ( 1HAZ) = YMRV+RNGXCOS( ANG) 5

XHAZ( IHAZ) =XMRV+RNG*S IN(ANG)
CO TO 800

720 IF(TEMP,GT.3. 14159) GO TO 730
ANG=3. 14159-TEMP
YHAZ( 1HAZ) = YMRV-RNG*COS (ANG)

e

KUAZ( [HAZ) = XMIV+RNC*S INC ANC) Cre .o
CO TO 800 4 i
730 IFCTEMP ,CT.4.71289) CO TO 740 '
a ANG= 4.7 1239-TEMP
! YIAZ( 1HAZ) = YMRV-RN( S INCANG) ¢
. ¥HAZ( THAZ) = XMRV-RNG*COS( ANG)
GO 'TU BOY :

740 ANG=6.28318-TEMP

YUAZ( LUAY) = YIUV+RNGRCOS CANG)
B WHAZ( THAZ) = XMRV-RNG*S IN( ANG)
800 CONTINUL
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c PRINT OUT FILTERED DATA IF DESIRED.
.
(-:xxxxxxxxxtxxtzxxxxxxzxxr;'gx:;Ixxx::xx::f/,‘u:xzw:zx:n:xxz:z:m::zzxu:x::zz:zxxzz:zxxxx:x:::l:::z:::x
B1o CONTINUY ,
TFCINTMOD.EQ.0) GO T 24u
1FCICOUNT.EQ.0) GO 10 You
DO 815 1=1, ICOUNT
SXC 1) =SX( 1) RDCON
815 CONTINUE
1SAVI:= [HAZ~ ISAVI]
WILITEC 6, H20!
820 FOIMAT( ' OTERRAIN ESTIMATES: ')
187 ICOUNT
1F( ICOUKT.CT.20) 1S=20
WILITE(6,825) (TRCI), [=1, [S)
825 FORMAT( ‘ ORANGE: *, 2X, 20( 1X,F5.2)) 4 .
WILITE(6,830) (TZ(1) , 1=1, [S) — :
830 FORMAT(® HEICHT:®, 1X.20(1X,F5.2))
WILITEC6,B35) (SX(1), =1, 18)
835 FORMAT(' SLOPE: *',2X,20( 1X.F5.1))
LFCLCOUNT. LE.20) GO 10 BT6
15= ICOUNT
1FCLCOUNT. CT. 40) 1§40
WRITE(6,840) (TR(1),[=21,18)
840 FOIMATC ' OLRANGE: * , 2X, 200 1X, F5.2))
WRITE(6,845) (TZ(1),1221,1S)
645 FOIMATC® LMEIGUT: ', IX, 200 1X, I6.2))
WRITE(6,850) (SX(1), 1221, 13)
850 FOIMATC® SLOPE:* ,2X,2001X,1'6. 1))
IFC ICOUNT.LE.40) CO TO 870
1S= ICOUNT
WRITE(6,855) (TR(D , 1241, 1S)

855 FORMATC ' ORANGE: * ,2X,20( 1X,1'5.22))
WRITE(H,860) (TZ(1),1=241,18)

860 FORMATC' HEIGHT: ', {X,200tX,1'5.2))
WRITR(6,860) (SX(1),1=41,18)

£65 FORMAT(' SLOPE: ', 2X,200tX,F5.1))

870 IF( 1SAVH.FQ. ) GG TO 960
IFC ISAVIL. EQ. !) WRITLE(6,075)

873 FORMAT('0 1

HAZARD CATALOCED ON THIS AZIMUTH.')
IFCISAVIL EQ. 1) ©O 10 900

WRITE(6,880) ISAVH

880 FOUMAT(*0°, I3, HAZARDS CATALCGED ON TUIS AZINUTH. ")

940 CONTINUFE

o SRR AR N RO AR R R R S R R KK K KA H KKK KRR KKK KK KR A A K KKK K KK KK
C

c AT THIS POINT EACH AZIMUTH IIAS BEEN ENXAMINED AND TUE IN-PATH ANALYSIS
C IS COMPLETE. NOW PERFORM THF. CROSS-PATH ANALYSYS.

c

c*xxxxxxxt*x*xx*xxxxx***x*xxxxxx&x*xz:t:x*x*:o:***x*x*x:**xx*x:«x*xx-"}:****’-ﬂ*z*zzxx*x
WRITE(6,3060) LINE
CHSPTH=SLPCHS
STHRES=STTH .88 \
SLOPTHESLTH
1F(ABS(CRSPTH) .CE.SLOPTH)GOTO 910
DO YTV 1J=1,7 '
DD 970 1AZ=1,NUMAZ
LFCTAZ.BQ. 1) COTO 970
IF(CRSZ(1J.1AZ).LE. 100.)G0TO 9905
CHTO 970
995 IF(CRSZ(1J.1AZ~1) .CT. 100.)GOTO 970
CUK=C(CREZO LY, LAZ) -CISZC 1S, 1AZ2~1))
IF(CRSPTH.GE.SLOPTH%. 67)GOTO 950
TFCCHSI T LE. (=, 6THSLOIM) ) GOTV 960
IF(CRSPTH.GE.(0.0).AND.CHK.LE,~-STHRES)GOTO 911
IFCCNSIMTHL LT €0, 0) L AND, CUK, CE, STHIES) GOTO 910
IF(CHK.LE.STRRES) GOTO 970

910 1AZT=1AZ
S GOTO 612
911 TAZT= 1AZ-1}
912 RNC= 1, 00+FLOAT( 1)) %, 25
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8 !
C IF THERE IS AN INPFATH OBSTACLE CLOSER TUAN TUE CROSSPATU MAZAWD, i
C IGNORF. THE. CROSSPY1: RESULTS; OTHERWISE CATALOC A CROSSPATIL NAZARD.
: g:xxﬂxxxx:I:***x*n*:k**x:xx*xxxxx::x*xxxxxxr&xxxxxxzzxxxz*z:&xz:zzzxx::xzxzzs::cu:u:::s:
f o 1F( 1HAZ. EQ.0) COTO 925
BO 920 K=1, [HAZ. ,
IFCCIAZI(K) . EQ. IAZT) . AND. ( RIAZ(X) . LE. RNG) ) GOTO 970 :
920 CONTINUL
.o 925 AZH= ASMUTH( 1AZT) *RDCON ;
WIITE(6,930) AZHl :
930 FORMAT(' CROSSPATH HAZARD CATALOGED ON AZIMUTH °*,F7.2) ;
1LAZ= LHAZ+ L
. 1AZ1( IHAZ) = TAZT
g ICINCLAZT) =0
. e RHAZ( IEAZ) =RNG
r ILANCE( LAZT) = NG
| IF(TEMP.GT. 1.5708) GOTO 935
ANG=TEND
YHAZ( THAZ) = YMRV+RNC#COS ( AKG)
XUAZ( LUAZ) = XPULV+ INGHS I NCANG)
GOTO 970
935 IFCTENP, GT. 8. 14159) GUTO 940

- ANG=3, 14159-TEMY ’
T YRAZ( 1HAZ) = YMRV-RNG*COS( ANG) ’
KUAZC LIAZ) = XMIVHIWNCHS [NCANG)
COTO 970 ) 3
9240 1FCTEMP . GT. 4. 71289) GUTO 945 ’ ' ;
, ANG=4.71239-TEMP | b
: YUAZ( 1HAZ) = YMIWV=ING*S TNCANG)
; XHAZ.( THAZ) = XMRV-RNG*COS( ANG)
: GOTO 9706 :
i 945 ANC=6. 28318~ TEMP J
' YILAZ( TUAZ) = YMRV+RNG=COS ( ANG) A
1 KHAZ( THAZ) = XMRV-RNG%S INC ANG)
GOTO 970
950 IF(CRSPTH.GF.SLOPTHx.83) COTO 955
IF(CHX.LT. (~.5*STHRES) ) GOTO 91
COTO 970
955 IF(CHK.LT. (~.25*STHRES) ) GOTO 911
COTO 970
950 IF(CRSPTH.LE. (-, 83%*SLOPTH) ) COTO 9635
IFCCHK. GT. ( .5*STHRES) ) COTO 916
GOTU 970
965 1F(CHK.CT. ( .25%STHRES) ) COTO 910
970 CONTINUE
CO TV 1020
'3 - C*xx:xxz:zx::*zxma#**:***x***:ﬁ**:x***zx:******:*******:*x****z********z*x**x*x**-
¢ :
c HAZARD LIMIT EXCEEDED.
c
R R R R R R LR R R R R R R R R R R R R RN R R R R R R KRR R KRR KRR RRF KRR LR KA R LR LR R R RKEN
1606 WRITE(6, 1010)

1010 FORMAT(///' OVER 100 HAZARDS CATALOGED - PROCESSING TERMINATED.')
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" L ST X

Ct::zzzzxxxxaxzxzzzxtx:a:nxxzxzxmxaxz11xxxxxxzt::xtzxxxxnxxxzzzzmzzzxm:xr' R
G
:.f ONMDER ALL HAZAIWS IN ODER OF INCREASING MANCL.
er:xnzaz:zx:::x::xxzxxtxxzxzxxxxxxxxzxnzxxxx*ttx*xxxxazx*xxxxxxx*xx*x*xxx*x*
IN20 CONTINUTY.
I1X=1IAZ~1
IFCIX.LE.0) €GO TO 1050
DO 1040 1J=1,1X
IR=1.}
1630 IPLS=IR+!
IF(RHAZ( IPIS) .CE.RAAZ(TR)) CO TO 1040
MOOLD=ROAZ( IPLS)
| BRHAZ( IPLS) =RHAZ( IR)
; RIAZ( [R) = XIIOLD
E XHOLD= XUHAZ( IPLS)
, NHAZ( IPLS) =XIIAZ( IR}
XUAZ( 1 R) = XHOLD
NHOLD= YHA\Z( IPLS)
YHAZ( IPLS) = YHAZ( IR)
YHAZ( IR) = XJHOLD
TLHOLD= TAZI( 15 LS)
TAZIUIPLSY= [AZICIR)
TAZ1¢ 11U = THOLD
IR= IR~}
IFCIRLLE.0) GO TO 1040
CO TO 1030

1640 CONTIRUE
1030 CONTINUL

I L

IFCTHAZ.EQ.0) WRITE(6, 11100 ..
11 FORMAT( 'O’ ,35X. *NO TAZARDS CATALOGED THIS SCAN'3

C&z:‘:f‘*‘*'&I":":z:ﬁxx‘d**:**x**t*” ﬂ!w‘***************-ﬁ**z************!***’-‘:*:ﬂ**x*****
% C
i C PRINT OUT HAZARD CATALOG IF DESIRED.
§ C W " ;
'; Cu:z:cxz:'.'::.:'J::.':'J:::2:3:&:3’:'):2:3:2:::2:&':&:3:2:22:25:2:5::@:2&::&:xu‘.xa::l:xxx:z*:::zx:'::Grl‘.***m:::-zz.&xr-zx*x:ﬂ**l.:ﬂm:ﬂm* *
i RILITEC 6, 1100) LINL :
; 1100  FOR'AT('0', 13041 _
i

; O THAZ.EQ.0) GO 1O 1130 |
! WRITE(6, 1120 |

. 1120 IOINLATC 0 L 41X, " HAZARD CATALUG' /724X, 'AZIMUTH' , 10X, "RANCE' , 11X,
3 1 UKL 14N, Y /25X, T (DEC) 'L 12X, M) ')
¢ DO 1140 11, 11A7 |
| TA1=TAZIC DY T
b AOUT= ASMUTUC 1A 1) *IWCON
: &é?TE:z.IISO) AOUT, RAAZC 1) . XHAZC 1) , YHAZC D)
: 1130 FOIMIAT(21IX, 1 10.2,6X, 110.2,5X,110.2,5X,1'10.2)
1146 CONTINUFE

! 1150  WRITE(S. 1160)
{ ‘ 1160 FORMAT( *0°)
, 1200 CONTIRUE
: RETURN
; 4 END
oo
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