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ABSTRACT

Thc developmenL of a computer package for the simuloLion and
, evaluation of proposed paLh selectlon systems for an aulonomous Martian
; roving vchiclé has been'undertakew. The package incorporaLea a number
of realistic fentuxes, such' ag the simulation of random effecta due Lo
xlvghicle bounce and sensor-reading uncertainty, to increase the reliability

of the ?esults. To further enhance the usefulness of the package, both

qﬁalitative and quantitative ‘evaluation criteria have been established,

The performance of three different path selection systems has
| becn'eyaluaﬁed to detérmine.the effectiveness of the simulgtion package,
aﬁd to form some preliminaéy conclusians regafdiﬁg the tradeoffs involved
- in'deéigning'a paﬁh selection system, Using the results of tﬁese prelimin~
ary studies, suggestions for future development of the capabilities of the

computer simulation package have been presented,
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I, INTRODUCTION

The large communications delay time frmn(uiugto twenty-£ive
minutes between the surface of Maps and a mission contéol group stationed
o Earth makes groﬁnd control of an unmanped exploxatory vehicle on Mars
avlward apd potentlally inadequate, The development of an autonomous
vehicular path selection controel system is therefore mandatory for the
success of the mission., This system should be able to select a path tola
specified destination such that dangerous obstacles are avoided and other

mission considerations are met, 'The fulfillment of these objectives re-

quires the development of a path selectlon system containing both hardware

and software devices capable of effectivcly analyzing the terrain surround-

ing the vehicle. It is certainly a stringent requirement that these systems

be able to operate with a high degree of reliability, and that they must also

be capable of calling for Earth control under appropriate circumstances,
Previous efforts concerning this area of investigation have con-
centrated upon development of terrain modeling systems, analysis of the

effects of sensor error‘upon the terrain model, and the study of path se-

lection algorithm characteristics, One of the previous investigations did

include the integration of terrain modeling and proposed path selection

systems for the purpose of algorithm performance evaluation (Ref, 1), How~ -

ever, tliese works have been mainly applicable to a 1ong-range obstacle
detection systed'(with sengor ranges'bétweeﬁ 50 and 1500 metérs), and hadé
not included quantitative criteria for perforﬁaﬁce evaluation, In an °
- attempt to evaluate proposed path selection systems and to expand the use-
fulness of simulation techniques so as to indicate requirements in terrain

model, sensor, and path selection design, this study was initiated,




The project hda bersn divided into two main tasks, The fivst
is concerned with the davelopment of a computer package which provides
the capability of dynamically simulating a wide variety of gensor,
terrain modeling, and path sclection combinations under reasonabuy
realistic. conditions, The second task involves the establishment of
criterin for judging the path sclection system's performance, as simula-
ted by the computer package developed in the fivst taak.

It should be emphasized here that these investigations have
been directed at mid-range (three to thirty meters) sensor and path
selection applications, a§ distincF from short-range applications using
a tactile sensor and the previously studied long-range system, It should
also be noted, howeverf that the simulation package has the potential for
- extension to, or auﬁsequent inelusion of, the other range applications,

The following scction presents a discussion of the ovefnll
computer simulation package, iuclﬂding its strueture, functions, and in-
formation flow. Specific discussion of indfvidual block development
gtudies pnd implemcntationa ls given in Section’ IIIL., Section IV demon-
strates the effectiveness of the computer simulation package by comparing
the performances of three different path selection systems, The final
section presents a summary of the progresé, conélusions, and suggestions
for future work in this area.

’

A user's guide for the computer simulation package 1is available,

‘

and its table of contents 1s included here as an Appendix,




3.

IT, COMPUTEN SIMULATION STRUGTURE

A,  Goals and Considerations

The computer simulation package 1s a Bnlf-éontaiucd unit., Not
only-docs it simulate the functions. of d terrain sensor and a modeler,
contain a path selection algorithm, and simulate the vehicle's motion dy~
namics, but’ it also includes a mathematical &eacriptiom of a tervain and
cvaluntesrsystem performance using criteria cstablished for hhis'purposc

(see Séction IIT, D.3). Tie inclusion of the latter two items into the

. Bystem reduces error-prone handwork and extends conslderably the scope

of the simulation's evaluation capabilities,

Three major considerations vere taken into account during the

computer package design, First, the fle#ibility and realism of the simu-

lation is of primary importance, The substitution of alternate vehicle

"configurations, path selection algorithms, terrain wodels, and sensor

-

schemes, must be conducted with a minimum of effort and a low probability
of error, Inputting of terrain data must be flexible enough to represent
a wide Gériety of terrain chaéacteristics and appearances. As more ine
formation is gafned concerning the true Martidp terrain, it will be °
important to be able to easily construcﬁ terrains which reflect this know-
ledge.

“As a second considexration, itlmust be possible to incorporate
ﬁon—ideal features which tend-.to degrade performance, Such additions
enhance the_realism of the simulation, thereby improving the reliability
of the results, Such non-ideal features include: vehiele bounce,’ vehicle

tilt due to terrain slopes, and sensor-reading uncertainty,

The third consideration is that the structure of the computer

TR



pimulation should be segmented according to function, AlL nctivitics
pertaining to a singlo funetion should be grouped into the same block,
if hosaibla. Prppef structuring is of considerable importanece to the
flexibility requirement that substitution of alternate proposcd sensor

systems and vehicle configurations be ecagily cxecubed. This subject will

-

be furthei discugsed in the nexlt sub-gection,

3. DBlock Diapram Structure ' . '

The computer simulation package has been étructured so that each
block contains a separate function (sce Figure 1), This allows casy sub-
‘stitution of alternate simulation schemes, <hore 15 a minimum of inter;
dependence of one block upon the other, and changes in one wlll not result
in changes in another,

The entire system operation can be divided into four major
functions. These are: 1) the terrain characterization function, 2) the
path selection system function, 3) the vehicle dyna&ica function, and 4)
the system evaluaticn and gimulation display function,

L]

The terrain characterization funetion is used to mathematically
deseribe and store some arbitrary terrain that will be used in the simula-
tion, It is self-contained in that it is indeperdent of any other funetion,
and it is assigned a separate block in thé block diagram structure,

The path selection system function can be fuxther divided into
- 1) the sensor operation simulation sub-function, 2) the terrain modeling
process sub~function, and 3) the path selcction algorithm sub-function,
These sub-fﬁnctibns_are not: entirely independent and will often be highly |

correlated, A change in a particular sensor scheme may force an accompany-

ing change in the terrain model 1if the new sensing scheme provides a

2
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different type of information. In a similar fashion, the path selection
algorithm will often be dependent upon the sensor and model schemes,
These sub-functions have cach been nssigned a separate block, The re-
sulting threc blocks are the only.onea in the simulation package which
are dependent upon one another, |

The third major function of the program is vehicle dynamics
simulatlion, The response of thg vehicle to the commands of the path se-
lection systom must be simulated, by determining how the moving vehicle
iy -affeeted by the terrvain and how this in turn may affect the path se-
lection syétcm. This function is assigned a single bloek in the block
diagram structure as Lt is indepcnéent of the other functivns.‘

lThe fourth major function, system cvaluation and samulation dis-

play, supplies visual information indicating what the vehicle is doing,

what the terxatiu looks like, and how the path selection system as a whole

is performing, Because of the nature of the information to be representaed,

this function 1s assipgned three blocks: 1) the terrain characterization
display block, 2) the terrain model display block, and 3) the system
evaluation block, Each block is totally independent of the others,

Summarizing, Figure 1 shows the overall structure of the block
diagram described above. Excluding the disﬁlay funetions, there are six
major blocks, The actual path selection control system is simulated by
a closed loop (gélid,lines\ contuiniﬁg.the éensor shnulation}tefrain model
cons£¥uction,‘path selection algorithm, and vehicle dynamics blocks. The
* terrain characterization block ccontains a-mathemafical rebresentation of

tie surface upon which the simulated vehicle is traveling. Finally, the

system evaluation block provides a quantitative measure of the vehicle

G,




and path sclgctiou system performance during the simulation,

C. Information Flow

"Information flow was one criterion for distinguishing between

the varioug functions descnribed ahove, The simulat:ion structure was

-partinlly dependeat: upon making the informatdon tfnnsfqrred between blocks .

(showm as connecting lines in Figure 1) as meaningful as possible to the.
simulation objectives, An uuderstandiug of the type of information e#—
change i8 implicit to undexrstanding the operation of the entire siﬁulation
process, . ,
| The inputs to the terrain characterization bloek are specified
’by the user and determine the mathematical terrain descxiption (specified
in a cartesian coordinate system) that will be stored in this block. Thié
block will then be able to provide a z coordinate (altlitude) for any set
of x,y cooxrdinates specifiled by other blocks in the strucﬁurei The sensor
simulation block uses the terrain characterization block extensively while
simulating the operation of a mid-range sensor.

The outﬁuts of the sensor s;mulation Ilock are the range measure-
ments ma&e by the mid-range sensor, and these values represent the terrain
as the mid-rangé sensor sces it, The terrain model construcuionlbloék pro-
cessaes the sensor's measurements, and passes a model of the terrain to the
path selection algorithm (and‘to the terrain model display block for visual
representation). Tﬁe path selection algorithm block uses this terrain
‘model, the present locatlon, and the location of the target, to.ggnerate

_ steering commands, i,e., to choose a path, The vehicle dynamics bloék
then movesfthe-&eh;cle using the steering commands and monitors the per-
formance of the moving venhicle, When the mid-raﬁge sensﬁr is to bé used

again, the location, direction, velocity, etec. of the vehicle are passed

7.
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to the sensor simulation blocﬁ. “fhe eyele repeats itself until the
vehicle arrives on target or until the simulation is halted for some
other rcason, Thé system evaluation bleck monitors the pérformnnce of
both the vehicle and the path selection system and provides a quantiva-
tfverperfdrmnncolmensure at the end of the simulation,

The dashed lines in Figurc L arc used to deéqribe non—essentinl.
information flowé whichlmuy be desirable to enhance the system's flexibi-
lity and display capabilities. The longer broken line can be used to
supply terrain linked nénuideal behaviof such as vehicle attitude and
vehicle Younce to the vehicle dynamics block, The shorter dashed line
can be used Lo supply information to the terraln display block concerning
the vehicle's location during its motion. Thus, the vehicle's path during

a simulation run can be displayed graphically,

8,




- IIT, COMPULER SIMULATION METHODS
.

A detailed discussion of each block in Figurdllz including

its development, operation, and capabilities, will now be presented,

A, - Terrain Characterization Block

The davelopment of the terrain characterization block is dis-
cussed at greater length in_Refgrence 2. |

This block represents a mathematical description of the Martian
terrain (using cartesian coordinaotes), and allows the user to gpecify some
polynomial representation énd build Gaussian distributions up.n this base.
* These descyibtions are used Lo coﬁ;ey low frequency terrain features, In
addit;on,la.speci&l—features input is used to specify high frequency and
discontinuity compcﬂents, such as boulders, craters, and crevasses. The
user can specilfy the general characteristics of each of these spécial
feaﬁurea, thereby enhancing simulation flexibility, ALl of theseASpecial
features are constructed by the use of singularities ip the mathematical
description of the surfﬁce.

| Once the simulation of tﬁe path selection process beging, qhe

terrain characterization block provides other blocks in the simulation
package with the value of the altitude (2 of the terrain at any point
(2,¥), Since the block will be used extensively during the simglation, it
incorporates mﬁn§’time-saving procedu;e;. Fér example, pantiél nesting

techniques are used when computing the poirnsmial features.

B. PYath Selection System

Several path selection system schemes were available at the

beginuing of this work. A simple scheme was chosen initially so that

9.

!
{
i
1




10,

effective simulation techniques could be developed, :It‘ia assumed that
as evaluation of these simple path seléctioﬁ schemes Ls performed, more
_advhnced systems'will be developed and avaluated,

. The péth selection system has been previously nupdivided iﬁto
"the sensor sbnulﬁtion block, the terrain model conétruction block, and . ' B .
the ﬁath ééleétién algoritﬁm bloek, Lach of these flocks will be trcgtcd P : g

separately,

1, Sensor Simulation Block

a) Types of Sensor Simulators

. The scheme chosen for an initial development of
this block involved a laser beam scawner with zero beam-
width., The vehicle was assumed to be a point source with

the sensor located direﬁtly ahove (with respect to the

.
3
.
§ 4
!
|

true planet vertical). The scan was assumed po be instan-
taneous, and there was a un;form time asaumed between |
seans, A single beam was used and discrete samples were

+ taken during each écqn. The beam had a fixed elevation
éngle (¢ ) measured ﬁith respect to the planct's vertical ﬂ

(see Figures 2A and 3).

The scheme provided the tc&rﬁin modeling_block with
azimuth, eleva;ion angle, and the length of the beam (p) : b
from the sensor te each of the sampled impingement points
on éhc.terrain surface, Random uncertainty of error inlthe
measurement pilocess due to vehicle bounce could be intro-
duced to the elevation angles and/or the range measurements

at the user's opltion, The method for this addition of noise

AR TN e
.
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13,

is described in Section III, G.2.c.
An additional sensor scheme was then implemented,
In this scheme, two, three, or four beams siﬁultaneously
sweep the surface (sce Figure 2B for an illustration of
the case with two ﬁeama). EBach beam has a different
.fixed elevation angle measured with respect to the planet's .i
vertical, ‘The asgumptions of uniform time between sensox
scans, discrele Bdmplés, and instantancous sweep were also
uged for this scheme. Outpug to the terxrain model construc-
tion block was ndjuqted so that sets of range measurements,
azimuths, and elevation angles were.included. Noise could &
‘be added to any of the elevation angles and/or range , . ;:
‘measurements'at the user's option, Z
It was then decided to simulate a sénsor whose orienta- éé
tion with raespect to the vehicle was fixed aﬁd would be
affected by the iﬁ-path and cross-path slopes of the terrgin
beneath the vehicle.* The precise location of the mid-xaﬁge
sensor had to be“calculated as the sensor could no lonpger be
assumed to be directly above the vehicle, The mathematical

transformations necessary to egtablish the sensor location

and their derivations are given in the program user's guide.
The two previously described 'sensor schemes were then adjusted .
to incorporate this feature (see Figure 4A), and are hereafter

referred to as vertical-fixed sensors,

+

% The in-path slope is defined as the slope of the terrain measured in
the direction of the vehicle's motion, The cross-path slope is measured
in the direction perpendicular to the vghicle's motion,

-
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15,

‘The vehicle~fixed sensor scheme is anﬁilnr to the.
above schemes in that the scan tiﬁc s instantancous,
discrete bamples are taken, and therc is & uniform time
. (M bétwcen scans, One, 'two, three, or four slmultancous

beams each with a different elevation angie may be used, , .

-

'Qutput to the terrain model construction block includes

sets of azimuths, elevation angles, and yange measurements, . . )

Noise may be added to any of theleleyution angles and/or
.range measufemeﬁts at the user's optien, 'Unlikc the pre-.
vious sehemes, the elevation angles are measured with
respect to the sensor maat; and are held cﬁnstant'with ‘ i‘
respect to this mast as the beam is swept across the sur-

face (see Figure 4B),

b)  Range Measurement Simulation

The sensor simulation block simulates the motion of

the laser beam and its impingement upon the terrain's
surface, This is done by initially assuming that the
length of the beam is zero meters and then increasing the ﬂ

length of the beam by one meter increments, Defining the

beam height as z*, the x,y,z.’.c coordinates (sce Iig, 5) of
the beam at each incremented length may be computed, The . ‘ ﬁ"
XY coordinateg are also supplied to the terrain characteri-
zatibn block, which generates the altitude (z) of the terrain
at the peint x,y. The length of the beam is increased un-

i . . . 't.f
til the beam passes beneath the surface (i.e, z-z 15 nega-

tive), or until the range limit of the laser is exceeded,

]

r * !



X,¥,Zz 1s in the sensor bean.

X,¥,Z 1s on the terrain surface.

x,v,0 is ir the base plane.
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If the beam pnsses below the surface within the range
1hniﬁ {specified by che user), then nﬁ interval hnlving' . - o
‘algorithm is used to obﬁnin the true impingemont: point '
between the two points on the beam above and below the
surﬁﬁcc. By spccifyiﬁg the maximum acceptable altitude

difference between beam and texrain, the user can control

-

the accuracy of the simulated range measurement obtained
from the interval halving algorithm, An initilal guess S o . 1
‘seheme 18 used for multiple beam BCNBOLS Lo avoid unncces- | ‘
sary computations., Once a hean range has Been culﬁulated,
their this range can be used as an initlal guess for the
length of the other beams for a glven ﬁzimuth.

For the sensors whpsc clevation angles weve measured
with respect to the planet's vertical, the coordinates
(x,y,z*) along the beam could be xreadily computed, Tor
the vehicle-fixed sensox, the clevation @ngles are measured
with.reépect to the sensor mast,‘making compulation of
points along the beam more éomplicated. To simulate this
situation, a new cartesian coordinate system with the
origin at the sensor is assumed., By calculating the beam

points with respect to this new coordinate system, and then

multiplying by an appropriate transformation (composed of

the directional cosines of the new axes), the beam points
can be converted to the coordinate system Iin which the

mathematical model of the terrain ié defined. Once this
has been achieved, the range measurement techniques des-. ;

cribed above may be utilized (see the user's gulde for




particulars of transformation mathematics),

2, Terrain Model Construction Blpck

Two previoug cfforis, which have invostiguted the gubjeet:
of terrain modeling (Refs, 1 and 3), have developed indices which
1ndicatc the major terrain features that ave crucial to the safe
moti;n of_the vehicle, Thede worlks go beyond the level of lmplee
meﬁuation that is presantly available, Consideration at this
stage is aimed ak general condepts of terrain model typaes, and at
the eriteria on wh}ch they depend,

Essentially, fivé distinct terrain models were proposed iIn
this investigacion, The first three of these models depend upon
measﬂEcmenta at two different poinis upon the terrain surface to
achieve thelr sigﬁificance. These are illustrated graphlecally in
Figufe 6, and are referxed to as 1) slope, 2) altitude, and 3)
range models, Because of the geomctry of the situation, any one
of these particular models can be obtained from any of the others,
However, in terms of algorithm declsion eriteria, a certain moﬁel
mny!be more convenlent and meaningful to a particular proposed
obstacle~detection path selection system. Models have been impie-
menced wvhiech are both slope based and range hased, TFor each dis-
crete azimuth angle, the slope model converts the supplied raﬁge
information (from the midnrange'sdnaor) Into slopes by dssuming
‘a linear slope from the vehicle's position to the fmpingement point
of the sensor beam., The range model.stores‘the aenéof's range
measurements without any processing, The models in both cases thep

become an array of stored numerical data (for cacl mid-range sensor

scau)'which reflect theparticular criteria on which the terrain

18,
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model 1is based (slépes, ranges).,

A fourth concept of the modeling ﬁrocess is to encode the
data obtained from the sensor into single-bit: yepresentations,
Using some predéuermined criheria, the madel assigns a given

- value, (1), to sensor data (or combinations of this data) if

-the data falls within threshold limits and some othex value, (0),

if the data is outside of these boundaries. In this manner, a
set of the values (0's and 1's) is.obtained for each sensor
sweup, Figure 7A, = If several of these sets were stored for pre-
sentation to the patﬁ selection algonithm at the same time, the
mode% would hegin to resembie.a code of acceptable and nonaccept-
ablé terrain features, Figure 7B, "This type of model is cextainly
more visual thén ;he previous three, and in a sense actually in-
volves some of the decision process itself in that it "decides"
whether gilven poinﬁs on the terrain ave within some limit (ﬁre1
sumably acceptable), or outside of it (unacceptable).
| The final modél proposed was one which constructs a mathema-
tical representation of terrain characteristics., An example of.
.this would be the £itting of an equation to data in order to.repre-
gent a contour line, Algorithms are‘aﬁailablc in the literature
which determine the_minimum order of equations that f£it sets of
data, and éﬁen let the terrain ﬁodel be the set of resﬁitiﬁg equa-~
ution ordérs. The basis for such a model would be regression analy-
sis, This model has been left as a'éoPic for future work,

The models discussed abové afé an attemplt at defining some
of the basic criteria which can_be used in terrain medel con-

structicn. It s expected that as the path selectlon system

20,
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« evaluation tool becomes useful in aﬁuessing particular modeling

schemes, more complex models will be develaped,

. 3. Path.sqiection_Algbrithm Block

h 'Thq development of the path selection algorithm bloqk
'assﬁmed that, 6u‘tﬁe b?sis of some eriteria (e;g., slops acecepta-
bility; range th:eghoid, ete,), the patﬂ selection algorithmIWQuld
chooée aﬁ acceptqble path along one of the mid-r&nge aensor‘s

scanning beams (see Figure 3), In one of the path selection

hlgofithms presently implemented, the testing of criteria is
'jacccmplished,by CQmpa:ing‘the téryain models' slopes or ranges | )
Cwith Lhreshold élopeé #nd ranges, If the model-supplied values : F

#re.aCceptabla, the algorithm issues‘appropriatc steering commands,
-If they are unacceptable, the algorithm continues a search of the

terrain model for other paths, ' g

Considering a slightly different situation, the encoded
terrain model data is already in a go, no-go form (see Figure 7B),

Sinde the traversability eriteria has already been applied, the

patﬁ selection algorithm need only search}the data for an accept-
able path,.

Both types of algofithms have been software im%lemented? and
both search the terrain model data.in_a specific sequence, The
heading.angle'frpm the véhicle's present 1oca£ion to ité déstina—
tion (target) is calculated and then compared with all of the
sénsor beam directioné.'“Tha direction nearest the heading angle
is chosén as a tentative path.r If the terrain model data (slope,

range, ete.) for this direction is acceptable, the vehicle receives
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a stcering command to head in this directién. If this path'ia
not accepﬁubic because an obagtacle 1s 1ndiénted, the algoriﬁhm
then- seaxches one path to thé rigﬁt: one path to‘the‘lcft, two
pathslto the right, and so forth until a traversablc‘path‘is
fouﬁd. Tﬁe.direction of this path then becomes the!new steoy-
ing command for the vehicle. |

An emergency path select?on algorithm has alss been simulaw-
ted, This subset of the path selection algorithm is onlyluaea~ |

when. the vehicle encounters some obstacle Lt cannot negotiate.

'uThis situation could occur if the vehicle lands in a steap craﬁér

or on a butte, or if the mid-range sensor did not detect some
dangerous obstacle which the vehicle has encﬁuntered “the emer~
gency paLh,selecLion algorithm might inveolve backing the vehicle
up or sLopping and providing mission conLrol on Earth with a Le1e~
vision picture of the situation,

The extension of any of thé,terrain models to include
several sensor scan sets permits the development of more powerful
path selectlon algoriLhms. In tﬂc cage of slope, range, or altiu
tude models, a secondary crlterlon £0r traversability might be
the minimization of energy used for motion. Thus, not just a

safe or-acceptable'path is selected, "but rather an optimal one

, {on the basis of energy considerations),

vVehicle Dymamics Bldck

1, Simulation Capabilities

lhe purpose of this blockﬁ;s ko dynamically simulate the
motion of the vehlcle and to provide Lhc evaluation block with

information for analysis of the vehicle's motion. The vehicle

st
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dynamiéa‘block must also provide the}sensof aimqia;ion Block'
with various vehicle parameters (locat%on;'heading, épced, ete,),
g0 that a sensor ﬁimulation may be berformed. . - S
Much qttchtiun has been directed at simulating the vehicle's
motioﬁ realistically, and mnn§ non-ideal situnpions'can bé effec-

tively modeled. To date software implementation has been completed

we

in the following areas: :

a) Vehicle Response Time - Proyisions have been ma?e 86 1 ,'}"“ i
thnﬁ_the véhicle.can turn only at a specificlfgte‘and so that the
i tfavel of the vehicle during very slow sensor séaﬁs and/or very
slow cémpuﬁer cslculations can be simulated, The ﬁser may assume .
ideal conditions, if desired, |

b) -Vehicle Motion - It has been assumed tﬁat the vehicle
drives itéélf uphill and coaété downhiil,' Therefore, two models
of vehicle motion (an uphill model and a downhill model) have 
been determined, These models‘cglculate the power required ta
traverse a slope and the speed of the vehicle on this slope,

* ¢} Random Qisturbances - Noise of two types may be added

to components of or measurements made by the path selection .

system, The addifion of noise simulates random effects due to

bouncing of the vehicle, steering errors, etec,

d) Shor't: Range Sensor - An ideal mechanical sensor simula-
tor is available, gince a short range mgchanical sensor may
interferé-with science operations, this simulation provisioﬁlis

optional and is controlled by the user,

© 2,  Simulation Methods

a) Vehicle Response Time - The motion of the vehicle has

-
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been divided into three stnﬁea, the 1eﬁgth of cach being con- | .
trqlled by the usef. : .

1) Run State 1 = represeﬁts the motion of Eﬁe.vehicle

from thelsﬁart of gxecuﬁion_of the steering command until

.thc start of use of the mid-range sensor, o ‘%
2)  Run State 2 - represents the motion of the vehicle ‘ o
during the use of the mid-range sensor, The effects of ' L
vehicle motion onlsenéor measurements cﬁn bélsimulated
if the sensor takes a finite amount of time (run state 2)
to make the range measurements. An instantancous sensor

would eliminate run state two.

i
!
3
C ' ‘ ' !
)
%
s

R

3 Run State 3 - represents the motion of the vehicle.
from the end of use of the mid-~range sensor until the

start of execution of the next steering’command. This

state allows analysis of time delay of steering command .

genexation due to a slow onboard computer, The onboard

-

cdmputer must construct a terrain model £rom the sensor

meadsurements and use a path selection algorithm to gene
rate the new steering command, A very fast onboard com-

puter would eliminate run state 3,

The run states are executed cyclically, starting with run
state one, until the vehicle arrives on target or the vehicle gets -

" into trouble (due to dangerous terrain) and wust stop, Information

concerning the vehicle’s velocity,‘iocation, and present heading is
passed to the sensor éimulator‘and'terrain model during run state 1
two, Similar information is passed to the path selection algorithm

between run states two and three,

WL A T e
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Note ﬁhat the end of execﬁtion of a pnrticulnf stecring
command can 6ccur during-any 6f-the ruﬁ states, or during none
of them, This énablea unalygis of a variety of ateefing rates,
this parameter being controlled by the user, By‘making the steer-
" ing rate sufficlently small, one can simulate a vehicle which
generaﬁes‘sécering commands faste£ than they can be execgted. A
very large steerirg rate allows'"instantaneous".r;sponse to steer-

ing cbmmands.

b) Vehicle Motioﬁ ~ The point beiow the center front edge of the |
vehicle's wheelbase on tﬁe Martian surface (xa,y;,ia) - (sea
Figufh 8), is moved in discrete ho;izﬁntal steps of fixed'leggﬁh
{STEP), the valuc.of which is determined by the user. If the
vehicle is-on an in-path slopé (ot ), then the length of a discrete
path increment becoﬁes STEP/cos (&) = B,

When the vehicle is on a positivé_slope, a potentia; eneréy
formula, derived in Referemce 1, is used to calculate power re-

quirements and the velocity of the vehicle, Specifically:

P.E, = 0,00838(W)(D)sin(d +8)

Vhere :
P.E. = potential energy, in watt-minutes,
W = weight of the vehicle, in pounds, E
D = the‘disténce traveled, in feét, |
e = the drag angle (effects of frigtion, wﬁeél slippage, etc.),
o = the slope of the te;raiﬁ.

Since POWER = ENERGY = ENERGY * VELOCITY, then
TIME DISTANCE

e
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it follows that

POVER = 1.65W VELOCTTY sin (« -+ €); vhere POWER
is in watts, and VELOCITY is.in meters per secbnd.
Uaiqg this formula, the §clocity and the poﬁcr required may
" be caleculated, Note that the user specifies nvniiablc power and

the drag angle (€ ), Stecep slopes that would force the vehicle's

velocity to be less than spme'minimum velocity (determined by the

user)-would have prevented execution of the vechicle motion models
aﬁd'other action would have been taken,

When the vehiélé iz on a.negative slope,-the motors of the
vehidlé are turned off and the vehicle is allowed to coast down
the hill. Theref?re; no power 1is consumed. This situation has
been modeled as a block sliding on an inc#ined.plane, and the

equations of motion are:

(Wysinol - U, N = ma

N =W cosel
. thus a =g (sinel - Ug cosd )
'whe:e Casw= accéleration of vehicle, in meters/sec2
&« = in-path slope of terrain
U, = coefficignt of friction (effects of frictionm,
wheel slippage, etc,)

W = welght of vehicle, in pounds

N = normal force oh vehicle from surface, in pounds
g = gravity on ﬁars, 3.62?46 meter/éecz.

1£f the acceleration is negative, then the vehicle cannot

accelerate down the élOpe. In this case, assume that the vehicle's

28,
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'_Es known, then:

moLora bring the vehicle up to muximUm speed inatantaneously uping

zero watts of power and thcn shut off, If the acceleration js poel-

) tive, and since the length of the path increment S on the slope

*

§=vt +10.5pt2 : A - :

_- -y = at
Vf ' Vo .

Camd . yom v 2 405 - o
.and g = (v, + 2,0a8) - : . . | . !
whera: : o . - ! ] |
, Ve = final velocity of the vechicle aL bottom of Blope,
' in meLers/second
- v, = initial velocity of the vehicle at top of slope, :
. in meters/second i
5 = length of slope, in meters - ' ' ‘ {E
t = time to traverse slope of length S, in seconds, ' 5;)

CIE regeneraéive Breaking is being empioyed by the vehicle, "
then the final velocity and the slope length must be adjusted so

that the vehicle never exceeds its maximum atta}naﬁle gpeed, If

]

the vehicle is already moving at this velocity when a downhill slope

is cncountered, then the vehicle maintains this velocity and uses no

power. ' .

c5 Random Disturbances ~ Noise may be added to any component or
measurement of the path selection system, Consider the‘fact‘thét
dispiacing a vehicle wheel by some amount x will cause some dis-
pLaéemeﬁt y of some compoﬁent in the pghh selection system, If
thé vehicle employs some sort of shock damping system, then the re-
lation between y and =x can be modeled approximately by a second

order differential equation:
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ey + 5 4w Py = x(t)
where ¥ = damping of system (spccificd by user)
| ‘"nl =-natural frequency of system (specificd by user)
. The casiest way to simulate the above differential equutioﬁ

on o computer 1s by use of the difference equation:

Y(k) = ~CL(k-1) - DY(k=2) + AX(k=1) + DX (k-2)

[y

where the sampling rate T is implieit in the equation and cho,
initial conditions are assﬁmad. Dcveiopmgnt of the coefficients
_A,B,C,D and the shmpfing rate T 18 presented.iﬁ.the user's guide,
qu white nolse is applied to the difference cquation in the form
of X(k), then the output Y (k) will be sccond~order low-Pass filteréd
white noise, If this quahtity is applied directly to the path selec~ . %‘
tion system component in question, then the results of randomAdistur; ‘i
bances to that component may be analyzed; ' i
If one wishes to simulate a liﬁear relation bétween bounéiug
vehicle wheels and some componené, then the white noise should be

applied directly to that component, )
It should bLe noted that judicious scaling of the white noilse
is important and is controlled by the user, A subroutine genecrates

random numbers between zero and one, The user specifies the mean

and the maximum deviation of the mean and thesé random numbers are
then scaled accordiﬁgly and used as inputs to the difference equation,
| The ‘entire ran&om noise scheme has been ‘set up B0 tﬁat the user
can apply different types of random noise (filtered or unfiltered)

to as~ﬁan§ variableé of interest as desired, | o ' !
d) Short Range Sensor -‘An ideal rmechanical sensor caﬁ be simulated

at the user's option. The height of the surface at a distance of

e

oy
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STEP meters (defined in Section IIX, C.2.b) in front of the
vehicle is calculated and the slope is computed with respect to
the point on the surface below the front of the vehicle (xn,ya,za) -

{sce Figure 8), If the slopc‘ia not within acceptable limits

(specified by the usor), then the emergency mode of the path sa-

lection algorithm is exccuted,

Display and Evaluation Blocks

1. Terrain Display Block

The initial development of this block was performed by
Mr., Michael Murtin,'aﬁd subseqyent cogpletion and refinements wefe
carried out by the authors, Since visual representations of the
terrain surface were considered highly desirable; several methuda
of graphical ouﬁput were evaluated, A decision was made, mainly
duc to the ecase of implementation and small cost, to use a iine
printer to construct 8 contour map of the terrain modeled in the
terrain characterization block., The software implementation of
this hlock utilizeé the symbols 0-9 and blanks to represent 19 bands,
or ranges, far contour display. All values of the terrain surface
altitude within a given band range are represented by that band sym-
bol, An example of the output from this block can be seen in
Figure 9. Several versions of this program were written, but the

e *

most usefpl one automatically searches the entire terrain area to
Le displayed and determines ﬁhe individual band ranges (which are '

all equal)., The size of the area to be displayed is also automatically
determined and scaled by the program by taking the maximum difference

between the target location and initial vehicle location x and y
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; coordinates and establishing slightly larger aduaru boundaries,
The torrainfdispiuy block ean also :cproaéqt spcc;nl features puch
: ag béuldera (sca Figureflo). |
_Mter cxpnnding the area displayed by the terrain contour map,
tqo‘ochét types of maps were developed, The first map is the vehicle
path map, as shown in Figure 13, Section Iﬁ.- ‘Thc ﬁath of the
véhiclc; initial véhicle location, and the target location are shown
graphically., An appropriate symbol is also uged to indicate when ;he
mid-range sensor 1s being used aléng the thicie's path, If the
“vehicle moves off of the arca éhown, no graphic record of its progress
putpide the hap‘g limits is prescﬁted.
The second map is an overlay of the vehicle patﬁ map onto the
'ﬁerrain contour map, .The grid marks have been deleted from the over=

lay (see Figure 12, Section IV),

It should be noted that because of the amount of calculations

s e

required (10,140 separate altitude malculatibns), there is a definite

time penalty (depending on terrain complexity) when searching a

terrain for its maximum and minimum points to enable automatic vertical

scanning. There 1s also a memory penalty (about 40K bytes), but it was

felt that the convenience of a completely automatic contour map out-
weighed these disadvantages. Both penalties may be easily circﬁmventéd
by gllowing the user to specify the maximum and minimum altitude

values ;f the terrain to be displayed, This assumes that the user

knows exactly how his terraim behaves, an assumption which may be un-

warranted for complex terrains,

2, - Terrain Model Display Block

The ferm of the terrain model display block is highly dependent
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" upon the nature of the terrain model used in a simulaticn, . The

development of this block has thefefore been left as a subject

for future work.

Systems Evaluation Block

To develop an effective means for evaluating the performance of the

vehicle £or varilous paLh selection systems, both quantitative and heuristie

methods have been implcmented in the systems evnluaLion block,

a) .Quantitativg Evaluation '

It is desired to describe mathematically as r.nany i‘mportan‘t:'
Ieatures of the performance of the path selection system as
possible so as to minimize the need.for subjective evaluations.
The following formula has been postulated so that important

characteristics of a system and their relative importance can be

stated analytically:

=
1

the figure of merit of the system,

=
n

; = indices that reprecent the important characteristics,
or features, of the system,

Wi = the weights of the corresponding indices, ’
The figure of mewit, indices, and weights are deflned 80 thaL
their numerical values will vary between zeéso (worst case\, and
unity (best éase) In other words, the importance and/or the de-
sirablllty of a variable increases as its. value increases..
If the weights and indices are appropriately chosen, theﬁ the

system which generates the highest value of M, when the above formula

d ‘.‘M‘ 5 ”‘i‘-.‘-—t—.ﬁ-'u,_' = u..“—.

I
.



is applied ‘would be the most dcairable system, Aésuming that
the Indices chosen adequntely dcscribe the system performance,
there still rcmains the selection of the values of the weights,
At this point in time, the weights have been selected so that all

pcrformance indices are assumed to be equally important. Adjust-

ment of these weights for performance indices not equally Important

has been left for future work. .

‘The actual mechanics of each index must now be considered.
Tentatively, it has been decided that three indices sufficiently
describe vehicle performance, and, i1f certain conditions are met,

the ﬁumber of indices may be reduced to two, The three indices

arc:-

A1) Path Length ~ If Dy is the distance between the
starting point and the target, and
De + D is the length of the path
chosen by the vehicle, then the
index defined by

- F, = Dm
B . ) 1 et e,
D _+D
et e m
provides a measure of the selected
path length. Lo

(ii) Battery Time -~ If the total time taken by the
vehicle to reach its target is called
Te + Tp, and the time that the vehicle
uses iLs batteries is called Ty, then

the index defined by

F2 = Te+Tm-Tb
T 4T

e m

.provides a measure of the battery usage
time, ‘

(iii) Traverse Time - If Dy is the distance between the
vehicle and the target, and the maximum

36,
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velocity of the vehicle is V ; then
the minimum time required to reach
the target is T,=Dy/Vp, and ‘the index

defined by
) | | F3 = %n
[ i . ' . s - T E+Tm

provides a measure of the total travel
time,

The first in@ex penalizes lpﬁg and/orx wandéring paths ﬁhile:
thé secondjpenglizes the selection of paths that contain stee;
slopes, theréby forcing the vehicle to reiy'on';ﬁs batteries as
i-wcll as its radioactive thermal generators (RIGs).. If‘the'vehicle
must slow down for other reasons besides stgepIEIOpés (é.g.,

tactile sensor contact), then the system will be penalized for this

loss of time through the third index,

b) Heuristic Evaluation
Some impdrtant characteristics of a system are not easily des~
eribed in quantitative form, and yet these characteristics certainly

seem to require consideration, Ihé‘following two features fit into

this category:

(1) Safety of Paih Selected - Although the safety
- of the vehicle is of primary importance, it is
difficult to analytically describe the inherent
danger to the vehicle present in a selected
path., What is hoped to be an indication of
safety has lLieen implemented by counting the
number of times the tactile sensor indicates .
the vehicle is about to encounter an obstacle,

(i1) Correct Performance - Situations may arise where
the vehicle is called upon te "not succeed", For
, example, if the target is surrounded by an un-
traversable crevasse, then it would be better for
the vehicle to get "close", rather than attempt
to reach the exact target. This feature is a
purely heuristic characteristic, and any evalua-
tion in this area would be performed by humauns. -

37,
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IV, PATH SELECTION SYSTEM EVALUATION o

In order to demonstrate the qffechivéness of the techniques
" presented in Section III, the perfofﬁance of the three pdth selection

systems described below has been e§a1udted.

A,  Path Selection System Description

1) System Similarities

We shall conbider a laser sensor mounted on -a mast such that
the base of the mast is directly above the point (xa,ya,za) shown
in Figure 8, Section III. The laser beam is used every three

seconds to instantaneously measure the ranges to-the impingement

points in 17 directions in front of the vehicle {as showm in Figure
x3, Section III), éacﬁ direction béing separated by 2.5 degreés. ﬁ af
‘These rangés are processed by a terrain médelef, which generates a
model of the surfacé and a heaﬁing (from North) for ea‘'h of_the 17
areas scaunned, Heading caléﬁlation érrofs will result if the terrain
model neglects thg effects of in-path and eross-path sldpes (in-path
slope alone has no effect), If the sénsor's beam does not impinge

., upon the surface within some specified distance r (where r is the

greatest measurable distance from the sensor to the impingement point, -
‘a sensor design limitation), then tﬁe terrain modeler will assume that.
no-obsﬁaglg.exists in that particular direction, A path selection
.algorithm will search the terrain model for a traversable path and
generate the appropriate steering command,'this command being one of
the terrain model‘é 17 caicula;ed ﬁeadingé} -All three path selection %'
systems will use the same path séiection algorithm, as (uscribed in
Section III, B.3. It is assumed that the onboard computer will perform

L]
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the neéesdary compﬁtatians'instantaneously. It will also be
aqéumeﬁ that the vehicle‘inatan;aqeousiy rgsponds“tolsteering
commands generated by the path sclection algorithm, -
In,additi&n to its,mid;rhnge sengor, the vehicle is assumed
. to have é short—réngé tactile sensor, If this sehsor indicates
tgouble, or the normgl path selection algérithm'cannot find a ﬁra- :
versable path, an, emergency path sclection algor{thm wiil Ee uged,
Specifically, the vehiclelwill stop, 1nstantaneoualy* rotate thirty
degrees clockwise using no power, .and then use its normal path se-
lection system to £ind a.new route,
. The differences between Ehe three path selection systems will
now'bé discussed ‘Note that the beam elevation angle and the schsbr

,height specified in the following system descrlptions are measured

1
o
£
]
I
B
]

with respect to the true planet vertical when Lhe vehicle is on a

horizontal plane, .

2)  System I (single beam sensor; approximate terrain mbdel),
"+ Path Selection System I uses an Instantaneous single beam
_sensor (as shown in Figure 2A, Section IITI) with a beam elevation

angle from the mast of 82.4 degrees. The sensor 1ls mounted two

meters above the surface, and the laser beam impinges the surface

15 metérs in front of the sensor,

The terrain modelér assumes that the‘poinﬁ two meters directly
below the sensor (using the planet vertical) will always be on the

Martian surface, The terrain from each of the 17 impingement points f

t,

w This is a simplifying assumption, not intended to be realistic. If
the emergency mode was used in a real situation, the vehicle would probably
comnunicate with Eaprth, thus incurring a time penalty.




to‘this hypothetical surface point is assumed to be linear.- The
slopes of these "linear" terrain segments caj then be ea]eulated

- vand stored,along with the corresponding headings, as the terrain -

-model. To calculate the true headings of each of the laser beams,

" the model assemes that the defleetiOn angles measured by the sensor
are measured in the true horizontal plene, i e., the . effects of in-
path and cross~path slopes are ignored,

The path Belection algorithm uses the maximum and’ ﬁinimum

'traversable 510pes of the_vehiele as thresholds, and uses the

"' terrain model infdrmetion.to generate a go, no-go map (simjlar to
e'Figure 7A, Section xli) which is then searehed.for a4 traversable

‘.p'a'lth.'

3) System II (aingie beem sensor; exact.ﬁerrein model)

| Path Selection System II is similar to System I in that a
eingle beam sensor of height two meters.is agein used, but the

elevaEion aﬁéle bf the scnsor beam has been adjusted to 79.4 de-
grees so that the beee strikes the surface 1l meters from the
seneof if the vehicle is on a herizontallplane (seerFigure 24,
Section III). |
The terrain modeler assumes ;hatrthe terrain is 1inear‘from
tﬁe;point directly below the centef front edge of the #ehicle's
wheelbése (%,5¥,02,) = see.Figure 8, Section III) to the 17 beam
impingement points. The modeler takes into account the effects
of in-path and crossgw path slopes when calculaLing the true loca-

tion of the beam impingement points, The slopes of Lhe "linear"

terrain segments and the true headings of these slopes are fOUnd

' e
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from the gecometry of the situation, as developed in the user's
. % : ' : o ' '
guide, . ., - , . . .

The path selaction algorithm is the same as thﬁt used in

4)' System IIT (double beam gensor; approximate terrain model)'
" Path Selection System~III uses an instantaneous double beam
sgnéor (as shown in Figure 2B, Section IIL) with beam elevation .

angles from the mast of 66.8 and 70,85 dégrees. ‘The sensor is

'mounted three meters abov: the surface, If the vehicle is on a
- horizontal plane as shown in Figure 2B, Section III, then the
" lower laser beam impinges tix suxface 7 meters in front of the

sensor,

The double beam sensor makes a set of measurements in 17

‘directions of interest, The terrain modeler processes each set

of the rdnge measurements by subtracting the 16wer beam léngtﬁ
from that of.the-uppef beam and converting tﬁe'length difference
to'e.time interval. This time intervgl is then compared to pre=-
determined thresholds, and a go, no-go map, similar to the map in
Figure 7A, Section III, is generated, Tﬂis modeling scheme was

originally proposed in Reference 4. The headings of the 17 lower

.beams are computed by assuming that the deflection augles measured

by the sensor are measured. in the true horizontal plane, i.e., the
effects of.in-path taid cross-path slopes are ignored., This modeler

is the same as that used in System I, The upper besm is assumed to

"

Unlike the other two path selection systems, this system's terrain

tfl_-

modeler does not assume that the mid-range sensor measures impingement
point directions in the true horizontal plane.

R T
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ment points,

hnvc the Bame headings as the lower beam at corresponding measure=

The path selection algorithm for this system searches the

uterrnin model map, as explained in. Section i1, B 3, to find a

traversable

path, -

. The main characteristics of these three systems are listed in

Table I, below,

PATH SELECTION SYSTEM CHARACTERISTICS

~Item

* PABLE I

System:I

42,

(meters)
above ground

Terxrain Model

a?

slope model-

slope model-

System IIL System III .
‘Number of 1 1 2
Sensor Deams
. Beam Elevation 82,4 79.4 66,8
-Angle (degrees) 70.85
' Sensor Height 2 2 3

time iﬁtérval

Type approximate exact g0, NOo-go, map
: calculation calculation :

In-Path, Cross=~

Path Slope no yes . NO
Compensation

‘B, Test Situation

The vehicle and a target are placed on the surface shown in

Figure 11, with the vehicle headed directly f£6r the target,

selection system, four test situations have been prepared,

For each path

Each system

has been simulated using both vehicle~fixed and vertical-fixed mid-range
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hh,
. BENBOTS, and both sensors are operated under "1dqu1"; i.e., detcr@inigtiq,-
.and "moisy" conditions, The 'noilse" donsisﬁs of nddipg’uniformly distri~ |
buted ranéom variations of zero mecan and a maximum deviation of 15 degrees
" to the acthal-iﬁ-path and cross-path slopes of the terrain beneath the
" vehicle. Since'the vehicle dimensions are set at 3.3 x 2,6 meters {10x8
feetj,-thb'addition of this nolse can be thought of as representing the o
effects of traversing terrain irregulafities having maximum heights ox- o R

L]

ﬁepths of 0,9 meters,
c. Discugsion
THQ performances of the three path selection systems in several

tests are summarized in Tables 2 through 6 in terms of the following cri--

teria:

(1) Selected path length, , ' . B
(1i) Battery usage time, ‘ P
(ii1i) ‘'Potal travel time, : _ _ :
(iv) TFigure of merit (M), ' '
(v) Number of times that the emergency mode of
o the path selection algorithm is used (N).

In this analysis, no distinction is made between using the emexrgency mode

because of ,obstacle contact, or using the mode because of a request from

the normal path selection algorithm due to the fact that the algorithm can-
not find a traversable path.
1) System I (single beam sensor; abproximate terrain model)
The performance results for Systems I are shown in Table II,
and a typical path ¢hosen by the vehicle is shown in Figure 12,
For_all test situations,'the vehicle reached its target, However,
the véhiclé always Bumped into the boulders, From the terrain
"model output, it was determined that the vehicle wa; unéble to get

close enough to the boulder to detegmine'that an obstacle existed

T T
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without then contacting the boulder, ano'coutnct occurred, .the
vehicle always tfied to "just misé“ the bouldcr,.aﬁd'aa & result,
usually hig the obstacle again. The terrain modeler detected the
obataclc‘ag a safe distance (ﬁ definite slope change was evident),

but the go, no-go thresholds that the path écleccion algorithm was

‘uging were too large to indicate a dangerous situation, Thereforo,
it was concluded that for slope models, the go, no-go threshoids" l !

should not be as large as the vehicle's mnximﬁm traversable slope. o

TABLLE IX

-
-
5 -
e rm e g e e S

PERFORMANCE RESULTS for SYSTEM I
(single beam sensor; approximate terrain model) ‘ ‘ ;

f Vertical-Fixed Sensor | Vehicle~Fixed Sensoxr i
R . k
Item T No Noise Noise No Noise Noise x
Test Number 1 _ 2 . 3 4 %
Selected . _
Path Length ' 78,5 80,5 77.0 79,0
(meters), - : '
Battery Usdge 1.34 1.34 1.34 1.34
Time (seconds) - .
Total Travel 52,33 53.67 51,33 52,67
Time (seconds) . _
M , 0.97 0.96 0.98 - 0,96
N 2 4 1 3

The vehicle~fixed sensor produced a terrain model where a five
degree difference in measured slopes from those obtained wiﬁh the i
vertical-fixed sensor was common, Thus, this sensor seemed to pro-

duce models inferior to those preduced by the vertical-fixed sensor.

- A
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This was especially noticeable when the'veﬁiclc was .close ta an

E obatnble, as the vehicle~£ixed sensor tended to "lose" edges of
the obstaclé, The rcason for this is the approximations made by
the tcrrﬁin'modeler. The steering commands dre generated using
directions in which the laser beamms, due to in-path and cross-
path slopes, are not pointing, The importance of this crror is
magnificd when the range measurements are very short, such aa"
when the vehicle is close to an obstncle.. Note, that the vehicle-
‘fixed sensors fared better against the obstacle accoxding to tﬁe
results in.Tuble II. 1In losing edges of the’obstncle, the vehicle
tended to wander and luckily wandered away froa the obskacle,
whereas the vehiecle, guided by the verticqlwfixed sensoyr, hit the
obgtacle moxe squarely, and took 1oﬁger to negotiate it,

When adding '"noise" to the vehicle's in-path and cross-path
slbpes, drastic range measurement differences occurred, Slope
deviations oé 7 to 10 degrees from thése slopes caleulated under
nouéoise conditions wére common, Again, the vertical-~fixed sensor
produced better results than did the vehicle~fixed sensor, for Ehe
same reason cited above._

Two additional test situations(humbers 5 and 6 in Table TII)
were run in an attempt to Improve System I's performance, 1In test
5, the same situation exists as in test 1L, but the mid-range sensor
was used twice aé often (l.e,, every 1.5 seconds), The vehicle
detecﬁed‘tﬁe obstacle aﬁd was able to turn so that only one boulder -

" contact: occurred, rather than the two contacls mede‘in test 1, Again,

the slope thresholds used by the path selection algorithm were too

large to allow for efficient obstacle avoidance.

e e T o B Ay b




TABLE, III

ADDITIONAL PERTORMANCE RESULTS for SYSTEM I
(single beam sensor; upproximate terrain model)

LIS

‘VehiclehFixcd Sensor

Vertical—Fixed Sensor

48,

Item No Nodlse No Noise Noise Noise '
== e TR fanae T2 B RGeS i ~— - ===
Test Numer L 5 . 4 6

Elapsed 7Time . : ‘ :
Between Sensor 3.0 1.5 3.0 3.0
Scans (seconds)

13

Beam Separation 2.5 2.5 . 2.5 5,0
Angle (degrees)
Selected . .
Path Length 78.5 77.0 79.0 78,0
(meters)
Battery Usage 1.34 L34 g 1.34 1.34
Time (seconds) " . . o
Time (seconds) :
M | 0.97 0.98 0.9 0,97
N ! 2 1. 3 2

A.different method was then used to obtain better performance,
as shown in test 6, Table III, Herg, the radial incremenﬁ between
tensor beams was increased from 2,5 to 5,0 degrees, All other para~
meters were the szme as for test 4, Since the path selection
élgorithm chooses a'path from one of the'beaﬁ directions, then the
vehicle can effectively £urn twice as fast, as it is now scanning
an aréa twice -as lafge as before. Since Ehé boulder was rélatively'
1arge, this increase in space between the beams has no penalizing

effect on performance. The usual problem of glope thresholds still

e ey L
. .
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caugsed obstacle contact,’

2) §zgggm_12 (single beam sensor; exact ﬁerrain'ﬁodel)
Althouéh'this path selection system also élways reached the

target (éee Table 1V), éontnct was always made with the boulder

at‘lénat once, Indicating the séme slope threshold probiem as

associated with System I,

TABLE IV

PERFORMANCE RESULTS' FOR SYSTEM II
(single beam sensor; exact terrain medel)

:;. Vertical~Fixed Sensor Vehicle~Fixed Sensor
_____Item | No Noigse _ Noise ] No Noise Nolse
" Test Number 7 . 8 ‘ ‘ 9 10
Selected ‘ : ‘ ‘
(meters) _ :
\_l - :
Battery Usage ) 1.34 1.34 _ 1.34 1.34
Time (seconds) :
Total Travel 53.33 53.67 53.33 54,33
Time (seconds)
M 0,96 0.95 , 0.96 0.95
N 2 . 1 ' 3 1
{

r

Note‘hgﬁever, that System fi ;perakes much better under noisy
;onditions than does System I (refer_to Table II fqr.pomparison),.
as it compensates for the effects of tie disturbed in-path and cross-
path slopes, Tests B and 10 yielded better results than tests 7 and
9 because, for this particular terrain situation, the vehicle approached

the boulders from a different angle, thus allowing easy avoidance of the

g ._m.&amm,.-ﬂ._ T




obatacle."The angle of'approdch is diffexrent becéusg the terrain
modeler, in Eompensntiné for ﬁhe in-pdth and cross-path slopes
when calculatiné beam headiqgs, provides the path sélection algo-
rithm with true beam headings. Tﬁus; the availaﬁle steering
commands are affected by the amount of "oise" pfesent;'dllowing
some &irecéional drifting between sensor scans. The figﬁres of
merit penalize this extra_paﬁh'length, but do noé account for the
fact that boulder contact has been reduced (by luck more than by

design) since the'normal and emergency path selection algorithms

both require no time for execution.

3) :}SthEﬂlIII tdoqble beam sensqr;lapproximate terrain’modei)

" This is the onl& system where some tests never used the
'emergency‘mode, and it is the only system where, in some tests,
the vehicle failed to reach its target (see Table V). In terms of
obstacle response, the system perforﬁed better than.did‘Systemé I
and/or .II, ‘As soon as the two beams struck the boulder, it wds
idéntified as an obstacle, This is more desirable than the results
- obtained earlier, where increases in slopes were ﬁeasured but the
crifiéal thresholds were not surpassed, The vehicle~fixed sensor
'yields better results than the vertical-fixed sensor because the
térraiﬁ model is set up to reflect chaﬁges in slopes with respect
~to the vehicle;.ratﬁerlthan trying to meaéuré actual slopes.

'However, System IILI proved to‘be‘extremgly sénsitive to the
neise, as variations in slope‘capsed unacéeptably large variations
in the range measurements, In test 14, the large variations in

range due to noisy in-path and cross-path slopes oriented the

50,
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fdouble beari sensor; approximate terrain model)

"YABLE V

*  PERFORMANCE RESULTS for SYSTEM III

I} vertical-Fixed Sensor .

51,

Vehicle~Fixed Sensor
Item .No Noise Noise No Noise Noise -
. Test Number 11 12 13 14
Selected : ’ -
Path Length . 76,5 77.5 76.5 18.0-
(meters) : C
Battery Usage 1.34 . 1,34 1,34 1,34
" Time (seconds) ' . , '
‘Total Travel . 51.00 51.67 51.00 12,00
Time (seconds) C
M 0,99 0,98 0,99 £ajled
N 0 2 0 11

vehicle such that its terrain modeler indicated obstacles surrounded

the vehicle after‘thé vehicle had moved about 18'meters towards the

target., System III was successful with a vertical-fixed sensor

subjected to noise (test 12), but only because the terrain model

generated a "go" condition when no range measurement was possible .

{(due to sensor design limitations affecting the greatest measurable

distance),

Test 15 (see Table'VI) indicated that the system has difficulty

negotiating gently sloping terrain, In this test, the boulders were

moved‘slightly so thdat *he vehicle would head for s wedge, or cave,

between the two boulders, Since the emergency path selection algo-

rithm only allows clockwise rotation, the vehicle was expected to

wander around for a while before it re~oriented itself, However,

e v T —
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TABLE VI

ADDITIONAL PERFORMANCE RESUHPS for SYSTEM III
(double beam sensor; approximate terrain model)

- Vertical~Fixed Sensor

* Ttem ‘ No Noise No Noiéé

= : . - %
Tést Number ' 11 _ 15
Selected ' - co :
Path - Length : 76.5 123,5
Battery Usage ) ~ ,
Time (seconds) . 1.34 15,68

] - ’
Totdl Travel o ' ‘
Time (seconds) . ¢ <. 51,00 82,34
B! S . 0,99 failed

%*In test 15, th> obstacle was moved slightly so that the vehicle

would make contact at a point resembling a cave,

the vehicle became lost (see Figure 13) as the terrain model in-
dicsted a solid barrier where only smooth slopes existed, The
. eimulation was terminated when it became evident that the vehicle

would take an excessive amount of time to reach the target.

D, Summarz

Summafizing the above results, the following statements, many

of which are intuitively obvious, can be made:

(i) When using sloﬁe typé terrain models, the obstacle thres-
holds should not be as large as the vehicle's maximum
traversable slope.

(ii) For slope type terrain models, increased use of the sensor
allows better obstacle resolution, but may not be neces-
sary if item (i) is satisfied,

52,
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Incrcnsing the terrnin sector scanned by the mid-range
sensor allows the steering commands to become more ef-
fective when the vehizle is meaneuvéring around an

~ obgtdcle, but then some terrain is overlooked. This

increase may not be necessary if item (1) is satisfied,

The slope type terrain model's sensitivity to in-path

and cross-path slopes 'is decreased as the accuracy of

thr ¢ssumptions made in constructing the. terrain model
1s iucreaaed .

Toereasing the elevation angle of. ‘the sensor beam for
siope type terrain models improves performance when in-
pach and ¢ross-path effects are negligible., If these’
effeuts are not small, then the performance of the.
vehicle will be adversely affected, All of these

situations are illustrated in rigure 14,

The differencing method of terrain modeling (as de-
veloped in Reference 4), is highly sensitive to in-path

" .and cross- -path slopws, and is more effective when used

in conjunction with a vehicle-fixed sensor than with a
vertical-fixed Sensor., ‘a

1
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. { planet’ - planet 7 $,>¢ ; obstable detgctédﬁsoéﬁgr. 
Y lvertical ) vertical W ' :

(A) Negligible In-Fath and Cross-Path Slopes

¢:>¢, 1 no meaningful
informatlon available.

(B)  Stgnificant In-Path and Cross-Path Slopes

O .
DESIGN CONSIDERATIONS FOR SENSOR BEAM ELEVATION ANGLES
Figure 14
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V. CONCLUSIONS

A, Sumﬁnry of Propress

During tﬁa‘pnst 15 months, a roving-vehicle'path selection
evaluation sysﬁcm has been devéloped. Ihe ;yatem can realistically
siﬁulACQIaﬁd uniformly evalunterthe pérformance of path Belecﬁién systems
under coﬁsideration for a Martian roving vehicle. Work has progressed
through the compléte spe&ifichtion of the evaluation system's structure,
and to various levels of software implementation of the individual struc-
turai components, .

The terrain characterization block employs poiyﬁomial, gaussian,
.and speciai'feature modéls to mathemnticqllj simulate Martian terra;ns.

Sensor characteristics and terrain modgling concepts have been

‘investigated. Tge-aperation of both vertical~fixed and vehicle-fixed
sensors has been simulated. Several terrain modeling and path selection
algorithm schemes have been software impleménted.

' The vehicle dynamics block has been software implemented to ful-
£11l the present simulationdfequirements. Its capabilities include non-

ideal behavior characteristics which add to the realism of the simulation,

The display and evaluation blocks have reached a preliminary ©

stagsa of development, The terrain characterization display block allows a
visual rePreséntation of the terrain upon‘a standard line printer., The se;'
lected. path of the vehicle‘maé also be displayed sebaraﬁely, and/or be
superimposed upon the terrain contour map.- The eva;uatidn'bloﬁk provides
information useful in comparing and evaluating thé relative merits of
 different path selection systems,

Finally, three path selection systems have been evaluated to

e
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demonstrate the capabilities of the simulation ﬁacﬁage and to form some

preliminary conclusions regarding the tradeoffs involqu.in'dcaigning'a'

. B Conclusions and Future Work

This compﬁter simulation syséem appears to - be the first attempt

. at gsuqblisﬁing a uniform means for path selection system performance

evaluation, Preliminary results Iindicate that the system can pudcessfully

simulate and evaluate tha performance of path selection systems, Further
ﬂevelépmenf 18 necessary, however, to increase the effectiveness of the

similation, especially in the area of evaluation criteria. The following

i areas -of work are suggested to increase the scope and usefulness of the

gimulation package:

1) Terrain Characterization

.Although considerable flexibility is.availaﬁle when construct-

ing modelg of Martian terrains, terrain specification is tedious
as one must specify each and every terrain feafdre. If polynomial
terrain descfiptiona'afe geing used,.it is difficult to select co-
efficients Eo give some desired terrain, '?o évoid‘tﬁesé‘problemé?
a polynomial fit to given data points or a regression analysis

' might be more direct and less time-consuming, ‘Anotﬂer approéch to
this problem might involve allbwing the simulation program to
randomly.add boulders, craters, etc., to some base terrainISpecified
by'the user, It also might be possible to allow the user to sketch
a desired terrain oﬁ a’Cathodé ray tube device, and then have the

computer generate the appropriate descriptive equations.

" As terrain complexity increases, calculation time to obtain



58,

‘an elevation at a particular point‘on.the aurfncé also inéreaaes..,
Since the altitude acquisition section éf the tcr;ain characteri-

" zation block is used many thousands of times during a typical
simulation,.specd in calculation is easentiaL. It is quggcstcd

that this section of the block be rewritten in ASSEMBLER language

-

to further decrease caleulation time,

2) Senrox Simulation

If the'accurqcy of the range measurement é@mulation ig critical-
'}y'important; then the'follcwing situation will inéroduéc undesirable
error, 'Iﬁ tﬁe angle of incidence ¢f the sénsor beaﬁ with the terrain
purface is Emall, then any point along the éde meter segment of the
beam that passes through the surface may be withiﬁ the required
vertical &ifference tolerance'sbecified by'the user.*‘ Sinece the in-
terval halving algorithm starts at a point mldway between the two
end points of the beam éegment thgt intersects the surface, thé gimu~-
lated rangeAerror can be as high as 0,5 meters. Since most practical
laser sensors will also give unpredictable results In this situation,
this sﬂnulation error might be acceptable, If simulation accuracy is
essential, however, the siﬁulation scﬁeme might have to be modified
to account for this situation, |

As demonstrated in the user's guide, errors in approximating
the in~path and crosg-path slopes adversely affect the true‘orienfa—
tion of th; mid-range sensor. If this error is judged to be ﬁndesirable,

the vehicle model used for the sensor simulation block will have to be .

This tolerance was set at 0.0l meters for all simulations in Section 1V,

B T
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rvefined,

. 3) Terrain Modeling and Path Scloction Algorithms S

To 1llustrate the capabilities of the aimulation package,
several simple terrain models nhd path selection algorithms have

been software implemented and analyzed in Section IV. More advan-

-

ced’séhcmcs should now be analyzed, Imitial efforts in this area

might involve a) implementation of schemes available in the litera-

+

ture, and b)'modificution of the simple schcmeé‘alrendy availlable,

4). Vehicle Dynamics Simulation

Although the sensor simulators congider the vehicle's dimcn;
slions, the vehicle dynaﬁica block treats the @ehicle as a point
source, For purposes of motion simulation, this assumption is
valid, Howéver, since the vehicle has non:zero dimensions, it
cannot move through keyholes, so to speak, Improvements in this

o’ .
ilock should involve detection of obstacles that would prevent

vehicle motion, such as discontinuous terrain slopes,

. e

5)  System Evaluation

ot

Most sf the discussion in Section IV was based upon anaiysis
of data which was not graphleally presented, Factors such as how
quickly a path éelection system "seesh and responds to an obstqcle
hﬁve been determined by imspection of the changes in the terrain
model as the vehicle ‘approaches an obstacle, Also, the figures of
merit did not seem to givé good correlation between desirable path
selectibu sfstems and safety of the chosen path, Rather as parti-

Eularly noted in System II, safer paths were penalized because of

The block must determine if it is possible to traverse the terrain that
the path selection system has chosen, This obstacle detection should not be
confused with that of the path selection system, which is subject to error,
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;

; their slightly greater lengths, It is 1mp§rutlve that more repre-
iséntn;ive ov&luation critcf;a be formulated, Initial efforts in
‘this area might be a) ndhition of new indices to account for path ,'
safety and spced ;f vehicle responsé to obstacles, and b) adjust-
ment of Ehe index weights to provide higher;cof;elntion between

the figures of merit and desirable path selection systems,



61,

APPENDIX
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