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ABSTRACT

The guidance of an autonomous raver for unmanned planetary
exploration using a short range (0.5 - 3.0 meter) hazard detection
system has been studied. Experimental data derived from a one lasexr/
one detector system have heen used in the development of improved
algorithms for the guidance of the rover. The new algorithms which
account for the dynamical characteristics of the Rensselaer rover can
be applied to other rover concepts provided that the rover dynamic
parameters axe modified appropriately. The new algorithms will also
be applicable to the advanced scanning system. The design of an
elevation scanning laser/multi-sensor hazard detection systen has
been completed, All mechanical and electronic hardware components
with the exception of the sensor opties and electronic components have
been constructed and tested., First level rules and procedures for
interpreting the data to be provided by suchk a system have been formu-
lated using Rensselaer’s Dynamic Path Selection System Simulator. This
simylator is also being used to develop and evaluate an advanced guidance
algorithm based on the experience with the one laser/one detector system
referred to above, .

ii




Autgnomqs_poutrol _oE Roving Ve_hicles

for Unmanzed Exp_lorat:ion‘of the Planets

I. INTRODUCTION

Although much Imcwledge regarding several of the solar system planets has
been gained through missions employing remote sensors and more can be nbtained
in the future in this manner, many of the critical sclentific questions require
detailed surface experiments and measwrements such as those conducted by the
Viking landers on Mars, Despite the historic achievement represented by the soft
ianding of the Vikings and the effectiveness cf the on-board experimental systems,
new important questions were raised. TFor these to be answered, an extensive
surface exploration should be undextakea., This exploration could be focused an
jn~situ experimentation such as that involved in the Viking mission or on sample
return to earth for analysis ox possibly a combination of both. In any event, a
surface trajectory involving hundreds of kilometers, and desirably over 1000 kilo-~
meters, would be required to explore a sufficient number of the science sites to
gain an adequate coverage of the planet.

The round-trip communications delay time, which ranges from a minimum of nine
minutes to a maximum of forty minutes, and the limited "rindows" during which in-
formation can be transmitted excludes direct control of the rover from earth as a
routine matter. In addition, the value of the mission in terms of scientific know-
ledge gained will depend, in part, on how many sites can be visited, on how complete
a coverage of the planet these sites represent and on ‘how much time is made avail-
able for scientific experimentation as opposed to traverse between successive sites.
In turn, these factors are dependent on the mobility of the rover and the strategy
employed to guide ‘he rover. The mobility of the rover, i.e. its ability to deal
with in-path and cruss-path slopes and with boulders and craters and with combinz-
tions of theses detarmine the number of safe paths available to the desired locations.
A rover characterized by low mobility will at the least have to follow an unneces=-
sarily tortuous path, and therefore consume mission time at the expense of sclence
time, and at worse may not be able to reach desired sites, On the other hand, a
high mobility rover will be able to take advantage of shoxter, more direct routes
and will be able to reach sites characterized by more adverse approach terrains.

The strategy employed to guide a rover will have similar impacts. It is cru-
cial that an overall strategy minimizing the length of the path be employed to
maximize the time available for science and extend the range of the exploration of the

planet. Because of the comuunications link restrictions referred to earlier, it
would appear that a strategy which relies minimally on direct earth intervention
should be implemented. .

One feasible scenario for the guidance of the rover meeting this goal involves
a multi-level concept such as is suggested ir Figure 1. The rationale of such a
strategy is that at each level the planning of the path in temms of scale and de~
tail should be consistent with the information to be made available by the sensors
employed. Thus images of the planetary surface obtained from an orbiter with a 100-
200 meter resolution could be employed to define an optimal path avoiding “macro”
hazards. At the mext level, as suggested in Reference 1, photographs of the scene
taken by the cameras on the rover and transmitted te earth conld he usad as the
basis of planning a 0.5-1.0 km depending on the terrain situation and the scale of
detail provided by the images. Below this level, seunsing, interpretation and
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40-100-maters could be based on the on-board interpretation of T.V. images,
Reference 1, and/or range/pointing angle datz, References 2 and 3, Finally, 2
short-range {0.5~3 metex) system could be used for the detection and avoidance of
hazards which might have been overlooked in the longer range path planning.

|

decision-paking would have to reside with the rover. Path lengths of the oxder of 1
f

!
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Research aimed st developing a short range hazard detection and avoidance sys-—
tem such as would be yaquired in the scenario described ahove has been underway at
Rensselaer for several years, The results of the study dering the past year are :
summarized in the section below and additional details are provided in following ;
sections.

TI. AN OVERVIEW OF THE PROJECT |

Over the past five years, effort has been directed towards the design, constxuc-
tion and evaluation of a planetary rover concept with the objective of achieving
exceptional mobility and maneuverability. During the same period, investigation,
first by computer simulation and subsequently by harxdware and software, of methods
for sensing and interpreting the terrain for purposes of path selection were also
uvndertaken. As a yesult of these efforts, a rover capable of dealing with terrain
features comparable to the Mars surface has been developed and is available for the
evaluation of alternmative path selection systems. One of the thrusts towards path
selcetion involving the use of range/pointing angle data such as might be obtained
from a laser rangefinder has led to procedures for the detection of discrete hazands
and terrain gradients in the & - 40 meter range. This effort is now being continued
under a3 separate grant, NSG-7184.

The second thrust, which is the primary topic of this program, was aimed at
hazard detection and avoidance in the short range (0.5 - 3.0 meter) context, Earlier
investigations led to the development: of a laser/photodetector triangulation concept
which was studied first by computer simulation and more recently experimentally. The
overall system consists of the rover, its related propulsion and control systems, the
laser/photodiode detection system, and the telemetry to interface the rover and a
computer, The hazard detection system consists of an oscillating mast on which are
mounted a laser and a photodetector. The physical principle behind the hazard detec-
tion concept is triangulation. The locations and pointing angles of the laser, which
is collimated, and the photodetector, which has an adjustable field of view, are set
to produce an intersection within which terrain deemed passable will be located. When
the laser is fired, existence of a terrain surface within the intersection will result
in reflection of the laser light which will be perceived by the detector. Thus the
indication by the photodetector of a reflection leads to the conclusion that the terrain
is acceptzble along the azimuth sampled. On the other hand, a negative photodetector
response to a laser pulse is to be interpreted as impassable terrain, i.e. the terrain
was either too high or too low to £all within the designated intersection. This process
is repeated aleong a series of azimaths such that an azimuth field of 140° is examined
4n 10° incremenets during each sweep of the mast.

In the case at hand, the laser and the detector are adjusted tv the deteetion of
steps of + 30 centimeters or equivalent + 13° in gradient. The output of the terrain
modeler which is an indication of the acceptability of each azimath is then used by the
path selection algorithm to select steering angles consistent with the goal either of .
a desired final destination or desired heading.




By June 1977, all of the hardware and software required to evaluate this
short ranga hazard detection and avoidance concept had been completed and pre-
limindty testing of the system both in the iaboratory and in the field was

conducted.

These experiments in general coanfirmed the predictions of the Path

Selection System Simulation, Reference 4, However, these experiments, Reference
5, also revealed serious limitations inciuding:

(1)

(2)

(3}

(%)

The inability of the simple system to distinguish between a "step
hazard such as a boulder or trench and a smooth slope., Thus pass-
able slopes of the order of + 25 - 30” had to be interpreted as

hazards.

The state of the rover, i.e. its pitch and roll, as expected was
found to be a cyitical factor. Depending on the pitch and/or roll,
passable terrain could be interpreted as bazardous or passable,

The meﬁnry concept designed te insure that the rover would be
able to go around a hazard was found te be Zneffective.

In general, the use of a one laser/one detector system while effec—
tive for detecting heights above or below some arbitvary value will
result in an extremely conservative path selection system.

On the basis of these results, two goals for sontinued study were defineds

()

@)

Continued development of path selection algorithms incorporating
vehicle dynamical characteristics so that perceived hazards can be
avoided more reliably and efficiently. Such algorithms would apply
not only to the existing one laser/one detector system but also to
more advanced terrain sensing concepts such as are desecribed bhelow,

Development and evaluation of a multi-laser/multi-detector system

capable of greater discrimination in terrain interpretation includ-
ing all hardware and software aspects.

In addition, the rover mechanical and electronic systems were to be maintained
and enhanced as necessary to provide the test bed for the experimentation of auf:o-
nomous roving. TFour major tasks were defined to address these goals:

(1} Development and evaluation of real time software utilizing one

(2)

3

(4)

laser/one deteétor terrain data to control the motion of the

TOVvEer,

Development of £irst level rules for interpreting the terrain
data to be acquired by an elevation scanning laser/multi-
detector system,

Design, construction and evaluation of the mechanical and
electronic systems required to implement the elevation scan-
ning lasexr/multi-detector system,

Maintenancz and upgrading 25 required of the mechanical and
elecrvrnic components of the rover and the telemetry system.
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Progress achievegd during the past Year along these directions ig summaxized
briefly below and in more detail in subsequent sections,
e

1. A substantial improvement in the real time software for

pPath selection algorithm embodies a substantially higher
level "intelligenge® and reflects more accurately the dyna-
mical characteristics of the R.P.I, rover, It can he
applied directly to other rover concepts by an apprepriate
wodification of the calculations describing the dynamic
characteristics of the vehiela, Although the ney algorithm
was specifically designed for the one laser/one sensoy hazard
detection System, all subroutines with the exception of the
terrain modeler will apply to the case of the elevation scap-
aing Iaserlmulti-sensor System. The conceptual advantage

of the new algorithm is in the treatment of perceived hazards,
The hazard's location relatjve to the Tover is calculated
and updated with respect to the rover, Steering actions con~
sistent with the perceived hazards ang with the desired head-
ing on final destinations are based on thke location of the
hazards and the rover. Two alternative algorithms have heen
developed and are partlally evaluated., Ope of these is

trietions applying to the front and rear wheels. Both algorithms
have been testeq in the laboratory context and documented en £ilm
and hard COPY post processed data, Field tests on a site pre-
parad specifically for this research proposed are scheduled to be
conducted in the near future,

developed around 2 20 element Iinear photodiode array. It has
"been determined that the 15x20 system while fapr superior to the
current Ix1 concept ig too conmservative in the selection of
paths because of the limited sampling (i.e. number of laser
elevations) and the discreteness of the data (i.e. the field

of view of the individual sensor). Accordingly, the implicg-
tions of increased sampling by specifying more laser pulses and

ways by means of Ghich the 2g element area can be made to act

sequent seection, However, further refinement and extension of
these first level rules will he required to take fullest advan-
tage of the elevation scaming laser/multi-sensor hazard
detection System concept.

e
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The rules developed thus far overcame major defects related
to the one laser/one sensor system., The ambiguity in dis-
eriminating between. passable slopes and discrete hazards such
as boulders has been eliminated. The effects of vehicle
pitch and/or roll can now be taken into account. Finally,
the lccation of the hazard is known within particular limits
as opposed to the 1 laser/l sensor system for which the dis-—
tance to the hazard is equal to ox less than some specific
distance.

The mechanical and elestronic system, Figure 2, required to
implement the elevation scanning laser/multi-sensor detector

is virtually complete. The mast on which the laser znd

sensor components are located has been constructed. The mast,
whose azimuth position is determined by an optical shaft en—
ecoder to am accuracy of 90,1°, is driven in a steady one-
directional xotation as opposed to the current oscillating
mast. The locations of the laser mirror and the sensors are
adjustable as is the length of the mast so that the triangula—
tion base is under the control of the researchers. A 10 K Hersz
pulser for a 100 watt 40-80nsec pulse with multi-diade laser
has been installed along with the optics required to collimate
the laser. An eight-sided mirror, whose position is determine?
by a second optical shaft encoder to an accuracy of 0.1° and
whose rotational speed is synchromized to the mast rotation,
used to obtain the desired laser pulse elevation angle within
the specified azimuth window.

The controller can be set by replaceable PROMS to trigger the
laser pulses at the desired elevations when the mast is with—
in the specified azimuth window. The controller can handle uvp
to 32 laser elevation angles at 32 azimuths or any combination
of these. A 20 element linear photodiocde array and a Fresnel
lenz have been obtained and are being evaluated with respect to
senslitivity and image focusing. On completion of this evalua-
tion, the regquired amplifier system required to provide digital

.output can be constructed.

The sensor output digital circuits required to generate and
transmit properly labeled data to the controller for subsequent
transfer along with labeled laser elevation and azimuth data
to telemetry have been designed but not yet built. These
digital circults are designed to account for the possibility
that two adjacent sensor elements may respond simultaneously
because location of the terrain responsible for the laser re-
flection is not such as to apply strictly to elther detector.
In such a ease, the data returned through telemetry will in-
dicate the fact that two sensors were triggered., It is this
feature which suggests that with proper collimation of the
laser the 20 element sensor array may act effectively as a 38
element system.

Also designed and constructed was a vehicle and laser data
display peripheral which is intended to assist in diagnostics.
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This sub-system can be set to display any desired data element

- being sent from the rover to the computex or the reverse.
Accoxdingly, this peripheral can be used to checik the outputs
of all vehicle systems and the commands issued to the vehicle
either by the computer or the remote control box.

4, Maintenance, upgrading and analysis of mechanical and electronic
systems were undertakes as required by the dominant objective
of zesting the hazard detection and avoidance system. Prineipal
among these activities were: (a) the reconfiguration of the
front struts to permit increased front axle steering capability
when the rover is in a severe pitch/roll situation and (b) a
first Ievel analysis of wheel speed/torque control requirements
imposed by irregular terrains in which each wheel may be deal-
ing with a different local slope. Of less critieal sienificance
were: replacement of the torsion bars, upgrading of the front
wheel propulsion, weight reduction studies, upgrading of the
electronic drivers for the rear wheels and a laser diode dis-
play mounted on the rover.

Progress achieved during past year is described in more detail ic the
sections which follow below.

TIY. DETATLED SUMMARIES OF PROGRESS

TASK A. Real Time Soffware for the One Laser/One Detector System - T. Sadeghi
L. Ricecd

Faculty Advisor: Prof. S. Yerazunis

The cbjective of this task was to evaluate the real time software which
existed at the beginning of the study period, Reference 6, and to make such im-
provements as appropriate to maximize the use of the data provided by the one
laser/one detector system and to optimize the path selection. Furthermore, the
software was to be developed with the ultimate application in mind to the eleva-
tion scanning laser/multi-sensor hazard detection system under development
simultaneously.

The hazard detection system for which the existing software was developed
involved an appraisal of the terrain at 15 azimuths centered around the steering
heading of the rover with a 10° separation between adjacent azimuths. The one
laserfone sensor system would judge an azimsth as good (i.e. free of a step
hazard + 12" or equivalzntly a slope of less than i 13° or bad (i.e. otherwise)
as measured at a distance of about 1.5 meters. The data aequired in a single
scan was then represented as a 15 bit condensed laser word with ezch bit assigned
a vaiue of 1 (good azimuth) or O (bad azimuth). The existing software was
centered around a path selection subroutine which examined the condensed laser
word to locate those azimuths iInterpreted as hazardous which were to be avoided.
Aun obstacle located within the scan would produce one or more bad (i.e. 0) bits.
The peth selection algorithm wouid proceed on the perception of bad bits in the
laser scan to Block the four azimuths adjacent to the bad bit in both directions,
or bits in the case of multiple hazards, to provide an adequate buffer for
clearance of the rover, Any clear azimuth remaining after this azimuth blocking step
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was then ruled to he a valid directfon. The algorithm then selected the clear
azimuth most nearly coincident with the desired heading as specified either as
a trajectory heading angle or a fimal destination. Steering commands were then

generated by another subroutine and transmitted to the rover for implementation.

Early testing of this algoritlm revealed that while the path selection
algorithm was able to guide the Eront wheels of the rover past the perceived
hazard, once the hazard passed from the field of view of the sean, the turning
of the rover back towards the original trajectory frequently caused the rear
wheels to collide with the hazard. As a remedy, & memOTY was added to the pro-
gram, In brief, the memory consisted of a double word (i.e. 32 bits) into which
the 15 Bit condensed laser word ebtained during a current scan would be entered.
During the successor scan, the first laser word would be dropped by ome increment
in the memory and the new scam would be added to the now empty location. So long
as the rover steering hesding remained constant, the group of condensed laser
words representing the most recent scans would occupy the center of the double
word memory. The decision as to whether a particular azimuth was an acceptable
steering direction was made by ANDing all of the bits in the column representing
the azimuth. The presence of a single 0 in the column would result in exclusion
of that azimuth from the class of acceptable paths. In the event that the rover
was on good terrain, then successive scans would only result in the decision to
continue to proceed forward.

However, when hazardous azimuths were encountered forcing some steering
w~+3¥-n the entire contents of the memory were shifted to the right if a left
steering command was issued or vice-versa. The amount of the shift was equal to
the number of azimuth intervals equivalent to the steeriag command Increment.

The net effect was to develop am array whose depth represented the desired extent
of memory in which hazardous azimuths detected earlier could be compared with the
current terrain sean. Accordingly, the “location” of a hazard whick had been per-
ceived during an earlier scan and which led to an avoidance mansuver would be
remembered a number of scans as specified by the user. The objective therefore
was to force the path selection algorithm to continue on an avoidance path until
the rover had reached a point at which it could return towards the desired heading
and srill have the rear wheels clear the hazavd.

Extensive lahoratory testing during the first months of this year's program
revealed that this memory concept was unacceptable. At best,the correct a priori
specification of the number of scans to be retained in memory required a knowledge
of the shape and extent of the hazard to be avoided. For avoidance of simple
discrete hazards of the size of a barrel, it was possible to determine an effec-
tive memory length. However, a long wall could not be dealt with reliably. Only
pure chance would determine if an adequate margin to clear the rear wheels was pro-
vided. In the long wall case, the rover would follow an oscillating path moving
away from the wall on detection of the hazard, ther turn back toward the wall when
the last scan retaining the original detection had been dropped from the memory,
then turn away and so on and on.

Apart from this single but eritiecal defect the path selection algorithm and
the hazard detection system performed rather clesely to the predictions of the
Path Selection Simulator studies, Reference 4. Slopes in execess of 13° while truly
passable from the rover point of view were interpreted as impassable. However,
the rover approached such slopes obliquely and managed o move towards the desired
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goal although at the penalty of a longer trajectoxy. Excessive plieh and xoll
of the rover zlsc led Lo unnecessary path blocking. Howaver, unzcceptable
positive and negative discrete hazards were sensed rellakiy and proper avoidance

action was taken.

As the result of these experimental findings, two research goals were undar-
taken. The development of an elevation seanning lagex/multi-sensor detection and

interpretive system which would provide fncreased data of higher accuracy (des- s

cribed under Tasks IT and IZL which follow) and modification of the existing resi—

‘time software based on a more ratisnal analysis pf hazard loeation and vehicle

dynamices.

The bulk of the existing real-time software subroutines such EXEC (the.
executive scheduling program), OUTRPUY (generating steering and spaed commands), .
GYRO (decoding of atritude and diree¢tionmal gyros), NAVIG 1 {calculation of vehicle
location), RECORD (writing of desired data om tape for post-processing of test
data), etc., required only incidental upgrading to improve computation and reduce
the computer storage required. The main effort was to replace the path selection
algorithm subroutine, PATHSL, and the laser memoxy subroutine, TASMEM, described
above.

The replacement algoxithm named Track and Turn and designated as TRKIRN
makes substantially more use of the data acquired by the hazard detectlon system.
TRKTRN itself calls on a substantial numbar of subroutines as shown In Figure 3
to achieve the desired quality of path selection.

Tn brief, the desired heading is compared xelative to the current steering
to determine if a leftward or rightward turn is desired (note that straight ahead
3is considered a left turn for convenience). ¥For purposes of explanation, consider
a leftward inclinatior. The logic for a rightward turn not shown in Figuxe 3 1is
a mirror imzge of that chown for the leftward tuxn. Next, the left side of the
condensed laser word is examined to deternine if there are any bad bits. If so,
subroutine BBROL (bad bits right or left) is used to locate the right-most edge
of the hazard and a left hazard £lag reflecting the reguired buffering is set as
IFTHAZ. OSPOS is used to locate the hazard with respect to the xaver before
IWINDY is called to explore the right-hand side of the condensed laser word. If
the right hand side shows bad bits, a right hazard £laz RUTHAZ is set and the co-—
ordinates of this hazard are calculated by 0SP0S. It remains now with new left
and right hazards to determine if an acceptable path exists. Rote that the front.
hzzards dominate ke path selection in this sitvation. IE one exisiks, CONPATH
is ealled to generate the necessary steering command; if not, an emergency stop
is ardered. Returning to the case where no bad bits were found in the right half
of the condensed laser word, the question remains of whether or not an oid hazaxd
exists on the right. Note that a LFIHAZ flag will force a right-teard turn from
the current steering and it is clearance of the right rear wheel relagive to a right-
side obstacle that is essential. If there is no old cbstacle, it remains only to
select the best path satisfying LFTHAZ and go to CONFATHE for steering commands. If
there is an old xight-side ohstacle, TRNANG is usved to calculate the constraint
vector required to insure right xear wheel clearance. If 2 test of the constraint
vectors based on the left front wheel and the right rear wheel shows a clear path,
CONPATH is called for steering commands; otherwise an emexrgency stop is called.

In the case where na bad bits are determined on the left hand side, the sub-
routine, NO BAD BITS Right or Left (NBBROL), Is called. YE there is no old obstacle,
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the right aide of the condensed lamer word {a seavched for bad bira by LWINDW

and the caleulation svoceeda along the path described earlfer. 1f theve ia an
old obstacle, a check {s made to determine if there {s a LFTNAZ flag active.

If a0, ACTCS? e called to determine (f the left front wheel has veached a point
at which LYTHAZ can be deactivated. 1€ LFTHAZ cannot be deactivated, a teat fov
RHTHAZ {= made. If RHTHAZ {2 active, ACTUS? {a called to determine {f {t can

be deactivated. 1If not, so that both LFTEA” a.d RUTHAZ ave active, the motion ia
dominanted by front wheel hazards, If a cleav path extuta, CONPATH {a called;
otherwize, an emergency atop {8 genevated.

If LFTHAZ cannot be deactived but RHTHAZ can be deactivated, wotion control
{a now determined by LFTHAZ and veav right wheel clearvance with an old ohatacie.
If the old obatacle fa on the left, then there {a no vight rear wheal problem
and CONPATH {s called. If theve {a an old right obatacle WHLPOS (calewlate the
wvheel coordinates), THINK (caleulate diatance from wheel to hazacvd) and TRNANG
(caleulates permitted turning action) ave called. Once agaln, {f LFTHAZ and the
rear wheel conatraint vector permit a cleav path, CONPATH {2 called for ateeving
comsanda: otherwise an emergency =ztop {a ovdeved,

The atrategy for other combinations of events ahown {n Figure 1 followa the
general logle described above. 1In general, {0 both front wheel hazavds ave
active, f.e. LFTHAZ and RUTHAZ pervatst, then they {n combination with the deaived
heading angle determine the ateering command. 1f only one of these front wheel
conatvaint vectors fa active, then {t and the oppoaite rear wheel cleavance, {f
there {z an old obatacle, determine steeving strategy. 10 only old obatacles
exiat, the conatraint vectora they generate relative to the correspoading wheel
and the deaived heading angle dominate the motfon contvol satrategy.

The decisfon-making program descridbed above, which {2 veferved to an
TRETRN=1, haa been teated for a number of sftuationa {n the laborvatory and haa
been found to bhe decizively asuperior te the oviginal path zelection algorithm uaing
the laser word memory. It can avoid aimple obatacles very eaaily and can negotiate
fairly complex situations such as shown {n Figure 4. However, while the vehicle
can alwava avold the smaller obatacles even fn combination, {t sometimes falla to
negotiate the turn avound the corner of the long wall (refer to dotted line trajec~
tory on Figuve 4). If the ateering action causes the vover to loae "atght" of the
long wall, once the veastrafntz of the hazard when {t waa {n "aight" have been ve-
laxed, a ateering action towarda the deaired heading {a commanded, Although the
wall {s again seen as a hazavd, {te location {s no longer known well, lIndeed, the
only conclugfon which can be drawn when a hazard {a detected as a veault of a
turning motfon, {s that {t {s leas than the diatance defined by the triangulation
pavameters (for a positive hazavd, approximately 1.5 metera), Accordingly, the
ateering controla arve set for thia distance minua some duffering 2nd not for the
actual but not detectable distance. Although the perfovmance of the algovithm
can doubtleas be {mproved by optimizing the cholcea of several adjuatable ¢leavance
parameters, there ave two basic factorz which cannot be disvegavded,

Firat, the one laser/one sensor hazard detection ayatem can only locate a
hazard with accuracy {f the vover has been moving toward the hazard prior to detec-
tion. In the case of a turning motion which bringa the hazard {nto the field of
view aimply because of the rotatlon of the scan, there {a no basia by which the
distance to the hazard can be determined except that {t {a not farther than aowme
known distance. Unfortunately an accurate eatimate of minfmum dlstavce {a needed,
Thia {8 one reazon why the elevation scaunning laser/mult{-sensor system which can
locate hazavd poaftionz more accurately {s neceasavy,
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Secand, the current detection system and rover hardware have some defects
which compound the problem. The gscillating mast and analog control system
controfling the laser firing produce a hysteresis effect with the result that
the azimuths at which-the laser is fired differ by about 8° depending on which
direction the mast is moving. A4t a distance of 1.5 meters, this amounts to
some 8" displacement im tha arc. Since the laser data are placed in DMA
(Direct Access Memory) as they are received from telemetry and the path selec-
tion algorithm samples the memory every 0.5 second, the probability is 14 out
of 15 that the laser word which is processed is a combination of data derived
from both a clockwise and a counter-clockwise mast motion. Accordingly, some
error as to the leocation of the hazard is likely to be picked up. In addition,
while the laser firing azimuths are 10° apart, the avallable steering angles
are nominally 12.86° and because of system non-linearities are non-uniform in
spacing. The algorithm selects that steering angle closest to the commanded
path which 1s based on the laser azimuths which generates an additional exvor.

Thus, these defects due to the limitations of the one laser/one detector
system and to the errors generated by the current mechanical and electromnic
systems can combive in the "long wall" problem to result in a bad decision on
some occasions. Simple discrete obstacles or combinations thereof do not suffer
in practice from this problem,

Nevertheless, TRKIRN-I represents a very substantial improvement over the
previous algorithm and is providing a rational basis for the development of
more powerful algorithms to process data expected from the elevation scanning
laser/multi-sensor system. The limitations of the current hardware as perceived
in this evaluaticn of TRKTRN-I have been taken into account and will have been
eliminated when testing and evsluation of the higher level system is undert:aken.

A second version of TRRKTRN in which front and rear wheel constraints are
applied simultaneously has also been developed but has not been tested as ex-
tensively. It appears that TRRKTRN~II is more powerful and Llikely to be the
basis of the real time software for the elevation scanning laser/multi-sensor
system.

TASK B. Inoterpretation of Elevation Scamning lLaser/Multi-Sensor Data =
N. Troiani, P. Dunn

Faculty Advisors: Prof. S. Yerazunis
Prof. D. K. Frederick

The objective of this task is to develop and evaluate alternative methods
of interpreting data to be obtained by an elevation scanning laser/multi-sensor
hazard detection system for the guidance of an autonomous xover, As noted in
the previous section and in Reference 7, a one laser/one detector system can per-
ceive discrete hazards and provide a basls for autonomous guidance. Although
such a system is adequate for guldance in a simple terrain, its defects would
seriously limit it's application to an unmanned axploration of Mars or other
extraterrestrial body. The one laser/one detector system cannot distinguish
between a gradual slope and a discrete hazard; accordingly if the system is set
to perceive step hazards of i 12", it will interpret a gradient of +13° as
hazardous. The vehicle's pitch and roll will lead to au uncorrectable misinter~
pretation of terrain both favorably and unfavorably depending on the situation,
that is, in & possibly non-conservative maumner.
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To overcome these defects and to provide a rover with a substantially
higher level path selection intelligence, additional terrain data of higher
accurdty are required. The elevation scanning laser/multi-sensor (or multi-
laser/multi-detector) concept can meet this need in principle. This short
range (1-3 meter) hazard detection concept which is based on trxiangulation is
shown in Figure 5. A series of laser pulses is to be fired at a set of pre-
determined elevation angles., A set of focused photodetectors is arranged to
cover the desired field of view. Should the terrain surface be located within
the intersection of a given laser pulse and the photodetector £ield, the re~
flection will be sensed by one of the sensor elements. The knowledge that a
particular laser pulse reflection was detected by a specific sensor locates by
triangulation the loecal terrain along a line element of known end-points (i.e.
height and distance relative to the detection system). The data density or
equivalently the sampling rate is determined by the number of laser elevations
and the angle increments employed. The accuracy of the measurement is determined
by the triangulation base and the field of view of the individual sensors,
assuming a laser of negligible width,

Conceptually, it is necessary only to sample the terrain along some azi-
muth and to analyze the resulting data to determine if that azimuth is free of
hazards. Acquisition and interpretation of such data at an appropriate set of
azimuths should provide the terrain information required to guide the rover
safely and efficiently.

Iz principle, the concept should provide a means for determining the
terrain to as fine a detail ag desired by using a sufficient number of laser
elevations and detectors. However, practical considerations limit how f£ar one
can go towards this ideal. A real-time guidance system with the rover in con=-
tinuous motion in general will limit the amount of data whieh can be expected
because of hardware and/or computational limitations. Accordingly, methods for
interpreting the data obtainable from a realizable system must be developed. The
problem is illustrated by the ease of a boulder on flat terrain shown in Figure t
6. The darkened line elements indicate the data which would be obtained. Showm
in Figure 7 is the ambiguity which can be assoclated with this example. The
upper feature is not hazardous while the lower is hazardous; yet both features
will produce the same set of data because of the limited sampling rvate and the '
uncertainty associated with each measurement. \

One possible method for increasing the accuracy of the data without reduc-
ing the length of the line elements would be to use enough laser pulses (or
alternatively a continuous laser) to locate the terrain at the interface of the
fields of view of two adjacent sensors as shown in Figure 8, or by decreasing the
detector fields of view with a finite number of laser pulses, Figure 9.

Because of current hardware component limitations (TASK G), the averzge
minimum elevation angle increment between successive is 1°, and the minimum field
of view of the detectars is 2° for an overall detector fleld of 40°., Therefore,
this research effort was focused on the development of procedures which could be
implemented with the current design and implementation of the scanning system des-
cribed under TASK C. However, even this system has the potential of increased
capability and solid state devices under development elsewhere and may provide
new capabilities. Therefore, this study has explored the effects of higher density/
increased aeccuracy beyond the base system, :
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e hase system parameters which were used for gimulation purposes wexe
specified with ~onsideration of the Rensselaex Rovex. The lasey source was
set at a height of 2.0 metexs with the detectors igcated at a 1.0 metex helight.
The lowest laser and detectors Were set to detect level ground at a distance
of 1.0 meter because ohstacles closer than this distance cannot be avoided with-
out a backup maneuver. The lasex pulses can be spaced variably but must have anr
average separation of 1° (to prevent laser diode overheating). Since the only
proven sensor 4g a 26 element photodiode Lineaw array, an overall field of 407
representing fields of 2° was speclified as a compromise betwaen ovexrall field of

view and accuxracy.

The data recelved from typical scan in a single azimuth are shown in the
1aser/sensor matrix In Figure 10. The symbol 2 for a laser/sensor pair indicates
that a signal was received and that It corresponded to level ground relative to
the vehicle. The symbol 3 indicates where a return would have occurred if the
terrain had been level; however, the existence of a 1 in the same column indicates
a valid return from terrain above as is the case in Tigure 10, or below level
grouund. A more effactive way of conveying the data is the dfagonalized return also
shown In Figure 10, Reference 8, in which the number of positions of the return
above the level ground retiurn in epach column of the Jaser/sensor matrix axe listed.
The diagnolized xeturn of Figuxre 10 is interpreted as an upwardly inclined terrain
gince the far away returns are fazrther removed from returns expected for lavel

ground.

. .Another way to visualize the diagonalized return is illustrated in Figuxe
31, The term, quasi~linearized arxray, signifies a system in which the laser
elevation angles are set such that the laser intersection with level ground 0CCuTS
at the mid-point of detectors of equal fields of view. This arrangement results
in quantization bands which are almost 1inear but not parallel as opposed to the
sguare array (equal laser angle inerements and equal sensor fields) used in
Reference 8 in which the quantum 1evels were strongly curved. It is possible to
achieve full linearization where the quantization bands are parallel to level
ground by selecting variagble sensor fields of view and adjusting the laser eleva~
tion angles appropriately. However, component hardware possessing this capa~
bility does not exist. With the gquasi-linearized array, the diagnolized return
is a labeling of the returns according to quantization level.

A set of obstacle definitions consistent with the Rensselaer rover's
capabilities were selected to provide a basis for the development of decision
making rules. Discrete features such as steps whose height is in excess of plus
or minus 25 cm are to be considered as obstacles. An upward or downward slope of
36° is likewise defined as hazardous. An in-path slope jn excess of 20° together
with any poslitive obstacle is considered as hazardous; this rule also is assumed
to apply in the negative context.

The quesiion of whether or mot a discrete step in excess of 425 cm exists
can be answered iIn terms of the quantization levels appearing in the diagonalized
return. For the 15x20 system (i.e. 15 lzser elevations and 20 2° detectors), &
jump of two quantization levels in the near field, (see Figure 12) indicates the
existence of a level rise i excess of 0.25 meter. However, in the far field, a
0.25 meter hazaxrd will only result in a one quantization ievel change. According-
1y, the 15x20 system is myopic with respect to discrete hazards. A 30x40 system
would be far more affective since the pumber of quantization levels woild be
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doubled and the height intexrval associnted with sach level would be halyad.
Although the “eonrseness® of the scan limits the precision with which a earrain
fantude muy be described quantitatively, the disereta scan has tha banefit of
€ilrecing out small terrain perturbations which would naob ha ralavant to tha
dacision. Only those features that are large enough to be potential hazaxds
will affect the data.

Calculation of the slopes implied by a diagonalized veburk fnvolvas the
spacing of Jumps. u rapld succassion of jumps suggasts a steep slops wvharoas
widely sepaxated jumps are indicative of a gentle slope. Becausa of tha findte
height intexval inherant with the quantization levels, any given paiw of saparated
jumps may be the vesult of a terrain whose slope lies batwean maximum and minlmum
values for that particular diagonalized xetuxn as shown in Figuxe 13. Figuxos 34
and 15 indicate a method For calenlating the waximum and minfmum Siopes.

Thegsa proceduxns are described by the following ruless

Maximam Slope

-

1. Datermine that a possible height differentlal of 0.23 moters
exists.

2, Duetermine the coordinates of the lower endpoint of the flrst
line segment after the f£irst jump and the higher endpoint of
the last line segment before the last Juwp.

3. Compute the slope using those two points.

4. Yor negative features, select the same line segments but use
the opposite endpoints.

5. If multiple or consecutive jumps occux, sceleck the lower end-
point of the line scgment before the jump and the higher end-
point of ths line segment aftexr the Jump.

Minimum Slope

1. Determine that the least possible height differential cxceeds
0.25 meters. This is done to make sure that any slope caleu-
1ated rises above 0.25 meters. Otherwise, the slope is not
bazardous regardless of how steep it Is.

2. Determine the coordinates of the higher endpoint before tha
first jump and the lower endpoint afner the last Juwp.

3, Compute the slope batween the two polngs.

4. For negative features, select the lower endpoint before the
first jump and the higher endpoint alber the last jump.

5, The procedure does not change for multiple or consecutive
jumps.

those methods yicld the least and greatest slopes possible that intersect
every line segment in the ares in question. They are also casily implemented.
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The locations and magnitudes of level jumps are knowm from the diagonalized
return, The endpoints of all line segments in the array car be computed by
geometry and stored for easy access when needed. Since the slope calcula-
tions involve just two points, the axithmetic is minimal.

So far, the step and slope criteria for obstacle detection have been
considered. The vemaining case is the decreased climbing capability when the
vehicle pitch exceeds +20°, This test is easily done because the vehicle
atititude is readily avallable from onkoaxd gyros. If the vehicle piltch exceeds
20°, then any positive jumps are assumed impassable. Similarly, negative jumps
are impassable if the pitch is less than -20°.

A1l of the obstacle criteria defined earlier have nowbeen treated. Thera
is, howaveyr, another possibility to be considered, It is possible that a laser
shot wiil not he seen by any detector. This can occur if the scattered light
is blocked by an obstacle before it reaches a detector. In this case, no data
is received and it must be assumed that a deep crevasse exists. Forxtunately,
nissed returns provide some information. Based on the number of consecutive
missed returns the size of the hole can be estimated. If the hole is laxrge
enough for a wheel to £all into, then the path is unsafe, Figure 16. However,
just because the gap is small, safety is not guaranteed. Several missing returas
can also signify a sharp, hazardous drop. To account for this possibility, the
difference in terrain height before and after the missed returns is computad.
0f course, when the missed returns occur at either end of a scan, the height of
the terrain is not known on both sides of the missed data. If the closest laser
shots are not seen, then the vehicle is close to a potemtial chstacle but ecan na
longer see the entire feature. To deal with this ease, it is assumed that the
whole feature was seen in a previous scan., Since past scans did uot detect an
obstacle, the terrain is considered safe in spite of missed returns. Missed
returns can also occur at the far end of the scan. This possibility raises
another jmportant issue. Often a possible obstacle is detected at a distance
but there is insufficient information to make a definite decision. In the case
of missed returns, a single one at the £ar end of a scan may signal the leading

edge of a crevasse or just a small, traversable depression. An example of another

ambiguous case occurs when a distant object is determined to have a range of
slopes from 25° to 35°. In both of the above cases, zaution should be exexcised
since the terrain is poteantially hazardous. However an izmediate avoidance
maneuver would be an unwise decision since wany false alarms can occur. This

is particulariy true because of the reduced accuracy of the data at long dis-
tances. The obvious solution is to get closer and make a more reliable decisiond
The R,P.I. vehicle has a scan rate fast enough to give five different views of
the same terrain as the vehicle approaches. Taking five scans increases the

chances of resclving the ambiguity. Naturally, there is a limit as to how closely

the vehicle can safely approach an obstacle. In this system, the limlt is set at
1.4 meters. The strategy is, therefore, to approach an obstacle until eithexr a
definite decision is made or until the cobstacle is within 1.4 meters in range.

Until now, all of the obstacle detection has been dene in the vehicle
frame of veference. The reason for doing the analysis this way is simplicity.
The coordinate transformations required to convert the data from the vehicle to
the planet frame require additional calculations effort and time. After that
hag been done, the benefits of the horizontal quantization levels are lost. How-
ever, the step and slope climbing ability are related to gravitation and only
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have meaning in the planet frame. The solution is to convert all of the computer
terrain slopes to the planet frame by simply adding in the vehicle attitude.

Thie is much simpler and faster than doing the transformation before the slopes
are computed. The hazard detection algorithm is now complete and a general flow
chart appears in Figure 17.

The multi-laser/detector triangulation sensor and the accompaaying hazard
detection algorithm are to be tested using the R.P.I. Dynamic Path Selection
System Simulator, Reference 9. - The dynamic simulator is the result of several
years of effort and accurately represents the scanning, decision making, and
motion of the actual vehicle on speeified terrain surfaces. The user can choose
from among a number of available general terrain surfaces including slopes, hills,
and sine waves. Discrete obstacles such as boulders, craters, and steps may ba
added to the general terrain surface. There is also the provision for simulating
rubble and small rocks on the surface as a noise funetion.

The user may also choose from a variety of sensors and is free to specify
the placement, size, and geometry of each. There is a choice of data processors
and path selection algorithms to snterface with the various sensors. The measure-
ments made by the semsors can alse be contaminated by noise if so desired. The
nser can also control the physical dimensions and dynamics of the vehicle.

After the user specifies the initial and target locations, the simulation
program takes over. Sensor scans are taken at user-prescribed intervals after
vehicle attitude information from the gyro subroutine adjusts the sensor position
pesition. A terrain model is developed and the best path is selected based on the
vehicle's position relative to the target and the surrounding hazards., Control
then passes to the motion routine and the vehicle is moved at a rate and for a
duratian given by the user. The cycle then repeats after this point.

The simulation terminates when either the target is reached, the allotted
time is exceeded, or the vehicle finds no safe paths aveilable. At this time,
the performance is evaluated based on path length, trip duration, and the number
of close encounters with hazards, Finally, maps are printed out showing the

terrain and the vehicle trajectory.

Four groups of simulations were conducted each designed to test the sensor’s
ability to detect varicus obstacles under various conditions. These are summarized

in the table below.

Simulat:;',.ons Performed

I. Vertical Steps

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

It. Smooth Slopes
A. Twenty degrees

B. Twenty-five degree magnitude
1. Positive slope with 15 laser, 20 detector system
9. Positive slope, same sensor but £leld of view ajmed
claser
3. Negative slope, original system
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C. Thirty degree slopes
- 1. Original 15 laser, 20 detector system
2. 25 laser, 30 detector system
3. 32 laser, 40 detector system

IIX. Sine Waves

A. 0.25 meter amplitude, 6.0 meter period
B, 0.3 meter amplitude, 6.0 meter pericd
C. 0.4 meter amplitude, 6.0 meter period

Iv. Boulder and Crater Field

The first growp of simulations were intended to evaluate the effective~
ness of the 15x20 system in distinguishing between several step-like features.
The 0.2 m step is interpreted as a possible hazard even though i;;is not: be~-
cause of the levels at which the quantization bands were set. A smaller height
of the order of 0.18 m would not have resulted im the criticdal two level jump
and would therefore have been ruled safe. The 0.3 m step was seen as a poten—
tial hazard at 2.2 meters but it was not until a distance of 1.0 meter was
reached when it could be concludsd that the minimum step height exceeded the
0.25 o threshold. The 0.4 step was initially detected at 2.5 meter range and
was conclusively ruled hazardous at a range of 1.9 meters.

The ability to distinguish between hazardous and non-hazardous steps can
be improved by using 32x40 system which would effectively reduce by a factor
of 2 the wildth of the quantization levels. The distance between the range at
which the terraln feature is labeled as potentlally and that at which it can
be classified decisively will also be reduced.

The next set of simulations were undertaken to determine the algorithm's
slope estimating capabilities. With the vehicle on level ground, a planar 20°
slope is first detected at a distance of 1.8 meters as a 39° maximum slope.

As the vehicle continues its motion, the slope estimate Iimproves until at a
range of 1.0 meter the slope maximum and minimum are 25° and 17° respectively.
Figure 18 displays some of the printout of this simulation at the 1.0 meter
range. At each azimuth angle, the maximum and wminimumm slopes and the ranges
over which they apply are shown. As the rovaer begins to c¢limb the slope, the
perceived slope relative to the vehicle decreasass but is of the correct magni-
tude afiter the vehicle's attitude is taken into account. In the case of the

25° slope, although the perception of the slope improves as the vehicle approaches

the one meter range, the maximum slope estimate exceeds the allowable 30° and the
rover turns to follow an oblique but acceptable path. Bringing the viewing field
in closer to the rover does not notieceably Improve slope estimate capabilities,

The effect of increased lasers and detectors covering the same field of
view was explored using a 30° planar siope. As expected a considerable improve-
ment in slope prediction was observed, Accordingly, the rover would be allowed
to pursue a more nearly straightforward course up the slope since the difference
between the maximum and minimum siopes is decreased with increased data density
and aeccuracy.

Simulations were conducted with sinusoidal terrains of 6 meter periocd and
amplitudes of .25, 0.30 and 0.40 meters so that comparisons could be made with
the eariier predictions for a one laser/one detector and a three laser/three
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detector systems, Reference 4. In all cases, the 15x20 system was decisively
superior to the lower level systems. It can be expected that a 32x40Q system
would be even more effective.

Although much progress has been achieved in developing procedures by which
to interpret multi-laser/multi-detectors, additional refinements and extensions
are required.

1. Slope calculations are made anly if a 0.25 meter increase in
terrain height is observed within the field of view; other-
wise, it is assumed that the slope is acceptable. However,
if the rover is completely on a planmar surface with an
oblique heading and wishes to make an wphill turn, it may
attempt to ciimb (or descend) an excessive slope. Accord-
ingly, the procedure must involve maximum and minimum s$lopes
without height increment limitations.

2. 'The rules developed thus far address the terrain features
in an azimuth or in-path context. Procedures for process—
ing the data in a cross-path context must be developes.

3. Simulations of the 15x20 system must be extended to addition-
al terrain situvations systematically with a path selection
algorithm based on the Track-and-Turn concept described in
TASK A with the objective of developing the real-time soft-
ware logic which will be required when the higher level
system is installed on the rover.

Despite the need for these additional studies, the procedures outlined
herein will provide safe and conservative guidance information for the rover
even in their present state. A detailed report describing this work is avail-
able in Reference 10.

TASK C. Elevatiorn Secanning Laser/Multi-Sensor Mechanical and Electronic
System Development

The objective of this task was to design, and construct the mechanical
and electronic system required to implement and evaluate a short range hazard
detection and avoidance system for an autonomous rover. The system concept
which was selected is showm on Figure 19. A mast which will be in steady
rotation will support the laser transmitter assembly and detector system.

The laser transmitter assembly located in the upper mast consists of a laser
pulser, laser dicde, collimating optics, an 8-sided mirror, mirror motor
drive and shaft encoder. The detector system located in the lower mast includes
the detector array, analog amplifiers, and digital circuits. The mast azimuth
position is alsoc monitorad by an optical shaft encoder. The remaining components
indicated are located om the rover structure and are interfaced with the com-—
ponents oun the rotating mast by a slip ring assembly. O0f these vehicle-mounted
components only the controller is new since the existing systems can with but
minor modification meet the new reguirements. The controller receives position
information from the mast and laser mirror shaft encoders and provides the

triggers to fire the laser at the desired azimuth and elevation angles and sample

the detector array as specified in a user-provided Programmable Read Only Memory
OPROM). The user cam arrange to have any desired scan pattern by programming a




35

S/

. o

“i

" .‘

i

1] 3

;_f'( ] . Y

sl conmmoeER

- 2\

J V'l . pamm - <
HANDLER ,

vV
. FELEMETRY
. TRANSMITTER

S

i

COMMAND

k]

LINK

L L,

COMPUTER

\ Elevation
] Shaft Encodex

g b

Detaectors

3 o 1
+
i
’ \ L.
!
-

Azimuth

Shaft Encoder

TELEMETRY |
RECEIVER

" INTERFACE |

: 54 GE 1S

M P 0V

Figure 19,Elevation Scanning Concept.

e i ey e
KR - wn L o R : : ’ ) R L
L Su— R e T T DR VYl AP S ~

. . " LT . . N s H
B T - H 2 . i :
- - .t . WA B L T DS ol WO ‘g
. i




J—

J V—

[EUS—

rare

[ S— K

.. )

Tt

A g

36

PROM and inserting it in the controllexr. The controller them directs the laser
and deiector data to the existing data handler which transmits thls information
along with pevtinent vehicle data such as heading, attitudes, speed, ete.

through telemetry to the computer. As of this writing, the mechanical systems
and the laser transmitter sssembly are complete and operationzl. The controller
has been constructed and is essentially verified. A 20-element photodiode
linear array has been gbtained and shown to have adequate response. The analog
amplifiers and digital circulits to provide the data desired have been designed
but are not yet constructed, Progress made in these areas are summarized below.

TASK C.l. Mechanical Systoms — D. Enanb
Faculty Advisor: Prof. S. Yerazunis

The overall mast assembly, which is shown in Figure 20, consists of an
upper mast section supporting the laser transmitter assembly, z cylindrical mid-
masi: section which provides a bearing surface and which can be replaced to
increase the height of the laser, and a lower mast section to support the detector
and its associated electronic circuits. A slip ying to provide an electrical in-
terface bhetween the rotating mast and the rover structure is located at the base
of the lower mast section below the lower bearing.

An early mzajor design decision was to employ a continuously rotating masth
as opposed to the current oscillating system. First, power requirements would
be reduced. Second, elimination of the accelerations and decelerations would
reduce vibrations. Third and perhaps most important the azimuth angles at which
the laser could be fired could be controlled by the computer, Thus, the center
of scan need not conform to the heading of the steering axle.

C.l.a Laser Transmitter Assembly

The purpose of the Elevation Scanner is to rotate the 8-sided mirror im
a precisely controlled manner. This is essential for the multi-laser/multi-
detector hazard detection system to function properly. The position of the mirror
must be kmown within an acceptable tolerance in order to obtain the desired eleva-
tion angle for the laser.

The elevation scanner is shown in Figure 21. The 8-sided mirror is fastened
to two mirror f£langes with shafts which pass through bearings. These shafts are
connected by flexible couplings to the mirror motor and the elevation encoder
shafts. The problem of lining up all the shafts and the requirement of exact
position relationships forced the use of flexible couplings. The bearings were
located as close to the mirror as possible to minimize bending of the mirror's
supporting shafts. Slots were provided in the elevation encoder mounting plate to
allow the body of the encoder to be moved for zerocing. Once zerved, the screws
through the slots could be tightened to hold the encoder f£irmly in position.

The Optlcs Rack, shown in Figure 22, contains the laser, the laser pulser
and the lens required to focus the laser beam. The optics frame is the main

‘structural member, supporting the elevation scanner at its top on to the upper

most tube at its bottom. Within the frame, mounting plates for the laser and lems
were fastened. They can be adjusted as described below.
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The 1laser and its pulser are firmly fastened to the laser mounting plate,
which tan slide forward and backward _-i;3l16 of an inch zbout the center position.
This center position is directly below the forward edge of the bottom mirror
face when it is horizontal. The forward and backward adjustment of the laser
was judged to be the important wmotlon. A side to side adjustment would have
made the design much more complicated and was ignored. It is believed that this
adjustment can be accomplished equally well by adjusting the lens position.

The position of the lens ecan be adjusted in all three directions. Motions
with respect to the two major dimensions of the lens plate can be accomplished
by using the adjusting screws. These screws move the three lens feet which hold
the lens. When a satisfactory position in these two directions has been found,
the feet holders can be tightened dowm to clamp the feet in place. The entire
lens plate can be moved up and down to make the third adjustment. The plate will
move + 3/4 inches about the center position., The center position puts the lens
4 centimeters above the laser and either 10 or 15 inches below the mirror, depending
on whether Optics Frame "A" or "B" is used. Two frames of different lengths were
made due to the uncertainty in the optical specifications.

The bottom of the optics rack is attached to the upper mast tube by two mast
clamps spaced 2-1/2 inches apart. It was felt that two clamps would be re—
quired to get the necessary stiff support of the upper part of the mast. An
electronics package for the Elevation Shaft Encoder is supported on the back of
the clamps. It is out of the way at this location and close to a bearing so that
the effect of its rotating imbalance on the mast is minimized.

The Lower Mast is composed of a detector rack adapted to the lower mast
tube, Figure 23. The detector and detector pointing mechanism are to be mounted
jnside the rack. Heles are drilled every 1 inch in the detector frame, allowing
the detector to be mounted at many discrete heights. The upper detector frame
support makes the transition from the top of the rack to the upper mast tube.
Similarly, the lower detector frame support adapts the rack to the lower mast tube.
These circular tube sections are necessary to £it into the mast's bearings.

The lower mast tube has three important functioms. The tube's shoulder
rests on the upper edge of the lower mast bearing's ianer race. This transfers
the weight of the mast to the ball bearings. Secondly, the mast gear is slide
fitted onto the tube in order to align it accurately at the center of rotatiocn.
The gear is subseguently bolted to the lower detector frame support. Lastly,
the shaft of the slip rings fits into the bottom of the tube and is anchored
there by set screws. The wires from the slip ring shaft pass through the hollow
mast tube into the detector rack area.

The design for the structure to support the new mast shown in Figure 24
is rather similar to the previous design. An Upper Mast Bearing Block holds
the sleeve bearing and extends back forming the top of the strusture. The £xont
mast support and mast side supports hold the bearing block firmly on three sur-
faces. These supports are tied into the mast main frames to which the slip rings,
mast encoder, and lower bearing block are also fastened. The new mast is
fastened to the main frame of the rover.

The mast motor and motor geaxr are contained within the mast support struc-—

ture. Space has been left around the motor in case a larger motor is needed.
Provisions have also heen made for mounting 3 electronic circuit cards for the
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control of the detector inside the support structure. Slots have been cut at
various locations to allow easy sccess to the pins of the card holders.
Details of this task are provided in Reference 1l.
TASK C.2 Julsed Laser and Photodetector Components = W. E. Meshach
Faculty Advisor: Prof. S. Yerazunis ORIGINAT
Prof. D. Gisser . OF p'k;?fL<1}{’§\?§“l$

Cc.2.a Pulsed Laser

The desired scanning rates: omne complete revolution every two seconds,
laser elevation angle increments of 1° and a completed elevation scan within an
azimuth window of 2°, imposed severe requirements on the pulsed laser. The amount
of laser power emitted had to be substantially larger than the current laser which
emits 10 watts peak power over a 200 ns pulse width. This requirement is due to
the speed with which the data are to be acquired. The current laser is pulsed
six times at each azimuth conjunction with a confidence level detector to deter-
mine if a positive return has been obtained. However, with the elevation laser
scanning system only one pulse can be employed at each desired elevation. Hence,
a very strong signal will be required. In addition, completion of an elevation
scan within a 2° azimuth window in combination with the ability to pulse lasers
at elevation angles differing by as little as 1° requires a 10 Kh pulse repetition

rate.

After a considerable search, commercial components meeting these require-
ments were located and have been obtained. Although assurance that the system
will function as designed cannot be determined experimentally until the detector
optics and electronics have been constructed and the complete system is tested,
preliminary tests indicate that the laser components will meet the design goals.

The laser which has been acquired is a 5-element stacked diode array manu-=
factured by Laser Diode Laboratories, Inc., Metucheon, New Jersey. The speci-
fications of the diode are:

Model number: LD-167/0.04% duty factor

Total peak radiant flux: 100-105 watts (specially selected)

Number of diodes: 5

Emitting area: 16x16 mils

Max. peak forward current: 75 amps

Duty factor: 0.04Z with double heat sink

Wavelength of peak intensity: 904 om

Spectral width (50% points): 3.5 nm

Rise time of radiant flux (10-90%): 0.5 ns

Max. pulse width: 200 ns

Max. operating tem: 75°C

Package Type: LDL-8

1/2 angle beam spread: at 50% power points = g
at 100% power points = 10°

The pulser which has been selected is manufactured by Power Technology
Incorporated of Little Rock, Arkansas. It has the capability to provide a 40-80
amp peak pulse with a variable pulse width from 40 to 80 ns. Since 75 amp peak
pulse will drive the laser at 100 watts, the pulser can drive the laser to
generate the specified output. At the 40 ns pulse width, the pulser can provide

the 10 Khz frequency.
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The vaquirement of an 8-sided mirrow, which is discussed in some detall
neder TASK G.3, Imposes potentially sexlous optics problems. This is becausa
the elght-zided mixxox has a relatively small eFfective width. In combinatiion
with the finite size of the jaser diocde, 16x16 mils, a trade-off between the
fraction of the laser dinde output power which is captured and the size of the
1aser spot'on the tewraln must be made, It has beex datermined that a single
lens can capture about 80% of the laser ontput and focus 1t on & spot approxi-
makely 2" in qiametar at a distance of 3 meters. It Is believed that this
arrangement will meet design goals.

C.2.C | Photodetector System

The photodetector system is designed around a Centyronics 20 Element
Photodicde Array. The basic concept is to use a single lens to focus an image
of the terrain on the array. Whenever a laser pulse is incident on terxxain
located within the £ield of view of the lens/photedicde combination, one of the
glements will detect a returned signal. In the event that the lasar spob overs=
laps two detectors, tWo elements will sense the same laser return. When a xeturn
i{g sensed by an element, & voltage output is produced. It can be amplified and
passed into a digital processing cireuit. The digital elrcuit latches in the
digitized signal and generates an address corresponding to the element which
sensed the returz. A block diagram of the laser/detector subsystem is shown in
Figuve 235,

Sources of noise to be dealt with include ambient light levels, transient
ambient light, spurious noise and dicde thermal noise. To decrease the ambient
1ight noise, a Wratten gelatine~type filter will be used together with the
photodiade response characteristics to form a band pass filter in the neighbor-
hood of the 904 nm wavelength.

Tyansient ambient light noise can be eliminated by the selection of coupling
capacitors along with the input impedance of the amplifiers to form a high pass
filter. This filtex should eliminate signals with rise times less than the wise
time of the diode response to the laser pulse.

Spurious noise will be largely eliminated by a time-gating and thresholding
scheme. When the laser is tald to fire, there is a small delay before the detector
elements can sense the returned . signal. This delay provides the opportunity to
setup a "time window" around the returned pulse. A spurious input occurring at
any time cutside this window will be ignored by the digital circuitry. Should it
occur during the window it chould be sufficiently below the strength of the laser
signal so that it can be excluded by a threshold voltage which can be set in the
analog portion of the detector electronics. The time gating and thresholding
waveforms for one detector element are shown in Figure 26 along with the lasex
pulse timing and the latch output.

Although the analog circuitry has not besen designed in detail, experiments
using the laser deseribed in Task C.2.a and the photodetector have been conducted.
Shown in Figure 27 is the experimental setup and the output waveform of one diode

L.
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in response to a laser pulse of 40 ns duration focused on a surface 2 meters
from the detectoxr, The fast rise time ~4 100 ns means that the laser pulse
will be detected after only a short delay. The slow delay time is not a
problem since the next laser pulse will not occcur until at least 100 jis later.
These preliminary experiments indicate that the signal produced by the photo-
diode with a 20 K ohm resistor is on the order of 100-400 mV depending on the
distance from the laser spot to the detector. It will also depend on the
final choice of opties, the nature of the reflecting surface and the input
impedance of the amplifier. Once the signal has been ampiified, it will be
digitized by comparison to a threshold voltage.

The digital section of the receiver accepts 20 digitized ipnputs from the
analog board and the laser fire signal. The latter Is used to set up the time
window around the laser return signal. When an input sigmal occurs, it is
latched inte a registexr and an address is generated which indicates which
element received the veturn. The civcult is designed to handle two such returns
amd will provide as output 2 f£ive bit words which are concatenated to form a
10 bit receiver output word. This word is latched into a rate buffer in the

Controller (TASK C.3) on the vising edge of a data ready pulse provided by the .

detector digital circuit.

The 10 bit receiver word is designed to account for the fact that the
terrain may be located so as to cause two detectors to signal a return. Interest-
ingly enough, the event in which two detectors show a return locates the terrain
more accuzrately than a single return. Advantage of this fact c¢an conceivably be
taken to make a 20 element detector behave as if it were a 38 element unit since
one will be abie to discriminate between terrain so located as to trigger a
single detecter from that which affect two adjacent detectors. Indeed for
fullest advantage to be taken, it is necessary not to ccllimate the laser too
much. in oxder to have an optimal spot size, This situation will actually reduce
laser optics problems mentioned earlier.

Additional details are provided in Reference 12,

TASK C.3 Rlevation Scanuning Laser/Multi-Sensor System Controller - T. Craig

Faculty Adviscrs: Prof. 5. Yerazunis
Prof. D. Gisser

The objective of this task was to design and construct the electronic con-
troller to control and monitor the advanced scanning system. The controller's
function 1s to monitor the mirror and mast positions and to output control signals
to the laser, receiver and telemetry subsystems such that the overall system
will place an array of laser pulses on the terrain as desired, and upon receiving
the data from the multi-element detector, buffer it and serve as an interface to
the telemetry system. The controller had to meet the following design criteria
imposed either by the potential data requirements of the interpreter for path
selection or by hardware limitations:

1. As many as 32 azimuths at which laser pulses may be
fired must be available. These azimuths need not
be separated uniformly.

2. As many as 64 laser elevations (but only at 16
azimuths in this event) must be available and not
necessarily at uniform spacings. The minimum laser

"
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spacing should be approximately 1°.

= 3. The maximum xate at which the laser can be pulsed is
10 Khz.

4. An elevation secan at a nominal azimuth must be com-
pleted within a 2° azimath "oindow'.

5. A complete 360° scan must be completed in 2 sec as
a maximum. Ability to increase the frequency to ome
complete scan/second is desirable to increase the
rate at which terrain is scamed so to permit higher

rover speeds.

The description of the controller development will be iz the oxder of
azimuth and elevation angle and data buffering capabilities, mirror configuration,
mirror and mast speed control and the controller block diagram.

C.3.a Azimuth and Flevation Angle and Data Buffering Availabilities

The requirements for availability of azimuth and elevations were developed
from prior experience with the rover and the cowputer simulations. A minimum
azimuth angle spacing of 1.4° was selected since a 256 pesition shaft encoder
was commercially available. This minimum separation is considerably less than
that expected to be required. However, this capability will afford researchers
options which may prove valuable in the future.

There are then 256 possible angles at which an elevation scan can be
initiated. Assume that £, is an azimuth angle at which an elevation scan is to
be made. Shown in Figure 28 are the desired angle §,, and two subsequent possible
azimuths © +1 and & we Since the mast is in constant rotation and the elevatiom
scan must §e comple%egl within a specified azimuth window, A8 , of nominally 2°,
the azimuth data (representing the average azimuth over all laser pulses) is de-
fined as 0. +A8/2. Since AG may be as much as 2° and therefore greater than the
1.4° spacing between available azimuths, the next azimuth which can be specified

for an elevation scan will be 6K+2.

The azimuth angles at which elevation scans are to be taken are determined
by the researchers through the program stored on an eraseable programmazble read
only memory, PROM. An 8-bit word exists in memory for each possible azimuth
angle. Shown in Table 1 are a list for available azimuth data angles, the corres—
ponding azimuth initiate angle (start of elevation scan) and the 8-bit word for
these angles for the ramge of data angles from -179.0625° to ~135.4688°. Values
for all availsble data angles over the full 360° have been computed for the
azimuth window of A8= 1.875°. Should it be desired to modify the azimuth window,
these lists can be modified by use of a computer program develaped for this

purpose.

The capability exists to offset the entire set of azimuth angles with the

azimuth center of scan amgle, Available center-of-scan angles corrvespond to every

other azimuth initiate angle. There are therefore 128 possible center-of-scan
angles spaced 2.8° apart which can be called for by command from the computer.
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CODING OF AZIMUTH DATA ANGLES IN DCTAL, BINARY AND DECIMAL POINTS

AZIMUTH DATA ANGLES INITIATE ANGLE
DE3KEES DEGREES
-179.0625 -180.0000
~177.6563 ~178.5938
~176. 2500 -177.1875
-178.8438 ~175.7813
—-173.4375 -174.3750
-172.0313 ~172.9688
~170.6250 -171.5625
' ~169.2188 -170. 1563
-167.8125 -168.7500
 ~166.4063 -167. 3438
- 165.0000 ~-165.9375
~163.5938 ~168.5313 -
~-162. 1875 ~163.1250
-160.7813 ~-161.7188
~159. 3750 ~160.3125
~157.9688 ~158,9063
~156.5625 -157.5G00
~155.1553 ~156.0938
~153.7500 -154.6875
-152.3438 ~153.2813
~150.9375 ~151.8750
-149.5313 ~-150, 4688
-148. 1250 -149,0625
-146.7188 -147.6563
~145. 3125 ~146.2500
~143.9053 -144, 8438
~-142.5000 -143.4375
~141.0938 -142.0313
~139.6875 - 140.6250
-138.2813" -139.2188
~136.8750 ~137.8125
- ~135.4688 -136.4063

MAST YELOCITY=  3.142 RAD/SEC = 30.0 REY
=  720.0 RPM

MIRROR VELOTITY= 75.398 RAD/SEC
DATA HOLD TIME=  7.812 HSEC
DELTA THETA= 1.8750 DEGREES

SCANS PER SBCOND=  0.500

OCTAL

aao
401
002
003
004
0035
006
007
010
011
012
013
014
015
016
017
n20
021
022
023
024
025

. 026

027
030
031
032
033
034
035
036
037

ADDE. IN HEHORY

BINARY
80000000
CCCCOOO01
agoo00a10
oceoao1i
0G000100
0CCO01G1
00000110
¢J000111
00001000
80CC1001
00001CG10
GCcoc1o01
00001100
0o0c1101
00001110
000071111
00010000
060i1C007
00010610
0C01C011
00010100
0001C101
00010110
00G10111
00011000
0G60110C1
00011010
0Cc011011
00011100
6oo11101
00011110
00C11111

ORIGINAL, PAGE
OF POOR QUALITI]‘ES

DECINAL

WO PFwnao

HEX
a6
01
02
03
04
05
06
07
08
09
0a
0B
cC
b

. 08

oF
10
11
12
13
1L
15
16
17
18
19
12
18
1C
1D
1E

1F

T
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<TI0 meet the established design criteria for available elevation v gles,
a precision optical shaft encodexr providing 256 radials with a 90° scan wwctor
was selected. Accordingly, 256 elevation angles separated by 0.35° are avail-
able. Because of the pulser repetition rate 1imit of 19 Khz, the minimum
separation between successive laser pulses will normally be greater than £.35°
and is determined by the speed of rotation of the mirror and the pulser regeti-
tion rate limit. An additional constraint on the choice of elevation angles
is imposed by the finite size of the mirror and the width of the laser beam in
that the full laser pulse cannot be reflected along the desired angle faor eleva-
tion angles below 14° and above 75°. As in the case of the azimuth data angle, ‘
an 8-bit word in the elevation memoxy exists for each possible elevation fire '
angle. A particular fire angle is selected by storimg a "1 in the most signi~
ficant of that fire angle's memory word. The five least significant bits in .
the angle's word should be programmed with a tag indicating the elevation shot -
nuoher ranging from 0 to 31. Although the spacing between laser pulses need
not be uniform within a single elevation scan, the same patiern must he used at
all azimuths. An elevation angle can be added as a reference or offset angle
by means of 8-mini switches on the elevation boaxd, Section c.3.d.

Although the controller has been set up for the specification of 32 azimuth
data angles and 32 laser fire elevation angles, any desired combination whose
product is less than or equal to 1024 can be used with minor modificatians.

Since the rate at which data may be generated may be as high as the pulser
rapetition rate of 10 Khz and since the rate at which the data can be trans-
mitted is limited to 2.5 Khz woxd rate, & rate buffer is required. The design
includes a first in-first out memory which is forty words deep. The speed with
which the buffer empties can have an affect on how closely the azimuth data angles ‘
can be spaced. This depends on the speed of rotation of the mast, the telemetry b
rate, the specified azimuth window and the number of laser fire elevation angles. -
for the selected design parameters of 0.5 mast revolutions/second, 2.5 Khz f
telemetry rate, a 2° azimuth window and 32 laser pulses pet azimuth, an azimuth
angle buffer (or clearance) of approximately 0.5° must be provided. TFor these
conditions, the minimum azimuth data angle separation remains at 2.8°. \

€.3.b Mirror Considerations

The specification of the mirror required consideration of the desired scan- j
ning rate which would determine the maximum vehicle velocity, the permitted azimuth P
window, the minimum spacing between successive laser shots and the pulser repetition
rate. These factors are related to one another and the number of sides of the L
mirror by the equations shown in Figure 29. If a mirror with too few sides is i

" Chogen;~thes—the specified scan _yate of 1 scan/2 seconds cannot-be-metand—Ehe—roy g

velocity will have to be reduced. However, a mirror with too many sides will not be :
able to provide the desired elevation angle range of about g0°., An 8-sided mirror .
was found to be a good compromise; the desired scan rate was achieved at the avail- i
able pulser rate and essentially a 90° elevation field is available. %1‘
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Figure 29. Mirror Parameter Relationships
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C.3.c Mirror and Mast Spead Control

~

Although the positions of the mast in azimuth and of the mirror are knowm
accurately through the output of the shaft encoders, it is necessary that the
rotational speads of the mast and mirvor be controlled to insure that the eleva-
tion scan occurg within the specified azimuth window. To insure the latter it
is important only that the ratio of the speeds of rotation of the mipror and the
mast be controlled. A phase locked loop motor control system was selected since
it will allow the ratlo of the two speeds to be set by using a master clock and
divide-by civcuit, Figure 30, The overall scamning speed can be adjusted with
the master cleck frequency and the azimuth data window can be set by adjusting
the divide-by circuit. The system has been constructed and tested. Because of
the varying friction as the motor's turm and beczuse the tima constants of the
rotating systems are too long to permit fast corrcctions by the control of cixcuitry,
neither axis locks in phase completely. The mirror speed averaged over a 1 second
interval matches the reference clock within - 0.2% and over a 10 second interval
within 4 0.01%. The mast motor seems to be dealing with more severe frictienal
variations since its speed averaged over 1 second is within + 1% if the gears
are froshly oiled and aligned. In general however only a + 5% regulation can bae
expected. Nevertheless, the affect on the azimuth data window is small and
acceptable. This motor speed control system can be adjusted with a potentiometer
from 1 scan per 3.8 seconds to 1 scan in 1l.35 seconds.

£.3.d Controller Electronics

Figures 31 and 32 show the structure of the controller clectronics in block
diagram form. Referring to Figure 31, the azimuth encoder signal is gmployed to
generate an azimuth fire signal, AFIRE, when the spacified aziumth data angles
are reached. It also generates an end of scan signal, EOS, which can be trans-
mitted to the computer as an interrupt signal. The elevation shaft encoder
likewise transmits the mirror position which is processed by the elavation memory
UVPROM to generate an elevation fire signal, EFIRE. These units also generate
azimath and elevation angle labels which are transmitted to the FIFO Rzte Buffer.
When AFIRE and EFIRE are both active, Figure 32, the laser is firszd. The re-
celver data then flows into the rate buffer along with the laser clevation and
azimith data for subsequent tronsfer by telemetry.

The display blocks shown in Figure 31 are 8 L.E.D. displays which indicate
the current azimuth and elevation angle. The switches labeled Fire Angle Tast '
. mode are used o override the normsl controller action for purposes of calibra-
tion or diagnosls. Their use can be illustrated by Figure 33 on which is shown
the azimuth board chip layout. For test and alignment purposes, the controller
may be run in the azimuth test wode in which the azimuth memory will not be uged.
Rather the desired azimuth initiate angle is entered using § mini-switches on
the azimuth board. In this mode, the azimuth shot number will be sat to mevro.
When it is desired to test elevation scanning at a fixed azimuth, the “Asimuth
Override" Switch should be set. The elevation chip board also can be run in a
test moda in which the setting of the “Elevation Mode Select" Switch will cause
the laser to fire at the elevation defined by another set of 8 mini-switches.

The controller which has been designed and constructed has met the design
eriteria. While It has been programmed to permit up te 32 laser elevation angles
at 32 azimuth angles, it can be reprogrammed readily to any combination of these.
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The elevation and azimuth angles and their spacing are under the complete control
of Eha‘researcher. Displays and testing modes have been incorporated directly
into the pontroller to assist in calibration and diagnostic routines.

The controller has been constructed and those components relating to the
firing of the laser in elevation and azimuth have been verified. Components .
relating to the processing of the receiver data cannct be checked out until the
receiver data processing circuits are completed and interfaced with the con- )
troller. Complete details of this activity are provided by Reference 13.

TASE C.4 HMaintenaunce and Uperading of Mechanical and Electronic Systems

C.4.1 Mechanical Systems - D. EKnaub

C.h.2 Front Strut/Front Axle Interactions

The oxiginal structural configuration permitted full steering capabllities
(i.e. +90° turning action) seo long as the difference in the gradient under the front
and rear wheel pairs was less than 7°. In the case of gradients exceeding the
limits, the maximum steering angle was approximately +25%. " Although this constraint
would not apply to the laboratory test program, it would seriously limit experiments
planned for £ield testing. On the basis of an analysis reported earlier, Reference
14, the structure of the front struts and front axle were modified as shown in
Figures 34 and 35. The new configuration will permit full 90° turning actions from

differences in front and rear axle gradients up to 35°.

c.4.b ' Evaluation of the Rover Propulsion Control System

The current propulsion control system involves a four wheel speed control
determined by both the main vehicle velocity and the steering angle. Thus, if the
vehicle steering is straight ahead, all four wheels are driven at the same speed.-
However, if an otherwise steering is in effect, each of the fronmt wheels is driven
at a speed so as to avoid straining the vehicle structure, motor and motor drives
or slipping the wheels. This arrangement is entirely acceptable for motion on a
flat plane such as in the laboratory. BHowever, when the axle velocity vectors are
not coplanar, the wheel speeds specified by the current control system are in-
consistent. The extent to which the axle velocity vectors depart from the coplanaxr
requirement determines the degree to which wheel slippage or structural straining
will occur. Modest differemces in the iocal wheel-terrain gradients do not repre-
sent a serious problem. However, as shown in Figure 36, in the case where the front
wheel encounters a 90° step while the rear wheel is on the horizontal, if the in-
tent is to maintain the speed of the front wheel as it climbs the step, the rear
wheel speed must drop to zeroc and then first increase slowly and then rapidly as
+he front wheel climbs the step.

A preliminary analysis of the gemeral problem was undertaken., The wheel
torque can be considered as being composed of three components. The first component
is recuired to resist gravity and to hold the vehicle in position on non-level
terrains. The second torque component is.that related to friction in the drive
system manifested primarily in the bearing, gears and soil-wheel interface. The
final aspect is concerned with acceleration of the vehicle. For the purpose of
this analysis, it was assumed that the latter two components could be neglected
and that only the gravitational component was dominant. This exploratory analysis
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referred to as the Bicyele Model was also based on one side of the vehicle to
simpligy the mathematics.

The model is shown for a climbing situation im Figure 37. The gravita-
tional £force which is one-half of the vehicle weight, is completely defined-at
all times. Or the other hand, the wheel forces are unknown since thelr magnitudes
and directions axe functions of the local terrain, (i.e. local in the context of
the wheel in question). Nevertheless, the wheel forces can be related tn one
another and to the gravitatiomal force by a force triangle.

The soil wheel interface is a complex situation involving soll compaction,
adhesion and bulldozing. TFor the purpose of this study it was assumed that the
wheels and tlz terralin are rigid and uniform.

The model parameters which are illustrated in Figure 38 include the
vehicle-dependent parameters such as welght and dimensions and the terrain-
dependent factors such as vehicle pitch and loeal terrain gradients. The mathema-
tical strategy used to select wheel speeds and torques which are consistent with
the terrain is as follows: First, the force triangle concept is used to calculate
the tangential and normal forces relative to the wheels required to match the,
gravitational force for the specific terrain situation. Second the torques required
to achieve the tangential forces without slip are to be calculated Third, the local
terrain specified provides a basis for caleculating the ratio of front to rear wheel
speeds. The torque relation and the wheel speed ratio must now be matched for the
specific terrain. When matched, the desired conditioms have been met, namely, that
the wheel speeds are compatible with each other and the terrain and the propulsion
force required to offset the eravitational forces is correct. Forces required to
overcome ‘wheel-soil interdction and vehicle friction ‘can then be added.

A computer program which can solve the torque and wheel speed ratio rela-
tionships was developed and applied to the case displayed in Figure 39 im which
the vehicle . ttempts to climb a 40° slope. The torques and wheel speeds required
to achieve a satisfactory motion from the point at which the vehicle first makes
contact with the slope to that point at which it is completely on the slope are
given in Table 2. It should be noted that even over the range of this relatively
simple terrain situation, a considerable range of torques and speeds are required
if the wheels are not to "fight" one another with the consequence straining of
the vehicle or slip. A more irregular terrain would produce even more widely rang-
ing requirements. TFinally, consideration of all four wheels in a three-dimensional
terrain can be expected to produce control requirements for all four wheels. Sinece
these calculations by the bicycle model do not include wheel speed requirements
due to steering, these will eventually have to be added.

Once the analysis has been extended to four wheels and the torque/speed
implications of the terrain are understood systematically, consideration of the
control system requirements can be undertasken. A key question that must be re-
solved is how will the control system be able to detect the local terrain and undex-—
take the control actions which will be required. These tasksare to be investigated
during the coming year. Complete details of this study can be found in Reference 11.
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Bicycle Madel Climbing a Sloupe

Figure 37.
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T . \'J T \'J -Sq utions
(degrees) '%E‘Bs) (inS1hs) Gom) - €2al1Bs) Bom) g’w R VRAT
a 27.5 200 6.1 275 4.8 1.27 1.305
5 26,0 183 6.9 26Q 5.6 1.23 1.216
10 24.0 163 7.6 240 6.6 '1.15 1.137
15 21.5 157 8,2 215 7.8 1.05 1.066
20 19.0 144 8.8 190 9.0 .98 1.000
25 i6.5 129 9.6 165 10.2 94 .338
30 13.5 115 10,2 135 11.6 88 . .879
35 10.0 100 11.0 100 13.4 82 822
40 6.5 82 11.8 65 15.1 .78 . 766
|
i
?
i
|
TABLE 2
Control System Sclutions
i
1
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C.4.2 Electronic Maintenance and Upgrading

~-

Tn addition to the nominal ongoing maintenance of vehicle and
peripheral electronic systems, two major improvements were undertalken.

One of these is a diagnostic peripheral which can be addressed
to any specific item of data either originating with the vehicle or trans-
mitted via the command link from the computer. The device which acts on
the most current informatiom resident in the communication system provides
an alpha-numeric output. The user specifies the desived data by setting
the appropriate binary code into a Set of switches. For example, with
respect to the elevation scanning laser/multi-sensor system, it will be
possible to ask for the sensor response to a particular laser elevation.
The readout will represent the most recent sensor response recorded. If
the controller is set to a single azimuth, this peripheral will provide a
means for calibrating the vision system in a systematic fashion. The user
can also request a readout of the most recent command to the rover such as
steering angle. The device can either be mounted on the rover oxr be re-
mote through use of an umbilical cord.

The second major improvement was concerned with the transmitter
for vehicle data. The new transmitter is more powerful and should be
able to handle the desired data flows expected with the elevation scanning
laser/multi-sensor system from the rover to the computer during remote site
field testing.
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