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Abstract

This paper discusses some recently published analysis of the rock distribution on Mars and its impact on
the scaling of planetary rovers for Mars surface exploration. The images returned by the Viking landers
of the mid-1970's showed the Martian surface to be very rocky. (Remote sensing data has indicated that
the average rock density over the surface of Mars may be much less than this.) Mathematical models for
the rock distribution were proposed in the late 1970’s based on power laws. Recently, new analysis has
been published which indicates that the number of both mall and large rocks was overcstimated in the
previous model. These modcls provide the basis for the choice of scale of whecled rovers; that is, the
models provide information which scts the requirements mobility and hazard avoidance systems for the
rover at each rover scale. ‘I"his paper presents the data for the rock distributions at the two Viking landing
sites, presents models of rover traversability and navigation as a function of vehicle scale, and discusses
the impact on rover hardware, sensing, and control tradcoffs.

introduction

Analysis of the rock frequency distribution at the Viking landing sites was extensively reported by Moore
and others [1,2], and has been recently revisited by Golombek and Rapp [3]. Moore used a power law fit
to the data over the range from a fcw centimeters to about a meter of rock diameter, athough he pointed
out that this model was valid only over a limited range, Golombek and Rapp have formulated a different
law which scems to match the obscrved data over a wider range. From these results we can extract either
the fit to the Viking rock size distributions, or alternatively, use the raw data for the fraction of the surface
covered by rocks of average diameter D or greater ateach site to analyze the mobility of alternative
planctary rover designs.

Planctary rovers have been considered for several decades, and it is usualy paramount in the mind of the
enginecring team to minimize the overall mission cost, which is usualy directly related to the mass of the
spacecraft. Microrovers (rovers under about 10Kg in mass) were first proposed in 1987 [4] to address thc
large cost of planetary exploration missions (which then assumed that rovers approaching 1000 Kg would
be scat to Mars). The impact of computation, power, and other system issues on rover scaling has been
discussed in the literature [5]. Many alternative vechicle scales have been considered over the years [6],
but generaly intcrnal systein issues have been considered in sctting the scale of the vehicles. The effect of
scaling on mobility has not been systematically addressed, although it has been generally assumed that
large vehicles will always have superior mobility and hazard avoidance properties than smaller vehicles.

One of the key figures of merit in the design of planctary roving vehicles is the “mean free path” of the
vehicle in the terrain. This is the expected distance which the vehicle can traverse in a straight line before
it encounters a nou-traversable hazard. When cxpressed in units of the vehicle scale (e.g. vehicle turning
circle diamecter), a large mean free path (e.g. >>1) mcans that the terrain is sparsely populated with
hazards and that the hazard avoidance algorithm canbe very simple and still be effective, since hazards
are almost always encountered in isolat ion. When the mean free path is smal (e.g. <<1), then the terrain
is effectively nontraversable for thc vehicle, since hazards will be so close together that even short
traversable passages will be rare. If the mean free path is moderate (e.g. -1) then successful navigation
will require elaborate sensing of the terrain and a sophisticated navigation algorithm. Since claborate
sensing and computing performance adds significantly to the costand complexity of planctary rovers,



reducing the likelihood that such missions will be funded and successful, it is desirable to design rovers
which have as large an intrinsic mean free path as possible for the expected terrain within mass and cost
constraints. Thus it is useful to consider the Viking landing site data and to compute the mean free path
for different vehicle scales and configurations.

Computing the Mean yopee Path

We assume that the vchicle is occupying terrain which is free from hazards, and moves forward a distance
X. Wc wish to compute x such that product of the expected number of nontraversable hazards in the swept
area of the vehicle outto X is unity; at this x the vehicle has reached it's mean free path.Ilazards arc
assumed to be distributed randomly, uniformly, and independently, so the distribution of hazards in any
area of terrain is a Poisson process with expected valuc proportional to the area.

Shown in figure 1 is the situation wc arc considering.

Figure 1. Rover making straight traverse in rock field.

| Iere a vehicle of length 1. and width W is sitting on the terrain, and preparing to move a distance x
ahead. As can be seen from the figure, when the entire rectangle of leagth x+(1)/2) and width W+D is
free from the centers of rocks of diameter 1), the vehicle can move forward by x. Wheu the expected value

of the area of thisrectangle malt iplicd by the arcal densit y of rock centers of diameter 1) is unity, then x is
the Mean Free lail). “I’bus, for allrocks larger thanthe limiting hazard size 1D, we have

Jx+Dr2yw+ p)p)dn =1

D,
where p(D) is a probability density which represents the number of rock centers per square meter for rocks
with diamelters between 1D and D+d1), where dD) is an infinitesimal diameter increment. This can be
solved for x to yicld
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Table 1 gives the numerically generated mean free paths for a Sojouracr-like vehicle using the observed
rock densities at Viking landing sites 1 and 2 as published in [3] (Sojourner is arover launched to Marsin
Dee 1996 as part of the U.S. Pathfinder mission). llere we have expressed the mean free path not in
meters but in terms of the vehicle seale, which wc take to be the diameter of the vehicle turning circle

VI +W? .The vehicles we consider can turn in place, and are therefore limited by their largest
diagona dimension. Wc have used the estimate that the limiting rock height for Sojourner is equal to its
wheel diameter of 13 cm, which is 0.2 times 1. and 0.29 times W; reference [3] gives the average rock
height at V1.1 m be about 3/8 of the rock diameter and the average rock height at V1.2 to be about 1/2 the
rock diameter. These values arc used to compute 1. and W for a rescaled Sojourner-like vehicle at each
limiting rock diameter D at VI.1and VI .2,
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‘vaple 1: Computed Mean FreePaths For Sojourner-like Vehiclesin V1.1 and V1.2 Terrain



Note that the mean free path of the vehicles has a minimum of 5.6 vehicle diagonas in VI.1(errain and at
2.0 vehicle diagonals in V1.2 terrain for obstacles diameters of 15 cm and 21 cm respectively. The

corresponding vehicle dimensions arc 28x1 9 cm for VI.1and 53x36 cm for VI 2. These represent (h
"wor&:le qiycdgvchiclm ford ltlfl:ecse (WU terrains, " 06‘0)’ need the mOS(l:S()phlsllcalcd havard Sensing gn%

avoidance system to achicve a given level of performance than any other vehicle scalc within the range
considered.  This may be counterintuitive, SNCe onc might believe that a larger vehicle will aways be
ble o sur.mount bigger hazards than a smaller one and so it is natural to belicve that a larger vehicle is
always better than a smaller one. For therock distributions seen at the Viking landing sites, this is not so,
since a smaller vehicle can fit between rocks which the larger vehicle would have to surmount. The mean
free path is plotted as a function of vehicle length for both Vi.1and VI.2 terrain iu Figure 2. Note from

‘I'able 1 that the apparent anomaly inthe trend of the VI.1 data for large rock diameters is clue to the
cxistence of only asingle data eleimentin the V1.1 data for large rocks.
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Figure 2. Mean Free Paths of Sojourner-stylc rovers in VI.1and V1.2 terrain.



Lffect of Mean Free Path on Navigation Sensing and Control

The mean free path is a critical design parameter in designing the hazard avoidance algorithm. In the
case o! Sojourner, for example, the hazard avoidance algorithm deals effectively with isolated hazards, but
handles pairs of clustered hazards only in arestricted way. (One of the authors [Wilcox] led the activity
to develop the hazard avoidance algorithms on Sojourner.  Sojourner was designed to have acceptable
autonomous navigation performance in VI.1 terrainusing an extreincly limited 8-bit computer and
relatively sparse terrain sensing using 5 laser stripe projectors, but is nominally guided via human-
designated waypoints through hazard ficlds.)

Specifically, duc to the limited processing capability of the computer and limited ability of the vehicle to
scnse hazards at a distance, Sojourner has a small repertoire of behaviors to deal with hazards. The
hazard detector has a range just adequate to detect hazards outside the turning circle of the vehicle. If the
hazard is on the lcft, the vehicle turns right. If itis on the right, it turns left. To avoid infinite cycling
should a new hazard enter the ficld of view of the hazard detector, once the vehicle begins turning to
avoid a hazard, the vehicle continucs to turnin the same direction until a clear path equal to the width of
the vehicle turning circle is seen by the hazard sensor.  If a gap between two hazards is seen which is
wide enough for the vehicle to physicaly fitbetween but not big enough to accommodate the vehicle
turning circle, then a special behavior called "thread the needle” is instantiated. This behavior centers the
vehicle on the perpendicular biscctor of the gap, and then moves the vehicle into the gap in a straight line,
looking with the hazard scnsor uatil it finds an area large cuough to accommodate the vehicle turning
circle. If such an area is located before a new hazard which blocks the physical width of the vehicle is
detected, then the vehicle forgels its prior state and continucs navigating toward the goal. If, on the other
hand, some obstacle blocks the vehicle across its physical width, then the vehicle backs straight outin the
direction it has comc and as far as it has come since the “thread the needle” behavior was instantiated.
Since the vehicle has no hazard detection sensors on the rear or side of the vehicle, this is considered a
somewhat dangerous maneuver. | Iowever, duc to the possibility y of dense hazards at the Path finder
landing site, it was deemed essential to have the ability to deal with both isolated hazards as well as pairs
of nearby hazards (e.g. those within avchicle diagona of cach other).

Note that this behavior docs not deal effectively with triples of nearby hazards. We can calculate for the
VI.1and V1.2 sites the probability of encountering hazard pairs, triples, or of being blocked completely.
Let us examine the case of pairs of hazards shownin 1 igurc 3. lHere the vehicie has encountered a first
obstacle (with the same conventions used in Figure 1), and without loss of generality (due to mirror
symmetry) has mancuvered until ii’s left front corner is adjacent to the hazard.  Another hazard will
induce the thrca(l-the-needle behavior if itlics far enough from the first hazard that the vehicle will fit
between them but close enough to the first hazard that the vehicle turning circle cannot fit between them.
So in this case wc must compute the probability that another hazard liesin the annulus with inner radius

-~ ~
W+D and with outer radius D + VL“+ W’ . Since by assumption the vehicle is passing with the first
hazard m the left of the vehicle, we can assume it has turned somewhat to the right and hence that the
goal direction is somewhat to the Ieft.  Thus the entire quarter-annulus shows in figure 3 must be
considered as a zone int which a hazard of diameter 1D will induce the thread-the-needle behavior.

‘W\

D

pnanii ey
Figure 3. Conditions for Thread-the-Needle behavior to be triggered, showing the two limiting cases.



We can compute the probability that any encounter with a hazard will (rigger the thread-the-necdle
behavior based onthe V1.1 and V1.2 rod distribut ions gives in ‘Jable 1. Yurthermore, we can compute
the likelihood that a thread-tbc-nccdic behavior will be successful, or that it will be blocked by a third
hazard. Specifically, the probability y distribution of the number of rocks in the quarter annulus in 1 igure 3

is a Poisson distribution with expectation A, where

A= I%((IH VAW + W+ D) )p(D)dD
D,

which canbe computed numerically in the same fashion as in Table 1, and the fraction of hazards
encountered which will invoke the thread-the-needle behavior will be 1 — ¢~ (ihat is, onc minus the
probability that the Poisson distribution gives no hazards in the quarter annulus). Wc can further
calculate the fraction of thread-the-needle attempts which will be successful (i.e. not be Mocked by yeta
third obstacle). This sitvation is shownin Figure 4. ‘I"he vehicle is moving along the perpendicular
biscctor between the two initial hazards as in Figure 3. A third hazard must not be so close that the
vehicle cannot turn in place in the space between the three hazards. Withthe simple hazard avoidance
system on Sojourncr this means that there must be no hazard center in a rectangle of width W+D and
length1.413)/2, This means that the probability y distribution of the number of rocks in the rectangle in
Figure 4 is a Poisson distribution with expectation ;Lz where

A, = j W+ D)L+ D/2)p(D)dD.
D,

Once again thisis computed numecrically in the same fashion asin *1'able 1, and the fraction of" thrcad-the-
needle behaviors which arc successful isé.

@

Figure 4. Conditions for Thread-the-Nccdlc behavior to be successful, where the third hazard must be
centered outside the dotted rectangle.

The probability that a hazard encountered by the rover will (rigger the thread-the-ncdc behavior is
plotted as a function of mean free path inFigure 5. Also plotted is the probability that the thread-the-
necdie behavior will be successful (i.e. not blocked by a third hazard). Note that (he probability of a
thread-the-ncdc  behavior becomes high and the probability of success becomeslow when the mean frec
path is much lower (baa about twice the vehicle turning diameter.
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Figure 5. Probability of Thread-the-Needle behaviors (lower curve) and their
respective likelihood of success (upper curve) in VILland V1.2 terrain.

Discussion and Conclusions

As wc have seen, the mean free path for rover vehicles in the rock distributions of the Vi.1and VI,2 sites
has a minimum, and becomes larger for vehicle scales both larger and smaller than about 30-50 cm long.
Sojourner was made as small as possible to limit the mass and cost of the mission, and within that scale to
be able to surmount the largest hazards possible.  Analysis using the Moore power-law fit to the data
supported the view that the mability of vehicles aways increased with increasing vehicle sire. Note that
wc would expect that Sojourner (65 cm long) will aced a thread-the-n cedle behavior for about 20-25% of
the hazards in VI.lterrain and 65% of the hazards iu V1,2 terrain,  WC estimate that such behaviors will
be successful about 90% of the time iu VL1lterrain but only 65% of the time in V1.2 terrain. (By



“successful” we mean that the rover isnot blocked by a third hazard; if the behavior is unsuccessful, using
the Sojourner algorithm, it backs out and searches for another traversable path. Backing out is not a
preferred activity on Sojourer since there are no hazard avoidance sensors on the rear of the vehicle.)

Two research tasks at I, address extending the scale of planetary rovers away from that of Sojourncr.
One, the Nanorover technology task [7], has built a vehicle with an overall dimension of less than 15 cm
(igure 6). Using the data from Iigure 2, we can sce that the mean free path for this vehicle (which is
expected 1o have about the same mobility for its size as Sojourner despite having only four wheels ductoa
Novel actively-articulated suspension) is about 8 turning diametersin VI.1terrain and 4 diametersin V1.2
terrain. This is comparablc to the corresponding valuc for Sojourner in VI1terrain, and distinctly better
in V1.2 terrain (where Sojourner only has a mcan free path of 2-2.5 turning diameters). The effect on the
need for advanced hazard sensing and control can be seen in Figure 5, where wc see that the Nanorover
will nced athread-the-ncedle behavior for about 32% of the hazards in V1.1 terrain but only 57% of the
hazards in V1.2 terrain, and they will be successful 85% of the timc in VIL1 terrain and 72% in VI.2
terrain.  Thus the Nanorover would be expected to navigate amost as well as Sojourner in VLT rock
ficlds and better than Sojourner in V1.2 rock fields. This is one important reason to research the
miniaturization of rovers; the maobility performance seems to increase below a critical vehicle scale of
about 30 cm. (Of course another important reason to miniaturize roversis to reduce the overall cost of the
missions by reducing the total mass scentto Mars.)

Figure 6. Small rover developed under Nanorover Technology task.

The other research task at JPI. which addresses the issue of rover motility is the 1 .ightweight and
Survivable Rover (1 .SR) task [8]. ‘his task has built a rover with collapsible 20 ¢ diameter wheels
which has an overall length of 1 meter. From Figure S we scc that such a rover should have much better
performance than the Nanorover in VI.1 rod ficlds, but only about the same performance as the
Nanorover in VI.2 rock ficlds. This surprising result again is due to the ability of the Nanorover to tit
between the rocks in V1.2 terrain which the larger rover must surmount.

If the liklihood of thread-the-necdle behaviors can be kept low and (heir likelihood of success kept high,
the hazard avoidance system for the rover can be kept rather simple.  For example, the benefits which
would be derived from having an elaborate planning algorithinor for a long-range hazard mapping
capability will be minimal. This is particularly important for nanorovers, since the conventional wisdom
would be that the sensing and planning needs of smaller rovers would be greater than those for large
rovers even while the difficulty of fitting more advanced sensors and computing into smaller packages
grows. Instead, wc conclude from ¥igure 5 that nanorovers can successfully navigate the rock fields seen
at V1.1 and V1.2 with simple “isolated hazard" sensing and control if they arc made small enough.



Note that this analysis considers only rock-type havards, and ignores other potential hazards such as dust
pits. Regions which appeared to be dust were seen at both Viking landing sites, and these may have been
deep enough to engulf small or even large vehicles.  Nodata was returned from Viking about the
distribution of the depth of dust seen in these drifts, although it may be that further data on this type of
hazard could radically change the conclusions concerning the usability of very small vehicles on the
surface of Mars. Both Viking landers did dig with robotic scoops into the nearby regolith; the local dust
drifts had cohesion of somewhat more than 1 kPa[9]. This near the lower limit (being about 0.15 psi) of
what is plausible to support larger rovers but it is quite feasible to design nanorovers Lo this low ground
pressure due to the advantageous surface-to-volume ratio at small scales. If dust pits of sufficient depth 1o
engulf small vehicles arc very common on Mars, but they infrequently get deep cnough to engulf larger
vehicles, then it may be that an overall performance metric for vehicles is monotonic with scale. On the
other hand it may be that nanorovers can be designed to go over the large drift areas seen in the Viking
images (especialy at the VI.1 site), which would be atremendous barrier to the larger vehicles. Thus the
conclusion as to the effectof dust on rover mobility and its implications onrover scale must await some
physical measurement of the depth distributions of dust drifts, of which Sojourner will makeonly limited
attempts in consideration for its own safely.
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