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ABSTRACT

The need for an obstacle detection system on the Mars roving-

vehicle was assumned, and a practical scheme was therefore investigated

and simulated. The principal sensing device on this vehicle was taken

to be a laser range finder. Both existing and original algorithms,

ending with thresholding operations, were used to obtain the outlines

of obstacles from the raw data of this laser scan. A theoretical

analysis was carried out to show how proper value of threshold may be

chosen. Computer simulations considered various mid-range boulders,

for which the scheme was quite successful. The extension to other types

of obstacles, such as craters, was considered. The special problems of

bottom edge detection and scanning procedure are discussed.

viii



INTRODUCTION

The proposed Mars Rover which may be landed on the surface of

Mars in the early 1980's will be required to navigate autonomously to

reach preset destinations 1 . The possibility of remotely controll-

ing the vehicle from Earth, as can be done in the case of a vehicle on

the Moon, is ruled out for the Mars Rover, because the round trip

communication time between Earth and Mars is approximately )0 minutes.

With this much time lag it is all but impossible to control a vehicle

that is expected to move at a nominal speed of about 1 meter/second.

As far as possible, an optimum feasible p:ath for the Rover

to travel between point of landing and other points of interest on the

Martian surface will be predetermined from the aerial maps available so

far. However, many objects, which can be potential obstacles for the

Rover, maybe small enough not to show up on the pictures. It is ex-

pected that there will be obstacles in the form of boulders, craters,

slopes, etc., which will be small enough not to be seen. Therefore, it

is desired that the Rover be equipped with its own obstacle detection

system.

Much research has been done and is being done on robots which

incorporate some form of primitive "brain" and are thus able to "see".

Unfortunately, these systems are much too complicated to be installed

on the Mars Rover, where weight and reliability are among the para-

mount considerations. Thus, a system is being sought that will be

simple, requiring less bulky sensors and smaller computer memory space.

This paper discusses one such system.
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1. HARDWARE CHOICE

It has been decided that a laser range finder will 
be the

primary sensing device on the Rover. The "time of flight" technique

will be used for the determination of range. This means that at given

time intervals a laser pulse will be sent out towards the terrain in

front of the vehicle, and will be reflected back from the surface it

impinges on to a laser detector. The time difference between trans-

mitted and reflected beams will indicate the range.

As far as the laser range finder is concerned, the following

requirements must be met:

1) Accurate enough for reliable processing, i.e,

+ 5 cm for range error and + 10 arc seconds

for angle error.

2) Fast scan capabilities.

3) Light weight.

4) Low power "onsumption.

The first two of these are applicable to the research 
discussed in

this paper. The range error was taken into account by adding gaussian

noise, with zero mean and 5 cm standard deviation, to the geometrically

derived range values used in the computer simulation. 
The angle error

was neglected in this work, since the specified 10 arc seconds 
is about

two orders of magnitude smaller than the smallest angles used. With

regard to fast scan capabilities, it is expected that the time required

per range readings will not exceed 1 millisecond. 
Thus in .5 seconds,

or in the space of .5 meters traveled by the Rover, about 500 range
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readings can be obtained. This is the approximate number of readings

used in the simulation, where, however, it has been assumed that all

-readings have been obtained with the vehicle stationary. This assump-

tion will have to be re-examined in future extensions of the edge de-

tection scheme.

One final piece of hardware information is that the laser

scan is assumed to be mounted on a vertical mast attached to the front

of the vehicle, at a height of 3 meters from ground level. This number

may be easily changed in the simulation program, as physical require-

ments dictate. It is felt that the success of the edge detection scheme

is relatively insensitive to changes in the mast height, and no problems

should arise as a result of it.



2. PROBLEM DEFINITION

2.1 Objectives of Simulation vs. Implementation

Throughout this paper, the distinctions between simulation

objectives and implementation objectives: should always be kept in mind.

The steps involved in simulation are as follows:

(a) A realistic terrain model, including the obstacle

or obstacles to be detected, must be envisioned and

mathematically modelled.

(b) The range values must be generated, based on the

geometry of the model (see Section 2.2).

(c) Thresholds to be used in the edge detection

algorithms are calculated.

(d) Expected values of noise in the laser measurement

process must be added to the range values.

(e) Algorithms are then used to operate on the noisy

range measurements to obtain an outline of the

obstacles, based on the pre-selected thresholds.

The end result of this process is an evaluation of the quality of

reproduction of the edge of the obstacle, for differing combinations

of threshold choice, algorithm choice, and scan angle choices.

In the implementation, the procedure for the on-board computer

is:

(a) Obtain the noisy range values from the laser scan,

where the scan angles have been determined from

the simulation results.

(b) Operate on these values, using pre-stored algorithms

and thresholds (or procedures for finding thresholds)

selected as optimum from simulation results, to de-

termine the size and location of any obstacles.
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4
The end result of this process is a path selection decision

The research presented in this paper, while interesting in

itself, was primarily directed towards realization of the final system.

In'this respect, emphasis has been placed on obtaining results in the

areas common to the simulation and implementation, i.e., threshold and

algorithm evaluation. The preliminary work should therefore be seen

as just that - steps leading up to this goal.

2.2 Geometrical Considerations

Figure 1 illustrates a simplified picture of the Mars Rover,

with a positive obstacle (one that projects above the ground level,

such as a boulder) directly in its path of travel. The Martian surface

is taken to be perfectly flat here and in all simulations. One reason

for this choice is to simplify calculations and to limit the number of

independent variables in this preliminary development. In addition,

research is currently being carried on in the development of a terrain

modeling procedure, 5 , 6 where sloped terrains are being considered,

so it was not felt necessary to duplicate this effort until the edge

detection scheme becomes more refined.

As shown, f (the elevation angle) is defined to be the angle

between the laser beam and the normal to the laser mast, 8 (the azimuth

angle) is defined to be the angle between the laser beam and the line

representing the Rover's direction of travel, and b is defined to be the

horizontal distance fran the laser mast to the center of the obstacle

(when such a center point exists).

The obstacle considered for most of this work was a hemi-
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spherical boulder of radius r, whose center was located on the ground,

directly in the vehicle's path of travel, at a horizontal distance of

b meters from the laser mast. In order to generate the range values,

as functions of b, r, 13, and E, a more detailed geometry was defined.

Referring to figure 2, the origin of the x, y', z axes is located on

the ground directly below the laser, which is the point (0,0,3) there-

fore. The origin of the x, y, z axis is located at the center of the

boulder, so that (0,0,0) in the x, y, z frame is the same as (O,bO) in

the x, y', z frame. The beam from the laser to the point of impinge-

ment on-the boulder if R , and the radius from the center of the

boulder to the point of impingement is r. The other variables are in-

troduced merely for convenience in the calculations.

Assuming the laser beam has hit the boulder, the following

equations enable us to calculate the range RI:

x = R1 sin (1)

z = R2 sin.B (2).

R= ----3- (3)
2 sin R1

Substituting (3) into (2)

z = 3- R1 sin r (h)

Rxy2 = R2 cos P (5)

3 R (6)
xy2 tan P xyl

Rx = (y+b)2 + x(7)
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Substituting (3), (6), and (7) into (5)

J(y.+ b) 2 R+ x R1 cos (8)

Manipulating (8) we find that

SR(cos sin29) 2bR cos2  - sin2 + b2  (9)

The equation of a sphere is:

2 2 2 2x +.y + z r (10)

Squaring (1), (2), and (9), substituting into (10) and simplifying,

SR (-2bcos2 - sin2 - 6sin) + (b2 + 9- r )  0 (11)

This is a quadratic equation in RI1 , and one of its solutions (the smaller

one of course, since the larger solution indicates that the laser beam

has passed through, the sphere and contacted the surface on the other

side) is the range value we are seeking. Notice that we have the de-

sired functional dependence on b, r, P, and 8.

The other possibility is that the laser beam hits the terrain

surrounding the boulder. In this case the range is actually independent

of 9 (and, of course, b) and is simply expressed as,

1 sin (12)

At this stage, by specifying b and r, and by sweeping P and 0 through

limits to include the entire boulder, we can generate a matrix of range

values. These values are the input to the edge detection algorithms.



3. EDGE DETECTION SYSTEM

3.1 The Scan

The range data .zi . (composed of the geometrically derived

values given by equations (11) and (12), plus the additive Gaussian

noise term) which is obtained by varying the angles ( and e, can be

stored in computer memory in a matrix form with the elements ordered

according to the values of P and e. The value of e changes along each.

row with the index j, while the value of P changes along each column

with the index i. This matrix Z, called the measurement matrix, forms

a range image of the scene ahead. Ih contrast to a photographic image,

where the elements of the image are functions of the brightness of the

scene, the range image consists of distances of the points on the scene

from the point of measurement. The measurement matrix is thus represent-

ed as:

11Z 12 I Zln

i-1,j

= Z. i,- zi,j+l . (13)

Zi+l,j

ml m2 . .zmn

Once again, the values in this matrix will all be directly measured by

the laser range finder and stored in the on-board computer in the

actual operating system.

3.2 The Sharp Changes in Range Readings

Whenever adjacent elements of the measurement matrix are all



taken from the same terrain feature, e.g. several neighboring points on

a flat terrain or several neighboring points on the side of a relatively

continuous obstacle, then the range readings of.these points will vary

only slightly from each other, especially when the differences in

elevation and azimuth angles measured from the laser to the points is

small. And in the case of two or more points on a flat terrain with the

same elevation angle, the range readings will be exactly the same (dis-

counting noise), as shown by equation (12). However, adjacent elements

which straddle the edge of an obstacle (one measuring the range close

to the obstacle's edge, and the other measuring the range to the terrain,

with.this latter beam passing just outside the obstacle's edge) often

exhibit sharp changes in range, which can be used to indicate the presence

of the edge. This physical property is the basis of the edge detection

scheme.

A-means is required to bring out or enhance these sharp changes

in range readings, in order to recognize the edges. Therefore, algorithms

were sought which involved fairly simple manipulations of the range values

(to minimize computation time required by The small, on-board computer,

so that path selection decisions can be made as soon after determination

of the range image as possible), evaluated a test point in relationship

to its four surrounding "neighbors" in the range image (so that an edge

in any orientation near the test point would be detected), and ended with

a thresholding operation (to provide the necessary numerical cutoff in-

dication between the presence and absence of an edge). The success of

the algorithms depends on the quality of the enhanced edge, once the
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optimum thresholds have been selected, and on the relative ease with

which the proper thresholds can be selected.

3.3 Algorithms Used

Based on the preceding criteria, the following two,algorithms

were selected for use in the simulations. Their merits and drawbacks

will be discussed and illustrated.

(a) Normalized Laplacian 7

A new matrix Q can be obtained bythe following operation

on the range values:

z ..+z .-z +z. -4zi-1,j i+,j i,j3-1 i,j+l i,j (14)
i, j Zi-l, i+l, i, j - i,j+l

(b) Four Directional Ratio

A new matrix S is obtained by operating on the range

values as below:

n- z n z. n  z n
s + il'J) + ( ) ( + ( j) ( ) (15)i,.j z. . . z . Z.i,3 i,j Zi,j lj

The Normalized Laplacian is from the existing literature, while

the Four Directional Ratio was developed specifically for this application.

3.4 Analysis of the Algorithms

The purpose of this section is to develop a procedure for

choosing the proper values of threshold for each algorithm, given the

type of irregularity to be detected, and to analyze the effects of noise

on the measurement data for a determination of how large the statistics

of noise can be allowed without leading to false. alarms. In order to
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reach these two objectives, each contribution to the range measurements

will be derived separately.

Let

z. = r + v (16)

where r. . is the true range measurement, v. . is the additive noise
1,J lO

term, and z... is the resulting range value as measured by the laser
lyJ

rangefinder.

Also let

(1 + . )r j (17)
ri_1j 1 =

where a. indicates the fractional change in true range at point
1-1,

(i-l,j) with respect to point (i,j). Similar expressions are defined

for points (i+,j), (i,j-1), and (i,j+l), with corresponding ai+, j

&i , anda a
ij-1'. i,j+1

From equations (16) and (17) one can write

z + )r. + v(18)
i-1,j  i1-,i ,j 1i-lj

It follows that the measurements z i+l, zi, j_, and z.ij+1 can also

be expressed in terms of r.~ and the associated noise. terms.

For the Normalized Laplacian algorithm, using equations (14)

and (18),

4r. + 4v.
i )= .li+.v. . ,j ++v +vj.

1; i - (7+ i-1, j+ i-ll, j-l+ai, j+li ,  (V i-l, +Vi+l, + l + i j+l)

Dividing numerator and denominator of the fraction by Ir. .:
i'd
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rr.

SV V V. V -qT 1 1 i-l_jj i+l, j.ij- i +1
1 i(ai-l, j+i+, ,- + . . r. . r., 

lJ , i j

(19)

In order to investigate the threshold requirements of qi j, let us assume

there is no noise, i.e., v = O for all i and j. Then, from equation

(19),

-.. 1
q i,j = 1 - (20)

1 +, j- i, j+l

The fraction term above can be expanded in a geometric series, with the

higher order terms being dropped since the alpha values are all very

small. This results in

- 1 1. +a +ai, J i-lj +  l, j , j-1 i,+ jA

= +. . + a + a . (21)S+i-, +  +, i,j-1 ij+1(

In this form, equation (21) can be used tc select edge detection thres-

hold values for the Normalized Laplacian -1gorithm, given the type of

discontinuity to be enhanced. Demonstration of its usage will be given

in an example at the end of this section.

Returning to equation (19), the effects of noise can be studied

by setting a.ll a 0, so that the laser scans five points nearly

equidistant from itself (the inside surface of a sphere, with the laser

at the center, may be imagined). Then,
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v..

q. + (1,3)

q = 1 - i, (22)

1 + 1 i+ + i, j-1 1,+
r. . r. r. r.

1, ,j l,j i j

Expanding the fractional term in a geometric series as before

S- ( + ) 1 i+ j + ij-1 +i,j+l (23)

r. i r. . r r. . r..r + + +
i, 1i, i,yj , 1 i,3j

Multiplying this out, and dropping higher order powers of the noise terms

(which are small),

S+ - + + i,j-1  ,j+ ) (24)
I, , ly j i, j , j

A single quantity which is a useful measure of the effects of all five

noise terms is the variance of q. , which is defined by

var(q/.) E (. m) (25)

where m --E qj. = the mean value of q,.

Assuming that the noise v associated with each measurement is independent

(so that the variance of the sum equals the sum of the variances), zero

mean (so that each m = 0), and has the sane standard deviation 0 , the

variance of q is:
ij

2 2 2
+ (T 6- 5 (T

Svar(q )  - + 4 2 2 (26)
r .ij 16r ri,j i, j

Equation (26) can be used to determine how large a standard deviation

may be tolerated without adverse effect on the reliability of the edge

detection algorithm. Refer to the example at the end of this section.
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The same type of analysis can be performed for the Four

Directional Ratio algorithm. Utilizing equation (18), and examining

the first, term of equation (15),

Z.iLjn ( + c ._, j ) r +. +vi_. n

Zi, .ij i,j

Dividing numerator and denominator by ri, ,

*n + + (v nr .)
i-1j i-lj i-l>3 "> (28)

, ' 1 + (v. ./r.) .

For the case of no noise, i.e., all viij. = 0, equation (28) becomes,

Z. n* n

( ) (1 +. .) (29)
z. 1-1,j

And neglecting the higher order terms of the polynomial expansion, since

a is small,

(i-l,j) n 1+ n i (30)Y
zij

If the same manipulations are performed on the other terms of equation

(15), then an expression for the entire algorithm in the absence of noi';e

is approximately,

s. 1+ n ( . + ". + ) (31)
i, j i- j i+l,j i, j-1 i j+l

This equation is analagous to equation (21).

Returning to equation (28), if only noise is being considered,

so that all a - 0, then
n

(ilj (l+vi1 rii) (32)

zij (1 + v. ./r. )
153 1,
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The numerator of this expression can be written as a polynomial ex-

pansion, and the denominator as a geometric power series. Neglecting

higher order terms, we are left with,

Z. n/
(~1- ) (1+ n v /r. )(1 - n v. ./r )
z2 v-,j 1,j ij i ,

V. V. V. . V.
= (1 + n 11 - n 1) J n (33)r r. r. r1, jL,3 j ,j i,j

Extending this result to all terms of equation (15),

Sv i-,j Vi+1,j vi,j-1 vi j+l v. .
s.f. = 1 + ( i l ' j + + + _n

1,0 rj r. r. r r.

2 v. . V. . v. v.
, J)(V + j+ +. + (34)rj r ,j ri,j ri, j i.j

And dropping the products of noise terms,

s+ = 1 + + i- n (35)(, + l)2 j li lyJ i
~ 1, 1, j

Under the assumption of independent, zero mean noise with standard

deviation C( , an expression for the variance of s . follows as.be-
lj

fore,
2 2 2 2 2

var(s ) = ( ) + n 2 = (36)
16r r hr

Si,j i,j

This equation is analagous to equation (26).

The foregoing analysis gives the means of choosing the proper

thresholds, given the values of C. For example, if two of the outer

points (i-l,j) and (i,j-1) lie outside the obstacle and the other three

points, including the central point (i,j), lie on the obstacle, then one



may assume that Ci-, . O and ae. ,c. 0.
1, ,j31 1i+ Olj' 1,j+l

To generate some typical numerical results, let

c. .i_, aj c'i, j 1 0. 04 (37) "

Then for the Normalized Laplacian algorithm, from equation (21),

q = (0.04 + o + 0.0o4 + o) 0.02 (38)

Thus, the threshold may be set just below 0.02 if the point in consideration.

is to be recognized as lying just inside the edge of the obstacle, i.e.

Tqi 0.019 (39)
qi

Similarly, if three of the outer points, including the central point (i,j)

lie outside the obstacle, and the other two points (i+l,j) and (i,j+l)

lie on the obstacle, then we might take,

Sj . 0 (4o)

ai. ._ a0 -O4 (41)
1-1,j j+

Equation (21) now becomes,

S 1 (0 + (-0.0) + 0 + (-0.0ol) )= -0.02 (42)

so that the threshold may be set near this number if the point in con-

sideration is to be recognized as lying just outside the edge of the

obstacle, i.e.,

T - -0.019 (43)
qo

In the case of the Four Directional Ratio algoritlm, using the same

alpha values, we have from equation (31),
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* n
S= 1 + (0.04 + o + 0.04 + 0) = 1 + n(0.02) (44)

for an inside edge

s. 1 + ,1 (0 +(-0.04) + 0 + (-0.01) =1 - n(0.02) (45)

for an outside edge

Notice that by increasing n we can amplify the apparent threshold values,

and that for n 1 the thresholds are the same (within a constant) as

those for the Normalized Laplacian algorithm, i.e.

S= q + 1 for n = 1 (46)

Computer simulations were run using n = 1 and n = 2, the first case being

used as a check for agreement to the Normalized Laplacian algorithm re-

sults and the second case investigating the possible improvements in

performance obtainable by increasing n.

The two sets of thresholds are therefore,

for n = 1 T . c- 1.019 for an inside edge (47)

T ~e .981 for an outside edge, (48)so

for n = 2 T . 1.038 for an inside edge (49)
sl

T - .962 for an outside edge (50)

The true values of alpha may be practicably obtained fron a physical

model of obstacles and terrains that may presumably be encountered on

Mars. By examining different types of configurations in simulations,

we may predetennine the specific values of alpha to use for threshold-

ing in each case.

The variances given in equations (26) and (36) afford us an
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indication of how large a measurement noise may be accommodated by the

algorithms. Suppose it is desired that the.threshold lies outside the

1 0 limit of the variations in the algorithms.. For the Normalized

Laplacian algorithm, from equations (26) and (39),

( o.o019

i,j

(2)(0.019)
or rcr 1

Sc. 0.017 r. (51)

With this value of 0r we will have approximately 70% certainty regarding

the accuracy of the detections. Obviously at longer ranges, higher

measurement noise may be allowed.

For the Four Directional Ratio algorithm, keeping in mind that

we are comparing the statistics of noise to the variations in threshold,

we have from equations (36) and (44),

2 2
r2 g n(O.019)

,j

or, (2)(0.019)

T:S 0. 01'r r. (52)
l,j

This is the sadie bound on O that was found for the Normalized Laplacian

algoritlhm. Since both the threshold values and the noise effects are

increasing linearly with n according to this analysis, there is no
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apparent merit to be derived from changing n in this algorithm, i.e.,

no improvement in the quality of the enhanced edge. This conclusion

will be checked in the computer simulations which follow.
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I. COMPUTER SIMULATION PROGRAM

Now that a mathematical model of the edge detection problem

has been established, and analytical procedures proposed for implement-

ing the scheme, a computer program is needed to carry out the simnulation.

Such a program was developed for this purpose; a flowchart of the steps

involved appears in Figure 3.

Several features of the program should be. noted:

1) In generating range values which lay on the boulder,

it was necessary to' use the double precision option

on the IBM 360-50 computer. The reason for this is

seen by examining equation (11) closely. The trio-

nometric functions of P and e in this expression are
calculated by means of a Taylor series in the computer.

Since the angles involved are so small, and the

differencesbetween the angles are at least an order

of magnitude smaller still (approaching 0.10 0.002

radians), it is desireable to have the greatest

possible accuracy in determining the sines and cosines.

It was found experimentally tha.t single precision

sometimes led to significant errors in these range

values, which is unacceptable since the errors in the

geometric range data should be at least an order of

magnitude smaller than the standard deviation of the

Gaussian noise added to the data in order for the noise

to be physically meaningful. Thus, double precision

was needed to achieve range values accurate to within

+ .005 m at least. Longer CPu times were required for

double precision in the simulation; however, on the

actual Mars Rover the range readings will be measured

rather than calculated, so .that the additional computer

time for this step will not be a factor in the on-

board comnuter.
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FIGURE 3

Flowchart of Computer Simulation Main Program



2) Two of the variables in this program are the number

of different elevation angles and the number of

different aximuth angles to be scanned. The product

of these two values equals the total number of points

contained in the measurement matrix, 4which, along with

the angle limits, is. a measure of the ".resolution" of

the range image. As discussed previously, it has been

assumed that each range measurement by the Rover will

take approximately 1 msec to complete. In the simul-

ations which follow there are a total of 525 points

in the range image .(25 separate elevation angles and

21 separate azimuth angles). Thierefore:, under nominal

conditions, the Rover would require approximately 1/2

second to record all these range values, in which time

it would travel approximnately 1/2 meteor. The effect

of this motion on the algorithms has been neglected,

which at first may seen to be rather a :severe assumption.

On the other hand, when operating on the range values

for the purpose of edge detection, only five neighbor-

ing-points in the measurement matrix are compared at

-any one time. If the laser beam scans the terrain

ahead in a'W-shaped pattern, then these five measure-

ments will be taken within a few milliseconds of each

other. In this light, it was deemed acceptable to

neglect the vehicle's motion; it will be left to future

research efforts to investigate its effect.

3) The limits on the angles also warrant some discussion.

For the most part these limits were chosen with the

a priori knowledge of the size and location of the

obstacle, so as to maximize the infornation received

for edge detection. This is a very contrived situation,

and illustrated part of the complex problem of scann-

ing scheme determination, which will be examined in

Section 6.



) Thresholds used in each algorithm were chosen off-line,

once the alpha matrices for the simulated terrain were

calculated and printed out by the computer. This is

considered to be a valid procedure, since it is not

now expected that the Rover will be capable of adapt-

ively choosing thresholds for edge detection, but

rather will use pre-stored values (based on simulations

much like this one) as a basis for its decisions.



5. SIMUATION RESULTS FOR BOULDERS

5.1 The Boulder at 30 Meters

The initial computer simulations were conducted for the case

of a 1.0 meter radius hemispherical boulder located 30 meters in front

of the Rover. These numbers were selected so as to provide a true

obstacle that hadto be detected and avoided (since physical limitations

on the vehicle prohibit it from navigating over a. discontinuity of more

than about .5 meters under normal conditions) and to place this obstacle

at a typical.mid-range location at which edge detection by means of

range data manipulation becomes most important for path selection

decisions..

Figure h illustrates the resulting computer-generated range

images. The upper matrix represents the geonetrically derived, un-

distorted measurements, and the lower matrix represents these same

values when contaminated by zero mean, 5 cm standard deviation,

Gaussian noise. Thus, the lower matrix simulates the range values that

will be obtained by means of the laser rangefinder on the Rover. In

both cases the outline of the boulder has been dramwn in its approximate

location, to clarify for the reader how the scanning procedure will

operate. The exact angles used, and their orientation on the range

image, can be determined from the data listed at the top of the page.

As outlined in Section 3.1, four a parameters can be defined

for each element of the undistorted range image, and so four a matrices

can be found to describe the entire range image. Figures 5 and 6 de-

pict these four matrices, which are used in the off-line determination

of threshold values by the procedures discussed. As an example of the
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approximate thresholds to be expected in cases like-this one, and to

show agreement with the analysis given, a threshold of 1.02 was used in

the Four Directional Ratio algorithm (with n = 1) to pick out the points

close to the inside edge of the boulder, and a value of .96 was used to

pick out the points close to the outside edge.

Applying the two algorithms (the Four Directional Ratio with

n = 2 and the Normalized Laplacian) to each of the measurements con-

tained in the noisy range image (except for the extreme top and bottom

rows, and left and right columns, since none of.these measurements has

all four of the associated neighboring points defined in the algorithms).

yields the two edge detection matrices pictured in Figure 7. It should

be noted that the range measurement noise being simulated has virtually

no effect on the elements of these matrices, since from equation (51),

for r. . c 30, we have that T allowable -- .017 r. .51, where-

as the standard deviation of noise used is only .05. This indicates

that, with the accuracy of the laser rangefinder as assumed, the edge

detection scheme is quite insensitive to noise, which is a very en-

couraging conr:lusion for this aspect of performance.

Finally, in Figure 8, we see the outlines of the boulder

after the thresholding operation has been applied to the previous

matrices. The outcome obtained by means of the Four Directional Ratio

algorithm with n = 1 has been suppressed in this and all subsequent

figures to avoid redundancy, since the results are nearly identical

to those of the Normalized Laplacian algorithm, as explained in

Section 3.4 and proven experimentally. In these pictures an "x" re-
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-0.3 J-J.dJ ,- . v J.-J. 3 uJ3-0.003-0. u 3-0. CO$-U.0 J J-J. OJ i -U.OJ 3-0J .j -u -a -u u-J - J. j*- U.Ju- UUJ - - 0. 00 00
-. 043-0. -J 0 -J. 43-U. 4 

2-. 0>-J.0 -0.0%3-0.J%>-J. o,-J.043-G.0,-0.C3-0.J.3-.043-0.043-0.04-0.0J3-0.043-0.0 3-3.343

.-. v3.,-.J-.a'J.J. -. !-.3. 
. J  

.:.- . J. ..- 0u-.07-0.J3-0.0-3.3J7-.0.031-0.03?-.J37
. -J.,J l-U.J I-o. J0 -J.J - . Jl-'.,Jad-).,JS/-o. i you-J.Ja.-. OJ+"- .J..',-,.,..l 5J-O.,J.7-O.O37-J.OJf-J., J -0.0U -O.037-O.

-0. 02,-0.0,/-u.U32-0.025-0.oi-0.o-i 7 -- .. ,.-J-u~uJ 1-0.003-.. , 0-.L'-j. ., j. 1-0.0'-0.0~0-u.325-u. 03-0.03-j.035
-u.3-J. JZ-,. .. ,-0u 0-v. C3-0.03 .*: I .-u. -3.'-o.i-O. U -J. u-.0-0.00 -. ;-O0j-.j0. 0.J U.02-0.032-0.032-0.032-0.032-0 2 Oil

"3..3 -. J£-.;.- 3J. ,-U.GJ -.. -o . -3.0o2-Z-J.OJ-.3.0 -J.,J2-0 .0JI-0.02-0.330-3.U32-O...), .. 0O-0.32-0.O3-0.032-.332
-0.J,-. )-2.L-J.J-0. 1-3.u1 0.l-J.,.0-c.01-u.uo-o.0-.o1-3.3.1-J..1-0.Jul-U.002-U.J3 ).321-031-0.08-0.031-0.0.,
-0. J '-.0- . - .. -0. J2 - J 

. i , i , .- - J. Jj t- .) U -J • J -J.0 - .. 1 .-. J i- J. 3.C .- 0 ) J.1 -09-0. 029-0.029-0.029-0. 2

-. 27-' 0.z7- . 0 7-J..27 . . -r,0.'- J.lI-v 0.1 t-J.u'!-. - .l.t LO.-U.C )-.3.~ -0 1- 0-03 1- O-., '..U2 . -0-.02 1-0.021-0.017

--. 2' -0.J2,I-0.0.o-J .3- . .' .C-.-J.o -. J J. - 3 0.3u-0.00-0. 3. -u.J'd - ..-. i; *J.026-0.026-0.026-0.026
-0 .,2?-O.02 -0.01i-0.:) i-uv c-'., ... : ,..,;' .X .) .u.; J., ,)., ,.3 .0)00 u.0,J,/a.,-.o .-0. 27-0.02 -0.0Zt-0.027
-0.2 z-U.,uz-0.-z3-3. >-..,0,-0. 0/-,/ 3-.,/J 3 .3 -> .. J31-J-.J2 i J2-1J..A -J,J'J-J-J>)-U.32-J.01-3.0 -0.025-0.025-0.025--O.,Z>-J. JZ-U.JzJ-J.JiJ-d.JJ-U-.udJ' Gl 'J.L JJ -J.) 3-O.Jil-J.L.-J. Z.-.020-0.0Z 5-3-023-0.023-3.023-O.OZ3-0.2J3-0.023-0.023
-J.u2 7-0. 7 3-0.23-0.Q2_-0.043-0.02O-I-.: .-. J2s-3. .G-3.J -J.u-.uZ/-3.J2-J.02 13-.02-3-0.02.3-.023-.02.-0.023-0.023-0.023

-0. u Z -. J2.>-0. C25-J. 1 0.-J.02 -J.2>- 2-0.0 -J. 025-0.0--0 .02 2-J.325-U.J- 25 -0. 025-0. 025-0.025--0.05-0. 250.02 5-0. 025-025
-J. ,L- .2-321- Z-.C -- J. 1- . 1-0. 02 -J. C2I-. 021-0. J-0. JZ1-.C2 1-0.021-0.02 1-0.021-0.021-0. U2 -0.02 1-0.021-0.021



.ATRIX CF AiPHA(iJ-1) VALUES

I * I T. 25 / J L TO 21

u. 0.0 0.0 J0 00.0 0.0 0.0 0 0.0 0.0 O.C 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
.J .0 0. .0 0.0 .0.0 0.0 0.0 0.0 0.. 0 0.0J C. 0.0 . C. 0.0 0.0 0.0 0.0 0.0 0.0

0.0 0.0 U.o o.u o0.0 0.0 0.0 0 .0 3.0 0.0 0.0 U.0 0.J 0.o 0.0 0.0 0.0 O.0 0.0 0.0

0.0 0. 0.3 0.J. 0.0 0.0 o.C O.0 0.0 0.0' 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 3.0 0.3 0.3 0.0 30..0 0 .0 0.3 0.0 U.o_ U.0 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0*

3.3 0.0 0.0 O.J 0.o 0.0 0.0 0.0 U.0 .' 3.C 0.O 0.0 0.0 0.0 .0 0.0 0.0 U .0 0.0
, ). 0.J 0.o J.J v.o U. .J .-. ; .. , - .,o -u. , . 0.0 0.0 0.0 0.0 0.0 0.0 0.0

-2 0.J . 0.J .J ,. o.o 0.u J ... ,; J..) J. . .J-u.Ja.J-,a.. . _. , .0 0.0 0.0 o0. 0.0 0.0
.0 0.0 0.0 3.J 0.0 . ... J. J.0 01- 0J-.C.-0.i .0 0.0 3.0 0.0 0.0 0.0

0.J . Jo .J . .j .Q I J.' U JO UJ.uJ l -C.c,-.CJI-.oCC.-0. )UT-. 0.0 0.0 0.0 0.0 0.0

O 0.0 ., 0.3 Z) 0.0 . 0..j 0.LJ 0. J. : J.- 0 J.1-O. -)-. o - . JU _J _. v.0 0.0 0.0 0.0 0.0

0 .0 v 0.o.3 ... 00..'j J..01 C0.0 QJ 0, .J. J. ., U ) .11 .- ..Z- . C.--0.00'J - ... '. 0.0 0.0 0.0 0.0

So. u o.o U.3 . u.Z, .J0, U.- I..u. 0.. . j..-u.'o J .U01-J.C J-J.4-.00 3-0.171 0. 0 0.0 0.0 0.0
0.0 . .0 k; i. i .. ,, v. U.J . .. JJ I . ,:1 0 J- -1. j.u-.o J -3-3. 0A -.O . . 'iO . 146 3.0 0.0 0.0 0.0

CD J.o 0.0 . .,..u Q. J.0 ) v. 0. 2 . 0.;1 . i - 1-3.. - J. .-.. -J.oru. --. 1o l 4 ' 1. 0 0.0 0.0 0.0
0-.j J 0 GJ -.0 ., ,..1L U... . ., . , '. .L ., -.U. ... JJ.L-..J-.J J3.2-0J). J'.000-0.011-3.. 0.3 0.0 0.0
0. .0.3 J.0 ., 0. .,o .C4.u ' , . . J .0.0- 1 0.)J- -.j . -.1- . Ji-0.J4-J. Y -0. 3 10-0. 3 0.0 0.0 0.0
v.0 0 0 U.0 J.Jo2 -. iO. t..3 0.CC v. J 0.0. v1-.0-0.) 0-0.02-0. e 5-3.'-3.110-J.O 0.0 0.0 0.0

0. 0 01 v. ;I J , U.J42 J. 10 L.. JJ_.0 JLI-0.C2- .. 00.3 V u'i-1.OJ 3.0 0.0 0.0

)0.0 0 - . . J 0.00I 0.1 3. 1 .I1-0.01-0.J0-3.C -. 3j) -0) ..-. 0 0.0 0.0 0.0

P. 17 u...0 0 U.U0 0.0 J. . U... 1) Q .0 ' 0.0 U.1 u v.0 U .J 0v... 0.0 0.0 0.0 0.0 0.0 0.0
S 3- 0.0 0.3 0.0 0.0 0.0 0. U.u 0.0 0 .0 0.0 U.u 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.0 00 J . . 0..0 O. 0.. 0.0 o.C 0.0 0. 0.3 .0 0.0 . 0. 0.0 0.0 0.0 0.0 0.0

S 0.0 0.0 -J. U.J u.3 .u o.u 0.0 0.. .3 0.0 0.0 0.3 0.0. 0.0 0.0 0.0 0.0 0.0 .0.0
S 0. .0 o. 0.0 U.0 0.0 0. 0.0 0.0 0 0.0 0.0 0 .3 C.0 0. o.C .0 3.0 0.0 0.0

O

p MATRIX CF ALPHA(I,JfI) VALUES

0 1 T1 TJ ,U5 J To 20

0.0 _o0.0u 0.3 0.0 0.0 0.0 0.0 3.0 0.0 O.C 0.3 o.0 0.0 .. 0 0.0 0.0 J.0 U.0 0.0
(D U.0 j U.J v.J.J . .0 0.0 . J 0.0 0 . J.0 U.3 J.J 0.0 0.0 0.0 0.0 0.0 0.0 0.0

.o 0o.) 0.0 J.J . . 0. 0.0 0.J 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
o0.0 . . .3 .0 . .0. 0.0 0.3 . u 0.. 0.0 0.0 J. 0.0 0.0 0.0 0.o o.o 0. u.0o

SJ. .J v. u. J.. 0. 0.0 0.0 .. 0 0.0 0.0 O.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 v.3 J. O J . ) 0.0 J..0 0.0 . O J , J.) ').3 ) J.0 0.0 .J 0.0 UO 0.0 0.0 0.0

S0.0 .o 0.0 3.J .0 0. J.u 0. 1. U 1.,, -,., u..J U. i . . 3.0 0.0 0.0 0.0 0.0 0.0 0.0
S0. 0 -. o ., .0 0.0 .. 0 1. -.. 0 -.. ' - , .. 0.000 v l .10. 0.0 0;0 0.0 0.0 0.0 0.0

. O. 0.0 3.0 0O- J. .u s.-'.Ju -. ua-. -o. i1 , ol 3.JJ3 30. C~. ~ 3.' 0.0 0;0 0.0 0.0 0.0
0.0 0.j 0.0 0.3 0.0 .,... 0.-0.J,--u.. -3.':JL U..uL t. 1. 0 0.JO7 J...: 0.0 0.0 0.3 0.0 0.0
0., 0- -J 10. . U.J .. 214J .u .Q'.-0.v.-o.. ..

-
uJ.0 0 t, o.uu? 1.0 0.s 0J.Zd 0 .V. 0.0 0. O 0.0 0.0

0.0 0.J 0.3 o.J 0~; -u0.J-O.0JJ-J.JJZ-. J)1 .. 3)1L j.03 J.C33 3.J5 J.J d .0 .3 0 . 0 .0
0. .0 J.. .J Jj .7:-.uD o-.j.-0.0 03-c.o -.J , 01 0.00 0.Jl o.LJ o0.00 0.u, J.Z1. . .0 0.0 0.0 0.0
0.0 .0 U.J . .. l ..0J. -u..-u.JJ-,.0Jl-...J J.. ,j I.J J .C) a .3 JJ 04.OJ 06 0.1L 0.0 0.0 0.0 0.0

U.u 0. 0 0 23-0 ). .c. 3 .JO-C. r-.J0,;Z-J. Jl-u.OI j.3Jl 0.031 0.0C)2 0.)004 J.oJ 0.140 .0 0.0 0.0 0.0
0.3 u.0 .0 r-- ,-0.JL-0.ujo-. ,--.o-j.2-v..oJi-C..1JO C.CJO U.CJl .0o 0.J00 3 .0. 0.011 J.,.17 0.0 0.0 0.0

0.- 0.0 3.1J -0. .-. U-0.10-0.00Ju.-v.JJI-u.JJI-.uJ l J..i C.I j. JJ 000 JO.JJ4 0.JJ 0.010j J.ob. U.0 0.0 0.0

.G 0. .J . --0J,.'-u.L0.LC0.-0.LL-.J-J0.VIJ-J. jlI J.JJ '0.L11 0.J2 0.J3 3.0 5 0.10 .J.U-2 0.3 0.0 0.0
0.0 0.3 0. .- .,'-'.L-.JS, 0 O-.L,-3J .-.u-J I-0.JJ u.C3J J 0.OL 0.00L C it; I 3.0o 0.010 IO. J' .0 0.0 0.0
0.0 0.0 J .J JJ. ---- - ZC -O* 2-J..J.-U. J 0.., U. .. l .LLCZ ,.;0 J.,J-)/ . ' 0.0 0.0 0.0 0.0
0. 0C. u0 U. .0 0. v. .. . .u,. u.u .. u0.0 0.. 0.. 0.0 0.0 0.3 0.0 0.0

0.0 0.U 0.0 3.0 0.0 . 0.0 0. 0.0 0 .0 0.0 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 u.C 0.J 0.. 0.0 3.c 0.3 0.0 0.0 .u O. u.u. 0. 0.0 0.J 0.0 0.3 0.0 '0.0
U., 0.0 J . 0.0 0.0 0.0 0.C 0. 0.0 0.3 0. 0.0 J.C 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3.0 .J u.J 0.0 0.0 0.0 0.0C 0.0 0.0 0.0 0.0 0.0 . 0.0 0.0 0.0 0.0 0.3 0.0 0.0



FOUR ITECTIUNAL RATIU EOut MEeCT tJN SC E. WITH N-Z .. . .

1..j I.OO" I.CJ I. . .1. 00 1. . 1.30 1.00 1.0 1.CO 1.00 1.0 1.30 1.00 1.00 1.00 1.00 1.00

1.00 0.9' 1.00 1-.0 0 .1.00 . l., 1.uv 1.03 "0.9 1.uJ l.uu 1.33JO L.o; 1.0 1.0 1.0 1.30 1.00

0. 0.3 U.';o U.9 0.98 0.a C. H 0.' 0.' . 0.$ O.d 0.d- 0.8 0.99 0.98 O.8a .99 0.98 0.98

1.33 1.J 1.31 L.JO L.JO 1 .01 .0 1.00 1.JL I.0 J .01 1.01 1.03 1.00 1.01 1.0 o 1.00 1.00

1.00 1.00 .J L.J0 1i.C. 1.03 I.CC 1.0 .h C ., J.d7 1.J 1.03 1.oO 1.01 1.03 1.00 1.30 1.01

1.00 1.0) 1.00 1.oJ L. .u .u 1I.LG 0 .T 1 . ' 7, . 1.0 .03 1. 1.0) 1,30 1I;1 1.30 1.00

(0 . 1.0 1.J ) 0 1.0) 1.JL 1.J .7 .. , .. J0j L.vJ L. . 1.0 1.COi 1.00 1.33 1.11 1.00

1.00 1.00l, 7 1.00 . 1. 1.0 1.0-)3 ... l 1.Jo ,',o .. 7 1.OJ 1.0J . 1 03 1. 1

.J 1.JJ 1.J 1.0 U.v .11 1.00 1.> 1t.uj 10.UO 1.0 1.3 1.J1 1. 0.9 1.0 1.3 1.01 1.03

L..J 1.J " , i.( .JJ ;. I .. ' . .uJ I.CJ L.0J i .0, ., l.Il 0 2 1.00 .DJ 1.00 1.00

Sl.. 1.0J 10 U.'1 .. 1 i...) .0 1. .. 1 U3 u 1.0) .. I .'.1 . l1., 0 1.31

L. ;, I ., I.. 0- i- 1.11 ., J. ~ -. 1.00 1.00 1.0 l.0 1.01 1. 1. 1.Ju L.11 0.92 1.J3 1.00 k 1.O

D1.JJ 1.J) 1.JJ J. . I .0 L.JJ .01j 1.JJ 1.0J 1.0 1.JJ 0.0J L.JJ 1.00 .10 U.9- 1.00 1.00 1.01

1.00 1.0j 1.0J 0..j .07 0., 1.00 1.30 1.o 1.0 1.00 1.0 1.0) 1.30 1.07 0.40 1.00 L1.J1 1.00

1 .0J L.,ja U. -o . . 1.u L.O J i.01 1.J 1.)u 1.L04 T 0.90 1.01 1.00

1., 1.00 J.97 1.J i.o 1.J .u 1.1 ) .)jJ 1.JO 1. . 1.00 1.01

S1. I . Gj . o k.J" .rj 0.'., i-j .u . ,) L .JO - i . D I)j J .. 1.01 1.00 1.02 0.q7 1.30 1.00

O -l.1 1., i. , . ,3 t., o. ,J IJ c , 1.00 1. J J . 1.0 0.99 ,1 1.00 1.00

1.00 1.00 1.o 0 .d . - ' 0.Ie . -. 1 0.. -. .3J 3 ' L, . .- or.J 1.00 1.30 1.00

p 1.00 1.Jou . 1.JJ L.ul 1.UJ ..Lu 1..LO L,.UJ l.J 0 lJ 09" . I .1.03 1.00 1.03 1.00 1.00 1.00

0 1~ .1.O 1.00 1.00 1.00 1.01 1.J3 1.33 0. 9 i1.o 1.J .0 1.OJ 1. 1.03 1330 1.00 L.UO L.03 1.01 1.00

1.00 1.00 1.00 1.ul 0. 9 L.vu 1. 0 1.01 1.03 1.03 1.01 1.00 1.JO 1.00 1.00 1.00 1.00 1.01 L.00

0

0
NORM-LLtED LAPLACIAN cOGE EIECIIhN SCE.EI

O.JO -0.0) 0.00 0.00 0.J 0.00c -o0.0 -J.JJ 0.00 -O.CO -0.00 .)O3 -0.03 0.00 -0.00 0.03 -3.00 0.00

-J. -. JJ --- .. J -J.. O.j -J.0; -U.J3 -. -. .-. J. 0. -0.30 0.10 -0.0-00.03 -0.00 -0.00

CD -0.01 -0.JL -0.01 -0.J1 -v.01 -J.01 -. C -0.01 -0.01 -0.,l -0.~1 -0.01 -U.,0 -u.Jl -J.0L -u.J -0.ul -0.01 -0.01

0.Jo 0 .j u.0 J.0J -0.0 U.0, U.O 0.00 0.00 0.0U U.U 0.00 0.00 -0.j0 0.30 0.00 0.03 0.'J3 -0.00

O.Jo J.JJ J.,;u -J.,J J.0J -. oo . -0.3 - 0j - -. J.C -. C 0.00 U.JJ -0.JO 3.00 -0.003 3.0 0.00 0.00

SO.JO 0.J 0.00 0.00 -0.J0 0.UJ 0.C O0. 1 .J J.. 0J. ,J 0.1 u.JO 0.Ji 0. Oo -O.JJ 0.J 0.00 0.03

U.u -0.00 3. -3. 0 0.o 0.00 -0.1J. v. 1 J.-0 -0.0 -. 0J u.1) .I', 0.J00 .00 0.00 -0.33 0.00 -0.00

LD .03 0.J) -.. J .)0 0.oJ -J.1O . 0.3JJ 3.3 J-O .0 .CJ -. ca v.r, 0.1 J.0J 0.03 0.33 -0.00 0.00

O O.J -0.00 .Jo 0.00 -0.07 C.' U .00 0.00 O.00 -.J.) U.5 -0.L, -0.3 . l -J.o 0.00 U.03 0.00J -. O00

0.. -0.0 0. -. -. 1 1.l -C., 0.0 0.O 0.4) -U.Cu v0. 0 '0.0 -0..' 0.00 -0.30 -0.00 0.03

-0.J -O.J) 0.J0 -0.vb ,iW 0.JJ C.J J.u0 -,. J -0.0 30.;1 -0.0 .3 JJo .0 1 -o0.0 3.0 -0.00 3.00
,. -.00 -o..J ..,. 0.00 or.. . .0.00 U.) -. 00 -J.0u 0.30 J.cJ .30 o.)5 -. 64 0.03 .00o -0.00

-0.Ju U..oJ U. -jj.; . . -. JJ .. 1 -.. ji .00 0..00 0.00 -0.0o 0.) -0.00 J.0:4 -0.04 0.00-0.00 0.00

. .- -0 . -u -. ; j .. 03 -. -0. 0.03 -. G.0) -0.JJ ,.'J 0J.J -J.o 3 0 O.0 -,.0'. -O.UJ 0.00 -0.00

0. J -0.00 -v.Oz ... v. O- O.OJ C.CO -0.0 -J.d) -d0.0 -J.JO U.J0 J.JJ -0.3J 0.01 .. ' -0.02 0.G0 -0.03

.J0 0.J, - I.1 J.Jl -. V0 o.,j0 b... -. u J J.u .0U v v fo V.00 U.30.-J JO O.UJ 0.0 -0.01 -0.00 0.00

-0.00 0.o -. 1 0.J O. -J.0.) U.(;u 3.JJ -J.J) -0.0j J.3J -1.1)) -U. .0 3 30 3 .0 0.01 -0. 0.03 -0.00

. .0 0 ',* 003 0.00 0.00 -. 0 -0.0i -3J.O 0.C.O u -. 0 0 '. - .0') 0.00 -0.00

-o.J O*J - .Juv -.. -u. -L - -- -- 3J.0 0..- O,,--* . -0. 0.oJ -0.00 0.03

.00 0.00 V. oJU0.JJ -J.0 -J.00 -. u 0.0) - J -. oJj -. . .-0 - J. J. J.03 3 0.00 -0.00 0.03 -0.30 0.30

0.,3 0.JJ -V.00 0.00 O.v -J0.3 0.00 0.O5 O.JJ -0.0J 5.03 0.03 -0.C3 O.00 -0.00 -0.00 0.00 -0.00 0.00

-0.00 0.00 -. J00 O*J 000 0 . O.J O.uv -,J.OJ J.00 .J, -J.0 -0.00 Q0J. 0.00 0.00 -0.00 0.00 0.00 -0.00

0.uo -L. 0 u. 00 U.u0 -u.U0 u.u ( 0.LO 0 0.00 0.0) -. 0JJ 0.00 0.0 -. 0JJ 0.00 0.00 0.00 -0.00 0.00 0.00
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FIGURE 8

Outlines of the Boulder at 30 m



presents a detected inside edge point (one that lies close to the edge

and is on the obstacle) and a "." represents .a detected outside edge

point (one that lies close to the edge, as seen from the laser, and is

on the terra:in). The true edge, therefore, lies between the sets of

these two "near edge" points. As is evident, by proper choice of thres-

holds both algorithms yield pictures which are quite good representations

of the boulder's edge. It was expected that the Four Directional Ratio

algorithm with n ' 1 would not result in a more complete edge than the

Normalized Laplacian algorithm, based on the argument at the end of

Section 3 .4, and a trend of this type was noted in the simulations.

More conclusive evidence could have. been obtained if n was increased

beyond the value of 2, but no such tests were run. This point must

ultimately be investigated and resolved before a final algorithm choice

can be implemented.

Due to the nature of the algorithms, the fact that the bottom

edge of the boulder is not detected is a characteristic outcome and

should be expected. In other words, since the edge detection scheme

is based on the search of neighboring range elements for sharp changes

in their values in order to locate an edge, there will be no such in-

dication.if the adjacent measurements are approximately the same (as

they are for points on the same terrain feature and also for points

near the bottom edge). A different type of algoritlun is therefore

needed for this special case. Further discussion on this subject can

be found in Section 5.3.



34.

5.2 Other Mid-Range Boulders

Since the laser rangefinder will be required to provide in-

formation about the terrain in the entire mid-range field (approximately

3 to 30 meters in front of the Rover), the edge detection scheme 
was

tested for boulders located at distances other than 30 meters. It was

decided that boulders located at 10 m, 2C m, and 40 m, in addition to

the one located at 30 m, would be suitable for determination of the

capabilities of the edge detection algorithms.

The range images and boulder outlines of these three addition-

al cases appear in Figures 9 through 14. By proper choice of scanning

angle limits and threshold values, all outcomes are equally satisfactory

(except for the continued lack of bottom edges). Therefore, this type

of edge detection scheme is considered a viable procedure for: recognition

of mid-range positive obstacles.

5.3 The Bottom Edge

As it has been pointed out, all the boulder edge outlines

seen thus fai have been without a bottom edge, due to the.. nature of

the enhancement algorithms. In order to detennine the size of an

obstacle, and so how much of a potential hindrance to the progress. of

the Rover that it represents, it is considered important to develop an

alternate scheme to detect this bottom edge based on the laser's range

measurements.

The first attempt at a solution to this problem was founded

on the observation (.which can be easily proven geometrically) that

range values measured to the bottom edge itself form a set of local
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Outlines of the Boulder at 10 m
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Outlines of the Boulder at 20 m
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Outlines of the Boulder at 40 m



maxima compared to the ranges slightly above and slightly below them in

the range image. For the case of the 1 meter radius, hemispherical

boulder, located 30 meters from the Rover, Figures 15 and 16 detail the

"before" and "after" outlines of the boulder. Note that the scaling

of the computer printout has been changed from that of Figure 8, to

show the outcomes more clearly. Although only a few bottom edge points

(seen as "-") are available in Figure 16, these are really all that are

necessary to provide an indication of the complete bottom edge for the

purpose of size determination. This scheme'would seem to perform

satisfactorily; however, it was the noiseless range values which were

being compared in order to find the bottom edge in this case. When the

more realistic noisy range values are used in the comparison, the result

is. as in Figure 17; the picture in this case is obviously unacceptable.

The explanation for the degradation in performance is that the range values

measured to the bottom edge are no more than .01 meters larger than their

adjacent elements in the range image, so that the standard deviation of

noise of .05 meters completely obscures this difference.

In seeking a more noise-resistant scheme, the following pro-

cedure was developed. By examining each range value lying along the

center of the measurement matrix (which corresponds to an aximuth

angle of zero, directly in the Rover's direction of travel) and com-

paring them to the range readings that would be takne if the boulder

were not present, the bottom edge point for the center column of the

range image can be detected if a given element is not "close" to the

range without the boulder (given by equation (12), r. - 3/sinp) and
ljthe element just below this one is "close" to the range without the

the element just below this one is "close" to the range without the
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boulder. By "close" we are considering the effects of noise, so that
the range without the boulder will be taken as .anything between thelimits of (3/sinn) + 3 -v Once this bottom edge point is founld, we

may use a linear interpolation to fill in the edge between this point
and the two points on either side of the boulder determined by the
original edge detection scheme to be closest to the bottom..

Returning to our example of the boulder at 30 meters,. the
range values used for this bottom edge scheme are listed in Table 1.
Notice that for i = 20 the true range measurement, under the heading
RWB (BETA, THE'A), does not fall within the limits of (3/sin) + 3 (
under the headings of RWOB (BETA)-.15 and RWOB (BETA) + .15, but that fori =.21 the range measurement does fall within these limits. Therefore,

.the bottom edge. point, is located in the center of the range image at
i = 21. The lowest points on the boulder that can be seen by means ofthe edge detection algorithms are indexed (17,5) and (17,17). So byjoining these three points with two vertical lines (for the sides of theboulder) and one horizontal line (for the bottom of the boulder), we
obtain the picture of Figure 18. While the results for this scenario areexcellent, a serious practical problem can be envisioned. If the terrain
in front of the boulder is not as flat and smooth as assumed, for example
if there are same small pebbles on the terrain directly in front of theboulder, then it is obvious that the bottom edge scheme just outlinedwill very likely give a false indication. This procedure must there-
fore be considered unfeasible.

The Conclusion to be drawn from these investigations is thatthe bottom edge problemn will have to be approached by a completely



TABLE 1

Range Values Used in Bottom Edge Determination

RANGE VALUES LSED FOR BOTTOM EOGE ALGCRITHM

ETA MI% = 3.0 DEGREES
BETA INC REri4.T = .15 UEGkEES
BETA = SETA MIN + (I-1)iETA !;NC;EMENT
THETA = 0.0 DEGREES (DIRECTLY IN FRONT CF MARS ROVER)

RC03(BETA) - TRUE RANGE FROM LASEK TO T-F GRCOUN, WITHOUT THE 80CLCER PkESENT,AS A FUNCTION: OF 6ETA C'L' (=3.0/SI%(3BETA)J
S=tBETA).15 = TK'J ; RANE r:ITHOUT T-- ECULDER, PLUS 3(STANOAR CEVIATION OF NOISE)Ri(ETA)-*5 = TMUE KANGE iTHOUT THt BCULDER, MINUS j*(STANDARD DEVIATION CF NOISE-
Rd(BETA,T -TA) = ANGE FRMC LASEk, WITH ThE BOULCER PRESENT,

AS A FUNCTION OF BETA ANO THETA

I ET4 RLCS ~iET A) RWC ISETA)+.5 R ETA -15 RW ( BW t iATE TA)1 3.00 57.25 57.40 57.10 57.202 3.15 54.63 54.77 54.47 54.643 3.30 52.13 52.27 51.97 52.19
4 3.45 49.83 50.02 49.72 49.b75 3.60 47.75 47.90 47.60 47.746 3.75 45.86 46.02 45.72 45.857 3.90 44.13 44.27 43.97 29.75-- 8 4.05 42.50 42.65 42.35 29.e .9 4.20 40.94 41.09 40.79 29.9

i0 4.35 39.51 39.65 39.35 29.4911 4.50 33.25 38.40 38.10 29.3012 4.65 37.06 37.21 36.91 29.36
13 4.30 35. 8 36.02 35.72 29.35i4 4.95 34.75 34.0 34.60 29.2615 5.10 3-.75 33.9u 33.6C 29.2716 5.25 32.75 32.93 32.60 29.24__ L7 5.40 31.88 32.02 31.72 29.13
18 5.55 3L.06 ' .31.21 30.91 29.L8
19 5.70 30.25 30.40 33.13 29.1720 5.85 29.44 29.59 29.29 29.0921 6.,, 28.69 2.64 23.54 28.63
22 6.15 23.03 2J.1 27.88 28.00
__23 6.3 27.38 27.52 27.22 27.3724 6.45 26.69 26.84 26.54 26.79

25 6.60 26.13 26.27 25.97 26.21
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different method. The use of gradient comparisons seems like the next

logical step, and this is the direction that will be taken in future

research efforts.



6. SCANNING SCHEME CONSIDERATIONS

To this point the scanning angle limits have been chosen with

the a priori knowledge of the boulder's size and location, so that, for

a fixed numtber of elevation and aximuth angles to be scanned (i.e., for

a fixed number of elements in the range image), the angle differences

between the range points were as small as possible, in.order to maximize

the information received about the boulder and its immnediate surroundings.

The geometry defining the angle limit.s for this variable scanning pro-.

cedure is illustrated' in Figure 19. Based on this drawing, the follow-

ing equations can be derived,

-1b+ 9 - r2  (53)min = sin (53)

Prnax =tan-1 (54)

9 = sin (55)

e - e (5)
min max

As expected, these equations exhibit functional dependence on b and r.

-A compilation of these angle limits for a number of different

size and location boulders was then generated, and the results are

listed in Table 2. The column headed "Extreme Theta" refers to the

magnitude of either 9 or 9 . since they are the same; the sign of
max mln

these limits is as defined in equations (55) and (56). The additional

columns headed "Max Range" and "Min Range" give a measure of the limits

on the range measurements necessary to detect these various mid-range



TABLE 2

Range and Angle Limits Calculated for Variable Scanning

OIST ACE RAUIUS M,4~ '13E MIN l rAG- MIN BE TA VAX BETA EXTREME TI-ETrA

10.0 0.25 11.35 10.20 15. 33 17.10 1.43

10.0 0.50 12.44 9.96 13.95 17.53 2.37

10.C 0.75 13.77 9.72 12. 53 .17.97. 4.30

10.0 1.00 15.44 9.49 11.20 18.43 5.74

10.0 1. 25 17.58 9.25 9.82 18.9? 7.13

10.0 1.50 20.44' 9.01 8.44 19.44 8.53

10.0 1.75 24.44 8.78 7.05 .19.93 10.03

LO.C 2.00 30.44 8.54 5.66 20.56 11.54

20.0 0.25 22.04 19.98 " 7.82 8.64 0.72

20.C 0.50 24.22 19.73 7.11 8.75 1.43

20.0 0.75 26.89 19.48 6.41 8.85 2.15

20.C 1.00 30.22 19.24 5.70 8.97 2.87

20.0 1.25 34.51 18.9 4.99 9.09 3.58

20.C 1.50 40.22 18.74 4.23 9.21 4.30

20.C 1.75 48.22 18.49 3. 57 - 9.33 5.02

20.0 2.00 60.22 18.25 2.86 9.46 5.74

30.0 0.25 32. 8 29.90 5. 24 5.76 0.48

30.- C 0.50 36.15 29.65 4.76 5.81 3.95

30.0 0.75 40. 15 29.40 4.29 5.86 1.43

30. C 1.00 45.i5 29. 15 3.31 5.91 1.91

30.0 1.25 51.53 28.91 3.33 5.95 2.39

30.0 1.50 60.15 28.66 2.86 6.01 2.87

30.0 1.75 72.15 28.41 2. 33 6.06 3.34

30.C 2.00 90.15 28.16 1.91 6.12 3.82

40.0 0.25 43.75 39. 86 3.93 4.32 0.35

40.0 0.50 48.11 39.61 3. 57 4.34 0.72

40.0 0.75 53.45 39.36 3.22 4.37 1.37

40.C 1.00 60.11 39.12 2.86 4.40 1.43

40.0 1.25 68.'18 38. 87 2. 50 4.43 1.79

40. C 1.50 80.11 3 .62 2.15 4.46 2.15

40.0 1.75 96.11 3 .37 1.79 4.48 2.51

40.0 2.00 =>~s 38.12 1.43 4.51 2.87



obstacles. .The appropriate formulae are, from equation (12),

Max Range = (57)
in Pmin

Min Range = 3 (58)
sin maxmax

In practice these angle limits should be expanded somewhat, so that a

number of range measurements to the terrain surrounding the boulder can,

also be made (after all,-the edge detection algorithms must compare

range values on the terrain to those on the boulder in order to enhance

the edge). The actual limits used in the simulation program for the

four different test cases (as pictured in Figures 8, 10, 12, and 14)

are given in Table 3.

In reality, the information about the size and location of

boulders to be detected will obviously not be available. However, it

may be possible to specify the limits on the location of obstacles in

the mid-range field that we expect the laser rangefinder to be able to

detect, and pick the limits on the angles to scan this entire field.

While this type of scanning scheme will be subopthinal with respect,.to

the edge detection algorithms, it nonetheless respresents a first attempt

at a physically realizable procedure.

To sinulate the situation where the angle limits are fixed so

as to*include any 1 meter radius boulder between 10 and 40 meters from

the vehicle, the geometry of Figure 20 was defined. From this picture

it is obvious that all smaller boulders, and some larger boulders, be-

tween these limits will also be scanned, so that this type of scanning.

scheme is rather versatile. The scanning angle limnits can now be de-



TABLE 3

Angle Limits Implemented for Variable Scanning

DISTANCE RADIUS MAX BETA MIN BETA EXTREME THETA

10. 1.0 19,60 0,00 7.00

20 1.0 9.80 5.00 4,00

30 1.0 6 .6O 3.00 3.00

40 1.0 480 2.4 2.00
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FIGURE 20

Geometry. for Fixed Scanning



tenrined from equations (53) through (56) by substituting in the appro-

priate values of b and r, i.e.

in(b = 40, r =1) =2.860  (59)

SPmax (b =10, r 1= ) 18.3 0  (60)

max (b = 10 r = 1) 5.7 0  (61)

Sin (b 10, r 1) - e (b = 10, r = 1) (62)

The four test boulders (located at 10 m, 20 m, 30 m, and 40 m) were then

scanned by this method in simulations, and the edge detection algorithms

applied, to arrive at the outlines shown in Figures 21 through 24

(which should be compared to the outcomes of the variable scanning

scheme illustrated in Figures 10, 12, 8,.and lI respectively). For

boulders beyond the 20 m range the fixed scan technique is quite un-

acceptable for the edge detection scheme, as the resulting boulder

outlines are too incomplete to provide useful information for path

selection (except possibly as a go-no go indication of whether or not

there is some type of obstacle in the vehicle's path of travel at the

longer ranges). Once again, this problem will require further in-

vestigation.
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The Boulder at 10 m - Fixed Scanning
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The Boulder at 20 m - Fixed Scanning
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7. SIMULATION RESULTS FOR CRATERS

Since the Rover will evidently encounter negative type obstacles

(those extending below the terrain surface) as well as the positive type

obstacles previously discussed, the edge detection scheme was tested on

a representative obstacle from this second major class. A hemispherical

crater of 1 meter radius, located 30 meters from the Rover directly.in

its path of travel, was placed on the terrain, and the geametry necessary

to obtain the range values was developed in a manner similar to that for

the boulder. As before, -the steps in the edge detection scheme were then

carried out. Figure 25 illustrates the resulting range images, both

noiseless and noisy. In Figures 26 and 27 are the four alpha matrices

necessary for selection of threshold values. Figure 28 shows the re-

sults of applying both the Four Directional Ratio algorithm (with n = 2)

and the Normalized Laplacian algorithm to the noisy range image. Finally,

in Figure 29, we see the outlines of the crater after the thresholding

operation has been carried out for the previous matrices.

The striking feature of these pictures is that only the near

edge of the crater is detected; the far edge is missed, just as the

bottom edge of the boulder was missed, and for the same reason. There-

fore, if the bottom edge problem of the boulder can be solved, then the

far edge problem of the crater will also be solved, so that the edge

detection scheme will indeed be useful for both types of obstacles.



CALCULAT ED RANE CLAA ?-UR A MHtSPmM.ICAL CaT R (1. E~RETcR 'JIUS) AT A Cl~tANCE CF 30.00 'ETERS FROM MARS ROVER

BErA M a0.4 U c uEc A MIN * 5.2 0EGREES esTA I;,Cc3(A NT * .c5 1UECEES
TricTA AA .J t.3 tES IhlefA IlN - -3.0 JtGR-rS TcrA I.ClAu Ni * .30 CEGCE$ ES

R( 1, ) ----- E TA M1, T- TA :41MN R 1.21)- ---- (ET MIN, THETA MAX)

. Ali ,I ----- (oLr .- x., f cr ., R(L5, 1 ----- (rSETA MAX, THETA MAX)
U..JljliclcC L-Y %JIS5

3.13 33.13 32.1~ 33J .13 -3.13 33.13 33.13 33.13 33.1, 33.1 3 .13 33.1,. 33.13 33.13 33.13 33.13 33.13 33.13 33.13 33.13 33.13
32.75 32.1> .32.7 5 . 7 75 J..75 1 z.75 .e.7 I 3 '2.7 ! 32.75 12. 1 34.75 32.15 32.75 32.75 32.15 32.75 32.75 32.75 52.75
3Z.,u 32J>J .52 > z.., 3. ., 2.5 31.5) 32.) 5 .5 32.5) s.5) . -S53 32.S3 32.5 32.5U 32.5,J 12.30 32.50 32.50 32.50
32..3 32.133 2.13 32.13 3 .13 32.13 3.13 32.13 -:.13 32.11 .13 32.13 32.13 33 .13 32.13 32.13 32.13 32. 3 32.13 32.13 32.13
31. 6 31.3 .l3 .c s 1.3 31.:0 S1.3 11.:e I..o . . 3 1..o 31 0 5j1.88 3l1.c 31.0 31.dd 3L.d 31.0d 31.8d.31.88 31.38 31.88
31. 13 3. ) si.s3 :1.03 >1.j3 31.53 31.33 c.,> 21.51 t1.±3 31.ck 31.33 -L.63 1.83 31.3 31.63 31.o3 31.o3 31.63 31.63 31.63

" 31. *) 31. :5 J. .25 31.2 3i. > s 1..5 31.~5 s .2z : 1.2 1 .' .251 1.25 31.7 31.2, 31.25 31.25 31.25 31.25 31.25 31.25 31.25
31..o . ,. ,1.,; 31.Jo 1t. e ,.a .o . -f /r .. , a.. t:.. . .a ,I.t,5 I.J' 31i- :.:Jo 31. t 31. )6 3L.0 31.05 31.06
3 . 75 3..7 .13 . . . ;.. ... .); 7 .1 1 .1- 3 .13 V.. .i., .. , jJ. do 3).75 3J.75 30.75 30.75 30.75

3,.JJ 3.Z .3-2. J. .. i .;.. 5 .1-i .2 a.. . :.. l.2> 31. )I 1. 31 .C 1.J2 3.9'2 33.7j' 1.5J 30.503 30.53 30.50 30-50
30. 5 3 . 305 3 3 . 3J. . ... 1.. s.., >i.. 3J ., 3 1.31 31.14 31.13 j.>, 31. 2 3,. l 3,..5 I> .-, 33.25 3u.25 30.25 30.25

029.- 29. 29 2. . 9.'; d ',. ., i,.4o j.. 3.. 31. 1 1.J C 11.12 .1 3 31.: .d 31.J; . 3)~.3 J3.74 3).4o .14 29.9. 2.94 29.94
29. .639 .o' 9.b9 £ . .44 30.73 30. . -.3J i.Jo 31.13 i .12 31.lj 31.C6 1.0,0 3.49 1 .73 30.4. 2,.6O9 29.69 29.69 29.69

29.4 '. 2. 2,.4 v. .4 j . 71 3 .' I. 'i: 31. 3 31., .31.1Q 31.J' 34. 3 .1 .,.&o 30.11 3,J.,l .?v.ik 29.44 29.-,4 29.44
24.19 2',.1 .; .. .l. .r, 3.,5 31.11 31.J4 2 , i.37 .31.3 1. 73 .).A3s 3.V,9 3 -.3 1.j;9 29.19 29.19 29.19
S2 ., 26.94 ,d. 4 2o. 1. , ~s :.. . .' .','. ... . ., .2.. J.,4 o." .o . * ... Z.4.-'. ZLo.. / .n. 2-.94 28.94 28.94 28.94

(D 2 .01 2 t .t, t ~t 28., v 2. ) -3 o ' 2ib.o, o..3) ;J .o) d. ). ? "U .9 o.o') 2. C 2 .G9 23.69 28.69 2.69i 2d. 9 23.09 28.69 26 .69
2d.sO 2..5J 2c.5C 2 .0 23., 2c.53 2 .53 2 - J 2.5, .J ) d d.5) 2.50 28.50 8.52 2J.5) 28.50 26.53 2d.50 26.50 2d.50 23.50

O 2o.5 2... 23 .. :5 ".,.J, 2.'5 ,.2 2 .25 2-.25 22., 2.25 2o.25 23.25 z.25 2E.25 23.25 28.25 2d.25 28.25 28.25 28.25 28.25
. 2.J3 3 2o.J 2z..03 Z-.J3 2t. I o. J3 o.,e3 .. Jj 2o.C3 , 2z.03 2o.3 24. 3 25.03 2O.Js 2o. 3 2o.03 2d.3 28.03 2d.03

27.15 27.7D 21.7' 21.15 27.15 7. 15 271.15 27./> 27.7> 21.1s 2/.5 27.15 2it. 5.2 .15 21.75 21.15 21.15 2I.75 21.75 27.75 27.75
I 2 7.5o 27.3: 27.o '7.s ' .56 2 7.5o c7.3o 7.50o 21.o 27.50 27.50 27.56 27.5. 27.56 27.5t 27.5e 27.56 27.5o 27.56 27.56 27.56

C *n 27.3. 27.3t 21.3c 27.3o0 7.36b Z.3o 21.3c 27.33 27. 2 27.1,1 27.c 21.3o 27.j1 27.3 27.35 27.38 27.38 27.38 27.38 27.38 27.38
27.13 27.1. 1.13 27.1. 27.13 27.13 27.13 27.13 27.1. 27.13 27.13 27.13 27.13 27.1J 27.13 27.13 21.13 21.13 27.13 27.13 27.13

& Z2..d 25.6d Zb.'±b 2.1d 26-t66 2.3d o.de do. 26 .20o.e4 2o.8J 2.36 2.ek 26. 8 2.d8 26.86 26.86 26-.8 26.88 26.88 26.88

C: l3C"NLT1C Y tT 64, t AN, .05 rriL4 iAN.. J CEVVIA.TICN. GALSSIAN NOISE
P,33.1 3 .12 3.15 >3.1-, 33.13 33.12 3 -. 1-. 3.i. 131.1) 3 3.17 3.3 3 .1o 3 .2 3 -. 3 33.16 >3.1i 33.23 33.1' 33.22 33.1' ,  33.14

c 32.73 32.15 32.6.4 Z. / 12.o9 ,l.72 3.11i 2.os 3.7 5Z 2.1 J 3Z.e 32.1 3 2.dl 32.0 Z;.45 ,2.75 32.7N 32.77 32.51 32.73 32.d6
32.5,o Z.54 ~i2..z, Z.151 32.42 32.52 32.t1 32. 7 32.4o 32.,3v 32.51 32.41 32.') 32.4 32.55 32. 3 32.53 32.51 32.53 32.49 32.53

0 32.1 3.:.17 z. i5b j2. i 12.2 32.13 3J.14 >2.20 32. 11 3.l 3Z.12 32-1o .lS; 32.09 3 .13 32.1 3. 9 32.J3 32.24 32.13 12.11
Ji.92 31.d. 2-1.39 ij.. . ' S5 3i.ri 31.77 1.93 31.u . 1.t? 31.75 31.19 31.93 31.98 31.db 31.91 31.4 31.91 31.94 31.82
31.1 31.u j3 .c 31.:)Z 1.0 3 31.s jl. j1.5 ' .c 1.c )1. .O t 3 1. 5 2.od 31.od 31.7J 31.5o 31.72 31.65 31.59 31.52 31.62
3. 3 31.2 31.2 5 '31. .3 .25 J o1.2 31, Z1. 31. 31 .3 1. . 31.l 31.25 31.22 31.LV 31. e 31.21 31.23 31.24 31.26
31.,7 3 .3± 3..37 Ji.23 ... ,7 )J.'; i1..I 31.J. /,.. .. 3 .o *. . >.,, .&. *.J7 11.3 31. J3 .31. 4 31.1 31.00 31.09 31.3d
30.17 3'.12 3,.7-, s.so Ju.t, ..9 >,U s.-.. '>.1.; 31.12 1.21 ,1. L 31.t .,3 >..' Ju.. '\ 3J.o7 30.71 32.75 30.69 30.70
3j.44 ;3.-4 .5 3J.,7 1. .)-23 s.-3 >J.. . 3 31.) 31.11 31.1- 31.15 . 3s J.94 32.77 332.5 33..9 3U.47 30.53 30.41

... 1 3, . C. 771 3. .I .- I .a.75 .C.' . il.J 7 1i.C 31.1 1 31.11 31.1J 3 . 7 iJ. O 30. 1 3. 33.27 30.30 30.25 30,35
24.". 2 91Z 3s... L2.-1-,-... 3,. ... >J.i; i., J1... 1 1.17 JJ.); 31.14 i1.J3 3.J-S 32L.73 30.4 , 29.15 29.93 29.864 2.9

4... 29.C6 2..v 2. . .: V-.71 ; .c. 3.-3 JI. 1... .I) '1.11 1..l JJ.s' .j3.d4 3 3.. 3 33. 3 2).-4 29.b3 29.74 29.o5
3.J 29.J 24.' -',e J . 3. J. .. Ja.,c j .- J 3:. J J1..1 3I.!. I.Jr .J 0,, 30.J. o .- 3 50.S7 30..il 2 -o 29.46 29.41 29.47

2 .'; J 2 9.13 . 2 ,. 2 .3Z tJ '. . 1b ;.sl .J 1. 5 S.i ,!.Is 1., 31.23 31.uJ sJ. v ,J.46 j- 1 29.21 29.10 29.23 29.15
26.3d 2o.d7 o.', 2o.93 c'.Ja 1':o; - .c. 1 .i: .'v.-/ 'o. .,, o.,l z Z.co n. z U,. Z 2o.,3 .v'- 26d.97 26.87 28.99 24.99
d. L 2 .'c , Zc.4o Lo.. 2 .i 2 .7' 2, .. 2 1.6 4 .: 2. Z . J.O 2 I. 2 2..64 2t.67. 23.7L 28.b9 21.62 2d.oS 28.71 28.62 28.61

2c.5 25.51 i2.7L 23.E 3 2,3.4 2,-.3 2.53 2.43 Lo.-. . t -Z3. ~. 1', 24.5J 23.4) 2o.42,5 26.52 20o. 4 28.54 2d.5 28.51 28.44
2:1.- 20.11 "1.2> 23.49 .. 15 2.l1 21.-. 2o.11 2s. J 2o.JJ o.2 7 n.20 I 1.22 Z1. 2 25.31 Ze.24. 24.20 20.14 28.20 28.31 26.22

2o. 1J Zo.C ..3o 2o. J5 -' .J3 27.'2.; 23.,3 Zo.J i.11 /.';1 1.'; I .J 21 27..1 2 .135 23.J3 2.00 217.99 27.4 2d.O6 26.O0 2d.Od

27.75 27.o3 27.14 21.74 27.78 27.68 21.e5 27.od 2..74, 27.75 27.ov 21.?5 21.19 Z7.75 27.73 27.67 27.bt 27.75 27.85 27.66 27.81
Z7.4 27.5 27.53 27.5627. 2. 27 1,2 1 7.,. 27.51 27.5 27. . 27.53 27.55 27.55 2 7.05 27.53 27.50 27.61 27.56 27.62 27.51 27.50
27..o 27..d 27. . 2 7.2 27.34 27.28 27.0o z7.J 27.47 27.3 27.37 27.4 1 27.41 27.31 27.31 27.3o 27.39 27.35 27.28 27.39 27.48
27.14 27.13 27.22 27.10 27.13 27.2'4 27.C8 27.10 ;7.12 27.17 27.23 27.12 27.12 27.14 27.,d 27.14 27.13 27.15 27.36 27,12 27.14
2,.9( 2a.o7 2c.7 2U.63 2 oo.- 2o.l1 26.:5 Zo.67 24.3 2o.3d 2c.0o 26.91 2.19 26.9 26.at 27.J 2 .90 26.85 26.87 26.88 26.87



MATRIA CF ALPH-tl -1.J VALLES

S 2 TC 2, / J = TO 21

.0 0 1 0.011.0 .jl 0.011 0.011 O.cl .01 .011 O.C11 G.Cl .C1 0..011 3~CI 0.01 0.011 .011 . 0U J.d11 0.011 O.l01 0.o11

i. o:, ,J.~ j 0.,,6 J.J,0d d j..0 ..0 0 ,.C. J. O.¢J 3.c 0.0u 0.C8 o.&,' 0.J08 0.08 3.00 0.008 0.00 0308 3.o0d

a. ,Jo 0.00 G. CJ 0.J.u . j t;. .O0~ . o 0.O e. 0.00. J.CJOn 0.0 O.C8 C.0.o 8 .0.0oj 0.0o8 d.u1 0.008 0.008 O.OUd 0.008

.OCJ 0. 5i 1.. 0. JOd 0.0S U.u .JS U.L. 0.Cdd 0J.0U0 0.C3 0.CA U.o00 Oc.LC~ 0.3 00 0.0 8 .10808 .3.) 0.08 0 .00 0.038 0.008

0. 1Z 0.J 2 0. 1I 0.)1 J.0 1 J.. 1Z J..L 0 .j IZ ). J .J . .c11' .012 0.J112 0.012 0.012 0.012 0.01IZ 0.012 0.012 0.012 0.012

S. J1 .~~.~, .U . , .U. L;U 5 UC U J 0.0 0. 00 b O. O.0

0.JU u. Jo .J . J. J . J.1 J 0 .j.001 J.1001 J. .. J.U 0 J.J3 o .) J. 010 0.JOS o.008 O.004 o.00

. 0. - . ' . I .... . . ." ; J l C.J u c. .. J , 0o ,. , .).J ,n 0.J09 0.009 0.009 0.0o 9

U.J . .9 . . ) . u.uJ u- C, .0 .J0 .LJ' 0 Q.C9 0. CG C.CC C.' .9 o.00 0.00C. 090.00 0. 9 0.0090.09 0.009

. . . . . 7 .1 Jl .,I ... l 0, .) .01 0. .0 J.7 L.031 U. Ju .CC7 0.0uJ 0.00 0.0u07 .1. 0 . 0 0.010 0.007 0.07 0.007O.Jl U. .;o . J . J J.,;jt . , .,j .i,, J.U i I. ).CCd C.cuJ o cc 0,0 .8 J.)8 JU.CC1 0.008 . 8I 0- J. .00 d .0.0 J o U S

ctQ~. jJ ;.J . .J1 v.J J j. . 1 *U I * *0 , J 0.01 J.,t .ji .CLO 0.010 0.010 0.010 O.0 O 0 b 0 U.OL O U.0U0 0.010

u.. oU.J;o .00i . o.001 O.U J 
. J.uJl U.J -U.J .j J.u J1 0.L3 0.007 .0.09 J.CC O. 0JJ J.0J7 0.30U 0.07 0.007 0.007 0.00? 0.007

J. 7 J U. ? u.77 I .07 .C? 0.00 l .0T .07 L.0: .0 7 ?.)07 0.C07 U0.u7 0.CC07 0.007 .007 U.007 0.007 0.007 0.007 0.007 0.007

( 0.Jl) 0.U-) 0.J9 J.JY9 J..GJ o.3 J0 .ci 9 0.C09 9 0.LJ9 U.CC9 0.0u0 0.CG9 0.009 0.009 0.009 0.09 0.009 0.009 0.009 0.009

m. .0, ..O.JO;. C.0.J9 0.0Ju9 0.00 0.009U 0.001 J.090.uJ' J.J1i .CJy09 0.00 0.00O 0.309 ).0)9 0.009 0.029 0.009 0.009 0.009 0.009

0

Y N D-?.lMx- LF AL )I l.tl,J) VALUES

I = L TO 4 / J 
=  

L TO 1

-0.,l O1-0. i I-L.0 - .,I-i.--,..1 --.. --. 01-.. O -J.J i-- . - . )1 0-J.Jl- . 011-J.011-001-0.0 - O11-0.'11-0.011-0.011-0.011

-O.J -O. • -. CJe-O. J -J .,J-U.I- . -u.G L-'. ,-J. J CC-0,C -J.C3-0. J.o - .(0d-C.00d-0.001 -. C0-0. OJ8-0. 00IB- .008-O.008-O.008

_O l _~ ,12 . 2-, _ i -0.0-"l . .Ol .(. .j- 2-.al.-..U- L.-CIl -JJ- iI2- . 1 - . 2-0 1- 0 -0 0 2

- J.O -J.2 .c, ..-0. jjd-c.U-0. -0,C -0. o-.J. Jo-J.00-J.C0d-J.0Jo-U .C -J.J0-23'..008-0.90-J 8-*. 0 8-- . 008-0.00 j-0.008

__' j , j 6, .; C Z , . I i - -- :-U-.. -L - . vi - ., /-J. I - .J. j /- .J., -J. C01b2 - , 012- .. 012- -. Y 
- J .

))
2 -  

0
L 2

8
-  0 1 - 0 " 

.0
L 2

-0. j C .-6 . oJ;-) 0 .CLo.o Q .A J .0.0- . -0.0UJ- .C C-J. ))-). o-1 .JJ-0. -'0.J b0-0.,J8-0.00-0.008

-0.0i)--. 0 .; o- o. I- .,00
J J u.00 . U -J.J-c. J-4.. J-J.-. - 0 -00-- " " 0.O1 0-0.010-0.010-0.010

o,-J. J)-;. . - "J -. J , . -C..) | -J. r" I,-0. Ce -J. -J.L - j J- .,J - . - .a J-J. JuU- . Lu -J.u ' ~J O -0. C 8-U. CU8-U. 08

_0. j. - -. ,,J- J - .Lu .J J.o J-u. J -,U.v t- .CuJ -L J-J- .J - UI-J. X 1-J .J ,1 
) "  )8-1 3 -U. 00d-0.008

-" -J - I.- ') It- (_ ji ; .( . _". 1- .1 ; i- .)I-,.- .) r- .CO3-u.C0 -0.00cl

-. t, ).- 
i

. --  -  L ; - U .  C  u ' J
- 9- ,

d
.

-  
. 2- 43 J9 ~- ).0 9-0.3 1 9-0.0)9-0. J)9-0.009-0.C09-0.009

-. )U rO. J I-u. CJ I-o.v 7-J .,J -uo.0. I-J . C -0. -J. JJ -3. J-0. C 7-0.37-.CC 7- .007-0.007 .07-0.OJ7-0.0O7-0.007-0.007-0.007
-0. );- .) - CC- JU . j,-'0. C -. CO9-0 C- . , -. 4 - .. )-. , - . u9-0.C0 -C.G9-U.o0J

9
-U. Cu9-0. U9- .009-0.009-0.009-0.009

-U .JU u. k, J -U.C;-U.JU0-i. (:).- U . - -U.LOH-Q . CF-U. }- CGd- Q. C C-J'J, - C ; e- * JJ - ),j R-U. C,8- J. U j1-0 . )J b-0 03 -0. 008-0. 008
-u.JU!- .JiJ-J -j J-J. J1 - 'uiJuld'-. J'1SL-J-;. -. C- ' I-0. L" '-J.'-'O J -C.J ~0-0 -O1-0.01-u. 010-0.310- .010- .010-0.010

- .Ju7- .,; 1- 6.;I-. J -J 7- C -J. oJ I- -J . C 7-U - 7-J - l-'j . 7-,. -J. 7-..;JT -Jul-d L - ou?-u-Jo7-0.07-0.007-0.007
- .JC I-. C -U V. , - J7- J7-J O 7-0. OJ 7-0. C -j.J -J. I 0 - .U I-). C07-J .0J 7-U. CC 7-0. J )7- . J7-0. 00 7-0. J 7-0. JO 7-0. 007-0.007-0.007

-J. Jo j-.J -J. .' - . - J9- . J-u.,. .. ,9)-C. C - 3-C.CJ-J .C 0. 3 0 9-0. 09-U.c C0-.. n- 0 9-0. 009-0.009-0. 00 0-.009
-j~o.. . . . . . • ... .. - . ... ... • , " t jJ. _ " . i;;O_ , A- . ir -,LJ(-L.;,S- ,,5t-3. 5rl tC01-0,I--,5.1 -0. 03 - Q--0 _ 00* I



MATAr X CF ALPHA(,J-1) VALES

I-= I TO 2 / J = 2 TO 21

0.0 0. 0.0 0.0 .0 0. 0 0.0 0.C 03.0 0. 3.. 0* 0 .0 0.0 0.0 0.0 0.0 0.0 0.0

0.0 0.0 0.0 3.3 0 U.. 0.6 Q.0 v.0 0. J.C u.. J. O. . 0.0 0.0 0.0 0.0 0.0

0.0 0.0 u.J 0.J 0.4 J.3 0L;- 0-0 0.0 J. 1.0 0. J..0 J .3 . 0 U. 0.0 0.03 0.0 0.0

0.0 0. 3.0 0.3 %. 0. 0u 0. 0 .0 0.3 0.3 0.0 U.0 0C0 0.3 0.0 0.0 0. 0.0 0.0

3.O 0.0 u.J . U. U.j 0.0 vu.0 0. 3.3 3.0 0.0 O.0 C.3 0.0 0.0 0.0 0.0 0.0 0.0

U.3 0.J ).3 0.q U.u 0.0 3.0 .0 ).0 J. 0 0.0 U.0 J. 0. 0.0 0.0 0.0 0.j 0.0 0.0

2. .0.3 0..0 .. L0.0 0.0 0.3 . 0.: 3.) J.C C. . .C.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0

0 . 0.v 0. . -., .... .... .. .. . 0.0 0.0 0.0

0 0.0 U.0 0.. 0. -- , . -. .GJL- . ,J .J J. J. J..: ,.... . . J. 3.) 0.0 0.0

S3., 0.0 J.j . ' ,),.. -0-...--.,.,- . , -J. ,ol-,. ' "-.C0 ,. 0 . . C..00 0.0 0.0 0.0

0.0 0. 0.0 -. J,- .. C)- o -C.-3.u-0 ;- ~ L-1--.000J J. .G o ..v 0.0L,2 C.JJ3 J.U..) .00 J .u .j -J 0.0 0.0

0.3 0.0 o., Q. I. - --; 0-J. o- .
L
0 

-
O.
j - , J J

- .0
JU  

C.CJo 0.3.)1 0.0 2 J3.J) 0.00j U.V'J9 .)T17 J. 0.0 0.0

J.3. 0.3 3.7- - L.- -our-0.,G.-u.0 .l1-.3J1 J.0c1 0.001 u.CC2 C.ojj J..J 0.009 .. 32 30. 0.0 0.0

0.0 0.0 u -I ./ .i 3-.).('.'-3-J.u33 J .0.. U3.oI U. LJ C.o34 -....J v.0 . 0.0 .0.0

Q J., ,. J.j I .. .
- .

. - .
- J -

.- L
-

'.i -. ,.0
c '  

J. J1l u., l .C C/ '0. . )3 o .J ,) :J..1 .0 0.0. 0.0

0.3 0.0 3.. 0. - Jj. , u , U u, v., J. J ). ... , J. .V . . 0.0 0.0 0.0

U. 0. J 0.0 0.u .. 0.0 J.03 .0 0.0 U.3 J.0 0.' j .0 .0 0.V. 0. 0.0. 0.0

.v U.0 .J .o .J .0 0.0 U.u 0.0 u.0 0.0 J. 0. 0. C 0.0 0.3 0.0 0.3 0.0 0.3 0.0 0.0

0.3 0.3 0. J.J 0.3 .3 3.3 0.3 0. 3.3 0u.0 3.0 0.0 3.0 0.0 0.3 0.0 0.0 0.0 0.0

0 J 3.3 0.0 G0. U.0 U.0 O.0 .C 0.0 0.0 0.0 0.C 0.0 C.0 U. u.0 0.0 0.0 0.0 0.0 0.0

0 .0u0 0.J V,.0 U.u u. ' .o 0-. U0 . .0 0.0 0.0 . 0U. .0 0.0 0,J 0.0 0.0 0.3 0.0 0.0

S3.3 0.3 . U.J J.J 0.3. J.U 0.0 0.0 0.0 0.0 3.0 U.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.1 u. o. 0 0.3 0 0 U. 0 . 0.0 0. 0.0 3.0 0.0 O.0 0.0 0.0 0.0 U.0 3.0 U.0 0.0

0 d o. .o o O.J 3. 0. 0.0 . .0 0.C U . J .0 0.0 . . 0.0 0.0 0.0 0.0 0.0 0.0 0.0

J.0 0.3 3.3 0.- U.3 0.3 ,C 3.3 0.0 0.0 0.0. 0.a 3;3 0.0 0.0 0.0 0.0 0.0 0.0 0.0

MATRIX CP ALPH (I1,J*L.) VALUES

c = I TU 25 / j = I TU 20

U0.0 0.0 0.3 0. 0.3 0.3 0.C U.0 0.0 0.0 3.C 3.0 0.3 0.3 3.) 0.0 0.0 -0.0 0.0 0.0

S.3 0 .J . 0. o. u. O.0 0 0.0 0.0 0. J.. 0.0 J .0 C.u 0.0 0.0 3.0 0.0 0.0 0.0

3.0 .0. O- .0 J.j v.J o. J. . . .0 .0 0. u. .3.0 C.3 0.0 0.0 0.0 3.3 0.0 0.0

0.0 0. O.0.3 0. .0 0. 0 0. j.0 . ..J . .: 0. 0.3 0.9 .0 .3 0.0 0.0

0 u.3 C.0 .J .v., 0.0 .. G. 3.3 0.0 J.C 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0

U.o o.j Jo. u. .u 6 - .. 0.3 0 .o U.U U. U.) u.J U.0 0.0 0.0 0.0 0.0

3.0 0. -. O.. U 0 .0 0. J. .J .) . ) . . 3 3.3 0.0 ).0 0.0 0.0 0.0

J.. 6. J .L.. U. .u '.' .' -fe. . .. . .u -:.. u 0.3 0 )0 O.0 0.0 0.0 0.0

3. 0.3 0.j J .J . .3 . ., . , . ,. .C- J. l ; .j J -.. ,o-v.,l- .C - ..-0 v . . - .,u 0.0 0.0 0.0 0.0

0.. . .J . .) j. . ...u ... 0- ' ... J, * J.i i J.001 v0.. 0-.. U.-0.JJ -,.J 2.0u 3-3.0) ', . -D - .. C J 0.3 0.0 0.0

o. 0.3 0.0 .. i7 .. C.. .J.0 .< 3 ..0 3.01 0. -J... 0.0 0.0

., 0 ).3 3. J.J J.L0 u.05 U .0 U. W.. .. J-J.i.- J.U I--.JIJ2-C. 0,)-). )J S-J.J10-.JU3 3)> 0.0 0.0

J.0 0- v., .. 0) 0.010,3. J,0uJ 0.0',C 0,;," .u. 3.u3J-3.0u0-J.Jul-.3CO.-32.034-0.OJ5-u.0-0-o.32 J3 J 0.0 0.0

.3 V.3 0. '3',Jl ,.1 0.;, CLCC 3 .. .LJi J0. ~u .cl.J1-..Jul-. ..u -O.JU-J. 0oJ,-, . I-J- J..- v.0 0-0 0.0

3.3 0. 3 .0 U u . . . .v- v. u.. o 0.3 .. 0., J.J u. J.u 0.1 0.0 0.0

,. 3O.J .J .J ..3 .3 .J v., 0.0 U U. .3 .0 0.0 O.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

O. U 0.0 o.3 0.J u.0 O. 0.0 j0. 0.0 0.0 3.0 u.3 0. L.o " 0. U.00 0.0 030 0.0 0.0

O.. , .J U.3 0,; 0. 0.0 0. 0.0 0.0 0.0 O.C . 0 0.0 0. 0 0.1 0.0 0.0

.0 0. V.) J.) 0. 3 u . . 0.0 J.3 O.J J.J 0.0 0.3 0.0 .0 ,0.0 0.0 0.0 0.0 0.0 C

U. v * .i 1.) U.o 0.0 O.C 0. G 1).O 0. 0.0 O.C C .u O.0 u.J % .O .0-0 O.0 0.0"

Q0. 0.3 O. u - u.J -.v 3,u 0. .o 0.3 .. O ... 0.3 . 0 0 .0 0.0 0.0 0.0 0.0 0.0 0.0

O.0 0.1 .O V..J 0.0 0.0 C.c 0.0 0.0 0. 0.0 0.0 0.0 C.0 0.0 0.0 0.0 0.0 0 0 0.0
0. .O.0 .0.3 ). 0 ... 0) . 0. 0 0.0 0. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.o 0.0 0.0

0.0 0.0 .0. 3. .0 0 .0 3 .. 0 .0 0.0 3. 0.3 J. 0.) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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FIGURE 29

Outlines of the Crater at 30 m
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SUMMARY AND CONCLUSIONS

The research detailed in this paper was directed toward.the

development of a practical obstacle detection system for the Mars Rover.

A simple scheme was desired, which would operate on the raw data ob-

tained from the laser rangefinder mounted on the Rover in order to en-

hance the outline of an obstacle in the vehicle's path. By this means

the size and location of the obstacle can be determined, and this in-

formation used to make path selection decisions. Such a scheme was

devised and simulated for a nuilber of typical obstacles, and the re-

sults indicate that it has a high practical potential. Yet, as with

any initial venture of this kind, as questions are answered even more

questions are raised. Problems such as bottom edge detection and

scanning scheme detennination remain to be solved. Thus, this project

should be seen as the first encouraging steps toward realization of

the final operating system.
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