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Abstract 

In this paper we present two new approaches to plane- 
tary rover perception. One approach concerns stereo driv- 
ing without 3-D reconstruction. This approach begins 
with weakly calibrated stereo images, and evaluates the 
traversability of terrain using shape indicators such as rel- 
ative slope and relative elevation. The approach then eval- 
uates candidate paths based on the traversability analysis 
and generates the best path. 

The second approach involves estimating vehicle position 
by observing the Sun. At a given time, a measurement of 
the Sun's altitude constrains the observer to lie on a circle 
on the terrestrial surface called the circle of equal altitude. 
We determine the position of the observer by intersecting 
circles of equal altitude identified at different times. 

We are validating experimentally both approaches in 
unstructured, outdoor environments with several wheeled 
rovers, Future efforts will transfer the developed technology 
into Lunar  Rover demonstration and flight programs. 

1 Introduction 

Planetary exploration, by its nature, requires opera- 
tion in highly unstructured environments. The lack of 
structure on the surfaces of Mars or the Moon chal- 
lenges established machine perception techniques be- 
cause the irregular terrain found on planetary surfaces 
does not satisfy standard constraints on shape, e.g., 
symmetry, or surface properties, e.g., smoothness, nor 
does it permit the standard tricks of controlled lighting 
or fixtured objects. 
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Over the past five years, we have addressed this chal- 
lenge by developing and validating laser rangefinder 
systems for two outdoor rovers: 

1. 

2. 

Ambler, a six-legged robot intended to undertake 
Mars Rover Sample Return class missions. The 
implemented system enabled the Ambler to suc- 
cessfully walk kilometers over rugged, natural ter- 
rain [SI. 

HMMWV, a four-wheeled all-terrain vehicle in- 
tended for cross-country missions. The imple- 
mented system enabled the vehicle to drive contin- 
uously at 10 km/hr over rough, barren terrain [2]. 

These two systems are compared in [5] .  
Over the past year, we have shifted our focus from 

Mars to the Moon, as well as from missions driven ex- 
clusively by science objectives to  missions that jointly 
satisfy entertainment and scientific purposes. Given 
these changes, we have undertaken a transition from 
walkers to rolling robots, and from range to video sens- 
ing. 

Despite all these changes, perception remains as one 
of the critical technologies enabling mobile robots to  
operate autonomously for extended periods of time in 
rugged, natural, unstructured environments. Thus, we 
continue to investigate new approaches to the old prob- 
lems of avoiding obstacles and fixing position, all to 
enable robotic exploration of planetary surfaces. 

In this paper, we present new approaches and results 
in stereo driving and in position estimation. Both ap- 
proaches are entirely passive; they do not require scan- 
ning or transmission of electromagnetic radiation into 
the environment. In addition, both are consistent with 
our aim for maximal rover self-reliance; they diminish 
requirements for close human supervision. We are V a l-  
idating experimentally these approaches on rovers- 
including the Ratler and the HMMWV (Figure 1)- 
and in outdoor trials. Future efforts will transfer the 



developed technology into Lunar Rover demonstration 
and fight programs. 

Figure 1: Rover testbeds: Ratler (left) and HMMWV 
(right) 

In Section 2, we present an innovative stereo driving 
approach that bypasses traditional three-dimensional 
reconstruction. In Section 3, we develop position esti- 
mation approach that computes the latitude and lon- 
gitude of a camera based on its observations of the Sun 
or other celestial bodies. In Section 4, we summarize 
the contributions. and discuss future directions. 

2 Stereo Driving 

Conventional stereo systems for navigation use three 
basic steps. First, matches between pixels in the left 
and right images are computed. Second, the matches 
are converted to  points in 3-D space. Finally, the 3- 
D points are arranged into a map which is used for 
evaluating possible vehicle paths and for selecting the 
safest path. 

This conventional approach has been demonstrated 
successfully in a limited number of systems [9, 141. 
However , this approach suffers from several limitations 
that compromise its use in full-fledged navigation sys- 
tems, especially in areas that cannot be easily accessed, 
e.g., as in planetary exploration scenarios. In particu- 
lar, one major limitation is the need for precise camera 
calibration. 

We set out to  develop an alternative more general 
and robust approach by eliminating the conversion to  
Cartesian coordinates and the building of a dense el- 
evation map. More precisely, our approach is to ini- 
tially compute some of the parameters of the stereo 
system by matching natural features in the environ- 
ment. These parameters are used at run-time for com- 
puting stereo matches between the two images and for 
deriving geometric cues such as the elevation of the ter- 
rain at the matched pixels. The parameters are also 
used for projecting candidate paths into the images. 
The candidate paths are evaluated by comparing them 
with the distribution of elevation values in the image. 
An optimal vehicle path is selected based on the result 

of the evaluation. The image processing and the path 
evaluation are fast enough that the vehicle path can 
be updated at a rate high enough to permit continu- 
ous motion at moderate speed. 

The remainder of this section is organized 8s follows; 
in Section 2.1, we describe our algorithm for stereo 
matching; in Section 2.2, we describe our approach to 
computing relative elevations from stereo matches. In 
Section 2.3, we describe how the stereo system is in- 
tegrated into a complete driving module, and, partic- 
ular, how paths can be evaluated based on the result 
of stereo matching; finally, in Section 2.4, we discuss 
the performance of the system based on experiments 
OD the HMMWV testbed. We also discuss our current 
work and future plans, including moving the system to 
the Ratler. 

2.1 Stereo Matching 
Many conventional systems are limited in that, in or- 
der to facilitate the initial search for matches between 
left and right images, their cameras either need to be 
aligned so that the epipolar lines are the scanlines of 
the images or they need to be precisely calibrated with 
respect to a common external calibration target in or- 
der to  derive the epipolar geometry. 

Recent work in the area of weak calibration shows 
that the epipolar geometry can be derived by matching 
features between the two images without the use of an 
external calibration target [3, 41. In practice, we use 
the program described in [17] in order to compute the 
epipolar geometry. 

Moreover, the epipolar geometry can be used for 
computing a 2-D rectification transformation which 
brings the images into a standard configuration, irre- 
spective of the physical configuration of the cameras. 
Once the rectification matrices are computed, rectify- 
ing an image is fast because the mapping between pixel 
positions in the original image and the corresponding 
positions in the rectified image is stored in a look-up 
table. The rectification of a full 480x640 image takes 
0.2s on a Sparc-10 workstation. 

Once both images are rectified, the best match to 
a pixel in the left image is found by evaluating a nor- 
malized correlation criterion at the pixels in the right 
image along the corresponding scanline. The search is 
limited to a preset disparity interval [&in , dmo,] .  

The stereo algorithm is implemented as a random 
access function which takes as input a pixel position 
( t r , v r )  and a disparity interval [&in, dmo,], and out- 
puts the corresponding disparity. We chose this im- 
plementation over the conventional raster scan imple- 
mentation because we need to compute only a small 



number of matches compared to the total number of 
pixels in the image, as we will show in Section 2.3. 
Furthermore, as we will show in Section 2.2, the antic- 
ipated range of disparity [&in, dmaz] can be adjusted 
dynamically at each pixel. 

It is well known that any stereo matching algorithm 
is prone to false matches due to  lack of texture, repeti- 
tive texture, and occlusions. In our case, false matches 
are of great consequence because they directly impact 
the behavior of the entire driving system. To reduce 
instances of false matches, we implemented three levels 
of mismatch detection. First, pixels at which the vari- 
ation of intensity in the neighborhood, u, is insufficient 
are not matched. This test eliminates points on uni- 
form surfaces such as roads. Second, matches with an 
insufficient correlation value p are not matched. This 
test eliminates points in occluded parts, for example. 
A third test finds the local extrema of the correlation 
curve p(d)  at each pixel and discards the pixel if there 
exists a local maximum di such that pmoz-P(di) < 6p,  
where pmoI is the global maximum value of correla- 
tion. The current values used in the three tests are: 
umin = 2, pmin = 0.5, and 6p = 0.05. 

2.2 Computing Relative Elevation 
from Stereo Matches 

As previously mentioned, a limitation of the conven- 
tional approach to stereo driving is that it relies on 
precise metric calibration with respect to  an external 
calibration target in order to  convert matches to  3-D 
points. From a practical standpoint, this is a serious 
limitation in scenarios in which the sensing hardware 
cannot be physically accessed, such as in the case of 
planetary exploration. In particular, this limitation 
implies that the vision system must remain perfectly 
calibrated over the course of an entire mission. From 
a philosophical point of view, navigation should not 
require the precise knowledge of the 3-D position of 
points in the scene: What is important is how much 
a point deviates from the reference ground plane, not 
its exact position. 

Based on these observations, we developed an a p  
proach in which a relative measure of height with re- 
spect to a ground plane is computed from the matches 
without requiring the knowledge of the full set of cam- 
era parameters. This height is relative in the sense 
that i t  is a multiple of the true height by a unknown 
scale factor. We now describe the construction of the 
relative height in detail. The geometry described be- 
low has been used in earlier work in which a point is 
classified as belonging to one of two halfspaces based 
on its projections in two uncalibrated images [ll]. 

Let us consider first a flat ground plane observed 
by two cameras. We assume that the only known in- 
formation about the geometry of the cameras is the 
epipolar geometry. Let M be a generic point on the 
plane and rnl and m, be its projections in the left 
and right images, respectively. We represent points 
in the image plane by 2-D projective coordinates, 
ml = [uvw]~ ,  where the usual Cartesian image co- 
ordinates are 2 = u/w and y = v / w .  It  can be easily 
shown that for any point M ,  the projections are related 
by a linear projective transformation, or homography, 
H: m, = Hmr. In this relation, the symbol = means 
that the two sides are equal in the projective sense, i.e., 
that their coordinates are proportional. Intuitively, H 
maps a pixel from the right image to its location in the 
left image assuming that the corresponding 3-D scene 
point lies on the plane (Figure 2(a)). 

The homography H is a 3x3 matrix defined up to 
a scale factor. H can be easily estimated from real 
images in the following way. First, n features mf are 
selected in the left image and the corresponding pix- 
els m: in the right image are computed using the al- 
gorithm of Section 2.1. Then, the parameters of H 
are computed by solving for the least-squares criterion: xi  IlHmf x m:1l2. The features used in the computa- 
tion of H may be anywhere in the image. Moreover, 
computing H does not require any information on the 
actual 3-D positions of the scene points used as fea- 
tures. 

We now show that H is all we need to compute a 
relative elevation map. Consider a world point M not 
necessarily on the ground plane and its projections mr 
and m,. Let us assume that we also have defined once 
and for all a "reference" point M' described by its 
projections m; and m:. M' may be anywhere in space 
80 long as it is not on the reference plane. Of course 
the point M' is not known; only its projections in 
the images are known. Let us consider now the image 
points pr = Hml and p: = Hrn;. Point pr (resp. 
p:) is the point at which M (resp. M') would be 
projected in the right image if it were on the ground 
plane. Finally, consider the point qrl intersection in 
the right image of the two segments m,m: and p,p:. 
Since m,m: is the projection of the segment MM' and 
p,p: is the projection of a line segment contained in the 
plane, the intersection point q must be the projection 
of the intersection of MM' with the reference plane 
(Figure 2(b)). 

The previous reasoning shows that we now have a 
way to  compute the intersection of the line joining a 
point and a reference point with a reference plane with- 
out computing the actual 3-D position of the point. 
Now, let M' become the point at infinity in a given 



direction. The intersection q becomes the image of the 
projection of M onto the reference plane in the direc- 
tion given by M' (Figure 2(c)). Because q is now the 
projection of M ,  the distance in the image m,.q is di- 
rectly related to  the height of M with respect to  the 
reference plane. In practice, we use another reference 
point Punit which we declare to be at height one from 
the reference plane. If q:"" is the image of the projec- 
tion of Punit on the reference plane, then the height is 
defined as: h = qmr/q~"itm~"i' (Figure 2(d)). 

In affine geometry, this definition of height is exact 
in the sense that h is proportional to the distance be- 
tween M and the reference plane. In the projective 
case, an additional reference plane is required in order 
to define a concept of projective height. However, the 
affine approximation is accurate enough for the pur- 
pose of navigation because the heights are computed 
at relatively long range from the camera and over a 
relatively shallow depth of field. 

Figure 2: Computation of relative height: (a) Rela- 
tion between the projections of a point in the reference 
ground plane in the images; (b) Computing the inter- 
section of a line segment with the ground plane; (c) 
Computing the projection of a point on the ground 
plane; (d) Computing the height relative to "unit" 
point. 

The relative height is also used for limiting the 
search in the stereo matching. More precisely, we de- 
fine an interval [h,in, h,,,] of heights which we antic- 
ipate in a typical terrain. This interval is converted at 
each pixel to a disparity range [&in, dma,]. This is an 
effective way of limiting the search by searching only 
for disparities that are physically meaningful a t  each 
pixel. 

In addition to the relative elevation, a measure of 
slope relative to the ground plane can also be com- 

puted under minimal knowledge of camera geometry. 
We do not describe the slope evaluation algorithm here 
because it is not integrated in the current system. We 
refer the reader to  [12] and [l] for a detailed presenta- 
tion. 

2.3 Navigation 
The navigation part of the stereo driving system is 
based on an existing CMU Distributed Architecture for 
Mobile Navigation (DAMN), which provides a frame- 
work within which individual components can be com- 
bined into a coherent navigation system [SI. 

Figure 3: Discrete set of arcs projected in the image. 

In DAMN, modules communicate using a common 
set of arcs of constant radii [13, 21. Each module de- 
scribes its current view of where the vehicle should 
steer next in terms of votes for a set of arcs. The votes 
from multiple behaviors are combined by an arbiter 
which decides on the best command to send to the 
vehicle controller. 

Figure 3 shows the set of arcs used in the current 
system projected in one of the images. The parameters 
necessary for projecting the arcs in the image can be 
computed by a procedure similar to the one used in 
Section 2.2. The difference is that this procedure uses 
features tracked over several frames as the vehicle is 
moving instead of features detected in static images. 

The obstacle avoidance module we developed peri- 
odically produces recommendations for the best steer- 
ing directions based on stereo measurements. In other 
words, this module computes which arcs are safe with- 
out attempting to steer the vehicle in a preferred di- 
rection. The final steering commands is selected by 
an arbiter module which is responsible for the arbitra- 
tion between the different modules involved in a given 
mission. 

The recommendations are encoded in the form of an 
array of votes Vi ,  i = 1, .  . . , N for a fixed set of possible 
arcs of radii R,, i = 1,. . . , N .  The votes are encoded as 



continuous values between -1 and +l. The semantics 
of the votes are as follows: If uj = -1, the behavior 
has determined that the arc of radius R, should not 
be executed; if vi  = +1, the behavior has determined 
that the arc of radius R, is an optimal arc to  follow; 
if -1 < vi < +1, the behavior indicates a level of 
preference for this arc proportional to  V i .  

In order to  compute these votes, we measure the 
height and the position on the ground of a few hun- 
dred points in the field of view using the algorithms 
of Section 2.2. Since we know the transformation be- 
tween the ground plane and the image plane, we select 
these points on a grid in the image so that they cover a 
surface on the ground that fits the navigation require- 
ments. The example in Figure 4 shows the grid of 
measurement points in a typical example and Figure 5 
shows their projections on the ground. These points 
cover an area on the ground ranging between 12 and 
32 meters from the robot. 

Figure 4: Grid of measurement points. 

The obstacle avoidance behavior first computes a 
vote uf = u(&,  t k  , yt) for all radii R, and all points 
(zk,yt )  (Figure 6). Intuitively, uf is the vote that 
would be assigned to cell ( i r k ,  yk) if it were an obsta- 
cle. For reasons of space, we give only a qualitative 
description of the computation of uf .  The detail algo- 
rithm is described in [2] and [SI. 

The computation of u: is based on three parameters: 
L,,, , the distance along the arc after which an obsta- 
cle does not matter; Lmin, the distance along the arc 
before which an obstacle causes the arc to  be removed 
from consideration; and K ,  a coefficient which indi- 
cates how fast uf increases as function of the lateral 
distance between the arc and the obstacle cell. Qual- 
itatively, uf decreases as the distance L', of the cell 
along the arc decreases and is set to 1 (resp -1) if Lf if 

Figure 5: Measured points from Figure 4 projected on 
the ground. 

greater (resp. lower) than Lm,, (resp. Lmin). More- 
over, for cells that do not directly intersect the arc, u; 
increases with the lateral distance Df between the arc 
and the cell. 

at grid location ( t k ,  yt) ,  
and with relative height h k ,  the vote for arc i is a func- 
tion of h k  and is computed as: Fk(hk)  = A(ht)uf + 
(1 - A ( h k ) ) .  In this expression, A(h) = el-gh is a func- 
tion that is small when h is small, and that converges 
to 1 as h increases (Figure 7). With this definition, 
X k ( h k )  is small when the point is close to  the ground 
plane and becomes close to  ut, the obstacle value, as 
the elevation increases. 

The gain g controls the sensitivity of the system to 
variations in height. A large value for g causes the 
system to be sensitive to small variations in terrain el- 
evation; a small g causes the system to respond only 
to large objects. Given now a set of measured points 
{Pk} ,  the final votes for each arc i are obtained by tak- 
ing the minimum values of the Fk for each measured 
point. 

Given a measured point 

Figure 6: Influence of an obstacle cell 

Using this definition of the votes, we can precompute 
in a grid all the uf for all the arcs and for all the 
possible cells (tt, yk) in front of the robot. This speeds 



Figure 7: Function A(h) 

up considerably the computation of the final votes. 

Figure 8: Two measured points. The left one is on a 
plane ground, the right one is on a bump and repre- 
sents a small obstacle. 

Figure 9: Votes corresponding to the measured points 
of Figure 8; Left: Point on the ground plane; Right: 
Point on an obstacle. 

Figure 8 shows two measured points and their in- 
fluence on the arcs. The first one, on the left, is on 
the ground plane and is not an obstacle. Its influence 
on the arcs is shown in Figure 9 on the left. If only 
one point had been measured, the votes for the arcs on 
the right would have been slightly higher. (Indeed, the 
votes for each visible arc are close to 1, and decrease 
a little for the arcs on the left.) On the contrary, the 
votes generated by the measure of the second point 
in the right of the image presented in Figure 9 show 
clearly that it represents a small obstacle. The values 
for the votes corresponding to the arcs on the right are 
much lower than the ones on the left. 

2.4 System Performance and Future 
Work 

In this section, we present results obtained using the 
HMMWV in a cross-country test area. In all the ex- 
amples, the homography of the reference plane is com- 
puted on an initial image by using up to ten features on 
the ground plane. The relative height, stereo match- 
ing and rectification use the algorithms of Section 2.1 
and Section 2.2. The evaluation of relative slope is not 
yet integrated in the system. Three hundred points 
are used in a typical configuration of the system. The 
computation times are 0.3s for the arc evaluation and 

workstations. The navigation module runs on a dedi- 
cated workstation while the other modules, such as the 
DAMN arbiter, run on a separate workstation. 

The first example (Figure 10) shows a large obstacle 
in front of the robot, on the right. The small white 
dots are the points that have been measured, and the 
white circles are their projection on the ground. The 
bump has been detected since all the measured points 
located on its surface have been correctly projected 
at the bottom of the bump, on the ground plane. The 
corresponding votes are shown in Figure 11. The votes 
corresponding to the arcs on the left of the obstacle 
have a much better value than the ones going in the 
direction of the obstacle. The votes for the arcs on the 
extreme left and right are set to -1 because they are 
not visible in the image. 

# 

0.5s for stereo matching and rectification on a Sparc-10 i 

Figure 10: Result of the relative height computation in 
the vicinity of a large obstacle. The dots indicate the 
location of the measurement points; the circles indicate 
their projection on the ground. 

The example in Figure 12 is similar; a small bump 
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Figure 11: Votes corresponding to the measures from 
Figure 10 

on the right has been detected. An interesting observa- 
tion is that the votes corresponding to  the arcs going 
toward the obstacle (Figure 13) have a value bigger 
than the ones going toward the obstacle detected in 
the first example (Figure 10). The reason is that the 
obstacle in this example is smaller than the one in the 
first example. 

Figure 14: Result of the height computation around 
the obstacle of 12 at closer range 

a * u ~ s s s ~ - s  

r* 

Figure 15: Votes corresponding to the measures from 
Fig 14 

Figure 12: Result of the relative height computation 
in the vicinity of a small obstacle 

Figure 13: Votes corresponding to  the measures from 
Figure 12 

In the third example (Figure 14 and Figure 15), the 
robot is closer to  the obstacle. Therefore, this time, 
the votes corresponding to the arcs going toward the 
obstacle have a smaller value than before (compare 
Figure 13 and Figure 15). This is because both the dis- 
tance and the height of the detected obstacles are taken 
into account during the computation of the votes. 

We demonstrated this initial system over short paths 
in our test site. We processed up to one hundred im- 

ages over a single path. Our current work involves 
adding a module that keeps a history of all the votes 
instead on relying solely on the votes from the most re- 
cent image, and integrating the slope computation into 
the system. These two extensions will make the system 
more robust and will allow for longer demonstrations. 
We are also automating some aspects of the system, 
such as the selection of the features in the initial train- 
ing images of the reference plane. Longer-term goals 
include moving the system to the Ratler and using two 
pairs of cameras for increased field of view. 

3 Sun Tracker 

In this section we describe a system for localization on 
Earth given measurements of Sun altitude. This prob- 
lem, known to ancient civilizations, is part of the basic 
knowledge of any sea navigator. Celestial information 
has been used in space applications for attitude control 
and accurate positioning [16]. Yet celestial navigation 
has not been heavily mentioned in connection with au- 
tonomous rovers. This comes as a surprise since plan- 
etary rovers will not be connected with GPS or similar 
localization systems and will need reliable means of 
checking dead reckoning data. 

The localization system described here is based on 



a camera with telephoto lenses. Our purpose was to 
validate the idea of celestial localization through image 
processing. 

The usual procedure in marine applications is to get 
several altitude measurements from different stars and 
to determine position from them. We will modify this 
problem by tracking only the Sun over time; the result 
will be equivalent to  obtaining several star measure- 
ments simultaneously. 

3.1 Basic Definitions 
In this section we summarize some basic concepts that 
are used in the celestial navigation literature. Some 
concepts are specific to Earth, even though they could 
be adapted to other celestial bodies. An extensive 
treatment is given by Hobbs [7]. 

Basic facts are: 

Position on Earth is given by a pair lati- 
tudellongitude. We take south latitude as neg- 
ative and west longitude as negative. 
Every celestial body can be projected onto the 
terrestrial surface by considering the line that goes 
from the center of Earth to the body. The point 
of intersection between the terrestrial surface and 
this line is the geographic position (GP) of the 
body. 
The latitude of a body in the celestial sphere is 
denoted declination. 
Since the Sun is moving continuously, its GP  lon- 
gitude changes. We can recover G P  longitude if 
we know Greenwich Mean Time. However, GMT 
gives only a mean position; we need to subtract a 
small correction that varies daily. This quantity is 
called equaf ion  o f f i m e  and it is tabulated in the 
Astronomical Almanac [15]. 

At any given time, a measurement of Sun altitude 
constrains the observer to be in a circle on the ter- 
restrial surface. Such a circle is called circle of equal 
a l f i f u d e .  A circle of equal altitude is defined by a mea- 
surement of Sun altitude and knowledge of the GP  
of Sun. Two measurements of altitude are enough 
to  constrain the observer to  two points; three mea- 
surements are enough to constrain the observer to  one 
point. More measurements of altitude overconstrain 
position and can be used to  check or correct previous 
measurements. Figure 16 illustrates a situation where 
two stars are measured, yielding two possible solutions. 
In general, the solutions are very far from each other 
and one can be discarded based on other sources, for 
example, dead reckoning. 

I llCm 

Figure 16: Two Measurements of Altitude: GPs and 
Circles of Equal Altitude 

In marine applications, altitudes are obtained with 
sextants, and the final position is obtained through ta- 
ble look-up. Tables with necessary data are published 
regularly [7]. We propose below a fully automated 
method of calculation for position, based on non-linear 
least squares filtering. 

3.2 Obtaining Circles of Equal Alti- 

We need to measure Sun altitude and obtain the GP  of 
the Sun. Sun altitude is measured with a camera and 
telephoto lenses. The camera is attached to a fixed 
horizontal platform and is aimed at the Sun. A series 
of neutral density filters is attached to the telephoto 
lens so that the Sun can be observed directly. 

tude 

3.2.1 Obtaining Al t i t ude  

Sun images are sent to a workstation, which performs 
the following operations: 

1. A histogram is made with the pixel values, and 
the image is thresholded so that only 20% of pixels 
remain valid. 

2. A grassfire transform is performed in order to re- 
move noisy features in the thresholded image. 

3. A region coloring algorithm is used to connect all 
remaining regions in the thresholded image. The 
algorithm scans the image and expands every re- 
gion as much as possible. 

4. Each connected region is analyzed. The best re- 
gion based on area and aspect ratio is declared to 
be the Sun image. 

5. The centroid of the chosen region is calculated and 
reported as the position of the Sun in the image. 
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Figure 17: Typical Sequence of Images in Altitude 
Measurement 

Figure 17 shows a typical sequence of images gener- 
ated by the system. The first image is the raw image 
obtained using the neutral density filters and the tele- 
photo lens. The centroid determined by the system is 
marked with a cross in this image. The second image 
is the thresholded and filtered image. 

The determination of the centroid of the Sun allows 
us to obtain the angle between the optical axis and the 
ray that emanates from the center of the image to the 
Sun. This angle is: 

cx = arctan (7) u - u, 

where: 

u Row of centroid of Sun (in pixels). 
u, Row of center of image (in pixels). 
fu Focal length in camera's y axis (in pixels). 

The parameters u, and f v  are intrinsic parameters of 
the camera and their values were obtained through a 
customized calibration procedure. Details of this pro- 
cedure are left to Section 3.4. 

In order to get altitude, we need to obtain the angle 
between the optical axis of the camera and the horizon- 
tal plane with respect to  Earth's gravity. This angle is 
measured with a digital inclinometer. Raw altitude is 
given by: 

h o = a + P  

where p is the inclinometer reading. 
There are some additional factors that must be taken 

into account in this type of measurement [7]. The grad- 
ual bending of an incoming light ray in the Earth's 
atmosphere is called atmospheric refraction; it must 
be corrected. Atmospheric refraction depends on the 
raw altitude, because rays bend in different ways when 
they reach the atmosphere at different angles. The re- 
fraction correction R in degrees is given by: 

0.0167 

The difference in the apparent altitude of a body 
within the solar system as viewed from the surface of 

Earth and from its center is called parallax; this dif- 
ference must be corrected since the images of the Sun 
are taken from its surface, not from its center. The 
parallax correction P A  for the Sun is: 

The final observed altitude ie h, = h, - R + P A .  
P A  = 0.0024~0s h,. 

3.2.2 Obtaining GP of Sun 

The astronomical position of the Sun is fixed for a 
given Greenwich Mean Time value. The Astronomi- 
cal Almanac [15] annually reports declination and the 
equation of time for all days of the year. A set of 
formulas is given in the Almanac for automatic cal- 
culation of these quantities. Since these formulas are 
easily available we do not repeat them here. Declina- 
tion of the Sun directly gives Sun latitude for a given 
day. The equation of time must be used to obtain 
Sun longitude, together with precise Greenwich Mean 
Time. We obtain Greenwich Mean Time directly from 
the computer clock, corrected to the nearest second by 
a network call to a national server. 

3.3 Computation of Localization Esti- 
mates 

The intersection of all circles of equal altitude is per- 
formed numerically. The result of the measurement 
process previously outlined produces: 

e A sequence of altitudes, indexed by time. 
e A sequence of GPs of Sun, indexed by time. 

From each pair altitude/GP, it is possible to  define a 
circle of equal altitude on the surface of the Earth. As a 
twedimensional circle in three dimensional space. The 
important point is that, if we parameterize the Earth 
surface in longitude/latitude coordinates, the circles 
of equal aliiiudes are not iwo dimensional circles. In- 
stead, they are the loci of solutions of [7]: 

sin I sin IGP + cos I cos IGp  COS(AGP + A) = sin h,, (1) 
where (I, A) is a point in latitude/longitude space, 
( l ~ p , A ~ p )  is the G P  of Sun in this space and h, is 
the measured altitude. 

If we have n pairs altitude/GP, we have a series of 
n equations in two unknowns. We set the following 
non- linear least squares problem: 



The minimization starts with a grid of “presumed 
positions.” The user defines a rectangular region in 
terms of latitude/longitude and spacings for a grid that 
covers a region on Earth. The size of the initial grid 
is arbitrary; the larger the grid, the longer the mini- 
mization will take. 

If we have a large number of measurements and a 
large grid, the minimization involved will be impracti- 
cal. Instead, we use the following procedure instead. 
Initially set n to  1 and minimize (2) using only the first 
pair altitude/GP. For each point in the grid, minimize 
numerically equation (2). This produces a list of solu- 
tions. Solutions that are too close are combined. The 
remaining solutions will serve as seeds for the next min- 
imization process. The minimization step is repeated 
n times, each time including a new measurement and 
combining solutions that are too close. 

The remaining solutions are the result of the whole 
procedure. 

3.4 System Calibration 

The system is highly sensitive to errors due to miscal- 
ibration. Three measurements are made every time a 
pair altitude/GP is obtained: 

0 An image is acquired. 

0 An angle is obtained through a digital inclinome- 
ter. 

0 Greenwich Mean Time is stored. 

Measument of time is precise and can be easily cali- 
brated. We are using a digital inclinometer with simple 
re-calibration procedure, but limited to  f 0 . 2  degrees 
of precision. Currently the precision of our system is 
limited by the inclinometer precision. Finally, camera 
calibration is necessary for minimizing errors in the 
detection of Sun altitude. 

We calibrated our camera/lens apparatus using a 
calibration method proposed by Robert [lo]. The 
method requires a series of measurements of a target 
object. The dimensions of the target object must be 
precisely known. The user starts the calibration pro- 
cess by indicating correspondences in the calibration 
image and the real target object. The method gener- 
ates the perspective projection matrix [4], which con- 
tains all the relevant information about the imaging 
system. 

Since we work with huge zoom lenses, our images are 
essentially ruled by orthographic projection. In fact, 
our perspective projection matrix is (up to a constant 

factor): 

1 39.764 -40.567 1.365 290.104 
-12.129 -13.576 -52.750 465.703 . [ 0.00249 0.00172 -0.00041 1.000 

Numeric determination of intrinsic parameters using 
a perspective model is highly unstable due to ill- 
conditioning of this matrix. Instead we set the first 
three elements of the last column to zero; by so doing 
we obtained an orthographic projection matrix. Ob- 
taining the image center and the magnification factor 
is immediate. In our case (units in pixels): 

vo = 242 
fu = 23068.5. 

3.5 Experiments 
The system described here was implemented and 
tested in a real environment. A fixed platform was 
built to  which the camera/lens/filter apparatus was at- 
tached. The whole platform was leveled using the dig- 
ital inclinometer. Series of measurements were taken 
at different times of day, in periods of one hour. In 
each hour, six or eight measurements were taken. All 
experiments were performed at (40’26‘, -79O59’) lat- 
itude/longitude (obtained with GPS). We obtain ac- 
curacy of f0.8’, comparable to the accuracy of the 
inclinometer. 

We show some representative results in what fol- 
lows. Figure 18 shows the minimization of Equa- 
tion (2) for two independent sets of two measure- 
ments. The first two measurements were taken re- 
spectively at 22:50:24 and 23:0:41 (GMT), June 3 
1994. The temporal distance between measurements 
was small, so the circles of equal altitude are almost 
equal. Minimizing equation (2) with both measure- 
ments yields (40°22‘, -79’26‘). Performance varies 
with random disturbances; the second set of measure- 
ments was taken May 23 1994, respectively at 22:11:23 
and 22:37:59 (GMT). Result of both measurements is 
(40°37‘, 79’52’). 

4 Discussion 

In this paper, we have presented two new approaches 
to  planetary rover perception. 

One approach concerns stereo driving without 3-D 
reconstruction. This approach begins with weakly cal- 
ibrated stereo images, and evaluates the traversability 
of terrain using shape indicators such as relative slope 
and relative elevation. The approach then evaluates 
candidate paths based on the traversability analysis, 



Figure 18: Data from Sun Measurements 

and computes new driving commands for the vehicle 
based on the path evaluations. 

The second approach involves estimating vehicle pcr 
sition by observing the Sun. At a given time, a mea- 
surement of the Sun’s altitude constrains the observer 
to lie on a circle on the terrestrial surface called the 
circle of equal altitude. We determine the position of 
the observer by intersecting circles of equal altitude 
identified at different times. 

To date, we have developed these approaches enough 
to be confident of their feasibility, and to be convinced 
of their potential effectiveness. However, considerable 
effort is still required to achieve the levels of techni- 
cal maturity and generality required for Lunar Rover 
demonstration and flight programs. 

Future work on stereo driving will concentrate on 
extensive testing on robot vehicles, and refinements 
based on this experience. Our goal is a fully aut& 
mated system operating with uncalibrated stereo cam- 
eras demonstrated on several platforms. 

Future work on sun tracking will concentrate on 
achieving altitude measurement accuracies better than 
0.1 degree. This will require design of a highly stable 
camera platform, and use of a high precision digital 
inclinometer. 
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