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Abstract

The success of NASA’s Mars Exploration Rovers has
demonstrated the important benefits that mobility adds to
planetary exploration. Very soon, mission requirements
will impose that planetary exploration rovers drive au-
tonomously in unknown terrain. This will require an evo-
lution of the methods and technologies currently used. This
paper presents our approach to 3D terrain reconstruction
from large sparse range data sets, and the data reduction
achieved through decimation. The outdoor experimental re-
sults demonstrate the effectiveness of the reconstructed ter-
rain model for different types of terrain. We also present a
first attempt to classify the terrain based on the scans prop-
erties.

1. Introduction

The recent success of the Mars Exploration Rovers
“Spirit” and “Opportunity” has demonstrated the important
benefits that mobility adds to landed planetary exploration
missions. The recent announcement by NASA to increase
its activities in planetary exploration (via Moon and Mars
missions) and the ESA Aurora program will certainly re-
sult in an increase in the number of robotic vehicles roam-
ing on the surface of other planets. In particular, robotics
will play a critical role in the NASA’s Mars Science Lab-
oratory [4] and ESA’s Exo-Mars [9, 8]. The current state-
of-the-art in control of planetary rovers requires intensive
human involvement throughout the planning portion of the
operations. Unless the terrain is relatively easy to navigate,
rovers are typically limited to traverses on the order of a
few tens of meters. Recently, the Mars Exploration Rovers
“Spirit” and “Opportunity” have managed to conduct tra-
verses on the order of 100 meters per day.

The next rover missions to Mars are the "Mars Science
Laboratory” (MSL) [10] and ESA’s ExoMars [8]. Both of
these missions have set target traverse distances on the or-
der of one kilometre per day. Both the MSL and ExoMars

Figure 1. The Mars terrain with our modified
P2AT rover.

rovers are therefore expected to drive regularly a significant
distance beyond the horizon of their environment sensors.
Earth-based operators will therefore not know a-priori the
detailed geometry of the environment and will thus not be
able to select via points for the rovers throughout their tra-
verses. Path and trajectory planning will have to be con-
ducted on-board, which is an evolution from the autonomy
model of the MERs.

One of the key technologies that will be required is the
ability to sense and model the 3D environment in which the
rover has to navigate. The current sensing model is based
on passive vision. We are currently developing the capabil-
ities of active vision systems such as 3D laser range finders.
The typical operational scenario used for our experimenta-
tion is based on the following assumptions. The rover, see
Fig. 1, has rough a-priori knowledge of its surroundings in
the form of a low-resolution terrain map. The rover itera-
tively takes local scans of its surroundings, localizes, plans
a path, and navigates segments of the planned path. The lo-
cal scans are used for three purposes: planning a local path
to the next way-point while avoiding known obstacles, re-
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Figure 2. Different views of the Mars terrain where the scans were taken. (a) Flat area with few
obstacles, seen from the top of the hill; (b) gentle slope up the hill from the flat area; (c) flat area with

many obstacles.

Figure 3. A complete model of the Mars ter-
rain. Figure 2a is taken from the center of the
terrain looking to the left; fig. 2b is taken from
the left side; and Fig. 2c is taken from the top
right side, just above the crater.

fining the localization knowledge throughout the trajectory
by observing again the traversed terrain, and finally con-
structing an atlas [2, 7] of detailed terrain maps to be added
to the coarse terrain model. Central in all three uses is the
processing and analysis of the scan-based terrain model.

This paper presents the terrain modeling approach taken
at CSA for planetary exploration. In particular, we present
an analysis of the properties exhibited by a variety of terrain
scans taken in our Mars emulation terrain (Mars terrain).
The terrain is modeled as an irregular triangular mesh. Fig-
ure 2 presents views of the different types of Martian terrain
modelled at CSA. On one side, there is a flat area with few
obstacles that is easy to navigate through but hard to local-
ize; see Fig. 2a. A small hill that has a gentle slope on one
side, see Fig. 2b, and a cliff on the other side, see Fig. 1,
occupies the center of the terrain. Finally a flat area with
many obstacles and two small craters are at the other side
of the hill; see Fig. 2c. Figure 3 shows a model of the whole
Mars terrain.

The next Section presents the related work. The terrain
modelling algorithms and statistical results on the data com-
pression achieved by scan decimation are in Section 3. Sec-
tion 4 provides an overview of different statistical proper-
ties of the terrain models and qualitative experimental re-
sults. A classification of the different terrain kinds mod-
eled in CSA’s Mars terrain based on the statistical proper-
ties presented in the Section 4 are provided in Section 5.
Finally, the last Section contains concluding remarks and
future work.

2 Background

Currently, the most advanced exploration robots for
planetary exploration are the Mars Exploration Rovers
(MER) “Spirit” and “Opportunity”. These rovers have suc-
cessfully demonstrated, on Mars, concepts such as visual
odometry and autonomous path selection from a terrain
model acquired from sensor data. The main sensor suite
used for terrain assessment for the MER has been passive
stereo vision [11]. The models obtained through stereo im-
agery are used both for automatic terrain assessment and for
visual odometry.

In the case of automatic terrain assessment, the cloud of
3D points is used to evaluate the traversability of the terrain
immediately in front of the rover, defined as a regular grid of
square patches. In the case of visual odometry, the model is
used to identify and track features of the terrain to mitigate
the effect of slip. [5]

Our work focuses on a different sensing modality, a laser
range finder which return accurate geometric information in
three dimensions. As such we do not have to address the
problems arising from harsh lighting conditions. In addi-
tion, the sensor already provides three-dimensional data in
the form of a 3D point cloud. We are taking advantage of
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Figure 4. (a) A LIDAR scan; (b) the same scan
decimated and represented as a triangular
mesh.

this sensor characteristic to build a terrain model that pre-
serves the geometry of the terrain but that is also readily
usable for path planning and navigation.

3 Terrain Modelling

Central to planetary exploration is the sensing and mod-
eling of the terrain through which the rover will navigate.
The terrain sensor used on CSA’s experimental test-bed is
a commercial LIght Detection And Ranging (LIDAR) sen-
sor: an ILRIS-3D sensor from Optech. The main advan-
tage of the LIDAR is that it directly provides a 2.5D point
cloud giving the x-y-z coordinates of the terrain in its field
of view. The sensor has a range of over 1 kilometre but the
data is trimmed down to approximately 50 metres. Some
of the specific challenges that must be addressed by the ter-
rain modelling software are the high volume of data (each
LIDAR scan can contain as many as SO0K 3D points at full
range), and the highly non-uniform density of the scans due
to the fact that the sensor is mounted at a grazing angle.
Indeed, to increase the challenges associated with over-the-
horizon navigation, the sensor is mounted directly on top of
the rover, approximately 50 cm off the ground; see Fig. 1.
This has the effect of shortening the horizon and introduc-
ing severe occlusions in the presence of obstacles; see Fig.
4a.

Since a point cloud is not an appropriate structure for
path-planning and navigation, a different representation was
chosen. One of the requirements of the selected representa-
tion is that it must be compatible with navigation algorithms
and that it must preserve the scientific data contained in the
terrain topography. In addition, the resulting model must be
compact in terms of memory usage since the model must
reside on-board the rover.

To fulfil these requirements, the irregular triangular-
mesh terrain representation was chosen. One of the main
advantages of the irregular triangular-mesh over the classi-
cal digital elevation maps (DEM) is that it inherently sup-
ports variable resolution. It is therefore possible to deci-
mate the data set, modelling details of uneven areas with

Figure 5. (a) The model of the entrance of a
cave/tunnel in the Mars terrain, single scan;
(b) The same scan viewed from above shows
the model of the pipe that forms the inside of
the tunnel.

high precision, while simplifying flat areas to just a few tri-
angles; see Fig. 4b for a decimated triangular mesh of the
data points presented in Fig. 4a. The decimated mesh dras-
tically reduces the overall memory requirements for a given
terrain. The irregular triangular-mesh (ITM) representa-
tion also has advantages compared to other variable resolu-
tion representations such as quad-trees or other traversabil-
ity maps, which remove all science content from the to-
pographical data. In addition, both DEM and quad-trees
are 2.5D representations. Therefore, they do not support
concave geological structures like overhangs and caverns,
which pose no problem to the irregular triangular mesh.
Oct-trees provide 3D representation but at finite resolution,
as such the model appears “pixelized” even at the highest
resolution, moreover, updates could be really costly com-
putationally. Figure 5 show two views of the data collected
at the entrance of an artificial cave/tunnel at our Mars ter-
rain. It is worth noting that, as can be seen at Figure 5b, the
inside of the tunnel —made of a large drain pipe— was mod-
elled as a cylinder by many small triangles. Such details
were possible to model due to our representation choice.
The implementation of the terrain modelling using a trian-
gular mesh is done using the Visualisation Toolkit [1]. The
Delaunay triangulation algorithm is used on the point cloud
and then triangles, termed shadow triangles, that appear be-
hind obstacles, thus not visible from the sensors POV, are
removed.

As mentioned earlier, an important step is the decimation
of the dense point cloud. The decimation algorithm was
run repeatedly over the rich data sets obtained in the CSA’s
Mars-like terrain. The scans were taken using the ILRIS
LIDAR in the same configuration that is used for the nav-
igation experiments. The terrain is representative of what
a rover would encounter in several locations on the surface
of Mars. There are two parameters guiding the decimation,
one is the maximum allowed error and the other one is the



Target Decim. Ratio
Orig. Scans 75% 80% 90% 95%
Avg # of Points 31233.6 | 80723 | 65279 | 3435.8 | 2083.7
Avg # of Triangles 61646.0 | 15410.6 | 12328.3 | 6191.5 | 3584.1
Avg Effective Decim. Ratio N/A | 74.06% | 79.00% | 88.86% | 93.01%
STD Effective Decim. Ratio N/A 0.70% 0.74% | 1.15% | 2.30%

Table 1. Properties of Decimated Terrain Scans, Acceptable Error 1.5cm

decimation target ratio. Different decimation target ratios
were used with a set maximum absolute error of 1.5cm. Ta-
ble 1 presents the cumulative results for 91 scans. Target
decimation ratios of 75%, 80%, 90%, and 95% were used,
the average achieved ratio for the maximum allowed error is
presented together with the average reduction in the number
of points and the number of triangles for every case.

Another measure for the appropriateness of decimation
is the distribution of the surface slope. In particular we are
interested in preserving the data points and triangles of ar-
eas with high curvature while eliminating points that are
co-planar. The angle of the surface normal to the z-axis is
selected as a measure for each triangular patch. Figure 6
presents the slope distribution as a function of the number
of triangles for different decimation ratios together with the
distribution of slopes for the original scan. The bar provides
the distribution of the original scan and it is the same in all
four sub-figures. The *-line presents the distribution for dif-
ferent decimation ratios. As can be seen the percentage of
low slope triangles decreases as the rate of decimation in-
creases, thus the number of flat triangles decreases while
the higher slope triangles stay the same thus increasing in
percentage.

4 Statistical Analysis of Terrain Models

Central to the autonomous planetary operations is the
ability to analyze the data collected. In particular, for ter-
rain models the rover should be able to analyze if the scan
obtained is first, adequate for navigation i.e. does the scan
cover enough area to navigate through? and second, to be
able to classify the type of terrain. The experimental terrain
used at CSA has an area of sixty by thirty meters, as the
scans were taken in a variety of positions around the Mars
terrain with a range of fifty meters, large parts of the scans
included areas outside the Mars terrain. In several cases,
man made structures such a small buildings, snow-poles,
cars, and a wind generator were also scanned. In order to
characterize only Mars-like terrain, the scans were cropped
roughly to the area of the Mars terrain.

The effective range of the scan, also called depth of field,
is the first measure as it determines how far the sensor was
able to “see”. For robustness the farthest hundred points are

removed, and then the longest distance from the sensor to
the data points defines the effective range. As such when
the rover is positioned right in front of a steep hill or a big
obstacle the effective range is very short, while when the
rover views a flat area it can sense to the limits of the sensor.

The total area covered by the scan is one measure of the
effectiveness of the scan. The percentage of the effective
area covered by the scan to the total viewable area is an-
other measure of the quality of the scan and also of the ter-
rain type. The percentage of the area covered is measured
in two ways, using the effective range of the scan and also
using the maximum range of the sensor, currently at fifty
meters. Therefore, the percentage of the area covered mea-
sures obstructions in the field of view, as the areas behind
obstacles appear empty in the terrain model.

A similar measure for coverage is the perimeter of the
scan, which is the total length of the triangle edges that are
bordering un-modelled/empty areas. As such the perimeter
consists of the boundary to the outside of the scan, and the
boundary to the “holes”/*shadows” inside the scan.

The morphology of the terrain can be described by many
parameters, we are using the maximum elevation to estab-
lish how hilly the terrain is, either, in absolute terms or in
conjunction with the effective range. Furthermore, the dis-
tribution of the slope for all the triangles of the mesh pro-
vides another set of parameters for classifying the terrain
type. In particular, the average slope, measured as the an-
gle of the normal of the triangle to the z-axis, together with
the standard deviation of the slopes provides a good esti-
mate on the terrain type. If the average slope is small the
terrain is flat, and the standard deviation is an indication of
the existence of obstacles in the field of view. High stan-
dard deviation means that many obstacles with a variety of
slopes exist. Finally, if the average slope is higher then this
is an indication of a scan that covers the hill. The elevation
of the scan is an absolute measure of the existence of the hill
in the scan but it is not robust as even a small portion of the
hill if it is viewed would contribute to a high elevation. Ta-
ble 2 presents the parameters for some representative scans
of the three types of terrains modelled. As can be seen, the
variation in the parameter values is very high.
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Figure 6. Histogram of the slope distribution as a function of the humber of triangles for different
decimation ratios. The bar provides the distribution of the original scan and it is the same in all four
sub-figures. The *-line presents the distribution for different decimation ratios. (a) 75%, (b) 80%, (c)

90%, and (d) 95% decimation ratio.
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Figure 7. Terrain Classification using different parameters. (a) The effective area covered vs the
mean slope. (b) The effective area covered vs the total area covered. (c) The depth of field vs the

perimeter.



Flat Hill | Obstacles
Perimeter 171.3m 94.7m 742.9m
Elevation 0.9m 2.2m 3.5m
Depth of field 28.6m 8.6m 26.5m
Total area 228.6m? | 26.6m? | 101.4m?
Effective Area 83.1% 85.8% 34.7%
Mean slope 22.3° 38.9° 24.6°
Slope Variance 8.6° 8.5° 10.8°

Table 2. Parameters for representative scans
of the three different types.

5 Terrain Classification

The Mars terrain at CSA can be roughly divided in three
different types. A flat area with few obstacles at one side
of the terrain; see Fig. 2a for a picture and Fig. 3 for the
model. A flat area with two small craters and many obsta-
cles (rocks) at the other side of the terrain; see Fig. 2c and
Fig. 3 accordingly. Finally the center of the terrain has two
small hills with a gentle slope to one side and a small cliff to
the other; see again Fig. 2b and Fig. 3. The ninety one scans
have been classified manually as belonging to one of the
three terrain types. Unfortunately there are two problems
with this classification, first, there are many scans that cover
parts of different terrain types, therefore, features overlap,
such as long effective range with high elevation when a scan
is taken facing up a gentle slope up to the top of the hill; and
second, due to localization error some man-made constructs
near the borders of the Mars terrain remain in the cropped
scans. The above mentioned issues appear as outliers in our
classification of the terrain type from the properties of the
scan.

Figure 7 presents different classification parameters for
the complete set of scans. The mostly flat scans are pre-
sented as (red) stars, the scans of the hill as (green) crosses,
and the scans with many obstacles as (blue) triangles. Fig-
ure 7a presents the mean slope versus the percentage of area
covered, flat terrain occupies the top left part of the graph,
while the hilly terrain occupies the lower right, the terrain
with obstacles is in the middle with outliers mixing with
the flat and the hilly terrain scans. Figure 7b presents the
area measures (total and percentage), the division here is
more along the vertical as the scans of the hill cover less
total area, and the flat terrain typically has large total and
in percentage area coverage. The existence of obstacles
tends to reduce the area covered in general. Finally, Fig.
7c, presents length parameters such as depth of field and
perimeter. The hilly terrain is at the lower left corner, with
short depth of field and perimeter; the presence of obstacles
usually increases the length of the perimeter, sometimes to
really high values; unobstructed flat terrain has usually long

Figure 8. A scan covering flat terrain with two
obstacle, the side of the hill, and large occlu-
sions.

Perimeter 247.0m
Elevation 2.6m
Depth of field 39.8m
Total area 203.7m?
Effective Area 35.4%
Mean slope 25.1°
Slope Variance 8°

Table 3. The parameters for the scan pre-
sented in Fig. 8.

depth of field.

As can be easily seen from the above discussion a clear
classification is not easy, as several scans cover areas that
belong to two different types. For example, the scan pre-
sented in Fig. 8 contains a view of the flat terrain with two
obstacles at the left side, but on the right side a high slope
that occludes a large part of the field of view is prominent.
Table 3 presents the different parameters for the scan seen in
Fig. 8, along field of view is combined with low percentage
of area covered and also with a high elevation.

6 Conclusions

In this paper we presented our approach to terrain mod-
elling for planetary exploration. Terrain modeling is a fun-
damental issue, we propose the irregular triangular mesh as
a compact representation that maintains the topography of
the terrain. The size reduction via decimation, together with
a variety of properties of the different scans was presented.
We have run the decimation and parameter estimation algo-
rithms on all 91 scans collected in CSA’s Mars emulation
terrain. The decimation provide volume reduction up to
93% for terrains representative to the Mars topography for
bounded error. The choice of the irregular triangular mesh
was able to model true 3D structures which are more com-
plex than 2.5D. Furthermore, the statistical analysis seems



Figure 9. Laser Scan using a SICK laser
mounted on a pan-unit.

to enable terrain classification.

We are currently developing a 3D scanning laser system
using a SICK laser mounted on a pan-unit. The resolution
and range of this new sensor is reduced compared to the LI-
DAR sensor from Optech, but it is much lighter and it has a
360 degrees field of view. The larger FOV is a necessary im-
provement as the current narrow FOV appeared to be very
restrictive for navigation when there are obstacles near the
sensor. The new sensor is also mounted at a low grazing
angle, as evidenced by the long shadows (lack of data) in
the scan; see Fig. 9. The low mounted sensor is a strong
constraint as several times the horizon was very close, thus
requiring frequent scans. During the next testing period we
are going to continue the planetary exploration work using
this new sensor. Furthermore, we are working on automated
data interpretation as in several cases the presence of obsta-
cles created narrow corridors that were barely navigatable
by the rover.

The advantages of active vision for space applications as
demonstrated by the successful use of Neptecs Laser Cam-
era System (LCS) sensor on mission (STS-105) and in ev-
ery other space shuttle mission since then, are numerous.
The XSS-11 mission also used an active vision system from
Optech [3, 6] for long range rendezvous. In planetary ex-
ploration in particular, such a sensor provides accurate data
independent of the lighting conditions and allows for ac-
curate mapping of a variety of geological formations. We
are confident that the technologies presented in this paper
are going to contribute greatly towards the success of future

missions.
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