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Abstract

In this paper, we consider the issues raised by the build-
ing of a consistent unique environment model on the ba-
sis of aerial and ground data. The ability to build and
maintain such a model is a key feature to develop effec-
tive cooperation schemes between air and ground robots,
and makes a lot of sense for planetary exploration robotics.
A brief discussion of the problems and possible solutions is
given: digital elevation maps (DEMs) appear to be a well
suited representation to integrate both aerial and ground
data. Some preliminary results related to the building of
a fine resolution DEM on the sole basis of a set of aerial
stereovision images are presented.

1 Introduction

In all the applications contexts where the development
of exploration and intervention robotics is considered,
air/ground robotic ensembles bring forth several opportu-
nities from an operational point of view. Be it for plane-
tary exploration, but also for environment monitoring and
surveillance, demining or reconnaissance, a variety of sce-
narios can be envisaged. For instance, orbiters or aircrafts
can operate in a preliminary phase, in order to gather in-
formations that will be used in both mission planning and
execution for the ground vehicles. But one can also fore-
see cooperative scenarios, where aircrafts would support
ground robots with communication links and global infor-
mations, or where both kinds of machines would cooperate
to fulfill a given mission.

Whatever the cooperation scenario, we believe that to fos-
ter the development of such ensembles, one of the most
important issue to address is the building and management
of environment representations using data provided by all
possible sources. Indeed, not only each kind of machine
(terrestrial, aerial) can benefit from the information gath-
ered by the other, but also in order to plan and execute co-
operative or coordinated actions, both kinds of machines
must be able to build, manipulate and to reason on shared
coherent environment representations.

In a planetary exploration context, studies and projects
showed that free floating balloons (where the sole con-
trolled parameter is altitude) could be considered in a Mar-

tian atmosphere [1]. Similar devices have also been envis-
aged for other planets [2]. For mapping and exploration
missions, the use of orbiter or aircraft imaging prior or
during ground rovers mission would definitely improve ef-
ficiency. Indeed, if global consistent informations on the
environment are necessary for the operators to define the
rover missions, they can also be used by the rover during
its traverse, to define navigation strategies for instance [3],
or to guaranty an error bounded position estimate during
the traverses. Of course, such benefits are all the more in-
teresting when considering long range missions, in terms
of time and surface explored.

Aircrafts would in such cases rather play an assistance role,
the core of the mission (fine mapping or sample collection
for instance) being achieved by the rover. Addressing the
problem of building common environment representations
between aerial and grounds rovers is also very useful when
considering only ground rovers, since it provides the rovers
with the ability to consider informations gathered by an or-
biter, during descent [4], or acquired by sensors supported
by balloons tethered to the rovers.

In the next section, we discuss some issues related to en-
vironment modeling using both aerial and ground sensors,
and sketch some possible solutions. Digital elevation maps
appear to be a well suited representation to tackle most of
these issues, especially in planetary environments, that are
unstructured. After an introduction to these representations
(section 3), section 4 and 5 present algorithms to build such
maps, respectively with ground and low altitude stereovi-
sion data. A discussion concludes the paper.

2 Issues Related to Cooperative En-
vironment Modeling

Basically, the problem is to integrate the information ac-
quired from the rovers and aircrafts into a global coher-
ent representation. For that purpose, one must define algo-
rithms and representations that support the following char-
acteristics of the data:

o Data resolution: the resolution of the gathered in-
formation can significantly change, depending on
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whether it has been acquired by a ground or an aerial
SEMSOT,

¢ Uncertainties: similarly, there are several orders of
magnitude of variation on data uncertainties between
ground an aerial data.

¢ Viewpoints changes: beside the resolution and uncer-
tainties properties of the sensors that can influence the
detection of specific environment features, the differ-
ence of viewpoints between ground and aerial sensors
generates occlusions that considerably change the ef-
fectively perceived area, and therefore the detectable
features.

Depending on the considered context, these difficulties
may vary: for instance, for aerial sensors, occlusions
caused by overheads are very unlikely to occur in planctary
contexts, whereas the presence of vegetation or buildings
on Earth make some area unperceivable from air. Also, the
aircraft altitude of course strongly influences the properties
of the perceived data in terms of precision and resolution.

But before tackling the problem of integrating ground and
aerial data into a global consistent environment representa-
tion, robust to these variations, one must consider the reg-
istrationissue: in order to merge these informations, a way
to establish the spatial correspondence between the two
kinds of data is required. This would be straightforwardly
solved if sensor positions were always precisely known,
which is far from being a realistic hypothesis.

Designing algorithms that solve the registration problem
is therefore a key prerequisite to address cooperative envi-
ronment modeling. Moreover, such algorithms can help to
localize the rover with respect to initial maps of the envi-
ronment, as provided by an orbiter for instance': the con-
sideration of this problem, illustrated in figure 1 is also very
relevant when considering only ground rovers.

Figure 1: An aerial image of our experimentation site (left), and a view
taken from the ground. From which position in the left image was the right
image taken ?

Several kinds of solutions can help to solve this registration
problem :

o Feature detection and recognition: the ability to de-
tect, localize and associate features extracted from
both sources of information is certainly a good way

1A problem often referred to as the drop-off problem.

to proceed. The difficulty here lies in the conception
of algorithms able to detect features in multi-scale
data: geometric features can be directly matched be-
tween the two kinds of data only if the data resolu-
tion is comparable. The detection and identification
of higher level features, ie. not only geometric or
topographic, but objects with a semantic interpreta-
tion, can be more useful, especially when there is a
big resolution change in the data. Indeed, one can
conceive independent semantically driven algorithms
for the two sources of data that are able to detect and
recognize the same kinds of objects.

e Region matching: most of the algorithms that struc-
ture and interpret aerial data produce a description
in terms of regions with a semantic interpretation.
Matching such regions with regions detected on the
environment model built by ground rovers is a solu-
tion to consider, even though it will probably provide
only qualitative positioning solutions.

o Skyline based approaches: several contributions de-
scribe algorithms that match the skyline perceived
from the ground with skylines derived from an initial
digital elevation map of the environment (e.g. [5]).
This requires the initial geometric knowledge of a
very large area around the rover in order to predict the
skyline that will be perceived, the possibility to ex-
tract the skyline from images perceived by the rovers
(which is not so easy in terrestrial environments), and
the presence of distinguishable features on the hori-
zon line (which is not the case in most of planetary
environments - ¢f the landscape images taken during
the Viking and PathFinder missions).

3 Digital Elevation Maps

Digital elevation maps (DEMSs) that represent the ground
surface as a function z = f(r,y) defined on a regular
Cartesian grid are a very popular way to to model unstruc-
tured terrains (e.g. see [6, 7, 8]). Indeed, such models are
very convenient to manipulate, and are able to catch the
gist of the perceived surface geometry: several feature de-
tection algorithms can rely on such maps [9, 10]. The reg-
istration of this kind of models can also be performed using
particular signatures that do not correspond to explicit ge-
ometric features (e.g. the spin-imagesin [11]), or thanks to
point matching algorithms. Registration of such map in a
multi-scale context has been considered in [12].

Range data, Dense 3D data are required to build a digital
elevation map. For ground rovers in the context of plane-
tary exploration, stereovision has various advantages over
laser range finders, e.g. from the point of view of weight
and energy consumption. Range data acquired from aerial
devices can be produced by Lidar or Radar altimetry, but
vision sensors are the ones that produce the finest resolu-
tion data. For very low altitude aircrafts, one can also con-
sider stereovision, which directly produces dense 3D data:
a stereo bench baseline of about 1 meter is large enough to
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get 3D data up to one hundred meters depth. One of the ad-
vantage of stereovision is that to each 3D point produced
by stereovision is associated a pixel in the video images:
3D and video data are therefore directly registered, which
can be useful to detect features on the ground or to estimate
the motion between stereovision frames.

Our stereovision algorithm is a classical pixel correlation
algorithm: a dense disparity image is produced from a
pair of images thanks to a correlation-based pixel match-
ing algorithm (we use either the ZNCC criteria or the cen-
sus matching criteria), false matches are avoided thanks
to a reverse correlation. With good quality images, the
reverse correlation phase is enough to remove the few
false matches that occur. But when the images are not of
very good quality, three thresholds defined on the correla-
tion score curve are used to discard false matches (on the
value of the highest score, on the difference between this
score and the second highest peak in the curve, and on the
“sharpness™ of the peak).

Ground Data Versus Aerial Data. The problem of
building digital elevation maps from 3D data essentially
stems from uncertainties in the data (that grows guadrat-
ically with the distance), and to the fact that data reso-
lution decreases drastically with the distance for ground
sensors (figure 2). However, the problem is better condi-
tioned when using aerial images looking downwards: not
only data resolution on the ground is more regular, but also
uncertainties on the 3D data “fit” better a representation of
the uncertainties in the digital map.

Figure 2: Sensor errors with respect to an horizontal grid. In the lefi-
most case, which is the one encountered with range images acquired front
a rover, the precision of the data, which is essentially in the range esti-
mate, should be transformed into an occupancy probability in the DEM
cells. In the rightniost case, which correspondto data acquiredfrom a fly-
ing device, the problem is much better conditioned: the precision on the
data can be directly represented by a precision on the elevation computed
Jor the cells. The middle case corresponds to a very low altitude acquisi-
tion, which is the case of our aerial images: in our algorithm, we however
consider that we are close to the rightmost case. One can also guess on
these figures that the variable resolution of the data on the ground play
an important role for ground rovers, and is much more regular with aerial
images.

Building digital elevation maps. Although there has
been several contributions to the problem of building digi-
tal elevation maps with data acquired from rovers, we think
that it has still not been addressed in a satisfactory way.
The main difficulty comes from the uncertainties on the
3D input data, that can hardly be propagated throughout
the computations and represented in the grid structure with
a simple mean/standard deviation couple. To take into ac-

count these data properties, the best representation would
therefore be a 3D occupancy grid [13].

Currently, our algorithm to build a digital elevation map
comes down to computing the elevation of a cell by averag-
ing the elevations of the 3D points that are projected into it.
The standard deviation on the elevation is also straightfor-
wardly computed, and since to each 3D point is associated
a luminance value, it is also possible to compute a mean
lumninance value for each map cell. We made some com-
parisons of this simple algorithm with the building of 3D
occupation grids, using a Bayesian and a Dempster-Shafer
approach to update the probabilities: given the density of
the data, the simple approach gives very similar results.
One of the intrinsic drawback of representing terrains with
DEMs is that they consider that the perceived surface is
convex: there is no way to represent vertical features and
overheads with a single elevation value for each cell. We
are currently considering a much more sophisticated algo-
rithm, akin to 3D occupancy grids, that maintains a discrete
probability density function for the cell elevations.

4 Building DEMs with Sensors on
Board a Rover

One of the problems when dealing with rough terrains is
the large number of occlusions caused by terrain irregu-
larities and the decrease of data resolution on the ground
(figure 3). To palliate this, the DEM is continuously up-
dated as the robot navigates, which requires knowing the
robot 3D position with a precision of the order of the grid
size. Odometry being not reliable on rough terrains, in our
system the 3D position estimate is provided by a visual mo-
tion estimation technique [ 14], which is running in parallel
with the navigation loop.

Fi gure 3: A digital elevation map built with a single stereo image pair:
several areas are unperceived because of terrain irregularities and the
drastic decrease of data resolution with distance.

The technique is able to estimate the 6 parameters of the
robot displacements in any kind of environments, pro-
vided it is textured enough so that pixel-based stereovision
works well: the presence of no particular landmark is re-
quired. The motion parameters between two stereo frames
are computed on the basis of a set of 3D point to 3D point
maitches, established by tracking the corresponding pixels
in the image sequence acquired while the robot moves (fig-
ure 4 - as in stereovision, pixels are tracked using either the
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ZNCC or the census matching criteria). A lot of attention
is paid to the selection of the pixel to track: on one hand,
in order to avoid wrong correspondences, one must make
sure that they can be faithfully tracked. This is done thanks
to the application of an autocorrelation function on the im-
age, that gives for every pixel an indicator related to the
expected precision of the tracking algorithm, On the other
hand, in order to have a precise estimation of the motion,
one must choose pixels whose corresponding 3D point is
known with a good accuracy. For that purpose, we use an
error model of the stereovision algorithm, that consider the
sharpness of the correlation curve as an indicator of the
precision of the computed 3D coordinates [15].

_Stereovision -

Y
Correlation
| Correlation

D Image

Figure 4: Principle of the visual motion estimation technigue. The steps
of stereovision go from left to right, time goes from top to bortom. Given a
stereovision image pair, a set of pixels are selected on the left image. They
are tracked and matched in the new stereovision frame: this produces 3D
points associations (right - the 3D images are represented as DEMs for
readability purposes), from which the motion is estinated.

Figure 5 presents a DEM resulting from the integration of
50 stereovision pairs. An important feature of DEMs built
from stereovision data is the ability to associate a lumi-
nance value to every perceived DEM cell (figure 6.)

\ 4 o i
- \ e "x A /<

Figure 5: A digital elevation map built during a 20 meter-long run,
using 50 stereovision pairs. The displayed grid is 1m X 1'm, the actual
DEM grid is 0.1m x 0.1m.

Fi gure 6: The right image is a view of the digital elevation map built
using several images of the scene showed in the left image.

5 Building DEMs with Low Altitude
Imagery

We are currently equipping a small blimp [16] with sen-
sors (GPS, inclinometers and a stereo bench) and on board
computing devices. We started to study the dynamics of
airships in order to determine motion control laws, and be-
gan to acquire some stereovision data to tackle environ-
ment modeling issues. We present here how we could build
a fine resolution spatially consistent map on the sole basis
of stereo images (more details can be found in [17]).

Experimental Setup. To acquire low altitude data, we
equipped a 25m? tethered blimp with a stereo bench (fig-
ure 7). The stereo bench is composed of two black and
white 752 x 582 pixels CCD cameras; the baseline is ap-
proximately 1.20 meters. Calibration of the bench has
been made possible with a set of images pairs of a cali-
bration frame laid on the ground. A few hundreds of stereo
pairs have been acquired over an approximately 3000m”
surface, at altitudes varying from 10 to 40 meters, during
three different acquisition runs. The surface over which
the blimp flew contains elements of various natures: rocky
areas, grass areas, fences, tall trees and bushes, a small
building and a parking lot (figure 7).

Figure 7: The tethered balloon we used to get low altitude stereo images
(left), and the three acquisition runs drawn on a sketch map of the area
(right)

Figure 8 presents a result of the stereovision algorithm on
a pair of images acquired from the balloon.

Motion Estimation. Since the blimp is not equipped
with any positioning device, one must determine the rel-
ative positions of the system between successive stereo
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Figure 8: Results of the stereovision algorithm on three example im-
ages. Original images where non-matched pixels are white are on the top
line, disparity images are on the bottom line. The disparity is here coded
with grey levels: the darker the pixels, the closer they are to the cameras.
The left result is an ideal case, where most of the pixels are matched, The
middle and right examples show that the stereovision algorithm hardly
JSind matches in the shadowed areas,

frames in order to build a global digital elevation map. For
that purpose, we adapted the motion estimation algorithm
initially developed for ground rovers [14]. But when ap-
plied with a ground rover, the tracking phase is initiated
using a first estimate of the motion provided by odometry.
This is not possible with the blimp images, as no initial
motion estimate is provided: it is not possible to focus the
search area in the images for the pixel tracking.

This phase is therefore replaced by an algorithm that
matches interest points detected on a pair of grey level
images taken from arbitrary points of view. First match-
ing hypotheses are generated using a similarity measure of
the interest points. Hypotheses are confirmed using local
groups of interest points: group matches are based on a
measure defined on an affine transformation estimate and
a on correlation coefficient computed on the intensity of
the interest points that are consistent with the estimated
affine transformation. Once a reliable match has been de-
termined for a given interest point and the corresponding
local group, new group matches are found by propagating
the estimated affine transformation (more details on this
algorithm can be found in [18]).

The algorithm provides dense matches and is very robust
to outliers, i.e. interest points generated by noise or present
in only one image because of occultations or non overlap.

Figure 9 shows some results of the interest points matching
algorithm on some images acquired with the blimp: not
surprisingly, no interest points are matched in the shadow
and low texture areas. This is essentially due to the poor
image quality, that generate unstable corners in such areas.
Fortunately, the algorithm is extremely robust?, and is not
affected by this.

First results. Thanks to these three algorithms (stereovi-
sion, motion estimation and map building), we could build
various digital elevations maps integrating several tens of
stereo images. In the absence of any attitude estimation
device on-board the blimp, the plane of the DEM is de-

2t has been tested with hundreds of images of various 3D scenes,
taken in various conditions and environments.

Figure 9: Three results of the interest point matching algorithm, ap-
plied between the example images of figure 8 and the following ones in
the acquisition sequence. The white squares indicate the interest points
that were matched. Note that the viewpoint changes in the middle and
right fmages are quite important: nevertheless, no erroneous matches
were established.

fined orthogonally to the view axis of the first stereovision
images considered.

Figure 10 presents a digital elevation ma%:) built with 120
stereovision pairs, covering about 1500m?, with a cell res-
olution of 5 x 5em?. The trajectory executed by the blimp,
which could be recovered using the localization algorithm,
is an about 100/m long loop. The last images overlaps the
first images, and no discrepancies can be observed in the fi-
nal model on this area: the localization algorithm gave here
an extremely precise position estimate, with a final error of
the order a map cell size, i.e. about 0.1%. Figure 11 show
two maps built with images corresponding to the second
trajectory, and figure 12 show the map built with all the
images of the third trajectory.: the position estimation in
this latter case drifted of about 1%.

Figure 10: Final digital elevation map produced with the 120 stereo-
vision images corresponding to the first trajectory in ihe sketch map of
figure 7. Left: 3D model, in which some peaks are artifacts due to the
presence of the moving operator. Right: a top view of this nmodel, which
is actually an ortho-image of the terrain. The “vertical” projection of the
blimp positions are shown as small black frames in this image.

Note that one can distinguish in all this figures the various
positions of the operator, that produces peaks in the ele-
vation map and whitish areas in the luminance values (the
operator wore a white shirt). This is because the algorithm
that fills the map simply updates the cells without any con-
sistency check. Such artifacts can be easily removed by
checking if the elevation of the points of the 3D image
to fuse is consistent with the current elevation and corre-
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Figure 11: The two ortho-images corresponding to DEMs built from
images of the second trajectory in figure 7.

Figure 12: Final digital elevation map produced with the 80 stereovi-
sion imuages corresponding to the third trajectory of figure 7. The overall
position estimation error can be seen on top of the right image, where the
first and the last images overlap (see the calibration frame). The absolute
translation error is about 1m at the end of the trajectory.

sponding standard deviation of the map cells. Unconsistent
3D points correspond to moving parts in the environment,
and can just be discarded.

All the images were processed off-line (no CPU was on-
board the blimp). However, the computations times are
compatible with an on-line implementation, most of the
time being consumed by stereovision and interest points
matching, which both take about one second on an Ultra-
10 Sparc CPU. A very interesting point is that only two
cameras are required do build such a map and to recover
the blimp motions: there is no need to carry any position-
ing device. This is an important point when considering
planetary exploration contexts, where the payload/volume
ratio is much worse than within a dense atmosphere.

6 Discussion

These first results show the feasibility of building fine res-
olution elevation maps with a good resolution from aerial
images solely from stereo data. Images from higher alti-
tudes could also provide good resolution of the DEM if
better resolution cameras were used, in addition to sub-
sampling and super resolution processing.

The next step is to match the DEM built from the aerial
imagery with the DEM built from the ground. Important
to note is that both DEMs have similar resolutions. We
are currently developing and testing several methods using
features detected on both maps or iconic-based approaches
with correlation of the elevations in both maps. Luminance
being also provided in the two cases, the correlation algo-
rithms can use this information together with the elevation.
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