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This paper presents a fully automatic rover local-

ization system suitable for autonomous planetary explo-
ration in the absence of Global Positioning System (GPS)
infrastructure. The method presented in this paper de-
termines the best rover location through matching be-
tween the terrain seen by the onboard rover stereo cam-
era system and a pre-existing 3D orbital map. The sys-
tem is tested on data retrieved from the Mars Science Lab
(MSL) mission and uses a human in the loop localization
solution as ground truth. Experimental results show the
system presented here can localize the rover 87% of the
time within 10m of the ground truth solution.

Introduction

Planetary rover localization on past and current NASA
missions typically relies on tedious manual matching of
rover camera views and orbital terrain maps (image and
elevation). Alternatively, the location of rovers can oc-
casionally be verified by spacecraft imagery. [1] A typ-
ical approach to image-based pose estimation is to reg-
ister successive point clouds generated from stereo rover
imagery by minimizing their square errors [2, 3] and in-
tegrating the relative poses sequentially. To reduce in-
evitable error accumulation from such incremental pose
estimation, [4] most navigation systems take advan-
tage of efficient bundle adjustment techniques [5] and
make use of Inertial Measurement Unit (IMU) and wheel
odometry measurements [6]. In this paper, we propose a
fully automatic approach for global pose estimation in
the absence of GPS by minimizing the least square dis-
tance between the 3D terrain seen by rover stereo camera
system and the orbital terrain map.

Terrain matching and rover localization

The method presented in this paper assumes that the
rover has a pan-tilt stereo camera system that is used to
generate 3D point clouds. The points are used to create
a panorama rover DEM. The method described here is
based on the Iterative Closest Point (ICP) algorithm to
match the panorama rover DEM with a pre-existing or-
bital DEM. The resolution of the rover panorama DEM is
reduced to match the resolution of the orbital DEM. Fur-
thermore the matching algorithms is applied with mul-
tiple restarts to ensure that the final solution reaches a

global minima. The main challenges in rover localiza-
tion using the terrain matching come from

1. the reduced resolution of the orbital DEM (often
between 1-10m per post) compared to the rover
DEM panorama (0.5-2cm per post).

2. the limited coverage and radius of the rover
panorama often limited by the stereo baseline, or
shadows. In addition close range rover DEM tend
to be feature-less as they are chosen by mission op-
eration to be drivable corridors. These feature-less
areas are often less discriminant in determining the
accurate rover location.

Experimental Results

The experimental results described in this paper are ob-
tained using a set of 280 MSL rover navigation camera
derived digital elevation models (DEM) and the HiRISE
DEM used by the MSL mission. The influence of the ra-
dius of the rover panorama DEM, and the orbital DEM
resolution is demonstrated by the Tables below. The ta-
bles describe the percentage of rover DEM panoramas
correctly localized within 5m, 10m, 15m, 20m and 30m
from their ground truth location respectively. For each ta-
ble the rover DEM panorama radius is set at values 8m,
16 and 25m respectively. The resolution of the orbital
DEM is set at 1m per post, 2m per post and 4m per post
respectively. The experimental results illustrate consis-
tently that the localization accuracy increases with both
higher orbital DEM resolution and larger rover DEM ra-
dius panorama. These results are expected as with larger
radius rover DEMs there are more features that uniquely
describe the terrain and therefore the terrain matching
is less ambiguous. The increase in orbital DEM res-
olution results in capturing more details and also con-
tributes to the accuracy increase of the terrain match-
ing and therefore rover localization. The effect of rover
DEM panorama radius and orbital DEM resolution is
particularly important for high accuracy matching within
5m from the ground truth. This effect is less significant
for localization accuracies within 10-20m and effectively
disappears for localization accuracy within 30m.

Figure 1 illustrates several digital elevation models
(DEM) reconstructed from the stereo navigation cam-
era (navcam) on-board the MSL rover that have been
aligned over the Martian orbital DEM reconstructed from
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radius/resolution 4m/post 2m/post 1m/post
8m 15.0% 35.3% 52.5%
16m 66.0% 76.0% 79.2%
25m 81.4% 84.6% 85.3%

Table 1: Localization within 5m

radius/resolution 4m/post 2m/post 1m/post
8m 25.7% 43.2% 58.9%
16m 67.5% 78.2% 81.1%
25m 82.8% 86.0% 87.1%

Table 2: Localization within 10m

satellite imagery data from the HiRISE mission through
stereo image processing.

Figure 1: MSL rover panorama localized over HiRISE
terrain.
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