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a b s t r a c t

Registration of Mars remote sensing images is vital to jointly exploit and integrate the data from various
sensors and periods, which is difficult because the lack of textural information in Mars images. We
proposed a RANSAC-based iterative method, under the crater constraint, for affine invariant feature
matching. The novelty of this method is, in automatic way, to find an optimal threshold for this RANSAC-
based iterations. With this proposed method, a computer-automated process is developed to identify the
appropriate threshold of RANSAC when using the iterative affine invariant feature matching method.
Furthermore, this threshold can maximize the retention of correct matches and the rejection of all
incorrect matches. The experimental results demonstrate successful automatic registration of Mars
remote sensing images.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In the past 20 years, we have gained abundant Mars remote
sensing data through different Mars exploration tasks, and the volume
of data is increasing owing to new Mars tasks carried out. These data
and their subsequent derivatives provide detailed information about
the geographic and climatic changes on Mars (Wewel et al., 2000; Kim
and Muller, 2009; Lin et al., 2010; Kim et al., 2011). Different tasks
utilize specific types of data, it is important to analyze these images
with different time phases, resolutions, and sensors (Albertz et al.,
2005; Mcewen et al., 2007; Jaumanna et al., 2007; Furfaro et al., 2008;
Kereszturi et al., 2011; Troglio et al., 2012). The process of image
registration is vital to jointly exploit, integrate, and compare these
different data. However, because the lack of textural information in
Mars images, it is difficult to match these multi-temporal and multi-
sensor images, which impedes further application and analysis of the
data. Conversely, Earth data sets always include abundant textural
information, and many successful image-matching methods are avail-
able (Jovanovic et al., 2007; Debellagilo and Kääb, 2011). Therefore, we
are still eager to develop new methods for Mars data that lacks
textural features. Fig. 1(a,b), (c,d) and (e,f)–f shows three groups of
classic Mars remote sensing images.

Fortunately, wide-baseline image matching has become possible
thanks to recent developments in the automatic extraction of local
invariant features (Strecha et al., 2004). Local invariant features have

been shown to be well suited to matching, recognition, and other
applications as they are robust to occlusion, background clutter, and
content changes (Mikolajczyk and Schmid, 2004). Different solutions
to this problem have been developed over the past few years,
especially various affine/scale invariant feature detectors. As Maxi-
mally Stable External Region (MSER) and the Scale Invariant Feature
Transformation (SIFT) are, respectively, the best detector
and descriptor, it is natural to consider combining them to form a
matching technique, termed affine invariant feature matching (AIFM)
(Cheng et al., 2008). However, for Mars images, AIFM still has some
problems, especially facing difficult areas without distinct features.
To achieve good match results, it is necessary to manually eliminate
incorrect feature matches. Further, to filter feature matches
automatically, we use the RAndom SAmple Consensus (RANSAC)
(Fischiler and Bolles, 1981), which has been shown to be robust.

The integration of affine invariant feature extraction technology
and RANSAC is valuable for the optimization of image matching. In
many cases, RANSAC is an effective robust estimator, which can get the
correct matches even when more than 50% mismatches exist in the
samples. However, there are still some problems in the integration of
RANSAC and affine invariant feature extraction. For example, RANSAC
algorithm needs to manually determine the optimal distance thresh-
old for different types of remote sensing images, which is a key
threshold to obtain good image matching results. The commonway is
to gradually change the value of distance threshold in manual way
until achieving the satisfactory results by visual check. This manual
process is arbitrary and can result in inconsistent results by
different users.

To solve this problem, we proposed a RANSAC-based iterative
method for affine invariant feature matching under the crater con-
straint. The novelty of this approach is an automatic optimization
strategy for affine invariant feature matching based on RANSAC. The
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essence of the proposed method is to automatically determine the
best RANSAC threshold value by judging the change in overlap of the
image crater regions, thereby eliminating all incorrect matches and
retaining more correct matches. In this study, the extracted crater is
constraint conditions, and the contour information is not used directly
for the match. We also propose a reliable semi-automatic crater
extraction method based on fast marching. By using this method to
match Mars images, we overcame low contrast, deficiencies in bright-
ness and texture, and other imaging problems. The results demon-
strate successful automatic registration of Mars remote sensing
images.

2. Related work

2.1. Reviews on Mars crater detection

Detection of craters on planetary images is not a new idea (Leroy
et al., 2001; Barata et al., 2004; Martins et al., 2009; Liu et al., 2011;
Salamuniccar et al., 2012; Wan et al., 2012). Salamuniccar and Loncaric
(2008a, 2008b) reviewed many reports on various techniques of crater
detection. Their tabulation of crater detection algorithms provides a
complete reference of previous work (Urbach and Stepinski, 2009) in
this study. For example, Kim and Muller (2003) proposed a detection
method based on texture and elliptical shape. However, this method
was not robust when processing optical image data, but is often used
for the combined data between DEM and optical images. Kim et al.
(2005) proposed a new method to automatically detect craters on
Mars, based on the combination of edge detection, template matching,
and supervised neural network-based schemes for recognition.
Bandeira et al. (2007, 2010, 2012) created crater templates and
extracted the most similar parts of the images. In addition, Martins
et al. (2009) adapted work on extraction of facial features (Viola and
Jones, 2004), and used a supervised boosting algorithm to recognize
Mars craters. Urbach and Stepinski (2009) proposed a crater detection
method for planetary panchromatic images. The morphology is used
for crater detection, and the supervised boosting is used to differenti-
ate correct and incorrect objects. Troglio et al. (2012) combined
watershed segmentation with the generalized Hough transform to
identify craters on Mars.

2.2. Reviews on Mars image matching

Registration of mars images has been addressed in the literature as
well. Kim et al. (2001) proposed a method for crater extraction from
Mars Digital Image Mosaic (MDIM) and Mars Orbital Laser Altimeter
(MOLA) tracks, for their co-registration. Because the extracted craters
were directly used for matching the data, shape distortions of the
detected craters leaded to registration errors. Lin et al. (2010) proposed
a method for co-registering topographic data by surface matching,

including MOLA, HRSC and HiRISE DTMs. But this method was
performed to DTM, and also directly implemented by extracted
craters, for matching the data sets (Michael, 2003; Vanniel et al.,
2008). Therefore, few studies are reported onmatching of mars optical
images, also typical problems in planetary image matching are
ignored, including the limited contrast, poor illumination, and the
lack of distinct features.

2.3. Reviews on affine invariant image matching

Feature matching is a critical technology widely used in various
computer vision applications such as image recognition, image stitch-
ing. Mikolajczyk et al. (2005) presented the state-of-the-art on affine
covariant region detectors and have compared their performance,
including; (1) Harris-Affine detector; (2) Hessian-Affine detector;
(3) MSER (MSER detector); (4) edge-based region (EBR) (EBR detector);
(5) intensity extremal-based region (IBR) (IBR detector); and (6) salient
regions detector. The comparison has shown that the performance of
detectors degrade slowly, at similar rates, as the change of viewpoint
increases. No detector exists that can outperform other detectors for all
types of scenes and transformations. In many cases the highest score is
obtained by the MSER detector, followed by Hessian-Affine. Hessian-
Affine and Harris-Affine provide more regions than other detectors,
which is useful in matching scenes with occlusion and clutter. EBR is
suitable for scenes containing intersections of edges. Salient regions
obtained low scores in this evaluation but performed well in the
context of object class recognition (Mikolajczyk et al., 2005).
Mikolajczyk and Schmid (2005) presented a comparative study of
several local descriptors including steerable filters, differential invar-
iants, moment invariants, complex filters, and SIFT. Their experiments
showed that the best matching result was obtained by the SIFT
descriptor. Lowe created a vector with 128 dimensions to describe
the key point and check whether or not two key points are the same
point by calculating the distance of these 128 dimension vectors.
Besides that, some researchers also proposed the use of machine-
learning techniques to solve the problem of feature matching. For
instance, support vector machine (SVM), ferns (Ozuysal et al., 2010),
and genetic tree (Calonder et al., 2009) are excellent methods. Lepetit
et al., 2005 considered feature matching as a classification problem for
the first time. Liu et al. (2012) also proposed a completely affine
invariant image-matching method based on perspective projection.

3. Methodology

3.1. Extracting craters by fast marching algorithm

Because of the obvious disparity between crater edges and
background, we propose an algorithm to extract Mars crater

Fig. 1. Three typical examples of remotely sensed Mars images with poor textures in image registration.
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