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Summary: Six previously implemented Crater
Detection Algorithms (CDAs) are improved using
some standard and CDAs’ specific (circular-
consistency, slip-tuning) techniques. The results are
analyzed using Free-response Receiver Operating
Characteristics (F-ROC).

Introduction: CDAs’ applications range from
dating planetary surfaces [1] to advanced statistical
analysis [2]. A large amount of work on CDAs has
already been published. However, problems arise
when evaluation results of some new CDA have to be
compared with already published evaluation results.
As a solution to this problem, the open framework for
objective evaluation of CDAs with first test-field sub-
system based on MOLA data has been proposed [3]. It
includes the Ground-Truth (GT) catalogue with 17582
craters wherein each was confirmed by N. G. Barlow
et al. and J. F. Rodionova et al. catalogues [4]. In the
previous work [5, 6], in order to compare overall per-
formance, six CDAs were implemented based on Ra-
don/Hough [7] transform (RH) and following edge
detectors: (1) Pixel-Difference [8]; (2) Separated-
Pixel-Difference [8]; (3) Roberts [9]; (4) Prewitt [10];
(5) Sobel [8, 11]; and (6) Frei-Chen [12]. In this work,
these six CDAs are improved using standard (non
maximum suppression, hysteresis-based thresholding,
different implementation of RH) and CDAs’ specific
(circular-consistency, slip-tuning) techniques.

Methods: The previous implementation was as
follows. Input parameter is a defined slope, required in
order to mark some pixel as 1 or 0 before RH is per-
formed. Output for each particular slope is a list of
craters. A number of votes given by RH transform is
assigned to each crater. The algorithm has the follow-
ing steps: (1) gradient is computed using edge detector
and the background topography (1/64° MOLA data);
(2) if this gradient is larger then predefined threshold,
value of pixel in gradient image is defined as 1, other-
wise it is 0; (3) RH is performed for radiuses ranging
between 5 and 10 pixels; (4) topography is down-
sampled on half of its size; and (5) all steps are recur-
sively repeated from 1/64° to 4° resolution. The RH is
a transformation of a binary image (result of edge de-
tector) to a numerical 2-D array of the same dimen-
sions as the image. For every pixel in an image, a cor-
responding cell in an array is assigned a total count of
black pixels from binary image on a circle centered at

that pixel and having a radius equal to r pixels. Once
this transformation is done, search for maxima in 2-D
array is performed. They correspond to detected cra-
ters. A total count of black pixels at the location of a
maximum is assigned as a number of votes for this
crater. It is important (from F-ROC point of view) that
the number of votes provided by RH transform is as-
signed to each crater. It corresponds to the probability
(as defined by CDA) that it is indeed a crater. For each
selected slope and its list of craters, using the GT
catalogue, the F-ROC curve at the end can be drawn.

Simplification of convolution masks. As shown in
the Table 1 for the case of Frei-Chen edge detector,
values with float-point 8-bytes precision are replaced
with 4-digit integer values. This step does not influ-
ence results of other five operators used in this work
(they already have small integers in convolution
masks) and only insignificantly influence results of
Frei-Chen edge detector as shown with Eq. (1). The
purpose of this step is: (1) execution of the algorithm
to be faster; and (2) to make work on the implementa-
tion of new CDAs easier.

...1.414213562...1.41421355
5741
8119 =≈= (1)

Simplification of search for maxima in 2-D array.
The purpose of this step is as well: (1) execution of the
algorithm to be faster; and (2) to make work on im-
plementation of new CDAs easier. While main objec-
tive was not to increase overall-performance at this
step, small increase of performance was noticed at the

Table 1: Simplifications in numerical values.

operator 6. Frei-Chen 6. Frei-Chen
f 1/(4+2 2 ) 1/(39202)

−1 0 +1 −5741 0 +5741

GX − 2 0 + 2 −8119 0 +8119

−1 0 +1 −5741 0 +5741

+1 + 2 +1 +5741 +8119 +5741

GY 0 0 0 0 0 0

−1 − 2 −1 −5741 −8119 −5741
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end. After these simple modifications, the TPs (the
number of true-positives confirmed with the GT cata-
logue) almost did not changed at all, while the
AUROC1τ (the Area-Under-F-ROC for response within
1τ) only slightly increased.

Circular-consistency of crater’s rim. The radial
consistency algorithm developed as part of previous
work [13, 14] implies that circular-consistency check
can significantly improve CDAs. The basic idea was
that the profile through the center of the feature, taken
at various angles, has a degree of consistency that isn’t
present in a non-circular feature. This property is used
for improvement of CDAs that are the subject of this
research. Crater candidates are taken as a result of
edge detection and RH transform. For each crater, the
following is performed: (1) samples of elevation are
taken from a crater’s rim as given by Eq. 2; (2) aver-
age elevation of a crater’s rim elrim is computed using
64 such samples as given by Eq. 3; (3) root-mean-
square error delta is computed as given by Eq. 4; (4)
crater’s depth is computed as given by Eq. 5; and (5)
probability p that detected crater indeed is a crater is
computed as given by Eq. 6, wherein probability pRH is
obtained by RH transform. After these modifications,
the TPs only slightly decreased, but the AUROC1τ sig-
nificantly increased.
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Circular-consistency of crater’s overall surface.
The basic idea of this step was to check circular-
consistency not only at the crater’s rim, but also using
elevation samples from complete crater’s surface. As
given by Eqs. 7 to 12, the approach is very similar to
the previous one, with one extension that everything is
repeated 10 times for distances between 0 and r (actual
radius of detected crater). The result is a surface area1
which needs to be compared with some other surface.
In our case for this purpose the surface of the crater’s
profile is selected as given by Eg. 11. After these
modifications, the TPs slightly increased and the
AUROC1τ again significantly increased.
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Edge detection improvements. If value of pixel in

gradient image is defined as 1 when gradient is larger
then predefined threshold and otherwise as 0, the re-
sults of edge-detection are not so good. The problem
for small threshold is that edges of fresh craters are too
wide. The problem for large threshold is that edges of
degraded craters can not be successfully detected. As
initial solution to this problem, two additional steps are
implemented as used by Canny [15]: (1) non-
maximum-suppression; and (2) hysteresis-based
thresholding. Non-maximum-suppression for all pixels
defined as 1 after previous step is implemented as fol-
lows: (1) for each pixel gradient g and direction of
gradient is computed; (2) two of eight neighboring
pixels (opposite to each other and closest to direction
of maximal gradient) are selected; (3) the gradients g1
and g2 at these two selected pixels are computed as
well; and (4) if g1 > g or g2 > g or g1 = g2 = g the value
of pixel in gradient image is changed from 1 to 0.
Hysteresis-based thresholding additionally uses two
thresholds. For all pixels with gradient smaller then the
first threshold or larger then the second threshold, all is
the same as in the previous case when non-maximum
suppression is applied. For all pixels with gradient
between two thresholds an additional check is per-
formed. If some of their eight neighboring pixels have
gradient larger than the second threshold, the value of
pixel in gradient image is defined as 1. The check is
recursively repeated as long as there are pixels with
gradient between two thresholds for which such
neighboring pixels can be found. For all remaining
pixels with gradients between two thresholds, the
value is at the end defined as 0. After these modifica-
tions, the AUROC1τ only slightly increased whilst the
TPs significantly increased. These results are for both
gradients/thresholds set to same value because non-
maximum-suppression significantly improved per-
formance while this is not the case with hysteresis-
based thresholding, at least so far.
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Improvements of RH implementation. In the previ-
ous implementation, RH transform was computed for
all radiuses in range from 5 to 10 pixels and only the
maximum value is put into 2-D array for later search
for maxima. The drawback is the problem of detection
of close craters with similar sizes wherein only one can
be detected in such case. The consequence is limitation
of possible improvements of the TPs and so of the
AUROC1τ as well. The solution is that RH transform is
performed for each different radius separately, in range
e.g. from 5 to 10 pixels. While the solution is simple, it
is applicable only after the implementation of all pre-
viously described improvements. The reason is much
larger number of crater candidates as a result of the
approach, and therefore the requirements on classifi-
cation on true and false positives are more demanding.
After these modifications, the AUROC1τ only slightly
decreased, however, the TPs additionally significantly
increased, this time for even larger amount of craters.

Slip-tuning. In the last step, slip-tuning is per-
formed. The algorithm is as follows: (1) delta is de-
fined as 2 pixels, (2) for each crater candidate, six new
crater candidates are defined, with delta pixels smaller
radius, delta pixels larger radius, and coordinates of
the center moved for delta pixels east, west, north and
south; (3) for initial crater candidate and these six new
crater candidates the probability is computed as given
by Egs. 7 to 12; (4) if some of new crater candidates
have larger computed probability then the initial crater
candidate, new crater candidate is the one with the
largest computed probability; (5) all the steps between
the second and the fourth are recursively repeated as
long as “slipping” of the crater over the topography is
possible; (6) all is recursively repeated with delta de-
creased to 1 pixel. After these modifications, the
AUROC1τ significantly increased and both the TPs and
the AUROC1τ were larger than in any previous case.

Results: The results for all six different operators
and optimal gradient/threshold are shown in Table 2
and in Fig. 1. As shown in Fig. 1 (left and top) the
detected edges are much better then in the previous
work, mostly thanks to the non-maximum-suppression
technique. Their width is usually not larger from one
pixel and they more reliably and precisely follow
contours of craters. As given in Table 2, final results
are also significantly improved.

Analysis: The analysis using F-ROC is shown in
Fig. 1 (right-bottom). All curves are significantly left
and top in comparison with the curves from the previ-
ous work, which shows that; (1) for the same number
of false detections, the number of correct detections is
larger; and (2) for the same number of correct detec-
tions, the number of false detections is smaller. In the
previous work, the range of false detections was set up
into 0 to 5τ (87910 craters) in order to show the com-
plete response. It can additionally be noticed that for
new implementations, the range of false detections can
be set up into 0 to 1τ (17582 craters) because of sig-
nificantly improved overall-performance.

Conclusion: Six previously implemented CDAs
are significantly improved using some standard (non
maximum suppression, hysteresis-based thresholding,
different implementation of RH) and some CDAs’
specific (circular-consistency, slip-tuning) techniques.
In all the cases, for the TPs as well as for the
AUROC1τ, AUROC2τ and AUROC5τ, the results are
significantly better then the previous ones. For Prewitt,
Sobel and Frei-Chen based CDAs the AUROC1τ is
larger then 75.8% and more then 93.4% of craters
from the GT catalogue is successfully detected. The
results are promising in terms of CDAs’ possible use
as an assisting tool during the work on more complete
catalogue of large Martian craters.

Acknowledgements: To colleagues D. Gržanić,

Table 2: Used gradient edge detectors and obtained results before and after modifications described in this paper.

operator 1. Pixel-
Difference

2. Separated-
Pixel-Difference 3. Roberts 4. Prewitt 5. Sobel 6. Frei-Chen

before:
op_grad1τ 3% 4% 5% 4% 4% 4%

TPs 14344 14469 14522 14317 14332 14311
AUROC1τ 38.233% 40.851% 38.713% 41.620% 41.604% 41.566%
AUROC2τ 51.146% 54.477% 53.447% 55.080% 55.035% 55.013%
AUROC5τ 68.047% 70.475% 70.240% 70.322% 70.324% 70.227%

after:
op_grad1τ 4% 3% 4% 3% 3% 3%

TPs 16495 16487 16425 16437 16436 16450
AUROC1τ 73.915% 75.609% 71.913% 75.856% 75.907% 75.891%
AUROC2τ 80.304% 81.365% 78.639% 81.486% 81.508% 81.534%
AUROC5τ 86.390% 86.867% 85.240% 86.832% 86.884% 86.864%
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D. Prelošćan, N. Rizvanović, D. Stilinović, Lj. Šare
and D. Zorić for using their PCs as part of the cluster
which was used for this research and the faster com-
putation of optimal parameters for six different CDAs.
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Figure 1: Detected edges (left and top) and F-ROC evaluations (right-bottom) for operators from Table 2.
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