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Abstract. We present a robust two-stage system for an
automated cataloging of craters from digital elevation models
(DEM) data. In the first stage an innovative crater-finding
transform is performed on a DEM to identify centers of poten-
tial craters, their extents, and their basic characteristics. This
stage produces a preliminary catalog. In the second stage a
machine learning methods are employed to eliminate false pos-
itives. Using the MOLA derived DEMs, we have applied our
system to six large test sites. The system has identified 3217
craters without any false positives. This pixel-based algorithm
is scale independent and can be applied to any future, higher
resolution DEMs of planetary surfaces.

Introduction. Detailed analysis of the number and mor-
phology of impact craters on Mars provides the worth of in-
formation about the geologic history of its surface. Global
catalogs of Martian craters have been compiled (for exam-
ple, The Catalog of Large Martian Impact Craters [1] by N.
Barlow, or Morphological catalogue of the craters of Mars [2]
by J.F. Rodionova et al.) However, these catalogs are only
comprehensive for relatively large craters. Manual compi-
lation of smaller craters from higher resolution data is too
labor-intensive to be practical. Automation of the crater sur-
vey process is necessary in order to catalog smaller craters.
An existing body of work focuses exclusively on researching
methods for automatic detection of craters from images (see
[3] and reference therein). Because of inherent limitations
of imagery data, the resultant methods suffer from low effi-
ciency and are not practical for global surveys. The purpose of
our research is to develop a computer algorithm for detection
and characterization of craters from digital elevation models
(DEMs) data. DEMs are much more fundamental descriptors
of planetary surfaces than images. They are suitable for a
quantitative geomorphic analysis and are well-suited for au-
tomated identification of craters. At present, global Martian
DEMs are constructed from the MOLA data and have reso-
lution of of 1/128 degree, or ∼ 500 m at the equator. The
coarse resolution of presently available topographic data lim-
its the size of craters that can be detected by our algorithm to
∼ 3 − 5 km in diameter, about the same lower limit as in [1].
However, we will catalog much smaller craters once higher
resolution DEMs, derived from Mars Express HRSC images,
become available.

Methods. Denote the site’s DEM as a surface S. In the
first step we perform a series of “crater finding" transforms of
S into a new (abstract) surfaces C(r). These transforms are
performed for an increasing value of a parameter r, an approx-
imate radius of craters we want to find. For a given focus pixel
the transform counts the number of other pixels, within a dis-
tance r from a focus pixel, that have gradients “pointed away
from" a focus pixel. Craters with radii ∼ r will produce local
minima in C(r). The transform C(r) smoothes out features
smaller than r and suppresses low-frequency components in
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the DEM, leveling out any slowly changing background gra-
dients. As a result, we obtain a smooth surface with craters
of size r forming pronounced basins in C(r). These basins
are delineated using curvature measure. Aggregating identi-
fied basins from C(rmin) to C(rmax) we obtain a catalog of
crater candidates of all sizes. For each candidate we calculate
its size, depth, and a number of coefficients that measure its
shape and the distribution of slopes within it. We use thresh-
olds on these parameters to significantly reduce a number of
crater candidates.

In the second stage the remaining crater candidates are sub-
jected to a machine learning classification algorithm designed
to eliminate all false detections. A number of crater candi-
dates is selected from a test site and manually labeled TRUE
or FALSE. This labeled set constitutes an input to a machine
learning algorithm which constructs a classification function.
Unlabeled crater candidates are submitted to the classification
function for automatic labeling. We use J48 machine learning
algorithm as implemented in the software package WEKA [4]
using default parameters.

Results. We have applied our machine crater detection
system to six sites, each having area of∼ 1×106 km2. Four of
these sites are located in Terra Cimmeria and are predominantly
Noachian, the remaining two are located in Hesperia Planum
and Sinai Planum and are predominantly Hesperian. Table 1
summarizes our findings. The fourth column lists the number
of craters identified by our system whereas the fifth column
shows the number of craters present in the Barlow catalog. For
all sites except the Terra Cimmeria #4 site we have identified
significantly more craters than are listed in the Barlow catalog.
The extra finds are predominantly small craters, at the edge
of detectability, that are most difficult to fully account for in
manual surveys. The Sinai Planum site with a lot of small
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Figure 1: Detected craters in the Terra Cimmeria #2 site are shown in red on top of MOLA-derived topography.

carters provides a particularly striking example of this trend;
our system finds almost four times as many craters as are
listed in the Barlow catalog. Overall, for all six sites, we
have identified 3217 craters, 43% more than are present in the
Barlow catalog.

Fig.1 shows the Terra Cimmeria #2 site. The first stage
of our algorithm resulted in identification of 1287 crater can-
didates. The machine learning stage eliminated many of them
producing a final catalog of 748 craters. As can be seen from
Fig.1 some degraded craters are not identified, but the algo-
rithm produces a robust, predictable result.

In addition to identifying the carters the algorithm also
estimates their sizes and depths. Previous studies [5] have
manually estimated depths (and diameters) of 155 craters in
Hesperia Planum and 94 craters in Sinai Planum. For craters in
the Hesperia Planum there is an excellent agreement between
crater sizes calculated manually and derived by our algorithm.
For the Sinai Planum craters our algorithmic estimate of crater
diameter is systematically slightly lower than the manually de-
rived value. In both sites our derived depth is systematically
higher than the manually calculated depths. This difference is
attributed to a different definition of depth. Our algorithm es-
timates depth as the difference between the highest and lowest
points within the segment identified as a crater. In [5] the depth
is defined as the difference between the average elevation of
the rim and the lowest point in the floor.

Conclusions. Machine identification of craters from DEM
data constitutes a practical method for conducting global au-
tomated surveys of craters on Mars. Our system has been
tested on large and demanding test sites and had proven to de-
liver robust results. The code implementing the first stage of
our system is available from cratermatic.sourceforge.net and

the machine learning software WEKA is also available from
www.cs.waikato.ac.nz/ml/weka. Because our automated sur-
vey is DEM-based, the resulting catalog lists craters depths in
addition to their positions, sizes, and measures of shape. This
feature significantly increases the scientific utility of any cata-
log generated using our system. Our initial calculations yield
a training set that will be used to identify craters over the entire
Martian surface with estimated accuracy of 95%. Moreover,
because our method is pixel-based and scale-independent, the
present training set may be used to identify craters in higher
resolution DEMs derived from Mars Express HRSC images.
It also can be applied to future topography data from Mars and
other planets. For example, it may be utilized to catalog craters
on Mercury and the Moon using altimetry data to be gathered
by Messenger and Lunar Reconnaissance Orbiter spacecrafts.

References
(1). Barlow, N.G., “Crater Size-distributions and a Revised

Martian Relative Chronology", Icarus, vol. 75(2), pp. 285-
305, 1988.

(2).Rodionova, J.F. et al. “Morphological Catalogue Of The
Craters Of Mars", ESA-ESTEC, 2000.

(3). Kim, J.R., Muller, J-P., van Gasselt, S., Morley, J.G.,
Neukum, G, and the HRSC Col Team, “Automated Crater
Detection, A New Tool for Mars Cartography and Chronol-
ogy", Photogrammetric Engineering & Remote Sensing, vol.
71(10), 1205-1217., 2005

(4). Witten I. H., Frank E., “Data Mining: Practical Machine
Learning Tools and Techniques with Java Implementations".
Academic Press, London U.K., 2000.

(5). Boyce, J.M., Mouginis-Mark, P., Soderblom, L., “History
of Mayor Degradational Events in Martian History: Evidence
from Impact Crater Modification". in preparation 2006



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


