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Summary
The high-resolution reconstruction of solar system bodies can be separated in two
main approaches: (i) stereo-photogrammetry (SPG), and (ii) stereo-photoclinometry
(SPC or also called “shape-from-shading” in the computer vision community). While
SPG is a well-established pure geometric approach, SPC is a more recent technique
which combines sparse stereo with slope measurements extracted from the pixel-topixel intensity variationsIt is important to mention here that the two approaches are
highly complementary (high geometric accuracy of the SPG approach vs fine level of
details captured by the SPC method), which is why they can be combined. Based on
SPC, CNRS have developed and tested a new reconstruction method called “MSPCD”
(Multi-resolution Stereo PhotoClinometry by Deformation) for the combination of the
main approaches. This method has been used to generate two sets of MSPCD local
digital terrain models (hereafter DTMs) which have been combined with an SPG global
model reconstructed in the frame of the MiARD project to create a combined
SPG/MSPCD model of the nucleus of comet 67P/Churyumov-Gerasimenko (hereafter
67P).
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Details (scientific and technological achievements)
1

Approaches used to develop the global model

1.1

Generation of local MSPCD digital terrain models

In 2013, CNRS started the development of the MSPCD approach, which implemented
an SPC method based on a direct non-linear optimization loop using a quasi-Newton
large-scale minimization algorithm called “L-BFGS-b”1. In MSPCD, a triangular mesh
is deformed at each vertex until a set of synthetic images best-reproduces their
observed counterparts 2 . The method currently produces models which are a better
match (when rendered) to the observed images than previously used methods (e.g.,
SPC). The method does not implement stereo as such, but it can take into account
stereo constraints from an external source (e.g. an SPG model) when available. Here
two alternative SPG models of comet 67P, either the SPG SHAP4S3 or the SPG SHAP74
have been used as initial models.
In the MiARD project, the MSPCD method has been used to produce two families of
local digital terrain models (hereafter DTMs):
(i)

(ii)

two sets of local models at a resolution of 1 m to 2 m having the maximum
surface coverage in order to obtain a global model (described in deliverable
report D1.1), and
one set of local high-resolution digital terrain models of areas of interest, at
a resolution of 3 dm to 10 dm comparable to the resolution of used
Rosetta/OSIRIS NAC images (the datasets described below in this report for
deliverable D1.2 "A set of local DTMs").

For the generation of deliverable D1.2, the local DTMs are generated in three main
steps described below.

1

Morales et al., ACM Trans. Math. Soft. 38, 1, 2011 and references therein

2

Capanna et al., Vis. Comp. 29, 825, 2013

Preusker et al. "Shape model, reference system definition, and cartographic
mapping standards for comet 67P/Churyumov-Gerasimenko – Stereophotogrammetric analysis of Rosetta/OSIRIS image data" (2015) Astronomy &
Astrophysics vol 583
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F. Preusker, F. Scholten, K.-D. Matz, T. Roatsch, S. Hviid, S. Mottola, J.
Knollenberg, E. Kuehrt, Osiris team, The global meter-level shape model of comet
67p/Churyumov-Gerasimenko, submitted to A&A (2017).
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1) The selected areas are defined by cutting manually or with dedicated software
rectangular regions of one of the available global shape models at a sampling of 6 m to
8 m. We used the SPC topographic data (Jorda et al. 2016) as starting point.
2) A set of images of the selected area is automatically extracted from a set of
~30,000 stereo registered images. These images are then manually inspected to
discard images with instrumental problems or images in which a topographic feature
is outside the maplet or is casting a shadow inside the area to be reconstructed. The
number of MSPCD “resolution levels” is adapted to a maximum value limited by the
availability of high-resolution OSIRIS/NAC images.
3) The optimization of the maplet is then performed using the Hapke 5 bidirectional reflectance law with the parameters of Fornasier et al. 2015.
The reconstruction is performed in the so-called “SPC frame” defined during the
reconstruction of the “StereoPhotoClinometry” (SPC) model6. The reconstructed DTMs
have the best possible sampling, and in some cases a horizontal sampling close to that
of the input images. In all cases the achieved sampling is sub-meter. The rectangular
imprint of the models allows generating rectangular digital elevations maps (DEMs)
defined on a regular grid in GeoTiff and FITS format.
1.2

Combination of the SPG global model and MSPCD local models

CNRS combined the MSPCD local models with the SPG global model delivered by DLR
as part of the MiARD product D1.8. The alignment (see Figure 1) is achieved by
deformation of the MSPCD local models towards a decimated version of the SPG model
containing 150K facets (corresponding to a sampling of about 20 m). The deformation
is performed by moving each vertex of the MSPCD model along its local normal vector
towards the surface of the decimated SPG model. The method allows the model to
follow the surface of the SPG model at scales of about 20 m while preserving the smallscale topographic details retrieved during the MSPCD optimization. At the end of this
process, all models are expressed in the “Cheops frame”3. By going through this
process, the local DTMs become combined SPG/MSPCD local DTMs.

5
6

Hapke et al. (2002) Icarus 157 p523
Jorda et al. (2016) Icarus 277 p257
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Figure 1. Extract of the SPG model (product D1.8, in grey) superimposed with the
Agilkia post-landing model (in yellow) after combination with the SPG
model with 150K facets.
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2

Current status

1.3

The set of local MSPCD digital terrain models

A total of 15 local DTMs for 10 selected areas have been generated, representing a total
surface of 1.0 km2 (about 2 percent of the total surface). The total number of facets is
about 4.2 million. The local DTMs are listed in Table 1 and a rendered view of all the
model is shown in Figure 2 to Figure 8. The smallest sampling of about 33 cm is
achieved on the ‘Agilkia’ local DTMs (see Figure 2) and the largest sampling of about
86 cm on the dunes in Hapi pre-perihelion (see Figure 4). The reconstructed surfaces
range from 9200 to about 110,000 m2. For each maplet, we included a comment (from
“medium” to “very good”) to indicate the presence or absence of linear artefacts in the
models. This comment has nothing to do with the final sampling or number of facets
of the model.
Table 1.

List and parameters of the fifteen local SPG/MSPCD DTMs included in
deliverable D1.2.

#

DTM Name

Time Range

Surface
(m²)

#Facets

Sampling
(cm)

Quality

1a

Agilkia

Beginning to Philae landing

94,710

871,680

33

Medium, linear
artifacts

Philae landing to end

36,477

332,032

33

Good

1b
2

Ash_aeolian

Beginning to perihelion-2m*

80,559

191,936

65

Very good

3a

Hapi_dunes

Beginning to perihelion-2m*

86,196

117,360

86

Very good

Perihelion+2m* to end

86,226

469,440

43

Very good

3b
4

Anubis_polygones

Beginning to end

9166

57,344

40

Good

5

Geb_fractures

Beginning to perihelion-2m*

84,709

305,728

53

Medium, linear
artifacts

6

Ash_crater

Beginning to perihelion-4m*

62,507

151,872

64

Good, some artifacts

7a

Maat_pits

Beginning to perihelion-2m*

30,794

150,784

45

Medium, some
artifacts

Perihelion+3m* to end

29,344

150,784

44

Good

Perihelion+4m* to end

34,966

91,392

62

Good

109,062

511,104

46

Very good

Perihelion+4m* to end

110,897

511,104

47

Very good

Beginning to perihelion-2m*

74,776

163,584

68

Very good

Perihelion+2m* to end

66,648

205,248

57

Good, some artifacts

7b
8
9a

Bes_fractures

Anubis_depression Beginning to perihelion-4m*

9b
10a
10b

Nut_wind_tails
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Figure 2. Rendered views of the local SPG/MSPCD DTMs #1a and #1b (Agilkia
region).

The selection of areas for DTMs is based on a list of regions of geological interest
defined by the MiARD consortium. These regions were selected because they exhibit
geological features whose interpretation is subject to debate. This include areas
possibly revealing the sub-surface layered structure as well as fractures, areas used in
work package 4 to measure material properties (overhangs), areas with possible
changes caused by the activity of the comet (cliffs, deposits, smooth areas), and
puzzling topographic features such as dunes, craters, circular/linear features, air falls,
etc.

Figure 3. Rendered views of the local SPG/MSPCD DTMs #2 (Aeolian feature in
Ash region) and #6 (crater in Ash region).
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Figure 4. Rendered views of the local SPG/MSPCD DTMs #3a and #3b (dunes in
Hapi region).

Figure 5. Rendered views of the local SPG/MSPCD DTMs #4 (polygones in Anubis
region), #9a and #9b (depressions in Anubis region).

Figure 6. Rendered views of the local SPG/MSPCD DTMs #5 (fractures in xxx
region) and #8 (fractures in xxx region).
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Figure 7. Rendered views of the local SPG/MSPCD DTMs #7a and #7b (pits in
Maat region).

Figure 8. Rendered views of the local SPG/MSPCD DTMs #10a and #10b (note the
wind tails).

1.4

The set of digital elevation maps (DEMs)

In addition to the triangular mesh models described in section 2.1, the corresponding
set of regularly sampled DEMs have been created. To obtain these maps, a local frame
is defined from the averaged normal vector of the facets (defining the Z-axis of this
frame) and from the direction of one of the side of the rectangular imprint of the model
in the plane perpendicular to the Z-axis (defining the X-axis of this frame). A grid of
regularly sampled points in the (X,Y) plane is then defined and the elevation
perpendicular to this plane is calculated at each point by bilinear interpolation of the
triangular mesh surface. The values are stored as an image of elevations along the Zaxis (in km).
Table 2 summarizes the parameters of the DEMs (pixel scale in centimeter, size in pixel,
and size in meter). The pixel scale has been selected to match the sampling of the local
DTMs (see Table 1). As an example, the local DEM corresponding to the “Agilkia postlanding” local DTM is shown in Figure 9.
8

MiARD D1.2
Table 2. Characteristics of the local SPG/MSPCD DEMs included in deliverable
D1.2.
#

DEM Name

Pixel Scale (cm)

DEM Size (px)

DEM Size (m)

1a

Agilkia

33

927 x 987

306 x 326

34

615 x 535

209 x 182

1b
2

Ash_aeolian

65

453 x 463

294 x 301

3a

Hapi_dunes

86

365 x 331

314 x 285

43

731 x 657

314 x 283

3b
4

Anubis_polygones

40

257 x 243

103 x 97

5

Geb_fractures

53

529 x 593

280 x 314

6

Ash_crater

65

463 x 439

301 x 285

7a

Maat_pits

46

419 x 369

193 x 170

45

417 x 375

188 x 169

7b
8

Bes_fractures

62

317 x 315

197 x 195

9a

Anubis_depression

47

781 x 659

367 x 310

47

661 x 779

311 x 366

68

417 x 395

284 x 269

57

453 x 477

258 x 272

9b
10a
10b

Nut_wind_tails

Publication and archiving of the datsets:
The delivery of the D1.2 products will be performed following the usual policy defined
in the Rosetta/OSIRIS consortium for shape models (and consistent with the defined
scope of H2020 call COMPET-5-2015). The delivery will be made in parallel both to
the PSA archive of the European Space Agency and to NASA’s Planetary Data System
(Small Body Node) using V3 of the PDS format. The review committee will be
organized by the NASA PDS node with ESA members of the Rosetta consortium in it.
The data will be made available both at the PSA ESA facility and at NASA’s PDS/SBN.
We propose to perform the final delivery of the D1.2 products after submission of the
manuscripts (products D1.5 and D1.6 delivered at M21) in order for us to carefully
check and prepare the products and associated PDS documentation.
We emphasize that in the frame of the MiARD project we did not budget for the extra
effort that would be required for a delivery of PDS v4 products (a format introduced
since the MiARD proposal was made). This new format is significantly more complex,
and does not yet have good tools to support the archive preparation. We will therefore
9
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use the PDS v3.87. The PDS formats define e.g. file formats, compression algorithms,
cartographic standards and metadata.

Figure 9. The local digital elevation map corresponding to the local DTM “Agilkia”
post-landing. The dimension of the DEM is 615m x 535 m and the pixel
scale is 34 cm.

2

Description of the D1.2 products

The deliverable products are separated into two parts.
1) The data/ subdirectory contains the following models:
Ø the local DTMs as triangular meshes in binary PLY format, and
Ø the corresponding local DEMs in Geotiff format.
2) In addition to the models, extra information is contained in the extras/ directory:
Ø an image showing the location of each reconstructed area on a global model,

7

See https://pds.jpl.nasa.gov/tools/standards-reference.shtml
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Ø a text file in ASCII format defining the orientation of the local frame used to
project the elevations with respect to the Cheops frame,
Ø a colour-textured local DTM containing the “quality map” associated to the local
DTMs (with an image showing the colour-values correspondence),
Ø the local DEMs in binary FITS format, and
Ø an image showing the artifacts identified in each local DTM.
The triangular meshes in PLY format can be visualized in any 3D viewer/editor such
as Meshlab or Paraview. The Geotiff files can be ingested as a raster layer in GIS
software such as ArcGIS or QGIS.

Deviations from the DoA
None.
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Conclusions, expected impact and use of deliverable, outlook
Conclusion
This final report describes the generation of a set of fifteen high-resolution local DTMs
of comet 67P (MiARD product D1.2) both as triangular mesh (in binary PLY format)
and as regularly sampled digital elevation maps (in Geotiff format) for use in
Geographic Information Systems. The horizontal sampling of the models range from
33 cm to 86 cm. The final version of products of deliverable D1.2 will be used to
measure the local erosion due to the outgassing of the comet, as required for D1.7
"Manuscript on observed erosion depths".
Impact
In addition to the paper on erosion as a result of perihelion passage (deliverable D1.7),
we expect that these high-resolution SPG/MSPCD local DTMs will have a significant
impact beyond the MiARD project consortium in the wider planetary science
community as they will improve several applications, including: (i) detailed
geomorphological analyses of specific areas of scientific interest, and (ii) a more
thorough analysis of the Rosetta/Philae landing site(s).
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GLOSSARY
DEM

Digital Elevation Model

DTM

Digital Terrain Model

FITS

Flexible Image Transport System. An image format commonly used in
astronomy

MSPCD

Multi-resolution Stereo PhotoClinometry by Deformation

rms

root mean square

PLY

Polygon File Format

PNG

Portable Network Graphics. A lossless ompressed raster image format

SPC

Stereophotoclinometry

SPG

Stereophotogrammetry
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