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ABSTRACT:

We have expanded our existing Shape and Albedo from Shading framework which has primarily been used to generate Digital Ter-
rain Models (DTMs) of the Lunar Surface. The extension consists of an atmospheric model such that the approach can be applied to
Mars which is covered by a thin atmosphere. The atmospheric model includes attenuation by the atmosphere, diffuse illumination
of the surface and scattering from the atmosphere into the direction of the sensor with physically motivated parameters. To estimate
the newly introduced atmospheric parameters without additional CRISM measurements, the radiance image and an initializing sur-
face are used. The initial surface is derived from stereo images and serves two purposes. On the one hand, it is the height constraint
of the SfS algorithm and on the other hand, it is used for estimating the atmospheric parameters. Relying on this estimation, the
aforementioned Shape and Albedo from Shading method is carried out. The results show a considerable improvement compared
to DTMs derived with stereo algorithms. The omnipresent stereo artifacts such as pixel locking and mismatches are smoothed
out and small details are reconstructed convincingly. The procedure is then compared to the reconstruction without atmospheric
compensation. Images in which shadows are present benefit from this method because shadows can now be described by the diffuse
illumination of the surface. The reconstruction results indicate the viability of the approach since it can produce convincing DTMs
compared to HiRISE ground truth.

1. INTRODUCTION

Digital Terrain Models (DTMs) are an essential tool for a vari-
ety of remote sensing applications. Geomorphologic analysis,
hazard assessment for landing site evaluation, orthoimage ren-
dering, spectral unmixing and accurate temperature modeling,
among others, all require or benefit substantially from detailed
DTMs. Usually, these DTMs are created with photogrammetric
methods. Commonly used stereo algorithms in the planetary
science community such as the Ames Stereo Pipeline (Beyer
et al., 2018) rely on block matching to find corresponding pix-
els in the two images and calculate the distance by triangula-
tion. While stereo algorithms yield accurate absolute heights,
several artifacts occur which effectively lower the resolution.
Extensive parts of planetary surfaces are covered by smooth re-
golith plains with not many features to match. Block match-
ing is prone to producing mismatches in textureless areas and
regions with repetitive structure. Failed matches consequently
lead to areas with missing pixels and mismatches lead to an er-
roneous disparity estimate which yields spikes. Another type of
common artifact are stair-like structures due to an effect called
pixel locking (Gehrig and Franke, 2016). Spikes and stairs im-
pair the slope estimate, which is crucial for landing site analysis
and temperature modeling. It is commonly known that these ar-
tifacts all together effectively reduce the resolution of the DTM
by an order of magnitude (Alexandrov and Beyer, 2018).

Shape from Shading (SfS, also known as 2D-photoclinometry)
on the other hand takes a completely different approach. It
employs a physical model of the reflectance behavior to map
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the image intensities to the slope of the surface. The estimated
slopes are numerically integrated to obtain the DTM.

Shape from Shading has the advantage that it has no problems
in textureless areas and may yield a resolution which is as high
as the resolution of the input image. This does not come without
cost. A well-defined reflectance model is needed and larger
areas have to be well constrained by a low-resolution DTM. In
this approach, we combine the advantages of both: Stereo and
SfS.

Early work on SfS (Kirk, 1987, Horn, 1990) has laid the math-
ematical groundwork for intensity-based surface reconstruction
techniques and are the basis for most SfS variants since. Accu-
rate reflectance models are needed to model the received light,
but early methods usually assumed a constant surface albedo.
The problem to retrieve the shape and albedo from a single
image is ill-posed, therefore, additional information must be
used. Approaches include machine learning on different Lapla-
cian pyramid representations of the image (Barron and Malik,
2011) or estimating shape and albedo separately (Grumpe and
Wöhler, 2014, Wu et al., 2018). These methods make use of
regularization terms which use apriori information of the sur-
face to constrain the problem. Shape from Shading has been
successfully employed to produce accurate DTMs with pixel
level resolution on the Moon (Wu et al., 2018).

When adapting the method to the Martian surface, atmospheric
influence has to be considered. The first to employ Shape from
Shading on the Martian surface were (Hartt and Carlotto, 1989),
for the case of multiple Viking Orbiter images. That approach
assumed a constant albedo for a Lambertian surface reflectance

The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII-2/W13, 2019 
ISPRS Geospatial Week 2019, 10–14 June 2019, Enschede, The Netherlands

This contribution has been peer-reviewed. 
https://doi.org/10.5194/isprs-archives-XLII-2-W13-1405-2019 | © Authors 2019. CC BY 4.0 License.

 
1405



model. Even though atmospheric effects were mentioned, their
method fully neglected atmospheric influence. There are tools
that can be used to estimate the influence of the atmosphere
on the measured intensity values (Stamnes et al., 1988, Cea-
manos et al., 2013). Based on the estimations of the atmo-
sphere derived from CRISM measurements a method has been
proposed and successfully applied to CTX imagery (Jiang et
al., 2017, Douté et al., 2019). This approach relies on external
measurements that are not always available and the albedo of
the surface is not estimated on a pixel level, but assumed to be
constant over large regions of the image.

Here we expand our previous approach (Wohlfarth et al., 2018)
of atmospheric compensation to Shape from Shading based on
a physically motivated atmospheric model and the Hapke re-
flectance model.

2. METHOD

In general, the method can be split into three tasks.

1. Construction of an initial DTM and image calibration.

2. Estimation of atmospheric parameters.

3. Shape and Albedo from Shading (SAfS).

The first two steps are executed once before the iterative Shape
and Albedo from Shading scheme.

2.1 Initial DTM creation

Available data sets like the global HRSC MOLA blend
(200 m/pixel) have comparably low resolution when com-
pared to CTX (about 6 m/pixel) and especially HiRISE (up to
0.25 m/pixel) images. Therefore, to properly estimate the at-
mospheric parameters and constrain the SfS procedure, it is
necessary to use photogrammetric methods to create an initial
DTM. Stereo algorithms produce accurate heights and are con-
sequently a good complementary method to SfS which is es-
pecially useful for calculating slopes. Here, the Ames Stereo
Pipeline (Beyer et al., 2018) is used to create initial DTMs. It
can be easily integrated into the workflow of calibrating the im-
ages to I/F values with the ISIS3 software (Gaddis et al., 1997).

2.2 Reflectance Model

Shape from Shading aims at finding the orientation of the sur-
face that best describes the measured image intensities. Figure
1 shows the general geometry of a camera observing the surface
element illuminated by a light source from a known direction.
For the Hapke model, the cosine values of the angles ϑe and ϑi
are used with the following abbreviations:

µ = cos (ϑe) and µ0 = cos (ϑi) (1)

Hapke’s modified isotropic multiple scattering approximation
(MIMSA) is a well-established model of the reflectance behav-
ior of particulate planetary surfaces covered by regolith (Hapke,
2002) and will be used for the reflectance modeling.

rd(µ, µ0, g, ω) =
ω

4π

µ0

µ0 + µ

[
p(g)BSH(g)+M(µ0, µ)

]
BCB(g).

(2)

Figure 1. Illumination and viewing geometry.

The single-scattering albedo ω is estimated in the Shape and
Albedo from Shading scheme for each pixel separately. The
other parameters of the Hapke model, like the parameters of the
phase function and the Shadow Hiding and Coherent Backscat-
ter correction factors are set to default values (Warell, 2004).

2.3 Model of the Atmosphere

In general, the Top of Atmosphere (TOA) radiance measured at
the sensor consists of several contributing factors. In a simpli-
fying manner, we choose the three most important contributors
which are (1) light that is directly reflected from the surface
into the direction of the sensor, (2) light that is reflected from
the atmosphere down to the surface diffusely illuminating it and
then again reflected into the direction of the spacecraft and (3)
light that is reflected by the atmosphere into the direction of the
sensor (Schowengerdt, 2007). Electromagnetic waves travel-
ing through a medium are attenuated depending on the optical
depth τ of that medium and the air mass it has to pass. This
effect can be modeled with the Lambert-Beer law:

Eground = Esun e
− τ1
µ0s (3)

The solar irradianceEsun is attenuated on the way to the surface
depending on the optical depth τ and the air-mass defined by the
cosine of the solar incidence zenith angle relative to a flat sur-
face µ0s. The TOA radiance contribution of light that diffusely
illuminates the surface can be calculated by integrating the bidi-
rectional reflectance function rd over the upper hemisphere:

rhd(µ) =

∫ 1

µ0=0

∫ 2π

ϕ=0

rd(µ0, µ, g)dϕdµ0 (4)

The angle ϕ denotes the azimuth angle, and the phase angle g
depends on mu and mu0. The total radiance measured at the
sensor then becomes:

ITOA =
(
e
− τ
µ0s rd(ϑi, ϑe, g) + ζrhd(ϑe)

)
e
− τ
µs + χ (5)

where τ = optical depth
ζ = diffuse illumination
χ = path scattered radiance
rd = bidirectional reflectance function
rhd = hemispherical directional reflectance function

The parameters for the atmosphere are estimated once before
the Shape and Albedo from Shading based on the initial DTM
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and the image intensities. Shadows can be used to estimate the
parameters ζ, and χ because all light received by the sensor is
only due to diffuse illumination of the surface and radiance scat-
tered by the atmosphere directly. We obtain the optical depth τ
by fitting such that the combined reflectance and atmospheric
model directly maps the slopes, which are derived from the ini-
tial stereo DTM to the radiance image. To account for the stereo
artifacts the fit is performed at a slightly lower resolution on a
large number of data points. We find that best fits on several
different images yield values for the optical depth between 0.35
and 0.5 which is consistent with other studies (Petrova et al.,
2012).

2.4 Shape from Shading

Shape from Shading is discussed in many publications. In this
work, we have used our existing Shape from Shading frame-
work (Grumpe and Wöhler, 2014). This method has been suc-
cessfully applied to the lunar surface, primarily toM3 (Grumpe
and Wöhler, 2014, Grumpe et al., 2014) and LROC NAC (Kim
et al., 2016, Wu et al., 2018) imagery. Minimizing the intensity
error of the measured radiance and the modeled radiance with
the inclusion of the atmospheric model requires a few regular-
ization parameters to stabilize the procedure and solve the un-
derdetermined problem. First, the integrability error according
to (Horn, 1990) is used to ensure a continuous surface. Sec-
ondly, the initializing DTM is used as a constraint by compar-
ing the absolute heights (Shao et al., 1991, Grumpe and Wöhler,
2014) and the gradient values (Grumpe et al., 2014) to the cur-
rent estimates. These comparisons to the initializing surface are
carried out in a lower frequency domain to be scale consistent.

3. RESULTS

Because HiRISE images have the highest resolution available,
there is no DTM data that can be used as ground truth for val-
idation. Therefore, we show the results for a small region of a
CTX image that has HiRISE coverage available as well and use
the stereo-derived HiRISE DTM as ground truth.

3.1 Crater near Alba Patera

The region of interest is taken from a crater at the north-east of
Alba Patera (Jiang et al., 2017). The image pair from Table 1
was used to construct the stereo DTM in the Ames Pipeline and
the image G20 025970 2217 XN 41N102W was employed for
the Shape from Shading algorithm. Figure 2 shows the image
of the region of interest and the yellow line indicates the profile
in the center of the image with a variety of structures that will
be investigated further. Figure 3 shows the color-coded DTM
of the region which is overlain with a shading of the surface for
constant albedo and illuminated from the west at 60◦incidence
of the sun. While the general structure and heights are well re-
produced, the stereo artifacts are clearly visible. This DTM was
then again filtered and the resolution was reduced to remove the
artifacts and was then used as an initializing surface for the SfS
procedure.

Figure 4 shows the DTM constructed by the new method with
atmospheric compensation. It is shaded with a constant albedo.
The small structures apparent in the image are clearly visible.

To investigate the results further, it is necessary to have a ref-
erence that can be used for validating the results. For this pur-
pose, the HiRISE stereo DTMs can be used after the DTM was
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Figure 2. Image in I/F of the region of interest taken
from CTX image G20 025970 2217 XN 41N102W. The

yellow dashed line indicates the profile which will be
investigated further in the following figures.

downsampled to CTX resolution and filtered to remove severe
artifacts. We used the HiRISE stereo DTM as ground truth.
Figure 7 shows the profile comparison of the yellow dashed
line in Figure 2. As an additional comparison, the results are
compared to the DTM created without atmospheric compen-
sation. It can be seen, that the Shape from Shading method
significantly improves the initial DTM and a lot of the smaller
structures like the hills on the left and the depth of the rift are
well reconstructed. The slope of the profile is plotted in Figure
8. The RMSE values are shown in Table 2 and also show that
the SfS methods improve over the initial DTM and the atmo-
spherically compensated DTM performs slightly better than the
method without atmospheric compensations.

Another illustration that shows the difference between stereo
and Shape from Shading DTMs is to plot the slope maps of the
scene. The slope is the arccosine of the z-component of the sur-
face normal vector of length 1. In Figure 5 the slope map of the
stereo DTM is displayed, which shows that there are some ar-
tifacts clearly visible in the bottom left and on the edges of the
rim in the center. The stair-like structures are also clearly visi-
ble, which are due to pixel locking which leads to exaggerated
slope estimates. These artifacts and stair-like structures disap-
pear in the Shape from Shading DTM and the slopes become
more realistic.

4. CONCLUSION

We have included atmospheric modeling based on the Hapke
hemispherical directional reflectance and the Lambert-Beer law

Image Resolution Latitude Longitude

G20 025904 2209
XN 40N102W

5.98 m/px 42.857◦N -102.819◦E

G20 025970 2217
XN 41N102W

5.98 m/px 42.932◦N -102.744◦E

Table 1. General information about the images.
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Figure 3. Color-coded stereo DTM created with the Ames Stereo Pipeline. Note that the DTM is already sub sampled by
a factor of two by default.
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Figure 4. Color-coded DTM produced with the new method including atmospheric compensation.
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Figure 5. Slope map of the stereo DTM.
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Figure 6. Slope map of the SAfS DTM.
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Figure 7. Height profile produced with the different
methods.
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Figure 8. Slope of the profile from Figure 7.
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DTM RMSE height RMSE slope

Initial DTM 2.07 m 6.52 ◦

Without atmospheric
compensation

1.49 m 2.80 ◦

With atmospheric
compensation

1.27 m 1.89 ◦

Table 2. Comparison of different DTMs to the HiRISE
stereo DTM ground truth.

to adapt our existing Shape and Albedo from Shading frame-
work to the Martian surface. The parameters for the model are
physically motivated and the albedo is estimated on pixel level.
On a selected CTX region, the results look convincing and
the validation with a HiRISE-derived ground truth stereo DTM
yield a good correspondence. While stereo algorithms already
yield accurate heights in their resolution domain, the slope esti-
mates are significantly better for the Shape from Shading meth-
ods. The incorporation of an initial DTM of lower resolution
as regularization terms for the Shape and Albedo from Shading
algorithm ensures that this additional information is used and
the general structure of the surface is maintained, while not pe-
nalizing the reconstruction of small structures. All in all, the
construction of DTMs by a combination of Shape and Albedo
from Shading with a correction for atmospheric effects yields
encouraging results for the Martian surface.
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