
Contents lists available at ScienceDirect

ISPRS Journal of Photogrammetry and Remote Sensing

journal homepage: www.elsevier.com/locate/isprsjprs

An integrated photogrammetric and photoclinometric approach for
illumination-invariant pixel-resolution 3D mapping of the lunar surface
Wai Chung Liu, Bo Wu⁎

Department of Land Surveying and Geo-Informatics, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong

A R T I C L E I N F O

Keywords:
Photogrammetry
Photoclinometry
Shape-from-shading
Image matching
Moon

A B S T R A C T

High-resolution 3D information on lunar and planetary surfaces is crucial for planetary exploration missions and
science. Photogrammetry is a state-of-the-art technology for generating 3D topographic models of surfaces such
as digital elevation models (DEMs). The performance of the photogrammetry and the resulting DEMs is affected
by image matching. However, most matching algorithms fail when the images have large differences in illu-
mination and subtle textures. This problem can be addressed by integrating photoclinometry into the photo-
grammetric process. This paper presents an integrated photogrammetric and photoclinometric approach that is
able to generate pixel-resolution DEMs of the lunar surface and is illumination invariant. The incorporation of
photoclinometry into photogrammetry involves two main steps. First, a photoclinometry assisted image
matching (PAM) approach is developed by integrating photometric stereo analysis in the image matching to
create pixel-wise matches, even for images with large illumination differences. Second, the DEM derived from
photogrammetry using the matching results is further refined to pixel-wise resolution using photoclinometry
with a shadow constraint. The proposed approach has been used for high-resolution topographic mapping at the
Chang’E-4 and Chang’E-5 landing sites using Lunar Reconnaissance Orbiter Camera (LROC) Narrow Angle
Camera (NAC) images acquired under different illumination conditions. The results indicate that the proposed
approach is robust to severe inconsistencies in illumination and subtle textures in cases where the conventional
approaches fail. The approach is able to achieve geometric accuracies comparable to photogrammetry but more
small-scale topographic details. The proposed approach can also be used for high-resolution topographic map-
ping of other planetary bodies such as Mercury or asteroids, and provides a useful reference for similar topo-
graphic mapping on Earth.

1. Introduction

Photogrammetry is a technology that allows 3D measurements of
objects from photographs (Konecny, 1985; Heipke et al., 2007). Com-
bining a variety of techniques, such as camera calibration, image
matching, and bundle adjustment, photogrammetry is able to derive 3D
information, e.g., point clouds and digital elevation models (DEMs),
from a pair or set of overlapping images (Wu, 2017). In these techni-
ques, image matching plays a vital role throughout the photogram-
metric process. Dense and reliable image matching is a prerequisite for
generating DEMs with favorable geometric accuracy and spatial re-
solution (Wu et al., 2011, 2012). However, this requires sufficient
image texture and adequate similarities between the images. In the case
of lunar and other planetary surfaces, images are often acquired under
different illumination conditions. Significant differences in the illumi-
nation of remote sensing images can result in dissimilar image patterns

of the same terrain surface, which in turn limits the use of these images
and poses challenges to creating high-quality DEMs (Wu et al., 2012;
Preusker et al., 2017).
Photoclinometry, or shape-from-shading (SfS), is another tech-

nology that reconstructs the 3D geometry (shape) based on the re-
lationships between the image intensity (shading) and illumination and
the viewing directions (Horn, 1977; Kirk, 1987). The intensity of each
pixel contains information on the interactions between the incoming
radiation (e.g., sunlight) and the surface. Photoclinometry then derives
the surface gradients for each image pixel and estimates the underlying
surface from its gradients. The technology can recover pixel-wise sur-
face shapes from a single image (Grumpe et al., 2014; Wu et al., 2018a)
or multiple images (Woodham, 1980; Liu et al., 2018), with the latter
called photometric stereo.
However, although not favored in photogrammetry, varying illu-

mination can provide the advantage of using photometric stereo for 3D
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surface reconstruction. Photometric stereo (Woodham, 1980) is an ex-
tension of photoclinometry in which images are simultaneously ana-
lyzed under different illumination conditions (e.g., images with sun-
light coming from different directions) and the surface gradients are
derived for each overlapping pixel. In contrast with the conventional
image matching in photogrammetry, the overall reconstruction ro-
bustness of photometric stereo increases with the availability of in-
consistent illuminations. Hence, this approach has the potential to be
incorporated into image matching to handle severe differences in illu-
mination and thus generate better matching results, which is impossible
to achieve using the conventional image matching methods. In addi-
tion, photogrammetry can normally generate DEMs with resolutions
only several times (e.g., 3–5 times, or greater) that of the original image
resolution, depending on the textural condition of the image (Heipke
et al., 2007; Wu et al., 2012). Photoclinometry can then be used to
refine the photogrammetric DEMs such that they have resolutions
comparable to the image resolution (Grumpe et al., 2014; Lohse and
Heipke, 2004; Wu et al., 2018a).
This paper presents a novel approach to integrating photo-

grammetry and photoclinometry for the illumination-invariant 3D
mapping of the lunar surface, which is able to generate pixel-wise re-
solution DEMs from images with large illumination differences. First, a
photoclinometry assisted image matching (PAM) algorithm that is in-
variant to changes in illumination is presented. PAM is able to generate
surface gradients from the candidate matching patches using photo-
metric stereo reconstruction. Given that correct matches usually gen-
erate a reasonable surface while incorrect matches do not, PAM finds
matches by evaluating the likelihood that they will generate a reason-
able surface. The output of PAM is disparity maps that can be directly
used to generate DEMs through photogrammetric intersection based on
the image interior and exterior orientation parameters. Second, the
photogrammetric DEM from the previous step is further refined by a
photoclinometric technique (Wu et al., 2018a) such that a pixel-wise
resolution of the DEM can be achieved. A new shadow constraint is also
developed and incorporated into our existing photoclinometric frame-
work (Wu et al., 2018a) for better performance.
The rest of the paper is organized as follows. Section 2 reviews the

related literature. In Section 3, we provide detailed descriptions of the
integrated photogrammetric and photoclinometric approach, PAM, and
photoclinometric refinement. Section 4 presents experimental valida-
tions of the proposed approach using various Lunar Reconnaissance
Orbiter Camera (LROC) Narrow Angle Camera (NAC) images covering
the Chang’E-4 landing site and in the candidate Chang’E-5 landing re-
gion. Finally, concluding remarks are made in Section 5.

2. Related work

Image matching is a critical step in photogrammetry, and successful
photogrammetric processing of remote sensing images requires accu-
rate and sufficient matching points. The scale invariant feature trans-
form (SIFT) algorithm (Lowe, 2004) is one of the most popular image
matching methods used in the photogrammetry and computer vision
communities. SIFT extracts the distinctive features of images and
matches them according to descriptors constructed based on the in-
tensities in the scale space. In images of the lunar and planetary sur-
faces, these descriptors usually correspond to topographic features such
as boulders and crater rims. With SIFT and other feature-based algo-
rithms, matching is only performed for the extracted feature points. For
pixel-wise matching algorithms, semi-global matching (SGM) is a well-
known method used for dense image matching (Hirschmüller, 2008).
SGM requires images with epipolar geometry such that only the
translational parameter (i.e., disparity) needs to be solved by matching.
A number of matching cost functions are commonly used in SGM, such
as the Birchfield and Tomasi measure (Hirschmüller, 2008; Wu et al.,
2018b) and the rank transform and census transform order-based
methods (Banz et al., 2012). However, most intensity-based matching

methods fail when the images have obvious illumination differences
(Grumpe et al., 2014), because the changes in illumination lead to
complex changes in the intensities of the pixels and the subsequent
image patterns (Wu et al., 2018b). To overcome this problem, several
methods have been proposed for matching images with illumination
differences. For example, the phase-correlation and phase-congruency
methods were shown to be illumination invariant (Foroosh et al.,
2002). Wu et al., 2018b presented an illumination-invariant SIFT by
suppressing the descriptor based on the distribution of the dominant
orientation of the feature points. However, this approach can only be
used for feature matching. Other studies have addressed this problem
by estimating the underlying surface gradients of each image using
photoclinometry (Grumpe and Wöhler, 2011; Grumpe et al., 2014; Liu
and Wu, 2018). As the surface gradients are supposed to be illumina-
tion-invariant representations of the image content, matching can be
performed without encountering apparent difficulties related to the
differences in illumination. The proposed PAM approach belongs to this
group of methods, in that the matching is performed based on the
surface gradients. However, whereas most other methods rely on the
photoclinometric processing of individual monocular images, PAM
jointly analyzes both images to directly create robust matches. As
photoclinometry and photometric stereo reconstruction are able to
perform pixel-wise estimation, PAM is able to perform pixel-wise
matching and hence provides a good complement to the popular SGM
framework, which is also a pixel-wise matching algorithm.
In regard to photoclinometry, Horn (1977, 1990) and Kirk (1987)

proposed early algorithms for implementing photoclinometric surface
reconstruction. Using a reflectance model, photoclinometry estimates
the gradient of a surface by the ratio of the energy reflection embedded
in the intensity value of each pixel. Reflectance models describe how a
surface reflects energy from an illumination source to the observer.
Popular reflectance models include the Lambert model, the Lunar-
Lambert model (McEwen, 1991), the Hapke model (Hapke, 1981, 1986,
2002, 2012), and variants of the aforementioned models (Oren and
Nayar, 1994; Labarre et al., 2017). Recent developments have also used
low-order polynomial functions with in-situ data to simplify the com-
plexity of the reflectance model (Wohlfarth et al., 2018). Photo-
clinometry produces DEMs and other types of 3D models with resolu-
tions comparable to those of the input images, which are apparently
higher than the models generated using methods such as photo-
grammetry and laser altimetry. The approach was further developed to
be applied in planetary remote sensing (Kirk et al., 2003a; O’Hara and
Barnes, 2012). For example, photoclinometrically derived products
such as slope maps and DEMs were used for landing site assessment for
Mars missions such as the Mars Exploration Rover missions (Beyer
et al., 2003; Kirk et al., 2003b), Mars Science Laboratory mission (Beyer
and Kirk, 2012), and the InSight mission (Beyer, 2017). Photo-
clinometry has also been used in lunar surface spectral analysis (Wöhler
et al., 2014), lunar crater analysis (Salamunićcar et al., 2014), and
mapping of geologic features (Wöhler et al., 2017). Although photo-
clinometry performs well on a local scale, it has poor accuracy on large
scales. Hence, in recent years, methods have been developed to in-
corporate existing low-resolution 3D information (e.g., low-resolution
DEMs from photogrammetry or laser altimetry) into photoclinometry
(Grumpe et al., 2014; Wu et al., 2018a) and satisfactory results have
been achieved. However, most of these approaches do not explicitly
consider shadows. The shadows hide all of the intensity information
needed for topographic reconstruction, thus leading to defective DEMs.
This is particularly important for airless planetary bodies such as the
Moon, because there is no atmosphere to scatter the light in other di-
rections and illuminate the shadowed regions. Our proposed approach
takes shadows into account in the photoclinometry to facilitate robust
reconstruction around the shadows.
For photometric stereo, Woodham (1980) first proposed and de-

monstrated the use of multiple images, each under a different illumi-
nation condition, to estimate the surface gradients, which is referred to
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as photometric stereo reconstruction. Multiple illuminations provide
redundancy and hence allow more reliable determination of the sur-
face. Photometric stereo reconstruction was applied to close-range and
small-scale scene reconstruction (Ackermann et al., 2012; Jung et al.,
2015). Heipke (1992) introduced the use of photometric stereo in to-
pographic mapping, which is referred to as multiple-image shape-from-
shading (MI-SfS) and applied the technique to earth observation images
(Piechullek and Heipke, 1996; Piechullek et al., 1998). This approach
was further developed and investigated for planetary mapping and
surface reconstruction (Lohse and Heipke, 2004; Wöhler, 2004; Lohse
et al., 2006; Liu and Wu, 2017; Liu et al., 2018). As photometric stereo
requires corresponding pixels on all of the images, co-registration of the
images is needed. As it is difficult to match and register images under
different illumination conditions, image co-registration for photometric
stereo usually requires different levels of manual work. In contrast, the
proposed approach is able to automatically obtain pixel-synchronous
images from the photogrammetric processing, which facilitates auto-
matic photometric stereo reconstruction.

3. The integrated photogrammetric and photoclinometric
approach

3.1. Overview of the approach

The workflow of the integrated photogrammetric and photoclino-
metric approach is illustrated in Fig. 1. The approach starts with a pair
of lunar surface images with their corresponding exterior orientation
(EO) parameters. The images may contain significant illumination dif-
ferences. After epipolarly rectifying the images based on their EO
parameters, the images are forwarded to the PAM algorithm to obtain
the disparity maps. PAM is illumination-invariant and is able to match
images with large illumination differences. A photogrammetric DEM is
then generated using the disparity maps and the EO parameters of the
images. Finally, the photogrammetric DEM is refined to pixel-resolution
based on a photoclinometric method incorporating shadow constraint.

3.2. Photoclinometry assisted image matching (PAM) invariant to
illumination changes

3.2.1. Photometric stereo for image matching
Fig. 2 illustrates the photometric relationships for image acquisition

on a surface. Assuming that a single light source from a certain direc-
tion illuminates the surface, the incidence angle (i) is formed between
the vector pointing to the light source and the normal vector of the
surface. The surface absorbs some of the light energy and reflects/
scatters the remaining light in different directions. When an observer
(e.g., a camera) is viewing from a certain direction, the emission angle
(e) is formed between the vector pointing to the observer and the
normal vector of the surface. Then, the amount of light received by the
observer depends on (i) the incidence angle and the emission angle; and
(ii) the surface reflecting properties (i.e., the intrinsic albedo).
Mathematically, the photometric relationships can be modeled as:

=I AG p q( , ), (1)

where the image intensity I is the product of the surface reflecting
properties (i.e., albedo A) and the reflectance G(p,q) generated from the
surface Z(x,y), and p and q denote the normal vector of the surface
along the x-direction and y-direction, respectively. The normal vector of
the surface is the negative of the surface gradients (i.e., =p Z

x ;
=q Z

y ). The function G(p,q) is also known as the reflectance model,
which geometrically describes how a surface reflects incoming light
from a source to an observer. In this paper, the Lunar-lambert model
(McEwen, 1991) is used as follows:

= +
+

G p q µ p q
µ p q

µ p q µ p q
( , ) (1 ) ( , ) 2

( , )
( , ) ( , )

,0
0

0 (2)

where µ0 is the cosine of the incidence angle (i), µ is the cosine of the
emission angle (e), and λ is the phase function which describes how the
surface particles reflect light depending on the phase angle (i.e., the
angle between the vector pointing to the light source and the vector
pointing to the observer). Common models for the phase function in
lunar and planetary photometry include the polynomial function (Lohse
et al., 2006) and the exponential function (Gaskell, 2008).
If two images have been acquired of the same surface, they may or

may not have consistent directions of illumination. It is quite common
for images of lunar and planetary surfaces to have different illumination
directions. Although matching images with different directions of illu-
mination is difficult and not favored in photogrammetry, it can be
achieved through photometric stereo as follows. Given the pixel in-
tensity value of a point (x,y) on a base image (IB|xy) and the value of its
corresponding pixel on the matching image (IM), the ratio of the in-
tensity values creates an albedo-free observation as follows:

Fig. 1. Workflow of the integrated photogrammetric and photoclinometric
approach.

Fig. 2. Conceptual illustration of the relationships between the surface, the sun,
and the observer (camera) for image acquisition.
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This is referred to as the quotient condition. Because the two pixels
correspond to the same physical location, the intrinsic albedo Ax,y of the
pixels from the different images in this location should be the same.
Hence, the differences are canceled out by division in Eq. (3). This
method has been used for images with coplanar light sources (Wöhler,
2004) where the gradient along only one direction is estimated:

=G s G sp sq( ) ( , ),u u (4)

where s refers to the gradient along a predefined direction, and
p
q

u

u
is a

unit vector denoting the predefined direction. Liu et al. (2018) used this
approach to estimate the gradient along a predefined direction using
the following quotient condition:

=G s
G s

I
I

( )
( )

,B

M x y

B

M x y, , (5)

where GB and GM are the reflectance functions (Eq. (4)) under the il-
lumination and viewing conditions of the base image and matching
image, respectively. The predefined direction is named the principal
direction (Liu et al., 2018) and is determined according to Fig. 3. L1 and
L2 are horizontal (azimuthal) vectors pointing toward each of the il-
lumination sources, and v is a horizontal vector bisecting the angle L1-
O-L2 such that =a a1 2. The principal direction u is determined by
rotating vector v 90° clockwise. Our previous study (Liu et al., 2018)
indicated that the ratio of reflectance (Eq. (5)) can be best represented
along the principal direction because GB and GM behave in reverse
manner as the gradient along this direction changes. Specifically, when
the surface is inclined toward L1 (i.e., brighter GB), its reflectance with
respect to L2 will be lower (i.e., darker GM), and vice versa, resulting in
a wider spectrum of the ratio of reflectance as the gradient changes.
However, for the gradient along the perpendicular of the principal di-
rection (i.e., v), GB and GM change similarly as the gradient along v
changes (i.e., both brighter or both darker). Thus, in this case, the ratio
of reflectance will be close to constant as the gradient changes. As a
result, the photoclinometric processing of both images along the prin-
cipal direction will be more robust and less biased to any side, which
will facilitate the subsequent photoclinometry assisted image matching.
A gradient map can be computed by solving for s in Eq. (5) at each

pixel (x,y). Because the map presents the gradient along the principal
direction (i.e., u in Fig. 3), it provides more topographic information
along this direction and less information along its perpendicular (i.e., v
in Fig. 3). Hence, the gradient changes more frequently along direction
u and less frequently along direction v. This is similar to the situation in
which an image shows more changes in intensity along the direction of
illumination and less along its perpendicular.
Based on the aforementioned principles, we develop a PAM

algorithm that is able to handle images with large differences in illu-
mination. The concept of photometric stereo is used to calculate the
matching score and evaluate the similarity of the candidate matches. In
the process, the PAM algorithm finds matches by evaluating the un-
derlying terrain instead of the direct image intensities. As a result, the
differences in image intensity caused by the illumination differences do
not significantly influence the matching.
The workflow of the PAM algorithm is illustrated in Fig. 4. Here, the

design of PAM follows the general architecture of SGM (Hirschmüller,
2008), in which the base image (Ib) and matching image (Im) are epi-
polarly rectified according to their EO parameters. The objective is to
find the horizontal disparity dx and vertical disparity dy such that a
pixel on the matching image Im(x + dx, y + dy) correctly corresponds
to the pixel on the base image Ib(x,y). Using disparities in two directions
(x and y) ensures the matching is robust when the epipolar images are
not perfectly aligned. For each pixel within a predefined disparity range
(dx,dy), PAM extracts a local patch centered at Ib(x,y) and Im(x + dx,
y + dy). Using photometric stereo, PAM then analyzes the underlying
terrain produced by the pair of image patches and generates a matching
score representing the likelihood of the resulting terrain. The algorithm
chooses the one with the highest matching score as the best match. PAM
also considers the local smoothness and conducts multiple-scale eva-
luations when computing the matching score. Matches with significant
changes in disparity are treated as mismatches and are filtered out, and
the remaining matches are forwarded to the sub-pixel refinement. As
the PAM algorithm incorporates the principle of photometric stereo, it
requires the illumination directions with respect to the images to be
known. This information can be obtained from the image metadata or
derived by manual observation.

3.2.2. Computation of the matching score
For any local patch on the base image centered at pixel (x,y), a patch

of the same dimension is extracted from the matching image with its
center pixel translated by the disparities (dx,dy) under evaluation. A
ratio of the two local patches is computed by dividing the patch on the
base image by the one on the matching image. Using the ratio mini-
mizes the effects of varying albedo in the photometric stereo analysis,
as can be seen in Eq. (5). The photometric stereo technique is then used
to determine the gradient map of the pair along the principal direction.
The rationale behind PAM is that when the two image patches are
matched correctly, they produce a highly reasonable gradient map due
to the removal of the albedo variations by Eq. (5) and the accurate
alignment of the corresponding pixels. However, when the two patches
are matched incorrectly, they produce a biased gradient map due to
misalignment. Biased gradient maps usually show similar roughness
along multiple directions and have similar patterns of input images
(influenced by the illumination), while reasonable gradient maps
usually show high roughness only along the principal direction and low
roughness along its perpendicular. Hence, the roughness of the gradient
map can be evaluated along two orthogonal directions. The two di-
rections are then combined using a mathematical function representing
the matching score.
When a patch on the base image is matched with a candidate patch

on the matching image, a gradient map can be generated using the
aforementioned photometric stereo analysis. If the two patches are
correctly matched, the gradient map is likely to have more frequent
changes along the principal direction and less along its perpendicular.
Otherwise, the map will have frequent changes along different direc-
tions due to “leakage” of the topographic and albedo information as a
result of misalignment. PAM uses the gradient roughness to measure the
changes. A reasonable gradient map is evaluated as having high gra-
dient roughness along the principal direction and low gradient rough-
ness orthogonal to the principal direction. The roughness of the gra-
dient (s) map along direction t is evaluated using the following function:

=S s t g s( , , ) ( , ) ,x y dx dy tt x y dx dy, , ,
2

, , , (6)
Fig. 3. Determination of the principal direction in photometric stereo. All
vectors are on a 2D x-y plane.
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where S s t( , , )x y dx dy, , , is the mean squared deviation of stt
2, the squared

second derivative of s along the direction t, within a local region cen-
tered at pixel (x,y) with disparity (dx, dy). g ( , ) is a Gaussian function
with the parameter controlling the size of the local region in the
multiple-scale analysis and the relative contribution of each component
within the region. stt

2 can be approximated by finite differences:

= +s s s s( 2 ) .tt t t t
2

1 1
2 (7)

A correct match is then defined as a high S s u( , , ) and a low
s v( , , ), of which u is the principal direction and v is its perpendicular.
To achieve this, S s u( , , ) and S s v( , , ) are connected using a score
function:

= +M x y d d e e( , , , , ) 1 | .x y
w S s u w S s v

x y dx dy
( , , ) ( , , )

, , ,x y (8)

In the above function, the first component e1 w S s u( , , )x increases
when S s u( , , ) increases, while the second componente w S s v( , , )y pe-
nalizes a highS s v( , , ). wx and wy are weighting factors used to control
the relative contribution of each component. A larger wx and wy mean
the score is more easily affected by a small change in S s u( , , ) and

S s v( , , ), respectively, and vice versa. M ranges from 0 to 2, with the
best match approaching 2.
To ensure robustness of the matching score, PAM takes the multiple-

scale evaluation into consideration by aggregating the matching scores
computed from multiple image scales:

=M x y d d M x y d d( , , , ) ( , , , , ),final x y
k K

k x y k
(9)

where M x y d d( , , , , )k x y k is the matching score at a scale denoted by k
within a predefined number K of scales. For computational considera-
tion, this can be approximated by down-sampling the image by a factor
(2 in this research) and computing the matching score for each down-
sampled image. For each pixel (x,y), the disparities (dx,dy) with the
highest matching score M x y d d( , , , )final x y are chosen as the best match.

3.2.3. Filtering of mismatches
Mismatches are unavoidable in most cases. In this paper, mis-

matches are defined as pixels with a disparity significantly different
from their adjacent neighbors:

=D x y d x y d n( , ) | ( , ) |x x x

=D x y d x y d n( , ) | ( , ) | ,y y y (10)

where n is the vicinity of any pixel (x,y), and is defined as 1 pixel ad-
jacent to the center pixel. is a predefined threshold default at 1. Eq.
(10) is implemented by using morphological operators on the disparity
maps:

=D x y morph d x y n morph d x y n( , ) | ( ( , ), ) ( ( , ), )|x dil x ero x

=D x y morph d x y n morph d x y n( , ) | ( ( , ), ) ( ( , ), )|,y dil y ero y (11)

wheremorph n( , )dil is a dilation operator whereby the value of a pixel
is replaced by the highest value within a neighborhood defined by n,
andmorph n( , )ero is an erosion operator whereby the value of a pixel is
replaced by the smallest value within the neighborhood. The neigh-
borhood is defaulted as a 3x3 kernel, which means that only the dis-
parities of the adjacent pixels are compared. A pixel is labelled as a
mismatch when D x y( , )x or D x y( , )y . Pixels enclosed by mis-
matches are also labelled as mismatches, which can be achieved by
using an algorithm such as flood fill or watershed analysis. After fil-
tering the mismatches, the sub-pixel values of the matches are esti-
mated by fitting a quadratic curve over the matching score of the

Fig. 4. The workflow of photoclinometry assisted image matching (PAM).

Fig. 5. The layout of a DEM node during height optimization. The center node
is optimized according to the surrounding surface gradients.
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Fig. 6. The LROC NAC image pair covering the Chang’E-4 landing site. Blue boxes show the enlarged views of the landing area, and green crosses indicate the landing
site on each of the images. Yellow arrows indicate the illumination direction of each image. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

a) The base image (left) and the matching image (right) 

b) The x-disparity (left) and y-disparity (right) map. 
Fig. 7. The epipolar images used for matching and the disparity maps generated by PAM for the Chang’E-4 landing site. Poor matches are outlined in blue. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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neighboring disparities and finding the minima (Hirschmüller, 2008).

3.3. Photoclinometric refinement of photogrammetric DEM incorporating
shadow constraint

3.3.1. Surface gradients from image intensities constrained by
photogrammetric DEM
Using the above matching results from PAM, a photogrammetric

DEM can be generated based on the EO parameters. Single-image SfS is
then used to recover details that exist on the image but not in the
photogrammetric DEM. Only one image of the stereo pair is needed for

this process. Hence, the image with better illumination conditions, such
as fewer shadows and adequate topographic shading, is chosen. Similar
to Grumpe et al., 2014; Wu et al., 2018a, the SfS algorithm introduces a
low-resolution DEM (i.e., the photogrammetric DEM) as a constraint
and generates a high-resolution DEM with comparable resolution and
details to the image. The image used in the SfS is co-registered to the
photogrammetric DEM by ortho-rectification based on the image EO
parameters. In Wu et al., 2018a, the reflectance of a pixel is estimated
from its neighboring pixels by assuming locally constant albedo,
yielding an albedo-free equation:

Fig. 8. 3D views of the DEMs and the corresponding ortho-image covering the Chang’E-4 landing site. The blue boxes show close up views of the landing site (the red
cross). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

W.C. Liu and B. Wu ISPRS Journal of Photogrammetry and Remote Sensing 159 (2020) 153–168

159



=
A G

A G
I
I

x y x y

j j

x y

j j N

, , ,

=G
I
n

G
I

,x y
x y

j N

j

j
,

,

x y, (12)

where each Ij is an image pixel within a predefined local neighborhood
Nx,y of the center pixel Ix,y. It is assumed that the albedo at the center
Ax,y equals the Aj of its vicinity, and hence that the ratio of the re-
flectance value equals that of the image intensity. The estimated re-
flectance Gx,y is then computed as the mean of all of the valid candidate
reflectance values GI

I j
x y

j
, within Nx,y. The shadowed regions are not

considered as valid pixels in this process. The reflectance value of each
pixel is initialized from the initial DEM, with the values being derived
from the photogrammetric DEM in this case. The normal vectors along
the x-direction (p) and y-direction (q) are then obtained by minimizing:

= + +E G p q p G
q

q G( , )| G
p

,sfs x y x y0 0 , , (13)

where p0 and q0 are the surface gradients of the DEM at the current
iteration and p q, are the update values for the surface gradients. The
photogrammetric DEM serves as the initial DEM for the initial condi-
tions and constraints during the refinement. Wu et al., 2018a in-
corporate the initial DEM constraint by a cost function:

= + + +
F p q

p p q q w g p p g q q
( , )

( ) ( ) [( ( , ) ) ( ( , ) ) ].ini ini ini0
2

0
2 2 2

(14)

The first two components, which are referred to as the integrability
constraints (Horn, 1990), encourage the surface normal vectors to ap-
proach the closest integrable solutions p0 and q0 of the current iteration.
The last two components, which are referred to as the initial DEM
constraints, encourage the low-resolution versions of the normal vec-
tors (i.e., g p( , ) and g q( , )) to approach those of the initial DEM (i.e.,
pini and qini). wini controls the contribution of the initial DEM constraint.
The reflectance constraint Esfs is treated as an absolute constraint,
which separates the more important Esfs from the other geometrical
constraints F(p,q) and ensures its effect. p and q are then updated using

a) Photogrammetric DEM b) Integrated DEM c) Reference DEM 
Fig. 9. The shaded relief of the DEMs covering the Chang’E-4 landing site. The blue boxes show close up views of the landing site (the red cross). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the Lagrange multiplier (Wu et al., 2018a) by minimizing F(p,q) subject
to (Esfs = 0).

3.3.2. Incorporating the shadow constraint into photoclinometry
In shadowed regions, it is not appropriate to use photoclinometry

because there is no shading information. However, shadows also pro-
vide information about the surface normal vectors under the shadows.
The magnitude limit of the normal vectors within the shadows can be
obtained by:

a) Profile 1 

b) Profile 2 
Fig. 10. Profile comparison of the DEMs of the Chang’E-4 landing site. The blue boxes indicate the topographic details revealed by the integrated DEM. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Comparative statistics of the DEMs of the Chang’E-4 landing site.

Photogrammetric DEM Integrated DEM

RMSE (m) 4.32 3.47
Maximum absolute deviation (m) 38.49 19.84
Absolute deviation at 99.5 percentile

(m)
21.66 11.17
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where i is the incidence angle and sshw is the signed magnitude of the
vector of a shadow along the illumination direction, which provides an
upper limit of the normal vectors of a shadowed surface. When the
normal vectors p and q are projected in the direction of the illumina-
tion, the magnitude cannot be higher than sshw because, in that case, the
surface would be illuminated and no longer shadowed. A straightfor-
ward way to achieve this is to force the normal vectors of each sha-
dowed pixel to comply to sshw when they are evaluated along the di-
rection of the illumination. This constraint can be formulated as:

=E L
p
q smax , 0 ,shw

T
shw (16)

where =L
p
q

L

L
is the unit vector pointing toward the illumination

source, and L
p
q

T projects the normal vector (p,q) to L. For a shadowed
pixel, the projected magnitude is considered to be equal to or less than
sshw and, hence, Eshw equals zero. Similar to Esfs, Eshw is treated as an
absolute constraint for the shadowed pixels. As Esfs is switched off for
the shadowed pixels, the optimization is to minimize F(p,q) subject to
(Eshw = 0). To summarize, each pixel contains two solutions of normal
vectors, one for the illuminated pixels and the other for the shadowed
pixels:

= =
p
q min F p q s t Earg ( , ) . . 0sfs

sfs p q sfs,

= =
p
q min F p q s t Earg ( , ) . . 0,shw

shw p q shw, (17)

where
p
q

sfs

sfs
is the solution derived based on the reflectance constraint

Esfs, and
p
q

shw

shw
is the solution derived based on the shadow constraint

Eshw. We assume that a shadow map of the image is available that

contains the weights of the shadows for each pixel, which range from 0
to 1. The weights represent the likelihood of a pixel being shadowed
based on certain shadow detection algorithm, or the fraction of a pixel
that is shadowed. The final estimated normal vector is then a linear

combination of
p
q

sfs

sfs
and

p
q

shw

shw
based on the weight values of the

shadow map:
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shw
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sfs
shw
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where wshw is the weight value of each pixel on the shadow map and
p
q

final

final
is the final estimated normal vector of the surface. In cases where

the shadow map is a mask that has only ones for all of the shadowed

pixels and zeros otherwise,
p
q

final

final
then solely depends on

p
q

shw

shw
for the

shadowed regions and
p
q

sfs

sfs
otherwise.

3.3.3. Refining photogrammetric DEMs from photoclinometrically estimated
gradients
Following the algorithm developed by Wu et al., 2018a, the eleva-

tion of each individual node on the DEM is optimized based on the
photoclinometrically estimated surface gradients computed from the
previous steps. The surface gradients of the DEM are obtained by finite
differences:
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where hx and hy are the cell sizes of the DEM in the x- and y-direction,
respectively, and °[ ] [ ] is an element-wise multiplication operator.

As depicted in Fig. 5, the surface normal vectors of each cell
p
q

DEM

DEM i j,

Image ID M1119207667R M1145135367L 

Slew angle 

(o) 
14.8 0.0 

Illumination 

azimuth (o) 
154.4 233.0 

Incidence 

angle (o) 
45.7 56.0 

Emission 

angle (o) 
17.2 1.8 

Resolution 

(m/pixel) 
1.5 1.5 

Fig. 11. The LROC NAC image pair within the Chang’E-5 candidate landing region. Yellow arrows indicate the illumination direction of each image. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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are computed by the four neighboring grid nodes. Hence, the optimi-
zation of the center node Zx,y (the middle square in Fig. 5) is optimized
in a least-squares solution according to the adjacent surface normal
vectors estimated by photoclinometry. The optimization uses a relaxa-
tion strategy whereby only one DEM node is optimized and updated at a
time. The refined DEM is then forwarded to the reflectance estimation,
as described in Section 3.3.1, and the process iterates until the changes
per iteration are negligible. Creating a DEM from the estimated normal
vectors is important for the reconstruction process because it can
strictly enforce integrability on the possibly non-integrable surface
normal vector field and hence provide better initial estimates for the
next iteration. A hierarchical approach is used to ensure that the re-
construction performance is robust. The image is first down-sampled to
a predefined resolution (e.g., the resolution of the initial DEM) and the
refinement process is performed accordingly. The refined DEM is then
up-sampled by a factor (e.g., two) and the refinement process repeats
until it reaches image resolution.

4. Experimental analysis

4.1. Experiment with LROC NAC images of the Chang’E-4 landing site

The LROC NAC images feature a high resolution, 0.5–2 m/pixel,
which is favorable for the detailed 3D mapping and analysis of the
landing sites for lunar missions (Speyerer et al., 2016; Wu and Liu,
2017; Hu and Wu, 2018). Fig. 6 shows a pair of LROC NAC images
covering the landing site of the Chinese Chang’E-4 mission, which
successfully landed on the far side of the Moon on January 3, 2019 (Wu
et al., 2019). To study the topographic conditions of the landing site
and the nearby environment, it is critical to have high-resolution DEMs
of the region to support the topographic analysis. The stereo pair of
LROC NAC images shown in Fig. 6 are those only available before and
immediately after the landing. As can be seen in Fig. 6, the difference in
the slew angles (convergence angles) between the images is approxi-
mately 22°, which is ideal for photogrammetric processing. However,

a) The base image (left) and the matching image (right) 

b) The x-disparity (left) and y-disparity (right) maps 
Fig. 12. The epipolar images used for matching and the disparity maps generated by PAM within the Chang’E-5 candidate landing region.
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the illumination directions of the two images are almost opposite to
each other, differing by about 164°, which implies that the conventional
matching algorithms are likely to fail on this dataset. The images are
associated with their EO parameters obtained from the SPICE kernels
(Acton, 1996; Speyerer et al., 2016). To facilitate comparison, a re-
ference DEM was generated independently using photogrammetry
based on another stereo pair of LROC NAC images (image IDs:
M1303619844LR and M1303640934LR) collected one month after the
landing of Chang’E-4, which has consistent illumination conditions. The
reference DEM has a resolution of 5 m/pixel, is available from the LROC
Archive (http://www.lroc.asu.edu/posts/1100).
We focus our experimental analysis on the region around the

Chang’E-4 landing site. Fig. 7(a) shows the image subset after epipolar
rectification. The resolution of the epipolar image is resampled to 4 m/
pixel, which is considered optimal for photogrammetric processing,
given the resolution of the original images. The resolution of 4 m/pixel

is also suitable for comparison with the reference DEM. The dimension
of the image is 2000 × 1320 pixels. Due to the illumination differences,
the conventional matching algorithms fail to produce any reasonable
DEMs. The disparity maps are generated by matching the images using
PAM and are shown in Fig. 7(b). Although the disparity maps corre-
spond to the general topography, the detailed topographic features
(e.g., small craters) are missing because they are severely shadowed in
both images; these regions are outlined in blue in Fig. 7(b). In the left
image, the western portions of the craters are shadowed; in the right
image, the eastern portions are shadowed. Hence, when the images are
analyzed during PAM matching, most of the craters are either sha-
dowed by the left image or by the right image, and thus there is in-
sufficient information inside the craters for matching. In general, the
image pixels are required to be illuminated in both images for the best
performance of PAM. In situations like this, PAM matches the portions
of the craters by their illuminated surroundings such as the crater rim,

a) Reference NAC DEM (5 m/pixel) 
b) Photogrammetric DEM from PAM 

(4 m/pixel) 

c) The integrated DEM (1.5 m/pixel) d) The ortho-image (1.5 m/pixel) 
Fig. 13. 3D views of the DEMs and the corresponding ortho-image within the Chang’E-5 candidate landing region.
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and hence the disparities of the inner parts are replaced by those of the
surroundings, leading to a smooth surface. If the craters are shaded
instead of shadowed, there will be information within the craters, and
their disparities can be more accurately determined by PAM. For the
regions not shadowed, the disparity maps successfully retrieve their
shapes.
The 3D view of the photogrammetric DEM from PAM (Fig. 8b)

closely corresponds with the reference DEM (Fig. 8a) in most of the
regions except for the shadowed regions. This problem can be overcome
by choosing the image with the least shadows from the image pair and
performing photoclinometric refinement. Fig. 8(d) shows the ortho-
image generated using the photogrammetric DEM with the least sha-
dows. The ortho-image (1.5 m/pixel) and the photogrammetric DEM
(4 m/pixel) are used as inputs in the photoclinometric refinement, and
an integrated DEM (1.5 m/pixel) is generated using the method de-
scribed in Section 3.3, as shown in Fig. 8(c). Since the reference DEM
(Fig. 8a) and the photogrammetric DEM (Fig. 8b) are produced in-
dependently using different sets of stereo images, small low-frequency
deviations (about 1–3 m) in elevation, with respect to the reference
DEM, can be noted on the photogrammetric DEM (Fig. 8b) and the
integrated DEM (Fig. 8c). The 3D views of the DEMs (Fig. 8) and their
corresponding shaded relief (Fig. 9) indicate that the integrated DEM
(Fig. 8c and 9b) recovers the missing details in the photogrammetric
DEM and the reference DEM.
The topography of the Chang’E-4 landing site derived from different

DEMs is also compared. The integrated DEM provides the necessary
information about the topography around the landing site, while no
useful information can be derived from the other DEMs. Two profiles
are derived from the DEMs and presented in Fig. 10. The first profile
reveals two of the crater triplets surrounding the Chang’E-4 landing
site. It is apparent that only the integrated DEM is able to retrieve the
shape of these small craters. The relatively larger craters in Fig. 10(a)
and (b) show that incorporating the shadow geometry allows precise
reconstruction of the shadowed terrain where photogrammetric DEM
fails to do so. There are small horizontal offsets in the shadowed re-
gions, which likely stem from possible inaccuracies in the shadow de-
tection.
The performance of the DEMs generated using the proposed ap-

proach is quantitatively analyzed using the root mean square error
(RMSE) and the maximum absolute differences in elevations with re-
spect to the reference DEM. The absolute deviation at the 99.5 per-
centile is also provided to enable a more comprehensive analysis of the
performance of the approach. The indicators are summarized in
Table 1. The photogrammetric DEM has an RMSE of approximately

4.3 m, an absolute maximum deviation of 38.5 m, and an absolute
deviation at the 99.5 percentile of 21.7 m. The major contributor to the
aforementioned error is that the image pair shadowed a significant
amount of the topographic features, especially those corresponding to
steeper slopes such as the crater walls. This problem is significantly
improved in the integrated DEM, which has a slightly lower RMSE of
3.7 m and a significantly reduced absolute maximum difference of
19.8 m, an approximately 19 m reduction compared to the photo-
grammetric DEM. The 99.5 percentile also drops to approximately
11.2 m, a 10 m reduction with respect to the photogrammetric DEM. It
should be noted that it is impossible to obtain a reference DEM with a
better resolution of 1.5 m/pixel for comparison. However, the 5-m/
pixel reference DEM can be used to provide an overall evaluation of the
geometric accuracy of the DEM generated by the proposed approach.

4.2. Experiment with LROC NAC images of the candidate Chang’E-5
landing region

The Chang’E-5 mission is planned for launch around late 2019.
Fig. 11 shows a stereo pair of LROC NAC images of areas within the
Chang’E-5 candidate landing region (Wu et al., 2018c). There is a dome
located in the middle area of the image. The difference in the slew
angles between the images is about 15°, which is suitable for photo-
grammetric processing. However, the illumination directions of the two
images differ by about 80°, indicating that conventional matching al-
gorithms will likely fail on this stereo pair. The images are associated
with their EO parameters obtained from the SPICE kernels. Similarly, a
reference DEM generated from photogrammetry using other NAC
images with consistent illumination conditions (image IDs:
M1119207667LR and M1119228976LR) is used for comparison. The
reference DEM has a resolution of 5 m/pixel.
The comparison focuses on the dome area in the middle of the

image. Fig. 12 (a) shows the image subsets after epipolar-rectification.
The resolution of the epipolar images is resampled to 4 m/pixel, and the
dimension of the image is 1330 × 1800 pixels. After PAM, we obtain
the disparity maps shown in Fig. 12(b), which largely correspond to the
topography of the region. The high horizontal disparity in the middle of
the image corresponds to the dome, while the dark circles above cor-
respond to the craters. Because of the illumination configuration, most
of the inner parts of the craters are illuminated in both images, and
hence the effects of shadows are much less apparent than in the pre-
vious dataset. Subtle stripe patterns can be observed on the y-disparity
map. A possible reason for their occurrence is that the proposed pho-
tometric stereo method (Eq. (4)) performs best when the horizontal

a) Photogrammetric DEM b) Integrated DEM c) Reference DEM 
Fig. 14. The shaded relief of the DEMs within the Chang’E-5 candidate landing region.
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illumination differences are close to 180°, whereas in cases with illu-
mination horizontal differences significantly less than 180° (such as
about 80° in this dataset), the performance declines and becomes less
sensitive to subtle changes. Nevertheless, the x-disparity is the dom-
inating parameter for 3D reconstruction in this dataset, and most of the
topographic features are revealed by the x-disparities. Hence, with this
dataset, the y-disparity has a subtle effect and may contain very slight
discrepancies.
Fig. 13 shows the 3D views of the reference DEM (Fig. 13a), the

photogrammetric DEM (4 m/pixel) from PAM (Fig. 13b), the DEM

(1.5 m/pixel) from the integrated photogrammetric and photoclino-
metric approach (Fig. 13c), and the ortho-image based on the photo-
grammetric DEM and the image EO parameters (Fig. 13d). The con-
ventional photogrammetric routines based on SGM fail to generate any
reasonable DEMs for this dataset. In contrast, although the effective
resolution is not as high as the reference DEM, photogrammetric pro-
cessing with PAM successfully generates a plausible DEM. Moreover,
the integrated DEM successfully recovers the details better than the
other DEMs, as compared with the details shown in the ortho-image,
which can also be observed from the shaded relief of the DEMs as

 

a) Profile 1 

 

b) Profile 2 
Fig. 15. Profile comparison of the DEMs within the Chang’E-5 candidate landing site. The blue boxes indicate the small topographic details revealed by the integrated
DEM.
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shown in Fig. 14.
Two profiles are extracted from the DEMs and presented in Fig. 15.

The first profile (Fig. 15a), which shows the larger crater near to the
dome, demonstrates that the photogrammetric DEM is able to retrieve a
precise topography while the integrated DEM is able to reconstruct the
fine details. The profile of the dome (Fig. 15b) shows that the steep
edges and artifacts from the photogrammetric DEM are corrected by
photoclinometry. The profiles also show small craters and structures
that are preserved on the integrated DEM but not on the photogram-
metric DEM or the reference DEM.
The quantitative indicators of the performance of the proposed

approach are summarized in Table 2. The RMSE of the photogram-
metric DEM is about 5.8 m with respect to the reference DEM, while the
absolute maximum is about 54.5 m and the absolute deviation at the
99.5 percentile is about 18.7 m. The pixels with large errors are usually
located in the shadows and can be filtered out using operators such as a
median filter. The integrated DEM has an RMSE of approximately
6.6 m, with a maximum of 45 m and an absolute deviation at the 99.5
percentile of 24.8 m. In general, the indicators are slightly higher than
those of the photogrammetric DEM, except for the absolute maximum.
In this case, there are slight gradual deviations in terms of very low-
resolution surface gradients on the integrated DEM. This is possibly due
to the spatially varying albedo, especially across the lunar dome. This
can be improved by tuning the parameters or incorporating photo-
metric stereo reconstruction for a more robust estimation of the surface.

5. Conclusions and discussion

This paper presents an integrated photogrammetric and photo-
clinometric approach for illumination-invariant and pixel-resolution 3D
mapping of the lunar surface. The approach fuses photoclinometry and
photometric stereo techniques in the photogrammetric processing in a
synergistic manner. Experimental analyses of the proposed framework
using actual LROC NAC images with different illumination conditions
show that the proposed approach outperforms the conventional ap-
proaches. The PAM algorithm used in the proposed approach is the key
to handling images with complex illumination inconsistencies, such as
orthogonal illumination and opposite illumination, and images with
subtle textures. Based on the resulting photogrammetric DEM, photo-
clinometric refinement enables pixel-wise reconstruction of the terrain
surface. Photoclinometry is able to recover the topographic details
missing during matching and due to shadows. The RMSE of the gen-
erated DEMs ranges from 3 to 7 m compared to the reference DEMs
(i.e., DEMs generated from photogrammetry using images with con-
sistent illumination conditions). There are occasions where the absolute
error exceeds 40 m, which is mostly due to shadows or overly bright
regions. These discrepancies arise because the images of these regions
contain no useful information for the approach to work on, and most of
the discrepancies can be corrected by photoclinometry in the sub-
sequent refinement step. The experimental results also show that pho-
toclinometric refinement sometimes produces small accumulative er-
rors when the surface gradients are continuously over or under-
estimated. This can be improved by using tuning weights and/or in-
troducing different constraints to the algorithm.
For the photoclinometry assisted image matching (PAM), as the

relationship between the performance of photoclinometry and illumi-
nation difference of images is complex (Liu et al., 2018), specifically
designed formulations and experimental analyses will be necessary in
order to rigorously determine the threshold of illumination difference
that is favorable for PAM. In general, PAM will be applicable for images
with visually apparent illumination differences (e.g., 30° or above in
incidence azimuth).
In this paper, photoclinometric refinement using a single image is

used because one of the images in the dataset (e.g., the stereo pair of the
Chang’E-4 landing site) is severely shadowed and is not suitable for
reconstruction based on photometric stereo. However, because PAM is
able to perform pixel-wise matching on images with large illumination
inconsistencies, it is also possible to use photometric stereo for pixel-
wise refinement as a final stage. In that case, pixel-synchronous images
are needed, which can be obtained using PAM. Whether to use a single
image or photometric stereo as the final refinement stage depends on
the illumination conditions of the images and the user requirements.
The proposed approach has the advantage of being robust to illu-

mination inconsistencies and subtle textures and is able to produce
pixel-level resolution DEMs of the lunar surface. The approach can be
used for high-resolution topographic mapping of other similar plane-
tary bodies such as Mercury or asteroids, where substantial variations
in illumination pose challenges (Preusker et al., 2017). However, for
Mars, the atmospheric influence on the reflectance model needs to be
investigated before it can be applied. Elements of the proposed ap-
proach may also be helpful in planetary photometric and spectral
analysis. The proposed integrated photogrammetric and photoclino-
metric approach can also serve as a reference for high-resolution to-
pographic mapping in Earth applications.
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