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ABSTRACT:

Mars topographic data are crucial for quantitative surface characterization, exploration missions, and studies of Martian surface
processes. Photogrammetric processing of Mars orbital imagery is a major method for generating three-dimensional (3D) terrain models,
such as digital elevation models (DEMs), with bundle adjustment (BA) serving as the key step for mitigating inconsistencies in
overlapping regions of different orbital images and further improving the spatial accuracy of the resulting DEMs. However, BA
performance is often limited by the texture-less Martian surface and the lack of ground control points. To address this issue, this paper
proposes a BA method assisted by robust crater graph features. Since impact craters are widely distributed on Mars, they can serve as
valuable semantic priors for accurate topographic mapping. The method first uses deep learning to extract crater structures and
constructs crater graphs based on the minimum spanning tree rule. It then searches for corresponding crater graphs across different
images to identify crater correspondences and robust tie points. Finally, angular relationships among adjacent craters are introduced
into BA observation equations to enhance adjustment performance and reduce geometric inconsistencies. serve as valuable semantic
priors for accurate topographic mapping. Experiments conducted over the McLaughlin Crater area using CTX stereo images, with
HRSC-derived DTMs and orthoimages as reference data, demonstrate that the proposed method effectively improves the precision and

stability of BA and supports high-accuracy 3D mapping of the Martian surface.

1. Introduction

Mars topographic data are vital for the quantitative
characterization of the Martian surface and are fundamental to
both planetary exploration and scientific investigation. High-
quality topographic models are critical for landing site evaluation,
rover traverse planning, and mission operations (Wu et al., 2022),
and they also enable quantitative investigations of surface
processes and geomorphological evolution (Pla-Garcia et al.,
2020; Yang et al., 2022). With the continuing accumulation of
high-resolution orbital imagery, producing accurate and spatially
consistent DEMs has become a central focus in planetary remote
sensing and mapping.

Among the available approaches for Martian topographic
reconstruction, photogrammetric processing of orbital imagery is
one of the most representative methods for generating DEMs (Li
etal., 2022; Yan et al., 2022). In the photogrammetric workflow,
bundle adjustment (BA) is a key step, as it jointly refines image
orientation parameters and tie-point coordinates to reduce
geometric inconsistencies among overlapping images and
improve the spatial accuracy of the derived DEMs. Therefore, the
quality of BA directly influences the geometric consistency of
multi-image datasets and the accuracy of the final DEMs (Hu et
al., 2019).

However, the BA process for Martian orbital imagery remains
challenging (Hu et al., 2016). Unlike terrestrial photogrammetry,
Martian mapping generally lacks reliable ground control points;
therefore, the adjustment process relies heavily on automatically
extracted tie points. Moreover, large areas of the Martian surface
are characterized by weak texture, repetitive patterns, and
illumination differences across image acquisitions, all of which
often reduce the stability of feature matching and further
undermine the robustness of BA (Ye et al., 2019). In texture-poor
regions, conventional feature-based matching may fail to provide
sufficiently accurate and well-distributed correspondences,
thereby leading to residual misalignments in overlapping areas

and limiting the geometric consistency of the resulting DEMs
(Wu et al., 2013).

Introducing semantic priors into geometric processing offers a
promising strategy to alleviate these limitations. Compared with
conventional local point features, semantic features can provide
more structured and stable object-level constraints, especially
under weak-texture conditions. On Mars, impact craters are
among the most abundant and representative geomorphic units.
Owing to their widespread distribution, relatively stable
geometric morphology, and strong recognizability across images,
impact craters have been widely used as important semantic
priors in various image analysis tasks, such as crater detection,
geomorphological interpretation, and planetary surface studies
(YYou et al., 2025; Xie et al., 2025). Previous studies have shown
that crater detection can be effectively achieved using both
unsupervised methods and convolutional neural networks,
demonstrating that crater structures can be robustly identified
under complex planetary surface conditions (Emami et al., 2019).
In addition, crater features have also been explored for planetary
image registration. Solarna et al. (2017) proposed a crater-based
registration framework using marked point processes, multiple
birth-and-death  optimization, and region-based analysis,
demonstrating the feasibility of using crater features for image
alignment. This framework was further extended by Solarna et al.
(2020), who developed a unified method for crater detection and
registration of planetary images through marked point processes,
multiscale decomposition, and region-based analysis, and
validated its effectiveness for multimodal and multitemporal
planetary imagery. These studies suggest that impact craters are
not only scientifically meaningful geomorphic objects but also
promising semantic features for establishing stable geometric
relationships across planetary images.

Compared with conventional tie points, crater-based semantic
features have the potential to provide more structured and robust
constraints for BA, particularly in regions where local texture is
limited and image matching is unstable. If crater information can
be effectively incorporated into the adjustment process, it may
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help strengthen inter-image geometric constraints, improve the
robustness of parameter estimation, and further enhance the
spatial consistency and accuracy of the generated DEMs.
Nevertheless, although impact craters have been extensively
studied in planetary image analysis, their use as semantic
constraints in bundle adjustment for high-precision Martian
topographic mapping has not yet been fully explored.

In this study, Martian impact craters are incorporated as semantic
priors into the bundle adjustment process of orbital imagery for
precision topographic mapping. The main idea is to exploit the
widespread distribution and geometric stability of craters to
mitigate the limitations of traditional tie-point-based BA in
texture-less regions. By integrating crater-derived semantic
constraints into the adjustment framework, this work aims to
improve the stability and reliability of BA and, consequently,
enhance the spatial accuracy and internal consistency of the
resulting DEMs. Overall, this work offers a new perspective on
combining geomorphological semantic information with
classical photogrammetric optimization for high-precision
Martian terrain reconstruction.

2. Crater Graph-Assisted Bundle Adjustment for Precision
Topographic Mapping

2.1 Framework of the Method

To improve the robustness of bundle adjustment (BA) for
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Martian orbital imagery in weak-texture regions, this study
proposes a crater graph-assisted BA framework based on robust
crater graph features, as illustrated in Figure 1. The central idea
is to introduce impact craters as stable geomorphological
primitives into both correspondence establishment and geometric
optimization, thereby mitigating the limitations of conventional
tie-point-based BA. The proposed framework consists of three
main steps. First, crater structures are extracted from orbital
images using a deep-learning-based detector, and a robust crater
graph is constructed for each image based on the minimum
spanning tree (MST) rule to encode the spatial relationships
among neighbouring craters. Second, corresponding crater
graphs are identified across overlapping images to identify crater
correspondences, which are then used to guide local image
matching and generate sufficient and reliable tie points. Third,
the matched crater graph structures are incorporated into the BA
process as structural constraints. Specifically, the proposed BA
model includes both edge-based and angle-based constraints to
characterize the geometric relationships among adjacent craters.
By integrating crater-derived semantic information with
conventional photogrammetric observations, the proposed
method aims to improve the stability of BA and reduce geometric
inconsistencies in the resulting Martian DEMs.

R

Additional Tie Points

Geometric Constraint

Figure 1. Overview of the proposed BA method assisted by crater graph.

2.2 Crater Graph Construction

To establish robust structural features for inter-image
correspondence analysis, impact craters are first extracted from
each orbital image and then organized into graph-based
representations. In this study, crater candidates are detected using
a deep-learning-based object detection model (Redmon et al.,

2016). Deep learning has been shown to be effective for crater
identification in planetary imagery because it can capture crater
morphology under varying illumination and terrain conditions
(Emami et al., 2019). After detection, the crater boundaries are
geometrically fitted to generate structured crater representations,
from which the crater center, size, and other geometric attributes
are derived.

Based on the detected crater set in each image, a crater graph is
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constructed to encode the spatial organization of neighboring
craters. Each crater is treated as a graph node, and the spatial
relationships between adjacent craters are represented by graph
edges. To avoid excessive redundancy and improve structural
stability, the graph topology is determined according to the
minimum spanning tree (MST) rule. The MST-based
construction preserves the essential neighborhood connectivity
of the crater distribution while reducing sensitivity to missing
detections and irregular local configurations. As a result, the
constructed crater graph provides a compact and robust
description of local crater arrangements and is therefore well
suitable for subsequent graph matching across overlapping
images.

In addition to graph connectivity, geometric attributes are
assigned to nodes and edges to characterize the local crater
structure. Node attributes may include crater center coordinates
and fitted size parameters, whereas edge attributes describe the
relative spatial relationships between connected craters, such as
inter-crater distance and orientation. These structural descriptors
provide the basis for the identification of corresponding crater
graphs across different images.

2.3 Crater Graph Matching

After crater graphs are constructed for individual images, graph
matching is performed to establish crater correspondences across
overlapping image pairs. Unlike conventional feature matching
methods that rely mainly on local radiometric or texture
information, crater graph matching exploits the structural
consistency of crater arrangements. This strategy is particularly
advantageous in weak-texture regions on Mars, where
appearance-based matching often becomes unstable. Previous
studies have shown that crater-based structural representations
can provide effective support for planetary image registration and
alignment (Solarna et al., 2017; Solarna et al., 2020).

The matching process begins with the comparison of local graph
structures in  overlapping images. Candidate crater
correspondences are evaluated according to the similarity of their
graph attributes, including node properties and edge relationships.
For each candidate crater to be matched, all detected craters are
traversed sequentially, and the similarity between crater pairs is
computed according to Equation (1):

{S(t)(v, v') = aS(gt) (v, v") + ﬁSét)(v, v')+ yS,(;)

a+pf +y=1 M

In Equation (1), S® = {(s4,5}), (52, 55), .., (S, Sin)} denotes
the set of matched crater correspondences determined in the #-th
iteration. a, [, y represent wight coefficient, S ét) is the similarity
of distance, Sét) is the similarity of angle, S Igt) is the similarity of
radius, which are formulated as follows :
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where Ty, Tg and Ty the distance threshold, the angular threshold,
and the radius ratio threshold, respectively; m represents the
number of crater correspondences that have been established at
the current stage; d(v,sy) denotes the distance between the
candidate crater v and the k-th seed crater, d(v', s) denotes the
distance between the candidate crater v’ and the corresponding
seed crater in DOM, 8 (v, s, ) represents the direction angle from
the candidate crater v to the seed crater; and 6 (v', sy, ) represents
the direction angle from the candidate v’ to the seed crater sy, in

the DOM.

After each iteration, craters with similarity scores exceeding the
predefined threshold are added to the seed set and subsequently
participate in the next round of computation, as shown in
Equation (5):

SED = Oy {(v,v)} Q)

By jointly considering crater geometry and neighborhood
topology, the proposed method reduces the ambiguity that may
arise when using individual crater features alone. Once a set of
consistent crater correspondences is identified, the matched
crater graphs provide a reliable structural link between the
images.

2.4 Crater Graph-Assisted Bundle Adjustment

Conventional bundle adjustment refines image orientation
parameters and object-space point coordinates by minimizing the
reprojection errors of tie points. However, in Martian orbital
imagery, the quality of BA is often limited by the insufficient
number or poor spatial distribution of reliable tie points,
particularly in weak-texture regions. To address this limitation,
this study incorporates crater graph structures into the BA process
as additional geometric constraints.

In the proposed formulation, matched craters are represented as
graph nodes, and their structural relationships are modeled
through graph edges and local angular configurations.
Accordingly, two categories of crater-derived constraints are
introduced. The first category is the edge-based constraint, which
describes the relative geometric relationships between connected
crater nodes. The second category is the angle-based constraint,
which characterizes the angular consistency of local crater
configurations formed by adjacent nodes. These constraints are
designed to preserve the structural stability of matched crater
graphs across images and to complement the information
provided by conventional tie points.

By integrating tie-point observations with crater graph
constraints, a unified BA model is established. The optimization
simultaneously considers image reprojection consistency and
crater-structure consistency, thereby strengthening the geometric
connections among overlapping images. In this way, the crater-
constrained BA is expected to improve the robustness of
parameter estimation, reduce residual image misalignments, and
enhance the geometric consistency of the generated Martian
digital terrain models (DTMs).

The inputs to the integrated bundle adjustment is a set of match
tracks T = {ti|XL-, (e Dij - )} , where the i-th match track ¢;
contains an unknown 3D point X; and multiple (at least two)
image points p; (j is the image index). Additionally, a reference
DEM using laser altimeter data, such as MOLA DEM or LOLA
DEM, will also be used, from which a set of height observations
can be sampled from the DEM using the initial 3D point X; as
H = {fml =1,2.. } And a set of graph matching results will be
used to optimize plane error. Each graph data struct contains three
points with image coordinates pg;and 3D coordinates Xg;. The
optimization targets of the integrated bundle adjustment are a set
of affine parameters in the image space, M = {Mj|(A]-, bj),j =
1,2 } for each image j. The combined bundle adjustment
models are the followings, which constitute an update within the

existing framework of the combined adjustment equations (Hu et
al., 2019).
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In Equation (2), |Z|, |H|, |M]|, |XY|, |Traingle|, are the
normalization factor for each observation; w;,, wy, and w), are
the weights for image pixel, DEM height and initial affine
parameters; Wyy and Wy,; are the weights for graph plane
constrain and each graph structure similarity, respectively, the
weights are determined by the inverse of the a priori precision; 4
is a balancing factor between all the five terms and are generally
kept fixed. And I is the identify affine transformation as I =

(o 1 o

After the bundle adjustment, the projection of 3D geographic
coordinates has been refined as p = M [](X). The reason to use
“affine correction + RPC refitting” rather than “direct RPC
correction” is (Wu et al., 2015) that the weights are much easier
to define for the affine matrix wy, than those of the RPC
coefficients, which has no physical significance. After the
refitting of RPC using the affine transformation, the reverse RPC
is also generated from the updated data.

3. Experimental Analysis

To evaluate the effectiveness and practical applicability of the
proposed method, experimental data were selected from the
McLaughlin Crater region. McLaughlin Crater is a complex
impact structure with a diameter of approximately 92 km and has
attracted considerable attention owing to indications of a
potential paleolake environment (Michalski, J. R. et al., 2019).
The experimental dataset consists of the MOLA DEM, CTX
imagery (6 meters per pixel), and HRSC Mars Chart (HMC-30)
products DOM (12.5 meters per pixel). HMC-30 data products
are organized according to a modified version of the USGS MC-
30 global tiling scheme. All HMC-30 data products are based on
improved modeling of imaging geometry using bundle-block
adjustment and are exact copies of the datasets produced by the
Global Topography and Mosaics Task Group (GTMTG) of the
HRSC Science Team (Gwinner, K., 2019).

Following crater extraction from both the DOM and the satellite
imagery, craters exhibiting relatively distinctive structural
features were retained. A crater graph was constructed on the
DOM to encode the spatial relationships among craters. Using
the DOM graph as the reference, structurally consistent
correspondences were then identified among candidate craters in
the satellite image, as shown in Figure 2. In contrast to
conventional methods that perform matching based on individual
craters, the proposed approach establishes correspondences using
the global graph structure. By incorporating inter-crater
geometric relationships, the reliability and robustness of crater
matching are substantially enhanced.

(a) (b) ()
Figure 2. Graph matching results. (a) shows the graph on DOM;
(b), (c) show corresponding graph on satellite image.

Once the crater correspondences were determined, tie points
were further densified. An improved SURF-based feature
matching algorithm was adopted to extract reliable matching
points, as shown in Figure 3.

Sift Matching Our Matching
Figure 3. Matching results for a crater example.

By performing local matching within each crater region, the
proposed method significantly improves the spatial distribution
and density of tie points in weak-texture areas compared with the
traditional SIFT operator, as shown in Figure 4. In Figure 4, white
points correspond to matches obtained using the SIFT-based
approach, whereas red points indicate matches generated by the
proposed method. Generally, an increased number of tie points
introduces higher observational redundancy into the adjustment
model. Such redundancy strengthens the least-squares estimation
process, thereby enhancing the robustness and accuracy of the
bundle adjustment results.

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLIX-B3-2026-1257-2026 | © Author(s) 2026. CC BY 4.0 License. 1260



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLIX-B3-2026
XXV ISPRS Congress 2026 “From Imagery to Understanding”, Commission Ill, 4-11 July 2026, Toronto, Canada

% o v
0.23 Crater
O Sift Tie Points

< No.5 rater
@ New Tie Points
Figure 4. Increased number of new tie points.

Furthermore, after image matching among satellite images was
completed, each satellite image was subsequently matched with
the DOM. Since the DOM products are georeferenced, the planar
coordinates (X, Y) in the three-dimensional space can be directly
derived from the image coordinates. These coordinates were then
introduced as control points into the subsequent bundle
adjustment process. To further evaluate the effectiveness of the
proposed method, two representative cross-sections within the
McLaughlin Crater region were selected for analysis, as shown
in Figure 5. Compared with the DEM before bundle adjustment
(BA), the proposed method, incorporating DEM elevation
constraints, effectively adjusts the DEM to elevations closer to
the true terrain surface. In this study, the MOLA DEM was used
as the elevation constraint reference, while the HMC DEM was
regarded as the ground truth. The feasibility and performance of
the proposed approach were assessed by comparing the elevation
differences with respect to the HMC DEM. From the profile
analysis, it can be observed that the DEM generated with the
incorporation of graph-based constraints exhibits elevations that

are closer to those of the HMC DEM, particularly in local regions.

As illustrated in Figure 5(b), the DEM without graph-based
constraints shows a noticeable horizontal deviation relative to the
reference HMC DEM, whereas the DEM generated with graph-
based constraints demonstrates improved alignment with the
ground truth.
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Figure 5. Comparison of elevation profiles from different DTMs.
(a) a profile from north to south covering the entire region, and
(b) a profile across a crater.

The quantitative results presented in Table 1 further demonstrate
the feasibility and effectiveness of the proposed algorithm. The
proposed method effectively suppresses local noise and improves
the overall quality of the reconstructed DEM. Compared with the
conventional approach, the proposed method achieve greater
stability and higher elevation accuracy.

Table 1. Statics of Profile Comparison with HMC DEM

Comparison with the DEM from DEM without
HMC DEM the proposed using crater
method graph
Mean Distance (m) 30.95 92.93
Standard Deviation 25.74 62.23

(m)

Figure 6 presents the horizontal errors derived from forward
intersection using different RPC models. Relative to the original
RPC model, the previous method incorporating DEM elevation
correction slightly sacrifices planar accuracy while improving
vertical consistency. By integrating graph-based constraints, the
proposed approach simultaneously constrains horizontal and
vertical errors within a unified adjustment framework.
Consequently, the resulting solution demonstrates improved
overall geometric consistency and greater reliability.

Original RPC

Figure 6. Comparison of space intersection results.
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4, Conclusions and Discussion

This paper presents a novel method for high-precision 3D
mapping of the Martian surface imagery, particularly addressing
challenges posed by limited surface texture and significant
illumination variations. Using data from the McLaughlin Crater
region on Mars, including stereo images acquired by the CTX
camera and reference DTMs and orthoimages generated from
HRSC imagery, comprehensive experiments were conducted to
validate the effectiveness of the proposed approach. The
experimental results demonstrate that the method achieves
reliable and accurate 3D reconstruction under complex Martian
imaging conditions. By incorporating crater graph features into
the BA framework, the proposed approach effectively
strengthens geometric constraints, thereby improving the
precision and stability of the optimization process. Compared
with conventional techniques, it shows improved robustness in
areas with weak texture and uneven illumination, which are
common challenges in planetary surface mapping. Overall, the
method provides an effective and practical solution for high-
precision topographic mapping of the Martian surface.

The improved BA method and the resulting high-quality digital
terrain products can support various scientific and engineering
applications, including geomorphological analysis, landing site
assessment, and planetary exploration mission planning. Future
work will focus on extending the proposed framework to broader
regions of Mars and other planetary bodies, as well as integrating
additional geometric and radiometric constraints to further
improve 3D mapping accuracy and computational efficiency.
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