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Abstract— The high-resolution imaging camera (HiRIC)
onboard China’s Tianwen-1 Mars probe aims to acquire detailed
imagery of the Martian surface to comprehensively investigate
its topography and geomorphology. The HiRIC is a pushb-
room camera comprising three CCDs to simultaneously achieve
submeter resolution and a large swath. However, processing
HiRIC images using the conventional photogrammetric workflow
is difficult due to the large shifts and narrow overlapping
among the CCD lines. This article presents a novel approach
for photogrammetric processing of HiRIC images for precision
topographic mapping that incorporates: 1) the fitting of the
initial rational polynomial coefficients (RPCs) of images from
the HiRIC position and pointing data; 2) a deep-learning-based
method for tie-point matching between adjacent CCD images and
cross-orbit images; 3) the bundle adjustment of multiple CCD
images for tripled-epipolar image generation to ensure inner orbit
consistency; 4) the block adjustment of multiple orbit images
to ensure cross-orbit consistency; and 5) dense image matching
and space intersection based on the refined RPCs to generate
digital elevation models (DEMs). Experimental analyses were
conducted using HiRIC images covering the landing region of the
Zhurong rover. The results revealed that subpixel accuracy was
achieved for image residuals among multiple-CCD or multiple-
orbit images. Comparison with the reference data (HiRISE and
MOLA DEMs) revealed a mean deviation of less than 7 m in
terms of the geometric accuracy and the subtle topographic
details of the HiRIC DEM. The presented approach offers a
reliable solution for using the new dataset of HiRIC imagery for
Mars topographic mapping.

Index Terms— Bundle adjustment, digital elevation model
(DEM), high-resolution imaging camera (HiRIC), Mars,
Tianwen-1.

I. INTRODUCTION

CHINA’S first Mars probe, the Tianwen-1 carrying the
Zhurong rover, was launched in July 2020, entered
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the Martian orbit in February 2021, and successfully landed
Zhurong in southern Utopia Planitia in May 15, 2021 [1]–[3].
From mid-February to early May 2021, the Tianwen-1
orbiter performed detailed investigations of the potential land-
ing region in southern Utopia Planitia using its onboard
instruments. Among these investigations, images obtained by
the high-resolution imaging camera (HiRIC) were used for
high-precision and high-resolution 3-D topographic mapping
to facilitate the selection of the best landing site for the
Zhurong rover [3] and provide data support for various sci-
entific studies [4].

The global-scale topographic product from the Mars Orbiter
Laser Altimeter (MOLA) [5], [6] is publicly available; how-
ever, its 463-m/pixel resolution could not satisfy the require-
ments for landing site hazard assessment. High-resolution
images, such as those acquired by the high-resolution imag-
ing experiment (HiRISE) onboard the Mars Reconnaissance
Orbiter (MRO), feature submeter resolution, providing suffi-
cient details for topographic mapping [7]. However, the field
of view and coverage of HiRISE images are inevitably small
and could not be used for large-scale topographic mapping
and analyses. The HiRISE images cover only a small portion
of the candidate landing region of the Zhurong rover before
its landing [2].

The HiRIC onboard the Tianwen-1 orbiter is a pushbroom
camera that can achieve high-resolution imaging (0.5 m/pixel
at an altitude of 265 km) with a focal length of 4640 mm [8].
The HiRIC contains three charge-coupled devices (CCDs),
named CCD1, CCD2, and CCD3, on the same focal plane to
achieve a swath of up to 9 km. There are small offsets between
any two adjacent CCDs perpendicular to the flying direction.
Moreover, CCD2 in the middle has an offset of 0.47◦ (equal
to more than 4000 pixels) with the other two CCDs along
the flying direction, which cannot form a unified image with
the other two CCDs for photogrammetric processing. With
respect to stereo imaging, the HiRIC adopts a side-slewing
stereo strategy by revisiting the region at a 22◦ convergent
angle. However, the overlapping region between the stereo
pair is uncertain because it includes six CCD images, each
6144 pixels wide and more than 240 000 pixels long. In addi-
tion, the overlapping region between adjacent CCDs is as
narrow as approximately140 pixels, which makes it difficult
to preserve the internal consistency of multiple CCD images
within one orbit. A straightforward photogrammetric method
is to individually process the stereo pairs of each CCD image.
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However, this approach will lead to the following problems:
1) gaps of varying sizes will be inevitable as a stereo pair of
orbit images involves at least three stereo pairs of CCD images,
complicating the stereo overlapping of the individual CCD
images; 2) geometric inconsistencies among the individual
stereo pairs of CCD images will arise; and 3) if the internal
consistency among the three CCD images in each orbit is
not guaranteed, the block adjustment of multiple-orbit HiRIC
images is not likely to yield proper results, as inconsistencies
will be propagated and accumulated.

For precision topographic mapping on Mars using the
HiRIC images, this article presents a novel photogrammetric
approach to address the challenges described above. First,
rational polynomial coefficients (RPCs) of each CCD image
are fit from the HiRIC position and pointing data, serving as
initial values for the bundle adjustment and facilitating the tie-
point matching. A state-of-the-art deep-learning method [9] is
used for tie-point matching, providing sufficient tie points even
in the narrow overlapping regions between the adjacent CCD
images. Next, the bundle adjustment of multiple CCD images
is conducted based on the tie points to obtain improved RPCs,
from which a tripled-epipolar image can be generated to merge
the three CCD images into a single image in the epipolar
plane, enabling integrated processing of the three CCD images
to maintain their internal consistency. A block adjustment of
multiple-orbit images is then conducted to improve cross-
orbit consistency. Finally, dense image matching is performed
to generate 3-D point clouds for the interpolation of digital
elevation models (DEMs).

The remainder of this article is organized as follows.
Section II reviews the recent developments in Mars topo-
graphic mapping. Section III describes the proposed pho-
togrammetric method for precise topographic mapping using
HiRIC images. Section IV presents a systematic experimen-
tal evaluation of the proposed method using HiRIC images
covering the Zhurong landing region. Section V contains the
discussion and conclusions.

II. RELATED WORKS

Previous Mars exploration missions have obtained tremen-
dous datasets for Mars topographic mapping. Representative
examples include the high-resolution stereo camera (HRSC)
onboard the Mars Express [10] and the HiRISE onboard
the MRO [11]. The HRSC has a unique along-track stereo
configuration with an imaging resolution of up to 12.5 m/pixel.
The HRSC has almost completed global imaging after more
than 20 years in operation. The HiRISE has the best imaging
resolution of 0.3 m/pixel but limited spatial coverage on Mars.
Topographic maps obtained from these datasets are essential
for the engineering operations of landing missions and various
scientific studies on Mars.

The Martian surface is topographically mapped from images
using two main types of methods: photogrammetry and
photoclinometry [12]. Photogrammetry, based on the rig-
orous mathematic formula of collinearity [13], is the pre-
dominant method for 3-D topographic mapping from stereo
images. In general, the photogrammetric process involves two
main steps: bundle adjustment to improve image orientation

parameters and dense image matching to obtain 3-D point
clouds for DEM interpolation. Unlike images of Earth, which
have relatively accurate exterior orientation (EO) parameters
provided by GPS/IMU, the EO parameters of images of
other planets are usually interpolated from the ephemeris and
pointing data of the spacecraft. The positional parameters may
contain errors of up to 2 km [14] due to errors in long-distance
signal transmission and measurement, the oscillation of the
spacecraft, and other uncertainties. Bundle adjustment, thus,
intends to improve the EO parameters of images, enforce
consistency with the reference datum, and eliminate inconsis-
tencies among images. Tie points across images are crucial for
guaranteeing bundle adjustment performance. Generally, scale-
invariant feature transform (SIFT)-like feature detectors [15]
can handle regular stereo images, yielding abundant tie points
for bundle adjustment [16]. However, some special cameras,
such as the HiRISE, bundle multiple high-resolution CCDs
on the same image plane to simultaneously achieve high-
resolution imaging and a large swath, which requires matching
tie points within a narrow overlapping region between the
CCDs. Hu and Wu [17] proposed using the initial orientation
parameters of images to match tie points for images with
narrow overlapping regions. However, this method requires the
extraction of abundant feature points and sufficient accuracy
of the initial orientation parameter to estimate the overlapping
regions of the images. Recent advances in deep-learning-based
image matching [9], [18] have remarkably improved tie-point
matching. Deep-learning algorithms typically obtain the pix-
elwise or featurewise descriptor using a convolutional neural
network (CNN) and train the network for use. Applying a
supervision strategy in training, deep-learning-based matching
algorithms can omit the matching filtering step and output
more robust matching results, even for narrowly overlapping
images.

For most of the pushbroom cameras, the changes in platform
position and attitude angles during imaging can be modeled
using second-order, third-order, or Lagrange polynomials,
establishing the relationship between the 2-D pixel coordinates
and the 3-D object coordinates using collinearity equations.
For instance, Li et al. [19] used third-order polynomials to
model the EO parameters for the photogrammetric process-
ing of HiRISE images. Li et al. [20] used second-order
polynomials to model the EO parameters to process HRSC
images. In these methods, the EO parameters possess physical
meanings that are convenient for modeling different types of
error (e.g., image distortion, gyro drift, and position bias).
Nevertheless, as the correspondence between the object point
and the specific EO parameters (corresponding to a specific
image line) is unknown, iteration to determine the correct EO
parameters is unavoidable [21]. Alternatively, the widely used
rational function model, based on RPCs [22] and rigorously
derived from the above mathematical model, was proposed to
project the 3-D points onto the 2-D images directly. Although
RPCs do not possess specific physical meanings, the adjustable
parameters in bundle adjustment can absorb various error
types, yielding refined RPCs.

For dense image matching, least-squares matching (LSM)
has become the de facto standard due to its capability in
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achieving subpixel precision and flexibility in implementing
more constraints [10]. However, the pixelwise calculation
requires high computational costs, especially for planetary
images of large sizes. Hirschmuller [23] proposed semiglobal
matching (SGM), achieving a favorable performance for 3-D
reconstruction from pushbroom images at a reduced computa-
tional cost. By transforming the global problem into a dynamic
programming problem from multiple directions, pixelwise
disparities can be achieved in SGM. To address the inherent
smoothness issue in SGM, Hu et al. [24] further proposed
a texture-aware SGM using an edge detection algorithm to
extract edges and adaptively modify the penalties.

Photoclinometry, or shape-from-shading, is a 3-D recon-
struction method that exploits the shading information on
images and imaging principles to excavate the underlying
information behind each gray value [25]. Photoclinometry can
theoretically recover the 3-D information for each observed
pixel on an image to achieve pixelwise reconstruction, even
for regions with weak textures, such as the surfaces of the
moon and Mars. Photoclinometry has been successfully used
for lunar topographic mapping in recent years [12], [26], [27].
However, the atmosphere of Mars complicates photoclinomet-
ric processing by introducing optical depth, scattering factors,
and other influences. Li et al. [20] proposed an effective photo-
clinometric method to process HRSC images for pixelwise 3-D
mapping using a DEM derived from photogrammetry as the
initial input and taking advantage of the triplet HRSC images
to provide additional observations to model the atmospheric
parameters. However, photoclinometric 3-D mapping remains
an open research topic for Mars images from other sources.

Similar to the HiRISE with over ten CCDs mounted on
the same focal plane [11], the HiRIC onboard the Tianwen-
1 orbiter has three CCDs mounted on the same focal
plane to achieve high-resolution imaging with a large swath.
However, the large offset (more than 4000 pixels) between
CCD2 and the other two CCDs along the flying direc-
tion complicates the photogrammetric processing of HiRIC
images. Therefore, innovative photogrammetric methods must
be developed for precision topographic mapping using the
HiRIC images.

III. RIGOROUS PHOTOGRAMMETRIC

PROCESSING OF HIRIC IMAGES

A. Overview of the Approach

Fig. 1 shows the overall workflow of the proposed approach
for the photogrammetric processing of HiRIC images. First,
the RPCs of each CCD image are fit from the position
and pointing data of the HiRIC to establish the direct rela-
tionship between the 2-D image coordinates and 3-D object
coordinates. A state-of-the-art deep-learning method [9] is
used for tie-point matching within the narrow overlapping
region between the adjacent CCD images and in the overlap-
ping images from multiple orbits. The bundle adjustment of
multiple CCD images is conducted based on the tie points
to obtain improved RPCs, from which a tripled-epipolar
image can be generated to merge the three CCD images
of each orbit into one image in the epipolar plane. Next,

Fig. 1. Workflow of the proposed method for the photogrammetric processing
of HiRIC images.

a multiple-orbit image block adjustment is performed to
improve the cross-orbit consistency while maintaining the
internal consistency of each orbit image. Finally, SGM [23]
and LSM for subpixel refinement are performed to obtain
pixelwise disparities from the epipolar images, from which
3-D point clouds can be generated using the refined RPCs via
space intersection, enabling DEM generation.

B. HiRIC Imaging Geometry and Nominal RPC Generation

The HiRIC is a pushbroom camera with three CCD arrays,
each comprising a panchromatic line and four colored lines
(near-infrared, red, green, and blue) [8], as shown in Fig. 2.
The HiRIC has a spatial resolution of 0.5 m/pixel at an
altitude of 265 km. With 6144 pixels in each CCD line,
more than 18 000 pixels can be obtained by combining the
three CCD lines to provide a swath of approximately 9 km.
However, CCD2 has an offset of 0.47◦ (equal to more than
4000 pixels) with the other two CCDs along the flying
direction [see Fig. 2(a)]. Two additional moderate resolution
cameras (MoRICs) are placed on the same imaging plane to
simultaneously capture images/videos at a 10 m/pixel resolu-
tion. To obtain stereo images for photogrammetric processing,
the HiRIC adopts a side-slewing strategy by revisiting the
same region to form a 22◦ convergent angle, as illustrated
in Fig. 2(b). The detailed parameters of the HiRIC are listed
in Table I.

Regarding the interior orientation (IO) parameters of the
HiRIC, the camera was calibrated in the laboratory before
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Fig. 2. Imaging principle of HiRIC. (a) HiRIC focal plane layout. (b) Cross-orbit stereo configuration of HiRIC images.

TABLE I

PARAMETERS OF THE HiRIC

launch. The calibration precision for the focal length, prin-
cipal point offset, and lens distortion is better than 0.05%,
0.002 mm, and 0.3%, respectively [8]. The transformation
between the image coordinate (sccd, lccd) and the focal plane
coordinate (x , y) can be defined as

�
x
y

�
= Tn × p =

�
a11 a12 a13

a21 a22 a23

�
n

⎡
⎣ sccd

lccd

1

⎤
⎦(n = 1, 2, 3) (1)

where Tn =
�

a11 a12 a13

a21 a22 a23

�
n

is a set of affine transforma-

tion parameters. Parameters a13 and a23 contain translations
from the principal point. Parameters a11 to a22 model pixel
dimensions and the rotation component. Assuming that the
rotation angle between the image coordinate and the focal
plane coordinate is θ , these parameters can be calculated as
follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

a11 = − cos θ ∗ k

a12 = sin θ ∗ k

a13 = (Sccd − Smid) ∗ cos θ ∗ k

a21 = sin θ ∗ k

a22 = cos θ ∗ k

a23 = Yccd − (Sccd − Smid) ∗ sin θ ∗ k

(2)

where k is the pixel dimension, Sccd is the sample number from
the starting of each CCD array, Smid is the sample number at
the center of CCD2, and Y is the offset of the CCD array
along the flying direction in millimeters.

The EO parameters of the HiRIC images differ for each
image line. The mission control center provides the HiRIC
position and pointing information in the J2000 coordinate
system at intervals of 30 s and 2 s, respectively. Spline inter-
polation of the position and pointing data is verified to
be accurate enough to recover the nominal EO parameters
for each image line. With the transformation matrix PMars

J 2000
acquired from the corresponding ephemeris data, the nominal
EO parameters PJ 2000 can be converted to the Mars body-fixed
coordinate frame PMars using (3). The linewise EO data are fit
by second-order polynomial coefficients a1 − f3 to describe
the position (X t , Y t , Zt ) and pointing (ϕt , ωt , κt ) parameters
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of the HiRIC images at time t using (4)

PMars = PMars
J 2000 × PJ 2000 (3)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

Xt = a1 + a2t + a3t2

Yt = b1 + b2t + b3t2

Zt = c1 + c2t + c3t2

ϕt = d1 + d2t + d3t2

ωt = e1 + e2t + e3t2

κt = f 1 + f2t + f3t2.

(4)

Next, RPC fitting [22] is conducted based on the second-
order polynomials. With the known highest and lowest eleva-
tion in the corresponding region, the 3-D space is segmented
into multiple layers to provide abundant virtual ground control
points. The corresponding points in the image space are then
calculated via the second-order polynomial model described
above. Finally, the calculation of the RPCs can be formulated
as a mathematical optimization problem [28].

Even though the direct use of IO and EO parameters is
intuitive, RPC fitting is introduced here for the following
reasons: 1) RPCs do not depend on a specific trajectory
model, providing more flexibility to improve the mathematical
geometry without modifying the subsequent procedures; 2) the
generated RPCs can be used in commercial photogrammetry
or image analysis software (e.g., LPS, ArcGIS, and ENVI),
leading to more convenient 3-D and 2-D analysis; 3) once
the RPCs are fit, the time-consuming iterative projection and
backprojection procedures for determining the 2-D and 3-D
correspondences of pushbroom images can be omitted [28] to
achieve high-efficiency processing; and 4) RPC-based bundle
adjustment could absorb other possible errors in the camera
intrinsic parameters [22], leading to similar performances as
considering self-calibration in bundle adjustment but offering
more simplicity.

C. Deep-Learning-Based Tie-Point Matching

Tie-point matching comprises two separate steps: matching
within the narrow overlapping region between the adjacent
CCD images and matching in the overlapping images from
multiple orbits. The first step aims to connect the three CCD
images in a single orbit, and the second step focuses on
connecting the stereo images from multiple orbits.

For tie-point matching between the adjacent CCD images,
very few feature points can be matched within the narrow over-
lapping region of ∼140 pixels using conventional methods,
such as SIFT [15]. The SIFT algorithm fails to detect sufficient
feature points, which is further exacerbated by the subsequent
homography-based filtering process. Insufficient tie points will
lead to difficulties in preserving the consistency between CCD
images, introducing apparent artifacts in the resulting DEM
products.

To achieve robust and sufficient tie-point matching results,
we use state-of-the-art deep-learning-based algorithms, Super-
point and SuperGlue [9], [29], for image matching. Superpoint
is for feature point extraction, and SuperGlue is used together
with Superpoint for feature point matching [18]. Unlike
SIFT-like detectors, Superpoint features are trained using basic

shapes (e.g., triangles, cubes, checkerboards, and stars) and
have succeeded in extracting abundant features in narrow
image regions (e.g., corners of sand dunes and crater rims).
Furthermore, the matching algorithm SuperGlue combines the
merits of self- and across-attention natural language process-
ing [30] to describe the relationships between the features
within an image and across images to be matched based on
graph theory. Because the deep-learning-based algorithms are
mainly computed on GPUs, exploiting the RPCs of images to
restrict matching in the roughly overlapping region of images
can boost efficiency and accuracy. Specifically, in our practice,
the long HiRIC images are segmented into small subsets (8000
pixels in length suggested in this article) covering the same
latitude range and fed into the Superpoint and SuperGlue
pipeline pair by pair.

Fig. 3(a) shows the tie-point matching results obtained using
the Superpoint and SuperGlue algorithms and a comparison
with the results obtained using SIFT. The blue points present
the extracted feature points, while the red lines show the
successful matches. It is obvious that SIFT fails in obtaining
sufficient tentative feature points, and most of them tend
to be clustered in local regions with distinct textures. It is
difficult for SIFT to obtain sufficient successful matches in
the narrow overlapping region of the adjacent CCD images,
as only several matches can be noticed in the right panel of
Fig. 3(a). SuperGlue, on the other hand, successfully detects
a large number of feature points and matches sufficient tie
points within the narrow overlapping region of the adjacent
CCD images. Fig. 3(b) shows examples of matched tie points
by SuperGlue in the overlapping images from different orbits.
Because the overlapping region varies in each stereo pair
for images from multiple orbits, overlap detection is first
conducted to identify image pairs for the following matching
module to avoid redundant computation. After pairwisely
matching the tie points using Superpoint and SuperGlue, the
same tie points matched among different image pairs are linked
by the connected component algorithm [31] to form a longer
feature track for stable bundle adjustment.

D. Bundle Adjustment of Multi-CCD Images

Bundle adjustment based on RPCs can be accomplished
by modeling the difference (�x,�y) in the image space
between the observations (x, y) and the reference or ground
truth (x̂, ŷ), as shown in the following equation:
�x = x̂ − x = x̂ − �

a0 + aS ∗ Sample + aL ∗ Line

+ aSL ∗ Sample ∗ Line + aS2 ∗ Sample2 + aL2 ∗ Line2
	

�y = ŷ − y = ŷ − �
b0 + bS ∗ Sample + bL ∗ Line

+ bSL ∗ Sample ∗ Line + bS2 ∗ Sample2 + bL2 ∗ Line2
	

(5)

where {a0 . . . bL2} ∈ A ∈ R
2×6 are the adjustable parameters,

and Sample and Line represent the image coordinates inferred
from the object coordinates. It is worth noting that the HiRIC
images have lengths of more than 240 000 lines, several times
longer than other Mars orbital images (i.e., CTX, HiRISE,
and HRSC). The conventional affine correction strategy, which
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Fig. 3. Tie-point matching in the HiRIC images. (a) Matching in multi-CCD images. (b) matching in multi-orbit images.

limits the adjustable parameters to the first order [22], may not
be sufficient to describe the geometry of the HiRIC images.
Therefore, we use bundle adjustment based on the second-
order formula, as shown in (5), with 12 adjustable parameters
in this study

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

vprojection-inner

= winner
�
xi j − A j�(X i)



, xi j for inner-orbit tiepoints

vprojection-cross

= wcross
�
xi j − A j�(X i)



, xi j for cross-orbit tiepoints

vcontrol = wcontrol
�
hi − ĥi

	
vobservation = wA

�
A j − I



(6)

w = √
λ/


√
N × σ

�
. (7)

Equation (6) shows the three types of cost functions form-
ing the optimization problem in bundle adjustment, namely,
projection constraint, control constraint, and observation con-
straint. The projection constraint aims to force the i th tie
point on the j th image xi j to be intersected at a certain
3-D point X i in the object space. winner and wcross refer to
the normalized weights of the inner orbit and cross-orbit tie
points, respectively, and can be calculated based on predefined
weight λ, prior precision σ , and the normalization factor N
using (7) [28]. This formulation explicitly states that the type
with fewer tie points is expected to have a higher weight,
which will balance the weights of the above two types of
tie points in the bundle adjustment process to simultaneously
achieve inner orbit and cross-orbit consistency. The second
type of cost function serves to guarantee that the calculated
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Fig. 4. Illustration of the tripled-epipolar rectification. (a) Retrieval of the dominant epipolar direction. (b) Two main steps involved in the procedure.

elevation hi is consistent with the reference datum ĥi (e.g.,
MOLA). While these cost functions tackle the aforementioned
inconsistencies, the third type of function is indispensable to
constrain the fluctuation of A j , the matrix of the unknown
parameters in (5), which is assigned an initial value of�

0 1 0 0 0 0
0 0 1 0 0 0

�
. During each iteration in the bundle adjustment

process, residuals for each tie point are calculated. Those that
exceed three times the mean square error are considered out-
liers, and the projection and corresponding control constraint
of the outliers are omitted in the next iteration [32].

Once the adjustable parameters A j are calculated, they
are integrated into the RPCs through a refitting process. The
process is similar to that described previously, except the
projection relationship changes from the polynomial-based
collinearity function to the RPC-based function x = A j�(X i).
The reverse RPCs projecting the image coordinates to the 3-D
object coordinates are also calculated based on the bundle
adjustment results.

E. Tripled-Epipolar Image Generation From Multi-CCD
Images

Transforming the individual CCD images into the epipolar
space not only eliminates the vertical disparities to dra-
matically improve the dense image matching efficiency and
accuracy but also enables the generation of a merged epipo-
lar image to maintain internal consistency. As shown in
Fig. 4(a), a well-established algorithm [33] for pushbroom

camera epipolar geometry is utilized and extended for tripled-
epipolar image generation of the HiRIC images.

The epipolar rectification establishes an affine transforma-
tion Pepi2lam between the epipolar image space and the Lambert
plane (see Fig. 4). The first step is to determine the dominant
epipolar direction. As shown in Fig. 4(a), a point f1 on the
forward CCD strip can be projected to f L

1 on the lowest plane
and further backprojected to b1 on the backward CCD strip. b1

can be subsequently projected to bH
1 on the highest plane and

further backprojected to f2 on the forward CCD strip. This
process can be repeated to retrieve sufficient image points to
form a half of the epipolar line. The other half can be obtained
by projecting f1 to the highest plane first and repeating the
above procedure. These points are then transferred into the
Lambert plane to fit a straight line with a direction defined
as the dominant direction of the epipolar image, which can be
used to determine the rotation component Repi2lam of the affine
transformation Pepi2lam.

With the given ground sampling distance Sepi and the
calculable translation component Tepi, the affine transformation
Pepi2lam between a pixel on the epipolar image xepi and its
corresponding location X lam on the Lambert plane can be
formulated, as shown in (8). �(X lam) in (8) refers to the
backprojection of X lam on the Lambert plane to the pixel
coordinates in the original forward and backward CCD images
[see Fig. 4(b)] based on their RPCs

xori = �(X lam)

X lam = Pepi2lamxepi = Sepi[Repi2lam|Tepi]xepi. (8)
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Fig. 5. HiRIC images used for the experimental analysis. (a) HiRIC image coverage overlaid on an HiRIC image mosaic covering the Zhurong landing region.
The Zhurong landing site is marked by the red cross; (b)–(d) separate pairs of HiRIC images with orbit numbers 0324-0326, 0316-0318, and 0306-0308,
corresponding to the red, yellow, and blue boxes marked in (a). (e) DEM (3.5 m/pixel) generated from the HiRIC images.

The above procedure can yield a pair of epipolar images.
However, the layout of the three CCDs impedes them from
being processed as one image, and treating each CCD as
a single image may involve more complex steps to register
and fuse the multiple disparity maps. Thus, a tripled-epipolar
rectification algorithm based on our previous method [17] is
developed to merge the three CCD images in epipolar space.
Although the epipolar lines of the pushbroom satellite images
are in a hyperbola format, Wang et al. [33] showed that they
can be regarded as parallel. The epipolar lines of the three
CCD images should also be parallel within the same orbit.
Thereby, the above dominant direction retrieval algorithm
is repeatedly performed on the three CCD pairs, and their
average direction is used for tripled-epipolar image generation.

F. Block Adjustment of Multi-orbit Images

While the bundle adjustment of multi-CCD images handles
the internal consistency and accuracy within a stereo pair of
HiRIC images, the block adjustment improves the consistency
and accuracy of multi-orbit HiRIC images. Based on the
previously derived cross-orbit tie points, one orbit with good
planimetric accuracy is regarded as the reference, sequentially
propagating its position information to neighboring orbits

through block adjustment. The constraints are the same as the
bundle adjustment constraints. With a high prior precision σrot,
the modification of the RPCs of an orbit can be approximated
as a pure translation transformation. Therefore, the translation
part in Pepi2lam should be modified accordingly to P �

epi2lam for
the following space intersection use.

It should be noted that no ground control points are involved
in both the bundle adjustment and block adjustment processes.
A number of reference points extracted from a CTX image
mosaic [3] covering the study area are used to adjust the
planimetric positions of the HiRIC images during the RPC
generation. In the subsequent bundle/block adjustment, the
MOLA DEM is regarded as the reference datum so that the
space intersection of the tie points coincides with the MOLA
elevations in local areas.

G. Dense Image Matching and DEM Generation

Dense image matching to retrieve the disparity for each
pixel is then performed using the tripled-epipolar images. The
process is separated into: 1) disparity retrieval and 2) subpixel
refinement. SGM [23], which casts the global optimization
problem into dynamic programming in eight or more direc-
tions, is a widely used algorithm for efficiently retrieving
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Fig. 6. Evaluation of the bundle adjustment of multi-CCD images. (a)–(b) Error vectors (exaggerated 100 times) in epipolar space for orbits 0324 and 0326.
(c)–(f) Representative enlarged views showing the mosaicking of adjacent CCD images.

the disparity. The large computational volume involved in
the reconstruction of planetary images can be parallelly
processed by separating the long image strip into several
tiles (8000 image lines in this research) and fusing them
together after the cross-check. However, as the energy function
implicitly assumes that the adjacent disparities should be
close, it oversmooths the local region and fails to recover
the discontinuities and subtle textures. Therefore, LSM [34] is
implemented to refine the disparities into subpixel accuracy.

Knowing the disparities between the epipolar images, their
pixelwise correspondence is obtained and passed to the origi-
nal images using P �

epi2lam. Space intersection is then conducted
to calculate the 3-D coordinates of the matching points based
on the refined RPCs after bundle adjustment and block adjust-
ment. The 3-D point clouds are then interpolated to generate

DEMs as the topographic mapping product. Orthoimages are
also generated from the DEMs and refined RPCs.

IV. EXPERIMENTAL EVALUATION USING HIRIC IMAGES

OF THE ZHURONG LANDING REGION

A. Dataset Description

Since the Tianwen-1 probe entered the Mars orbit in Feb-
ruary 2021, intensive studies of the candidate landing site
in southern Utopia Planitia have been conducted using data
from the HiRIC and other sensors [3]. With an approx-
imately 300-km orbit height, the HiRIC image resolution
can reach 0.7 m/pixel, which allows high-resolution map-
ping to reveal the detailed topography. Three stereo pairs of
HiRIC images of the Zhurong landing region are selected
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Fig. 7. (a) and (b) Error vectors illustrating image residuals before and after block adjustment (exaggerated 40 times). (c) Zoomed-in view of the boxes
marked in (a).

TABLE II

INFORMATION ON THE HiRIC IMAGES USED FOR

THE EXPERIMENTAL ANALYSIS

for experimental analysis, as shown in Fig. 5. The forward-
and backward-looking images of the first orbit (marked by
the red box) covering the Zhurong landing site [red cross in
Fig. 5(a)] were acquired on March 24 and 26, 2021, with more

than 18 000 × 250 000 pixels for each image. The second
and third stereo pairs have a length of up to 260 000 pixels,
covering the eastern region of the first stereo pair. The detailed
information for the three stereo pairs of HiRIC images is listed
in Table II. Owing to the clear weather during these days,
the HiRIC images are of satisfactory quality (e.g., favorable
signal-to-noise ratio and consistent illumination). Therefore,
a DEM with a resolution of 3.5 m/pixel (five times the image
resolution) is generated using the photogrammetric method,
as shown in Fig. 5(e).

To evaluate the performance of the proposed photogrammet-
ric method, the geometric accuracy and reconstruction details
of the HiRIC DEM are compared with reference DEMs gen-
erated from the MOLA data and HiRISE images. The MOLA
DEM provides the most accurate Martian topography reference
data [10], [35]. Several HiRISE images with resolutions of
0.25 m/pixel are available within the Zhurong landing region,
and DEMs with a resolution of 1 m/pixel are generated by
photogrammetric processing [7], [11].

B. Evaluation of the Bundle Adjustment of Multi-CCD
Images

The bundle adjustment of multi-CCD images is evaluated
in the epipolar space for intuitive analysis. Fig. 6 and Table III
present the projection error of each tie point in the epipolar
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TABLE III

STATISTICS OF THE IMAGE RESIDUALS AFTER MULTI-CCD BUNDLE ADJUSTMENT FOR ORBITS 0324 AND 0326

TABLE IV

STATISTICS OF IMAGE RESIDUALS OF THE BLOCK ADJUSTMENT OF MULTI-ORBIT HIRIC IMAGES

space for orbits 0324 and 0326, which explicitly assumes
that the tie points are projected to the same position in
epipolar space, with residuals indicating the bundle adjustment
performance. Three statistical indexes [i.e., the maximum,
mean, and root mean square error (RMSE)] of the image
residuals along the horizontal and vertical directions are also
calculated, as shown in Table III. It is evident that the tie
points are distributed evenly throughout the orbit, and the
projection error is small even when exaggerated 100 times
[see Fig. 6(a) and (b)]. The inconsistency among adjacent

CCD images after bundle adjustment is considered negligible
because the calculated projection residuals are all less than one
pixel, leading to well-fused tripled-epipolar images without
apparent displacement between the adjacent CCD images [see
the enlarged views of the epipolar images in Fig. 6(c) and (d)].
It should be noted that the number of tie points between
CCD1 and CCD2 images is greater than that between CCD2
and CCD3. This is because CCD3 is more blurred than the
other two CCDs, which takes a toll on the matching of
CCD2-3, leading to fewer tie points than CCD1-2. However,
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Fig. 8. Accuracy analysis of the generated HiRIC DEM. (a) Corresponding MOLA DEM (463 m/pixel). (b) Generated HiRIC DEM (3.5 m/pixel). (c) Difference
map between the HiRIC DEM and MOLA DEM. (d) Elevation profiles of the lines marked in (a).

this discrepancy does not result in unbalanced bundle adjust-
ment results, and the consistency between both CCD pairs is
properly maintained.

C. Evaluation of the Block Adjustment of Multi-orbit Images

Fig. 7 and Table IV show the results of the block adjustment
of the three stereo orbits covering the Zhurong landing region.
Beginning with the adjusted RPCs derived from the single
stereo orbit adjustment, the block adjustment eliminates incon-
sistencies among different orbits of images. In the experiment,
orbit 0324-26 in the westernmost is treated as the reference to
sequentially adjust the other two orbits. As shown in Fig. 7(b),
the backprojection error in the image space among the orbits
dramatically decreases from dozens of pixels in maximum
to subpixel, demonstrating the effectiveness of the block
adjustment. This improvement is visualized in the zoomed-
in view in Fig. 7(c), where long error vectors are shortened to
small points after the adjustment. As no ground control point
measured from MOLA is leveraged in the block adjustment
to register the HiRIC orbit strictly, the process is still a free
network block adjustment.

D. Evaluation of the Generated DEM

Fig. 8 presents a side-by-side comparison of the generated
HiRIC DEM and the MOLA DEM, revealing an overall

TABLE V

STATISTICS OF THE COMPARISON BETWEEN THE

HiRIC AND MOLA DEMS

smooth slope down to the north and providing a suitable place
for rover landing [3]. The 3-D information of distinct land-
forms (i.e., the large craters, a series of dunes, and ridges) is
properly reconstructed. Verified by the corresponding MOLA
DEM in Fig. 8(a) and the difference maps in Fig. 8(c), the
global trend of the HiRIC DEM agrees well with the reference
MOLA DEM. Apart from the overall difference map, the four
profiles marked in Fig. 8(a) are also analyzed quantitatively in
Fig. 8(d). Three statistical indexes (i.e., the maximum, mean,
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Fig. 9. 3-D views of the HiRIC and HiRISE DEMs at the Zhurong landing region. (a) HiRIC DEM covering the Zhurong landing site with the HiRISE
images overlaid, and the Zhurong landing site is marked by the red cross. (b) 3-D view of the HiRISE DEM (1 m/pixel) used for comparison. (c) 3-D view
of the HiRIC DEM (3.5 m/pixel) cropped to the same area of the HiRISE DEM.

and RMSE) of the profiles and the DEMs are calculated,
as listed in Table V. As the elevation discrepancies hardly
follow the normal distribution, the 95th percentile errors are
also presented in Table V. Results show that, after excluding
the gross errors, both the 95th percentile mean deviation and
RMSE are less than 7 m, indicating the favorable performance
of the developed photogrammetric workflow. The gross errors
are mainly happened around the large crater closed to the
south boundary of the study area, where the MOLA DEM
omitted the right-hand side of the crater, while the HiRIC
DEM successfully reconstructed the entire crater. Profile 4 in
Fig. 8(d) indicates a deviation as large as about 220 m between
the two DEMs in the crater region. However, the overall
deviation is still within a reasonable range [16]. In addition,
the more than 100-fold resolution difference results in some
detailed textures (i.e., small craters, cones, and troughs) being
recovered by the HiRIC DEM but missed by MOLA. The
subtle misalignment between the two DEMs may exacerbate
this difference.

To examine the details of the generated HiRIC DEM, a local
region surrounding the Zhurong landing site is selected and
compared with the 1 m/pixel HiRISE DEM. The region shown

in Fig. 9 is a subset of the 0324-26 orbit, where the Zhurong
landing location is indicated by the red cross.

As shown in Fig. 9(a), this region features a series of
troughs, craters, and cones, despite the overall flat trend.
These landforms may provide evidence for the eruption of
muddy debris [36], offering an appropriate landing site in
terms of both landing safety and scientific significance. This
subset region contains more than 18 000 × 40 000 pixels
across the three CCD images. Within this relatively small
area, the overlapping region for adjacent CCDs from stereo
pairs is approximately a rectangle more than 1000 pixels
wide. As illustrated in Fig. 9(b) and (c), the 3-D view of
the HiRISE DEM and the HiRIC DEM is visually similar;
however, the HiRIC DEM is inevitably smoothed due to the
original image resolution. Facilitated by subpixel LSM, all
the distinctive landforms captured by the HiRIC images are
well-reconstructed with sufficient detail (i.e., the sand dunes
inside the troughs) and precise elevation.

To quantitatively study the geometrical accuracy, two pro-
files are drawn vertically and horizontally through the entire
region [see Fig. 10(a)] for comparison of the HiRIC and
HiRISE DEMs, and results are shown in Fig. 10(c). Fig. 10(b)



4601916 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 60, 2022

Fig. 10. Comparison between the HiRIC and the HiRISE DEMs. (a) Profiles shown on the HiRISE DEM for reference. (b) Difference map between the
HiRISE and HiRIC DEMs. (c) Comparison of the profiles marked in (a).

TABLE VI

STATISTICS OF THE COMPARISON BETWEEN THE

HiRIC AND HiRISE DEMS

also shows a direct difference map of the two DEMs.
Fig. 10(b) and (c) shows a good level of consistency between
the HiRIC DEM and the HiRISE DEM, with only 2.08-m
mean error and 1.86-m RMSE, as listed in Table VI. Because
the 1-m/pixel HiRISE DEM is considered the ground truth
of the region, the difference between the two DEMs is the
most likely source of error, rather than a simple deviation.
The maximum error occurs in the border region with the large
cone and crater, owing to the slightly deviated elevation.

V. CONCLUSION AND DISCUSSION

This article presents a novel photogrammetric method for
Mars topographic mapping using the HiRIC images. Through
the multi-CCD bundle adjustment and tripled-epipolar rectifi-
cation, the multi-CCD residuals in one orbit are constrained
to less than one pixel in the epipolar space. Consistency
among multiple-orbits is then achieved via multi-orbit block
adjustment, resulting in subpixel image residuals. The 3-D

accuracy of the generated DEM is also evaluated, showing a
mean deviation (95th percentile) of 6.1 m compared with the
MOLA DEM and 1.8 m compared with the HiRISE DEM. The
generated HiRIC DEM also shows subtle topographic details
compared to the HiRISE DEM. The results demonstrated the
promising performance of the proposed method.

Limited by the currently available HiRIC data, the universal-
ity of the proposed methodology requires further investigation
and some steps may be adapted to address newly arising issues.
However, as the photogrammetric workflow is developed based
on RPCs, the adaptions could be conveniently embedded.
In addition, some details captured by the images still fail to be
reconstructed properly, mainly due to the approximate epipolar
image generation and the effect of noise on the matching cost
in the SGM stage. Therefore, a more robust matching cost
instead of a census should be implemented to capture higher
level features and adapt to different illumination conditions.
Moreover, photoclinometric methods [12] are expected to
compensate for the missing textures and improve the retrieval
of topographic details.

As the second-highest resolution imaging sensor orbiting
Mars, the HiRIC could complement the existing submeter
datasets of the Martian surface. The success of topographic
mapping based on the HiRIC images offers the possibility
of global high-precision (3.5 m/pixel) topographic mapping
of Mars, facilitating future exploration missions and Mars
scientific research.
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