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Abstract On May 15, 2021, Tianwen-1 successfully landed in the Utopia Planitia of Mars, and its rover

Zhurong began to carry out an in-situ science exploration of the Mars surface. To determine the location,

driving direction, and exploration targets of the rover, it is necessary to provide decision support for the

in-situ science exploration of the rover and ensure the achievement of the scientific objectives, which pose

significant challenges to the ground science team. Based on the classical research on Lunar and planetary

localization, navigation and exploration target selection, and the recent study of pan-location cartographic

theory, a pan-location mapping method for an in-situ rover exploration is proposed. In addition, a pan-

location reference system, mapping data model, and mapping method are designed to realize the localization

and visualization of the landing platform, rover, and exploration targets. The mapping method has been

successfully applied to the localization, navigation, and science exploration of the target selection involved

in the in-situ exploration of the Zhurong rover. The results of this study not only provide vital support to

the implementation of the Tianwen-1 mission; they can also be used as instructions for other future in-situ

Lunar and planetary exploration missions.
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1 Introduction

On May 15, 2021, the Tianwen-1 probe successfully landed in Utopia Planitia, which lies in the north-
ern hemisphere of Mars [1, 2]. The safe landing of Tianwen-1 marks a milestone of China’s first Mars
exploration mission. At the same time, it is also a prelude to the inspection and in-situ science explo-
ration to be conducted by the Zhurong rover. It is necessary for the ground science team to determine
the precise landing location of the rover, understand the terrain and other background environments,
determine the driving direction, and provide decision support for the planning of short-, medium-, and
long-term science explorations. In the implementation of such research, the technologies for achieving
rover navigation, localization, and mapping are necessary.

The available data for localization and mapping of the Lunar and planetary surfaces generally include
high-resolution image terrain data on the planetary surface obtained by orbiters, landing camera image
data obtained by landers, radio detection data, location data obtained from inertial measurement units
(IMU), and in-situ image data obtained through panoramic and navigational cameras. Based on such
data, many scholars have carried out corresponding research and have proposed a series of classical
localization and mapping methods. For example, in terms of an accurate localization of the landing site,
some researchers have proposed radio signal positioning methods, satellite image positioning approaches
using comparison images obtained before and after landing, place marker positioning methods applying
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the intersection and matching of place markers around the landing site, and descent trajectory recovery
positioning techniques, among other approaches [3–6]. Using these methods, the Curiosity landing was
the first Mars mission to benefit from the selection of a science-driven descent camera, the descent images
were used to locate the rover, and the Hazcam images were used to determine the orientation of the
rover using triangulation toward the horizon [7]. HiRISE and Mastcam-Z images were used to locate the
position and orientation of Perseverance [8]1). Some classical methods have been applied in studies on
rover localization, including dead reckoning based track positioning methods using an odometer and an
IMU, visual range methods based on stereo vision technology [9–12], photogrammetric bundle adjustment
positioning mapping methods based on stereoscopic images [13], and map matching methods applying
terrain map reconstruction and image matching [14]. In terms of the exploration target selection, the
methods using experts to select the exploration targets based on an interpretation of in-situ image data
have prevailed, and some automatic or semi-automatic methods based on scientific requirements and
engineering constraints have also been proposed [15].

Planetary lander and rover localization and mapping methods have always played a crucial role in
the support of the in-situ exploration missions. With the continuous development of planetary landing
missions, an increasing number of new exploration concepts and requirements have been introduced.
Certain aspects of these traditional methods still need to be improved, however. Taking the actual
research conducted on China’s Lunar and Mars in-situ exploration as an example, during the science
exploration planning of the Yutu-2 Lunar rover, the localization and mapping uses 1 Lunar day (14 Earth
days) as the work period; in addition, there are numerous other tasks such as terrain reconstruction, image
matching, and a visual interpretation of the exploration objects, and the degree of automation is low.
For the Zhurong Mars rover, the corresponding work period is based on 1 Mars day (24 h and 37 min),
and owing to the limited transmission windows of the Earth and Mars data, the time left for the ground
science team to work is usually no more than 2 h. It is necessary to improve the automation of rover
localization, mapping, and scientific planning. Furthermore, according to the existing in-situ exploration
experience, in the localization and mapping tasks, invalid detections occasionally occur owing to certain
key environmental information, and the detection capability and observed data have not been considered.
For example, when carrying out exploration planning in the Martian surface environment, traditional
localization and mapping have often only considered the position of the rover with the background
terrain data, whereas the spatial structure information of the rover, the angle of sunlight, and the detection
capability of the optical related payloads are ignored, resulting in a situation in which spectral instruments
occasionally observe objects as being within the “shadow” of the rover; thus, the observed data are found
to be invalid, resulting in a waste of valuable deep space exploration resources.

In view of the above situation, based on pan-location mapping, scene mapping [16], and related the-
oretical and technical cartographic research [17–19], in this paper, a pan-location mapping method is
proposed for the localization and mapping used in planetary in-situ exploration. The location reference
system, data model, and mapping process of the proposed method are described in detail, and the method
is implemented in the localization, navigation, and exploration target selection for the Zhurong rover. The
mapping method attempts to make full use of the exploration data obtained by the rover and combine all
positions related to the in-situ exploration, thereby more comprehensively and accurately reconstructing
the spatial relation of the rover, the payloads, and the exploration targets, and improving the decision
support for the rover.

2 Planetary in-situ exploration oriented pan-location mapping method

2.1 Pan-location mapping conceptual model

In previous studies [17–19], the pan-location map is defined as a type of digital map that stores all related
data and information regarding the location and its surrounding events, matter, and environment. The
planetary in-situ oriented pan-location map described in this paper is a type of digital map product,
which stores all in-situ observed planetary data and information on the location of the probe, scientific
payloads, exploration targets, and their surrounding environment. To serve the tasks of probe localization,
navigation, scientific planning, and other mission-critical tasks, the map should be applied to reconstruct

1) NASA Shares Two Perspectives of Perseverance’s Landing Position. https://petapixel.com/2021/03/04/nasa-shares-two-

perspectives-of-perseverances-landing-position/, accessed at 2022.02.21.
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Figure 1 (Color online) Different scales in the planetary in-situ exploration. (a) Macro-scale; (b) meso-scale; (c) micro-scale.

the planetary exploration environment as much as possible. To construct such a map product, it is
necessary to apply the corresponding conceptual model design, the details of which are as follows.

2.1.1 Locations involved in planetary in-situ exploration

The virtual planetary exploration scene should restore the real exploration environment as much as
possible in terms of different scales, dimensions, and fields of view. Based on this, the cartographic
contents and map elements designed at different scales should include the following aspects.

Macro-scale location deals with the position information in the macro planetary exploration envi-
ronment, with a range beyond the planetary surface, from several to thousands of kilometers (or even
greater), which covers the location relationship between the Sun, the target planet, the Earth, and other
celestial bodies, along with the probes (see Figure 1(a)).

Meso-scale location is concerned with the position information in the in-situ explored planetary surface,
specifically in the landing area, within a range of meters to a few kilometers, including the location of
the landing point, the rover trace, and the exploration area (see Figure 1(b)).
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Figure 2 (Color online) Coordinate systems in planetary pan-location mapping.

Micro-scale location deals with the position relationship during the in-situ exploration events, within a
range of a few meters to centimeters (or even smaller), which includes the location relationship between
the rover, the scientific payloads, the explored range of the payloads, and the explored targets (see
Figure 1(c)).

2.1.2 Spatial reference systems for the pan-location mapping

Spatial reference systems are the basis of cartography, and in terms of planetary exploration mapping,
some of the most widely used spatial coordinate systems and the methods used to associate these coor-
dinate systems are discussed in the following.

(1) Spatial reference systems involved in planetary exploration mapping. The location within a plane-
tary exploration scene is mainly established through several spatial coordinate reference systems. In plan-
etary pan-location mapping, the coordinate systems mainly include an international celestial reference
frame (ICRF), probe orbit coordinate system, planetary fixed coordinate system, planetary geographic
coordinate system, planetary projection coordinate system, planetary surface station coordinate system,
and probe body coordinate system (see Figure 2).

The ICRF is a celestial reference system and is the solar system centroid coordinate system recom-
mended by the international earth rotation service (IERS). It is defined based on the IERS astronomical
constant according to the J2000.0 dynamic vernal equinox and celestial pole and is used as a reference
for establishing the position relationship between the target planet, the Sun, and other planets [20]. The
specific position information can be obtained using precise ephemeris related tools [21–23].

The probe orbit coordinate system takes the orbit plane around the planet as the basic plane, the Z-
axis points toward the planetary centroid direction in the orbit plane, the Y -axis is opposite the angular
momentum direction of the detector orbit, and the X-, Y -, and Z-axes conform to a right-handed law.
This coordinate system is used to define the spatial position and orientation of the planetary orbiter.

The planetary fixed coordinate system is the basis for localization in a planetary space environment.
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The planetary fixed coordinate system adopts a Cartesian rectangular coordinate system, its origin is the
planetary centroid, the planetary equatorial plane is the basic plane, the Z-axis is perpendicular to the
basic plane and points toward the North Pole, the X-axis points toward the longitude origin direction
in the equatorial plane (J2000.0 equinox defined by ICRF), and the X-, Y -, and Z-axes conform to a
right-handed three-dimensional rectangular coordinate system.

The planetary geographic coordinate system and projection coordinate system are the main basis for the
description and visual cartographic expression of the planetary spatial position. The planetary geographic
coordinate system adopts a Cartesian rectangular coordinate system and takes the center of the planetary
reference ellipsoid as the origin. The datum plane adopts the spherical surface of the planetary reference
ellipsoid, and the primary meridian and equatorial planes of the planet are the basic planes. In addition,
its X-, Y -, and Z-axes are parallel to the corresponding three axes of the planetary fixed coordinate
system. The position of a point on the planet’s surface can be expressed by longitude L, latitude B,
and altitude H. Based on the recommendation of International Astronomical Union (IAU) [24], the
planetocentric geographic coordinate system is adopted in this study. Its longitude is the angle between
the primary meridional plane on the planetary reference ellipsoid and the meridional plane of the point
where it is located. In addition, the prime meridian is positive to the East, the latitude is the angle
between the equatorial plane and the connecting line between the mass center and the surface point,
and the elevation is the vertical distance from the location to the reference ellipsoid. The planetary
projection coordinate system represents the three-dimensional planetary geographical position on the
two-dimensional plane of the rectangular coordinate system through a specific projection method. In the
Lunar and planetary mapping, the commonly used map projection methods include a simple cylindrical
projection, Mercator projection, sinusoidal Mollweide projection, and polar stereographic projection [24].

The planetary surface station coordinate system is a three-dimensional rectangular coordinate system,
which takes a station point on the planetary surface as the origin (such as the landing point or an
exploration point), and the tangent plane of the planetary reference ellipsoid passing through the station
point as the basic plane. The Z-axis coincides with the normal line at the station and points toward
the opposite direction of the planetary centroid, the X-axis points toward the East, the Y -axis points
toward the North in the tangent plane, and the X-, Y - and Z-axes conform to a right-handed law. This
coordinate system is mainly used to express the relative positional relationship of objects in the local
area of the planetary surface.

The probe body coordinate system is a three-dimensional rectangular coordinate system, which takes
a predefined probe centroid as the origin, and describes the installation position of each payload inside
the probe and the spatial position of each payload body when the probe is manufactured.

(2) Position association and transformation between coordinate systems. Different spatial references
are involved at different scales. A spatial association and position correlation can be carried out through
a spatial coordinate transformation, based on the “landmark objects” such as the landing site and some
other identified exploration targets, such the coordinate systems can be associated with the planetary
geographic coordinate system.

At the macro scale, at a specific instance in time, using the ephemeris file, the positional relationship
between the planetary centroid, the probe centroid, and the solar centroid can be calculated within the
celestial reference frame. Thus, the positions of the Sun, the Earth, other planets, and the probe can be
associated with the planetary fixed coordinate system [21–23]. Thus, the solar altitude angle and azimuth,
as well as the communication angle between the Earth and the probe, can be calculated. The planetary
fixed coordinate system can then be associated with the planetary geographic coordinate system through
Eq. (1), and the planetary projection coordinate system can be associated with the planetary geographic
coordinate system through a map projection. Based on the position of the probe orbit coordinate system,
and in combination with the planetary fixed coordinate system and the planetary geographic coordinate
system, the footprint of the orbiter on the planetary surface can be located.

X = (N +H)cosBcosL,

Y = (N +H)cosBsinL,

Z = [N(1− e2) +H ]sinB,

N = a/

√

(1− e2sin2B),

e =
√

a2 − b2/a,

(1)
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where X , Y , and Z are the coordinate values of assumed point P in planetary fixed coordinate system,
L, B, and H are the longitude, latitude, and altitude in the planetary geographic coordinate system, N
is the distance from point P to the origin of the planetary reference ellipsoid, a and b are the lengths of
the semi-major and semi-minor axes in the ellipsoid, and e is the first eccentricity of the ellipsoid.

At the meso-scale, after the probe lands on the planetary surface, the position of the landing point
and the orientation of the probe on the planetary surface can be determined in the geographic coordinate
system. Then, with the landing point as the origin, a planetary surface station coordinate system can
be defined, with the X-axis pointing toward the East, the Y -axis pointing toward the North, and the Z-
axis pointing toward the direction opposite the planetary centroid. Using spatial rectangular coordinate
conversion methods such as an affine transformation [25], the plane coordinates (X- and Y -axes) of the
planetary surface station coordinate system can be associated with the planetary projection coordinate
system, and the altitude coordinate (Z-axis) can be associated with the Mars geographic coordinate
system.

Then, if the landing point is defined as (0, 0, 0), the probe centroid on the planetary surface can
be located as (x, y, h) in the coordinate system of the planetary surface station. Through a spatial
rectangular coordinate conversion, as indicated in Eq. (2), the probe body coordinate system can be
converted into the planetary surface station coordinate system, and can thus be associated with the
projection coordinate system and the geographic coordinate system. When combined with the relative
motion of the rover, the near real-time position of the rover can also be located. At the micro-scale,
based on the location of the rover in the planetary surface station coordinate system and the probe body
coordinate system, the precise location of the exploration targets can be determined in the former system.

X = X1cosα1 + Y1cosβ1 + Z1cosγ1 + x,

Y = X1cosα2 + Y1cosβ2 + Z1cosγ2 + y,

Z = X1cosα3 + Y1cosβ3 + Z1cosγ3 + h,

(2)

where X , Y , and Z are the coordinate values in the planetary surface station coordinate system. In
addition, X1, Y1, and Z1 are the coordinate values in the probe body coordinate system. Moreover, α1,
α2, and α3 are the angles between the East direction and the X-, Y -, and Z-axes of the probe body
coordinate system; β1, β2, and β3 are the angles between the North direction and the X-, Y -, Z-axes of
the probe body coordinates; and γ1, γ2, and γ3 are the angles between the Z-axis of Mars surface station
coordinate system and the X-, Y -, and Z-axes of the probe body coordinates.

2.1.3 Localization related to in-situ exploration cycles

Taking the localization and mapping of the Zhurong rover as an example, the Mars rover in-situ explo-
ration basically follows the cyclical mode of “exploration (environmental perception)-planning-movement”.
In the exploration (environmental perception) stage, the rover uses various scientific instruments to obtain
the exploration data. The planning stage is the stage of exploration data processing, localization, and
mapping, allowing the planning of the next driving route and exploration targets. The movement phase is
the stage of executing the plan to reach the next exploration point. The localization and mapping mainly
take place during the planning stage. For the mapping process, it is first necessary to locate the position
before the previous movement and confirm the explored target. It is then necessary to clarify the current
location and environment. Finally, we need to use the existing data to plan the next detection route
and target location, and before executing the plan, the confirmed locations and available mapping results
should be stored as an important input for tasks such as scientific data calibration and an interpretation
of the observed phenomena.

2.2 Data model for pan-location planetary exploration mapping

Reconstruction of the planetary exploration locations relies on the existing and acquired exploration and
environment perception data. The sources, types, formats, and characteristics of these data are as follows.

(1) Terrain image data. These data mainly come from the digital orthophoto map (DOM) and digital
elevation model (DEM) of the landing area obtained by the orbiter during the early stage, the stereo
image obtained by the Mars rover and the local terrain DOM, and the DEM and panoramic mosaic map
made based on the stereo image. The data are basically in raster data format and form the main data
for restoration of the exploration terrain.
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(2) Inertial navigation data. These data mainly come from the moving position data and probe
orientation data (including the pitch, roll, and yaw) obtained by the IMU carried by the Mars rover. The
data can be converted into vector point data within the geographic information system (GIS), which is
another source data for rover localization and navigation.

(3) The data of the probe and scientific payload model data. These data are derived from the three-
dimensional model of the rover and the three-dimensional model of the payload made in the early de-
velopment of the probe, as well as the spatial data of the detection range of the scientific load obtained
according to the ground verification experiment. The data are mainly in a three-dimensional format and
are also important for a simulation of the rover movement and exploration process.

(4) The orbit data of the probe, planet, and Sun. These data mainly come from ephemeris orbit files
and probe design orbit data, which can be converted into GIS vector data and are important for an
evaluation of the exploration ability.

(5) Other science exploration data. These data mainly include the exploration data obtained by
scientific payloads at different positions of different exploration targets, such as spectral data and radar
data obtained from the exploration targets, which can be converted into a raster data format. Deriving
such data is the purpose of this scientific exploration, and the quality of the data is the basis used to
evaluate the outcome of the scientific exploration.

The planetary exploration location involves multi-scale space and reflects the exploration events at
different times. Based on this, there are two ways to design a mapping data model. The first approach
is the use of a spatiotemporal mapping document, that is, extending the existing mapping data such
as vector, raster, and three-dimensional model data; in addition, the spatiotemporal mapping document
is used, the spatial data in different formats are organized based on time and event, the data source
format remains unchanged, and the document includes only the organization and links of data. As an
advantage of this method, when the data are loosely structured and the data processing is simple to
apply, the available source data can be associated with the location. The other approach is the design
of a new spatiotemporal object mapping data model [26], and all data formats can be converted into
this data model. As an advantage of this method, it is conducive to the unified visualization of the
data. However, one difficulty is the lengthy amount of time consumed when converting various data into
multiple granularity spatiotemporal object data. This study mainly adopts the first method.

2.3 Working framework for pan-location planetary exploration mapping

The design of the mapping method and data processing are carried out based on the location associa-
tion model and the data model designed above. In the localization and mapping for planetary in-situ
exploration, a “spatiotemporal mapping document” is used as the data interface, which is linked to the
pan-location mapping database, allowing multi-source mapping data on different positions to be obtained.
On this basis, a variety of visualization tools have been designed for specific mapping data sources. By
designing the corresponding planetary exploration event script, the intermediate map results produced
by the visualization engine are organized according to time and event. Finally, the mapping results are
imported into the unified spatial reference system for location association to form the pan-location map-
ping results. A user interaction is then allowed through the map interaction interface. See Figure 3 for
further details.

(1) Pan-location mapping database. A pan-location mapping database is a system platform for storing
and managing all location data related to planetary in-situ exploration. Its bottom layer is a variety
of structural data from different sources, including planetary exploration event data, spatiotemporal
reference data, satellite and celestial orbit data, planetary surface environment data, probe model data,
and the explored target data.

(2) Spatiotemporal mapping document. A spatiotemporal mapping document is a mapping file under
the unified spatiotemporal reference and is the data interface of the mapping. Internally, it links the
data source in the pan-location mapping database to the unified spatiotemporal reference and provides
an interface for the mapping visualization tools to access the mapping data.

(3) Map visualization tools. Aiming at the visualization of different locations in planetary in-situ
exploration, such as the visualization of a celestial body and probe orbit position, planetary surface
position, exploration model position, and scientific load data position, several map-visualization tools
such as orbit simulation tools, three-dimensional geographic information visualization tools, and model
simulation tools are introduced.
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(4) Planetary exploration event script visualization tools. In a planetary in-situ exploration mission,
the science instruments usually record the data according to a certain exploration time to form a spa-
tiotemporal exploration event. The mapping semantics of the exploration events cover the exploration
time, location, explored targets, exploration reason, process, and results. Based on this, the exploration
event is organized according to the time and location, and the event data are described using a formal
description language such as XML. On this basis, the corresponding tools are designed to parse the event
data and reconstruct the exploration event.

(5) Location association. Based on the map visualization tools, the location information of different
scales is visualized independently. At the same time, based on the event script tools, all exploration events
are organized in a time sequence. On this basis, a location association tool is designed to convert all
intermediate visual maps into a unified spatiotemporal scene and obtain the final pan-location mapping
results.

(6) Pan-location map display and interaction. Based on the pan-location association, the mapping
results provided by users are a rendered map or map sequences (in an image format) with the time frames.
Thus, based on the visual variable map theory, the visualization variables, such as the time instance,
field angle, scene scale, illumination, orientation, and texture, are encapsulated, and the corresponding
interactive interface is designed to provide users with an interactive operation. Two levels are designed in
the interface. On the one hand, the interaction of the maps is designed by changing the visual variables
directly. On the other hand, the users are allowed to participate in the model deduction and exploration
planning, helping the map users explore the planetary exploration locations interactively.
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3 Pan-location mapping

3.1 Data and tool preparation of pan-location mapping

Before the Tianwen-1 mission, the ground science team collected some available Mars images and ter-
rain data. This includes the Viking Mars global color image data with a resolution of approximately
263 m [27], the CTX Mars image data covering the landing area of Tianwen-1 with a resolution of ap-
proximately 6 m [28], and the MGS MOLA-MEX HRSC blended Mars global DEM data with a resolution
of approximately 200 m [29]. During the Tianwen-1 mission, before the landing of the Zhurong rover, the
high-resolution camera (HiRIC) carried by the Tianwen-1 orbiter obtained stereo image data of the 150
km × 60 km landing area. After the landing, HiRIC obtained the image data covering the landing site
again. Using these image data, the ground science team produced the digital image map of the landing
area, with a resolution of 0.7 m, and the DEM, with a resolution of approximately 3.5 m [1]2). In addition,
the high resolution imaging science experiment (HiRISE) of the MGS mission also obtained images after
the landing of Tianwen-1, and the Lunar and Planetary Laboratory (LPL) team also produced digital
orthophoto data with a resolution of approximately 0.25 m3). During the inspection and exploration
conducted by the Zhurong rover, the navigation terrain camera (NaTeCam) carried by Zhurong obtained
local stereo image data at certain periods, which were used to produce the Mars surface DOM and DEM
data with a resolution of approximately 0.01 m [30]. The IMU carried by the rover also obtained the
position and orientation data (called EPA (exploration position and attitude) data in the mission), and
the probe system and payload subsystem of the Tianwen-1 mission provided a three-dimensional model
and detection capability data of the payloads, such as a multi-spectral camera and surface composition
detector. The orbit data adopt the ephemeris file data on the JPL DE421 version [23]. These data are
stored in the pan-location mapping database in a corresponding format. During the localization and
mapping, the Coordinated Universal Time and Mars fixed coordinate system are applied as a unified
spatiotemporal reference, and the Martian reference ellipsoid is a sphere with a radius of 3396.19 km.

Based on the pan-location mapping model, mapping technology, and method designed above, we imple-
mented the proposed mapping approach during the localization and mapping for the in-situ exploration
of the Zhurong rover. A variety of mapping tools were adopted in the visualization. For the orbit position
visualization, the tools were developed based on the ephemeris provided by JPL DE421 [23, 31]. For the
planetary surface visualization, the tools were developed based on the ArcGIS platform [15]; for the 3D
model visualization, the development was mainly based on the open scene graph (OSG) platform [31,32];
and for the scientific data visualization, the visualization was mainly developed based on the Python
visualization package. The final map displayed can be made interactive through the WebGIS platform
developed based on Cesium4).

Under the support of the above pan-position mapping system and based on the needs of the Zhurong
in-situ exploration, localization and mapping, science exploration target selection, and other related tasks
have been carried out, the details of which are as follows.

3.2 Localization and mapping of the Zhurong rover

The localization and mapping of the Zhurong rover refer to the locating of the landing point of the
Tianwen-1 landing platform, reconstruction of the driving route, and determination of the position of
each exploration point. This research mainly involves the visualization of the location information on the
Mars surface, the main process of which is as follows.

First, before the landing of Tianwen-1, we collected Viking color image data and CTX image data as
the preliminary spatial reference data of the Martian surface. On this basis, the HiRIC carried by the
Tianwen-1 orbiter imaged the land area and obtained a mosaic image map that covered the 150 km ×

60 km landing area. We registered the image reading map of HiRIC based on the Viking and CTX image
data using photogrammetry and an image matching method [1], and made a HiRIC base map for the
localization and mapping (as shown in Figure 4(a)).

2) Ground Research and Application System. Tianwen-1 Mars Science data. https://moon.bao.ac.cn/web/zhmanager/mars1

accessed at 2021.08.30.

3) LPL. Tianwen-1 Lander and Zhurong Rover in Southern Utopia Planitia 2021. https://www.uahirise.org/ESP 069665 2055.

4) Ground Research and Application System, GRAS Mars, https://moon.bao.ac.cn/Mars/index/index.html, accessed at

2022.02.21.
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Figure 4 (Color online) Localization and mapping for the Zhurong rover based on multi-source data. (a) Image matching of

Viking color image, CTX image, and HiRIC image; (b) HiRIC image before landing; (c) localization in HiRIC image after landing;

(d) HiRiC image of the landing point; (e) image matching of NaTeCam image with HiRIC image; (f) locating the EPA position

and rover trace.

Second, after the successful landing of Tianwen-1, the Telemetry, Tracking, and Command (TT&C)
team preliminarily determined the landing point to be 109.9◦E, 25.1◦N using radio positioning technology.
Based on this, the relative position of the Tianwen-1 orbiter and the estimated landing point were
recalculated, and the HiRIC was then controlled to image the estimated landing point again, obtaining
image data covering the landing platform and Zhurong rover after landing. This image was processed
and registered to the base map, so as the HiRISE image. The ground science team compared these high
resolution images before and after landing, searched around the estimated landing point, and finally found
the exact location of the landing point on the image after landing, which was determined to be 109.925◦E,
25.066◦N [1, 2]. At the same time, the specific location of the parachute and back shell was confirmed
to be 109.923◦E, 25.061◦N, and the heat shield was confirmed to be 109.901◦E, 25.050◦N (Figures 4(b)
and (c)). At that moment, the Zhurong rover was locked at the top of the landing platform, and the
NaTeCam on the rover started to capture the images around the platform. Then, NaTeCam DOM and
NaTeCam mosaic images were produced. By matching the NaTeCam DOM data and the HiRISE image
to the HiRIC base map (Figures 5(a) and (b)), and comparing the NaTeCam mosaic images with HiRIC
images and engineering camera images (Figures 5(b) and (c)), we confirmed the orientation of the landing
platform and the Zhurong rover.

After the position of the landing point was confirmed, the Zhurong rover began to patrol and explore
the Martian surface. Whenever the rover moved to a new exploration point, the terrain image data
obtained by the NaTeCam, and the EPA data (which include the X-, Y -, and Z-distances relative to the
landing point, and the pitch, roll, yaw angles relative to the initial position) obtained by the IMU, were
sent back to the ground science team. By converting the EPA data into Mars geographical coordinates,
the position and orientation of the rover could be calculated. Based on the method of dead reckoning, the
position of rover exploration point could be preliminarily determined. Then, by matching the NaTeCam
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Figure 5 (Color online) Elements of orientation determination for the landing platform and Zhurong rover. (a) Orientation

determination by image matching of HiRISE image and NaTeCam DOM image; (b) orientation determination by image matching of

NaTeCam DOM image and HiRIC image; (c) orientation determination by comparison of engineering camera image with NaTeCam

image.

DOM data to the HiRIC base map, the accurate position of the exploration point could be determined,
and the driving route could also be extracted (Figures 4(d)–(f)).

3.3 Localization and mapping of the exploration targets

During the inspection and in-situ exploration of Zhurong, the ground science team needs to select explo-
ration targets for the scientific payloads such as multi-spectral camera and surface composition detector.
The location of the exploration targets is a necessary input for the rover route planning and is important
to the calibration of the exploration data. The main process of the localization and mapping for the
exploration targets is as follows.
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First, before selecting the exploration targets, it is necessary to determine the current position and ori-
entation of the rover, which have been described in detail in Subsection 3.2, and are shown in Figures 6(a)
and (b).

Second, based on the location of the rover, it is necessary to use the rover model data to calculate the
detection range on the rover body coordinate system according to the installation position of the scientific
payloads and the detection capability. For example, the best detection distance of the surface composition
detector is within the range of 2.5–3 m, and the suggested detection distance of the multi-spectral camera
is within the range of 2.5–5 m [33], as shown in Figure 6(b).

Then, when formally carrying out the exploration target selection, the solar elevation angle, solar
azimuth angle data, NaTeCam DOM, DEM, and panoramic image data are necessary. For the panoramic
image and in local terrain image data, the detection range is delineated according to the payload detection
ability, and then within the detection range, based on the intelligent target recognition tool [15], some
candidate exploration targets will be selected and measured. According to the needs of the detection
engineering constraints, the size of targets should be no less than 20 cm, and the terrain conditions around
the targets are relatively flat without dangerous obstacles such as large impact craters or large stones.
At the same time, based on the solar elevation angle and azimuth, the 3D model data of the rover,
and the NaTeCam DEM, the extent of the shadow of the rover will be calculated, and the candidate
targets should be outside of the shadow. With the candidate targets, the ground science team will
estimate the detection value. Generally, the selected targets should have certain detection value, such
as representing strong or weak optical reflection characteristics, containing distinguished rock or mineral
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Figure 7 (Color online) The Zhurong rover in-situ exploration mapping result from 2021.05.15–2021.08.15. The labels starting

with ‘B’ and ‘D’ indicate the exploration targets of the surface composition detector and the multi-spectral camera, respectively.

types, Landforms containing sand dunes, or other special materials, as shown in Figures 6(b) and (c).
Finally, after completing a certain detection, it is necessary to associate the detection data (B1 and

B2 point detection data) with the corresponding explored position, and the final localization map of the
explored targets is created, as shown in Figures 6(c) and (d).

With the above methods, the ground science and engineering teams successfully carried out the in-situ
exploration events (2021.05.15–2021.08.15) for the Zhurong rover (see Figure 7). The Zhurong rover safely
explored 11 places in less than 3 months and captured a large number of valuable data. The mapping
results have also been used by a couple of research groups in analyzing the Mars topography such as
dunes within the landing area, which shows that the pan-location mapping method is applicable and
beneficial for science exploration [1].

3.4 Conclusion and future prospects

Based on the needs of localization, navigation, and exploration target selection and planning for science
exploration, a pan-location mapping framework for the visualization of planetary in-situ exploration is
proposed in this study. In addition, it is implemented in engineering tasks such as positioning of the
landing platform, the localization and navigation of the rover, and science exploration target selection
for the science payload of the Zhurong rover. In this study, we dealt with the following.

(1) The spatial reference system for the planetary in-situ exploration was initially established through
the design of a pan-location association. The method and process of planetary in-situ pan-location
mapping were designed.

(2) A HiRIC base map (0.7 m resolution) with a 150 km × 60 km area covering the landing area was
produced. The NaTeCam DEM and DOM (0.01 m resolution) data and several panoramic mosaic images
were created. The location of the landing platform of the Tianwen-1 probe was found to be 109.925◦E and
25.066◦N, the specific location of the parachute and back shell was confirmed to be 109.923◦E, 25.061◦N,
and the heat shield was confirmed to be 109.901◦E, 25.050◦N.

(3) The location relationship of the landing platform, the exploration points of the rover, and the ex-
ploration targets for the science payloads were established and visualized using the pan-location mapping
method.

The study results show that the method can effectively locate the position of the rover and the explored
targets, which is important for the safety of the rover and vital to the data calibration. However, in a
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follow-up study, the proposed location system models and mapping methods still need to be improved in
the following aspects.

(a) The accuracy of the pan-location mapping reference system should be improved for planetary
exploration. To do so, the accuracy of the spatiotemporal reference for the planetary in-situ exploration
mapping framework still needs to be improved, which involves further study on the establishment of a
high accuracy planetary geodetic network, precise satellite orbit determination, and the production of
high precision topographic data.

(b) The pan-location mapping data model should be improved. To achieve this, the pan-location
mapping data model designed in this study is applied to build a layer of mapping documents under
spatiotemporal pan-location on the basis of the existing mapping data model, thereby realizing the
spatiotemporal organization and linking of multi-source heterogeneous data. The pan-location data
model is not universal, however. In the future, a multi-dimensional data model of multi-granularity
spatiotemporal objects needs to be developed to better represent and visualize the planetary exploration
locations.

(c) The visualization capability of the pan-location mapping system should also be improved. The pan-
location mapping system designed in this study is a loosely coupled mapping system based on multiple
spatial visualization tools with various mapping data. By introducing a variety of available visualiza-
tion tools, the mapping data from different sources and formats are visualized, and the mapping results
are integrated and rendered in the final display of the results. For a future pan-location mapping sys-
tem, focus should be placed on developing a universal mapping platform based on multiple granularity
spatiotemporal objects to improve the visualization efficiency and overall effect.
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