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Abstract: Exploring the solar system provides new possibilities for the survival and development 

of humankind. Although we do not yet have the technology to migrate on a large scale, we must 

first find proper celestial bodies, understand their environment, and utilize them. In the future, with 

highly developed space technology, planets and natural satellites will become “islands” in the solar 

system for human settlements. However, the lack of information is one of the greatest challenges 

that arise. And for the purpose of geographic data collection, improvement of surface precision and 

resolution with highly accurate 3D modeling and 2D maps, the surface of the celestial body should 

be mapped by making full use of geometry and different types of map projection methods. Different 

techniques should be used for accurate localization of rovers using satellites, thus combining both, 

to create a map of the resource distribution. In this article, a projection method based on conven-

tional techniques for better accuracy and efficiency of mapping and projection of a celestial body is 

proposed. For further research, hardware enhancements, improvements of multimodal techniques, 

and communication protocols for rovers and satellites development could be pivotal. 
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1. Introduction 

The observation of celestial bodies has evolved with the use of advanced instruments 

and their surface projection for resource localization serves as inspiration for humankind. 

To discover features, projection methods of the Earth are used, e.g., Mercator, Behrmann, 

and Lambert methods [1]. Yet, they have inefficiencies, e.g., the Mercator method, spher-

ically based, is not suitable for elliptical (significant differences far from the Equator) [1].  

In this paper, a projection method integrating characteristics of others is proposed to 

improve accuracy, data collection and help in exploration of celestial bodies through a 

satellite system. Using already existing methods, in cooperation with a rover, a map of 

the distribution of elements and key features of the celestial body surface is built.  

The rest of the paper is organized as follows, in Section 2, the general idea about the 

proposal is described and the 2D/3D projection methods are explained. Section 3 gives the 

details about the algorithms for the satellites. Then the instrument requirements are ex-

plained in Section 4. Section 5 is for discussion and finally Section 6 for the Conclusions.  

2. Revolutionizing Celestial Body Projection  

Methods to project the surface of the Earth have been used to better understand it. 

However, all methods have errors due to factors such as gravitational perturbations, at-

mospheric conditions, and instrument errors, and by combining methods, a new ap-

proach with features from all is obtained. The proposed method is a mixture of others, 

where the projection uses geometry and satellites jointly to form images and to create 
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2D/3D maps. Algorithms, jointly with on-surface vehicles create resource distribution 

maps. We use the case of Mars; however, the method is valid for similar celestial bodies.  

Proposed Method 

The method integrates 7 low orbit satellites in the exosphere (above 200 km [2]) of 

Mars, where atmospheric density can be ignored, gravity is almost imperceptible, and low 

energy consumption is achieved [2] (page 39). The satellite orbit inclination needs to be 

the same as that of Mars, 25.2°. With equations of motion, dynamic force models acting 

on the satellite, atmospheric drag, among others, one can calculate the orbit. Our purpose 

is not to obtain the orbits, since algorithms already exist [3]. Thus, without loss of gener-

ality, let the inclination of Mars be of 0°, Figure 1A, and by dividing Mars into six parts 

with similar areas using seven satellites, one oversees the areas of Mars as shown in Figure 

1B.  

 

Figure 1. (A) Mars inclination angle. (B) general view of the satellite system. 

For satellite A, see Figure 2A, the distance to the surface (altitude x = 250 km) is 𝑑 =

 √(1129.665 + 𝑥)2 + (1129.665 + 𝑥)2 = 1951.14 km. Then, it would be located at approx-

imately 1951.14 km at an angle of 45° from the origin of the surface to cover the 1129.665 

km radius. Since Mars is spherical, satellite G has the same characteristics as A for the 

lower part of Mars. For the second area, satellite B has to be placed just at the edge of what 

satellite A reaches (1129.665 km). Satellites B and C have the same altitude, which defines 

a straight plane. Satellites are equipped with monitoring cameras, their angles, and mini-

mum distances to reach (the hypotenuse) are obtained by trigonometry, where the oppo-

site and adjacent sides are the longitude and latitude of Mars. For B and F, the camera has 

a wide angle of 127.874° and a minimum distance of 1432.8194 km for coverage of 1131 

km, i.e., ∢ = 𝑡𝑎𝑛−1(1129.665 − 𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒
1131⁄ ) = 37.874° + 90° = 127.874°  Also, see 

Figure 2B, for C and E, the camera angle is 24.2308° with a minimum distance of 1156.997 

km for the coverage, i.e., ∢ = 𝑡𝑎𝑛−1 (1131
(2260 + 𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒)⁄ ) = 24.2308°. 

 

Figure 2. (A) representation of satellite A and G and orbit trajectory. (B) projection and coverage for 

the satellites B, C, E and F. (C) coverage and the angle of satellite D. 

Note that the higher the altitude is, the smaller the angle, and the easier it is to adjust 

the camera position. The Mercator method projects the surface between satellites C and D 

with the same altitude. The orbit of satellite D forms a cylinder, inside which Mars is 
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located. Satellites C and E will have cameras rotating for the multimodal technique for 

better resolution and accuracy. With Figure 2C, we obtain the condition of the camera’s 

angle as follows ∢ = 𝑡𝑎𝑛−1(1130
𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒⁄ ) = 77.524° ×  2 = 155.049° , and the mini-

mum distance satellite D covers (2260 km) is given by 𝐻𝑦𝑝𝑜𝑡𝑒𝑛𝑢𝑠𝑒(𝑆𝐴𝑇 𝐷) =
1157.3245 km. 

3. Algorithms for Enhancing Surface Condition Capture  

With the coverage areas defined, each satellite, except A and G, rotates the camera 

for the multimodal technique. For satellites A and G within a hexagon, see Figure 3A, with 

6 points of contact, indicating positions (separated 722.39 km) where images of the surface 

are taken, i.e., 𝐶 =  𝜋 ∗ 1129.665 + 𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒 →
𝐶

6
= 722.39 km . For the remaining satel-

lites, orbits are divided into 12 points, and a dodecagon is formed, see Figure 3B. Between 

each point, a rotation of the camera is performed with angles already calculated, see Table 

1. For satellites B and F, points are separated 
𝐶

12
= 361.195 km. By rotating the camera, 

satellites A and C take shots with different angles for zone 1 and 2, respectively. For sat-

ellites C and E, we have 𝐶 =  𝜋 ∗ 2260 + 𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒 →
𝐶

12
= 591.666 km. For satellite D, ro-

tation is not necessary, due to its coverage angle (155.049°). 

 

Figure 3. (A) positions for SAT A and F shots. (B) dodecagon and points for the remaining satellites. 

Table 1. Summary of relationship between taking shots and Positions for a single iteration. 

Sat/# 

Position 
            

Distance 

between 

Points (km) 

Up 

Angle 

Down 

Angle 

SAT A 1↓  2↓  3↓  4↓  5↓  6↓  722.39  None 45° 

SAT B 1↑ 2↓ 3↑ 4↓ 5↑ 6↓ 7↑ 8↓ 9↑ 10↓ 11↑ 12↓ 361.195  39.310° 127.874° 

SAT C 1↓ 2↑ 3↓ 4↑ 5↓ 6↑ 7↓ 8↑ 9↓ 10↑ 11↓ 12↑ 591.667 39.3165° 127.874° 

SAT D 1← 2← 3← 4← 5← 6← 7← 8← 9← 10← 11← 12← 952.687  155.049° None 

SAT E 1↑ 2↓ 3↑ 4↓ 5↑ 6↓ 7↑ 8↓ 9↑ 10↓ 11↑ 12↓ 591.667 127.874° 39.3165° 

SAT F 1↓ 2↑ 3↓ 4↑ 5↓ 6↑ 7↓ 8↑ 9↓ 10↑ 11↓ 12↑ 361.195  127.874° 39.3165° 

SAT G 1↑  2↑  3↑  4↑  5↑  6↑  722.39  45° None 

The rotation algorithm is summarized in Table 2A. Once the positions are defined, 

when the system achieves a cycle of its trajectory, a map is generated due to the relatively 

large distance between points. The benefit of orbits with 6 and 12 points is assurance that 

for each orbit, the reference of the system is always the central axis. The seven satellites 

will always form a straight line, which ensures that, see Figure 4, the relationship is main-

tained, as it for the number of shots of each satellite, see Table 2B.  

 

Figure 4. Before and after applying the displacement algorithm. 
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Table 2. (A) Summary for rotation orders, (B) Distance between points considering 360 points. 

(A) (B) 

SAT/# Point Even Odd Satellites N 

SAT A DOWN DOWN SAT A 12.0398 km 

SAT B DOWN UP SAT B 12.0398 km 

SAT C UP DOWN SAT C 21.9038 km 

SAT D CENTER CENTER SAT D 31.756 km 

SAT E DOWN UP SAT E 12.0398 km 

SAT F UP DOWN SAT F 12.0398 km 

SAT G UP UP SAT G 12.0398 km 

Displacement Algorithm 

To improve accuracy and observation of the Mars surface, satellites rotate for the 

hexagon and dodecagon, with orbits divided into 360 points where satellites are always 

located. The separation distances of adjacent points, N, is in Table 2B. For example (satel-

lite B), after the first iteration (point 1), point 1 + N takes place. So, with a displacement of 

30 points, point 1 is now point 2. However, the algorithm works in cooperation with the 

camera rotation, and it is necessary to reach 60 iterations to have at least two shots of a 

zone. After some iterations, Mars is classified with 360 lines (Figure 4). For A and G, only 

30 iterations are needed for 360 lines since the camera position is always the same.  

4. Operation Requirements 

The multimodal technique involves having several images of the same area with dif-

ferent angles. This results in a unified image with all the features, improving accuracy in 

location, and aiding in data interpretation; thus, a fusion multimodal data model is pro-

posed [4]. Initially two images are obtained, but over time, a precise map is created 

through the combination of a large number of images. The key aspect is that with each 

iteration by the satellite, the map of the surface becomes clearer and more accurate. 

4.1. Location for Rover 

High-precision rover positioning is a principal fact for the safety of the rover. In plan-

etary exploration, navigation and positioning, the absence of the Global Positioning Sys-

tem (GPS) and the lack of references are the most complicated parts. Thus, the use of lo-

calization algorithms is proposed, such as the SQP algorithm, where two satellites effi-

ciently determine the location of an objective [5], or the utilization of Mars rover ground 

rock image and satellite image rock distribution pattern matching, to determine the loca-

tion [6]. Other techniques can be used e.g., radio measurement positioning. After position-

ing and communication with satellites, the process of acquiring data is begun. Information 

such as images of the surface is obtained. The Creation of stereoscopic images, 3D point 

cloud data, orthophotos, contour maps and slope maps can be obtained based on the col-

lected data, which is useful for subsequent explorations. 

4.2. Hardware and Software 

The rover requirements are based on the Spirit model, such as the robot arms, anten-

nas, solar panel, Navigation Camera (Navcam), Panoramic Camera (Pancam), and Obsta-

cle Avoidance Camera (Hazcam) [7]. Also, the CheMin Inlet is key as it is capable of iden-

tifying the minerals and chemical composition of rocks and soil [8]. To achieve projection 

and mapping, the hardware plays an important role with a system with CubeSats. Apart 

from the hardware that all CubeSats commonly have, e.g., the camera, the power system, 

the transmission system [9], some aspects to improve efficiency are:  
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• A small, adaptable, and stable high resolution thermal infrared imaging system [10], 

with a broadband detector array, with a compact mechanical cryocooler. The camera 

includes a sensor chip with a 25 μm pitch and a resolution of 640 × 512 pixels.  

• High spectral resolution cameras installed in the satellites, helping the resource dis-

covery when the rover does not recognize or when it is not able to get to some location. 

• The rotation system for cameras is necessary to adjust the camera to specific angles 

for taking photographs. Based on the odometer and Inertial Measurement Unit (IMU).  

• Inertial Measurement Unit (IMU) to measure and record acceleration, orientation, an-

gular rates, and gravitational forces. With this, the location or number of points where 

the satellite is situated can be identified.  

• UHF communication link. The necessary transceivers for communication. It can be 

similar to that in China’s Mars exploration mission, for ‘Tianwen One’ the Ultra-High 

Frequency system tasked with delivering communication services between the 

Lander and Encircler during Entry, Descent and Landing (EDL) phases [11]. 

With localization and mineral inspection, it is possible to achieve both 2D and 3D 

mapping of surface and mineral distribution. This can be done using data collected from 

the rover and the satellites that is analyzed with existing software programs such as:  

• Celestial mapping system (CMS) used for the visualization and analysis of celestial 

bodies [12]. The application utilizes outdated data from the NASA mission. However, 

we can begin by inputting the gathered information, typically presented in coordi-

nates. As the second step, customization enables the display of specific information. 

The final step is generating a 2D or 3D map. It is important to note that the process 

involves updating existing data with new information to generate new maps. 

• Nasa’s solar system treks which is a set of tools that provides access to planetary data 

[13]. Firstly, select the desired planet, as the second step, the different tools are se-

lected to modify the coordinates, visualization, or other features based on the data 

collected with the proposed method. Ultimately, the software enables us to generate 

2D/3D maps for further analysis and allow virtual journeys across surfaces of planets. 

5. Discussion 

All projection methods are capable of mapping a celestial body, regardless of its 

shape, whether spherical or elliptical. However, when compared to other traditional 

methods, the Berghaus Star Projection displays distortion mainly in the corners and edges. 

Also, the polar regions present significant challenges when utilizing the equidistant 

projection with two points due to the great distance between the poles. Nevertheless, the 

proposed projection method is free of distortion and it has the ability to become 

increasingly detailed and accurate, depending on the multimodal method and number of 

iterations. Furthermore, it is better developed for small celestial bodies due to limited 

hardware capabilities, see Table 3, based on [1]. To enhance accuracy, in addition to 

requiring more sensors or satellites, it is imperative to establish more shot points for a 

better resolution. Communications between the satellite and rover is essential and guiding 

the rover to the best route for a destination, could potentially extend the rover’s lifespan. 

Also, with hardware for spectrometer analysis on the satellite could help identify minerals 

in areas unreachable for the rover, thereby prolonging the rover’s lifespan.  
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Table 3. Comparison of different projection features. 

Projections 
Poles Zone 

Precision 

Equator Zone 

Precision 
Limitations Growth Capacity 

Bonne’s Equator  Low Low Suitable for small-scale maps and not appropriate for illustrating vast regions No 

Berghaus star 
Affected by 

central point 

Affected by 

central point 
Complex mathematical calculations and not for small zones No 

Two points equi-

distant 
High Low Beyond two specific points, shape may lose accuracy in other regions No 

Mercator Low High Unsuitable for representing global maps due to significant distortion No 

Proposed Method High High Limited by hardware design, resolution depends on multimodal technique Yes 

6. Conclusions 

The proposed method has extensive potential, as it allows time evolution beyond the 

consideration of several established projection methods. A distinct advantage over other 

approaches is that higher number of iterations result in more precise surface imaging. 

However, such precision may ultimately be constrained by hardware limitations, but the 

problem can be optimized by periodic data transmission processes to Earth for storage 

and processing. Also, it could be enhanced with hardware upgrades, implementation of 

the multimodal technique, and improvement of communications between the rover and 

satellites. Similarly, through collaboration with the rover, successful mineral discovery on 

the surface can be achieved, followed by marking specific locations on a map for future 

use. Future research is to enhance hardware, implementation of the multimodal 

technique, and improvement of communication methods between the rover and satellites. 
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