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ABSTRACT
Robotic systems are an integral part of space exploration missions. These robots can explore and navigate extraterrestrial terrain
and can survive in the harsh environments of space. Autonomous navigation and mapping capabilities are just some of the
components that are essential for us to efficiently traverse and gather scientific data. This research paper aims to explore the
application of artificial intelligence (Al) techniques in enhancing the exploration efficiency of planetary robots. The paper also
discusses the limitations of robots in space exploration and outlines how Al can be used to overcome them.
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This research paper aims to explore the application of artificial intelligence (Al) techniques in enhancing the exploration efficiency of
planetary robots. The paper also discusses the limitations of robots in space exploration and outlines how Al can be used to overcome
them.

Figure 1: The Perseverance Rover used an intelligent targeting software, Autonomous Exploration for Gathering Increased
Science system (AEGIS), which selects and targets rocks using the remotely controlled SuperCa
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1. OVERVIEW OF SPACE EXPLORATION AND THE ROLE OF ROBOTIC SYSTEMS

Robotic systems in space exploration began with the Mariner, Viking, Sputnik, and Lunokhod series of spacecraft. Robotics is crucial
to all plans for current and future space exploration and operation, enabling missions on the surfaces of planets, in orbit, and in deep
space. Ongoing missions like Perseverance, LRO, PSP and Juno are heavily dependent on robotics and automation specific to their
mission statements.

2. USE OF ROBOTS ON MARS

Mars rovers like Opportunity, Curiosity, and most recently, Perseverance, have examined the Martian surface and found evidence of
former water on Mars, among other important scientific findings. Robots can evaluate rocks and soil samples since they are fitted with
a variety of scientific tools, including cameras, spectrometers, and drills.

Robots can also pave a way to make future human missions to Mars easier. The Mars Oxygen In-Situ Resource Utilization (MOXIE) is
a technology integrated onto the Perseverance rover which synthesizes oxygen on the Martian surface from the atmosphere. This
technology could prove to be vital in the future, where humans will need a consistent source of oxygen to survive on Mars.

3. ROBOTS FOR IN-SPACE OPERATIONS

In the harsh environments of space, robots carry out tasks that us humans are unable to do. For example, the Curiosity rover launched
by NASA in 2011, has been exploring the Martian surface, conducting geological surveys, and searching for signs of past life. The
autonomous capabilities of Curiosity enable it to navigate through challenging terrains and perform scientific analysis, providing
valuable data for researchers on Earth [1].

In-space operations are also made easier by robotic arms and manipulators. A well-known example of this is the Canadian Space
Agency's robotic arm, Canadarmz2, installed on the International Space Station (ISS). It aids in capturing visiting spacecraft, moving
external payloads, and conducting maintenance activities [2]. ‘Similarly, the Orbital Express Demonstration System (OEDS) flight test,
flown from March to July 2007, demonstrated a suite of capabilities required to autonomously service satellites on-orbit. Demonstrations
were performed at varying levels of autonomy, from operations with pause points where approval from ground was required to continue,
to fully autonomous operations where only a single command was sent to initiate the test scenario.’[3].

Moreover, robots are expected to play a significant role in asteroid mining. Despite the lack of missions in this field, there is definite
potential. A recent example is the Hayabusa2 mission which deployed three rovers on asteroid Ryugu. The rovers conducted surface
exploration and collected samples for return to Earth [4]. This mission represents a milestone in demonstrating the increased feasibility
of extracting resources from celestial bodies, with robots playing a key role in data collection and sample retrieval.

Additionally, threats like radiation, extreme temperatures, and microgravity, pose significant challenges for robot design and operation.
To address this, researchers are exploring the use of new materials and efficient technologies to enhance the resilience of space robots
to withstand these conditions [5].

Moreover, as robots take on increasingly complex tasks and operate alongside human astronauts, the need for seamless human-robot
interaction becomes critical. For example, the Robonaut 2, developed by NASA, was designed to assist astronauts on the 1SS with
routine tasks, but its use was limited due to challenges in ensuring safe and reliable interactions in confined spaces [6].

4. LIMITATIONS OF ROBOTS IN SPACE

Despite their capabilities, robots also face several limitations that impact their effectiveness and performance in the harsh environment
of space. A few limitations are listed below.

e Communication Delays: One of the most significant challenges for space robots is the inherent delay in communication
between Earth and remote celestial bodies. For instance, in Mars missions, the time it takes for signals to travel between the
Red Planet and Earth can range from several minutes to tens of minutes, leading to limited real-time control and response. This
communication delay can impede timely decision-making and necessitates the development of autonomous algorithms and
onboard decision systems to ensure the robots can operate effectively with minimal human intervention [7].
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e Extreme Environments: Space presents an array of extreme environmental conditions, such as high levels of radiation, extreme
temperatures, and microgravity. These conditions can adversely affect the functionality and longevity of robotic systems.
Radiation exposure can lead to the degradation of electronics and cause malfunctions. The temperature extremes in space (-
270.45 degrees celsius) demand sophisticated thermal management systems to protect sensitive components from damage.
Additionally, operating in microgravity requires precise control mechanisms to navigate and manipulate objects effectively [8].

e Complexity of Tasks: While robots have demonstrated remarkable capabilities in performing a wide range of tasks, some
missions require precise maneuvers and delicate operations that may be challenging for robotic systems. Certain tasks, such as
fine assembly and delicate repairs, may require high dexterity and sensory feedback, which can be difficult to achieve with
current robotic technologies [9]. Such a feat can be more easily achieved by a human.

o Reliability and Redundancy: Ensuring the reliability of space robots is critical due to the high costs and risks associated with
space missions. Robot malfunctions or failures during missions can lead to mission failure or loss of valuable resources.
Designing redundant systems and implementing fault-tolerant control strategies are essential to enhance the reliability and
robustness of space robots [10].

e Limited Autonomy: While advancements in artificial intelligence and autonomous systems have enabled robots to operate
more independently, there are still limitations to their autonomy. Space robots often require human operators to intervene in
complex situations, especially when encountering unexpected or unanticipated scenarios. Developing higher levels of
autonomy and decision-making capabilities is an ongoing research area to overcome this limitation [11].

e Maintenance and Repairs: In the event of malfunctions or breakdowns, space robots may require servicing or repairs.
However, conducting maintenance and repairs in the harsh environment of space poses significant challenges. Specialized
equipment and procedures are needed to service and maintain robotic systems, which can add complexity to missions and
increase costs [12].

e Ethical Considerations: As robotic systems become more autonomous and capable of performing complex tasks, ethical
considerations arise regarding their use in space exploration. Issues related to responsibility, accountability, and decision-
making authority in autonomous robots necessitate careful consideration and ethical frameworks to govern their actions [13].

5. ROLE OF Al IN OVERCOMING THESE LIMITATIONS

The aforementioned limitations can be addressed by Artificial Intelligence, which offers solutions that enhance the capabilities of space
robots and increase the success rate of space exploration missions.

Autonomous Navigation and Hazard Avoidance: One of the primary challenges in space exploration is the ability of robots to
autonomously navigate through uncharted territories. Al-powered algorithms, such as Simultaneous Localization and Mapping (SLAM),
can help robots create maps of their surroundings in real-time. For example, the Mars rovers, including Perseverance and Curiosity,
utilize SLAM techniques to traverse the Martian terrain autonomously while avoiding hazards [14].

As our mechanical and technological capabilities improve, rockets like Starship can enable us to land on extraterrestrial objects that are
further away. For example, lander missions to moons like Europa and Titan will require such hazard avoidance algorithms in a much
more sophisticated manner.

Adaptive Decision-Making: Al-powered decision-making systems enable robots to adapt to changing conditions. For instance, the Deep
Space One spacecraft employed Al-based software called the Remote Agent Experiment [15]. This software allowed the spacecraft to
make autonomous decisions to resolve anomalies, reducing the need for constant human intervention.

Collaborative Robotics: Space missions often require collaboration between humans and robots. Al plays a crucial role in enhancing
human-robot interaction and cooperation. The Robonaut 2 (R2) aboard the International Space Station (ISS) is an example of a humanoid
robot designed for collaboration with astronauts. It employs Al algorithms for dexterous manipulation and intuitive interaction [16].

Data Analysis and Scientific Discovery: Al is indispensable for processing vast amounts of data collected during space missions. The

Kepler Space Telescope, for instance, used machine learning algorithms to identify exoplanets by analyzing light curve data [17]. This
automated approach greatly accelerated the discovery of new planets beyond our solar system.
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6. CONCLUSION

Indeed, robots play an irreplaceable role in space exploration. Though their roles cannot be replaced, they can be improved using
Artificial Intelligence. As we begin to explore the solar system more, Al can be even more useful in further enhancing our capabilities.
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