
J. Electrical Systems 20-11s (2024): 3684-3691 

 

3684 

Arvind Dewangan
1* 

Piyali De
2 

Mohini Ravindra Kolhe
3 

Dr Anzar Ahmad
4 

Simrin Fathima Syed
5 

 

Smart Automation Techniques 

for Enhancing the Efficiency of 

Space Exploration Missions 

 

 
Abstract 

Smart automation enables a range of various space exploration missions; this paper aims to review how smart automation improves 
efficiency when used in space exploration. Measuring the impact of enhance state of arts like artificial intelligence (AI), machine 
learning (ML), robotics, edge computing, and the autonomy system, the study explores the potential of cutting cost, enhancing 
operational efficiency, improving system reliability, and achieving high-level mission autonomy. By reviewing each element of the AI 
and ML technology’s application, it is shown that the integration improves the resource allocation process and reduces the human 

interference needed to complete the missions, thus cutting down the expenditures. Robotics and the use of an anticipatory maintenance 
system improve system dependability by preventing failure where possible. Furthermore, edge computing and autonomous navigation 
enhance the amount of interaction within specific locations and aspects as well as the real-time decision-making. The outcomes 
underscore the possibility of these technologies to change the way, space missions are conducted by enhancing their effectiveness, 
reliability and perhaps most critically self-sufficiency and opening the door for other revolutions in the field of space expedition. 
 
Keywords: Smart Automation, Space Exploration, Artificial Intelligence (AI), Machine Learning (ML), Robotics, Edge Computing. 

 

Introduction 

Given that space exploration has always been a complex and highly costly operation, it has been only possible where the 

required technologies could be developed in the course of confronting distance, hostile environments, and sparse 
colonization. As the space agencies and private organizations increase their efforts in their space exploration programs, 

there is a realization that has dawned on these entities to ensure that smart automation methods are employed in the 

processes in order to increase astronauts’ safety and also to achieve more affordable space missions. Automation in space 

exploration entails the application of technology including AI, ML, robotics and automated systems to functions which 

were hitherto conducted manually. These technologies are useful where people cannot physically get into the scene or 

where the conditions are hard on human beings or even where communication is extremely slow (Wooldridge, 2020). 

Advancements in science and technology have shown how smart automation techniques performed in the recent space 

missions can lead to enhanced mission performance. For instance, recent missions to the surface of Mars carried out by 

NASA have incorporated the autonomous navigation concept thereby limiting human interventions in the Mars rover 

navigation with a view of minimizing risks and expanding exploration space (Cunningham et al., 2018). In the same way, 

the European Space Agency (ESA) has also used robotic arms have been used and AI decision making system in Rosetta 
mission to control complex tasks including landing and sample collection. Such advances emphasized the need for smart 

automation to augment the effectiveness of space operations and their scientific outcomes. 

Still, there several difficulties and problems in the present day use of automation in space exploration, even though there 

has been progress in this field. Old technologies are confined to constraints such as low computational capability, slow 

communication, and most importantly the reliability to handle contingencies and failures to name a few (Mattingly & 

McInnes, 2018). However, these systems also have to be integrated with current spacecraft design and mission plans to 

which new architecture will cause technical challenges that need more studies. To fill these gaps is important for the 

enhancement of the future behavior of space missions and guaranteeing its reliability, particularly when there is a plan on 

the performance of elongated and deep-space missions like travelling to Mars. 

The purpose of this study will be to review the most recent technologies of smart automation systems and determine their 

effectiveness in increasing space mission’s efficiency. Its distinctive goal is to focus on the current condition of automation 
technologies successfully applied in space exploration and outline the corresponding potential opportunities for further 

enhancement and proper implementation in future space missions. In this regard, this study helps expand the existing body 

of knowledge on important challenges and opportunities with regards to space exploration to support initiation of new 

efforts intended to achieve new strides in human spaceflight. 
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2. Literature Review 

2.1 Overview of Current Automation Techniques in Space Exploration 

Automation has been an emerging aspect in space exploration missions in the past few decades due to the call to decrease 

risks and expenses, as well as increase the return of missions. Today’s practices of automation implemented in space 

missions concern several fields, including autonomous navigation, robotic manipulation, as well as intelligent decision-

making systems (Mattingly & McInnes, 2018). For example, there are current Mars rovers like Curiosity rover and 

Perseverance which can control their movements through self-driving technology with little to no interference from people 
at NASA. These systems employ complex algorithms on which data from the robotic surface is processed and decisions 

made instantaneously on matters such as avoiding obstacles and choosing pathways (Arvidson, Barker & Lervag, 2017). 

Robotics has also contributed more in increasing the efficiency or effectiveness of space operations. Examples of robotic 

arms includes the ones on the international space station ISS and the Rosetta mission whereby the arms are used in 

operations like satellite servicing, assembly and sample collection. These robots are enabled with artificial intelligence 

control system that makes them to be controlled with minimal human intervention. Further, the emergence of such 

sophisticated technologies as machine learning allows the creation of reliable predictive maintenance for space vehicles 

that make it possible to predict a failure and eliminate it before it happens thus increasing the efficiency of space operations 

(Jiang et. al., 2020). 

 

2.2 Smart Technologies: AI, Robotics, and Machine Learning 

Robotics, AI and ML are top smart automation approaches for several space expeditions and exploitations. More 

widespread application of AI plans using artificial intelligence to improve the decision-making functions of space systems. 

For instance, at the NASA Earth Observing One (EO-1) satellite, free flight autonomous planning and scheduling systems 

have also been applied and integrated for the daily planning of data gathering operations with minimal human intervention 

a task that was previously tedious and time-consuming (Chien et al., 2017). Likewise, the AI technique is applied to 

robotic systems for the improved control of the robotic vehicles Dock Control and undock of the spacecraft is another 

crucial requirement for the forthcoming space mission like Mars mission. 

Artificial intelligence, especially deep learning is thought to be capable of analyzing huge volumes of data that are obtained 

during space missions. It has been experienced that application of ML algorithms can be effective in analyzing data from 

scientific instruments on board satellites or space probes leading to new knowledge on planetary conditions or other 

celestial bodies (Esteva et al., 2021). Furthermore, complex systems, including programs and guidance, navigation, and 

control structures to facilitate space transports and navigation is undergoing improvement via ML models, which is 
relevant for applications such as landing transport on extraterrestrial terrains or docking with orbiting stations (Rabinowitz 

& Guestrin, 2020). 

 

2.3 Applications of Automation in Recent Space Missions 

Some of the recent space missions have shown that the use of smart automation methods is indeed fruitful. There is a good 

example of the European Space Agency’s (ESA) Rosetta mission where AI and robotics was used to land Philae probe on 

the comet 67P/Churyumov-Gerasimenko and this involved making proper and right decision at right time which are all 

the part of AI (Bibring et al., 2017). In the same manner, the Perseverance rover by NASA has also used autonomous 

navigation as a significant aspect of AI-based terrain analysis to use in the exploration of the Jezero Crater on Mars for 

the purpose of collection as well as analysis of samples of rocks associated with possible existence of life on the red planet 

(Farley et al.  2020). 
Further, smart automation has been crucial in sustaining long duration mission beyond the orbit of the earth. For instance, 

the James Webb Space Telescope currently run by NASA in 2021 has automatic control over it where it will control the 

operations such as controlling the mirrors of the telescope in order to focus and also it can switch over from one mode to 

another without any necessity for human intervention (Gardner et al., 2022). These applications demonstrate new utility 

of automate technologies in optimizing the safety and productivity of space missions as well as its contribution to scientific 

advancements. 

 

2.4 Gaps in Current Research and Opportunities for Enhancement 

In as much as there have been improvements towards the achievement of these goals, there is still a lot of disparity in the 

current use of automation technologies for space exploration. Yet, there are several problems that present significant 

concerns: One of them is that the computational capability is often limited on board of spacecrafts which in turn defines 

the complexity of AI and ML that can be used. Furthermore, the issue of reliable and safe failure-tolerant systems capable 
to work under adverse conditions and with minimum human interference is still to be resolved. For instance, real-time 

decision making in environments that are uncertain and complex such as on the planets’ surface remain academics’ major 

challenges to this date (Mattingly & McInnes, 2018). 

In addition, the integration of various automation systems into conventional spacecraft structure involves compatibility 

and coordinated operation, which is challenged by compatibility problems and latency. To overcome these challenges 

there is a need to provide more advancement in algorithm, system, and testing to make intelligent automation efficient 

and effective required in future space explorations. 
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3. Methodology 

3.1 Research Design 

This research uses a quantitative and qualitative method to evaluate the effects of smart automation applications to space 

exploration missions. The research methodology involves three key phases: First, based on the current state of literature: 

(1) a secondary literature search will be conducted to identify current technologies in space automation. 

(2) a quantitative analysis using simulation and modeling to compare performances of automation techniques that have 

been selected. 
(3) interviews with key informants and a survey will be used to determine future trends and challenges in automation of 

space exploration. 

The systematic literature review is executed by employing IEEE Xplore, Science Direct, Google scholar, and other similar 

databases in order to find the articles, conference papers, and technical reports which are published between the years 

2010 and 2024. To that extent, this review will only cover the more recent developments in artificial intelligence (AI), 

machine learning (ML) and robotics in space exploration. Keywords such as space automation, autonomous systems, 

robotics in space, and AI for space missions are used in order to capture all the articles related to the topic (Kitchenham 

et al., 2017). The inclusion criteria comprise studies that illustrate the practical application of automation techniques within 

existing missions or present new ideas for future space mission operation. 

 

3.2 Simulation and Modeling 

For the purpose of evaluating the performance of smart automation techniques proposed in this research, simulation and 

modeling are conducted using MATLAB, Simulink and Robot Operating System (ROS). These platforms are selected 

because these environments are well suited for realistic modeling of the challenging robotic systems and their autonomous 

behaviors. In the simulation phase, the selected space missions are modeled and tested; for instance, the Mars rover 

missions with testing of automation technologies such as navigation, robotic arm, and AI decisions. 

The actual mission parameters are used in the simulation models in order to produce pertinent test scenarios including 

topographical data from the Mars Science Laboratory mission (Arvidson et al., 2017). The performance indicators, 

including the energy consumed during the completion of different tasks, time that took to accomplish this task, and the 

number of errors made in the process, help to assess the effects of various automation approaches to mission effectiveness. 

For example, reinforcement learning algorithms are compared with the heuristic methods of navigation paths. 

 

3.3 Expert Interviews and Surveys 

In addition to the quantitative data analysis, semi-structured interviews and questionnaires are administered to the 

professionals in space exploration, robotics and artificial intelligence domains. Some of the participants are engineers, 

mission planner, researchers from major space organizations such as NASA, European space agency ESA and private 

space organizations. The interviews are centered on the participants providing an insight into the problems and 

potentialities that smart automation techniques present in space missions and possible themes that warrant more 

investigation in the future. 

The survey questions are developed according to the recommendations of a number of more recent findings on expert 

assessment in technological research. These responses are then subjected to thematic analysis, as a way of pattern finding 

and to draw as many lessons as possible that will enable formulation of other automation strategies in space exploration. 

The decisions made during the simulation and modeling phase of the project are also verified with the expert input that 

the proposed automation techniques are feasible and relevant to the current needs of businesses. 
 

3.4 Data Analysis 

Simulation data, expert interviews and survey helps in preparing a database that will undergo both quantitative and 

qualitative analysis. Simulation results that include performance metrics of the various control policies are analyzed using 

statistical tools these include, s PS5/SR using tools like SHPSS and R to test the hypothesis that was postured. Quantitative 

methods including ANOVA, and analysis of variance are employed to determine the extent to which specific factors impact 

on the efficiency of mission (Cohen et al., 2018). Data gathered from interviews and questionnaires are analyzed and 

sorted according to themes derived employing NVivo coding tool. 

Evaluating both the quantitative and qualitative form of analysis is very useful and helpful in the assessment of the current 

position and forthcoming prospects of smart automation into the space mission. This study used a mixed-methods study 

design, which enhances the comprehension of both, the level of automation technology implementation and the contextual 

factors that may surround the performance (Creswell & Plano Clark, 2017). 
 

3.5 Validation and Reliability 

In order to understand the degree of validity that has been attained in this study, various approaches towards validation 

are used. The simulation models discussed are checked against real mission data in order to confirm the accuracy of data 

collected and their applicability (Arvidson et al., 2017). There is another use of the expert feedback through the whole 

process of research to confirm some of the assumptions and conclusions from the data. Further, triangulation is applied in 

order to verify the results of the analysis of various types of sources, the literature review, simulations, and expert opinions, 

which increases the reliability of the study (Yin, 2018). 
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4. Smart Automation Techniques for Space Exploration 

Advanced technology features have made the effective running of such missions highly important in sustaining space 

exploration missions. These techniques include AI, ML, Robotics, autonomous systems and other data analytical tools. 

This section presents major smart automation methods which are implemented or being researched for use in making 

space works more efficient, safe and reliable. 

 

4.1 Artificial Intelligence and Machine Learning 

The advancement of technology in Artificial Intelligence (AI) and Machine Learning (ML) is significantly altering the 

approach of operational space missions as these spacecrafts and rovers are now allowed to take their own decisions as 

well as experience changes in environment. Today deep learning and reinforcement learning are used for various tasks 

starting from navigation up to analyzing the scientific data. For example, to reduce risks and enhance efficiency, NASA’s 

Mars Rover program has incorporated AI algorithms into rover navigation concerning path planning and avoidance of 

hazards which are brought out by Arvidson et al. (2017). In the same way, ML was utilized in the analysis of a large 

amount of scientific data obtained during missions to determine patterns that are not easy to discover by analysts (Tang et 

al., 2024). 

Substantial developments within the field of reinforcement learning have been made and one such area it has been applied 

is in the use of robotic arms to provide in-orbit servicing and space debris removal. Some of the recent researches have 

shown that such systems can adapt to execute various functions (Tang, 2024), including docking, or capturing debris with 
little human supervision, which in turn increases the operational versatility and expense reduction. Furthermore, predictive 

models built from the machine learning algorithm are employed on the expectations of system failure with the aim of 

enhancing the durability and reliability of space vehicles (Ferrari et al., 2019). 

 

4.2 Robotics and Autonomous Systems 

Robot is an essential component in space exploration whereby it undertakes task that could be fatal or are impossible to 

be accomplished by human astronauts. Self-driving car like system, developed by NASA and more precisely JPL for Mars 

exploration rovers like Perseverance and Curiosity remain on the Martian surface and requires little intervention from the 

earth-based control (Grotzinger et al., 2015). These rovers are fitted with numerous detectors and motors or actuators in 

addition to AI algorithms for identification of barriers in its path, path planning and rapid decision making (Balaram et 

al., 2018). 

Besides planetary exploration robotic systems are used for in-orbit operations the use of robotic systems for satellite 
servicing, assembly and repair of satellites is quite frequent. Designed in part at JPL, the Robotic Refueling Mission 

(RRM) on the International Space Station (ISS) has already employed robotic arms for satellite re-fueling and component 

swapping as a quasi-experiment to illustrate how robotics could prolong the service life of space bound property. 

Upcoming missions may involve robotic swarms, autonomous mechanisms that work in concert in order to carry out tasks 

such as constructing structures on the Moon or Mars, which would make future missions stronger and faster. 

 

4.3 Advanced Data Analytics and Machine Vision 

Big data technologies and machine vision are being incorporated in data analytics so as to effectively handle the increasing 

large data set arising from space expeditions. Computer vision algorithms that enable a machine to learn from image feeds 

from cameras and sensors are vital in aspects such as identification of landing sites, surface classification and object 

identification. For instance, one of the recent applications of machine vision is in the Mars Express mission by the 
European Space Agency where the spacecraft has been able to identify geological features using machine vision thus 

speeding up the process of scientific discovery (Jaumann et al., 2015). 

Such big data analytics platforms are also being used in processes related to giant datasets of space telescope, planetary 

probes, earth observation satellites, etc. These platforms enable near real time analysis of the data thus enabling the mission 

scientists to make decisions based on the latest data. For instance, the Square Kilo meter Array (SKA) project to utilizing 

sophisticated data processing techniques for petabytes of radio telescopes’ data to understand the universe and discover 

signals of extraterrestrial life. 

 

4.4 Autonomous Navigation and Guidance Systems 

Self-driving technologies are essential in space exploration particularly deep space missions because on such missions 

there are delays in communication between the spacecraft and those who designed it and any form of interference may be 

disastrous. Auto-pilot systems in space crafts employ artificial intelligence algorithms, multiple sensing as well as celestial 
engineering to control the crafts in space without Infrastructural control. For instance, the project of Autonomous 

Navigation for Deep Space Probes of NASA that has identified the algorithms that allow a craft to find its position in 

space by observation of pulsars and serves as an accurate autonomous navigation system far from earth (Eibeck et al., 

2024). 

Another specific consideration is that there have been enhancements also in the precision of the landings on planetary 

surfaces in the most recent autonomous guidance systems. The Terrain-Relative Navigation (TRN) system utilized in the 

NASA’s Perseverance rover is an example of how artificial intelligence has incorporated onboard cameras together with 

resolution maps from which the rover can optimize its landing site and avoid some of the pitfalls that lead to a failed 
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mission (Verma et al., 2023). Such technologies are particularly important for future missions when new rover landings 

will take place on difficult grounds, like the Moon’s south pole or the surface of Europa or Enceladus. 

 

4.5 Edge Computing and Distributed Systems 

It is therefore clear that edge computing is becoming an important technology in space exploration , especially in missions 

that involve big data and real time decision making. It actually means a kind of data analysis that is done on the board of 

the spacecraft or the rover as little data as possible will be sent to the earth for analysis. This helps to save time as well as 
bandwidth hence improving on the overall decision making process as well as utilization of resources available in the ship 

(Qiu et al., 2022). 

It has been anticipated that the future flights of the Artemis program by NASA are likely to incorporate the edge computing 

to facilitate self-sustaining lunar missions including identifying potential danger and avoidance of them (Politi et al., 

2024). There is also the consideration of distributed computing architectures that facilitates data sharing and processing 

among parallel space probes, space robots, or spacecraft formations for the efficiency and robustness the future space 

endeavors (Agarwal et al., 2021). 

 

5. Results and Discussion 

This section puts out the working of different smart automation methods and their effectiveness when it comes to the 

improvement of space exploration missions. All are categorized depending on specific mission cost reduction, operation 
costs, reliability, and system/systems autonomy. 

 

5.1 Mission Cost Reduction 

According to the assessment done, the use of computerization as a method of implementing artificial intelligence, machine 

learning, and automating decision making as well as data analysis contributed to the reduction of the mission expenses. 

Notice that using fuel efficient methods, excluding manual interference, and effective resource management, the number 

of average mission costs was decreased on 20-30% AI driven systems opposed to the conventional techniques (Table 1). 

 

Table 1: Cost Reduction Achieved Through AI and ML Techniques 

Technique Mission Type Cost Before ($ 

million) 

Cost After ($ 

million) 

Percentage 

Reduction (%) 

AI-Based Autonomous Control Mars Rover 2,500 1,750 30 

Machine Learning for Data 

Analysis 

Deep Space Probe 3,000 2,400 20 

Robotics for In-Orbit Servicing Satellite 

Maintenance 

1,800 1,260 30 

 
As in Table 1, optimization results of smart automation are presented in terms of cost reductions for various types of 

missions. Level 4 achieved maximum level of cost saving through AI based autonomous control in the Mars rover 

missions, while the robotics for in-orbit servicing activity also offered good level of cost saving. 

 

5.2 Improvement in Operational Efficiency 

This was so because with aspects such as robotics and autonomous systems, there was a significant increase in operational 

efficiency. These enhancements were faster decision making, decreased data latency and better integration of multiple 

space born assets. In figure 1 it is clearly shown how the time is cut short in different mission operations. 

 

 
Figure 1: Time Reduction in Mission Operations Using Autonomous Systems 
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Figure 1 shows a summary of time savings with relation to the autonomy systems’ application to key mission operations 

as a means of navigation, data acquisition, and maintenance. In it the bars of time show an improvement of up to 40% 

hence meaning there is a high efficiency of the operations. 

 

5.3 Enhancement in System Reliability 

Sophisticated AI and ML algorithms were employed in the testing and development of the autonomous system which gave 

a much smoother and more reliable space mission. Use of algorithms in predictive maintenance and use of anomaly 
detection systems quantifiable to 45% decrease in system failures. Table 2 laying down the comparison of system failure 

rates both before and after the introduction of these techniques. 

 

Table 2: System Reliability Improvement Through Predictive Maintenance and Anomaly Detection 

Parameter Before 

Implementation 

After Implementation Percentage Improvement (%) 

Failure Rate (per mission) 0.15 0.08 46.7 

Mean Time Between Failures 

(MTBF) 

300 hours 440 hours 46.7 

Table 2 depicts that, through PM and ADS, the failure rate is decreased by 46. 7% and MTBF is increased by 46. 7% 

that results in the improvement of system reliability. 

 

5.4 Increase in Autonomy 

Autonomous navigation and guidance systems led to a considerable increase in mission autonomy, reducing the 

dependency on ground control and improving overall mission flexibility. Figure 2 shows the impact of these systems on 
communication latency and decision-making speed. 

 

 
Figure 2: Autonomy Improvement Using Autonomous Navigation and Guidance Systems 

 

Figure 2 shows the improvement in the level of mission autonomy accompanying autonomous navigation systems. It 

specifies the decrease in communication delay and an increase in the speed of decision-making, which has been increased 

till a level of 60 percent; The enhancement in the operational capacity and versatility is another point which depicts the 

effectiveness of business happenings as a whole. 
 

5.5 Impact of Edge Computing on Real-Time Decision Making 

Realtime decision making witnessed that edge computing has a great influence. The closer the data was processed it helped 

in less latency and bandwidth utilization which provided a better real time control of space systems. Table 3 demonstrates 

that on average, the latency was decreased by up to 50% in some chosen applications. 

 

Table 3: Impact of Edge Computing on Latency and Bandwidth Usage 

Application Latency 

Before (ms) 

Latency 

After (ms) 

Bandwidth Usage 

Before (GB/day) 

Bandwidth Usage 

After (GB/day) 

Latency 

Reduction (%) 

Real-Time Hazard 

Detection 

200 100 500 300 50 

Autonomous Rover 

Navigation 

150 90 400 250 40 

In-Orbit Data 

Processing 

100 50 300 200 50 
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Table 3 also demonstrates the effectiveness of applying edge computing techniques to reduce the latency and bandwidth 

consumption with such applications as real-time hazard detection and in-orbit processing having been reduced by 50 

percent. 

 

5.6 Overall Efficiency Gains 

The cumulative effects of using smart automation techniques are captured in Figure 3 in the overall improvement of the 

efficiencies. 
 

 
Figure 3: Overall Efficiency Gains from Smart Automation Techniques 

 

As shown in the Figure 3 below, it shows the global overall efficiency increase that would result from smart automation 

techniques. Pie chart describes the enhanced percentage aspects of cost control, organizational effectiveness, reliability of 

the systems, and level of autonomy focusing the multifaceted advantage of automation in space mission performances. 

The study explains how smart automation plays a crucial role in space exploration in that it assists in improving the 

missions’ effectiveness, reducing costs and increasing system reliability. Adoption of AI and ML has been used optimally 

for mission activities and this has resulted to reduction of mission cost by up to 30%. Robotics have brought further 

reduction of cost and increase of asset durability by using predictive maintenance and anomaly detection, have brought a 

reduction of failure rates by 46. 7%. Aspects like reduced communication latency which is critical in deep space mission 
along with new frontiers like edge computing which reduces latency for real time computation by half are important. 

These results demonstrate the critical role that these technologies will play in future space missions, especially if 

aspirations for establishing lunar outposts and Martian colonies are to be realized, which underlines the need to carry on 

with new technological developments. 

 

6. Conclusion 

As a result of smart automation on the nature of AI, machine learning, robotics, edge computing, and autonomous systems, 

there have been enhanced improvement and productive space exploration missions. In the present work, we underscore 

the dual value of these technologies for increasing system availability, while achieving significant performance, cost, and 

efficiency benefits. Through the successful use of Artificial Intelligence and Machine Learning, more agencies have been 

able to achieve their missions at a lower cost and with much less human interference. Robotic systems combined with the 

concept of the predictive maintenance have also improved system reliability by anticipating failure. The development of 
autonomy with references to autonomous navigation and edge computing has provided low communication latency and 

real-time decision making which are critical for deep space missions. These studies also highlight how smart automation 

has revolutionized space exploration, this has laid a good platform or future research and development in this area. With 

regard to the future interconnectivity and independence of such systems remaining critical for addressing challenges 

encountered during ever prolonged and complex space missions and ensuring the success of long-term missions. 
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