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Abstract 

Although astronaut has often been put in the spotlight in the history of space exploration, manned 

missions are extremely costly and risky, making robotic missions the default approach for most space 

programs. However, two-way latencies from around 3 seconds for the Moon to up to 40 minutes for 

Mars, limits the efficiency of robotic operations on the ground. In this study, we compare the 

productivity of low-latency teleoperations conducted by astronauts orbiting the planetary body, with 

higher latency missions operated directly from Earth. Assuming that humans need to be at least twice 

as productive as robots to justify the risk to send them in space, it is found that  for a 10 ton robot on the 

planetary surface, low-latency teleoperations would have to be 8 times more productive than high 

latency for the Moon and 15 times more productive for Mars. If the mass of the robot on the ground is 

smaller, the productivity gain requirements increase drastically. These results suggest that low-latency 

teleoperations might be limited to narrow use cases. 

 

I. Introduction  

Since the Apollo program, planetary exploration has often been associated with human boots on the 

ground. NASA recently launched the Artemis program to send humans back to the Moon with the 

explicit goal to maintain a sustainable human presence on its surface.  However, the actual efficiency of 

this project is often contested. Landing humans on the Moon is expensive and risky. As far as scientific 

research is concerned, robotic missions might be able to achieve a lot for a fraction of the cost.  

The case is even more extreme for Mars. A human mission on the Red Planet is still a long way from 

now. On the other hand, Mars Exploration Rovers (MERs) Spirit and Opportunity, as well as the 

Curiosity rover, are all considered great successes in Mars exploration. Several additional rovers are to 

be sent to Mars in the coming years. This said, one of the main constraints of such robotic missions 

come from the communication latency induced by the distance between Mars and Earth. Depending on 

the relative positions of the two planets, the two-way latency can range from 8 minutes to more than 40 

minutes, referred as high latency teleoperations (HLT). Currently, the Curiosity operators plan the 

rover’s actions on a day-to-day basis. Every day, they process information from the previous one, and 

plan for the next one.   

In the case of the Moon, the two-way latency is much smaller, around 3 seconds, referred as medium 

and high latency teleoperations (MLT). But this still makes it difficult to control a rover in real time. 

Therefore, MLT and HLT rely a lot on the level of autonomy that is achievable by the robots. Recent 

mailto:pierre.tiengou@mines-paristech.fr
mailto:jb@zenonresearch.org


developments in computer vision and automated decision making make these systems more and more 

reliable but they are still far from a human being’s cognitive capabilities.  

The concept of low-latency teleoperation (LLT), or sometimes low-latency telepresence, is based on the 

idea that astronauts orbiting a planetary body could easily operate rovers on the surface with latencies 

less than 400ms. This is generally considered as the “cognitive horizon” below which delay is barely 

noticed by the operator [1]. Such teleoperation conditions allow for high dexterity and fast decision-

making by the teleoperator. In the context of space exploration, this can be very useful to study quick 

chemical or physical phenomena. It also gives a lot more possibilities for improvisation. An automated 

robot is usually highly specialized in a limited set of tasks, whereas human operators are capable of 

repurposing instruments, and can could react to unexpected events.  

The concept of LLT has been advocated by several robotic engineers, researchers, and planetary science 

experts, as a way to conduct science efficiently on Mars [2] [3] [4]. It is often opposed to the option of 

landing astronauts on the surface, which will take a lot more time and money to achieve than sending a 

crewed station to orbit, considering the difficulty of actually reaching the ground of the red planet. To 

mature the technology, the Moon is often presented as a testbed for LLT, which could also increase the 

scientific return of future lunar program such as NASA’s Artemis [5] [6]. 

LLT is already used in some space operations. When the ISS started operating, the robotic arm known 

as Canadarm-2, built by the Canadian Space Agency, was used to assemble the station and then to 

reception cargo and help on Extra-Vehicular Activities (EVAs). It has since been completed by another 

robot referred to as DEXTRE, added in 2011. The latter is capable of much higher precision and can 

conduct tasks that require high dexterity. Those two robots can be operated from the ISS, but also by 

ground operators on Earth, to save some crew time. The situation in terms of latency is then analogous 

to astronauts operating robots on the ground from low Earth orbit. 

Beyond this operational use of LLT, there have been some research experiments focusing on a future 

use of telerobotic for deep space missions to the Moon of Mars. Though it is not the most favored 

approach, public agencies have been investigating the topic, because orbital missions will very likely be 

conducted before landing on the surface of the Moon or Mars.  

Some experiments were sent to the ISS to test the feasibility of LLT in Earth orbit and evaluate the best 

ways for astronauts to interact with robots (ranging from supervised monitoring to fully immersive 

telepresence). In 2005, the German Space Agency (DLR) started operating a robot on the ISS from the 

ground. The ROKVISS experiment [7] aimed at testing the operability of an LLT system for 

maintenance and repair tasks, and assessing various control modes, which corresponded to various levels 

of autonomy. In 2013, NASA led the Surface Telerobotic project [8]. Three astronauts on the ISS were 

able to operate a rover on Earth. Their tasks simulated portions of a proposed mission, in which an 

astronaut in lunar orbit remotely operates a planetary rover to deploy a radio telescope on the lunar far 

side. Completion times were compared between the different astronauts and tasks, and cognitive 

workload and situation awareness were assessed. The European Space Agency (ESA) also conducted 

various experiments in the context of the METERON project [9]. Experiments like Interact [10], Haptics 

1 & 2 [11], or more recently SUPVIS-JUSTIN (conducted with DLR) [12] [13] studied the feasibility 

or several tasks in LLT, and assessed human-machine interface designs to optimize the use of robots on 

Earth teleoperated from the ISS.  

One important element often mentioned in ESA’s METERON studies and NASA’s Surface Telerobotic 

is that cognitive workload often remains very limited when supervising a semi-autonomous robot. Most 

of the time, the operator does not need to intervene. Therefore, several of the astronauts who took part 

to these studies explained that they would be able to operate several rovers at the same time in these 

conditions. However, no study focused on determining how many robots or rovers could be operated 

simultaneously. 



Other projects focused on humanoid robots, that could act as avatars to their operator, such as NASA’s 

Robonaut [14], or Fedor, developed by Roscosmos. Such devices have the advantage that they can use 

interfaces designed for astronauts, like on the outside of the ISS, without having to take the risk of 

conducting an EVA. This approach has shown it provides higher situation awareness for the operator 

thanks to immersive telepresence systems, but also induces a high cognitive load which forbids long-

duration operations. As a result, it seems that the trend is now mostly turning towards automated robots. 

Japanese startup GITAI is collaborating with the Japanese Space Agency (JAXA) on such robots to 

assist astronauts inside the ISS. 

Unfortunately, all those projects did not really attempt to compare LLT with operations under higher 

latencies. In fact, there are only a few studies that have focused on estimating the possible gains of 

working with very low latency. Sheridan [15] conducted a review of the topic in 1993. It gathers 

experiments that studied the effects of time delay for various feedback (visual, haptic). More recent 

studies dealing with the impacts and ways of managing latency also give some insights. Matheson et al. 

[16] focused on driving a lunar rover and introduced predictive displays to improve performance. Kim 

and Ryu [17] studied the distinction between delayed haptic feedback and delayed video feedback and 

studied their effects. Mellinkoff et al. [18] worked on quantifying the constraints of LLT (bandwidth 

and frame rate) and compared this approach to MLT (2.6s delay). Their experiment compared the time 

need to discover specific rock samples in a mock-up lunar terrain, in low and medium latency 

teleoperation.  

None of these studies made LLT and MLT comparison as their main goal. They still contain some 

relevant experimental data that we used in this study.  In the case of a HLT Mars mission, no study has 

been conducted so far and we hope to provide some interesting insight and comparison with the Moon.  

Although it is much lower than what is needed for surface landings, the cost of bringing astronauts to 

lunar or Martian orbit is still very important. The objective of this study is therefore to assess how 

relevant LLT can be compared to MLT and HLT from Earth. The reason this study focuses on The 

Moon and Mars is that they are the most relevant planetary destinations for manned space missions in 

the foreseeable future. We place this study in a medium-term timeframe for planet-wide exploration. As 

a result, the focus is not on public inspiration which drives most manned missions. The idea is that actual 

performance is eventually required to support any sustainable space exploration program.  

Evaluating LLT attractiveness is providing some interesting insight onto what conditions are necessary 

to justify an orbital manned station for planetary exploration. 

 

II. Method  

 

II.1 Insights from Earth-based industries 

As LLT efficiency for space-related activities is still at a very early stage, it’s interesting to see if we 

can get any insight from several industries that are already familiar with telerobotic. Four of them were 

identified: robotic mining, underwater operations, telemedicine, and remote driving of semi-autonomous 

vehicles. An in-depth study was conducted by Zhang et al. [19] with a particular focus on the level of 

autonomy of the systems, depending on the industry. 

Robotic mining  

The mining industry has been developing robotic technology for a long time now, for the purposes of 

efficiency and accessing remote and high-risk locations. For this study, we have looked at what exists 

in this field, and what could be transposed to mining of lunar resources specifically. Baiden [20] worked 

on this precise topic last decade, though latency was not his primary focus. Despite that fact that latencies 



observed in the field of robotic mining are not anywhere close to those happening for space exploration, 

it is worth noting that mining companies are generally moving towards higher automation rather than 

direct remote control. Marshall et al. [20] reviewed the state-of-the-art in robotic mining, and it seems 

that supervised autonomy will become the new standard, almost keeping the human operator out of the 

loop. 

Underwater operations 

Underwater robotics are mostly used in the fields of oceanic exploration, as well as in the oil and gas 

industry, to conduct undersea operations and maintain infrastructure. At the moment, communication 

with robotic assets go through optic fibers, enabling virtually no latency. Yet some untethered vehicles 

are being developed, with a higher reliance on autonomous systems, and the possibility to hand over 

control to surface operators when needed. 

Telemedicine  

Remote surgical operations have been a subject of study for a long time now and the effects of latency 

on the performance were studied in detail. The tasks require high precision, dexterity, situation 

awareness and can be time-constrained as well. Haptic feedback is of high importance in this case, which 

means a noticeable delay can alter performance significantly. It has been suggested that for untrained 

surgeons, latencies higher than 300ms are prohibitive. However, it has been shown that with adequate 

training, it was possible to operate properly with latencies as high as 500ms [22].  

Remote driving  

The possibility of remote driving is often mentioned as an alternative to fully autonomous cars. In the 

case of a problem with an autonomous driving system, remote operators could take over and drive the 

vehicle. However, high level of awareness and reactivity are necessary do drive in an uncontrolled 

environment. Therefore, remote driving experiments try to operate with latencies under 100ms. It has 

been shown that higher latencies may be managed, but that from 300ms, driving performance 

deteriorated consequently [23]. Due to those factors, remote driving is not considered as an attractive 

option by most players in this industry, who prefer to focus their effort to improve fully autonomous 

systems. 

Overall, terrestrial applications seem to suggest that the use cases where LLT is preferred to semi or 

fully autonomous systems is fairly limited.  

 

II.2 Productivity ratio for Moon and Mars operations 

Moon case 

As explained in the introduction, no prior study has focused solely on comparing the efficiency of LLT 

to MLT. The few experimental studies conducted often focused on comparing low-latency telepresence 

to actual human presence on the surface (virtually zero latency), or on assessing and comparing various 

human-machine interfaces for astronauts or Earth-based operators to monitor and control robots. 

Experiments often comprise a set of tasks to complete with a rover or robotic arm, and assess 

performance by measuring completion times and other factors such as the situation awareness and 

cognitive load of the operator. Sometimes, depending on the task, precision is also assessed, but this 

varies a lot between experiments, so this study mostly focused on using completion times values. 

The maximum variation in productivity observed among the experiments referenced by Sheridan [15] 

was a factor of 10 in task completion time between zero latency and a 3s latency.  However, even though 

it is not noticeable by the operator, a small latency (which is closer to what can be done in LLT) does 



have some influence on the productivity. In the same study, the completion time with 3s latency was 5 

times bigger than with a 330ms latency. Similar values are found in other experiments described in the 

review.  

In more recent works, a high importance has been given to interactive displays for MLT, as well as 

supervised autonomy software that only require the operator’s intervention at certain times and enable 

multi-tasking. Some of them allow reducing the productivity ratio to 2 in terms of completion time [16]. 

We assume that such assistive displays or software could also be used by astronauts in orbit performing 

LLT.   

Before choosing some relevant thresholds to focus on, it is important to mention that completion time 

does not constitute a measure of productivity by itself. It does not consider how well the task is executed, 

or how complex the task was. Some tasks could also be considered as not doable autonomously or in 

MLT. To simplify, we have assumed that completion times is a good proxy for efficiency. 

As a result, productivity ratios of 10, 5, and 2 have been chosen between LLT and MLT, corresponding 

to tasks demanding high, intermediate, and low human cognition.  

 

Mars case 

For Mars, the situation is very different, since it is a case of high latency, with 6 minutes at the very 

least, sometimes more than 40 minutes for two-way communication When operating from Earth, the 

reliance on autonomy is much higher than in the case of the Moon. At the moment, rovers are operated 

on a day-to-day timescale, and operations are very slow to ensure that nothing goes wrong. Dr. Steve 

Squyres, who was the principal investigator in the Mars Exploration Rover Mission has long been 

arguing that what robots have been doing on Mars for years could be done in a few days by astronauts 

on the ground.  

One of the only values available is the driving speed of a rover. The Curiosity rover can reach a speed 

of 90 m/h, though its average speed is around 30 m/h. This is very slow because the rover takes extreme 

precautions to avoid damaging its scientific instruments. By comparison, the lunar roving vehicles 

(LRVs) used by astronauts during the Apollo missions were designed for speeds around 10 km/h, and 

one of them even reached 18 km/h. Obviously the conditions are different: even fully loaded, the LRVs 

are twice lighter than Curiosity and operated in lunar gravity. Autonomous vehicles on Earth have also 

made significant improvements that can be expected to transfer to space technology in the near future. 

So this comparison is not the most realistic for our study, but it still gives an idea of what can be achieved 

when real-time human cognition is included in the control loop.  

Considering how little information was available on the topic, several hypotheses were made. Three 

values for the productivity ratio were chosen: 100, 10 and 5, again corresponding to tasks demanding 

high, intermediate and low dexterity.  

 

Productivity gain from Low Latency operations  

As indicated by existing Earth applications, most tasks don’t really require real-time human level 

cognition.  For our model, we decided to consider that on a typical workload of a robotic system would 

require 70% of tasks performed with low dexterity, 20% with intermediate dexterity, and only 10% with 

high dexterity. An averaged productivity gain from LLT is then 3.4 for the Moon and 15.5 for Mars, as 

shown in Table 1. 

 



Productivity gain from LLT Moon (MLT) Mars (HLT) Portion of time 

Low cognition 2 5 70 % 

Intermediate cognition 5 10 20 % 

High cognition 10 100 10 % 

Averaged value 3.4 15.5  

 

 

 

II.3 Mission parameters 

 

II.3.1. Orbit to surface ratio R 

We are looking for a given delta-V value, what is the relative cost to bring a payload to the planetary 

surface compared to get this payload to orbit the Moon or Mars. It is given in the form of a ratio R, 

referred to as “orbit-to-surface ratio” that is used by the second part of the model. For example, an orbit-

to-surface ratio of R = 2 means that for the same cost in fuel, one can send twice as much payload to 

orbit than to the surface. R is used to estimate how much more payload can be brought for the same fuel 

cost as the other mission. 

To simplify, the rocket model is based on NASA’s Space Launch System (SLS) which is a typical multi-

stage rocket. The three stages are considered to be fired successively and correspond to the two Solid 

Rocket Boosters (SRB), the SLS core stage, and the Interim Cryogenic Propulsion Stage (ICPS). 

The important parameters in the model are the dry mass, the specific impulse and the maximum fuel 

mass a stage can contain. The values reported in Table 2 below were collected from the NASA website 

fact sheets [24]. The Solid Rocket Boosters contain the most approximations because though they are 

based on the Space Shuttle’s boosters, there have been significant improvements to the design that 

should give it more capacities which are not as well documented. The values have been slightly adjusted 

to match NASA’s assertion that the SLS can carry more than 26 tons to Trans-Lunar Injection (TLI). 

 

 
 

Solid Rocket Boosters Stage 1 (core stage) Stage 2 (IPCS) 

Dry mass (kg) 130 000 85 000 3 490 

Specific impulse (s) 275 363 462 

Maximum fuel mass (kg) 1 400 000 987 000 30 710 

 

 
 

To find the ratio R between the mass that can be delivered to orbit and the mass that can be delivered to 

the surface, a delta-v budget is estimated. Special considerations had to be made regarding landing on 

the Moon and Mars and are detailed below. 

 

 

Moon orbit and landing 

 



Low lunar orbit (LLO) is very close to the Moon (around 100 km) which enables very low latency 

communication to the surface. Earth-Moon L2 Lagrange point (EML2) which requires a lower delta-v 

budget than LLO is also often considered for lunar teleoperation mission concepts [25]. It has the 

advantage of being stable relatively to the positions of the Moon and the Earth. The orbit radius is around 

60.000 km which means that the two-way latency remains below 500 ms. This enables almost real time 

low latency teleoperation of robots on the surface. EML2 faces the Moon’s far side, but the orbit radius 

is high enough that direct communication with the Earth remains possible. One of the reasons why 

EML2 is often chosen for mission concepts is because it enables direct communication with the lunar 

South Pole. This is a region of special interest for future exploration missions, as it might contain water 

ice. 

An alternative approach was also considered by looking at actual figures from the lunar lander used by 

Apollo missions. The lunar lander consisted of a descent stage and an ascent stage, to bring the astronauts 

from lunar orbit to the surface (delta-v of 2.5 km/s) and then to bring them back to orbit. The lander 

weighted around 15 tons in total, whereas the ascent stage, equipment, and crew amount to 5 tons, which 

suggests R = 3. This value is larger than if we take LLO and EML2, so the Apollo case can be considered 

as a limit case. In total, calculation was made on three cases: LLO, EML2 orbit, and the limit case from 

the Apollo lunar lander. 

The delta-v budget for the crewed mission has to include the return trip. However, the second part model 

will include a module to carry the astronauts, based on the Orion module. This module is able to provide 

enough delta-v for de-orbiting the Moon and a Trans-Earth Injection. It then handles atmospheric reentry 

using heat shields to dissipate energy and slow down. Eventually it deploys parachutes to carry the 

astronauts safely to ground. Therefore, in this model, no extra delta-v is needed for the return trip from 

the Moon.   

 

 

Mars orbit and landing 

 

For Mars, we have taken a midpoint between the Mars Capture Orbit (MCO) which is too high to 

conduct LLT, and low Mars orbit which is very costly in terms of delta-V. This midpoint is nearby 

Martian moon Deimos. This orbit has a radius of 23400 km which enables LLT. The delta-V between 

MCO and Deimos orbit is quite low (0.6 km/s), so choosing a different orbit in the vicinity would not 

alter the results much. 

The case of Mars is different from the Moon since the astronauts have to do a 6-months return trip, 

requiring a significantly bigger spacecraft. As a result, the delta-v budget for the crewed scenario include 

1.5 km/s for the return trip, which is considered sufficient to get to Mars-Earth transfer orbit. Once back 

into Earth’s gravity well, it is assumed no extra delta-V is required, as the module will slow down when 

entering Earth’s atmosphere using heat shields and eventually parachutes. 

 

Delivering payload to Mars’ surface is very challenging since it is a much heavier body than the Moon. 

From MCO, the spacecraft has to be slowed down from 5.5 km/s. Two approaches were used to estimate 

how much mass can be delivered to Mars’ surface with a single SLS launch. 

 

A first approach is the use of aerobraking. Mars’ atmosphere is less than 1% of Earth’s, so the 

atmospheric drag is much more limited, but it can still reduce significantly the delta-V budget. This 

technique uses atmospheric drag to slow down a spacecraft by placing it on an orbit where it passes 

through the atmosphere at periapsis.  The velocity is reduced little by little as the spacecraft completes 

hundreds of orbits. The main downside is that it requires a lot of time to slow down a spacecraft using 

this method. Aerobraking has been used in the past from Mars missions such as Mars Odyssey, the Mars 

Reconnaissance Orbiter and the Trace Gas Orbiter. This had allowed probes to slow down by more than 

1 km/s to reach a desired orbit after a few months. In our case, we assume that a 2 km/s delta-V can be 

saved using aerobraking over sufficient time.  

 

A second approach is based on the method used to deliver the Curiosity rover to the surface of Mars. 

The rocket carried it to Martian orbit, and then, it entered the atmosphere and decelerated in 7 minutes, 

until it reached the ground [26]. In contact with the atmosphere, heat shields were used, including some 



loss of mass. In the case of Curiosity, the final payload on the ground was 27.3% of the mass that entered 

the atmosphere and we use this value as our reference.  

 

Delta-V budgets per destination and orbit to surface ratios 

 

 

 

 Destination  
Delta-V budget 

(km/s) 

Maximum mass deliverable by SLS 

(kg) 

Moon 

EML2 orbit 12.7 24 100 

Low lunar orbit 13.3 19 160 

Lunar surface 15.2 9 160 

Mars 

Mars orbit 

One-way 14.2 13 750 

Round trip 15.7 7 630 

Mars 

surface 

Heat shields 13.6  4 735 

Aerobraking  17.1 4 115 

 

 
 

 

 

 

Moon 𝑅𝑀𝑜𝑜𝑛 ratios   Mars 𝑅𝑀𝑎𝑟𝑠 ratios  Mars orbit 

   
 

Scenario One way Round trip  

Low lunar orbit 2.1  

Mars surface 

Heat shields 2.9 1.6 

EML2 orbit 2.6  Aerobraking  3.3 1.8 

Limit case 3  No aerobraking 12.7 7 

 

 

II.3.2. Mass required in orbit for manned LLT  

We have to choose the main parameters of the crewed mission approach which are mass of the 

astronaut’s module, mass of the orbital station, mass of supplies needed each month for astronauts life-

support and station maintenance, and total duration of the mission. 

 

Moon case 

 



For the Moon, the number of astronauts has been fixed at 4, which is the standard crew capacity of an 

Orion spacecraft. When fully loaded, Orion is projected to weigh around 26.5 tons. As seen earlier, this 

module handles de-orbiting the Moon, Trans-Earth Injection, and atmospheric reentry to bring the 

astronauts back on Earth. 

 

The reference mass of the orbital station (40 tons) is initially based on projections for the Deep Space 

Gateway [27]. This station is supposed to be inhabited a few weeks per year by four astronauts, carried 

there by an Orion spacecraft which provides most of the life support equipment (breathable air and 

water). It is supposed to weigh around 40 tons. A similar structure called the Deep Space Transport [28] 

was also presented by NASA though it is not in development yet. It is designed to accommodate 4 

astronauts for a long duration (1000 days) mission to Mars. The habitat structure on its own is supposed 

to weigh 22 tons, which is below our estimate, but solar panels for electricity generation as well as 

facilities to store cargo are also required (the mass of the cargo itself is considered separately in the 

model).  

 

The mass of supplies sent to the station is counted separately and given as a monthly resupply mass. 

Technically, cargo supply missions would not necessarily arrive each month, but this allows adapting 

to the duration of the mission, which is given in months. The reference value has been estimated from 

the cargo missions to the ISS. In 2018 and 2019, the ISS received around 31 tons per year of cargo 

through Dragon, Cygnus, Progress or HTV spacecrafts. Considering that in our case there are only 4 

astronauts instead of 6, this gives a value of 1.75 tons per month. However, a fair part of the cargo mass 

consists of equipment for the science experiments on the ISS and maintenance of the 20-year-old station. 

Therefore, the estimated value chosen is 1 ton per month, which is a low estimate. 

 

The duration of the mission has been set at two years. This is similar to the expected lifetime of a tele-

operated robot. For simplifications, it is considered that a single crew will conduct the mission. Table 5 

summarizes the reference values for each parameter.  

 

 

Astronaut module 26.5 tons 

Station  40 tons 

Monthly resupply  1 ton 

Mission duration 24 months 

 

 

Mars case 

 

From the Moon case. slight variations can be introduced to consider Mars’s specificities. The main 

difference is that the station needs to be brought back to Earth orbit, as it will also serve as a transit 

vehicle for the 6-month journey to Mars (and then back to Earth). Once the whole structure is back into 

Earth’s gravity well, the crew module can detach and handle atmospheric reentry. 

 

For the cargo supplies however, it is considered that they are only brought to Mars orbit for a one-way 

trip. One could argue that some of them are actually used for the return trip, but others are used for the 

trip to Mars as well (which means their mass can be discarded), and most of them will be consumed 

while in Mars orbit so it was decided to consider that they were all brought to orbit and not back to Earth.  

 

For the sake of comparison with the Moon case, LLT mission last 24 months.  As a result, the total 

duration of the mission is increased to 3 years to include the duration of the trip, assuming a six-month 

Earth-Mars transit on both sides. Table 6 summarizes the reference values in the case of a Mars mission. 



 

 

Astronaut module 26.5 tons Round trip 

Station mass 40 tons Round trip 

Monthly resupply  1 ton One-way trip 

Mission duration 36 months Only 24 months in Mars orbit 

 

 

II.4 Productivity requirements 

 

We want to analyze what is the productivity improvement of LLT as a function of the payload on the 

ground. 

In case of LLT mission, we have a mass 𝑀𝐿𝐿𝑇 on the ground of the planet. In case of MLT or HLT 

missions, we have on the ground a mass 𝑀𝑀𝐿𝑇 or 𝑀𝐻𝐿𝑇  respectively for the Moon and Mars. 

 

So we have 𝑀𝑀𝐿𝑇 =
𝐶𝑀𝑜𝑜𝑛

𝑅𝑀𝑜𝑜𝑛
+ 𝑀𝐿𝐿𝑇  and 𝑀𝐻𝐿𝑇 =

𝐶𝑀𝑎𝑟𝑠

𝑅𝑀𝑎𝑟𝑠
+ 𝑀𝐿𝐿𝑇  

 

With 𝐶𝑀𝑜𝑜𝑛  and 𝐶𝑀𝑎𝑟𝑠  corresponding to the mass in orbit required to handle the astronaut crew 

operating the LLT mission. 

 

To assess the productivity improvement of LLT in the most general case, we assume that the mass of 

the payload at the surface of the Moon or Mars provides a good approximation of the complexity of the 

mission conducted on the ground.   

 

For simplicity, we assume that the number of tasks that can be performed on the ground is directly 

proportional to the mass of the payload on the planetary surface. For instance, twice the mass means 

that we double the number of robots, and the whole system is therefore twice as productive.   

 

We can now define T the target productivity ratio as: 

 

𝑇𝑀𝑜𝑜𝑛= 
𝑀𝑀𝐿𝑇

𝑀𝐿𝐿𝑇
 = 

𝐶𝑀𝑜𝑜𝑛

𝑅𝑀𝑜𝑜𝑛 ∗ 𝑀𝐿𝐿𝑇
+  1 

 

𝑇𝑀𝑎𝑟𝑠= 
𝑀𝐻𝐿𝑇

𝑀𝐿𝐿𝑇
 = 

𝐶𝑀𝑎𝑟𝑠

𝑅𝑀𝑎𝑟𝑠 ∗ 𝑀𝐿𝐿𝑇
+  1 

 

T can be interpreted as: for a given budget, how much more productive needs to be a crew that operates 

the payload 𝑀𝐿𝐿𝑇 from orbit to perform as many tasks as a team back on Earth operating payload 𝑀𝑀𝐿𝑇 

or 𝑀𝐻𝐿𝑇? 

 

Furthermore, we have also to take into account that human spaceflight involves additional constraints 

that are not as important for robotic-only missions. To ensure the safety of astronauts, a high redundancy 

is often needed in case part of the life-support equipment fail. In any case, it is safe to assume that if 

LLT has no clear advantage in terms of productivity compared to MLT/HLT, a purely robotic approach 

will always be preferred.  This means that for LLT manned missions to be sustainable, its performance 

needs to be significantly better by a factor K than a pure robotic mission.  

 

We should therefore rewrite the previous equations as: 

 



𝑇𝑀𝑜𝑜𝑛= 𝐾 ∗ ( 
𝐶𝑀𝑜𝑜𝑛

𝑅𝑀𝑜𝑜𝑛 ∗ 𝑀𝐿𝐿𝑇
+  1 ) 

 

𝑇𝑀𝑎𝑟𝑠= 𝐾 ∗ ( 
𝐶𝑀𝑎𝑟𝑠

𝑅𝑀𝑎𝑟𝑠 ∗ 𝑀𝐿𝐿𝑇
+  1 ) 

 

The risk of losing human beings on a mission is hard to quantify for. For illustrative purpose, we assume 

that a LLT mission needs to be at least twice as productive as MLT/HLT alternatives to justify risking 

the lives of astronauts. Therefore, we take K = 2. Given the very high price put on the live of astronauts, 

we assume this value to be quite conservative. 

The 4-person crew in orbit can be considered as a fixed cost. Therefore, the higher the mass on the 

ground, the more added value this crew can provide by managing this payload in LLT rather than 

MLT/HLT. This means that when 𝑀𝐿𝐿𝑇 becomes very big, productivity requirement for LLT converges 

toward K, as expected. In other words, if the astronauts are capable to perform LLT over a very large 

payload, the overhead cost of the orbital control station becomes increasingly negligible.  

 

 

III. Results 
 

Figure 12 and 13 show 𝑇𝑀𝑜𝑜𝑛 and 𝑇𝑀𝑎𝑟𝑠 as a function of 𝑀𝐿𝐿𝑇 using the standard parameters defined in 

the previous section.  

The blue curve represents the case where K = 2.  

For illustration purpose, we have also represented on the yellow curve the case where K = 1. 

 



 

 
 

 

From those curves, we can deduct what is the minimum 𝑀𝐿𝐿𝑇 to satisfy the ratio we considered in section 

II.2 as productivity improvement we can expect from LLT Moon and Mars operations. 

 
 

 Expected LLT productivity improvement Scenario 𝑀𝐿𝐿𝑇 in tons 

Moon 3.4  

LLO 36  

EML2 29 

Limit case 25 

Mars 15.5 

Heat shields 8 

Aerobraking 8 

No aerobraking 2 

 

 
 

 

 

 

 

 



IV. Discussion 

 
 

It comes with no surprise that LLT case has much more constraint for the Moon than Mars. As we have 

assumed that removing a 3 second latency allows to gain a 3.4 factor only in terms of productivity, the 

results show that it requires a minimum payload of 25-36 tons to provide an advantage to LLT. For any 

smaller equipment, the productivity improvement is not big enough to justify sending a manned mission 

in orbit. It is safe to assume that there are probably very few applications that require a specific 

equipment of such a mass and we can expect most robotic operations conducted on the Moon in the 

future to be operated directly from Earth.  

 

The red planet offers a more attractive case for LLT, as it requires only 8 tons of payload to make the 

crewed mission attractive. This said, given the very high latency of Mars operations, it is still a 

surprisingly high threshold. As a result, we can expect a lot of future operations to be conducted by 

smaller robots that will continue to be directly operated from Earth. 

 

Regarding the model itself, some assumptions are obviously oversimplified, in particular the choice of 

using a fixed orbit-to-surface ratio. In reality, this ratio would depend on the order of magnitude of the 

mass considered, and on the specific rocket, or rockets, used in the mission. However, this approach 

really simplifies the calculations, and a more detailed calculation should not change fundamentally the 

conclusions.  

 

The main weakness of the model is that it is very difficult to pinpoint a single productivity ratio. Very 

few experiments have been conducted to compare LLT to MLT recently, and an experiment to actually 

obtain comparative values of the efficiency on a predefined set of tasks would be very valuable. This 

study had to settle for estimates of an average and of extreme values of the productivity ratios, which 

limited the precision of the results. Those ratios could also be highly influenced by the evolution of 

automation technology. Space technology usually lags around 20 years behind the Earth industries in 

terms of computing power because it requires specific components. The lack of space-qualified high-

speed processors and data busses was identified as a major hinder to the development of telerobotic, as 

it limits the possible level of autonomy [29].  

This will improve in the future and would suggest that, as robots progress towards more autonomy, the 

productivity gap with LLT is likely to decline. As a result, the justification to send humans in space 

should become harder and harder. 

 

Finally, some interrogations remain on determining how many robots or rovers (or in our case how much 

mass) a crew could manage simultaneously and continuously from an orbital station. To deal with the 

lack of knowledge on this topic, this study only drew general conclusions on which contexts could be 

excluded of the relevance scope of LLT, and which could be validated. As explained, the concept of 

supervised autonomy and shared control really helps reduce the cognitive load of astronauts when 

operating rovers, which means that they could handle several robots at the same time. But this is highly 

dependent on the interface software used, and the type of tasks. For high-dexterity tasks that require 

frequent human intervention, LLT could be more performant than HLT and even MLT. However, this 

is also likely to induce high cognitive load and could soon put a hard limit on how much humans can 

handle during a long mission as considered here. This is an area worth investigating, in which more 

experimental data could be very valuable. 

 

 

V. Conclusion 

 This study conducted a cost-benefit analysis of a low-latency teleoperation approach to robotic 

lunar resource mining and Mars exploration. The results show that LLT is very likely not relevant to 

most robotic operations conducted on the lunar surface. Even if the use case looks more promising for 

Mars, the upcoming improvement of semi-autonomous robots could make a crew orbiting the red planet 

increasingly irrelevant, except for very specific tasks.  
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