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Preface

It is not equipment that wins the battles;
It is the quality and the determination of the people fighting for a cause in which they believe.

- Gene Kranz
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Chapter 1

Introduction and Problem Statement

The aim of this PhD thesis is to focus on the quantification of performance in human-
robotic integrated operations, and its applications in future human spaceflight. As the 
international space community prepares for future exploration missions to the Moon, 
Mars and beyond, robotics plays an important role in this endeavour, especially in 
partnership with a human controller. This dissertation outlines the findings of the 
THRUST project (True Human-Robotic Utilisation of Space Technology), i.e. a research 
cooperations between ISAE-SUPAERO, the European Space Agency and Airbus Defence 
and Space to learn more about the aforementioned topic, and with the endeavour to 
find results that can be used in future spaceflight operations.

Human spaceflight as we know it today encompasses the transfer of crew members to 
the International Space Station, their stay aboard the station and all activities that 
are performed in this period of time before their return to Earth. The station is a 
familiar environment to the finest details, and nothing that is present on the station 
is unknown to mission control. When a crew is sent to the station, the procedure of 
the end-to-end mission is documented and crew is trained for every detail of this 
flight and stay aboard the station, prior to the mission. Furthermore, the station is a 
flying laboratory which focuses on advancing science and knowledge regarding human 
physiology in microgravity, and psychological studies of potential long-duration missions 
beyond the Low Earth Orbit. All activities that are performed aboard the station are 
monitored by a ground control station that is available to the crew at any time, which 
is enabled by near-constant communication between ground and the station. Because of 
this high level of communication and in order to maintain this permanently inhabited 
station, ground control is responsible for all decisions that are made on the station, with 
the exception of events that do not occur on a regular basis in which the last call is in 
the hands of the crew due to time-delay from Earth to ground which puts the crew in 
a more beneficial position as compared to ground controllers. For future missions in 
which humans will fly beyond the Earth’s orbit, this current procedure cannot maintain 
as it is and advancements must be made in order to prepare crew for these missions.
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1 | Introduction and Problem Statement

When we discuss the future missions in human spaceflight, the next planetary body 
that is on the schedule to visit is the Moon. When a crew is sent to the lunar surface, 
this is an unknown environment which even with satellite images cannot be studied 
to the fullest detail prior to landing on the surface. This means that a crew is sent to 
unknown and untouched territories, on a mission of exploring the environment. These 
exploration missions must deal with the fact that due to the distance from Earth, there 
will be communication delays between crew and ground control. In order to ensure 
mission success and maximise the mission performance, crew must be prepared for 
future missions under the given conditions which are very different as compared to 
the current standards as practised in the International Space Station. Human-robotic 
integrated operations will play a great role in these future missions, as humans and 
robotic elements will work side by side on the lunar surface, as this interaction has the 
potential of achieving more than either of the two would be able of accomplishing alone.

Time-delay is an issue in the communication between space and ground. The larger the 
distance between the spacecraft and the ground station, the larger the time-delay. For 
Low Earth Orbit this is less than one second, for Moon mission this is in the order of a 
few seconds and for Martian missions the delay can be as large as tens of minutes. Yet 
space-to-ground communication is extremely important, and for this reason time-delay 
and its effect on human-robotic integrated operations must be studied thoroughly. It is 
crucial that the interaction between humans and robotic systems is efficient, because 
failing to accomplish this can lead to loss of mission. In the same way, one of the key 
challenges of tele-robotics is time-delay, and its effects are studied in this research 
through tele-robotics experiments in time-delay conditions that are relevant for lunar 
exploration missions. Three conditions are studied, 3.5s delay resembling a control 
situation between mission control on Earth and the lunar surface. Next, a 0.5s delay is 
studied which resembles the delay condition between lunar orbit and the lunar surface, 
and lastly a 0s condition is studied which assumes both the operator and the robotic 
element, i.e. the lunar rover, on the lunar surface. The output of this research is 
expected to contribute to the knowledge regarding the effect of time-delay on human 
performance for space applications. It is anticipated that these results enhance the 
preparation of future crew members for lunar missions. E.g., if the results show that 
some tasks are per-formed with a great challenge under certain time-delay scenarios, it 
can be considered to automate these specific tasks, or other solutions can be found to 
counteract the challenge.
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Another potential challenge of tele-operations is fatigue, in case the operational time 
exceeds the time that the operator is comfortable to perform to controlling tasks. This 
may be detected over time, e.g. when performance metrics decrease in value over a 
duration of time. The tele-operated driving experiments which are presented in this 
report are estimated to have a duration of approximately ten minutes, in which both 
new and repetitive tasks, such as avoiding obstacles of different sizes, will be presented 
to the operator. Though it is assumed that this time duration is not long enough to 
see clear patterns of fatigue in the operators’ performance, it may allow for points of 
attention to be identified which suggest starting signs of fatigue. And once again, using 
this data the objective is to enable mission planners and astronaut trainers to prepare 
both robotic systems and crew such that performance is optimised in human-robotic 
operations.

Before future exploration missions can be realised, a way forward must be sketched 
for the performance assessment of crew members. This study aims to quantify the 
performance of the human operator in human-robotic integrated operations and to 
identify metrics with which this quantification can be realised, in a way that both 
robotic metrics and the human metrics are taken into account in parallel. What is 
currently mainly a qualitative performance assessment of crew members, a quantitative 
assessment is essential for future operations. Enabling the quantification of the human 
performance will allow us to prepare the crew for the missions to the moon, and the 
demand of such a solution will significantly increase as the distance of the exploration 
site increases with respect to Earth, since less ground control will be available and more 
responsibility will be moved from ground to the crew in space.

Approach of this study

THRUST aims to contribute to this study with the following three main activities 
which aim to obtain practical data in order to gain a deeper insight into the topic of 
performance quantification. In the first part, an experiment protocol is set up and 
refined by conducting a preliminary experiment. This is followed by the two major 
blocks of work, from which the first one focuses in obtaining experimental data for a 
tele-operated rover performing driving operations. This is crucial information due to the 
expected role that driving rovers will have on the surface of planetary bodies that 
agencies will explore. The next focus point is to obtain experimental data on tele-
operated sampling operations by a rover, for the same reason as outlined before, i.e. 
the future plans to have rovers
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take samples from planetary bodies that will be explored. Combined, this informa-
tion results in an increase of knowledge which can be put to use for these future missions.

This study identifies the advantages of both human- and robotic spaceflight, and consid-
ers the different research fields in which tele-operations are applied. The way forward
of the current research is outlined as follows. Though human-robotic operations carry
great opportunities for various applications, there are a number of challenges that must
be faced in order to effectively use the interaction of humans and robotic systems for
future spaceflight missions. Comparing humans and robotic systems, the cognitive
capability is the first and main difference. While humans are able to receive informa-
tion, process and act upon their knowledge, logic and instinct, the robotic systems
are limited to receiving and processing information and executing a task, and there is
no human instinct that can be used to search for the most logical way forward in a
task, unless by human input into the system. Both the blessing and the curse of the
interaction between humans and robotic elements is the fact that they are separated
by distance. While this is a great advantage which enables the operator to control a
robotic system that is in a remote operational site, it also means that the success of
the operator’s mission are dependent on the control conditions, and these can be the
control interfaces, such as a joystick or a tablet etc., but also the visual feedback that is
available for the operator, the time-delay conditions, and the physiological performance
of the operator. In the human-robotic interaction in which the human operator con-
trols a robotics element from a distance, also referred to as tele-operations, there are
a number of key challenges that must be explained prior to the continuation of this study.

The approach of this study is to contribute to the field of tele-operations by answering
the question of how human-robotic operations can be assessed quanitatively. The con-
tribution is anticipated in the form of a database containing human performance data
from experiments that are designed to match the foreseen lunar exploration scenarios of
tele-operated rover operations on the lunar surface, i.e. driving- and sampling operations.
Due to the significant extent of this expected data, it is foreseen that performance can
be quantified, and measures to assess tele-operations can be developed. The approach
of this study will be based on neuroergonomics, which is a study that investigates
the human brain in relation to behavioral performance. Neuroergonomics is of great
importance to the current study in order to study the performance metrics of the human
operator. This field of research is a great source of information in human-robotic oper-
ations, and the application of multiple ways of measuring human metrics is lined out here.
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Neuroergonomics is identified as the field to introduce to the study of human-robotic 
operations for spaceflight, due to the potential that it has for retrieving information 
from the operator. This information, in addition to the information measured by the 
robotic system, highly increases the total information output that is obtained in 
terms of operations performance. Fields of interest are neuroscience in which the brain 
activity is studied, as presented in studies [Gagnon et al., 2012, Gateau et al., 2015, 
Causse et al., 2014]. Another field of interest is the study of cardiovascular activity, as 
presented in studies [Dehais et al., 2013, Dehais et al., 2012, Causse et al., 2011]. Met-
rics such as heart rate variability are measured in these studies, providing information 
about the stress levels of subjects. Moreover, ocular activity is of great interest to 
learn about the operator’s focus and attention. This is presented in studies such as 
[Hasse et al., 2012, Dehais et al., 2011b]. Now that the focus of tele-operations and the 
foundation of the research are identified, human-robotic integrated operations must be 
studied in more detail to understand the different types of interaction, control scenarios 
and countermeasures as discussed in the literature. 

This dissertation starts with an evolution of space exploration throughout the years, in 
chapter 2, starting from the early days of spaceflight all the way to the future plans. 
This chapter also explains the history of some of the major exploration programmes, 
and the international motivation to go beyond and prepare future missions. Moreover, 
the HERACLES mission, which is an ESA-led robotic demonstrator mission for future 
human lunar surface missions, is presented as baseline for this PhD project. After the 
baseline is set, the state-of-the-art is lined out in chapter 3, focusing on the benefits of 
human-robotic integrated operations, introducing some of the main research fields in 
which human-robotic performance is observed. The approach of this study is the next 
step that is lined out, describing the time-delay scenarios and the reason why this is a 
topic of importance in spaceflight. This is followed by the description of human metrics 
in the field of human-robotic operations in chapter 4. The following chapter lines out 
the thesis plan. The experimental work is presented in chapter 6, 7 and 8, which focus 
on the preparatory pilot study, the tele-operated driving test and the tele-operated 
sampling test respectively. The conclusions are then presented in chapter 9, with which 
this study comes to an end.
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Chapter 2

Evolution of space exploration

To understand the future of exploration, it is of essence to take a close look at the 
history of space travel. Though an extensive amount of extraordinary work has been 
done, often resulting in groundbreaking missions, a number of highlights are discussed 
in the following sections. Understanding the past grants perspective for the future, and 
feeds as input into the motivation why mankind is moving beyond in the pursuit of 
exploring the endless space that surrounds Earth. The approach to doing so is discussed 
in this chapter, focusing on the international cooperation that is the workforce in this 
endeavour, and the multi-lateral strategic views that together are working towards the 
next mission which is a potential step towards writing new history. 

2.1 History

This section focuses on the history of human spaceflight and the development that has 
been made over the years which enables the preparation for future missions. Starting 
from NASA’s Apollo missions which orbited spacecraft in a lunar orbit and later landed 
humans on the lunar surface, and continuing with the International Space Station which 
is still today in full operations and continuously inhabited by crew members.

2.1.1 Apollo Programme

In the 1960s, spaceflight was raised to a new level by NASA with the Apollo missions 
[NASA, 2017a]. Humans were first sent to an orbit around the Moon, and the first 
Apollo mission that landed humans on the Moon, Apollo 11, enabled the first footprint 
on the Moon, as presented in figure 2.1b. A lunar module, as presented in figure 2.1c 
was designed to land astronauts on the lunar surface, and to bring them back to orbit 
using the ascent stage. Eventually a total of twelve astronauts from the United States 
landed on the lunar surface over a series of six missions. This enabled exploration and 
planetary science like never before, and it allowed mankind to learn more about the 
Moon by studying the samples that were brought back. Figure 2.1d shows an Apollo
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astronaut performing sampling operations on the surface of the Moon. A total of 382 kg 
of samples [NASA, 2016] was brought back to Earth, and although these samples are 
very valuable in the quest to solve unanswered questions about the formation of both 
the Moon and the Earth, science has not been the only output of this endeavour. In 
terms of exploration, i.e. sending humans to an unknown ground and allowing them to 
experience and learn about the environment, the Apollo missions have pioneered both 
technology and operations on various levels. Examples of this are the demonstration of 
the first landing of a human-rated vehicle and the first human ascent from a planetary 
body other than Earth. Moreover, starting from Apollo 15, i.e. the fourth lunar surface 
mission in this programme, the use of a car-like vehicle was demonstrated, called a 
rover, as presented in figure 2.1a. The rovers enabled the astronauts to travel a farther 
distance in a shorter time, with less physical exercise, and also allowed heavy material, 
e.g. tools and samples, to be carried between locations. The legacy of these missions 
enables the planetary exploration today to be inspired by the achievements, and to work 
towards progressing missions to the Moon and beyond. 

The Apollo programme has been the most significant milestone in the history of space 
exploration to date, and has revealed both the opportunities and the challenges in the 
exploration of the Moon. Though due to budget constraints and shifts in priority the 
programme was eventually canceled, the plans to return to the Moon never disappeared. 
Reasons for this are e.g. the expertise that was built over the years, the revelations that 
were made by studying the lunar samples, and the new questions that were born with 
every answer that was found.

2.1.2 International Space Station

After the Apollo era, both the Americans and the Russians invested in their own 
national space stations, i.e. Skylab and Mir, but in 1998 the first piece of an 
International Space Station (ISS) was launched to orbit the Earth. Multiple agencies 
built this station together, and to date there are multi-national crews working 
together in the ISS every day since the first crew was launched to the station in 2000. 
The station stretches up to more than 100m in length [NASA, 2017b] and orbits the 
Earth at an altitude of approximately 400km. In fact, the station is a laboratory that 
hosts crews of typically six members who stay aboard the station for six months, with 
exceptions of shorter and longer missions. Over the years, various experiments have 
been conducted in the ISS regarding biology, Earth science, human research, physical 
science, technology, but also
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(a) First lunar rover (b) Astronaut footprint

(c) Lunar module (d) Sampling operations

Figure 2.1: Apollo programme. Pictures from NASA.

educational activities [NASA, 2018]. The experience gained from the ISS has been a 
valuable source in understanding the effect on the human body in long-duration space 
missions. Because of the numerous experiments and the environment that the crew is 
exposed to typically for multiple months, data has been collected which is a good base 
for the preparation of future missions to locations beyond the Low Earth Orbit (LEO).

In terms of robotic operations, the Canadarm has a prime role on the ISS, the mainte-
nance of the station and the berthing of approaching vehicles. This robotic arm has a 
length of 15.2m [NASA, 2017b] and it can be operated both by ground control and by 
crew aboard the ISS. The crew is situated in the Cupola Observation Module which 
is a panoramic control tower, and controls the robotic arm using the human-machine
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interfaces as provided. Throughout the years, all the astronauts who have flown to the 
ISS have been trained to operate the Canadarm. This training consists of hundreds of 
hours of general robotics training, and specific training for the use of the robotic arm. 
This human-robotic exercise is considered comparable to future operations, especially 
regarding the operations of the robotic arm on a potential future station as will be 
discussed further in this report.

(a) ISS in Earth’s orbit (b) Canadarm

(c) Flying laboratory (d) Frequent crew visits

Figure 2.2: International Space Station. Pictures from NASA.
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2.2 Expanding beyond LEO

Learning from the legacies of programmes like Apollo, the ISS, and many more 
endeavours that have pioneered spaceflight as it is today, and applying these lessons to 
the future of spaceflight has the potential to enable missions beyond the Low Earth 
Orbit, LEO. These can be missions that go to the vicinity of the Moon and orbit the 
Moon from an outpost. This can both be done with instruments, but sending humans 
to a lunar orbit outpost is the next step to this. Taking it one step further, robots can 
be sent to the lunar surface to prepare operations and demonstrate technologies for the 
return of humans on the lunar surface which is the next step in that sequence. Two 
examples of previous robotic missions on the Moon are the Russian Lunokhod 1 and 
Lunokhod 2 rovers. Taking it one level ahead, the exploration of Mars is awaiting 
humanity even though it seems far away. Rovers are driving on the surface of Mars 
to date, and more rovers are in the making and preparing for their launch to the 
Earth’s nearest neighbouring planet. After rovers, years from now even humans may 
set foot on Mars. In order to achieve these forward-looking aspirations, preparations 
must be made in order to prepare crew and technology for these pursuits. One thing 
is for sure, and that is that the international space community wants to go beyond the 
Earth’s orbit to explore farther than mankind has been before. 

2.2.1 International Space Exploration Coordination Group

The International Space Exploration Coordination Group (ISECG) is an international 
group that together coordinate the activities for space exploration. This group consists 
of fourteen space agencies who together have the vision to expand human presence into 
the Solar System. The destinations that are being pursued by the ISECG are the ISS, 
the lunar vicinity, the lunar surface, and eventually Mars. The product of the ISECG 
is the Global Exploration Roadmap (GER), and in January 2018 the third edition of 
this roadmap was published [ISECG, 2018]. The endeavours of the coming decades as 
lined out in the roadmap clearly show an increase of robotic capabilities alongside the 
human operators. Not only will this require advancement of technologies, but also the 
human operator must be prepared for the operational set-ups as foreseen in the future 
for the exploration of other planetary bodies. Since the ISECG presents these 
international plans, space agencies around the world are working on the various 
preparations in order to achieve these exploration goals within their given timescope.
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2.2.2 The necessity of human-robotic integrated operations

Both from the vision of the ISECG [ISECG, 2018] and from the literature, e.g. in the 
study [Hosseini, 2016], it is considered evident that the partnership between the human 
operator and the robotic element are key for future space operations, and this 
preparation is the focus of this study. Over the years, research in human-robotic 
operations has shown the benefits of this partnership. Both on the Space Shuttle and 
aboard the ISS, robotic systems such as a robotic arm were built to support the crew 
activities and to enable operations that are otherwise beyond the capabilities of the 
crew alone. Furthermore, robotic precursor missions are essential for surveying new 
destinations and characterising planetary bodies on which humans will one day land. 
This is in order to prepare technologies and to demonstrate the different phases of 
missions. The introduction of robotics in human operations has many advantages. 
Tasks that are repetitive, dangerous, dull, require high precision, speed and efficiency 
over a long period time, benefit from the presence of robotics in the operations. In this 
way, routine tasks can be given to robotic systems, while the crew can focus on the 
brain work. Having a crew in space does not come for free, and in order to make 
optimal use of the crew’s time and presence in space, the tasks that require the human 
brain can be allocated to the crew. The human brain is capable of making real-time 
decisions with the competence to perceive a situational change and adapt as required. 
Robotic systems will need contact with ground station before they can proceed after 
an unexpected event. Therefore, bringing together the competence of the 
humans and the robots, this partnership is key for the future of exploration.

2.3 HERACLES

The mission that drives this research study is HERACLES, i.e. Human-Enabled Robotic 
Architecture and Capabilities for Lunar Exploration and Science. This is an ESA-led 
mission concept, and product of an international study in the frame of the ISECG 
activities. HERACLES aims to establish key elements and capabilities for sustainable 
human exploration of the Moon and human-robotic exploration of Mars by 
implementing lunar surface operations while maximising opportunities for 
unprecedented scientific knowledge gain. The mission is a cooperation between ESA 
and its partners CSA and JAXA, with NASA as observing partner. As can be seen in 
figure 2.3, the HERACLES mission overview is baselined as follows.
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The mission starts with the launch of an Ariane 6 rocket which will launch the Lunar 
Descent Element, Lunar Ascent Element and Rover directly to the lunar surface. After 
landing, the rover will egress from its stowage position to the lunar surface by driving off 
a ramp, and ground control operate the systems during this phase. The crew is launched 
to the Gateway in a Space Launch System (SLS) and arrives at the Gateway. The 
Gateway is a station planned to be built to fly in the vicinity of the Moon to support 
operations on the lunar surface, and to prepare future operations to Mars. Aboard the 
Gateway, the crew takes control of the rover and commences the HERACLES surface 
operations by driving the assigned traverse and performing sampling operations along 
the way. The samples will be taken using a robotic arm on the rover, and stored in a 
sample container that is carried aboard the vehicle. Once the traverse is completed, the 
rover locates the sample container in the Lunar Ascent Vehicle, which transfers it to 
the Gateway where it is retrieved using the robotic arm on the Gateway. The sample 
container is then sealed by the crew and stored in the Multi-Purpose Crew Vehicle 
(MPCV) and brought back to Earth together with the crew. Meanwhile on the lunar 
surface, the rover starts its surface mobility demonstration with which it demonstrates a 
long traverse by driving from the HERACLES site to the landing site of the first human 
return mission.

2.4 Preparing crew

Realising the HERACLES mission means that crew must be prepared for operations as 
described in the mission overview. Deviating from the nominal ISS operations, future 
mission operations will require that crew members are trained for a level of autonomy 
which enables them to operate without the availability of (near-)constant guidance and 
support from ground control. Furthermore, the responsibility carried by the crew will 
be increased in terms of decision-making without the support of ground control, and 
with full control over on-demand solutions of anomalies. This of course is a large step 
seen from the current way in which operations are performed now. The main reason 
being the fact that simply the purpose of the flights will be different. When a crew 
member is sent to the ISS they are basically sent to an extension of their agency that is 
in microgravity. Science is performed on a daily basis and the working environment is an 
out-of-this-world laboratory, but still a laboratory. Ground control is aware of all details 
aboard the ISS, from the way it is constructed to the way it functions etc. But future 
missions to the Moon are exploration missions in which the details of the surrounding 
the crew is sent to is not fully known. Of course enough knowledge about the location 
is gathered in order to facilitate a safe flight, but the actual place of operations will be 
new, unexplored territory. Crew must be prepared for this.
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Figure 2.3: HERACLES mission overview. Illustration from ESA.

Tasks that are the focus points of this study are the tasks that are anticipated for the 
crew in HERACLES. These are the driving operations, i.e. tele-operating the rover 
through its assigned traverse and manipulating the systems where needed. Driving in 
future missions will both be done from ground, but also by remote control by astronauts 
from either the surface of the Moon or e.g. the Gateway. These operations can take 
long times, as the distances that are aspired to reach are in the order of hundreds of 
kilometers over the course of a mission. Furthermore, sampling operations are of 
great essence, i.e. the identification of the samples together with the on-ground science 
team, taking samples from different identified sampling sites by driving the rover to the 
locations and using the robotic arm on the rover to retrieve the samples. Various 
samples require different approaches of collection, sometimes by using different end-
effectors on the rover’s robotic arm. Moreover, the samples must be stored safely in 
a sample container. This describes the two main activities regarding human-robotic 
integrated
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operations for HERACLES. This study focuses on the preparation of the crew for these 
tasks, by determining how the quantificiation of the crew’s performance can advance 
the preparation for the missions of the future. 

Given the history and the evolution of space exploration and human spaceflight in the 
current chapter, the next step is to look at the activities which are ongoing in the field 
of Human-Robotic Integrated Operations (HRIO). This is done in the next chapter in 
which the state of the art is discussed and the topic of HRIO is broken down in its 
different branches. The chapter starts by describing the benefits of HRIO and how it 
has been of high value throughout time and various space exploration missions. The 
space industry is definitely not the only industry that benefits from HRIO, but many 
other operational- and research fields do so as well. This chapter studies the 
performance of HRIO in different fields, both in fields that are straightforward to 
spaceflight, such as aviation, but also in fields that are at a very different scale of 
operation, such as the medical field. After this analysis, the different types of HRIO 
are discussed, varying from full control to autonomous systems, and the conditions 
of time-delay are touched upon. Moreover the chapter discusses the metrics when it 
comes it HRIO, by breaking it down to human metrics, and robotic metrics separately.
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Chapter 3

State of the Art

In this chapter the literature of the study topic is discussed, starting with the drawbacks 
of autonomy and why in current technology systems are suffering from challenges that 
are introduced by autonomy. Due to these drawbacks, this dissertation focuses on the 
human-robot interaction which is introduced in this chapter, along with the benefits of 
this type of operations. In this discussion, the different types and levels of automation 
are described, in which the input of both the human and the robot in required, and 
the different varieties of tele-robotics are introduced. Next, fields other than spaceflight 
operations are introduces in which human-robotic interaction plays a major role, such as 
remote surgery, but also aviation and the automated cars. In human-robot interaction 
human factors play a major role, and the issues regarding this are introduced in this 
chapter. Furthermore, time-delay is discussed in this chapter and the impact that it 
has on the performance of the operator, which is the key in this literature study, and 
solutions to improve remote control through various technologies. 

3.1 Autonomy: The Challenges

Autonomous systems have the capability to perform a programmed task, allegedly 
with no human input. This often causes confusion in communicating this phenomenon, 
because it raises the impression that no human input is required, and often literature on 
autonomous systems fails to share the behind-the-scenes input that can often be quite 
significant. Before addressing this problem, the motivation for autonomy is studied. 
One can argue that autonomous systems can save manpower, since less human input is 
required and replaced by autonomous functions. Moreover, saving cost could be an argu-
ment for autonomy, compared to systems requiring human operators. It is crucial that 
the definition of autonomy is elaborated, because there are many interpretations of it. 
For daily uses, many autonomous systems can be trusted with little to no human input, 
such as autonomous vacuum cleaning systems like Roomba [Forlizzi and DiSalvo, 2006] 
which can be programmed by the user to vacuum the house, undock from its base, 
traverse the house and clean it, and finally return to its base upon completion of this 
task.
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For more critical systems such as aerial or space uses, the concept of autonomy cannot 
be interpreted in the same way. The impact of system error is negligible for a system 
such as a domestic vacuum cleaner, but can be catastrophic for e.g. an aircraft car-
rying passengers, and therefore the community must mind the use of the word 
autonomy.

3.1.1 System-Related Challenges

In spaceflight, an example of an autonomous robotic system is the Mars Curiosity 
Rover [Grotzinger et al., 2012], as seen in figure 3.1. This rover is designed to explore 
the surface of Mars by driving, taking images with its onboard cameras, and 
executing scientific tasks using its onboard equipment and its lab-like payload. 
Though this rover is commonly referred to as an ‘autonomous’ rover, the level of 
autonomy is not 100%. The rover receives its tasks daily, and executes them as long 
as conditions are nominal. As soon as an off-nominal situation occurs, the rover 
contacts ground station and awaits further instructions. Bare in mind the significant 
time-delay which can be more than 0.5h for two-way communication, depending on 
the position of Mars with respect to Earth, excluding the time that the ground team 
needs to prepare a response. Off-nominal conditions can be unexpected obstacles, 
system malfunctions, and other situations for which no pre-programmed response 
from the rover is foreseen. At this pace, the rover has to date covered a distance of 
roughly 18km since its deployment in 2012, which is approximately 3km a year on 
average. The autonomous capabilities of the rover have the benefit of exploring 
extraterrestrial ground without the presence of a crew. Sending humans to Mars at 
this stage which would have increased the complexity of the mission due to the 
distance between Earth and Mars and the low Technology Readiness Levels (TRL) of 
architecture elements beyond LEO. The rover can be programmed for tasks and then 
sent off to execute its mission while monitored by ground crew works in parallel on the 
steps to come. Simultaneously, the time span over which tasks can be executed and 
objectives can be met is relatively high, compared to direct input from a crew on 
location, based on the human’s reaction time, judgment, training and ability to act 
rapidly. Considering the time period and the operations that were performed during the 
Mars mission, and for a moment disregarding the location at which the operations are 
performed, one could argue that a human operator would most likely have been able to 
perform the same set of tasks within days [Crawford, 2012].
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Figure 3.1: Mars Curiosity Rover. Picture from NASA.

Safety is one of the motivations behind autonomy, e.g. sending robots to space instead 
of humans in order to protect them from the environment and the conditions. Moreover, 
computers have the capability of processing more information per unit of time compared 
to the human brain, and therefore one motivation of autonomy is to reduce human 
errors by replacing their tasks by autonomous systems. Instead of releasing the 
human in their tasks and having computers take over tasks, a study by [Bainbridge, 
1983] points out the irony that the more advanced a control system is, the more 
crucial the human contribution can be. In addition, she points out that a human 
operator may be expected to monitor whether an automatic system is operating 
correctly. This would mean that the human is monitoring a task which is not 
entrusted to them to perform, but they are expected to oversee. In spaceflight, the 
main reasons for autonomy are to reduce repetitive, dull and dangerous tasks for the 
astronauts. But the latter argument would cause an increased level of the repetitive and 
often dull task of monitoring an autonomous system. For spaceflight, this must be 
avoided since crew time is expensive and must be used efficiently. A study by 
[Mackworth, 1950] states that even the most highly moti-vated humans cannot 
maintain effective visual attention towards a source of information on which very little 
happens, for more than 30 minutes. In fact, a high coherence of process information, 
high complexity and high process controllability are associated with high levels of 
stress and workload, as presented in a study by [Ekkers et al., 1979], and especially in 
highly critical operations the stress levels are aimed to remain low, since high stress 
levels lead to errors as presented by [Mobley et al., 1979].
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Statistics show that the progressive introduction of automation since the 1960s has 
improved safety, with modern (computerised) cockpits leading to a decreased accident 
rate. Though automation is designed to reduce errors and to a certain extent replace 
the human operator, the system is not trusted 100% by the designer and the human 
is left with the task of monitoring the system. [Wiener and Curry, 1980, Rouse, 1981] 
argue that by taking away the less complex parts of a task, automation can make 
the difficult parts of the operator’s task more difficult. Criteria other than efficiency 
are involved, and therefore there will always be substantial human involvement with 
automated systems, according to the study. This is a powerful statement that was made 
in 1980 but is still very true to date, and should always be remembered when referring 
to autonomy to avoid the misconception of a 100% human-free type of operation which 
is often raised. 

One of the problems of autonomy is that for some uses it has gone too far, doing the 
opposite of what it aims to do, i.e. to help the process become more efficient. In aviation 
it occurs that the pilot and the aircraft do not understand each other anymore, because 
too much is automated which leaves the pilot with little tasks for a long time before 
having to step in and take control again. Figure 3.2 shows the difference between older 
aircraft models with many switches that rely on manual control and a high workload 
from the pilot, and newer models with a glass cockpit in which most processes are 
digitalised and many autonomous operations happen in parallel to the pilot’s work. 
Because of this disengagement from the process, accidents have occurred due to the 
fact that pilots, after hours of little to no engagement, struggle to be on top of the 
system in case of an error that needs immediate action. A study by [Ruffell-Smith, 1979] 
states that in manual control operators often get enough feedback about the results of 
their action and therefore they can correct (their) errors within a few seconds. When 
engaged in the control process, the operator often requires less reaction time because the 
system status is more familiar to them. Automated systems, like modern commercial 
aircraft often reduce the task of the pilot to the point of low engagement with the 
system, though they are the one responsible for the process, and according to a study by 
[Enstrom and W.B., 1977] the operator not being aware of the computer’s tasks is com-
parable to a team in which the members do not have a clear allocation of responsibility.

One can argue that these problems are the result of ‘too much’ automation, and this 
study aims to avoid having history repeat and also affect spaceflight. If automation is 
continued to be promoted as a stand-alone system, while it in fact very evidently is 
in need of the input of a human operator, then the risk is that operators may 
over-rely on automation. 
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(a) Old manual cockpit design (b) New digitalised cockpit design

Figure 3.2: The evolution of cockpit designs. Pictures by Gulfstream Aerospace (l) 
and Airbus (r).

Automation complacency is a problem which may occur, meaning that a decreased 
detection of a system’s malfunctions is realised under automation, compared to a 
scenario of manual control. A study by [Manzey et al., 2010] shows that automation 
complacency occurs under conditions where there is a multi-task workload, even at the 
level of expert operators. This can cause accidents, and this has occurred both in 
aircraft and in automated cars. The operator stops engaging as much as possible, and 
the rate at which the computer processes information adds to the effect of 
disengagement of the operator and causes a lack of transparency in automation. The 
operator loses the oversight, which in e.g. aircraft and cars is never the intention since 
the pilot, and driver respectively are the end-responsible in the operation of their 
vehicles.

Though autonomy is sometimes regarded as a single phenomenon, it is good to dissect 
the meaning of the word. Several studies [Sheridan and Verplank, 1978, Parasuraman 
et al., 2000, Endsley and Kaber, 1999, Endsley and Kiris, 1995] have shown that there 
are four levels of automation, or information-processing stages. The first one is 
information acquisition, where the information is obtained. The second one is 
information analysis, where the data is analysed in the context of the problem. The 
third stage is decision making, and the fourth is action. According to another study by 
[Parasuraman and Wickens, 2008], the first two stages can be classified as information 
automation, and step three and four together as decision automation. Not all 
autonomous systems carry all four level of autonomy, and this is a misconception to be 
aware for in the study of autonomy.
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3.1.2 Human-Factors Related Challenges

The human-autonomous interaction brings along challenges related to human 
factors, which can have significant effect on the task performance. The main issues are 
lined out as follows.

Mode error and Automation surprise

When an operator performs an action which is technically correct in one mode, but the 
sys-tem is in another mode which requires another action, the action is not correct in 
the cur-rent mode. This is described as mode error, and the studies of [Sarter and 
Woods, 1995, Sarter and Woods, 1992] presents concerns that with the introduction 
of new technol-ogy in human-computer interaction through which e.g. higher levels 
of autonomy are enabled, new types of mode-error problems are introduced. These new 
technologies that is referred to are the systems which have a large number of 
functions for performing tasks in different situations, and this requires that the 
human must select the mode of its system. Often, many processes are ongoing in 
parallel which makes this decision complex if there is no knowledge or expertise in 
the entirety of the system. When the operator does not understand the conflict 
between itself and the automation, a phenomenon is caused called automation
surprise. [Dehais et al., 2015] states that this phenomenon jeopardizes flight safety. In 
this study it is shown that during such conflict the attentional abilities of the operator 
is engaged which leads to excessive and inefficient visual search patterns.

In aviation many studies have been conducted focusing on the pilot in the cockpit. 
These studies focus on in-flight decision making and the fact that as technology is 
advancing, the crew in flight must be allowed to take responsibility of parts of the 
decisions that must be made in a flight in contrary to having ground control taking all 
the decisions. This is lined out in [Pallett and Coombs, 1992, Kayton and Fried, 1997]. 
In many aviation incidents and accidents the situation occurs in which there is no time 
for the crew to communicate to Air Traffic Control (ATC), because prompt acting is 
required and all seconds are extremely valuable to understanding and resolving an 
issue. If systems are designed such that the operator is disengaged from the decision 
process, such as designs in which the aircraft processes the information itself, or in case
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of ground control being more engaged in the operations than the on-board crew, like 
some control scenarios in spaceflight, this does not allow the pilots to act since the 
knowledge transfer may take too long and little time is left to act, in some cases. In a 
study by [Sawaragi et al., 2006], automation induced surprises are introduced as a 
new type of aircraft accidents with the use of autopilots. [Dehais et al., 2015] defines 
automation surprises as conflicts between the pilot and the automation, when the 
pilot detects them but fails to understand them. So even though autopilots are designed 
and implemented with the goal to reduce the workload of the pilot, there is an 
engagement issue which we find, where the pilot’s work happens in parallel to the 
autopilot, causing some disengagement from the overall operations which they are the 
end-responsible for, and this may also cause incidents and accidents.

Human factors play a major role in the interaction between pilots and their aircraft. 
Often these operators fly long hours in aircraft for which they are specifically trained, 
they get familiar to their surroundings and also gain a confidence in their abilities to 
control the vehicle. This confidence is good when it comes to making decisions and 
operating the aircraft through e.g. heavy weather conditions, but at times when it 
comes to warnings that the system gives the operator it may happen that there is an 
inattentional deafness to these warnings which are given in the form of alarms. In their 
study, [Dehais et al., 2013] focused on the failure to detect these critical alerts in the 
cockpit, because it is a known problem in aircraft safety. According to the study, these 
problems occur not because of the pilots’ inability, but due to the fact that the pilots 
choose to ignore such alerts.

Vigilance decrement

In human-robot interaction, and especially in lower levels of autonomy, vigilance is 
something that the operator faces in the control of the system being controlled and 
the monitoring tasks that this entails. Vigilance decrements can lead to a decrease 
in task performance by the operator, and potentially even jeopardize the mission. In 
an experimental study by [Fisk and W., 1981] it is stated that maximum vigilance 
decrements take place when subjects must allocate control processing resources in a 
continual and redundant manner. According to this study, the way to reduce these 
vigilance issues is by structuring the task in order to create a consistent relationship 
between the signals and the noise. Continuous and repetitive control processing must 
be minimised, and this can be done in a bottom-up manner in the system design and 
the way that tasks are structured.
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This is e.g. an issue in automated cars. Today, companies do not promote the autopilot 
function as a method of sitting back and relax with no hands-on engagement in driving, 
but some car manufacturers such as Tesla even designed a safety function in which the 
car detects whether the driver is holding the steering wheel and when the driver fails to 
do so the car will decelerate. Essentially, the car and the operator must work together in 
the control of the car. A study by [Dikmen and Burns, 2016] looked into the experiences 
with the autopilot and the summon functions in their paper which they call 
Autonomous Driving in the Real World. In the case of cars, the operator is not a trained 
individual for the use of the vehicle and unlike pilots who need to stay up to date with 
their flight hours and training to keep their license, drivers do not go through these 
checks. In a study, [Greenlee et al., 2018] conducted an experiment to test the 
vigilance decrement of the driver as they detect hazards on the road. The study found 
that monitoring the road for potential hazards during automated driving results in 
workload, stress, and performance decrements which are similar to those observed in 
traditional vigilance tasks.

A study by [Dikmen and Burns, 2016] finds that the most commonly occurring failures 
of the autopilot system include the failure to detect lanes and uncomfortable speed 
change of the vehicle. In this study, where drivers of Tesla cars have been involved, a 
majority has emphasised the importance to stay alert during autonomous operations of 
the car. One could argue that even more attention is required, potentially causing a 
greater vigilance decrement, compared to manual cars because in case of the autopilot 
the driver has to focus on both the road and the actions of the autopilot.

Automation complacency

Interaction with a computer often requires multi-task load from the operator, and in 
these situations automation complacency can occur. As described earlier in this section, 
manual tasks and automated tasks run in parallel for systems that are partly 
automated, and [Parasuraman and Manzey, 2010] state that the manual tasks compete 
for the attention of the operator with the automated tasks that occur at the same time. 
This phenomenon is found both in naive and expert operators. The issue with 
automation complacency is that it may lead to conflict situations that can have a 
negative effect on attentional resource, and moreover be detrimental to the operator’s 
performance, as presented in studies by [Dehais et al., 2012, Metzger and 
Parasuraman, 2005, Wickens et al., 2005, Dixon et al., 2007, Wickens and Dixon, 
2007].
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Considering all the technical challenges for space operation and the drawback of highly 
automated systems, the decision is made to opt for tele-operation as a control method in 
this dissertation. Although tele-operations provides benefits that are useful in 
spaceflight, it also has an issue which is time-delay. This topic is addressed in the 
section 3.4.2.

In conclusion of this subject, automation can be an aid in operations, and often is very 
convenient and even crucial in various tasks. This dissertation emphasises the 
importance of 1) the correct use of the term automation, 2) the misconceptions of 
autonomy, and 3) how the human operator will always have a role in autonomous 
operations. In order to follow a path which promises a more interactive approach to 
control, the benefits of human and robots working together are studied next.

3.2 B       enefits of H          uman-Robotic Integrated O      perations
The study of human-robotic integrated operations starts by focusing on both human 
operations and robotic operations as separated from one another, in order to acquire a 
deeper understanding on the state-of-the-art of both types of operation. After this has 
been discussed, the focus can be shed on the integration between humans and robotic 
systems. There are advantages in both types of operations in general, certainly for 
spaceflight. The goal of the first step of this literature study is to summarise the benefits 
of the interaction between a human operator and a robotic system for the purpose of 
space exploration missions.

Human spaceflight, as demonstrated in the Apollo missions by NASA in the 1960s 
and 1970s [NASA, 2017a], allows for a significant science return both in terms of 
human studies and the capability for sample return as stated by [Crawford, 2001]. The 
latter is true due to the fact that for a human spaceflight mission a large pressurised 
vehicle is required, as compared to robotic mission that require vehicles (e.g. landing 
stage and ascent stage) that are of lower complexity because the human factor does 
not need to be taken into account. Therefore, the structure of a human vehicle is 
heavier and has the capability to carry more mass to and from the Moon’s surface. 
One of the advantages of the human missions are the fact that, as seen in the Apollo 
programme, multiple sites have been visited. This naturally increases the exploration 
value and science return, in contrary to robotic missions in which a rover lands on one 
site where it will remain in the vicinity as demonstrated in the Mars Science Labora-
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tory by NASA as pointed out in a study by [Crawford, 2012]. With humans on the 
surface of a planetary body, a larger range on the site can be explored, as stated by 
[MacKay, 2004, Cockell, 2006, Snook et al., 2007], the latter two based on a Martian 
pole study and an analogue mission design respectively. Moreover, the presence of 
humans on a planetary body such as the Moon and Mars allow for a lower complexity 
in installing equipment and the maintenance of the systems, as [Spudis, 2001] notes in 
his study.

In terms of decision-making, [Crawford, 2010] states that this is one of the main ad-
vantages of human spaceflight missions, enabling decisions to be made on the spot 
enabled by human intelligence which cannot be accomplished by robotic systems that 
are programmed to perform a certain task. Both the HERACLES mission, a robotic 
demonstrator mission for future human lunar surface missions as presented in the 
Global Exploration Roadmap (2018) [ISECG, 2018], the mission study [Landgraf et 
al., 2015b] and a study by [Schmidt et al., 2010] point out the importance of real-time 
operations and the fact that human presence, whether that is on the surface or in orbit 
of a planetary body, is the way forward to accomplishing this. Another benefit of 
human explo-ration is the commercial and industrial opportunities for both industry 
and agencies, as [Close et al., 2005] present in their study.

Regarding robotic spaceflight, [Coates, 2001] argues that robotic missions are lower in 
cost and that adding a human in the loop increases the costs significantly. In another 
study, [Clements, 2009] states the same argument by comparing the Apollo programme 
to the Mars rovers Spirit and Opportunity [NASA, 2003], and comparing the price 
tags. Another point is the fact that technology is increasing in digital volume while 
decreasing in physical size, and [Rees, 2011] believes that weakens the practical case 
for human spaceflight as robotic systems miniaturise. Moreover, the advancement of 
robotic systems in terms of the capability to operate autonomously, is considered a 
good replacement for humans by demanding less crew time and replacing those tasks by 
robotic systems, as suggested by [Crandall, 2005].

Having studied the benefits of both human spaceflight and robotic spaceflight, the 
benefits have thus far been presented independently from each other. By combining the 
strengths of both types of operations, this study aims to identify the potentials and 
advantages of the result of this endeavour which is named human-robotic integrated 
operations, and to identify human performance metrics in this type of operations. One
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of the main applications of human-robotic operations as known to date is the use of 
the Canadarm on the ISS, which is a robotic arm that can be use both by ground crew 
and crew aboard the ISS to berth approaching spacecraft to the station, as described by 
[Aikenhead et al., 1983] and in another study by [Gibbs and Sachdev, 2002]. Over the 
years, there have been many developments in robotics, e.g. the capability of obstacle 
avoidance that [Kuperstein et al., 1987] writes about, and which is an important topic 
for the current study.

Multiple studies, e.g. [Ellery, 1999, Ellery, 2000], note that robotic missions are of great 
value serving as precursor missions in which new destinations are characterised prior 
to human presence. Especially when tasks are repetitive and considered routine work 
required high precision, robotic systems are the optimal operators since they do not 
tire. Moreover, repetitive tasks may require a consistent level of attention which may be 
challenging for a human operator if the period of time is long, but robotic systems do 
not face this challenge and therefore can be considered as optimal operator. Moreover, 
in a study by [Rouse and Cody, 1987] it is stated that in the aviation industry the 
majority of accidents are caused by human error, and therefore relieving the crew by 
automating tasks that are repetitive and tiring is stated to be a desired way forward. 
The integration of human and robotic system can be done by tele-operations, which is a 
way to control a robotic system through a human-machine interface without being in 
the presence of the vehicle. In this type of operations one can argue that the autonomy 
can be shared between human and robotic system, enabling tasks to be performed by 
both and an integration of the capabilities to take place. Humans have the capabilities 
to performed detailed field exploration, conduct science, and they have flexibility, skills 
and judgment to perform exercises that go beyond the capabilities of robotic systems, 
as [Crawford, 1998, Spudis, 1999, Spudis, 1992] have stated in their work.

In the next section, the interaction between human and robot is discussed and the 
different types of interaction are introduced. Levels of automation play a major role in 
human-robot interaction since it determines how much input is needed from the human 
and from the system, and moreover the principles of autonomy are lined out.

3.3 Human-Robotic Interaction

Human-robotic interaction, as the name implies, is the interaction between a human 
and a robotic system. This is opposite to solely human control, or solely robotic control.
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Effectively, the sum of the two can obtain greater achievements than the individual 
sources can achieve by themselves. For the sake of comparison, this dissertation will 
refer to the human system and the robotic system to describe this interaction.

3.3.1 Different types of Human-Robotic Interaction

There are different types of interactions between humans and robotic systems. This 
depends on the objectives of the operations, and flowing out of this is the design of the 
robotic element. Moreover, the control conditions may have a role in the robotic design. 
An example of this is the effect of time-delay as a function of distance, when considering 
significantly large distances between planetary bodies. Not only time-delays, but also 
operations in remote areas will affect the design of the robotic system since often times 
there is no communication between these places, e.g. underground in caves. The range 
of this difference spreads from full autonomy to full manual control, meaning that there 
is zero human input or all human input, respectively.

Levels of Automation

The number of levels of automation and its terminology are dependent on the field of 
operations. For example, according to [Haidegger, 2019], in robotic surgery a total of 
six levels are considered. These levels start at no autonomy, in which the surgeon is the
one who is in charge of all the actions and the surgery is executed manually. This is 
followed by the next level which is robot assistance in which tele-robotic capabilities 
are introduced in the operations. The next level is task-level autonomy where certain 
tasks are controlled by the robot, followed by supervised autonomy i  n which the robot 
has overview on the overall system. The last two levels are the high-level autonomy, 
which the robot executes the tasks with human approval in the procedure, and the full
autonomy i n which the entire treatment is planned and executed robotically. This is 
presented in figure 3.3.

In case of defence, the U.S. Department of Defence has defined four levels of autonomy 
for unmanned systems which starts with level 1, i.e. human operated. At this level the 
human operator makes all the decisions with no possibility for the system to give input 
to the decisions. Next, human delegated i s the level in which the vehicle can perform 
functions independently of the human control when it is prompted to do so. The third 
level is human supervised and describes a system which can perform a wide variety of 
activities when given top-level permissions or direction by a human. The fourth and
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Figure 3.3: Level of Automation in Robotic Surgery. Illustration from [Haidegger, 2019].

last level, as visualised in figure 3.4 which is from the U.S. Department of Defence 
Unmanned Systems Integrated Roadmap FY2011-2036, is fully autonomous and refers 
to a system which receives goals from humans and has to translate these into tasks to 
be performed without the interaction with the human.

When it comes to tele-operations for space operations, five levels of automation represent 
the type of control. As presented in figure 3.5 from ESA’s Human-Robotic Interaction 
Laboratory, the first level of automation is haptics telepresence, in which the movements 
of the human conduct the actions of the robotic system that is being controlled and 
the actions can be physically felt by the operator. This allows the operator to feel 
e.g. the force that is exerted or sense when an object is picked up or put down. The 
next level, tele-manipulation / tele-driving includes the control of the system like the 
last level, but without the haptics that is perceived by the operator. The next level is 
supervisory control and this is the case when (time-tagged) commands are given by 
the human which are executes by the system at a given point in time. Following this 
is interactive autonomy which that the operator and the robot are both actors in 
performing an operation. Hence the operation can be broken down in a sequence of
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Figure 3.4: Levels of Automation in Defence. Table from U.S. Department of Defence 
Unmanned Systems Integrated Roadmap.

hierarchically organised tasks and actions assigned to the robot and to the operator. 
The fifth and highest level of automation is autonomous decision and implementation 
in which the robot can make decisions and execute these without the permission of a 
human. This can e.g. be used in (minor) traverse decisions in autonomous driving of 
a rover,by scanning the environment and making decisions on where to go, within the 
range in which the system is allowed to do so.

Figure 3.5: Level of Automation in Space Operations. Illustration from ESA’s Human 
Robotic Interaction Laboratory.
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Tele-Operations and Tele-Robotics

Unmanned vehicles exists for a variety of uses, whether on the ground, in the air or in 
space. A vehicle like this must be operated, without the presence of a human operator 
in its vicinity. When a robotic system is controlled from a distance, this is referred to as 
tele-operations. Whether the operator is in a remote place, such as control between 
space to ground, or physically standing next to the robotic system, the term tele-
operations is used since it is considered as external input to the robotic system. In 
tele-robotics, the intelligence on the robotic system is such that it is capable of 
performing simple tasks autonomously without the input of the operator. The 
commands are fed through the programme which can be updated by the operator. The 
advantage of this type of operations is the capability to control a system while not 
sharing a location, e.g. in space to ground operations, between an orbiting station 
and ground control, or space to space operations, between an orbiting station and a 
planetary body. In addition, tele-operations is of great significance in cases in which 
both the operator and the robotic system are on the operational site. A lunar surface 
mission scenario e.g. in which the operator, in this case the astronaut, is due to 
safety criteria not allowed to enter e.g. certain shadowed areas or under a boulder, the 
mission objectives can still be met by sending the rover to those areas and perform the 
operations that must be executed.

Moreover, the term tele-presence is described by Sheridan as visual, kinesthetic, tactile or
other sensory feedback from the tele-operator to the human operator that is sufficient and 
properly displayed such that the human feels that he is present at the remote site, and that

the tele-operator is an extension of his own body ’ [Sheridan, 1986]. The advantage of this
in spaceflight is the fact that the operator can be virtually present on an extraterrestrial 
planetary body, without physically being present. Especially for the farther planetary 
bodies such as Mars, this may be an asset in addition to a rover that is driving on the 
planet. Disadvantage depend on the quality of the system, and in a worst-case scenario 
erroneous commanding by the operator due to inaccurate perceived data may be critical 
to the mission success by leading to damage or loss to mission elements or scientific 
value, e.g. in sample collection tasks.

At ESA, several technology demonstrations have been conducted under the Multi-
Purpose End-To-End Robotic Operation Network (METERON) programme, mainly 
as feasibility demonstrations for operations between ground and ISS. The efficiency 
of these operations is studied by [Nergaard et al., 2011] in a ground experiment, and 
another METERON experiment [METERON internal report, 2015a] was conducted in
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which an astronaut aboard the ISS controlled a car-sized rover which was driving on 
Earth, as seen in figure 3.6. In the same month, another METERON experiment 
[METERON internal report, 2015b] was conducted in which an astronaut on the ISS 
controlled a small rover of 40kg and was free to improvise his tasks. Data from these 
missions was used in the thesis by [Hosseini, 2016]. In November of 2019, another 
astronaut controlled the Interact rover through a parcours and exercised driving and 
sampling exercises, in a project called Analog-1 as presented in figure 3.7.

Figure 3.6: METERON experiment seen from ESTEC. Picture from ESA.

Another field of research that is of great interest to the current study is tele-surgery, 
in which the surgeon uses a robotic system to operate the patient from a distance. 
An example of this is shown in figure 3.8 This is applied for high-precision operations 
in which the smallest deviations in movement are crucial to mission success. The 
reason for tele-surgery is not only to have a long-distance operation, but it’s to achieve 
minimally invasive surgery. Furthermore, tele-monitoring which is mentioned in studies 
by [Ballantyne, 2007, Janetschek et al., 1998, Cubano et al., 2014] is something which 
is useful when it comes to training surgeons from a distance, and creating a virtual 
classroom or integrated operating room by having experts and new surgeons joining the 
teleconference in the surgical environments. Moreover, dexterity can be increased during
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Figure 3.7: Analog-1 experiment seen from the ISS. Picture from ESA.

surgery when using robotic technology, even on transatlantic robot-assisted tele-surgeries. 
A study by [Marescaux et al., 2001] showed that a laparoscopic cholecystectom was 
carried out on a patient successfully between Europe and the United States, in under 
one hour.

Shared-, Adjustable- and Adaptive Autonomy

Autonomy can be shared between operator and robotic system and this is referred to 
as shared autonomy. This allows the cooperations between the human and the robotic 
system in the control of the robotic system, as e.g. seen in [Pitzer et al., 2011] in which 
the human-robot team is studied in their tasks to solve complex perception tasks by 
working together effectively. Autonomy levels can also be changed during operations, 
either through adjustable autonomy or adaptive autonomy. In adjustable autonomy, 
the human operator must take action to change the automation level. But in the case
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Figure 3.8: Telesurgery. Picture from [Marescaux et al., 2001].

of adaptive autonomy, the robotic system can change the level of automation without 
any human input, as described by [Goodrich et al., 2007]. Due to studies like the latter, 
it has been proven that in these types of autonomy, the operations can be enhanced 
because the robotic input allows for the workload of the human to be kept within 
tolerable ranges. The ability to dynamically adapt the level of autonomy is desirable, 
for instance when as a response to changing environments and changing workloads. In 
robotic rover in space, such as the Curiosity Rover, the response time between the robot 
and the human operators is known to be long. This means that the rover performs its 
nominal tasks as planned, but as soon as an unplanned event occurs which the rover 
does not comprehend, it stops and sends a signal to ground control on Earth and 
requests help. Depending whether this is an engineering or a science related issue, 
the expert team then comes together to first agree on a potential solution, then to 
prepare the message to the rover, after which it is sent and received by the rover in 
the time-delay between Earth and Mars.
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Collaborative Control and Mixed Initiative

Remaining on the topic of tasks being done partly by human and partly by the robotic 
system, in contrary to the last section in which the concept of changing the level of 
autonomy is discussed, here the focus in on the collaboration between the two. In 
collaborative control, as presented by [Fong, 2001, Fong et al., 2003], the human and 
the robot collaborate in order to perform their assigned task. This happens in the form 
of a dialogue in which the robot is able to ask question to the human during its tasks, 
and to make use of the human skills which the robot itself lacks, such as e.g. the human 
perception, cognition and intuition. The human, in this type of control, will not have 
a superior role in the mission, but a rather a collaborative role alongside the robot to 
accomplish the given task.

In the same respect, as described in a study by [Haerst, 1999] mixed-initiative 
interaction is a type of interaction strategy in which the human and the computer both 
contribute to the operations, by giving the input that is best suited at the most 
appropriate time. The human input is not regarded so much as supervision of the 
robotic system, but as a dialogue between human and robot to exchange information 
and execute the tasks, as described by [Fong, 2001]. The robot is considered as a 
partner rather than a tool, which gives the robotic system more freedom to execute 
tasks. Interestingly, the robot can ask the human questions in case additional input 
regarding cognition and perception, which the human skills by nature, are required. 
Advantages of collaborative control are the time of task completion, and the lower level 
of dependency of the robot for external input. In case of unexpected communication loss 
or other unforeseen events, this ability may lead to the continuation of tasks and 
hence resulting in an efficient mission flow. Many studies have set up experiments 
focusing on a variety of assignments, such as the study by [Chanel et al., 2020] in 
which human and robot work together to fight fires, a study by [Souza et al., 2015] to 
perform a target search assignment, and another study by [Souza et al., 2016] in which a 
search and rescue mission and a Mars sampling mission are simulated.

Supervisory Control

When a human operator supervises a lower level intelligence system from a distance, 
this is referred to as supervisory control as lined in the study by [Sheridan, 1986]. The 
operator will monitor and reprogramme accordingly, whether it’s for routine events or 
unexpected events. Sheridan points out that the main advantages of supervisory control
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are the quick task completion, and of course the time-delay plays a major role in the 
level at which this advantage can be realised, i.e. a greater time-delay results in a slower 
task completion due to the transfer of commands. Another advantage is the ability to 
react relatively fast to an unexpected event or emergency. Moreover, a higher accuracy 
in continuous control is realised in terms of position and force, and what also plays a 
major role is the fact that the continuous attention of a human operator is not required 
during long-duration tasks.

3.4 Tele-Operations for Space Applications

Human-robotic interaction plays a major role in operations, and in this dissertation 
the focus is on spaceflight applications. The distance between the operator and the 
control system also varies between different missions, but here the scenarios from ISS 
are studied and the aim is to use these lessons for future missions to the Moon.

3.4.1 Spaceflight operations

Several studies and experiments have been conducted in the space industry, focusing 
on human-robotic integrated operations. In the early days, [Sheridan et al., 1963] con-
ducted experiments focusing on remote manipulative control with delays. At NASA, 
an experiment by [Fong et al., 2010] studied the levels of autonomy of a rover which 
was used in a field test, and this study focused on the robotic metrics given as output 
from the rover, plus subjective metrics from the operator in terms of their perception of 
the tasks. In an example by [Garvin, 2004], the team studied the exploration skills of 
humans and robotic systems and show that the human exceeds in performance.

The use of human-robot interaction aboard the ISS is mainly focused on the robotic 
arm that’s attached to the station. Astronauts are trained to operate the Canadarm, a 
15m robotic arm that is used for multiple operational tasks [Hiltz et al., 2001], one of 
which is to grab approaching vehicles and berth them to the station. This is done by an 
astronaut who controls the arm from within the Cupola, which is a small module with 
windows all-round, where the Human Machine Interface (HMI) is set up and where they 
have clear visuals on the arm and the vehicle. Both the inside and outside operations 
of the Canadarm are presented in figure 3.9. Moreover, the Canadarm is used during 
Extra-Vehicular Activities (EVAs) to enable astronauts to cover long distances. In this 
case the robotic arm can be used for transport as seen in figure 3.10. The astronaut
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can position its boot on the arm, while carrying the payload that must be transported. 
Another astronaut inside the station, or ground control, will then control the robotic 
arm to reposition the astronaut and the payload to the destination.

(a) View of the Canadarm (b) Inside view of the Cupola

Figure 3.9: Canadarm operations from inside the Cupola. Pictures from CSA (l) and 
ESA (r).

In terms of metrics, these studies focus on the robotic metrics and the human subjective 
metrics in the integrated operations, which leaves out the operator’s objective metrics. 
This data is not sufficient if conclusions must be drawn for the preparation for future 
missions due to the lack of objective data from both sources of information, i.e. the 
robotic system and the human operator. The current study approaches the problem by 
studying both the robotic metrics and the human metrics in parallel.

3.4.2 Time-Delay

When operating a rover between space and ground, assuming a control station on Earth 
and a rover on an extraterrestrial planetary body such as Moon or Mars, a phenomenon 
that will be faced is time-delay. One of the main issues of human-machine interaction is 
time-delay. In contrary to the direct operation of e.g. a car in which the driver steps 
on the brake after which the vehicles receives the direct input and decreases velocity, 
the introduction of time-delays result in a delay between the command sent and the 
execution. Especially in situations where unknown risks are high and large budgets are
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Figure 3.10: Astronaut transported by the Canadarm during an EVA. Picture from 
NASA.

at stake, such as spaceflight, the knowledge regarding control under time-delays must be 
studied thoroughly to allow effective control between space and ground or space to 
space. The failure of doing so may cause damage or loss of missions elements that 
depend on tele-robotic control, such as a rover. Furthermore, the mental state of the 
operator is influenced by this time-delay. It may introduce or influence psycho-motor 
issues.

Impact on Performance

Time-delay in the control sequence may cause undesired impact on performance, as 
presented in studies such as [Dehais et al., 2011a, Dehais et al., 2012, Chen et al., 2007]. 
Basically, this entails that there is a delay between the time in which a command is 
given to the system, the time this is received by the system, and the time after which the 
desired action is completed. In situations such as a driving rover on the surface of the 
Moon, a time-delay in the order of seconds can already result in dangerous situations 
such as wheels getting stuck or in the worst case, loss of system. In this section the focus 
is on the issues that come as a results of the time-delay, in the assessment of performance.
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Latencies as low as 10-28ms can be detected by human, as presented by [Ellis et al., 
2004] and when this values reaches 1s, it has been observed that the operator starts 
opting for a different control strategy that is less continuous but can be described as 
move and wait, as seen in the study by [Lane et al., 2002]. The impact on operator’s 
performance in tele-operations was detected in early studies by [Sheridan et al., 1963], 
especially in increasing movement time with increasing time-delay. To show the 
significance of the increase, [MacKenzie and Ware, 1993] showed that if the latency 
was moved from 8.3ms to 225ms, the movement time raised by 64% and the error 
rate by 214%. In another experimental study by [Held et al., 1966], found that with 
latencies in the range of 300 - 320ms, the operator’s compensatory tracking 
performance would be strongly, sometimes to the point that they would be disengaged 
from the commands that they are giving. Other studies testing lower latencies showed 
that even for a delay of 170ms in a simulated driving task, the control performance of 
the operator was lower, as presented by [Frank et al., 1988]. Moreover, another study 
[Lane et al., 2002] that tested 3D flight simulations was not able to find an effect of 
time-delay when testing under latencies up to 1s, but started observing an effect between 
1.5 - 3s. Furthermore, [Luck et al., 2006] conducted a ground robot navigation 
experiment and found that operators make more navigation errors constant latencies 
compared to varied latencies. But while the number of errors decreased with varied 
latencies, the time of completion did increase in this situation. Another interesting 
point found was the direction of the delay, i.e. delays going from the robot to the 
operator were more detrimental to the performance compared to delays going from the 
operator to the robot.

Moreover, studies such as [Ellis et al., 1999, Kaber et al., 2000] have seen that the per-
ceived tele-presence by the operator decreases with increasing latency. This is undesirable 
because tele-presence allows the the operator to be ‘placed’ in the situation in which 
the robotic control system is functioning, and is intended to aid the operator in their 
mission and accomplishment of their tasks.

A study conducted by [Rayman et al., 2006] focuses on time-delays in tele-surgery, and 
hence it is highly relevant to the current study. Testing the remote surgery under differ-
ent time-delays, no significant performance differences were found in error rates, which 
allows surgery to happen from a distance at the same performance which can be very 
useful for e.g. surgery in remote areas but could also allow more surgeries to be carried 
out without the surgeons having to travel for every surgery. Another study that focuses 
on the effect of time-delay on surgical performance is performed by [Fabrizio et al., 2009].
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Not only on Earth, but also tele-surgery for space applications have been studied for 
the uses of long-distance medical care for astronauts who are on their spaceflight. In 
their study, [Haidegger et al., 2010] describes the feasibility of tele-medicine beyond the 
Earth’s orbit, for missions to the Moon and Mars. One major issue of course is the lack 
of gravity in Earth’s orbit, and the lack of 1 gravitational unit on other planetary 
bodies. In their findings, surgical robots do have the potential to be used in tele-
operations beyond the Earth’s orbit. This study also focuses on the time-delay also 
studied by [Rayman et al., 2006].

Impact on Motor Control

Another aspect of control under time-delay is the phenomenon of motion sickness or 
cyber sickness, which is related to the discrepancy between the visual system and the 
vestibular system, as described by [Stanney et al., 1998, Kolasinski, 1995]. This is 
caused by the differences perceived by the visual senses and the inner ear that 
regulates the sense of balance. More recent studies such as [Draper et al., 2001, Moss 
et al., 2011] have conducted experiments to test whether this is in fact the case. Both 
studies found that simulator sickness does not increase as a function of delay, but 
rather exposure duration (to the screen) increases simulator sickness. This is 
mainly an issue when operators are in a motion platform or use virtual reality glasses.

Impact on Cognition

Regarding cognition, it has been shown that (variable) time-delay also has an influence 
on the emotions, physiological arousal and cognitive workload of the operator, as pre-
sented in an experimental study by [Yang and Dorneich, 2017]. This study conducted 
an experiment in which participants controlled a robot with time-delay and navigated 
the robot through mazes with different levels complexity. Moreover, the participants had 
to identify targets. As a result of the time-delay, the frustration, anger and workload 
levels increased, but the usability and task performance decreased. The observation 
was that the effect of the (variable) time-delay was greater than the effect of the task 
complexity. In another study by [Luck et al., 2006], participants were asked to drive a 
robot through different courses and to avoid the obstacles along their way. The main 
goal was to test the level of situational awareness of the participants, and the 
experiment also introduced latency in the operations. In this study it was found that 
the participants were most likely to have a better situational awareness in case of no 
delay, compared to their situational awareness in delay conditions. But what was also 
found is that they did not give adequate attention to the situational awareness, leading 
to errors in their tasks.
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Currently, the space to ground operations between ISS and ground take place under a 
two-way time-delay of just under a second, which is an acceptable delay under which 
operations have been taking place for the past two decades for e.g. communications with 
crew, the docking or berthing of spacecraft, and the control of the robotic arm on the 
station. As spaceflight missions move further into the solar system, time-delays between 
the destination and ground increase, and compensation techniques must be studied.

Solutions to Improve Tele-Operations

Haptics and Force Feedback
To compensate for the issues that are introduces due to time-delay conditions, haptic 
feedback is a means of providing additional information to the operator that can be 
physically perceived, through force on the control interface. This force feedback allows 
a remote controller to ‘feel’ the force that they are applying on the robotic system 
that is operating on a distance. This was tested recently in the Haptics-2 experiment 
by [Schiele et al., 2016b] at the Human Robotic Interaction Lab at ESA-ESTEC, in 
which the first haptic handshake between space and ground was realised through force 
feedback, as seen in figure 3.11. The advantage of force feedback is especially in opera-
tions as sampling, i.e. operations that require a relatively higher accuracy, compared 
to e.g. driving a rover, in which too little applied force may disable effective task 
execution, while too much force may lead to damage of the controlled element. This 
could be a robotic arm that is attached to a rover. In the study, Schiele states it is 
expected that haptic feedback will play a major role in future space exploration missions.

Predictive Display
In the situation of controlling a rover remotely, the operator must be certain of the 
coordinates towards which the rover is driving in order to avoid damage to the rover or 
loss of the rover by driving into areas from which it cannot be retrieved tele-robotically. 
A predictive display is a technique that may be used as countermeasure, and as the 
name states, the display does not only show the actual position of the rover, but also 
the position taking into account the time-delay. Studies have been conducted that 
show that a predictive display enhances the human operator’s tele-manipulation 
task, such as [Bejczy et al., 1990, Xiong et al., 2006, Sheridan, 1993]. In rover control 
the applied
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Figure 3.11: The Haptics-2 experiment at ESA’s Human Robotic Interaction Lab. 
Picture from ESA.

force on the controller can be taken as input, and the display will present the expected 
coordinates of the rover such that the operator is informed about the position of the 
rover before it arrives at that position. In case the operator perceives an undesired 
situation, e.g. an obstacle on the way, the decision can be made to go around the 
obstacle or to bring the rover to a stop. It is expected that the greater the time-delay is, 
the more this display is useful to ensure successful task execution.

Statistical Analysis
In this dissertation, statistical analysis is used for our experimental data and these tests 
are described here briefly. There are two types of analyses that we use, based on the 
distribution of the data. A set of data is firstly checked to see whether the data is 
normally distributed. If this is the case, the Analysis of Variance (ANOVA) is used, 
which is very commonly used in the data analysis of human factors studies. In case 
of non-normal distribution, which is often the case when there are a small selection of 
samples in a test, the Friedman ANOVA is used.

PhD Thesis - Shahrzad Timman | 40



3 | State of the Art 3.4 | Tele-Operations for Space Applications

In our case, when testing the delay-conditions, three conditions are studied and therefore 
we first check whether there is a main effect which shows us whether there is a 
statistical difference between any of these conditions. In this process, the p-value is 
calculated which reveals the probability of obtaining the observed results. If a main 
effect is found, i.e. p<0.05, we continue to a second level of calculations to find out 
the statistical differences of the conditions with respect to one another. This second-
level analysis is called the post-hoc analysis. For a parametrics distribution we use the 
Tukey’s test, and for a non-parametric distribution the Wilcoxon signed-rank test is 
used.

These tests use a number of parameters to quantify the relation between the samples, 
and these are described next. An F-statistic is the output of an ANOVA test which 
compares the means of two populations and identifies whether these are significantly 
different. Furthermore, the Generalised Eta Squared (GES) allows us to find the effect 
size. This helps us to understand not only if there is an effect, but also the extent of 
the effect. Lastly, we look at the condition x, which checks if there are any interactions 
between the conditions and the mean.

In conclusion, human-robot interaction is used in various different fields which all result 
in both benefits and implications on performance of the operator. The main issue in 
this interaction is time-delay, and it affects the operator’s performance. To minimise 
the effect of time-delay, countermeasures such as haptics, force-feedback and predictive 
displays are valuable tools to enhance performance. Understanding the performance, and 
the effect of time-delay on the performance, is crucial for future spaceflight missions and 
therefore in the next chapter, the focus is on human metrics through which performance 
can be quantified.
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Human metrics

Humans and robots working together is operationally very beneficial, but this 
interaction must be assessed. This dissertation focuses on how this assessment must 
be done. In an earlier [Hosseini, 2016] study on human-robotic interaction between ISS 
and ground for rover operations performance metrics were measured, i.e. rover’s 
execution time, human’s command time, execution time variance, command time 
variance, and the consistency in performance. This provided information on the 
duration of time that the operator took to give the command to the rover, and the 
duration of time that the rover required to receive the command and to execute 
accordingly. A set of tasks were divided into subtasks, and what could be seen is that 
for identical tasks, in which identical time results would be expected, different values 
were recorded. The information was limited to the aforementioned, which made it 
unclear whether the difference in time values was caused by e.g. a logging error, 
computer error, the operator’s focus, or the previous task. No human metrics were 
recorded, and it was not possible to say what was the cause of the performance 
differences, the changes, and there was no justification of the performance data. 
Therefore, assumptions needed to be made on the relation between event and output 
data. Using this study as example, the current study aims at the retrieval of both 
robotic and human metrics such that the parallel study of these data sources may 
provide a more clear picture in human-robotic interaction in space operations. This 
effort is presented in this chapter, in which human measures are introduces in order to 
learn about the operator’s performance. Two groups of measures, subjective- and 
objective measures, are presented in this chapter. The former includes the use of the 
NASA Task Load Index (NASA-TLX) in order to assess the perceived workload, and 
the situational awareness which can be measured to understand how the operator 
experiences their environment. The latter includes the behavioral measures in which we 
focus on secondary tasks to learn about the working memory. In addition, the 
psychophysiological measures are discussed in which eye-tracking techniques are focused 
by studying the ocular activity, and moreover the cardiac activity is studied through 
which the effect of the task on the operator can be understood.
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4.1 Subjective measures

There are various way in which knowledge on human-robotic operations can be obtained 
by studying the perception of the operator. These are methods in which no 
measurements are taken, but rather the verbal or written feedback of the operator 
determines the outcome. Two subjective measures were focused on in this study, i.e. a 
Task-Load Index and the situational awareness of the operator during specified 
operations.

4.1.1 NASA-TLX

The NASA-TLX is a subjective measure, which is intended to identify the task load 
index as perceived by the person in question. The test scales incorporate procedures 
for combining multidimensional judgments into scalar estimates of overall workload, as 
described by [Hendy et al., 1993]. This is achieved through a questionnaire asking the 
operator to rate their perception of demand in terms of mental, physical and temporal 
workload, and it also assesses their perception of performance, effort and frustration. 
The results of this workload questionnaire are dependent on the person, their perception 
of the situation, their state of mind and the way they perceive the questions. For an 
identical performed task, the results of the questionnaire will vary amongst different 
individuals, because each person perceived information and workload in a different 
manner. Moreover, if the questionnaire is presented to the person it may be that they 
have forgotten events that took place minutes before during their task, and therefore the 
results will not be a full representation of their workload perception at the exact time of 
the task. Another option would be to interrupt the task and present the questionnaire 
mid-task, which would solve the latter explained problem, but the fact that the task 
has been interrupted may affect the continuation of the task, compared to a scenario in 
which there was no interruption. And often in experiments it is not desired to interrupt 
the operations in order avoid affecting the performance.

The test was originally developed by Sandra Hart as a paper and pencil questionnaire 
at NASA’s Ames Research Centre [Hart, 1986]. Throughout the years, the test has 
been used for many different applications beyond the field of aviation for which it was 
originally designed as presented in a study by the creator herself in [Hart, 2006]. The 
instructions of this test must be explained to the operator clearly, because misin-
terpretation of the assignment may influence the results of the outcome. The subject 
instructions, rating scale definitions and rating sheets are attached in appendix C.
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4.1.2 Situational awareness

In order to understand the perception of the human during a task, the situational 
awareness (SA) can be analysed in various ways depending on the task. The awareness 
of what happens in the surroundings of the human is often important for factors like 
safety, and failing to have awareness can lead to dangerous situations. This is valid 
for piloting tasks, but also for other control tasks where the operator focuses on their 
assignment while other factors in the surrounding influence the performance if payed 
attention to. This could be a system’s battery level during a control task, like introduced 
in a study by [Dehais et al., 2011a]. Different tasks can define different ways to assess 
situational awareness.

When it comes to experimental methods for measuring  situational  awareness,  [Yanco 
and Drury, 2004] state that there are three different types. The first one is Subjective, in 
which the subject rates their own SA. Second, there is Implicit Performance  in which 
the experimenter measures the task performance. In this method, it is assumed that the 
subject’s perfor-mance and their SA correlate, and moreover it is also assumed that 
improved SA leads to improved performance. In the third and last method type, Explicit
Performance, the subject’s SA is probed by asking questions during short suspensions 
of the task. The two most common measurement methods of situational awareness are 
the Situational Awareness Assessment Technique (SART) introduced by [Taylor, 1990], 
and the Situa-tion Awareness Global Assessment Technique (SAGAT) introduced by 
[Endsley, 1988]. The first is an example of a subjective method and the latter an 
example of explicit performance method. An overview of the various categories and 
measurement techniques is found in Appendix D.

A study by [Gatsoulis et al., 2012] focused on the types of methods of measurement of 
SA, their comparison and the application in human-robot interaction in tele-operations. 
Upon comparison they found that the majority of these methods are specific to the 
domain that they are developed for, but SAGAT came out as a general method that 
they found to be applicable to robotics. Another study by [Schuster et al., 2012] looked 
at the difference in SA measurements and performance in human-robot teams, and 
found that the only method with which unique variance can be predicted is SART.
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4.2 Objective measures

Another class of measures are the objective measures which are a direct output of a 
system that measures performance, and therefore is not affected by a human’s 
perception on the situation. This can e.g. be the reaction time of an operator, or e.g. the 
accuracy of a certain task that may be measured in terms of deviation from a nominal. 
Though tools like NASA’s TLX presented in the subjective measures section are 
definitely a method to gain more knowledge on the perception of the operator, to gain 
a more objective view on the performance different measures are required on top of 
the aforementioned methods. In this study, neurophysiological measures are foreseen to 
provide the required data regarding the performance. This is done through the use of 
sensors as explained further in this section.

4.2.1 Behavioral measures

Another category of assessing the performance of the operator during a task is to study 
their behavior during that task. This can e.g. be done by introducing a secondary task 
in parallel to the primary task, and assess the performance of this task. The secondary 
task is used as a probe to infer mental workload. If there is a performance decrease on 
the secondary task, this means that the operator puts most of their effort on the 
primary task at hands, and has less resources available to perform the two tasks 
together. Many studies have used this method to assess the performance of operators 
in the field of aviation, e.g. in [Dehais et al., 2018b] in which a secondary auditory task 
is introduced, but also studies such as [Callan et al., 2018, Dehais et al., 2019, 
Edworthy et al., 2018] have experimented with secondary tasks.

4.2.2 Psychophysiology measures

Another method of gaining information on the human performance is by looking at 
the study of the interrelationships between the mind and the body, which is known as 
psychophysiology. This enables information to be gained by studying the body, and 
the effect of internal processes on the mind and how this results in operational perfor-
mance. Studies such as [Larsen et al., 2008, Cacioppo, 2007, Coles, 1986, Stern, 2001] 
define that psychophysiology involves the use of physiological signals to understand 
physiological processes.
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In order to obtain the information required to study human performance, a number of 
sensors are used. In essence, the study is set up such that human performance metrics 
are acquired following a neuroergonomics approach, focusing on the cardiovascular 
activity to infer participants mental workload, which can be measured using an 
electrocardiograph (ECG). Moreover, the ocular behaviour is studied to measure 
attentional abilities, and this is realised with the use of eye-tracking devices. The 
selection of these sensors is based on a comparison study by [Durantin, 2015] performed 
as part of study on brain imaging techniques to monitor attentional states for 
aeronautical applications. The studied criteria are in terms of the sensitivity, 
specificity, intrusiveness and implementation requirements of each sensor.

Eye Tracking

A relevant approach to study the state of the human is by measuring the eye 
movements, which is presented in many studies such as [Dehais et al., 2011b, Dehais 
et al., 2012, Hasse et al., 2012, Causse et al., 2011]. In essence, eye-tracking techniques 
are used to see where the subject is looking at a given time, and the sequence in 
which the eyes are shifting from one place to another, as described by [Poole and 
Ball, 2006]. Different eye-tracking techniques have been used in the past decades, 
starting in 1950 by [Fitts et al., 1950], later in studies such as [Rayner et al., 1989, 
Blanchard et al., 1989]. The method of mounting electrodes on the skin around the eye 
was used to study the differences in electrical potential and resulted in the detection of 
ocular movement. The use of contact lenses has also been used, in which the lenses 
would cover the cornea and the sclera as visualised in figure 4.1. An early technique 
introduced by [Robinson, 1963] is a scleral search coil, which is a metal coil which 
must be embedded around the lens of the eye and fluctuations in electromagnetic 
field can then be measured when this coil moves due the movement of the eyes. This 
technique is highly intrusive, and not a preferred technique due to the rise of new eye-
movement technology.

Modern-day eye-tracking technology makes use of video images of the eyes to determine 
the eye movement. This dissertation focuses on the use of the Tobii Pro eye-tracking 
technology that is used for research, as presented in figure 4.2.Though video-based eye 
tracking started as early as 1901 by [Dodge and Cline, 1901], the century brought great 
development in this field, resulting in the continuation of this method and present-day 
technologies which allow for high resolution cameras to record the movements of the 
eyes. Basically the process this method is that near-infrared light is directed at the 
center of the pupil, which enables reflections in both the pupil and the cornea to be 
detected.
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The camera tracks these reflections, which is the vector between the cornea and the 
pupil.

Regarding the eye movements, there are four different types which are the saccades, 
smooth pursuit, vergence- and vestibulo-ocular movements. Fixation movement and 
saccades are the two movements which are most commonly used in cognitive 
research. The fixation eye movement is related to the processing of information, and 
is defined as positions that the eye is fixed on for a period, implying that information 
is being processed by the operator. The saccade eye movement is related to the 
search for information in the environment, and is defined as rapid movements 
detected between two fixation positions, which are not constant in terms of speed or 
amplitude and can range from 10 to 100 ms in duration. Studying these metrics in 
research has shown that higher complexity of information leads to a higher fixation time 
[Duchowski, 2007], and that higher complexity, in terms of workload, results in lower 
saccadic eye movements [May et al., 1990]. Other metrics such as pupil diameter and 
the number of blinks are also used for analysis such as in the study by [Tsai et al., 
2007]. Through the measurement of the pupil diameter the level of workload can be 
assessed, i.e. increased pupil diameter correlates to a higher workload. Moreover, the 
number of blinks are used to assess workload, and specifially fatigue. Unlike the 
metrics mentioned earlier, the latter two metrics are difficult to assess under 
ecological settings due to the load and the luminance effect on the pupil diameter 
[Peysakhovich et al., 2017]. In addition, the Area of Interest (AOI) defines a zone 
where the operator’s gaze enters. The dwell time provides information on the 
distribution of focus among different AOIs. In aviation, the gazes of the pilot can be 
tracked over time to understand the ocular activity during the entire flight. Such 
operational settings are complex in the sense that there is much information to gain 
from many sources such as various instruments but also the windshield. The definition 
and study of AOIs provides information on the amount of dwell time on each AOI, 
over a period of time. An example of such AOIs from a study by [Reynal et al., 2016] 
is presented in 4.3.

[Peysakhovich et al., 2019] states that a benefit of eye tracking is that it enables deriva-
tion of both physiological and behavioral metrics, and that it is an essential technique 
in human-machine interaction systems. Various studies have been conducted in which 
eye-tracking technology is used in human-robot control tasks. [Regis et al., 2012] per-
formed ocular measurements to detect attentional tunneling, which occurs when a user 
fixates their attention on a single informational channel for an unhealthy length of time, 
thereby neglecting other critical information, and failing to perform other important
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Figure 4.1: The anatomy of the human eye. Illustration from Labiotech.

Figure 4.2: Tobii eye-tracking glasses. Pictures from Tobii.
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Figure 4.3: Selected AOIs in the cockpit of an A330. Picture from [Reynal et al., 2016].

tasks, as described by [Regis et al., 2014]. This experimental study focused on a robot 
supervisory task in which an unmanned ground vehicle was remote controlled. The 
study concluded that, using eye-tracking measurements, subjects in the state of 
attentional tunneling can be distinguished from the ones in nominal state, using 
dwell time on relevant AOIs as metrics for this prediction. Another study by [Dehais 
et al., 2011b] performed an experiment to evaluate the physiological and subjective 
aspects in a human-robot handover task in which the human operator and the robot 
work together to perform a task. The effect of different motions of the humanoid-robot 
were studied, as perceived by the operator, amongst which by looking at ocular 
activity. The study concluded that through the ocular responses, in addition to the 
physiological responses, the different motions could be discriminated. Moreover, [Dehais 
et al., 2012] studied the cognitive conflict in human-automation interactions, and found 
that in case of conflict, an excessive attentional focus is measured, using eye-tracking 
techniques. 

Electrocardiogram

Not only do the eyes provide information about the human performance, but also the 
heart is an organ from which much insight can be gained. Many neuroergonomics 
studies have used cardiovascular activity to learn more about human-machine inter-
actions and cognitive activity, such as [Hidalgo-Munoz et al., 2018, Causse et al., 2009, 
Causse et al., 2012, Mandrick et al., 2016, Causse et al., 2011]. The heart rate (HR) 
and heart rate variability (HRV) are metrics that are studied to understand the cardio-
logical activity using a device called the Electrocardiogram, ECG. This device measures
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the electrical activity of the heart over a period of time [Khusainov et al., 2013]. For 
this measurement, at least three electrodes are attached to the chest, which collect the 
necessary data regarding the electrical waves which form the cardiac cycle. Based on 
this, the HR and HRV can be obtained, as stated by [Jimenez-Molina et al., 2018].

The HR is the number of heart contractions per minute, and therefore is presented in 
beats per minute (BPM). It is computed using the time interval between individual 
beats, which is called the inter-beat interval (IBI) in seconds, or the RR interval. 
Another name for this interval is the NN interval. This describes the difference 
between two subse-quent R peaks, as presented in figure 4.4, an example taken from 
[Cornforth et al., 2014].

Figure 4.4: A typical ECG signal presenting the RR interval. Illustration from Cornforth 
et al. (2014)

Factors such as stress and anxiety are cognitives state which greatly influence the heart 
activity, as presented by [Kim et al., 2008, Taelman et al., 2009]. This can be studied 
amongst others by observing the HRV, which is defined as the variation over time of the 
period between consecutive heart beats, as presented by [Acharya et al., 2006]. Since 
the heart rate is a changing factor that is influenced by physiology throughout the day, 
this variation provides information regarding the relationship between the heart and the 
cognitive state, as presented by [Thayer and Lane, 2009]. The difference in duration of
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successive heart beats over a given timeframe is characterised by the HRV. The main 
metric for this study is the standard deviation of NN interval (SDNN) [Clifford, 2002], 
which looks at the different values of IBI and calculates the standard deviation to 
describe the SDNN over a period of time.

The HRV provides additional information to the HR, and studies such as [Durantin et 
al., 2014] have performed experimental work to test to what extent metrics such as 
HRV can detect mental workload. In their study, a simulated piloting task was executed 
and the results show that the HRV is sensitive to different levels of mental workload 
and very useful for detecting mental overload, which is very important in critical 
operator tasks especially those which take place over a longer period of time.

Some benefits of the ECG are the fact that the device is non-invasive, relatively low in 
cost compared to brain measuring techniques, and easy to use in real-life settings. This 
makes the ECG highly relevant for human-machine teaming applications, according to 
[Chanel et al., 2020]. The relation between mental workload and increasing heart rate 
is shown in the study by [Haapalainen et al., 2010], and can increase the information 
regarding the perception of the operator on the task. Figure 4.5a shows the Faros device 
which is used in this dissertation. Three nodes are used to attach this device to the 
operator in order to obtain the cardiac metrics, as seen in the figure.

(a) Faros device (b) Electrodes (c) Application

Figure 4.5: Electrocardiogram. Pictures from Faros, illustration (r) from ECG Cloud
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Various studies have used ECG technology in the assessment of control performance 
tasks, due to the fact that the ECG reveals fluctuations of the mental workload through 
cognitive workload, or the emotional state by measuring nervous system modulations. 
In aviation, this physiological activity, which is related to the mental workload, is 
used to improve safety. This is because this technology allows for human performance 
degradation to be anticipated. Regarding metrics, heart rate, HR, is one of the most 
reliable parameters, as stated in an experimental study by [Mouratille et al., 2017]. In 
this study, pilots were asked to perform a task in a flight simulator, while the relation 
between cognitive demands and emotional activation was being studied by means of 
the heart rate. This study concluded that as suggested by the interaction found in 
heart rate measure, the emotional and cognitive levels do not seem to have a cumulative 
impact on the sympathetic nervous system. Out of this, it is extracted that low cognitive 
workload makes pilots more sensitive to emotional variations. Many studies, such as 
[Heard et al., 2018, Chanel, 2019], used the ECG to study cardiac activity through HR 
and HRV. These metrics have proven to be useful in the assessment of workload, as 
presented in the aforementioned studies.

In another study by [Scannella et al., 2018] though, the workload during different flight 
phases was observed for a number of pilots in a flight simulator, in order to gain a 
broader understanding of this workload so that this can be implemented to improve 
flight safety. Both ECG and eye-tracking techniques were applied in this study, and 
the study concluded that the ocular-based metrics were found to be more suitable to 
provide relevant information on the flight operations, compared to the cardiac-based 
metrics. Yet it was advised that both techniques could be implemented in future studies 
to provide additional flight data, and proxies for human-machine interaction for the 
improvement of flight safety.

There are more metrics which can be studies using other devices such as the study of 
brain measures which can be taken in order to understand more about the human 
performance, by using an electroencephalogram (EEG). This device analyses the 
electrical activity of the central nervous system processes as seen in studies such as 
[Coles, 1986]. This device measures functional brain activity directly by studying the 
variations in electrical activity. This electrical activity is a rapidly changing signal, as 
explained in a study by [Ge et al., 2019]. Moreover, functional near-infrared 
spectroscopy (fNIRS) can be used to assess workload and is also often used to perform 
assessments in flight conditions such as aircraft and flight simulators, demonstrated in 
studies such as [Dehais et al., 2018a]. 
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In contrast to EEG, fNIRS measures functional brain activity indirectly, by studying 
the changes in the concentration of oxygenated and deoxygenated hemoglobin, which is 
a slowly changing signal.

4.3 Conclusion

In conclusion, human metrics are essential in the study of human-robot interaction 
and its applications. Table 4.1 shows an overview of the physiological metrics selected 
for our study, and explains their effect on cognitive workload. The NASA-TLX offers 
a relatively low-effort method of learning about the task perception of the operator, 
and can this test can be taken right after the test which allows for this information 
gain without the interruption of the task, and therefore is very suited for this study. 
Moreover, a secondary task has proven to be effective in understanding the performance 
of the working memory, and is also a low-effort measure which can be implemented 
in experimental work. In addition to these measures, the Tobii eye-trackers allow a 
non-intrusive method for observing ocular behavior and therefore are beneficial to the 
experimental work as lined out in this dissertation. Furthermore, the cardiac activity is 
considered a highly valuable measure in the performance assessment in human-robot 
interactive operations, and this too allows for a non-intrusive method which can easily 
be used for a large group of people. The standard deviation of the NN interval (SDNN) 
the heart rate (HR), and heart rate variability (HRV) data have been identified as the 
metrics to focus on due to lessons learned in previous studies as aforementioned in this 
chapter. Though other relevant measures could be used, the selection of measures is 
done based on the scope and the range of the experimental work and these measures 
have been found to be simplistic in use for a large group of people, while providing the 
relevant information which is essential to this study.

Table 4.1: Physiological metrics and their effect

Name           Definition
Heart Rate Amount of heart beats per minute 
Heart Rate Variability Measure for the stability of the HR

Effect
High HR indicates high workload 
Low HRV indicates high workload

Fixation eye movement  Positions that the eye is fixed on for a period   High fixation time indicates high workload
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Thesis plan

This dissertation aims to advance the knowledge on human-robotic integrated operations 
for future space exploration missions, i.e. operations in which crew members interact 
with a robotic element that is controlled via tele-operations. Time-delay is a main 
factor which is faced in this pursuit, and must be faced accordingly in order to maximse 
mission success under these conditions. The approach to realise this goal is to enable 
the quantification of human performance metrics when interacting with robotic systems, 
to a level that is beyond what is achieved to date. As the previous two chapters have 
concluded, cardiac, ocular and behavioral measures are key in order to gain a greater 
understanding in human performance, since the metrics are relevant and valuable in the 
scope of this study.

Create and construct an experiment set-up
The first phase of the study focuses on the preparation of experiments that represent 
the mission that drives this project, i.e. the ESA-led HERACLES mission which aims 
to implement human-robotic operations for a mission in the mid-2020s to the lunar 
surface. Studying the mission scenario, the objectives and requirements must enable 
the configuration of an experiment set-up that enables data generation of metrics to 
study and to answer the main questions of this endeavour. The approach is to create an 
analogue environment representing a phase of the HERACLES mission which is expected 
to require the most interaction between the crew member in a station in cis-lunar orbit, 
and a lunar rover that will be operable on the lunar surface. The operator is assigned 
with tasks that are foreseen to be equal to tasks in future exploration missions. It is 
believed that an analogue mission like this allows enough insight to various operations to 
be performed in this human-robotic interaction, and that the data output and its results 
hold the potential to be translated to other mission phases in which humans and robotic 
elements interact. These analogue scenarios are divided in two parts such that the focus 
can be placed fully on the robotic task. These two scenarios are a tele-operated driving 
scenario and a tele-operated sampling scenario.
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Run a series of mission-driven experiments
Preparing the experiment starts with a pilot-study which aims to rehearse the 
experiment protocol, in order to optimise the results for a larger-scale main 
experiment campaign. The approach is to use the same systems and environment 
that is foreseen to be used in the main experiment campaign, and to test the end-to-
end operations with a small selection of subjects. The results of this pilot study will 
define the details of the main campaign in terms of execution. After this phase, the 
experiment set-up is completed and can be applied to two experiments which focus on 
driving and sampling respectively. Given the fact that a rover will be used for driving 
operations in explorations missions, and a robotic arm in order to perform sampling 
operations, the two experiments make use of a real-size rover and a robotic arm 
designed and set up for the space applications both in laboratory and outside analogue 
environments. 

Acquire data set from human- and robotic metrics measured in parallel
As a building block to the objectives of this study, neuroergonomic methods and metrics 
for obtaining information regarding human performance must be studied. The use of 
ECG and eye-trackers and their applications is vital to this research, and therefore the 
human metrics as assessed in different fields have been studied in the previous chapters. 
As a result on this literature study, a number of subjective- and objective measures 
have been identified as most valuable to this study, and will be applied in the 
experimental work.

Run statistical analysis realising HRIO performance quantification
Studying the data which is the result of the interaction between human and the 
robotic system is critical in the road of understanding the aspects of the interaction. 
Bringing together the human measures with other performance metrics such as time 
and collision avoidance, allow for a data acquisition that is believed to unfold many of 
the unknowns that are currently present in studies regarding performance in human-
robotic operations for space operations, in which human measures to this extent are 
not considered.

55 | PhD Thesis - Shahrzad Timman



5 | Thesis plan

Feed knowledge back into the HERACLES mission
When HRIO quantification is realised, this knowledge can be fed into the 
HERACLES mission on multiple levels. First of all, the assignment of tasks between 
manual- and automated operations can be defined by applying the quantitative 
performance data of this project. If the data identifies specific strengths or 
weaknesses in specificied areas of operation, this can be taken into account in the 
mission planning phase and the system design phases for the robotic elements. 
Moreover, crew preparation can be reaslised to great detail by applying the 
outcomes of this study for crew training and performance assessment procedures, 
advancing the preparation of the human return to the lunar surface.
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Chapter 6

Pilot Study

6.1 Introduction

As ESA is preparing a mission to the lunar surface together with its ISECG part-
ners, a new era is approaching for human spaceflight. The mission, HERACLES 
[Landgraf et al., 2015b], is a precursor mission that prepares future human missions to 
the Moon. In order to realise this, future astronauts must be prepared to perform tasks 
beyond the scope of human spaceflight as it is know today. The topic of human-robotic 
integrated operations is key in this preparation as concluded by [Crawford, 2012], as it 
enables a significant extension of the astronauts’ control-reach.

Having learned from operations aboard the ISS, human-robotic integrated operations 
must be introduced to allow operations between cis-lunar space and the lunar surface. 
More specifically, the control of robotic elements on the lunar surface, such as a rover, 
controlled by an astronaut in a cis-lunar station. Human-robotic operations is studied 
worldwide for various applications such as e.g. unmanned vehicles as studied by Dehais 
et al. [Dehais et al., 2012], tele-surgery as presented by [Rayman et al., 2006], and space 
applications for various levels of autonomy as NASA presented by [Fong et al., 2010]. 
For the latter area, this type of operations depends on many factors, amongst which 
the location of the controller, the location of the system to be controlled, the mission 
scenario, the party in command, etc. There is the need to better understand human per-
formance and to optimise human-robot interactions. Indeed, several studies, including 
[Regis et al., 2012], have emphasised that poor system designs can lead to breakdown 
in human-automated systems.

The goal of this pilot study is to perform the first steps to rehearse an experiment 
campaign focusing on tele-operations, studying human performance under different 
conditions. The main two focus points are time-delayed conditions, representing control 
scenarios from either ground, cis-lunar space, or lunar surface, and authority by a third 
party giving instructions to the controller, representing an expert, i.e., geologist or 
roboticist ‘looking over the astronaut shoulder’. Two open questions which are 
studied are stated next.
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From a mission-driven point of view, after the deployment of the HERACLES rover 
on the lunar surface the rover will commence its driving operations towards the first 
geologically interesting site that has been selected for sampling operations. This phase 
of the surface operations is tested in this pilot study, and in further detail in Experiment 
1 7. The hypotheses that drive this experiment campaign are as follows.

• Does increased time-delay results in increased workload?

• Does increased workload lead to degradation in human performance in human-
robotic integrated operations?

Though the time-delay conditions are of great interest for this campaign, the pilot study 
merely focuses on setting up the experiment protocol. Hence, no time-delay condition is 
introduced in this pilot. The experiment is conducted as rehearsal to test the feasibility 
of this study under nominal conditions, i.e. short time span, rested operators, and no 
latency.

6.2 Materials and methods

Three young professionals were selected based on their background in science and 
engineering, between the age of 25-35. The participants were asked to take place in 
the operator chair, as shown in figure 6.1a, in the ESA Human Robotic Interaction 
Laboratory at ESA/ESTEC in Noordwijk, the Netherlands. From this position, they 
were instructed to operate the Interact rover.

6.2.1 Rover

The Interact rover is presented in figure 6.1b, i.e. an in-house developed experimental 
rover consisting of a mobile platform (all four wheels steered and powered), two 7-DoF 
robots arms equipped with force torque sensors and grippers, and 6-DoF head system 
with a stereo camera. For this pilot study, one robotic arms was attached yet on a 
passive mode. The participants were instructed to tele-operate the rover, which was 
located in another room out of the partipant’s sight, using the human-machine interface 
in the form of a controller. They visually followed the rover through the camera head on 
the rover which projected its view onto a large screen located in front of the operator.
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(a) Operator (b) Rover in the Erasmus highbay

Figure 6.1: Operator (left) tele-operating the rover (right). Pictures from Timman.

6.2.2 Human-machine interface

HMI interface setup combines several display technologies with advanced control joysticks 
in order to study and improve the tele-operation of robots. The control station enables 
an operator to perform detailed control of the rover as well as of the 6-DoF head system. 
To improve immersion for the operator an ergonomic workstation was chosen as the 
basic framework for the setup, which is equipped for future studies with a 3D monitor 
or alternatively a virtual reality headset. The video stream presented to the operator 
can be also augmented with additional information, e.g., system overlays or markers.

6.2.3 Experimental scenario and procedure

Throughout all experiment rounds, two study leads were responsible for the observation 
and measurement of the subjects’ performance. The first study lead was in the control 
room with the subject, training the subject to use the HMI, providing instructions, and 
changing taking the questionnaire after each round. The second study lead was in the 
operational site, i.e. the highbay, with the rover and was responsible for recording the 
Time of Completion (TOC), and carried a portable controller with which the rover’s 
movements as controlled by the subject could be overruled in case of emergency. The 
two study leads communicated through radio.
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Prior to the main tasks, each subject started the experiment with a brief training period 
of approximately five minutes during which the subject got a chance to get familiar with 
the rover, its movements, and their interfaces, i.e. the screen and the different functions 
on the joystick. A total of four experiment rounds were completed by each subject. 
Though the top-level instructions of the experiment were consistent, i.e. to drive the 
parcours from starting position to end position while avoiding obstacles, the rounds 
included a number of unique instructions. By doing this, the effect on performance was 
observed for the different detailed instructions per round. A total of three conditions 
were performed, condition 1 in the first round, condition 2 in the second round, 
condition 3 in the third and fourth round. The latter condition was repeated to have 
a deeper insight into the performance of the operator. The detailed instructions of 
the three conditions are presented as follows. Since this pilot study serves as a 
preparatory study only, no order effect is taken into account.

• Condition 1 - Nominal condition (running the test without addition instructions)

• Condition 2 - Test interruption (the participant is stopped mid-experiment and
asked to perform a task through which their situational awareness is measured)

• Condition 3 - Time constraint (the participant is instructed to run the experiment
under nominal conditions, with the addition of a time constraint of three
minutes and a ticking clock in front of them)

Condition 1 - Round 1
In the first round, the subject was instructed to drive the rover from its starting po-
sition, through the parcours as presented in figure 6.1b, to its final destination which 
represents the sampling site. Furthermore, all obstacles on the parcours must be 
avoided.

Condition 2 - Round 2
Having completed round 1, the subject was asked to repeat the same task and no 
additional instructions were given at the start of this task. When the rover reached 
halfway through the parcours, they were commanded to stop driving and to pitch the 
camera head down, and the recorded time was paused. The subject did not expect this 
command as they were focused on driving the rover. Next, they were asked to draw a 
map of the parcours they have been driving.

PhD Thesis - Shahrzad Timman | 60



6 | Pilot Study 6.2 | Materials and methods

Condition 3 - Round 3 and 4
During these rounds, the subject was instructed to repeat driving the parcours. Moreover, 
just before the start signal was given, the subject was presented with a digital clock 
on the stand in front of them and informed that they have three minutes to complete 
the parcours and that the experiment will be stopped when the time runs out. Right 
after, the subject was requested to start the task and the digital clock was turned on 
and counting up in the view of the subject.

6.2.4 Measurements

Primary task performance

We measured the time of completion to achieve the primary task, which corresponded to 
the duration from the first on the user interface until the rover reached its end position.

Time of completion

The Time of Completion, TOC, is the time measured for driving the rover from its 
beginning position to its end position. This was kept manually with a stopwatch which 
was turned on once the rover leaves its starting position, and turned off when the rover 
was parked in its final position. This time was measured for all four laps that were 
driven from start- to end position.

Number of collisions

In the parcours a number of mock rocks were situated as obstacles which the 
participants were asked to avoid. Failing to do so, the number of obstacles hit was 
counted to compare the performance between the three time conditions and in the 
different complexity areas. This was done by an experiment assistant who was present 
in the experiment site near the rover, and the total number of obstacles hits was 
noted down per time-delay condition.

Subjective measurement

The participants had to fill in the analog NASA-TLX scale to report their level of 
mental workload after the achievement each of the three experimental conditions.
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Area Mapping

Upon interruption of the second round, an empty sheet and pen was provided to the 
subject and they were asked to draw a map of the parcours they have been driving. 
Note that in the pitched-down position of the camera head, the subject had lost 
visibility of the parcours on its screen and had to draw the map by memory. No time 
limit was given for this task. After the map was completed and delivered, the subject 
was instructed to pitch the camera back up and finish the final part of the parcours.

6.3 Results

The results are analysed by calculating the mean and standard deviations of the TOC, 
number of rock collisions, and the NASA-TLX outcomes (temporal-, mental- and physi-
cal demand). These results are presented in table 6.1.

Table 6.1: Mean and standard deviation for time of completion (TOC), number of rock 
collisions, and the NASA-TLX outcomes: temporal demand (TD), mental demand (MD) 
and physical demand (PD)

Time-Delay Conditions
C1 C2 C3

TOC (s) 252 (35) 206 (50) 147 (22)
Collissions (-) 1.3 (1.2) 1.0 (1.0) 0.2 (0.3)
TD (-) 4.0 (1.7) 3.3 (1.2) 5.2 (1.0)
MD (-) 5.3 (2.5) 4.3 (1.5) 4.5 (1.3)
PC (-) 2.0 (1.7) 1.7 (1.2) 2.5 (2.6)

6.3.1 Time of completion

The TOC results are plotted for all four experiment rounds (R1, R2, R3, R4) and this 
is presented in figure 6.2. S1, S2, S3 represent subjects 1, 2 and 3, and the figure shows 
their individual results.
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Figure 6.2: TOC results

6.3.2 Number of collisions

The collision results are plotted for all four experiment rounds (R1, R2, R3, R4) and 
this is presented in figure 6.3.

Figure 6.3: Collision results
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6.3.3 NASA-TLX

The NASA-TLX results are plotted for all four experiment rounds (R1, R2, R3, R4) 
and this is presented in the following figures in which the temporal demand is shown in 
6.4, the mental demand is shown in 6.5 and the physical demand is shown in 6.6. 

Figure 6.4: Temporal demand results

Figure 6.5: Mental demand results

6.3.4 Area Mapping

The area maps of the pilot study are presented in 6.7, showing the overall 
environment, the obstacles, the false negatives, the false positives and the corrects 
answers as provided by the subjects. It must be noted that these results are based 
on the information provided on a blank sheet of paper, and is later 
interpreted in this schematic overview in the analysis. 
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Figure 6.6: Physical demand results

6.4 Discussion and conclusion

The main results in this study are the lessons learned from the pilot study, and are fed 
into protocol developments of the follow-on experiment campaign. Both mid-experiment 
and post-experiment, the points of improvement were noted down in order to prepare 
the protocol.

The first lesson was learned as the first subject arrived to their appointment to perform 
the experiment, and walked into the operational site which allowed the subject to see 
the rover, the obstacles and the relative distances from each other. The goal is to 
maximise the resemblance of this experiment to a lunar scenario, in which the only 
visual that the astronauts have of the operational site on the lunar surface is the 
screen that projects the images of the rover’s camera. In order to avoid more insight 
to be provided to the subject, physical access to the operational site must be avoided 
and the entrance to the laboratory must be planned accordingly. After this point of 
improvement was noted, S2 and S3 were directed to an external door through which 
they could enter the lab, while avoiding passing through the operational site.

Moreover, a random order of the conditions per experiment round must be introduced. 
Though the main tasks remains constant, the conditions are expected to affect the 
performance of the participant. By introducing a random order of conditions, the effect 
of the condition on the participant’s performance can be studied more objectively.
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Regarding the perception results, the time pressure that C3 was intended to induce 
could be enhanced by decreasing the time limit. Though the Time of Completion (TOC) 
was different per subject, the subjects got familiar with the parcours after executing 
the task twice before, and the TOC was lower as compared to that of C1 and C2. The 
three-minute limit was chosen based on a number of test rounds performed by the study 
leads and it was initially considered a challenging time limit for the subjects, but this 
pilot study showed that the subjects improve the time when repeating the exercise. 
Results show that all participants indeed started with a TOC higher than three minutes, 
but all ended with a TOC smaller than three minutes in the final round. Though the 
fact that a ticking clock was positioned in front of the participants, leading to an initial 
moment of pressure, given as verbal feedback, the performance did not decrease as a 
result of it. For the follow-on campaign, the time limit must be set to a unpractical 
value, such that the intensity of the the time pressure increases and it is expected that 
the performance is affected.

Following this point, it is to be noted that the TOC of the subject was communicated 
over radio between the two study leads. This informed the subject of their performance, 
and through verbal feedback it was noted that the subject was trying to improve their 
previous TOC. In case of S2, the subject has a TOC that was lower than the time limit 
in C3, and because the subject was aware of the previously achieved performance, the 
demand was lower instead of higher as intended by experiment design.

Furthermore, instead of limiting the questionnaire to perceived TC, MC and PC, the 
proposal is made to use the NASA-TLX. Using this tool, which requests the participants 
to indicate their perceived levels of demand, the following metrics are recorded, the 
values with respect to each other are calculated and weights are given to each metric 
(i.e., mental demand, physical demand, temporal demand, performance, effort, 
frustration).

The assessment of the the situational awareness was done by asking the participants 
to draw a map of the operational site. In the step that followed, these drawings were 
recreated into a schematic map. This step does not exclude subjective interpretations 
from occurring, and hence this process must be improved. The proposal is to provide the 
subjects with a schematic overview of the operational site, containing all the obstacles 
and in addition extra obstacles. The subject must be asked to cross off the obstacles as 
they recall the environment, rather than drawing a map starting from a blank sheet of
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paper. This allows for an objective representation of the SA, and a comparison between 
different participants. Furthermore, applying this method allows for the SA results to 
be quantified.

The current results are taken into account for the protocol enhancement and preparation 
for the upcoming experiments which will focus on both the tele-operated driving and 
the tele-operated sampling operations. The main experiment campaign, as presented 
in the next two chapters, chapter 7 and chapter 8, proposes an extended experiment 
with a larger sample size. Furthermore it will apply all lessons learned from this pilot 
study, and moreover focus on the human aspect of human-robotic operations which can 
be studied through human metrics. The two points we want to focus on are the use of 
ECG and eye-tracking techniques. Using the ECG, the subject’s heart rate variability, 
HRV, metrics are measured in order to understand more about the stress levels during 
the task using the standard deviation of the NN intervals (SDNN). Moreover, tracking 
eye movement allows for a deeper insight into the behavioral assessment of the subject.

Furthermore, we want to focus on three time-delay conditions, which represent different 
control conditions for future missions between the operator and the rover driving on the 
Moon. These time-delay conditions assume that the robotic asset is on the surface of 
the Moon and operates there while communicating to either the surface of the Moon 
(time-delay: 0s), Gateway (time-delay: 0.5s), or Earth (time-delay: 3.0s).

To conclude, the outcome of this study has enabled the process through which a stabilised 
protocol can be formed to study human performance. The protocol rehearsal brought 
forward a number of essential lessons which must be applied in order to perform an 
analogue campaign to prepare the assessment of human performance in human-robot 
operations. As part of these lessons, this pilot study has resulted in insight in perceived 
demand of an operator, and as conclusion, it can be stated that a quantitative assessment 
of human performance degradation due to increased demand can be in the future realised 
with the presented approach.
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(a) Area map subject 1 (b) Area map subject 2

(c) Area map subject 1

Figure 6.7: Area map results from subjects. Gray rocks: False negatives. Green rocks: 
Correct answers. Red rocks: False positives. Illustrations from Timman.
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Chapter 7

Experimental Work 1
Tele-Operated Driving Operations

7.1 Introduction 

The objective of this study was to assess and quantify the human-robotic performance in 
tele-operated driving operations as an effect of time-delay, in order to test the hy-
pothesis that an increasing time-delay leads to an increased perceived workload, which 
leads to degradation in human performance in human-robotic integrated operations. 
This was done by designing an experiment resembling future exploration missions, by 
setting up an analogue site with elements that are essentials to such operations as 
presented in the HERACLES mission [Landgraf et al., 2015b, Landgraf et al., 2015a]. 
The time-delay conditions are specified as those from the lunar surface, Gateway and 
Earth, assuming the robotic asset to be on the surface of the Moon. This perfor-mance 
quantification and study of human metrics was realised by the use of ECG to study 
the cardiac activity of the operator during control of the rover under different time-
delays [Chanel et al., 2020], since previous findings have demonstrated that cardio-
vascular activity provides information on the human-robot interaction and moreover the 
cognitive activity [Hidalgo-Munoz et al., 2018, Causse et al., 2009, Causse et al., 2012, 
Mandrick et al., 2016, Causse et al., 2011], Both the HR and HRV metrics were focused 
on in this study [Durantin et al., 2014, Jimenez-Molina et al., 2018]. Moreover, the 
study of ocular activity is done through the use of eye-tracking techniques which tracks 
the eye-movements which allows to see the focus of the eyes at certain points in time, 
and moreover these techniques enable the study of gaze duration on specified areas 
throughout the task. A benfit of this technique is that it allows the analysis of both phys-
iological and behavioral metrics which are both very useful [Peysakhovich et al., 2019]. 
In addition to these metrics, a secondary task is introduced to study the working memory 
[Dehais et al., 2018b, Callan et al., 2018, Dehais et al., 2019, Edworthy et al., 2018], and 
to find potential effects of time-delay. The task consisted of the control of a rover through 
a predefined path, while avoiding obstacles lined out on the path, and driving to the 
defined end-point. The hypotheses that drive this experiment campaign are as follows.
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• Does increased time-delay results in increased workload?

• Does increased workload lead to degradation in human performance in human-
robotic integrated operations?

7.2 Materials and methods

The experiment was conducted with 36 participants, consisting of 18 military pilot 
candidates and 18 engineers and scientists working in the space industry. The pilot 
trainees have all completed a performance test conducted by the Netherlands Royal Air 
Force, which in this experiment was considered the selection criteria for the military 
participants. This group of participants was selected based on their uniform training, 
skillsets and approach with HMI, which was intended to simulate the skillset of a group 
of astronauts who are eligible for the control of a rover. The engineers working in the 
space industry were selected based on their educational background in Science, 
Technology, Engineering, Mathematics (STEM). This combination was chosen in order 
to get as close as possible to the trainees that are selected in astronaut selections, and 
the requirement for that selection is to either be a (test) pilot or educated in the STEM 
field.

7.2.1 Rover

The rover used in this experiment is the Interact Rover as seen in figure 7.1. This is 
an in-house developed experimental rover, designed and built at the Human Robotic 
Interaction Laboratory of ESA. It consists of a mobile platform in which all four wheels 
are powered and steered. The rover has the capacity to carry two robotic arms 
depending on its task, and for this experiment one robotic arm was connected on the 
Interact Rover which holds the stereo camera in place through which the operator 
obtains their visuals of the experimental site. The robotic arm has seven degrees of 
freedom with force-torque sensors and grippers. It is of interest to note that the rover 
was used previously in a space-to-ground tele-operations experiment by ESA to 
demonstrate an end-to-end real-time rover control from ISS to ESA/ESTEC.
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Figure 7.1: Interact Rover. Picture from ESA.

7.2.2 Interface

The station of the participants was identical to the one used for the pilot study, but the 
interface was different for this experiment in order to make the control of the rover less 
complicated and more intuitive. The participant was presented another controller as 
compared to the pilot study, in the form of a control stick that is also used for gaming 
interfaces. This was due to advancements of the laboratory in terms of interfaces, and 
the system’s advantages as compared to the interface hardware used for the pilot study. 
One example is that the steering of the rover is more intuitive with the current interface. 
Where in the pilot study the subject had to stop the rover, change the orientation of 
the wheels, turn, and change the orientation of the wheels again in order to make the 
slightest turn, in this set-up the subject has an easier way of turning, i.e. by moving 
the control stick towards the direction that they want the rover to move.
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Figure 7.2: Workstation for Experiment 1. Picture from Timman.

7.2.3 Experimental site

The operational site of this experiment was the same location as the pilot study was 
held, but the operational area was larger (approximately two times) compared to the 
pilot study. This was enabled by making an additional section of the Erasmus 
Highbay at ESA-ESTEC available, which allows for a longer traverse to be driven by 
the participants, and furthermore the amount of obstacles can be increased along the 
way. The experiment site is presented in figure 7.3, in which only the white arrows are 
relevant markings on the floor. With the lessons learned from the pilot study, obstacles 
in the form of mock rocks were located in such a way that increases the complexity 
of the traverse. This complexity was realised by defining two types of obstacles, i.e. 
two-fold obstacles and three-fold obstacles. These types of obstacles are presented in 
figure 7.4.  
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In case of the two-fold obstacle, the operator can steer the rover straight through the 
middle of the two obstacles that it faces on the path. In case of the three-fold obstacle 
though, the operator was required to perform more maneuvers to lead the rover 
through the three rocks without any contact with the obstacles. These two halves of 
the experiment sites are referred to as the two complexity areas. 

Figure 7.3: Experimental site. Picture from Timman.

7.2.4 Protocol 

The subject was welcomed to the lab through a side-entrance, in order that they do 
not see the experimental site to avoid familiarisation of the obstacles. The subject took 
place at the work station as presented in figure 7.2, after which the ECG was applied 
for warm-up. This was followed by the briefing, in which the participant was informed 
that the goal was to drive the rover from its starting position through a parcours, 
following white arrows, to its final destination. Moreover, the briefing informs the 
subject that a sequence of numbers will be presented to them during the task and 
that they are
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(a) Two-Fold Obstacle (b) Three-Fold Obstacle

Figure 7.4: Types of Obstacles. Illustrations from Timman.

asked to repeat the sequence. Further instructions include that the participant must 
avoid obstacles and be efficient with the time, due to battery limitations. These two 
points were added in the briefing to add performance pressure, mimicking stress levels 
which rover operators in the future will deal with to not harm the rover and to keep 
into account power budgets. The participant was furthermore asked to not speak un-
less necessary, to have clean ECG data. After this briefing, the eye-trackers were 
applied. 

A training session was first given in which the participant could control the rover 
under all three time-delay conditions. For this phase the rover was placed in front of a 
round-about created with arrows and a big rock in the middle, and the participant was 
asked to drive the rover around in the circle, counter-clockwise. Following the practice 
round, the participant was asked to park the rover in its designated parking location 
which was also indicated by an arrow on the floor. The training time for each condition 
was approximately 10 minutes which is about the time that the participant’s learning 
curve took during the pilot study in chapter 6 [Hosseini et al., 2017]. In that point, the 
participant has trained the three time-delay conditions, avoiding obstacles, and parking 
the rover, which were the basic tasks for the experiment.

The experiment per se was then started and the participants had to perform the 
primary task (tele-operation of the rover) and the secondary working memory task in 
the three delay conditions (C1, C2 and C3) in a quasi-random order. The order of the 
experimental
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conditions were counterbalanced to control for potential fatigue or learning effects. The 
experiment started by turning on the ECG and the eye-tracking device, after which the 
time was started and the subject was given the go-ahead to start the task. Upon the 
passing of three different locations during the task, the ECG was pressed for record of 
data and the subject is presented a sequence of numbers which they are asked to repeat 
back. At the end of each experiment round, which was at the arrival of the end-point, 
the time was stopped along with the ECG and the subject is presented a TLX 
questionnaire to fill in. This was repeated two more times until the tasks was 
performed in all three time-delay conditions, as seen below. After the third and last 
round of experiment, the participant was presented an area map to fill in. This is 
further described in the metrics section. Time-pressure is introduced by telling the 
participant that they should be efficient with how they spend their time, since the 
battery time on the rover is limited.

• C1: 0.0s delay, representing the delay condition in which the controller is on the 
lunar surface

• C2: 0.5s delay, representing the delay condition in which the controller is on a 
cis-lunar station called the Gateway (at approximately 60.000km distance from 
the operating site)

• C3: 3.0s delay, representing the delay condition in which the controller is on Earth 
in a control room

7.2.5 Measurements

Primary and secondary task performance 

We measured the time of completion, in each of the three delay conditions, to achieve 
the primary task. It corresponded to the duration from the first action on the user 
interface of the rover, until the rover arrives at its end position. Regarding the 
secondary task, we computed the mean number of digits that were erroneously read 
back by the volunteers in each of the three delay conditions.

Subjective measurement

The participants had to fill in the analog NASA-TLX scale to report their level of 
mental workload after the achievement each of the three experimental conditions.
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Eye tracking

We used the Tobii glasses eye-tracking system (100Hz, 0.5 degree accuracy) to collect 
participants’ eye movements during task completion. Data analysis was performed using 
the Tobii Pro Lab software. The participants fixations were firstly mapped on an image 
of reference, chosen for each participant so that it contained the two AOIs that were 
the far-field and the near-field, i.e. the top half of the screen and the bottom half of the 
screen. We then computed the mean number of fixations per minute (fixation rate) on 
each of the two AOIs for each experimental condition. 

Electrocardiogram

Cardiac activity was acquired with the Faros ECG (500 Hz). The three electrodes were 
positioned on the right clavicle, the left clavicle, and a third electrode underneath the 
heart and a conductor gel was used to enhance signal quality. We then derived the heart 
rate (HR) and the SDNN to account for heart rate variability (HRV). This latter metrics 
was computed as the standard deviation of the RR intervals of the cardiac signal.

Time of completion

The time measured for driving the rover from its beginning position to its end position 
is called the time of completion (TOC). This was kept manually with a stopwatch which 
was turned on once the rover leaves its starting position, and turned off when the rover 
was parked in its final position. This time was measure for all three conditions, i.e. 
three laps that were driven from start- to end position.

Number of collisions per segment

In the parcours a number of mock rocks were situated as obstacles which the 
participants were asked to avoid. Failing to do so, the number of obstacles hit was 
counted to compare the performance between the three time conditions and in the 
different complexity areas. This was done by an experiment assistant who was present 
in the experiment site near the rover, and the total number of obstacles hits was 
noted down per time-delay condition.

Area Mapping

The map of the area was presented to the subject at the end of the experiment, to 
test their memory of the parcours and the ability to recall the location of the obstacles.
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This was done at the very end of the experiment since the subject has had three full 
runs through the parcours and it was expected that this moment should allow for a 
maximised memory. Contrary to the pilot study 6 in which the subject was presented 
a clean sheet of paper asking to draw the traverse they had covered and the obstacles 
they faced, this experiment takes an approach which allows for quantification of the 
subject’s performance and inter-participant comparison. This approach was to present 
the participant with a sheet of paper which was presented in figure 7.5 that has circles 
on it which represent the obstacle in the parcours. Besides the positive obstacles, the 
sheet also includes false positives, i.e. obstacles that were on the sheet but not in the 
parcours. In figure 7.6, the map without the false positives can be found. The subject 
was asked to identify the obstacles that it remembers to have come across by checking 
the circle, and to draw the traverse from start- to end position using arrows. 

Figure 7.5: Area map presented to subject. Illustration from Timman.
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Figure 7.6: Area map without the false positives. Illustration from Timman.

7.3 Results
All statistical analyses were carried out with R-studio (1.1.423) which is a tool to 
conduct analysis of variance (ANOVA). ANOVAs were computed over the NASA-
TLX scores, time of completion, number of collisions and ocular metrics separately. 
The Tukeys Honest Significant Difference (HSD) test was used for all post hoc 
comparisons. Cardiac measures (i.e. HR and HRV/SDNN) did not follow a normal 
probability distribution. We then performed Friedman ANOVA and used Wilcoxon 
Signed Rank test for post-hoc analyses with Bonferroni method to correct for multiple 
comparisons. The mean values of the analyses are presented in table 7.1. 

7.3.1 NASA-TLX

A one-way ANOVA revealed a significant effect of the different time-delay conditions 
over the total NASA-TLX index: F(1,35)=63, p<0.0001, ges=0.62. Post-hoc analyses 
disclosed that participants reported higher NASA-TLX index for C3 than C1 
(p<0.0001) and C3 than C2 (p<0.0001).
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Table 7.1: Mean and standard deviation for time of completion (TOC), number of 
working memory errors (WM), NASA-TLX score, HR and HRV (SDNN) across the 
three time-delay conditions

Time-Delay Conditions
C1 = 0.0s C2 = 0.5s C3 = 3.0s

TOC (s) 148.28 (20.65) 158.28 (24.41) 395.03 (92.37)
Collissions 2.22 (1.62) 2.31 (1.82) 5.17 (2.73)
WM (errors) 3.33 (2.88) 2.97 (2.71) 2.33 (2.57)
NASA-TLX (%) 45.92 (21.88) 51.65 (22.17) 73.31 (17.52)
HR (BPM) 76.19 (14.05) 77.22 (14.46) 75.25 (14.48)
SDNN (ms) 68.2 (25.7) 62.7 (24.3) 58.1 (18.5)

7.3.2 Time of completion

A one-way ANOVA revealed a significant effect of the different time-delay conditions 
over the TOC: F(1,35)=279, p<0.0001, ges=0.88. Post-hoc analyses disclosed that par-
ticipants exhibited longer TOC for C3 than C1 (p<0.0001) and C3 than C2 (p<0.0001).

7.3.3 Collisions

A one-way ANOVA a revealed significant effect of the different time-delay conditions 
over the number of collision: F(1,35)=279, p<0.0001, ges=0.88. Post-hoc analyses 
disclosed that participants experienced more collisions during C3 than C1 (p<0.0001) 
and C3 than C2 (p<0.0001).

7.3.4 Working memory 

A one-way ANOVA revealed a nearly significant effect of the different time-delay 
conditions over the number of working memory errors: F(1,35)=3.91, p<0.058, 
ges=0.10. Post-hoc analyses did not disclose any difference between the conditions.
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7.3.5 ECG

Due to data loss, one participant was removed from the analysis of the electrophysiolog-
ical data. The HR results showed no significant differences: The X2r statistic is 1.7214 
(2, N = 70) and render a p-value = 0.42286.

A non parametric Friedman ANOVA was conducted to assess the effects of the three 
delay conditions on SDNN and rendered a Chi-square value of 5.64 which was almost 
significant (p=0.058). We ran further post-hoc analyses, using Wilcoxon Signed Rank 
test that disclosed only significant differences between C1 and C3 (p=0.05).

7.3.6 Eye tracking

Due to data loss, one participant was removed from the analysis of the eye-tracking 
data. A two-way ANOVA did not disclose any main effect of the three delay conditions 
over the mean number of fixations rate: F(2,34)=1.27, p=0.3, ges=0.007. However, this 
analysis also disclosed a main effect of the two AOIs on the mean number of fixations 
rate with higher mean values for the bottom AOI (mean=75.2, SD=8.42) than for the 
top AOI (mean=39.6, SD=6.8), F(2,34)=8.21, p=0.01, ges=0.19. No condition x mean 
number fixations rate interactions were found (p=0.2) thus preventing us to run post-
hoc analyses. Figure 7.7 presents the mean number of fixations per minute across the 
three time-delay conditions, with NGT and NGB representing the number of gazes on 
the top AOI and number of gazes at the bottom AOI, respectively.

7.3.7 Area Maps

We performed Pearson correlation analyses to find potential correlation between the 
results of the area map and other selected performance metrics. This analysis was 
performed for the total corrects answers of the area maps as a function of the TOC, 
the HR and the TLX total workload for all three conditions. No significant correlations 
were found. This correlation analysis is presented in table 7.2.

7.4 Discussion and Conclusion

The goal of this study was to investigate performance in tele-operated driving operations 
under time-delay from the Moon, Gateway and Earth, using subjective, cardiac, ocular 
and behavioral measures.
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Table 7.2: Correlation analysis of TOC, HR, TLX (in delay conditions C1, C2, C3) as a 
function of the total correct answers, cor tot

cor tot
C1 = 0.0s C2 = 0.5s C3 = 3.0s

TOC r 0.37 -0.02 0.17
p 0.03 n/a 0.31

HR r 0.06 0.04 0.01
p 0.71 0.84 0.95

TLX r 0.07 0.08 0.03
p 0.66 0.63 0.86

Figure 7.7: Mean number of fixations per minute across the three conditions

By conducting this experimental work under these three time-delay conditions, while 
collecting the aforementioned measures, our goal was to assess the effect of different 
time-delay conditions on human-rover interactions. Future exploration missions are 
being designed in the present, and the sooner this information was collected, the more 
it can be part of the bottom-up design of exploration missions in which tele-operations 
is key in the mission success. 
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The workload results of the NASA-TLX show that significant effects were found be-
tween the two shorter time-delays, C1 and C2, compared to the largest time-delay, 
C3. These results meet the expectation that a larger time-delay decreases the perfor-
mance in the human-robot interaction. Similar results have been found other findings 
[Adams and Kaymaz-Keskinpala, 2004] which also shows higher perceived workload for 
increased time-delay. C1 and C2 are two delays which are very similar, yet chosen in 
order to have specific results for lunar surface conditions and Gateway conditions. No 
significant results were expected between the two conditions, which is also confirmed 
with the obtained results. 

Regarding the TOC, it makes sense that C3 is larger compared to C1 and C2, given the 
fact that the task was identical but the control delay is approximately 3s larger than 
the others. If the subject does not change the control strategy between the experiment 
runs, e.g. taking short cuts if possible, one naturally expects that the time to complete 
the task takes longer. And indeed, the results show a significant difference between C3 
and C1, and also between C2 and C1, proving longer TOC for the larger time-delay. 
This is in line with previous findings [Yip, 2010] performing similar tele-operations tasks.

Moreover, one may argue that the number of collisions should technically not be in-
fluenced by the delay because the task was the same, and if the subject can avoid the 
obstacles in one round this can create the expectations that this can be done again in 
the next experiment run. However, our results revealed that time-delay affects 
behavioral and physiological aspects, and though the subject was mentally aware of the 
time-delay and have even trained under the large time-delay conditions, upon arrival at 
an obstacle episodes of control loss occurred when the subject would re-direct the rover 
and find it continuing straight ahead. Often this would result in the rover driving into 
an obstacle. Especially in turns, in which multiple manoeuvres were required to drive 
past the obstacle, one would find an increased amount of collisions. Because 
especially in C3, every manoeuvre would require a reset in planning if the subject did 
not plan a couple of steps ahead, which happened often. This is also seen in the results, 
which show that subjects had more collisions during C3, compared to both C2 and C1.

Next, the working memory was assessed in the form of a secondary task which was 
presented to the subject during the primary task. Upon the arrival of three fixed 
locations in the parcours, the subject was presented a seven-digit sequence which they
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were asked to repeat. The expectation, based on previous findings [Dehais et al., 2018b], 
is that a higher time-delay conditions would result in a worse performance in terms of 
the secondary task. This is because a higher level of concentration is required for a 
larger time-delay task, and therefore one expects that the primary task requires more 
effort to complete, and less capacity remains for the secondary tasks resulting in 
performance decrease. But what the aforementioned study [Dehais et al., 2018b] 
focuses on is a low cognitive fatigue class and a high cognitive fatigue class, and the 
results show a lower performance in the high cognitive fatigue class. Two thoughts on 
this are that firstly, time-delay conditions and fatigue conditions were not the same 
and therefore the same results cannot be anticipated. Secondly, the study focuses on a 
flight scenario in which the total task is similar to our experiment, but our experiment 
stops in between the different conditions and therefore the total concentration time on 
the task is approximately 5 minutes. The results of [Dehais et al., 2018b] may suggest 
that in case our experiment took longer, to the state that fatigue would be a factor, 
performance decrease in the working memory could be observed. In addition, previous 
findings [Gagnon et al., 2012] show that the selection of an appropriate secondary task 
for the measure of mental workload is critical as its sensitivity may vary considerably, so 
the lack of significant effect of the secondary task may be due to the type of secondary 
task. A more challenging task may be more effective and may show a higher sensitivity 
from the subject.

From HRV we know that increased workload leads to a more stable HR, which results in 
a lower HRV. The HRV results show significant differences between C1 and C3 in the 
SDNN data, proving a better performance recorded by cardiac activity for the smallest 
time-delay condition compared to the largest delay condition. Surprisingly, no significant 
differ-ences were observed between C2 and C3, because given the similarity between C1 
and C2 a main effect was also expected to be seen between C2 and C3. The HR data on 
the other hand, did not show significant differences, against the expectations of previous 
findings [Scannella et al., 2018, Durantin et al., 2014, Causse et al., 2009, Causse et al., 
2011] which did observe a significant effect as mental demand increased. But in 
compar-ison with these studies, the type of task, duration and difficulty are factors 
that were different and may be the cause of this difference in results.

Furthermore, the eye-tracking data show no significant effect of time-delay. We did 
expect an effect of time-delay, given that previous findings detected attentional tunneling 
[Regis et al., 2012, Regis et al., 2014, Dehais et al., 2012], occurring when a user fixates
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their attention on a single informational channel for an unhealthy length of time. We 
did find a main effect between the two AOIs. As the camera was mounted on top of 
the rover, and therefore moved along with the movements of the rover, the bottom 
AOI showed area just in front of the rover, and the top AOI showed the far-field. This 
division was meant to see whether participants plan ahead in their tasks, or if they 
were solely focused on the steps right in front of them. The expectation was that most 
time was spent on looking at the bottom AOI, because that allowed a good view of the 
obstacles nearest to the rover. And indeed, the results showed a higher mean number of 
fixations for the bottom AOI, compared to the top AOI.

In the final parts of the results the focus in on the area maps, which showed no 
correlation with the other performance parameters. Firstly, the assessment was set up 
such that it was not possible to see an effect of time-delay, given that the area maps 
were presented to the participant only at the very end of three experiment runs. This 
decision was made because presenting the map three times would result in 
memorisation of the obstacles, and after the presentation of the map the participants 
would have paid more attention on memorising the obstacles, which was expected to 
have an effect on the primary task of controlling the rover.

All in all, the results show an effect of time-delay on performance, in terms of the 
workload data, the TOC, the amount of collisions and SDNN data, while the working 
memory and eye-tracking data does not show an effect of the time-delay. Understanding 
these measures, and the effect of time-delay on them, is an important factor in the 
preparation of future space exploration missions in which the mission success is depen-
dent on human control of robotic assets.

In future experimental work, the recommendation is that a longer task duration is 
accounted for such that fatigue is induced. This is comparable to real-life missions in 
which tasks are in the order of hours, e.g. a spacewalk which at times needs robotic 
assistance is in the range of 5-8 hours, and fatigue is definitely a factor. Implementing 
this factor in the experimental work is expected to be very valuable for mission 
preparations and understanding the human factors of such efforts. Moreover, what we 
see in the discussion of this experiment is that the secondary task must be looked at 
more closely to make sure that there’s sensitivity to this task in parallel to the primary 
task.
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8.1 Introduction

This study focuses on sampling tele-operations, based on the operations of the HERA-
CLES mission [Landgraf et al., 2015a, Landgraf et al., 2015b] in which a rover is fore-
seen to drive on the lunar surface and perform sampling operations. The aim of the 
experiment is to study the HERACLES surface operations in terms of analogue tests, 
in order to prepare efficient operations for future crew serving in lunar missions. The 
sampling operations as foreseen in the HERACLES mission include scooping and picking 
up samples and storage in a sample container. This will be done by a robotic arm which 
will be positioned on a lunar rover. These mission operations are simulated in this 
experiment as far possible. Time-delay is a key factor in tele-operations between Earth 
and the Moon, and hence this study focuses on the different time-delay conditions that 
are true for the different lunar control scenarios, delay conditions from lunar surface, 
Gateway and Earth, assuming the robotic asset to be on the surface of the Moon. In 
this study we introduce the use of cardiac and ocular measures since they have been 
proven to be an effective method for performance assessment in the interaction between 
human and robotic systems [Wanyan et al., 2007]. Eye-tracking techniques are used to 
see where the subject is looking at a given time, and the sequence in which the eyes 
are shifting from one place to another [Poole and Ball, 2006]. Moreover, a secondary 
working memory task is used as an indirect index of mental workload and as assessment 
of potential impact of time-delay on executive functioning. In addition, neuroer-
gonomics studies have proven that cardiovascular activity can provide added information 
about human-machine interactions and cognitive activity [Hidalgo-Munoz et al., 2018, 
Causse et al., 2009, Causse et al., 2012, Mandrick et al., 2016, Causse et al., 2011]. As 
part of this study, an experiment, as described below, was conducted in which a robotic 
arm was tele-operated to pick up a small shaft and navigate it to its station where it 
can be clicked in place. This was tested in three aforementioned time-delay conditions,
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to study the different control options within the Moon missions proposed by the Eu-
ropean Space Agency. The hypotheses that drive this experiment campaign are as 
follows.

• Does increased time-delay results in increased workload?

• Does increased workload lead to degradation in human performance in human-
robotic integrated operations?

8.2 Materials and methods

For this study, 18 healthy participants (mean age = 29.62 years, SD = 2.43, 14 male 
and 4 females), all staff at the German Airbus Defence and Space in Bremen were 
recruited by local advertisement. The subjects are all engineers with a MSc. degree 
working at the company in different departments. None of the participants have 
expertise in robotics or space operations. Participants gave their informed consent upon 
being informed about the nature of the experiment.

8.2.1 Robotic arm

The robotic arm was located at the Space Robotics Laboratory, and is the KUKA LBR 
iiwa 14 R820 that has seven joints and six degrees of freedom with a maximum load of 
14 kg and a working area of 820 mm. The arm was positioned on a platform with a 
fixed mounting, with the freedom to move in three dimensions within the constraints of 
its mounting. A fixed camera was placed through which is aimed at the robotic arm 
mounting, and moreover the subject was not in the same room as the robotic arm. A 
3D printed shaft was placed on the same platform, on a small mounting which was fixed 
on the platform. This shaft was not fixed, but simply rested on its mounting. This 
set-up can be seen in figure 8.1a. Another element, a 3D printed half-circled form, was 
placed at a small distance from the shaft, and the purpose was to click the shaft in this 
element.

8.2.2 Interface

The control station to operate the robot was placed in a closed room with no direct 
visual contact on the robotic arm. It was composed of the user interface, positioned 
at eye-height, that displays the camera video footage with an overview (right half) of
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the screen and the close-up (the left half of the screen) as presented in figure 8.2. The 
robotic arm was controlled via a joystick that can move forward, backward, to the left, 
to the right, and torque both clockwise and counter-clockwise. With the use of two 
buttons on the base, the robotic arm can also be moved upward and downward. This 
set-up is presented in 8.1. 

8.2.3 Experimental Scenario

The scenario was designed in which the volunteers had to tele-operate a robotic arm 
under different delay conditions. The volunteers were placed in the control station (see 
previous section) to assemble a 3D printed shaft with another half-circled shape (see 
figure 8.1). The shaft was placed close to the robotic arm, on a small mounting which 
was fixed on a platform. This shaft was not fixed, but simply rests on its mounting. The 
other element, the 3D printed half-circled form, was placed at a small distance from the 
shaft. The purpose was to click the shaft in this element. Concretely, the arm had to 
be controlled towards the shaft, after which it had to lower and pick up the shaft. After 
this, the arm had to be moved towards the half-circle which was its end-position, and 
click the shaft in the half-circle. The logical sequence of these operations is visualised in 
figure 8.2 for clarity.

8.2.4 Protocol

The subject was welcomed to the experiment and asked to take place behind the table as 
shown in figure 8.1c. A small briefing is given which explains the general purpose of the 
experiment, and then the ECG is placed on the subject for warm-up. The briefing lines 
out the instructions of the test, which are to control the robotic arm using the joystick 
and to perform a series of subsequent operations with the robotic arm. First, the arm 
must be controlled towards the shaft, after which it has to lower and pick up the shaft. 
After this, the arm must be moved towards the half-circle which is its end-position, and 
click the shaft in the half-circle. This is then repeated for all time-delay conditions. 
The logical sequence of these operations is visualised in figure 8.2 for clarity. Moreover, 
the briefing informs the subject that a sequence of numbers will be presented to them 
during the task and that they are asked to repeat the sequence. The subjects were 
trained to operate the robot and allowed them to practise and to try out the control of 
the robotic arm in all three time-delay conditions. The exercise started with a training 
period of 10 minutes. This duration of this training time was concluded in the study
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by [Hosseini et al., 2017] that served as a pilot study for the current study and was 
held in preparation for this experiment. Here, the time performance results showed a 
converging behavior after approximately 10 minutes of familiarisation with the system.

The experiment per se was then started and the participants had to perform the primary 
task (tele-operation of the robotic arm) and the secondary working memory task in 
the three delay conditions (C1, C2 and C3) in a quasi-random order. The order of the 
experimental conditions were counterbalanced to control for potential fatigue or learning 
effects. The experiment started by turning on the ECG and the eye-tracking device, 
after which the time was started and the subject was given the go-ahead to start the 
task. Upon the passing of three different locations during the task, the ECG was pressed 
for record of data and the subject is presented a sequence of numbers which they are 
asked to repeat back. At the end of each experiment round, which was the moment 
that the shaft clicks into the half-circle, the time was stopped along with the ECG and 
the subject is presented a TLX questionnaire to fill in. This was repeated two more 
times until the tasks was performed in all three time-delay conditions, as seen below. 
Time-pressure is introduced by telling the participant that they should be efficient with 
how they spend their time, since the battery time on the robotic arm is limited.

• C1: 0.0s delay, representing the delay condition in which the controller is on the
lunar surface

• C2: 0.5s delay, representing the delay condition in which the controller is on a
cis-lunar station called the Gateway (at approximately 60.000km distance from
the operating site)

• C3: 3.0s delay, representing the delay condition in which the controller is on Earth
in a control room

8.2.5 Measurements

Primary and secondary task performance

We measured the time of completion, in each of the three delay conditions, to achieve
the primary task. It corresponded to the duration from the first action on the robotic
arm until the arm clicked the shaft in into is end position. We computed the mean
number of digits that were erroneously read back by the volunteers in each of the three
delay conditions.
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(a) Robotic arm (b) Joystick interface (c) Experiment set-up

Figure 8.1: Set-up of experiment 2. Pictures from Timman.

Figure 8.2: Visualisation of task in experiment 2. Pictures from Timman. 

Subjective measurement

The participants had to fill in the analog NASA-TLX scale to report their level of 
mental workload after the achievement each of the three experimental conditions.
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Eye tracking

We used the Tobii glasses eye-tracking system (100Hz, 0.5 degree accuracy) to collect 
participants’ eye movements during task completion. Data analysis was performed using 
the Tobii Pro Lab software. The participants fixations were firstly mapped on an image 
of reference, chosen for each participant so that it contained the 2 Areas Of interest that 
were the overview and the close-up, i.e. the right half of the screen and the left half of 
the screen, as presented in figure 8.2. We then computed the mean number of fixations 
per minute (fixation rate) on each of the two AOIs for each experimental condition.

Electrocardiogram

Cardiac activity was acquired with the Faros ECG (500 Hz). The three electrodes were 
positioned on the right clavicle, the left clavicle, and a third electrode underneath the 
heart and a conductor gel was used to enhance signal quality. We then derived the heart 
rate (HR) and the standard deviation of the NN interval (SDNN) to account for heart 
rate variability (HRV). This latter metrics was computed as the standard deviation of 
the RR intervals of the cardiac signal.

Time of completion

The time measured for controlling the robotic arm from its start position to its end 
position is referred to as the TOC. This was kept manually with a stopwatch which was 
turned on once the arm makes its first movement at its starting position, and turned 
off when the arm clicks the shaft into its end position. This was done for all three 
time-delay conditions.

8.3 Results

All statistical analyses were carried out with R-studio (1.1.423) which is a tool to 
conduct analysis of variance (ANOVA). ANOVAs were computed over the NASA-
TLX scores, time of completion, number and ocular metrics separately. The Tukeys 
Honest Significant Difference (HSD) test was used for all post hoc comparisons. Cardiac 
measures (i.e. HR and HRV/SDNN) did not follow a normal law. We then performed 
Friedman ANOVA and used Wilcoxon Signed Rank test for post-hoc analyses with 
Bonferroni method to correct for multiple comparisons. The mean values of the analyses 
are presented in table 8.1.

PhD Thesis - Shahrzad Timman | 90



8 | Experimental Work 2
Tele-Operated Sampling Operations 8.3 | Results

Table 8.1: Mean and standard deviation for time of completion (TOC), number of 
working memory errors (WM), NASA-TLX score, HR and HRV (SDNN) across the 
three time-delay conditions

Time-Delay Conditions
C1 = 0.0s C2 = 0.5s C3 = 3.0s

TOC (s) 207 (53) 220 (69) 352 (75)
WM (errors) 1.3 (1.1) 1.5 (0.9) 1.1 (1.0)
NASA-TLX (%) 55.78 (17.45) 62.85 (17.27) 69.54 (17.82)
HR (BPM) 79.58 (11.4) 79.56 (9.96) 79.26 (10.34)
SDNN (ms) 53.92 (12.59) 55.93 (13.21) 46.33 (8.68)

8.3.1 NASA-TLX

A one-way ANOVA revealed significant effect of the different time-delay conditions 
over the total workload index: F(2,34)=9.13, p<0.001, ges=0.09. Post-hoc analyses 
only disclosed significant differences between C1 and C3 (p=0.02). 

8.3.2 Time of completion

The one-way ANOVA disclosed that the three delay conditions induced significant 
effect over the TOC, F(2,34)=47.7, p=0.01, ges=0.49. Post-hoc analyses revealed that 
significant differences between C1 and C3 (p=0.001), and between C2 and C3 
(p=0.001).

8.3.3 Working memory

Participants committed on average 1.3 errors in C1 (SD=1.1), 1.5 errors in C2 
(SD=0.9) and 1.1 errors in C3 (SD=1.0) A one-way ANOVA revealed no significant 
effect of the different time-delay conditions over the number of errors in the working 
memory task: F(2,34)=2.0, p=0.15, ges=0.03.

8.3.4 ECG

A first non parametric Friedman ANOVA was conducted to assess the effects of the 
three delay conditions on SDNN and rendered a Chi-square value of 0.94 which was 
not significant (p=0.9), thus preventing from running any further Post-hoc analyses. 
A second non parametric Friedman ANOVA was conducted to assess the effects of the 
three delay conditions on SDNN and rendered a Chi-square value of 8.44 which was
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significant (p=0.01). Post-hoc analyses, using Wilcoxon Signed Rank test, disclosed 
significant only differences between C1 (mean = 53.92) and C3 (mean = 46.33) 
(p=0.03), and between C2 (mean = 55.93) and C3 (p=0.01). 

8.3.5 Eye tracking

A two-way ANOVA disclosed a main effect of the three delay conditions on the mean 
number of fixations rate: F(1,16) = 4.3, p=0.02, ges=0.05. This analysis also disclosed 
a main effect of the two AOIs on the mean number of fixations rate with higher mean 
values for the left AOI (mean=0.698, SD=0.277) than for the right AOI 
(mean=0.592, SD=0.299), F(1,16)=5.0, p=0.04, ges=0.1. No condition x mean number 
fixations rate interactions were found (p=0.4) thus preventing us to run post-hoc 
analyses. Figure 8.3 presents the mean number of fixations per minute across the three 
time-delay conditions.

Figure 8.3: Mean number of fixations per minute across the three conditions
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8.4 Discussion and Conclusion

The main purpose of this study was to investigate the effect of time-delay condition on 
human performance for future space operation purpose. To meet this goal, we designed a 
simplified tele-operation task with a robotic arm under three conditions that are similar 
to the ones that operators will be likely face depending on their position (lunar surface, 
Gateway, Earth). Different subjective, behavioral, physiological and ocular metrics were 
collected. 

Regarding the subjective measures, our participants qualitatively reported higher NASA-
TLX scores as time-delay conditions increased. However, statistical analysis disclosed 
that only the most contrasted conditions C1 and C3 led to significant differences. 
NASA-TLX encompasses several subjective dimensions such as physical and mental 
efforts and confirm previous findings [Adams and Kaymaz-Keskinpala, 2004] indicating 
that time-delay heavily influenced the perceived workload. The time-delay in the 
aforementioned study was 5s, which is considerably larger than C1 and C2, yet 
comparable to C3 in the current study. Therefore, data showing that C3 has 
significantly larger impact on the workload is reliable. Yet, in the current results, on 
could expect differences between C2 and C3 were also expected, especially given the 
fact that the value of C1 and C2 are very close and differ only 0.5s.

We then analysed the effect of time-delay on TOC and the working memory 
performance. Firstly, the statistical findings indicated that the condition with highest 
time-delay led to significant TOC compared to C1 and C2. These results show some 
consistency with the subjective measures between C1 and C3 but this metric appears to 
be more sensitive since that it also distinguishes between C2 and C3. The findings are 
consistent with the results of [Yip, 2010] who found increased TOC for increased 
time-delay in their tele-operation manipulation task. In their study, delays of 0s, 0.1s, 
0.2s and 0.5s were induced, of which the latter is equal to C2 in the current study. 
Moreover, the fact that no significant difference was found between C1 and C2 was also 
anticipated, considering the very small difference of 0.5s between these two time-delay 
conditions. Given the entirety of the task, the fact that multiple metrics are considered 
is essential in order to assess the performance in all its dimension.

The secondary working memory task was introduced to measure possible effect of time-
delay on basic executive functioning. However, our results did not yield to significant
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difference across the conditions. Usually, working memory performance is known to 
decline when primary task difficulty increases [Gateau, 2018] and one could expect such 
phenomenon to occur during C3. Nonetheless, [Yang and Dorneich, 2017] found that 
time-delay also has an effect on cognition and emotion in addition to workload, but in 
contrary to the current study, their study works with a varied time-delay, introduced 
as system lag, in the tele-operations task. The results show that cognitive workload 
increased, while usability and task performance decreased, when the variable feedback 
lag was introduced during the task. Their findings show that the effect of variable time-
delay was greater than the effect of task complexity, which could mean that the 
workload increase was also strongly influenced by this variable time-delay. However, the 
secondary task of the current study may have a limited level of difficulty which makes it 
challenging to see differences between the delay conditions. Another thought is the 
fact that all participants are young and highly educated in the field of engineering. Such 
population is known to exhibit higher executive functioning [Causse, 2011, Ashcraft and 
Krause, 2007] and it may provide additional explanations to the lack of effect time-delay 
on cognition. The selection of participants had a restriction in the fact that only 
participants with engineering or science degrees were allowed to participate in this 
experiment, which also counts strongly in the astronaut selections of the national 
agencies. Future as-tronauts, with similar background, will be sent to exploration 
missions and will be involved in many challenging multi-tasking assignments such as 
the communication with ground control and ground science teams while controlling 
complex robotic systems.

The results of the ECG data show that significant differences are found between C1 
and C3, and between C2 and C3 but only with HRV metric as measured with SDNN. 
No statistical evidences were found regarding the HR. HR and HRV are known to 
account for mental effort in response to increased demand [Scannella et al., 2018, 
Durantin et al., 2014, Causse et al., 2009, Causse et al., 2011]. However, there is still 
debate whether HR or HRV is most sensitive one as authors report contradictory findings 
(see [Scannella et al., 2018]). One possible explanations is that the type of task (psy-
chomotor, cognitive), its difficulty and duration might affect these measures in different 
ways. However, these results match the results objective measures, and together support 
the hypothesis in proving that increasing time-delay in fact leads to increased perceived 
workload, and that this leads to a degradation in performance. Similar to the other 
metrics previously discussed, the effect is not significant between C1 and C2. This is 
an expected result, considering that the value of C1 and C2 were selected not with the 
expectation that they shows performance differences, but as a representation of control 
conditions of the lunar surface (C1) and the Gateway (C2).
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Finally, the eye-tracking results revealed that the distribution of attention, as measured 
by the mean number of fixations per minute, was not distributed evenly on the user 
interface. Our participants were more focused on the left AOI (global overview) than 
the right one (close-up view). One could expect this result considering the fact that 
the left AOI contains most of the visually available information, therefore requiring the 
most attention. A logical division of attention, which was expected in a smooth task 
performance in this experiment, is to start at the left AOI to observe the robotic arm 
while it is controlled to the left, then to aim for the arm to stop at the point where the 
shaft is located, and to move the arm down. Next, the right AOI can be used to observe 
the capture and rotation of the shaft in the right direction, after which the shaft must 
be aligned laterally with its end destination since this cannot be observed on the left 
AOI. After this step, the user may switch back to the left AOI to observe the 
approach and final fixation to the destination, with some visual alignment checks on 
the right AOI. Based on this set-up, the left AOI contains more information which 
aids in the task performance. Our statistical result disclosed a main effect of time-
delay on the distribution of visual of attention but the absence of interaction prevented 
us to conduct further analysis to identify the direction of the effect. Moreover, a visual 
exploration of the result did not lead to clear readability of this finding. One could 
expect excessive visual focus during the most difficult condition as shown by [Dehais et 
al., 2011a] with a 2s delay. However, our result pointing toward no remarkable effect of 
time-delay.

Taken together, our result show that our manipulation of time-delay do not yield to 
major performance degradation. The TOC does show effects of the time-delay, and so 
do the TLX and ECG results, but there was no main effect observed on the cognition, 
in terms of working memory, and attention. Though the latter may be promising for 
future space operations, it must be acknowledged that this experimental work was 
performed under a lab setting which lacks the stress levels of real flight operations in 
which resources such as time and equipment are very costly. The difference between the 
smallest time-delay, control from the lunar surface, and C3, control from Earth, votes 
for the fact that human spaceflight is of great value in the sense that better operations 
performance is observed in the scenario when the operator is in space.
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For future studies, experiments under large time-delay conditions, such as C3, should 
be considered to be tested in performing a task with and without a secondary task to 
test how far the secondary task can influence performance. In addition, the method for 
the assessment of working memory may be increased in intensity to study this 
phenomenon in more detail. Moreover, different secondary tasks can be tested to see in 
case there is indeed an increase in performance, which tasks can help to enhance the 
performance best. Another factor that must be manipulated in order to find the effect 
of time-delay is time pressure, because it gives a closer representation of real flight 
operations. If a maximum allowed completion time is introduced which is effective for 
all the time-delay conditions, this is expected to add a challenge to the operations. 
This is in line with real flight scenarios in which time pressure often plays a significant 
role in scheduling of operations.

PhD Thesis - Shahrzad Timman | 96



Chapter 9

Discussion and Conclusion

The motivation of this dissertation was to understand the effect of time-delay on per-
formance in human-robot interaction for the application for future space exploration 
missions. This information allows for effective preparation of these missions, because the 
design can keep into account the human performance while controlling robotic systems 
from different locations. Regarding these robotic systems and the different locations, we 
have studied the control of a rover and a robotic arm from three locations which are the 
surface of the Moon, the Gateway and Earth. In order to achieve this we designed three 
analogue tests, one to act as pilot and allowing for a protocol set-up, and two 
experiment campaigns where carefully selected volunteers were invited to participate. A 
total of 57 subjects have been studied, i.e. 3 in the pilot phase, 36 in the tele-operated 
driving exper-iment and 18 in the tele-operated sampling experiment, including mililtary 
pilot trainees from the Netherlands Royal Air Force. All efforts were focused on 
creating a scenario in which a subset of constraints are followed similar to that of 
actual spaceflight scenarios.

We intended to answer the following two questions: does increasing time-delay results 
in an increase of perceived pressure, i.e. mental-, physical-, and temporal demand, by 
the operator?, and does increasing perceived pressure lead to degradation in human 
performance in human-robotic integrated operations? The goal was to identify effective 
metrics through which performance can be assessed, in order to use these for future 
missions focusing especially on the explorations of the Moon’s surface. 

Experimental Work

The experimental work for this dissertation consisted of a preparatory pilot study and 
two main experiments. The first experiment focused on tele-operated driving opera-
tions and is presented in chapter 7, followed by the second experiment focusing on 
tele-operated sampling operations which is presented in the subsequent chapter 8. The 
reason for the preparatory work was to find a protocol in which both experiments can 
be executed, so similarity in results is something we are interested in.
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Both experiments are designed in order to serve as an analogue for future exploration 
missions such as the HERACLES mission studied by ESA. We chose to separate the 
driving operations and the sampling operations in order to focus closely on specific tasks 
and to be able to assess the performance considering the different scopes of the 
operation. In practice, driving the rover is highly dependent on the environment and 
obstacles that are surrounding the rover during its traverse. It is a large-scale 
experiment, meaning that having the space to move around the rover is necessary in 
order to accomplish a resemblance of mission, and having large obstacles must be 
present which represent surface boulders and large rocks. In essence, a rover would 
drive towards a selected sampling point, and change the operation mode to sampling 
which would require the rover to be (near to) still and the robotic arm to be 
deployed in order to take the samples. This is a much smaller-scale activity in terms 
of size and environment, which requires careful movements and millimeter precision. 
Failing this precision can lead to loss of selected samples, contamination of samples 
and hardware damage amongst others. We therefore chose to separate the large-scale 
driving test and the small-scale sampling task into two experiments.

Tele-Operated Driving

The findings in chapter 7 have proven the feasibility of using cardiac, ocular and 
behavioral measures to quantify performance in human-robot interaction for an end-
to-end tele-operated driving task, similar to that planned for future surface missions 
[Landgraf et al., 2015b]. This was done in an experiment with 36 subjects, both military 
and civilian, selected based on their skillset and/or education similar to a subset of 
requirements that are driving for astronaut selection. These participants tele-operated 
a rover through a parcours with obstacles that had to be avoided, and performing a 
secondary task as it was presented to them. The experiment was run under three 
different time-delay conditions representing lunar surface, Gateway and Earth 
conditions, in order to understand the effect of time-delay on performance in such 
tasks. Through the use of ECG, eye-trackers and the NASA-TLX, performance data 
was collected and used in statistical analysis to find the relation of both the perceived 
and the measured data with time-delay.

The NASA-TLX, TOC, collision count strongly showed a decrease in performance with 
higher time-delay. Surprisingly, the working memory data did not show any effect of 
time-delay to the secondary task that the participant was given, which was repeating 
a code that was read out to them, while they were performing their primary control
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task. Furthermore, the ECG data also showed in the HRV data that higher SDNN was 
recorded for the smallest time-delay condition compared to the largest delay condition, 
but no significant effect in the HR over different delay conditions. While no significant 
effect was found in eye tracking as a function of the time-delay, the mean number of 
gazes showed that the participants tend to spend the majority of the time looking at 
the near-field, i.e. the space just in front of the rover and the obstacles that are close by, 
compared to the far-field which would allow for planning their steps ahead.

Tele-Operated Sampling

In the second experiment, as presented in chapter 8, a total of 18 engineers/scientists 
volunteered to participate in a tele-operated sampling operations, in which one of the 
main surface operations of missions such as HERACLES [Landgraf et al., 2015b] was 
tested in a laboratory setting. These sampling operations consisted of controlling a 
robotic arm from a distance to pick up and re-locate a shaft in a given frame, and this 
too was performed under three time-delay conditions representing lunar surface, 
Gateway and Earth conditions. In line with the protocol of the first experiment, similar 
measures were considered to assess the participant’s performance under three time-delay 
conditions.

The NASA-TLX and TOC both showed a decrease in performance as a result of higher 
time-delay, indicating that the workload is perceived to be higher under a higher time-
delay, and more time is required to complete the same task under higher a delay 
condition. The working memory in this experiment also did not show an effect of the 
time-delay, which initially was expected to show an effect due to the effort that it takes 
to perform parallel tasks. The secondary task in this experiment was identical to that 
of the first experiment, which is repeating a sequence of seven numbers after hearing 
it, at three different passages of the robotic arm. The ECG data showed no effect of 
time-delay on HR, but the HRV (as measured with SDNN) did show an effect, as higher 
SDNN values were observed for the smallest time-delay condition. Finally, the eye-
tracking data did not show an effect of the time-delay, but it revealed a higher mean 
number of gazes in the AOI which shows the global overview, compared to the close-
up.

Comparison of Experiments

In terms of results, the perceived workload as measured by the NASA-TLX showed 
similar outcomes for both experiments in which a higher workload was perceived for 
a higher time-delay. Though an increase in TOC with increasing time-delay seems 
straightforward, we wanted to understand the scope of this effect, and we saw in both
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experiments similar results which showed higher TOC for the larger time-delay. For both 
experiments, the working memory did not show a significant effect of time-delay which 
was surprising. In terms of the sensors that were used, the ECG data showed no effect 
of time-delay changes in HR for both experiments, but for both did show a significant 
effect for the SDNN. The mean SDNN was the lowest in the higher time-delay condition. 
Finally, eye-tracking data showed no effect of time-delay for both experiments, but for 
both did reveal a preferred AOI that was used by the participants. The difference here 
is that the first experiment focused more on the AOI showing the near-field, but the 
second experiment showed a preference for the global overview. In essence, the AOI 
preferences cannot be compared between the two experiments, since the first experiment 
used one camera located on the rover and the AOIs were the top and bottom part of 
the screen which both were moving frames. In the second experiment, the two AOIs 
presented two different camera views on the right- and left half of the screen. The 
cameras were placed such that the global view allowed for more information during the 
experiment, while the other camera view only showed the close-up of one part of the 
task. This camera was crucial in the descent of the arm and the picking up of the shaft, 
since the other camera did not show the orientation.

Contribution to Human Spaceflight

Our findings show that the chosen protocol is effective in the quantification of human 
performance, and the effect of time-delay can be distinguished in the majority of our 
selected measures. Though we found that higher time-delay, in the scope of our study, 
was not too problematic, it does impair the performance of the operator at some point. 
The time-delay values presented in this dissertation are the ideal scenarios for the three 
locations (Moon, Gateway, Earth), but these values are dependent on the location of 
two robotic assets with respect to each other, the level of communication, visibility of 
the Moon from the Gateway, the Gateway functioning as relay etc. These are all factors 
that may lead to a higher time-delay which exceeds the time-delay values studied in our 
experiments, and when this occurs the effects can be problematic for tele-operations. 
Therefore, while the Gateway is being designed by NASA, with crucial contributions 
from agencies such as ESA and CSA, so should the preparation of tele-operations take 
place in terms of the identification and specification of training for future operators.

Improved design can aid the operations to a great extent, and is studied for various 
applications. One of these improved designs is the use of haptics in tele-operations which 
has proven to be effective by adding the sense of touch for the operator, which may be
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useful in time-delay conditions because it can indicate that the robotic asset has reached 
its desired position. This has been demonstrated in space-to-ground experiments such as 
Haptics-1 [Schiele et al., 2016a], Haptics 2 [Schiele et al., 2016b], and several other stud-
ies [Perez-del Pulgar et al., 2016, Smisek et al., 2015, Smisek et al., 2014]. Implement-
ing haptics in training has been demonstrated to be useful for surgery [Basdogan, 2004, 
Nudehi, 2005], rehabilitation [Gupta and O’Malley, 2006], but also for shared control in 
space-driven tele-operations studies [Rebelo et al., 2014, Bualat et al., 2014]. Another 
improved design is the use of visual cues through which the operator can be informed 
about the effect of their actions under time-delay, which can help the operator to 
adapt their action accordingly in their control task [Ho et al., 2018, Lii, 2010]. Train-
ing future operators is being prepared in different studies such as in ESA’s Human 
Robotic Interaction Laboratory in which three astronauts took part of an experiment 
for the purpose of technology demonstration and enhancement [Schiele et al., 2016a]. 
More training-focused studies [Schiele and Visentin, 2003, Lii et al., 2017] have been 
performed which at this stage focus on feasibility and technology demonstration, but 
are aimed to be implemented in training purposes in the future. 

Because of the wide range of metrics that we tested, and because of the similarity of 
the two main experiment results which acted as validation, we can now state which of 
these metrics are considered effective and which ones can be disregarded in the scope of 
such scenarios. We found that in terms of perceived measures, the total workload in 
the NASA-TLX is useful and discriminates clearly between the time-delay conditions. 
Furthermore, we found that keeping the TOC also shows the effect of the time-delay, 
which is a very simple metric to use for future experiments. Regarding the use of sensors 
and the introduction of human measures, ECG and eye tracking were selected to allow 
for a practical, non-intrusive yet effective method in the extent of our experiments.

For critical tasks such as space operations and the control of robotic assets, we have 
found that cardiac measures have proven to be effective. The SDNN is an effective 
HRV metric to discriminate the performance in our control tasks. From our experience, 
this metric has proven to be highly useful since it informs us about the difference in 
duration of successive heart beats a given timeframe, as previously seen in other 
findings [Clifford, 2002]. In its practicality, the ECG is relatively easy to use, with some 
preparations which needs to be conducted carefully. The application of the ECG to the 
operator can affect the data if not done correctly, and moreover the warm-up process is 
something to take into account in the use of this device. But after the electrodes have
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been carefully applied, the device can be clicked to the operator’s belt or another 
garment which can keep the decide stable, making the device portable. The downside 
of the ECG is its sensitivity to speech and other physiological movements. If 
distractions like these are too significant in terms of time, segments of the timeline can 
be removed from the data, but this does require dedicated time to correct. The real-time 
presentation of the heart rate is useful in the online assessments and insight in the 
status of operation.

Moreover, in spaceflight missions and especially in the control of robotic assets, the 
area of focus of the operator’s eyes is important to understand. Statistical data from 
experiments such as presented in this dissertation can provide the ground control team 
on Earth information about the focus on the operator in space, and potential damage 
and danger can be avoided with this knowledge. Our findings show that the use of 
eye tracking discriminates between AOIs in both the tele-operated driving and sam-
pling tasks. The discrimination between AOIs match previous findings studied earlier 
[Dehais et al., 2011b, Causse et al., 2011, Reynal et al., 2016]. The two experiments in 
which we made of the Tobii eye-tracking device had different screen sizes (in experiment 
1 we used a large screen and in experiment 2 a smaller screen), and we observed a better 
distinction between AOIs for the larger screen. Since the AOI split was a horizontal line 
in the centre of the screen in experiment 1, and due to the large size of the screen used 
by the operator to view their task, there were a very limited amount of cases in which it 
was not clear in which AOI the gazes are on. In experiment 2 this was slightly different 
where we had a smaller screen size with a vertical line in the centre of the screen 
dividing the two AOIs, due to which it was common to see that gazes were hovering 
between the two AOIs. Overall this did not negatively influence the data, since the 
results from both experiments clearly distinguished between the two AOIs, but from an 
observation point of view the larger screen is recommended for future work. Regarding 
the metrics from which we obtained successful data, the mean gazes on the AOIs were 
effective in understanding where the focus of the operator was throughout the task. 
In practical use, the eye-trackers were useful in the sense that the examiner can have 
real-time information on the eye movements which can be tracked live on the 
examiner’s screen. Furthermore the device is non-intrusive and easy in terms of 
portability. In terms of sensibility our experience was that even the smallest movements 
of the eyes were tracked by the device, making the data reliable. Moreover, the 
calibration of the device was simple and required minimum time. The use of the eye-
trackers is fairly simple as it is worn like a pair of glasses and supported by the nose 
and ears. 

PhD Thesis - Shahrzad Timman | 102



9 | Discussion and Conclusion

When it comes to the selection and training of future astronauts who are anticipated to 
perform the tasks that we have studied in this dissertation, eye tracking is recommended 
in order to observe the focus of the candidates as they perform a task. Online analysis is 
made possible by observing the gazes which are visible on the examiner’s screen. During 
the task, this can be used to get insight to the focus of the operator, which can then be 
correlated to the errors made in the process of the task. In addition, the use of ECG is 
also recommended since it allows for online monitoring of the heart rate, and furthermore 
the heart rate variability provides information about the cognitive stress of the operator 
[McDuff et al., 2014, Kim et al., 2008, Taelman et al., 2009]. This can be used to link 
the errors made throughout the task, with the ECG data and to correlate potential stress 
increase at certain parts of the task. The ECG and eye-tracking device complement each 
other in the sense that together both focus and stress can be monitored. Especially in 
highly critical tasks such as space tele-operations it is important to understand the two 
factors and potential correlation between them. Furthermore, training can be customised 
based on the aforementioned metrics through the use of these devices, by understanding 
1) what causes these periods of elevated stress levels, and 2) where was the focus in the 
time prior to these periods, and where should it have been in order to avoid this. This 
can be implemented in training to enhance performance of operators and gain the 
operational experience which comes partly from practice but also from scientific 
substantiations as the current study. In addition to the sensors used in our study, the 
implementation of neurofeedback is promising [Gruzelier, 2014, Enriquez-Geppert et al., 
2017] since it can provide feedback about the mental state of the operator in real-time, in 
the form of visual, tactile or auditory stimulus. This information can be used by the user 
to regulate thier brain activity and hence improve their mental flexibility [Enriquez-
Geppert et al., 2014], attentional abilities [Egner and Gruzelier, 2001] and help them 
to improve their task engagement [Egner and Gruzelier, 2004]. Moreover, wearable 
functional near infrared spectroscopy (fNIRS) are considered a useful sensor for 
tracking real-life task perfor-mance [McKendrick, 2015, Dehais et al., 2020].

In essence, understanding the strengths and weaknesses of operators which have been 
selected based specifically on their background and skillset allows space agencies such as 
ESA to implement protocols in the training of astronauts which are expected to be the 
future operators of robotic assets from the three locations as studied by us. Moreover, 
given that new selections of astronauts will focus not only on flights to the ISS but 
also to the vicinity and the surface of the Moon, our data can be the basis of newly 
defined requirements in the selection process and allowing for a more effective operations.
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Perspectives for Future Endeavours

Based on our work we can identify technical directions which can be applied in future 
studies, based on both the success and limitations which we identified in our protocol in 
retrospect. Moreover, we recognise that there are factors that we did not take into ac-
count in our experimental work due to the scope of the study, which we want to 
encourage for future studies because they are believed to be of great value. We do this 
by looking firstly at the experiment set-up in general and the improvements that can 
be provided in that, followed by a discussion of effective measures and finally we 
propose future steps.

Experiment Set-Up

The way that time-pressure was introduced in our experimental work is by telling the 
participant that they should be efficient with how they spend the time, since the battery 
on the rover or robotic arm was limited. This was believed to induce a time-pressure 
enough for the participants to feel the temporal pressure, but not so much that it would 
negatively affect their main task. Though time-pressure is a real factor for spaceflight 
missions, we were first and foremost interested in creating a practical framework in 
which performance could be assessed for basic conditions to create a baseline. From 
the results we see that only limited time-pressure was induced. In order to induce this 
pressure more, a number of actions can be taken such as placing a ticking clock in the 
view of the participant such that the time-pressure requirement cannot be forgotten 
during the difficult parts of the task. Moreover, a time limit can be set after which 
the experiment is put to a stop. This would force the participant to keep an eye on 
the clock and to feel the pressure of time, through which the effect of time-delay on 
time-pressure may also be more evident.

Furthermore, fatigue is a factor that is very relevant for future missions due to the 
shifts in which operators will work, both from ground control rooms on Earth and for 
in-space operations. This can be seen amongst others in mission control tasks, EVAs 
and vehicle reception operations in ISS. We did not focus on fatigue as a factor, and did 
not plan design our experiments to serve that purpose. For a step closer to spaceflight 
conditions, the deliberate introduction of fatigue can be achieved by longer experiment 
times. It must be taken into account that this does result in the need of either more 
physical space to perform the experiment in a longer parcours for driving the rover, 
or repeated cycles must be made on the same parcours which risks the experiment in
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the sense that the participants may get used to the parcours as they continue to cover 
the same parcours many times. In our work we avoided this by even separating the 
space in which we train the participant, and did not allow them to see the experiment 
site only until after the end of the experiment. A way to induce fatigue without the 
aforementioned problem may be to introduce the sleep deprivation paradigm, since 
studies have shown that sleep deprivation can lead to a decrease in performance as a 
cause of fatigue [Lim and Dinges, 2008]. Another approach is to add more obstacles such 
that the participant is forced to spend more time on the parcours. Obstacle avoidance 
was one of the main time-consuming tasks we observed in our work, and therefore the 
addition of rocks and other types of obstacles such as e.g. small elevations is believed to 
increase the mean TOC which is a way to induce fatigue.

Effective Measures

In terms of human metrics we selected ECG and eye-tracking techniques, but there are 
other methods which are believed to add valuable information to the study. We want 
to focus on two of these measures which we briefly discussed in chapter 4, i.e. the use 
of EEG and fNIRS with which provide information on the neural metrics of the brain 
[Dehais et al., 2018b, Dehais et al., 2019, Ge et al., 2019, Gateau et al., 2015]. The rea-
son why these techniques did not make our selection of sensors is that the addition of 
an EEG or fNIRS was to keep the experiment work practical, since each sensor requires 
very careful application to the subject and this requires time. Therefore, for our group 
of participants we did not include these techniques, but for future experimental work 
which perhaps look at a smaller group of participants these techniques are believed to 
be valuable.

The secondary task is a limitation that was detected in our work, because based on 
previous findings we expected that the data would discriminate between time-delay 
conditions in the study of the working memory, but the results did not meet our expec-
tations. Literature states that the type of secondary task affects the sensitivity, and 
therefore a customised secondary is advised for future work.

Conclusion

This PhD dissertation evaluated the performance in human-robotic integrated operations 
under time-delay conditions using behavioral and physiological measures. The two main 
questions we introduced can be answered, and we can now confidently state that
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increased time-delay results in increased workload, and that this leads to degradation 
in human performance in human-robotic integrated operations. We demonstrated 
that the effect of time-delay can be discriminated using our protocol, and with that 
showed the performance differences of the control from robotic assets from the lunar 
surface, Gateway and Earth. All in all, these findings may be used to enhance current 
performance assessments in human-robotic integrated operations, and useful in the 
preparation of astronaut selection, training and bottom-up mission design of future 
space exploration missions.
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Résumé en Français

Chapitre 1: Introduction

L’objectif de cette thèse est de se concentrer sur la quantification des performances dans
les opérations robot-homme intégrées, et ses applications dans les futurs vols spatiaux
humains. Alors que la communauté spatiale internationale se prépare pour de futures
missions d’exploration sur la Lune, Mars et au-delà, la robotique joue un rôle important
dans cette entreprise, en particulier en partenariat avec un contrôleur humain. Cette
thèse présente les conclusions du projet THRUST (True Human-Robotic Utilization
of Space Technology), à savoir une coopération de recherche entre l’ISAE-SUPAERO,
l’Agence spatiale européenne et l’Airbus Defence and Space pour en savoir plus sur le
sujet ci-dessus et avec l’effort de trouver des résultats qui pourront être utilisés dans
de futures opérations de vol spatial. Lorsque nous parlons de futures missions dans
les vols spatiaux humains, la première destination est la Lune. Lorsqu’un équipage est
envoyé à la surface lunaire, il s’agit d’un environnement inconnu qui, même avec des
images satellites, ne peut pas être étudié en détail avant d’atterrir à la surface. Cela
signifie qu’un équipage est envoyé dans des territoires inconnus et intacts, en mission
pour explorer l’environnement. Ces missions d’exploration doivent tenir compte du fait
qu’en raison de la distance de la Terre, il y aura des décalages de communication entre
l’équipage et le contrôle au sol. Afin d’assurer le succès de la mission et de maximiser les
performances de la mission, l’équipage doit être préparé pour de futures missions dans
des conditions données très différentes des normes actuelles telles que pratiquées dans la
Station spatiale internationale. Les opérations robot-humain intégrées joueront un grand
rôle dans ces futures missions, car les humains et les éléments robotiques travailleront
côte à côte sur la surface lunaire, et cette interaction a le potentiel de réaliser plus que
les deux ne pourraient accomplir seuls.

Le décalage dans la communication entre l’espace et le sol est un problème. Plus la dis-
tance entre l’engin spatial et la station au sol est grande, plus le décalage est important.
Pour l’orbite terrestre basse, cette durée est inférieure à une seconde ; pour la mission
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lunaire, elle est de l’ordre de quelques secondes et pour les missions martiennes, le
décalage peut atteindre des dizaines de minutes. Pourtant, la communication espace-sol
est extrêmement importante. De ce fait, le décalage ainsi que ses conséquences sur les
opérations robotisées humaines doivent être étudiés de manière approfondie. Il est crucial
que l’interaction entre les humains et les systèmes robotiques soit efficace, faute de quoi,
cela peut entrâıner une perte de mission. De la même manière, l’un des principaux
défis de la télé-robotique est le décalage et ses conséquences, qui sont l’objet des études
dans cette recherche à travers des expériences de télé-robotique dans des conditions
de décalage pertinentes pour les missions d’exploration lunaire. Trois conditions sont
étudiées, un décalage de 3,5s ressemblant à une situation de contrôle entre le contrôle de
mission sur Terre et la surface lunaire. Ensuite, un décalage de 0,5 s qui ressemble à la
condition de décalage entre l’orbite lunaire et la surface lunaire, et enfin une condition de
0 est étudiée qui suppose à la fois l’opérateur et l’élément robotique, c’est-à-dire le rover
lunaire, sur la surface lunaire. Les résultats de cette recherche devraient contribuer à la
connaissance de l’effet du décalage sur les performances humaines pour les applications
spatiales. Il est prévu que ces résultats améliorent la préparation des futurs membres
d’équipage pour les missions lunaires. Par exemple, si les résultats montrent que cer-
taines tâches sont exécutées avec un grand défi dans certains scénarios de temporisation,
il peut être envisagé d’automatiser ces tâches spécifiques, ou d’autres solutions peuvent
être trouvées pour contrer le défi. Avant de réaliser de futures missions d’exploration,
une voie à suivre doit être esquissée pour l’évaluation des performances des membres
d’équipage. Cette étude vise à quantifier les performances de l’opérateur humain dans
les opérations intégrées robot-humain et à identifier les métriques avec lesquelles cette
quantification peut être réalisée, de manière à ce que les métriques robotiques et les
métriques humaines soient prises en compte en parallèle. Ce qui est actuellement un
évaluateur principal qualitatif des performances des membres d’équipage, une évaluation
quantitative est essentielle pour les opérations futures. L’activation de la quantification
des performances humaines nous permettra de préparer l’équipage pour les missions
sur la Lune, et la demande d’une telle solution augmentera considérablement à mesure
que la distance du site d’exploration augmentera par rapport à la Terre, car moins de
contrôle au sol sera disponible et plus de responsabilités seront déplacées du sol vers
l’équipage dans l’espace.

Cette étude identifie les avantages des vols spatiaux humains et robotiques et examine
les différents domaines de recherche dans lesquels les télé-opérations sont appliquées. La
marche à suivre de la recherche actuelle est décrite comme suit. Bien que les opérations
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robotiques humaines offrent de grandes opportunités pour diverses applications, il y a
un certain nombre de défis à relever pour utiliser efficacement l’interaction des humains
et des systèmes robotiques pour les futures missions de vol spatial. En comparant les
humains et les systèmes robotiques, la capacité cognitive est la première et principale
différence. Alors que les humains sont capables de recevoir des informations, de traiter
et d’agir selon leurs connaissances, leurs logiques et leur instinct, les systèmes robotiques
se limitent à recevoir et à traiter des informations et à exécuter une tâche, et aucun
instinct humain ne peut être utilisé pour les recherches les plus logiques. La voie à suivre
dans une tâche, sauf par une intervention humaine dans le système. La bénédiction et
la malédiction de l’interaction entre les humains et les éléments robotiques sont le fait
qu’ils sont séparés par la distance. Bien que cela soit un grand avantage qui permet à
l’opérateur de contrôler un système robotique qui se trouve dans un site opérationnel
distant, cela signifie également que le succès de la mission de l’opérateur dépend des
conditions de contrôle, et ce peuvent être les interfaces de contrôle, telles qu’un joystick
ou une tablette etc., mais aussi le retour visuel disponible pour l’opérateur, les conditions
de temporisation et les performances physiologiques de l’opérateur. Dans l’interaction
homme-robot dans laquelle l’opérateur humain contrôle un élément robotique à distance,
également appelé télé-opération, il existe un certain nombre de défis clés qui doivent
être expliqués avant la poursuite de cette étude.

L’approche de cette étude est de contribuer au domaine de la télé-opération en répondant
à la question de savoir comment évaluer de manière quantitative les opérations robotiques
humaines. La contribution est attendue sous la forme d’une grande base de données
contenant des données sur les performances humaines d’expériences conçues pour corre-
spondre aux scénarios d’exploration lunaire prévus des opérations de rover télé-opérées
sur la surface lunaire, c’est-à-dire les opérations de conduite et d’échantillonnage. En
raison de l’étendue importante de ces données attendues, il est prévu que les perfor-
mances puissent être quantifiées et que des mesures pour évaluer les télé-opérations
puissent être développées. L’approche de cette étude sera basée sur la neuroergonomie.
La neuroergonomie est d’une grande importance pour la présente étude afin d’étudier
les paramètres de performance de l’opérateur humain. Ce domaine de recherche est une
excellente source d’informations dans les opérations robotiques humaines, et l’application
de multiples façons de mesurer les paramètres humains est présentée ici. La neuroer-
gonomie est identifiée comme le domaine à introduire dans l’étude des opérations
robotiques humaines pour la lumière spatiale, en raison de son potentiel de récupération
d’informations auprès de l’opérateur. Ces informations, en plus des informations
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mesurées par le système robotique, augmentent fortement la sortie totale d’informations 
qui est obtenue en termes de performances des opérations. Les domaines d’intérêt 
sont les neurosciences dans lesquelles l’activité cérébrale est étudiée, comme présenté 
dans les ́etudes [Gagnon et al., 2012, Gateau et al., 2015, Causse et al., 2014]. Un autre 
domaine d’intérêt est l’étude de l’activité cardiovasculaire, telle que présentée dans 
les ́etudes [Dehais et al., 2013, Dehais et al., 2012, Causse et al., 2011]. Des paramètres 
tels que la variabilité de la fréquence cardiaque sont mesurés dans ces ́etudes, fournissant 
des informations sur les niveaux de stress des sujets. De plus, l’activité oculaire est d’un 
grand intérêt pour en savoir plus sur la concentration et l’attention de l’opérateur. Ceci 
est présenté dans des études telles que [Hasse et al., 2012, Dehais et al., 2011b]. Main-
tenant que l’objectif des télé-opérations et le fondement de la recherche sont identifiés, les 
opérations intégrées robot-humain doivent être étudiées plus en détail pour comprendre 
les différents types d’interaction, les scénarios de contrôle et les contre-mesures comme 
discuté dans la littérature.

Dans les années 60, le vol spatial a été élevé à un nouveau niveau par la NASA avec les 
missions Apollo [NASA, 2017a]. Les humains ont d’abord été envoyés sur une orbite 

autour de la Lune, et finalement un total de douze astronautes des États-Unis ont
atterri sur la surface lunaire au cours d’une série de six missions consécutives. Cela a 
permis l’exploration et la science planétaire comme jamais auparavant, et cela a permis 
à l’humanité d’en savoir plus sur la Lune en étudiant les échantillons qui ont été ramen
és. Un total de 382 kg d’échantillons [NASA, 2016] a été ramené sur Terre, et bien que 
ceséchantillons soient très précieux dans la quête pour résoudre des questions sans r
éponse sur la formation de la Lune et de la Terre, la science n’a pas été le seul résultat 
de cette entreprise. En termes d’exploration, c’est-à-dire d’envoyer des humains sur un 
terrain inconnu et de leur permettre d’expérimenter et d’en savoir plus sur 
l’environnement, les missions Apollo ont été les pionniers de la technologie et des op
érations à différents niveaux. Des exemples de cela sont la démonstration du premier 
atterrissage d’un véhicule évalué par l’homme et de la première ascension humaine à 
partir d’un corps planétaire autre que la Terre. De plus, à partir d’Apollo 15, c’est-à-
dire la quatrième mission de surface lunaire dans ce programme, l’utilisation d’un v
éhicule ou d’un rover semblable à une voiture, comme on l’appelle de nos jours, a été d
émontrée. Les rovers ont permis aux astronautes de parcourir une distance plus 
longue en un temps plus court, avec moins d’exercice physique, et ont également 
permis des matériaux lourds, par ex. outils et échantillons, à transporter entre les 
sites. L’héritage de ces missions permet aujourd’hui à l’exploration planétaire 
de s’inspirer des réalisations et de travailler 
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à l’avancement des missions sur la Lune et au-delà.

Après l’ère Apollo, les Américains et les Russes ont investi dans leurs propres stations 
spatiales nationales, à savoir Skylab et Mir, mais en 1998, la première pièce d’une 
station spatiale internationale, ISS, a été lancée pour orbiter autour de la Terre. 
Plusieurs agences ont construit cette station ensemble et, à ce jour, des équipes 
multinationales travaillent ensemble dans l’ISS chaque jour depuis le lancement de la 
première équipe sur la station en 2000. La station s’étend sur plus de 100 mètres de 
long [NASA, 2017b] et orbite autour de la Terre à une altitude d’environ 400 km. En 
fait, la station est un laboratoire qui héberge des équipages de généralement six 
membres qui restent à bord de la station pendant six mois, à l’exception des missions 
plus courtes et plus longues. Au fil des ans, diverses expériences ont été menées dans 
l’ISS concernant la biologie, les sciences de la Terre, la recherche humaine, les sciences 
physiques, la technologie, mais aussi les activités éducatives [NASA, 2018]. L’exp
érience acquise à partir de l’ISS aété une source précieuse pour comprendre l’effet sur 
le corps humain dans les missions spatiales de longue durée. En raison des nombreuses 
expériences et de l’environnement auxquels l’équipage est généralement exposé 
pendant plusieurs mois, des données ontété collectées, ce qui constitue une bonne base 
pour la préparation de futures missions dans des endroits au-delà de LEO.

Tant de la vision de l’ISECG [ISECG, 2018] que de la littérature, par ex. dans 
l’étude [Hosseini, 2016], il est considéré comme évident que le partenariat entre l’op
érateur humain et l’élément robotique est essentiel pour les opérations spatiales futures, 
et cette préparation est au centre de cette étude. Au fil des ans, la recherche sur les op
érations robotiques humaines a montré les avantages de ce partenariat. Tant à bord de 
la navette spatiale qu’à bord de l’ISS, des infrastructures robotiques ont été 
construites pour soutenir les activités de l’équipage et permettre des opérations qui d
épassent autrement les capacités de l’équipage seul. De plus, les missions de pr
écurseurs robotiques sont essentielles pour étudier de nouvelles destinations et caract
ériser les corps planétaires sur lesquels les humains vont un jour atterrir. Ceci afin de 
préparer les technologies et de démontrer les différentes phases des missions. 
L’introduction de la robotique dans les opérations humaines présente de nombreux 
avantages. Les tâches répétitives, dangereuses, ennuyeuses, qui nécessitent une 
grande précision, rapidité et efficacité sur une longue période, bénéficient de la pr
ésence de la robotique dans les opérations. De cette façon, les tâches de routine 
peuvent être confiées aux systèmes robotiques, tandis que l’équipage peut se 
concentrer sur le travail cérébral. Avoir un équipage dans

PhD Thesis - Shahrzad Timman | 112
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l’espace n’est pas gratuit et afin d’utiliser au mieux le temps et la présence de l’équipage
dans l’espace, les tâches qui nécessitent le cerveau humain peuvent être attribuées à
l’équipage. Le cerveau humain est capable de prendre des décisions en temps réel avec
la compétence de percevoir un changement de situation et de s’adapter au besoin. Les
systèmes robotiques devront contacter la station au sol avant de pouvoir continuer après
un événement inattendu. Par conséquent, réunissant la compétence des humains et des
robots, ce partenariat est essentiel pour l’avenir de l’exploration.

La mission qui conduit cette étude de recherche est HERACLES, c’est-à-dire l’architecture
robotique humaine et les capacités d’exploration et de science lunaires. Il s’agit d’une
mission dirigée par l’ESA et le produit d’une étude internationale dans le cadre des
activités de l’ISECG. HERACLES vise à établir des éléments et des capacités clés
pour l’exploration humaine durable de la Lune et l’exploration robotique humaine de
Mars en mettant en œuvre des opérations de surface lunaire tout en maximisant les
opportunités pour un gain de connaissances scientifiques sans précédent. La mission est
une coopération entre l’ESA et ses partenaires CSA et JAXA, avec la NASA comme
partenaire d’observation.

Compte tenu de l’histoire et de l’évolution de l’exploration spatiale et des vols spatiaux
humains dans le présent chapitre, la prochaine étape consiste à examiner les activités en
cours dans le domaine des HRIO. Ceci est fait dans le chapitre suivant dans lequel l’état
de l’art est discuté et le sujet de HRIO est décomposé dans ses différentes branches. Le
chapitre commence par décrire les avantages de HRIO et comment il a été de grande
valeur à travers le temps et diverses missions d’exploration spatiale. L’industrie spatiale
n’est certainement pas la seule industrie qui bénéficie de HRIO, mais de nombreux
autres domaines opérationnels et de recherche le font également. Ce chapitre étudie les
performances de HRIO dans différents domaines, à la fois dans des domaines directement
liés au vol spatial, comme l’aviation, mais également dans des domaines à une échelle
de fonctionnement très différente, comme le domaine médical. Après cette analyse, les
différents types de HRIO sont discutés, allant du contrôle total aux systèmes autonomes,
et les conditions de décalage sont abordées. De plus, le chapitre traite des métriques
quand il s’agit de HRIO, en les décomposant en métriques humaines et en métriques
robotiques séparément.

Dans ce chapitre, la littérature du sujet d’étude est discutée, en commençant par les
inconvénients de l’autonomie et pourquoi les systèmes technologiques actuels souffrent
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des défis qui en découlent. En raison de ces inconvénients, cette thèse se concentre
sur l’interaction homme-robot qui est introduite dans ce chapitre, ainsi que sur les
avantages de ce type d’opérations. Dans cette discussion, les différents types et niveaux
d’automatisation sont décrits, dans lesquels l’entrée à la fois de l’homme et du robot
est requise, et les différentes variétés de télé-robotique sont introduites. Ensuite, des
domaines autres que les vols spatiaux sont introduits dans lesquels l’interaction homme-
robotique joue un rôle majeur, comme la chirurgie à distance, mais aussi l’aviation et
les voitures automatisées. Dans l’interaction homme-robot, les facteurs humains jouent
un rôle majeur, et les problèmes à ce sujet sont présentés dans ce chapitre. De plus, le
temps de décalage est discuté dans ce chapitre et l’impact qu’il a sur les performances de
l’opérateur, qui est la clé de cette étude de la littérature, et des solutions pour améliorer
le contrôle à distance grâce à diverses technologies.

Les systèmes autonomes sont des systèmes qui ont la capacité d’effectuer une tâche
programmée, prétendument sans intervention humaine. Cela provoque souvent de la
confusion dans la communication de ce phénomène, car il donne l’impression qu’aucune
contribution humaine n’est requise, et souvent la littérature sur les systèmes autonomes
ne partage pas les contributions en arrière-plan qui peuvent souvent être assez impor-
tantes. En vol spatial, un exemple de système robotique automatisé est le Mars Curiosity
Rover [Grotzinger et al., 2012], comme le montre la figure 3.1. Ce rover est conçu pour
explorer la surface de Mars en conduisant, en prenant des images avec ses caméras
embarquées et en exécutant des tâches scientifiques en utilisant son équipement embarqué
et sa charge utile de type laboratoire. Bien que ce rover soit communément appelé rover
autonome , le niveau d’autonomie n’est pas de 100%. Le rover reçoit ses tâches quotidien-
nement et les exécute tant que les conditions sont nominales. Dès qu’une situation hors
nominale se produit, le rover contacte la station au sol et attend de nouvelles instructions.
Saftey est l’une des motivations derrière l’autonomie, par ex. envoyer des robots dans
l’espace plutôt que des humains afin de les protéger de l’environnement et des conditions.
De plus, les ordinateurs ont la capacité de traiter plus d’informations par unité de
temps par rapport au cerveau humain, et donc une motivation de l’autonomie est de
réduire les erreurs humaines en remplaçant leurs tâches par des systèmes autonomes.
Les statistiques de sécurité montrent que l’introduction progressive de l’automatisation
depuis les années 1960 a amélioré la sécurité, les cockpits modernes (informatisés)
étant fiers d’un taux d’accidents moitié moins élevé que celui de la génération d’avions
précédente (Boeing, 2012). Bien que l’automatisation soit conçue pour réduire les
erreurs et dans une certaine mesure remplacer l’opérateur humain, le système n’est pas
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approuvé à 100% par le concepteur et l’humain se voit confier la tâche de surveiller
le système. [Wiener and Curry, 1980, Rouse, 1981] soutiennent qu’en supprimant les
parties les moins complexes d’une tâche, l’automatisation peut rendre les parties difficiles
de la tâche de l’opérateur plus difficiles. L’un des problèmes de l’autonomie est que, pour
certaines utilisations, il est allé trop loin, faisant le contraire de ce qu’il vise à faire, c’est-
à-dire pour aider le processus à devenir plus efficace. On peut affirmer que ces problèmes
sont le résultat d’une excès d’automatisation, et cette étude vise à éviter la répétition
de l’histoire et à affecter également les vols spatiaux. Si l’automatisation continue
d’être encouragée en tant que système autonome, alors qu’en fait, elle a manifestement
besoin de la contribution d’un opérateur humain, le risque est que les opérateurs se
fient trop à l’automatisation. La complaisance de l’automatisation est un problème
qui peut survenir, ce qui signifie qu’une diminution de la détection des dysfonction-
nements d’un système est réalisée sous automatisation, par rapport à un scénario de
commande manuelle. Une étude de [Manzey et al., 2010] montre que l’autosatisfaction
se produit dans des conditions où il y a une charge de travail multitâches, même au
niveau des opérateurs experts. Cela peut provoquer des accidents, et cela s’est produit
à la fois dans les avions et dans les voitures autonomes. L’interaction homme-autonome
entrâıne des défis liés aux facteurs humains, qui peuvent avoir un effet significatif
sur la performance de la tâche. Les principaux problèmes sont l’erreur de mode et
l’automatisation surprise [Sarter and Woods, 1995, Sarter and Woods, 1992], la diminu-
tion de la vigilance [Fisk and W., 1981] et la complaisance en matière d’automatisation
[Parasuraman and Manzey, 2010, Dehais et al., 2012, Metzger and Parasuraman, 2005,
Wickens et al., 2005, Dixon et al., 2007, Wickens and Dixon, 2007].

L’interaction homme-robot, comme son nom l’indique, est l’interaction entre un homme
et un système robotique. Ceci est opposé au contrôle uniquement humain ou au contrôle
robotique uniquement. En effet, la somme des deux peut obtenir des résultats supérieurs
à ceux que les sources individuelles peuvent atteindre par elles-mêmes. À des fins de
comparaison, cette thèse fera référence au système humain et au système robotique
pour décrire cette interaction. Il existe différents types d’interactions entre les humains
et les systèmes robotiques. Cela dépend des objectifs des opérations et en découle la
conception de l’élément robotique. De plus, les conditions de contrôle peuvent jouer un
rôle dans la conception robotique. Un exemple de ceci est l’effet du décalage en fonction
de la distance, lorsque l’on considère des distances significativement grandes entre les
corps planétaires. Non seulement les décalages, mais aussi les opérations dans les zones
reculées affecteront la conception du système robotique car, souvent, il n’y a pas de com-
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munication entre ces endroits, par exemple souterrain dans des grottes. L’amplitude de
cette différence s’étend de la pleine autonomie à la commande manuelle complète, ce qui
signifie qu’il n’y a aucune entrée humaine ou toutes les entrées humaines, respectivement.
Les véhicules sans pilote existent pour une variété d’utilisations, que ce soit au sol, dans
l’air ou dans l’espace. Un véhicule comme celui-ci doit être utilisé sans la présence d’un
opérateur humain à proximité. Lorsqu’un système robotique est contrôlé à distance, on
parle de télé-opérations. Que l’opérateur se trouve dans un endroit éloigné, comme le
contrôle entre l’espace et le sol, ou se trouve physiquement à côté du système robotique, le
terme télé-opérations est utilisé car il est considéré comme une entrée externe au système
robotique. En télé robotique, l’intelligence du système robotique est telle qu’il est capable
d’effectuer des tâches simples de manière autonome sans l’intervention de l’opérateur.
Les commandes sont alimentées via le programme qui peut être mis à jour par l’opérateur.
L’avantage de ce type d’opérations est la capacité de contrôler un système sans partager
un emplacement, par ex. dans les opérations espace vers sol, entre une station orbitale
et le contrôle au sol, ou dans les opérations espace vers espace, entre une station orbitale
et un corps planétaire. De plus, les télé-opérations sont d’une grande importance dans
les cas où l’opérateur et le système robotique sont sur le site opérationnel. Un scénario
de mission de surface lunaire, par ex. dans lequel l’opérateur, dans ce cas l’astronaute,
est dû à des critères de sécurité non autorisés à entrer, par exemple certaines zones
ombragées ou sous un rocher, les objectifs de la mission peuvent toujours être atteints en
envoyant le rover dans ces zones et en effectuant les opérations qui doivent être exécutées.

Il existe une variété de types de niveaux d’automatisation, à savoir l’autonomie partagée,
réglable et adaptative, le contrôle collaboratif et l’initiative mixte, le contrôle de su-
pervision et les télé-opérations. L’interaction homme-robotique joue un rôle majeur
dans les opérations, en particulier compte tenu de l’essor de la technologie moderne.
Dans cette thèse, l’accent est mis sur les applications de vol spatial. La distance entre
l’opérateur et le système de contrôle varie également entre les différentes missions,
mais ici les scénarios de l’ISS sont étudiés et l’objectif est d’utiliser ces études pour
de futures missions sur la Lune. L’interaction homme-robotique joue un rôle majeur
dans les opérations, en particulier compte tenu de l’essor de la technologie moderne.
Dans cette thèse, l’accent est mis sur les applications de vol spatial. La distance entre
l’opérateur et le système de contrôle varie également entre les différentes missions,
mais ici les scénarios de l’ISS sont étudiés et l’objectif est d’utiliser ces leçons pour de
futures missions sur la Lune. Un décalage dans la séquence de contrôle peut avoir un
impact indésirable sur les performances, comme présenté dans des études telles que
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[Dehais et al., 2011a, Dehais et al., 2012, Chen et al., 2007]. Des latences aussi faibles
que 10-28 ms peuvent être détectées par l’homme, comme présenté par [Ellis et al., 2004].
Un autre aspect du contrôle sous décalage est le phénomène du mal des transports ou de
la cyber-maladie, qui est lié à l’écart entre le système visuel et le système vestibulaire,
tel que décrit par [Stanney et al., 1998, Kolasinski, 1995].

Pour compenser les problèmes qui sont introduits en raison des conditions de décalage, le
retour haptique est un moyen de fournir à l’opérateur des informations supplémentaires
qui peuvent être physiquement perçues, par la force sur l’interface de contrôle. Ce
retour de force permet à une télécommande de sentir la force qu’elle applique sur le
système robotique qui fonctionne à distance. Dans la situation de contrôle à distance
d’un mobile, l’opérateur doit être certain des coordonnées vers lesquelles le mobile se
déplace afin d’éviter d’endommager le mobile ou de le perdre en se déplaçant dans des
zones d’où il ne peut pas être récupéré par robotique. Un affichage prédictif est une
technique qui peut être utilisée comme contre-mesure, et comme son nom l’indique,
l’affichage ne montre pas seulement la position réelle du mobile, mais aussi la posi-
tion en tenant compte du décalage Des études ont été menées qui montrent qu’un
affichage prédictif améliore la tâche de télémanipulation de l’opérateur humain, comme
[Bejczy et al., 1990, Xiong et al., 2006, Sheridan, 1993]. En conclusion, l’interaction
homme-robot est utilisée dans divers domaines différents, ce qui entrâıne tous à la fois
des avantages et des implications sur les performances de l’opérateur. Le principal
problème de cette interaction est le décalage et il affecte les performances de l’opérateur.
Pour minimiser l’effet du décalage, les contre-mesures telles que l’haptique, le retour de
force et les affichages prédictifs sont des outils précieux pour améliorer les performances.
La compréhension des performances et de l’effet du décalage sur les performances est
cruciale pour les futures missions de vol spatial et, par conséquent, dans le chapitre
suivant, l’accent est mis sur les mesures humaines à travers lesquelles les performances
peuvent être quantifiées.

Les humains et les robots travaillant ensemble sont très avantageux sur le plan opérationnel,
mais cette interaction doit être évaluée. Cette thèse se concentre sur la façon dont cette
évaluation doit être effectuée. Dans une étude antérieure sur l’interaction homme-robot
entre l’ISS et le sol pour les opérations de rover, les mesures de performance ont été
mesurées, à savoir le temps d’exécution du rover, le temps de commande de l’homme,
la variance de temps d’exécution, la variance de temps de commande et la cohérence
des performances. Cela a fourni des informations sur la durée de temps nécessaire à
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l’opérateur pour donner la commande au mobile et sur la durée nécessaire au mobile pour
recevoir la commande et l’exécuter en conséquence. Un ensemble de tâches a été divisé en
sous-tâches, et ce qui a pu être vu est que pour des tâches identiques, dans lesquelles des
résultats de temps identiques seraient attendus, différentes valeurs ont été enregistrées.
Les informations étaient limitées à ce qui précède, ce qui ne permettait pas de savoir si la
différence de valeurs temporelles était due, par exemple, à une erreur de journalisation,
une erreur d’ordinateur, la mise au point de l’opérateur ou la tâche précédente. Aucune
mesure humaine n’a été enregistrée, et il n’a pas été possible de dire quelle était la cause
des différences de performances, des changements, et il n’y avait aucune justification
des données de performances. Par conséquent, des hypothèses devaient être faites sur
la relation entre les données d’événement et de sortie. En utilisant cette étude à titre
d’exemple, la présente étude vise à récupérer des mesures robotiques et humaines de
sorte que l’étude parallèle de ces sources de données puisse fournir une image plus claire
de l’interaction homme-robotique dans les opérations spatiales. Cet effort est présenté
dans ce chapitre, dans lequel des mesures humaines sont introduites afin de connâıtre
les performances de l’opérateur. Deux groupes de mesures, les mesures subjectives et
objectives, sont présentés dans ce chapitre. Le premier comprend l’utilisation du NASA
TLX afin d’évaluer la charge de travail perçue et la conscience de la situation qui peut
être mesurée pour comprendre la compréhension de la façon dont l’opérateur vit son
environnement. Ce dernier comprend les mesures comportementales dans lesquelles nous
nous concentrons sur des tâches secondaires pour en apprendre davantage sur la mémoire
de travail. En outre, les mesures psychophysiologiques sont discutées dans lesquelles les
techniques de suivi oculaire sont focalisées en étudiant l’activité oculaire, et en outre
l’activité cardiaque est étudiée à travers laquelle l’effet de la tâche sur l’opérateur peut
être compris.

Des mesures subjectives et objectives peuvent être utilisées pour mesurer les perfor-
mances. Il existe différentes manières d’obtenir des connaissances sur les opérations
robotiques humaines en étudiant la perception de l’opérateur. Ce sont des méthodes dans
lesquelles aucune mesure n’est prise, mais la rétroaction verbale ou écrite de l’opérateur
détermine plutôt le résultat. Deux mesures subjectives ont été ciblées dans cette étude,
à savoir un indice de charge de travail et la connaissance de la situation de l’opérateur au
cours d’opérations spécifiées. Les mesures objectives peuvent être des mesures comporte-
mentales, par ex. en introduisant une tâche secondaire en parallèle à la tâche principale,
et des mesures de psychophysiologie telles que le suivi oculaire, l’ECG, l’EEG et les fNIR.
En conclusion, les métriques humaines sont essentielles dans l’étude de l’interaction
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homme-robot et de ses applications. Le NASA TLX offre une méthode d’apprentissage
relativement facile de la perception des tâches de l’opérateur, et ce test peut être effectué
juste après le test, ce qui permet ce gain d’informations sans interruption de la tâche,
et est donc très adapté pour cette étude. De plus, une tâche secondaire s’est avérée
efficace pour comprendre les performances de la mémoire de travail, et est également une
mesure à faible effort qui peut être mise en œuvre dans un travail expérimental. En plus
de ces mesures, les eye-trackers de Tobii permettent une méthode non intrusive pour
observer le comportement oculaire et sont donc bénéfiques pour le travail expérimental
comme indiqué dans cette dissociation. En outre, l’activité cardiaque est considérée
comme une mesure très précieuse dans l’évaluation des performances dans les opérations
interactives homme-robot, ce qui permet également une méthode non intrusive qui peut
facilement être utilisée pour un grand groupe de personnes. Les données SDNN, HR
et HRV ont été identifiées comme les paramètres sur lesquels se concentrer en raison
des enseignements tirés des études précédentes, comme mentionné dans ce chapitre.
Bien que d’autres mesures pertinentes puissent être utilisées, la sélection des mesures se
fait en fonction de la portée et de la gamme des travaux expérimentaux et ces mesures
se sont avérées simplistes pour un grand groupe de personnes, tout en fournissant les
informations pertinentes qui sont indispensable à cette étude.

Cette thèse vise à faire progresser les connaissances sur les opérations intégrées robot-
humain pour les futures missions d’exploration spatiale, c’est-à-dire les opérations dans
lesquelles les membres d’équipage interagissent avec un élément robotique contrôlé via des
télé-opérations. Le décalage est un facteur majeur auquel cette recherche est confrontée
et doit être affronté en conséquence afin de maximiser le succès de la mission dans ces
conditions. L’approche pour atteindre cet objectif est de permettre la quantification des
mesures de performance humaine lors de l’interaction avec les systèmes robotiques, à
un niveau qui est au-delà de ce qui a été atteint à ce jour. Comme les deux chapitres
précédents l’ont conclu, les mesures cardiaques, oculaires et comportementales sont
essentielles pour acquérir une meilleure compréhension des performances humaines, car
les mesures sont pertinentes et précieuses dans le cadre de cette étude. L’approche par
étapes consiste à créer et à construire une configuration d’expérimentation, à exécuter
une série d’expériences axées sur la mission, à acquérir un ensemble de données à partir
de métriques humaines et robotiques mesurées en parallèle, à exécuter une analyse statis-
tique réalisant la quantification des performances HRIO et à alimenter les connaissances
dans la mission HERACLES.
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Alors que l’ESA prépare une mission sur la surface lunaire avec ses partenaires de
l’ISECG, une nouvelle ère approche pour le vol spatial humain. La mission, HERACLES
[Landgraf et al., 2015b], est une mission précurseur qui prépare les futures missions
humaines sur la Lune. Pour réaliser cela, les futurs astronautes doivent être prêts à
effectuer des tâches qui dépassent le cadre des vols spatiaux humains comme on le sait
aujourd’hui. Le thème des opérations robotiques humaines intégrées est au cœur de cette
préparation, comme l’a conclu [Crawford, 2012], car il permet une extension significative
de la portée de contrôle des astronautes. Ayant tiré des enseignements des opérations à
bord de l’ISS, des opérations robotisées humaines doivent être introduites pour permet-
tre des opérations entre l’espace cis-lunaire et la surface lunaire. Plus précisément, le
contrôle des éléments robotiques sur la surface lunaire, comme un rover, contrôlé par
un astronaute dans une station cis-lunaire. Les opérations robotiques humaines sont
étudiées dans le monde entier pour diverses applications telles que par ex. les véhicules
sans pilote étudiés par Dehais et al. [Dehais et al., 2012], la télé chirurgie présentée par
[Rayman et al., 2006] et les applications spatiales pour différents niveaux d’autonomie
comme la NASA présentée par [Fong et al., 2010]. Pour ce dernier domaine, ce type
d’opérations dépend de nombreux facteurs, parmi lesquels la localisation du contrôleur,
la localisation du système à contrôler, le scénario de la mission, la partie qui commande,
etc. Il est nécessaire de mieux comprendre l’humain performances et d’optimiser les
interactions homme-robot. En effet, plusieurs études, dont [Regis et al., 2012], ont
souligné que des conceptions de système médiocres peuvent entrâıner une panne des
systèmes automatisés par l’homme.

L’objectif de cette étude pilote est de réaliser les premières étapes d’une répétition d’une
campagne d’expérimentation centrée sur les télé-opérations, en étudiant les performances
humaines dans différentes conditions. Les deux principaux points de focalisation sont
les conditions temporisées - représentant des scénarios de contrôle depuis le sol, l’espace
cis-lunaire ou la surface lunaire - et l’autorité d’un tiers donnant des instructions au
contrôleur - représentant un expert, c’est-à-dire un géologue ou un robot sur l’épaule
de l’astronaute . Deux questions ouvertes qui sont étudiées sont énoncées ci-dessous.
D’un point de vue axé sur la mission, après le déploiement du rover HERACLES sur
la surface lunaire, le rover commencera ses opérations de conduite vers le premier site
géologiquement intéressant qui a été sélectionné pour les opérations d’échantillonnage.
Cette phase des opérations de surface est testée dans cette étude pilote, et plus en détail
dans l’expérience 1 7. Les hypothèses qui animent cette campagne d’expériences sont
les suivantes.
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• L’augmentation du décalage entrâıne-t-elle une augmentation de la pression perçue,
c’est-à-dire de la demande mentale, physique et temporelle, par l’opérateur?

• L’augmentation de la pression perçue entrâıne-t-elle une dégradation des perfor-
mances humaines dans les opérations intégrées robot-humain?

Bien que les conditions de décalage soient d’un grand intérêt pour cette campagne, l’étude
pilote se concentre uniquement sur la mise en place du protocole d’expérimentation.
Par conséquent, aucune condition de temporisation n’est introduite dans ce pilote.
L’expérience est menée en répétition pour tester la faisabilité de cette étude dans des
conditions nominales, c’est-à-dire une courte durée, des opérateurs au repos et aucune
latence.
D’après les résultats, nous voyons que la première leçon a été apprise lorsque le premier
sujet est arrivé à son rendez-vous pour effectuer l’expérience et s’est rendu sur le site
opérationnel, ce qui a permis au sujet de voir le rover, les obstacles et les distances
relatives les uns par rapport aux autres. Le but est de maximiser la ressemblance de
cette expérience avec un scénario lunaire, dans lequel le seul visuel que les astronautes
ont du site opérationnel sur la surface lunaire est l’écran qui projette les images de la
caméra du rover. Afin d’éviter de fournir plus d’informations au sujet, l’accès physique
au site opérationnel doit être évité et l’entrée du laboratoire doit être planifiée en
conséquence. Après avoir noté ce point d’amélioration, S2 et S3 ont été dirigés vers une
porte extérieure par laquelle ils pouvaient entrer dans le laboratoire, tout en évitant
de traverser le site opérationnel. De plus, un ordre aléatoire des conditions par tour
d’expérience doit être introduit. Bien que les tâches principales restent constantes, les
conditions devraient affecter les performances du participant. En introduisant un ordre
aléatoire de conditions, l’effet de la condition sur la performance du participant peut
être étudié de manière plus objective. En ce qui concerne les résultats de perception,
la pression temporelle que C3 devait induire pourrait être augmentée en diminuant le
décalage. Bien que les TOC soient différents par sujet, les sujets se sont familiarisés
avec la piste après avoir exécuté la tâche deux fois auparavant, et le TOC était inférieur
par rapport à celui de C1 et C2. La limite de trois minutes a été choisie sur la base
d’un certain nombre de cycles de tests effectués par les responsables de l’étude et elle
était initialement considérée comme une limite de temps difficile pour les sujets, mais
cette étude pilote a montré que les sujets améliorent le temps lors de la répétition de
l’exercice. Les résultats montrent que tous les participants ont en effet commencé avec
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un COT supérieur à trois minutes, mais se sont tous terminés par un COT inférieur à
trois minutes lors du tour final. Bien que le fait qu’un chronomètre ait été placé devant
les participants, conduisant à un premier moment de pression - donné sous forme de
rétroaction verbale, la performance n’a pas diminué en conséquence. Pour la campagne
de suivi, le décalage doit être défini sur une valeur peu pratique, de sorte que l’intensité
de la pression temporelle augmente et que les performances soient affectées. Après ce
point, il convient de noter que la table des matières du sujet a été communiquée par
radio entre les deux responsables de l’étude. Cela a informé le sujet de sa performance,
et grâce à des commentaires verbaux, il a été noté que le sujet essayait d’améliorer
son COT précédent. Dans le cas de S2, le sujet a une table des matières qui était
inférieure à celle requise en C3, et parce que le sujet était au courant des performances
précédemment obtenues, la demande était plus faible au lieu d’être plus élevée comme
prévu par la conception de l’expérience.

De plus, au lieu de limiter le questionnaire aux TC, MC et PC perçus, il est proposé
d’utiliser le NASA TLX. À l’aide de cet outil, qui demande aux participants d’indiquer
leurs niveaux perçus de demande, les mesures suivantes sont enregistrées, les valeurs
les unes par rapport aux autres sont calculées et des pondérations sont attribuées à
chaque mesure (c.-à-d. Demande mentale, demande physique, demande temporelle,
performance, effort, frustration). L’évaluation de la conscience de la situation a été
réalisée en demandant aux participants de dessiner une carte du site opérationnel. Dans
l’étape qui a suivi, ces dessins ont été recréés dans une carte schématique. Cette étape
n’exclut pas les interprétations subjectives de se produire, et donc ce processus doit
être amélioré. La proposition est de fournir aux sujets un aperçu schématique du site
opérationnel, contenant tous les obstacles et en plus des obstacles supplémentaires. Il
faut demander au sujet de franchir les obstacles lorsqu’il se souvient de l’environnement,
plutôt que de dessiner une carte à partir d’une feuille de papier vierge. Cela permet une
représentation objective de l’AS et une comparaison entre les différents participants. De
plus, l’application de cette méthode permet de quantifier les résultats SA. Les résultats
actuels sont pris en compte pour l’amélioration du protocole et la préparation des
expériences à venir qui se concentreront à la fois sur la conduite télé-opérée et sur
les opérations d’échantillonnage télé-opérées. La campagne d’expérimentation princi-
pale, présentée dans les deux chapitres suivants, chapitre 7 et chapitre 8, propose une
expérience étendue avec un échantillon de plus grande taille. En outre, il appliquera
toutes les leçons apprises de cette étude pilote et se concentrera en outre sur l’aspect
humain des opérations robotiques humaines qui peuvent être étudiées par le biais de

PhD Thesis - Shahrzad Timman | 122
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mesures métriques. Les deux points sur lesquels nous voulons nous concentrer sont
l’utilisation de l’ECG et des techniques de suivi oculaire. À l’aide de l’ECG, la variabilité
de la fréquence cardiaque du sujet, le VRC, les mesures sont mesurées afin de mieux
comprendre les niveaux de stress pendant la tâche en utilisant l’écart-type des intervalles
NN, SDNN. De plus, le suivi des mouvements oculaires permet de mieux comprendre
l’évaluation comportementale du sujet. De plus, nous voulons nous concentrer sur trois
conditions de temporisation, qui représentent différentes conditions de contrôle pour les
futures missions entre l’opérateur et le rover conduisant sur la Lune. Ces conditions de
temporisation supposent que l’actif robotique se trouve à la surface de la Lune et y opère
tout en communiquant avec la surface de la Lune (temporisation : 0 s), la passerelle
(temporisation : 0,5 s) ou la Terre (décalage: 3,0 s).

Pour conclure, les résultats de cette étude ont permis le processus par lequel un protocole
stabilisé peut être formé pour étudier les performances humaines. La répétition du
protocole a avancé un certain nombre de leçons essentielles qui doivent être appliquées
afin de réaliser une campagne analogique pour préparer l’évaluation des performances
humaines dans les opérations homme-robot. Dans le cadre de ces leçons, cette étude
pilote a permis de mieux comprendre la demande perçue d’un opérateur et, en conclusion,
on peut affirmer qu’une évaluation quantitative de la dégradation des performances
humaines due à une demande accrue peut être réalisée à l’avenir avec l’approche présentée.

L’objectif de cette étude était d’évaluer et de quantifier les performances de la robo-
tique humaine dans les opérations de conduite à distance en tant qu’effet du décalage,
afin de tester l’hypothèse selon laquelle un décalage croissant augmente la charge de
travail perçue, ce qui entrâıne à la dégradation des performances humaines dans les
opérations intégrées robot-humain. Cela a été fait en concevant une expérience ressem-
blant à de futures missions d’exploration, en mettant en place un site analogique avec
des éléments essentiels à de telles opérations comme présenté dans la mission HERA-
CLES [Landgraf et al., 2015b, Landgraf et al., 2015a]. Les conditions de décalage sont
spécifiées comme celles de la surface lunaire, de la passerelle et de la Terre, en supposant
que l’actif robotique se trouve à la surface de la Lune. Cette quantification des perfor-
mances et l’étude des métriques humaines ont été réalisées par l’utilisation de l’ECG pour
étudier l’activité cardiaque de l’opérateur pendant le contrôle du rover sous différents
décalages [Chanel et al., 2020], car les résultats précédents ont démontré que l’activité
cardiovasculaire fournit des informations sur l’interaction homme-robot et en plus
l’activité cognitive [Hidalgo-Munoz et al., 2018, Causse et al., 2009, Causse et al., 2012,
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Mandrick et al., 2016, Causse et al., 2011], les deux paramètres RH et HRV ont été
concentrés dans cette étude [Durantin et al., 2014, Jimenez-Molina et al., 2018]. De
plus, l’étude de l’activité oculaire se fait à l’aide de techniques de suivi oculaire qui
suivent les mouvements oculaires qui permettent de voir la concentration des yeux
à certains moments, et de plus ces techniques permettent l’étude de la durée du re-
gard sur des domaines tout au long de la tâche. Un avantage de cette technique
est qu’elle permet l’analyse de métriques à la fois physiologiques et comportemen-
tales qui sont toutes deux très utiles [Peysakhovich et al., 2019]. En plus de ces
métriques, une tâche secondaire est introduite pour étudier la mémoire de travail
[Dehais et al., 2018b, Callan et al., 2018, Dehais et al., 2019, Edworthy et al., 2018] et
pour trouver les effets potentiels du décalage. La tâche consistait à contrôler un rover à
travers un chemin prédéfini, tout en évitant les obstacles alignés sur le chemin et en
conduisant jusqu’au point final défini. Les conditions de temporisation sont les suivantes.

• C1 : 0,0 s de décalage, représentant la condition de décalage dans laquelle le
contrôleur est sur la surface lunaire

• C2 : 0,5 s de décalage, représentant la condition de décalage dans laquelle le
contrôleur se trouve sur une station cis-lunaire appelée la passerelle (à environ 60
000 km du site d’exploitation)

• C3 : décalage de 3,0 s, représentant la condition de décalage dans laquelle le
contrôleur est sur Terre dans une salle de contrôle

Le but de cette étude était d’étudier les performances dans les opérations de conduite
télé-opérées sous le décalage de la Lune, de la Passerelle et de la Terre, en utilisant
des mesures subjectives, cardiaques, oculaires et comportementales. En effectuant
ce travail expérimental dans ces trois conditions de décalage, tout en collectant les
mesures susmentionnées, notre objectif était d’évaluer l’effet de différentes conditions de
décalage sur les interactions homme-rover. De futures missions d’exploration sont en
cours de conception dans le présent, et plus tôt ces informations ont été collectées, plus
elles peuvent faire partie de la conception ascendante des missions d’exploration dans
lesquelles la télé-opération est la clé du succès de la mission. Les résultats de la charge
de travail du NASA TLX montrent que des effets significatifs ont été trouvés entre les
deux décalages plus courts, C1 & C2, par rapport au plus grand décalage, C3. Ces
résultats répondent à l’attente qu’un décalage plus important diminue les performances
dans l’interaction homme-robot. Des résultats similaires ont été trouvés dans d’autres
découvertes [Adams and Kaymaz-Keskinpala, 2004] qui montre également une charge
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de travail perçue plus élevée pour un décalage plus long. C1 et C2 sont deux décalages
très similaires, mais choisis afin d’avoir des résultats spécifiques pour les conditions de
surface lunaire et les conditions de passerelle. Aucun résultat significatif n’était attendu
entre les deux conditions, ce qui est également confirmé par les résultats obtenus. En ce
qui concerne le COT, il est logique que C3 soit plus grand par rapport à C1 et C2, étant
donné que la tâche était identique mais que le décalage de contrôle est environ 3s plus
grand que les autres. Si le sujet ne change pas la stratégie de contrôle entre les essais, par
ex. en prenant des raccourcis si possibles, on s’attend naturellement à ce que le temps
pour achever la tâche soit plus long. Et en effet, les résultats montrent une différence
significative entre C3 et C1, et aussi entre C2 et C1, prouvant un COT plus long pour le
plus grand décalage. Ceci est conforme aux résultats précédents [Yip, 2010] effectuant
des tâches de télé-opération similaires. De plus, on peut affirmer que le nombre de
collisions ne devrait pas être techniquement influencé par le décalage car la tâche était la
même, et si le sujet peut éviter les obstacles en un tour, cela peut créer l’espoir que cela
puisse être fait à nouveau dans la prochaine expérience courir. Cependant, nos résultats
ont révélé que le décalage affecte les aspects comportementaux et physiologiques, et
bien que le sujet soit mentalement conscient du décalage et s’est même entrâıné dans les
conditions de décalage important, à son arrivée à un obstacle, des épisodes de perte de
contrôle se sont produits lorsque le sujet redirigerait le rover et le trouverait continuer
tout droit. Souvent, le rover se heurtait à un obstacle. Surtout dans les virages, dans
lesquels plusieurs manœuvres étaient nécessaires pour franchir l’obstacle, on constaterait
une augmentation des collisions. Parce qu’en particulier dans C3, chaque manœuvre
nécessiterait une réinitialisation de la planification si le sujet ne prévoyait pas quelques
étapes à venir, ce qui arrivait souvent. Cela se voit également dans les résultats, qui
montrent que les sujets ont eu plus de collisions pendant C3, par rapport à C2 et C1.

Ensuite, la mémoire de travail a été évaluée sous la forme d’une tâche secondaire qui a été
présentée au sujet lors de la tâche principale. À l’arrivée de trois emplacements fixes dans
la piste, le sujet s’est vu présenter une séquence de sept chiffres qu’il leur a été demandé
de répéter. L’attente, sur la base des résultats précédents [Dehais et al., 2018b], est que
des conditions de décalage plus élevées entrâıneraient une moins bonne performance en
termes de tâche secondaire. En effet, un niveau de concentration plus élevé est requis
pour une tâche à décalage plus long, et par conséquent, on s’attend à ce que la tâche prin-
cipale nécessite plus d’efforts pour être terminée, et qu’il reste moins de capacité pour les
tâches secondaires entrâınant une baisse des performances. Mais ce sur quoi porte l’étude
[Dehais et al., 2018b] précitée est une classe de fatigue cognitive faible et une classe de
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fatigue cognitive élevée, et les résultats montrent une performance inférieure dans la
classe de fatigue cognitive élevée. Deux réflexions à ce sujet sont que, premièrement,
les conditions de décalage et les conditions de fatigue n’étaient pas les mêmes et, par
conséquent, les mêmes résultats ne peuvent être anticipés. Deuxièmement, l’étude se con-
centre sur un scénario de vol dans lequel la tâche totale est similaire à notre expérience,
mais notre expérience s’arrête entre les différentes conditions et donc le temps total de
concentration sur la tâche est d’environ 5 minutes. Les résultats de [Dehais et al., 2018b]
peuvent suggérer que dans le cas où notre expérience prendrait plus de temps, au point
que la fatigue serait un facteur, une diminution des performances dans la mémoire de
travail pourrait être observée. De plus, les résultats précédents [Gagnon et al., 2012]
montrent que la sélection d’une tâche secondaire appropriée pour la mesure de la charge
de travail mental est critique car sa sensibilité peut varier considérablement, de sorte
que le manque d’effet significatif de la tâche secondaire peut être dû au type de tâche
secondaire. Une tâche plus difficile peut être plus efficace et peut montrer une sensibilité
plus élevée du sujet. Les résultats du VRC montrent des différences significatives entre
C1 et C3 dans les données SDNN, prouvant une meilleure performance enregistrée par
l’activité cardiaque pour la plus petite condition de décalage par rapport à la plus
grande condition de décalage. Étonnamment, aucune différence significative n’a été
observée entre C2 et C3, car étant donné la similitude entre C1 et C2, un effet principal
devrait également être observé entre C2 et C3. Les données RH, en revanche, n’ont pas
montré de différences significatives, contrairement aux attentes des résultats précédents
[Scannella et al., 2018, Durantin et al., 2014, Causse et al., 2009, Causse et al., 2011]
qui ont observé un effet significatif à mesure que la demande mentale augmentait.
Mais par rapport à ces études, le type de tâche, la durée et la difficulté sont des fac-
teurs différents et peuvent être à l’origine de cette différence de résultats. De plus, les
données de suivi oculaire ne montrent aucun effet significatif du décalage. Nous nous
attendions à un effet de décalage, étant donné que les résultats précédents ont détecté
un tunnelage attentionnel [Regis et al., 2012, Regis et al., 2014, Dehais et al., 2012], se
produisant lorsqu’un utilisateur fixe son attention sur un seul canal d’information pen-
dant une durée malsaine. Nous avons trouvé un effet principal entre les deux AOI.
Comme la caméra était montée au-dessus du mobile, et se déplaçait donc avec les
mouvements du mobile, l’AOI inférieur montrait la zone juste devant le mobile, et
l’AOI supérieur montrait le champ lointain. Cette division visait à voir si les partic-
ipants planifient à l’avance dans leurs tâches, ou s’ils étaient uniquement concentrés
sur les étapes juste devant eux. On s’attendait à ce que la plupart du temps soit
consacré à l’examen de la zone d’intérêt inférieure, car cela permettait d’avoir une bonne
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vue des obstacles les plus proches du rover. Et en effet, les résultats ont montré un 
nombre moyen de fixations plus ́elevé pour l’AOI inférieur, par rapport à l’AOI supérieur.

Dans les dernières parties des résultats, l’accent est mis sur les cartes de zone, qui n’ont 
montré aucune corrélation avec les autres paramètres de performance. Premièrement, 
l’évaluation a été établie de telle sorte qu’il n’a pas été possible de voir un effet de 
décalage, étant donné que les cartes de zone n’ont été présentées au participant qu’à la 
toute fin de trois essais. Cette décision a été prise parce que la présentation de la carte 
trois fois entrâınerait la mémorisation des obstacles, et après la présentation de la carte, 
les participants auraient accordé plus d’attention à la mémorisation des obstacles, ce qui 
devrait avoir un effet sur la tâche principale de contrôle le rover. Dans l’ensemble, les 
résultats montrent un effet du décalage sur les performances, en termes de données de 
charge de travail, de table des matières, de nombre de collisions et de données SDNN, 
tandis que la mémoire de travail et les données de suivi des yeux ne montrent aucun 
effet de la temporisation. La compréhension de ces mesures et de l’effet du décalage sur 
elles est un facteur important dans la préparation des futures missions d’exploration 
spatiale dans lesquelles le succès de la mission dépend du contrôle humain des actifs 
robotiques. Dans les travaux expérimentaux futurs, la recommandation est qu’une durée 
de tâche plus longue soit prise en compte de sorte que la fatigue commence à influencer 
la tâche. Ceci est comparable aux missions réelles dans lesquelles les tâches sont de 
l’ordre des heures, par ex. une sortie dans l’espace qui a parfois besoin d’une assistance 
robotique est de l’ordre de 5 à 8 heures, et la fatigue est certainement un facteur. La 
mise en œuvre de ce facteur dans les travaux expérimentaux devrait être très utile pour 
la préparation des missions et la compréhension des facteurs humains de tels efforts. 
De plus, ce que nous voyons dans la discussion de cette expérience, c’est que la tâche 
secondaire doit être examinée de plus près pour s’assurer qu’il y a une sensibilité à cette 
tâche parallèlement à la tâche principale.

Cette étude se concentre sur l’échantillonnage des télé-opérations, basé sur les op
érations de la mission HERACLES [Landgraf et al., 2015a, Landgraf et al., 2015b] 
dans laquelle un rover est prévu pour conduire sur la surface lunaire et effectuer des 
opérations d’échantillonnage. Le but de l’expérience est d’étudier les opérations de 
surface HERACLES en termes de tests analogiques, afin de préparer des opérations 
efficaces pour les futurs équipages en mission lunaire. Les opérations d’échantillonnage 
prévues dans la mission HERACLES comprennent le prélèvement et le prélèvement 
d’échantillons et le stockage dans un conteneur d’échantillons. Cela se fera par un bras
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robotique qui sera positionné sur un rover lunaire. Ces opérations de mission sont
simulées dans cette expérience autant que possible. Le décalage est un facteur clé dans
les télé-opérations entre la Terre et la Lune, et donc cette étude se concentre sur les
différentes conditions de décalage qui sont vraies pour les différents scénarios de contrôle
lunaire, les conditions de décalage de la surface lunaire, de la passerelle et de la Terre,
en supposant l’actif robotique d’être à la surface de la Lune. Dans cette étude, nous
introduisons l’utilisation de mesures cardiaques et oculaires car elles se sont révélées être
une méthode efficace d’évaluation des performances dans l’interaction entre les systèmes
humains et robotiques [Wanyan et al., 2007]. Les techniques de suivi des yeux sont
utilisées pour voir où le sujet regarde à un moment donné et la séquence dans laquelle les
yeux se déplacent d’un endroit à un autre [Poole and Ball, 2006]. De plus, une tâche de
mémoire de travail secondaire est utilisée comme un indice indirect de la charge de travail
mental et comme une évaluation de l’impact potentiel du décalage sur le fonctionnement
exécutif. De plus, des études en neuroergonomie ont prouvé que l’activité cardiovasculaire
peut fournir des informations supplémentaires sur les interactions homme-machine et
l’activité cognitive [Hidalgo-Munoz et al., 2018, Causse et al., 2009, Causse et al., 2012,
Mandrick et al., 2016, Causse et al., 2011]. Dans le cadre de cette étude, une expérience,
comme décrit ci-dessous, a été menée dans laquelle un bras robotisé a été télé-opéré
pour ramasser un petit arbre et le diriger vers sa station où il peut être cliqué en
place. Celui-ci a été testé dans trois conditions de décalage précitées, pour étudier les
différentes options de contrôle au sein des missions Lune proposées par l’Agence Spatiale
Européenne.

Le but principal de cette étude était d’étudier l’effet de la condition de décalage sur
les performances humaines à des fins d’exploitation spatiale future. Pour atteindre cet
objectif, nous avons conçu une tâche de télé-opération simplifiée avec un bras robotisé
dans trois conditions (identiques au travail expérimental 1) qui sont similaires à celles
auxquelles les opérateurs seront probablement confrontés en fonction de leur position
(surface lunaire, passerelle, Terre). Différentes métriques subjectives, comportementales,
physiologiques et oculaires ont été collectées. Concernant les mesures subjectives, nos par-
ticipants ont rapporté qualitativement des scores TLX NASA plus élevés à mesure que les
conditions de décalage augmentaient. Cependant, l’analyse statistique a révélé que seules
les conditions C1 et C3 les plus contrastées conduisaient à des différences significatives.
NASA TLX englobe plusieurs dimensions subjectives telles que les efforts physiques
et mentaux et confirme les résultats précédents [Adams and Kaymaz-Keskinpala, 2004]
indiquant que le décalage a fortement influencé la charge de travail perçue. Le décalage
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dans l’étude susmentionnée était de 5 s, ce qui est considérablement plus grand que
C1 et C2, mais comparable à C3 dans la présente étude. Par conséquent, les données
montrant que C3 a un impact beaucoup plus important sur la charge de travail sont
fiables. Pourtant, dans les résultats actuels, on pouvait s’attendre à des différences entre
C2 et C3, d’autant plus que les valeurs de C1 et C2 sont très proches et ne diffèrent que
de 0,5s. Nous avons ensuite analysé l’effet du décalage sur le COT et les performances
de la mémoire de travail. Premièrement, les résultats statistiques ont indiqué que la
condition avec le décalage le plus élevé a conduit à un COT significatif par rapport à
C1 et C2. Ces résultats montrent une certaine cohérence avec les mesures subjectives
entre C1 et C3, mais cette métrique semble être plus sensible car elle fait également la
distinction entre C2 et C3. Les résultats sont cohérents avec les résultats de [Yip, 2010]
qui a constaté une augmentation du COT pour un décalage de temps accru dans leur
tâche de manipulation de télé-opération. Dans leur étude, des décalages de 0s, 0,1s, 0,2s
et 0,5s ont été induits, dont ce dernier est égal à C1 dans la présente étude. De plus, le
fait qu’aucune différence significative n’a été trouvée entre C1 et C2 était également
prévu, compte tenu de la très petite différence de 0,5 s entre ces deux conditions de
temporisation. Compte tenu de l’ensemble de la tâche, le fait que plusieurs métriques
soient prises en compte est essentiel pour évaluer la performance dans toute sa dimension.

La tâche de mémoire de travail secondaire a été introduite pour mesurer l’effet possible
du décalage sur le fonctionnement exécutif de base. Cependant, nos résultats n’ont pas
donné de différence significative entre les conditions. Habituellement, les performances
de la mémoire de travail diminuent lorsque la difficulté de la tâche principale augmente
[Gateau, 2018] et on peut s’attendre à ce qu’un tel phénomène se produise pendant C3.
Néanmoins, [Yang and Dorneich, 2017] a constaté que le décalage a également un effet
sur la cognition et les émotions en plus de la charge de travail, mais contrairement à
l’étude actuelle, leur étude fonctionne avec un décalage varié, introduit comme décalage
du système, dans la tâche de télé-opérations. Les résultats montrent que la charge de
travail cognitive a augmenté, tandis que l’utilisabilité et les performances des tâches
ont diminué, lorsque le décalage de rétroaction variable a été introduit pendant la
tâche. Leurs résultats montrent que l’effet du décalage variable était plus important
que l’effet de la complexité des tâches, ce qui pourrait signifier que l’augmentation
de la charge de travail était également fortement influencée par ce décalage variable.
Cependant, la tâche secondaire de la présente étude peut avoir un niveau de difficulté
limité, ce qui rend difficile de voir les différences entre les conditions de décalage. Une
autre pensée est le fait que tous les participants sont jeunes et hautement qualifiés
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dans le domaine de l’ingénierie. Une telle population est connue pour présenter un
fonctionnement exécutif supérieur [Causse, 2011, Ashcraft and Krause, 2007] et elle
peut fournir des explications supplémentaires à l’absence de décalage de l’effet sur
la cognition. La sélection des participants avait une restriction dans le fait que
seuls les participants avec des diplômes d’ingénieur ou de sciences étaient autorisés
à participer à cette expérience, qui compte également fortement dans les sélections
d’astronautes des agences nationales. Les futurs astronautes, avec des antécédents
similaires, seront envoyés dans des missions d’exploration et participeront à de nom-
breuses missions multitâches difficiles telles que la communication avec les équipes de
contrôle au sol et de science du sol tout en contrôlant des systèmes robotiques com-
plexes. Les résultats des données ECG montrent que des différences significatives sont
trouvées entre C1 et C3, et entre C2 et C3 mais uniquement avec la métrique HRV
mesurée avec SDNN. Aucune preuve statistique n’a été trouvée concernant le HR. HR
et HRV sont connus pour expliquer l’effort mental en réponse à une demande accrue
[Scannella et al., 2018, Durantin et al., 2014, Causse et al., 2009, Causse et al., 2011].
Cependant, il y a toujours un débat pour savoir si la HR ou la HRV est la plus sensible
car les auteurs rapportent des résultats contradictoires (voir [Scannella et al., 2018]).
Une explication possible est que le type de tâche (psychomotrice, cognitive), sa difficulté
et sa durée peuvent affecter ces mesures de différentes manières. Cependant, ces résultats
correspondent aux mesures objectives des résultats et, ensemble, soutiennent l’hypothèse
de prouver que l’augmentation du décalage temporel entrâıne en fait une augmentation
de la charge de travail perçue et que cela conduit à une dégradation des performances.
Semblable aux autres métriques discutées précédemment, l’effet n’est pas significatif
entre C1 et C2. Il s’agit d’un résultat attendu, étant donné que les valeurs de C1 et
C2 ont été sélectionnées non pas dans l’espoir qu’elles présentent des différences de
performances, mais en tant que représentation des conditions de contrôle de la surface
lunaire (C1) et de la passerelle (C2).

Enfin, les résultats de l’eye-tracking ont révélé que la répartition de l’attention, mesurée
par le nombre moyen de fixations par minute, n’était pas répartie uniformément sur
l’interface utilisateur. Nos participants se sont davantage concentrés sur l’AOI de
gauche (aperçu global) que sur celui de droite (vue rapprochée). On pourrait s’attendre
à ce résultat étant donné que l’AOI de gauche contient la plupart des informations
visuellement disponibles, nécessitant donc le plus d’attention. Une division logique
de l’attention, qui était attendue dans le cadre d’une exécution de tâches en douceur
dans cette expérience, consiste à commencer à l’AOI gauche pour observer le bras
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robotique alors qu’il est contrôlé à gauche, puis à viser l’arrêt du bras au point où
l’arbre est situé, et pour déplacer le bras vers le bas. Ensuite, l’AOI droit peut être
utilisé pour observer la capture et la rotation de l’arbre dans la bonne direction, après
quoi l’arbre doit être aligné latéralement avec sa destination finale car cela ne peut pas
être observé sur l’AOI gauche. Après cette étape, l’utilisateur peut revenir à l’AOI
de gauche pour observer l’approche et la fixation finale à la destination, avec quelques
vérifications d’alignement visuel sur l’AOI de droite. Sur la base de cette configuration,
l’AOI de gauche contient plus d’informations qui facilitent les performances de la tâche.
Notre résultat statistique a révélé un effet principal du décalage sur la distribution
du visuel de l’attention, mais l’absence d’interaction nous a empêchés de poursuivre
l’analyse pour identifier la direction de l’effet. De plus, une exploration visuelle du
résultat n’a pas conduit à une lisibilité claire de ce résultat. On pourrait s’attendre à
une concentration visuelle excessive pendant les conditions les plus difficiles, comme le
montre [Dehais et al., 2011a] avec un décalage de 2 secondes. Cependant, notre résultat
n’indique aucun effet remarquable du décalage.

Dans l’ensemble, nos résultats montrent que notre manipulation du décalage ne donne
pas lieu à une dégradation majeure des performances. Le TOC montre les effets du
décalage, tout comme les résultats TLX et ECG, mais aucun effet principal n’a été
observé sur la cognition, en termes de mémoire de travail et d’attention. Bien que ce
dernier puisse être prometteur pour les futures opérations spatiales, il faut reconnâıtre
que ce travail expérimental a été effectué dans un laboratoire qui n’a pas les niveaux de
stress des opérations de vol réelles dans lesquelles des ressources telles que le temps et
l’équipement sont très coûteuses. La différence entre le plus petit décalage, le contrôle
depuis la surface lunaire, et C3, le contrôle depuis la Terre, vote pour le fait que le
vol spatial humain est d’une grande valeur dans le sens où de meilleures performances
opérationnelles sont observées dans le scénario lorsque l’opérateur est dans l’espace. .
Pour les études futures, les expériences dans des conditions de décalage important, telles
que C3, doivent être considérées comme testées lors de l’exécution d’une tâche avec et
sans tâche secondaire pour tester dans quelle mesure la tâche secondaire peut améliorer
les performances. De plus, la méthode d’évaluation de la mémoire de travail peut être
augmentée en intensité pour étudier plus en détail ce phénomène. De plus, différentes
tâches secondaires peuvent être testées pour voir s’il y a effectivement une augmentation
des performances, lesquelles tâches peuvent aider à améliorer les performances au mieux.
Un autre facteur qui doit être manipulé pour trouver l’effet du décalage est la pression
temporelle. Si un décalage d’achèvement maximal autorisé est appliqué, qui s’applique à
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toutes les conditions de temporisation, cela devrait ajouter un défi aux opérations. Ceci
est conforme aux scénarios de vol réels dans lesquels la pression du temps joue souvent
un rôle important dans la planification des opérations.

La motivation de cette thèse était de comprendre l’effet du décalage sur les performances
dans l’interaction homme-robot pour l’application de futures missions d’exploration
spatiale. Ces informations permettent une préparation efficace de ces missions, car la
conception peut tenir compte des performances humaines tout en contrôlant les systèmes
robotiques à différents endroits. En ce qui concerne ces systèmes robotiques et les
différents emplacements, nous avons étudié le contrôle d’un rover et d’un bras robotisé à
partir de trois emplacements qui sont la surface de la Lune, la Passerelle et la Terre.
Pour ce faire, nous avons conçu trois tests analogiques, l’un pour servir de pilote et
permettant la mise en place d’un protocole, et deux campagnes d’expériences auxquelles
des volontaires soigneusement sélectionnés ont été invités à participer. Au total, 57 sujets
ont fait l’objet d’études, soit 3 dans la phase pilote, 36 dans l’expérience de conduite
télé-opérée et 18 dans l’expérience d’échantillonnage télé-opérée, y compris des stagiaires
pilotes militaires de la Royal Air Force néerlandaise. Tous les efforts ont été concentrés
sur la création d’un scénario dans lequel un sous-ensemble de contraintes est suivi,
similaire à celui des scénarios de vols spatiaux réels. Nous avions l’intention de répondre
aux deux questions suivantes : l’augmentation de la temporisation entrâıne-t-elle une
augmentation de la pression perçue, c’est-à-dire de la demande mentale, physique et
temporelle, par l’opérateur ?, Et l’augmentation de la pression perçue entrâıne-t-elle à
la dégradation des performances humaines dans les opérations intégrées robot-humain ?
L’objectif était d’identifier des paramètres efficaces à travers lesquels les performances
peuvent être évaluées, afin de les utiliser pour de futures missions se concentrant en
particulier sur les explorations de la surface de la Lune.

Nos résultats montrent que le protocole choisi est efficace dans la quantification de la
performance humaine, et l’effet du décalage peut être distingué dans la majorité de nos
mesures sélectionnées. Bien que nous ayons constaté qu’un décalage plus long, dans le
cadre de notre étude, n’était pas trop problématique, il altère à un moment donné les
performances de l’opérateur. Les valeurs de décalage présentées dans cette dissociation
sont les scénarios idéaux pour les trois emplacements (Lune, Passerelle, Terre), mais ces
valeurs dépendent de l’emplacement de deux actifs robotiques l’un par rapport à l’autre,
du niveau de communication, de la visibilité de la Lune de la passerelle, la passerelle
fonctionnant comme relais, etc. Ce sont tous des facteurs qui peuvent conduire à un
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décalage plus élevé qui dépasse les valeurs de décalage étudiées dans nos expériences, et
lorsque cela se produit, les effets peuvent être problématiques pour les télé- opérations.
Par conséquent, alors que la passerelle est conçue par la NASA, avec des contributions
cruciales d’agences telles que l’ESA et la CSA, la préparation des télé-opérations devrait
également avoir lieu en termes d’identification et de spécification de la formation des
futurs opérateurs. En raison de la large gamme de mesures que nous avons testées, et
en raison de la similitude des deux résultats principaux de l’expérience qui ont servi de
validation, nous pouvons maintenant indiquer lesquelles de ces mesures sont considérées
comme efficaces et lesquelles peuvent être ignorées dans le cadre de tels scénarios. .
Nous avons constaté qu’en termes de mesures perçues, la charge de travail totale de la
NASA-TLX est utile et établit clairement une distinction entre les conditions de décalage.
En outre, nous avons constaté que le maintien de la TOC montre également l’effet du
décalage, qui est une métrique très simple à utiliser pour de futures expériences. En ce
qui concerne l’utilisation de capteurs et l’introduction de mesures humaines, l’ECG et le
suivi oculaire ont été sélectionnés pour permettre une méthode pratique, non intrusive
mais efficace dans l’étendue de nos expériences.

En ce qui concerne la sélection et la formation des futurs astronautes qui sont censés
effectuer les tâches que nous avons étudiées dans cette dissociation, le suivi oculaire est
recommandé afin d’observer la concentration des candidats lors de l’exécution d’une
tâche. L’analyse en ligne est rendue possible par l’observation des regards visibles sur
l’écran de l’examinateur. Pendant la tâche, cela peut être utilisé pour obtenir un aperçu
de la concentration de l’opérateur, qui peut ensuite être corrélée aux erreurs commises
dans le processus de la tâche. De plus, l’utilisation de l’ECG est également recommandée
car elle permet une surveillance en ligne de la fréquence cardiaque et, en outre, la
variabilité de la fréquence cardiaque fournit des informations sur le stress cognitif de
l’opérateur [McDuff et al., 2014, Kim et al., 2008, Taelman et al., 2009]. Cela peut être
utilisé pour relier les erreurs commises tout au long de la tâche, avec les données ECG et
pour corréler l’augmentation potentielle du stress à certaines parties de la tâche. L’ECG
et le dispositif de suivi oculaire se complètent en ce sens qu’ensemble, la concentration
et le stress peuvent être surveillés. En particulier dans les tâches hautement critiques
telles que les télé-opérations spatiales, il est important de comprendre les deux facteurs
et la corrélation potentielle entre eux. De plus, la formation peut être personnalisée sur
la base des mesures susmentionnées grâce à l’utilisation de ces appareils, en comprenant
1) ce qui cause ces périodes de niveaux de stress élevés, et 2) où était le focus dans
le temps avant ces périodes, et où devrait-il ont été afin d’éviter cela. Cela peut être
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mis en œuvre dans la formation pour améliorer les performances des opérateurs et
acquérir une expérience opérationnelle qui provient en partie de la pratique mais aussi
des justifications scientifiques comme l’étude actuelle. En plus des capteurs utilisés
dans notre étude, la mise en œuvre du neuro feedback est prometteuse [Gruzelier, 2014,
Enriquez-Geppert et al., 2017] car elle peut fournir un retour d’informations sur l’état
mental de l’opérateur en temps réel, sous forme de stimulus visuel, tactile ou auditif. Ces
informations peuvent être utilisées par l’utilisateur pour réguler leur activité cérébrale et
ainsi améliorer leur flexibilité mentale [Enriquez-Geppert et al., 2014], leurs capacités
d’attention [Egner and Gruzelier, 2001] et les aider à améliorer leur engagement taks
[Egner and Gruzelier, 2004]. En outre, la spectroscopie proche infrarouge fonctionnelle
portable (fNIRS) est considérée comme un capteur utile pour suivre les performances
des tâches réelles [McKendrick, 2015, Dehais et al., 2020].

Cette thèse de doctorat a évalué les performances des opérations intégrées robot-
humain dans des conditions de temporisation à l’aide de mesures comportementales et
physiologiques. Il est possible de répondre aux deux principales questions que nous avons
introduites, et nous pouvons maintenant affirmer avec certitude qu’une augmentation
du décalage entrâıne une augmentation de la pression perçue par l’opérateur et que
l’augmentation de la pression perçue entrâıne une dégradation des performances humaines
dans les opérations intégrées robot-humain. Nous avons démontré que l’effet du décalage
peut être discriminé en utilisant notre protocole, et avec cela a montré les différences
de performance du contrôle des actifs robotiques de la surface lunaire, de la passerelle
et de la Terre. Dans l’ensemble, ces résultats peuvent être utilisés pour améliorer les
évaluations actuelles des performances dans les opérations intégrées robot-humain, et
utiles dans la préparation de la sélection des astronautes, de la formation et de la
conception de la mission ascendante des futures missions d’exploration spatiale.
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Figure B.1: Tables from TLX developer Sandra Hart.

PhD Thesis - Shahrzad Timman | 138



Appendix C

Current NASA TLX

Figure C.1: Tables from TLX developer Sandra Hart.
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Appendix D

Situational Awareness Measurement
Techniques

Figure D.1: Table from Yanco and Drury (2004)
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