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EXPLORATION, WITH FOCUS ON LAUNCH SYSTEMS
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ABSTRACT

The agencies participating in the International space 
Exploration Coordination Group (ISECG) demonstrate 
a natural synergy for defining and implementing mean-
ingful steps towards advanced human spaceflight. Within 
the exploration mission themes of the Global Explora-
tion Roadmap (GER) [1], crew transportation and opera-
tion capabilities are driven by key requirements based on 
human and robotic mission partnership. They require an 
acceptable level of safety associated with the risks in-
herent to live, travel and work in space. This paper pur-
sues the goal to investigate the safety orientations to be 
targeted by the space agencies, and addresses the main 
decision factors for implementing global safety rules re-
garding the space transportation vehicles. 

1. INTRODUCTION

Human space exploration will proceed in a step-wise 
manner, extending proven capabilities to achieve more 
complex goals while enabling new discoveries with each 
step. The widespread recognition of the updated Global 
Exploration Roadmap (GER) released in August 2013 
[2], provides a common reference, which is then useful 
for the work of individual space agencies to advance mis-
sion concepts and to study associated capabilities. 
The GER emphasizes the near-term initiatives in imple-
menting the common international strategy:

1) Full utilisation of the International Space Station 
(ISS) to prepare for exploration,

2) Continuing efforts to expand on synergies between 
human and robotics missions,

3) “Proving ground” missions in the lunar vicinity in 
order to develop capabilities and techniques leading 
to a sustainable human exploration on the surface  
of Mars.

ISECG focuses on a continuing definition and elabora-
tion of a common long-term strategy making  clear that 
there is a role for any nation willing to contribute. ISECG 
also evaluates concepts and opportunities as humans pre-
pare the next steps in a sustainable long-term program 
of exploration. Human-assisted robotic mission concepts 

are receiving increased attention by participating agen-
cies within ISECG because they appear to provide oppor-
tunities for leveraging the unique capabilities of human 
exploration to achieve multiple objectives. Work remains 
to fully quantify and assess this benefit, but several on-
going studies seek to provide data to complete such an 
assessment. Recent studies in particular, one led by ESA 
and one led by NASA/JPL [3] are ongoing and shared 
within ISECG. Results from their analysis will be used 
in the next iteration of the Global Exploration Road-
map. They provide descriptions of architecture elements 
through mission campaigns and operational concepts. 
These studies cover the main categories: 

• Prepare human exploration of the lunar surface
• Enable scientific and exploration knowledge gain
• Provide opportunities to advance science mission 

bringing back benefit on Earth (e.g. Mars sample 
return scenarios).

Whatever are the different exploration scenarios, the key 
capabilities related to multi-destination space transporta-
tion are [2]:

• Launch vehicle that has the capability to deliver 
cargo or crew beyond low-Earth orbit. Initial ca-
pability evolves with advanced boosters and an up-
per stage to enable increasingly complex missions 
with further evolution to support crewed Mars mis-
sions (e.g. various launch scenarios including a split 
launch on Soyuz / Ariane (assembly at the cislunar 
habitat) or co-manifested launch on Space Launch 
Vehicle (SLS) Block IB, or Next Generation Space 
Launch Vehicle (NGSLV))

• Crew (transportation) vehicle capable of delivering 
a crew to exploration destination and back to Earth 
(e.g. Multi-purpose Crew Vehicle (MPCV), Orion)

• Cargo logistics vehicles capable of resupplying or-
bital infrastructures in lunar vicinity with pressur-
ized and unpressurized payloads

• Small Cargo Lander capable of delivering robotics 
and cargo on the lunar surface to meet lunar explora-
tion objectives (e.g. automated (potentially tele-oper-
ated), total wet mass of 10 Tons, multiple missions)

• Crewed Lunar Lander capable of delivering crew 
and cargo to the lunar surface (may be reusable, and 
is composed of two or more stages)
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• Mars Ascent Vehicle (MAV) capable of transporting 
crews from the surface to Mars orbit

• Mars Lander (Liquid Oxygen/ Methane Cryogenic 
Propulsion System) such as a re-usable lander

• Mars orbiter
• Evolvable deep Space Habitat, in-space habitat with 

relevant subsystems for the purpose of advancing 
capabilities and systems requiring access to a deep 
space environment.

These major transportation capabilities for future explo-
ration architectures have different functions to ensure: 

• Transport the crew/ cargo (main phases are launch, 
approach around Mars and landing)

• Propulsion
• Navigation
• Power
• Environmental control and life support
• Communication

These functions are triggered by safety objectives that 
are developed hereafter.

How does the safety principles apply to the functions re-
lated to spaceflight capabilities of the future exploration 
architectures?

The following chapters present:
▪ The safety methodology, i.e. objectives and assess-

ment process for mitigation of unacceptable failure 
conditions (based on Recommended Practices and 
Lessons Learnt)

▪ Illustrations of the implementation of the safety as-
sessment on the future exploration transportation 
capabilities (based on a screening of their main 
functions) 

▪ The synergies resulting from these Recommended 
Practices and their use for the elaboration of a global 
safety standard for space exploration. 

2. SAFETY OBJECTIVES

Safety is a major argument on which the agencies com-
mit to secure to crew a safe return to Earth. The objec-
tive of Safety is to bring failure probability down to an 
acceptable level, especially regarding critical functions, 
which have catastrophic failure conditions. Nevertheless, 
Safety is confronted to other criteria such as acceptabil-
ity of budget, schedule and completeness of operational 
objectives. Safety optimisation is often compared to ele-
ments that have different order of magnitude. How com-
bine the residual probability of accident with the overall 
programme development cost? Several approaches can 
be addressed in parallel, e.g. with regards to other issues, 

the use the lessons learnt from previous space flights her-
itage (e.g. Apollo, ISS, space shuttle), or other hazardous 
endeavours (e.g. explorations, sporting feat).

The main disadvantaging factors regarding to mission 
safety when experimenting space exploration to Mars 
are [6]:

• Mission duration that has an impact on the failure 
probability of equipment, as well as on crew health 
(physical and mental)

• Distance associated to confinement during the jour-
ney leading to impossibility of receiving help from 
Earth 

• Complexity of the mission, e.g. the number of criti-
cal phases/ operations, and number of vehicles to 
consecutively operate at each mission phase

• Extreme environments (in space and on surface).

The elaboration of safety rules is based on the fundamen-
tal principles:

• Redundancy at each level of the mission architec-
ture with regards to degraded cases, with at least one 
backup lane or unit

• Spare policy, e.g. by splitting the launch dates of 
cargo and crew vehicles in order to provide addi-
tional spare equipment to crew in place to mitigate 
potential hardware failure cases

• High level of maintainability of systems (e.g. in 
terms of modularity, ability to repair) 

• Simplicity of the mission architecture by limiting the 
number of modules, phases or critical maneuvers

• Deployment of a maximum of infrastructures on 
ground (via cargo missions) before sending the crew

• Foreseeing sufficient quantity of supplies in order to 
wait for the next crew assistance, if required.

This decision-making process for the implementation of 
the most appropriate safety barriers is based on hazard 
analysis to be performed in order to propose the best mit-
igation actions, associated to trade-off and compromise 
(mainly programmatic such as development uncertainties 
and cost). Indeed this trade-off makes sense to define the 
realistic safety needs. Otherwise, results of “safety at all 
prices” would potentially lead to:
• Redound any element on-board that could lead to 

such a heavy launch system that the mission would 
be technically compromised

• Launch dozens of cargo vehicles before sending any 
crew, such as the mission becomes economically un-
realistic.
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3. SAFETY ASSESSMENT PROCESS AND  
 UNACCEPTABLE SAFETY-RELATED  
 LOSSES

3.1 Functional mission failure conditions

The functional hazard analysis identifies and classifies 
the failure conditions associated with the mission level 
functions. The classification of these failure conditions 
establishes the safety requirements that any transporta-
tion vehicle must validate and verify. The goal is to iden-
tify each failure condition along with the rationale for its 
severity classification. In this frame, any failure condi-
tion leading to the loss of life or serious injury is an unac-
ceptable risk, and its severity is classified as catastrophic. 
The consequence in the mission architecture design is 
that all failure conditions shall be mitigated down to an 
acceptable level in order to ensure continued safe launch, 
journey, landing and return. This analysis will consider 
single and multiple failures in normal and degraded en-
vironments. 

3.2 Failure hazard analysis

• Once identified and described, requirements are as-
signed to these feared event conditions associated 
with mission level functions. Then, these require-
ments are cascaded down to the lower level classifica-
tion, i.e. at spacecraft level, then at system, sub-sys-
tem, and equipment level. At each level is associated 
the identification of the method used to verify com-
pliance with the failure condition requirements. The 
outcome of this analysis is traced down into prelimi-
nary design, via fault trees and other analyses used to 
provide quantitative results.

• Safety requirements intend to limit the effects of the 
identified function failures. These derived require-
ments may lead to add design constraints, identify 
new failure conditions, or recommend crew or sys-
tems maintenance actions. By definition [4], derived 
requirements are additional requirements resulting 
from design or implementation decisions during the 
development process. The process is continued and 
iterative, until the design process is complete.

• The failure hazard analysis is used to complete the list 
of failure conditions and the corresponding safety re-
quirements. Probabilistic analysis is performed at the 
sub-system(s) level(s) to show that the failure proba-
bility meets the requirement cascaded top-down from 
the mission level analysis.

• A Common Mode Analysis (CMA) is also conducted 
in order to substantiate claims of dissymmetry and 
dissimilarity made in the functional hazard analysis. 
Item with identical hardware and/or software could 

be susceptible to generic faults, which could cause 
malfunctions in multiple items. This analysis aims to 
consider redundancy via different technologies down 
to components in order to ensure that same causes 
cannot lead to the loss of the function. CMA is usu-
ally associated to a Zonal Safety Analysis (ZSA). The 
objective of this analysis is to ensure that the equip-
ment installation meets the safety requirements: the 
effects of failures of one equipment are analyzed in 
terms of propagation on the systems and structure 
of the redounded equipment falling within the same 
physical sphere of influence. This way, the redounded 
lanes/ units are located at different places.

• Throughout these steps, additional requirements may 
need to be identified in order to achieve the mission 
level budgeted probability, leading to a redesign at 
some level of the hierarchy. This safety assessment 
process guarantees the consolidation of the final set 
of mission requirements.

• This set of mission requirements is ensuring the re-
quested level of mission safety, and is considered as 
the mission safety baseline for any programmatic 
trade-off throughout the development.

4. SAFETY ASSESSMENT OF FUTURE  
 EXPLORATION LAUNCH CAPABILITIES

The methodology related to safety assessment provides 
guidance in implementing fail-safe design, with an em-
phasis on redundancy and monitoring, including elimi-
nating common mode failures and hazards (causes of 
unsafe control) completely.

How does the safety process apply for the functions re-
lated to spaceflight capabilities of future exploration ar-
chitectures? This chapter provides several illustrations 
on the main critical functions that have potential cata-
strophic failure conditions.

4.1 Transportation

Launch System
The first obstacle is to launch a total mass between 300 
and 500 Tons before starting the journey to Mars. The 
idea is to perform several launches (between 3 and 5) 
followed by operations of rendez-vous around the Earth, 
around Mars or on the ground on Mars. 

Several options are under study between the Space agen-
cies and their industry. The development of a heavy 
100-tons class launcher (same class than Saturn 5) with 
a reusable deep space transportation system is the one de-
tailed in the GER. NASA is developing the Space Launch 
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System (SLS) and the Orion crewed spacecraft [5], with 
the objective to demonstrate logistics reduction in opera-
tion, and prepare for human missions into cislunar space. 
In terms of proving ground, a series of Exploration Mis-
sions (EMs), including integrated test of SLS and Orion, 
are anticipated in 2018. The development is incremental: 
initial capability evolves with advanced boosters and an 
upper stage to enable increasingly complex missions with 
further evolution to support crewed Mars missions. It in-
cludes also the development of a Cryogenic Propulsion 
Stage (CPS): an in-space propulsion capability utilizing 
cryogenic hydrogen and oxygen as propellants. It aims to 
provide additional performance for missions to the lunar 
vicinity, lunar surface or Mars. Mission durations will re-
quire long-duration storage of cryogenic propellants.

In all the scenarios under study today, safety aspects 
are included at each step of the design by developing 
the Launch System by increments, performing several 
unmanned launches to test and qualify reliable systems 
(propulsion, power, communication, life support, entry/ 
descent & landing systems). Moreover, the Launch Abort 
System, positioned on a tower atop the crew module Ori-
on, shall be able to activate within milliseconds to propel 
the crew module to safety away from the launcher in the 
event of an emergency during launch or climb to orbit. 

In-Space Propulsion Technologies
In-space propulsion performs the functions of primary 
propulsion, reaction control, station keeping, precision 
pointing, and orbital maneuvering. The main engines 
used in space provide the primary propulsive force for 
orbit transfer, planetary trajectories and extra planetary 
landing and ascent. The reaction control and orbital ma-
neuvering systems provide the propulsive force for or-
bit maintenance, position control, station keeping, and 
spacecraft attitude control [13]. So the propulsion system 
onboard is vital to the safe operation of the spacecraft.
Failure conditions of a propulsion system are manifold 
(e.g. thrust generation system, turbo-pump, ignition, pro-
pellant system storage, line rupture) [14].  Many of these 
failures will have adverse consequences on safety, cost, 
life and/or schedule. That’s why their failure prevention 
is necessary, up to the point where the effort of failure 
prevention no longer weighs up against the consequences 
of failure. So what could be the reliability rate to be tar-
geted? A single engine constitutes the Apollo lunar mod-
ule. The failure of this engine would have led to lose the 
crew and the mission. Nevertheless, only extensive test-
ing has been used as proving ground aiming to reach the 
targeted reliability level. What could be the transcription 
of the safety Recommended Practices into space explora-
tion today: redounded propulsion system/ engine?
Several technological developments are under going.  
Solutions exist or are under development such as: 

• Liquid Oxygen/ Methane Cryogenic Propulsion 
System (Mars Lander)

• Advanced In-Space Cryogenic Propellant Storage 
& Liquid Acquisition

• Electric Propulsion & Power Processing
• Nuclear Thermal Propulsion (NTP) Engine

There are many space propulsion systems that are being 
developed. The principles of operation vary considerably 
between systems. Each system has its own particular 
types of failure modes. 

Guidance, Navigation, and Control (GNC)
Navigation refers to the determination, at a given time, 
of the vehicle's location, velocity and attitude. The GNC 
function requires for fundamental sensing, prediction, 
and controls capabilities. This function is even more crit-
ical to enable reconfigurable shapes and multifunctional 
capabilities such as real-time trajectory tailoring, energy 
management and propulsion [12]. 
GNC technologies offer the capabilities to determine 
anytime the exact position of the space vehicle. They are 
obviously critical in the way that their functioning offers 
the possibility to have a safe journey in space and return. 
The loss of this function may have catastrophic conse-
quences and is considered unacceptable. Due to such 
complexity, dedicated safety design rules apply such as 
Failure Detection, Isolation and Recovery (FDIR) using 
redundancy at each level of the system architecture, re-
liability computations (i.e. compute probability of suc-
cess over the required lifetime, based on hardware units 
MTBF (Mean Time Between Failure)) [15].

Power
The function power is a common mode of failure con-
ditions. It supplies all the other functions, and without 
energy, an acceptable of safety of the overall space 
transportation vehicle cannot be guaranteed. It is even 
worse in degraded case as the recovery procedure can-
not be launched as requiring additional energy. The fail-
ure modes of the power function can be associated to the 
power source, the energy storage, the power distribution 
or the power regulation and control.
Power systems play an integral role in all in-space pro-
pulsion systems for both human and robotic missions. In 
some cases, power is only required for basic functions 
of instrumentation and controls for which technology 
advances are not required. But in other cases, the pro-
pulsion energy of the technology is derived from electri-
cal power generation, management and distribution; in 
this case, power system technology advances are critical 
for the advancement of the propulsion system (e.g., high 
power solar or nuclear electric propulsion) [13].
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Arrival in Mars orbit
The approach of Mars is the step corresponding to in-
ject the spacecraft to orbit. The major hazard during this 
phase is related to the required accuracy of the spacecraft 
trajectory. In case of failure of propulsion or navigation 
systems, two catastrophic consequences can occur:

• It can only touch the high layers of the martian atmo-
sphere: the spacecraft is not low enough and bounce 
away from the atmosphere following an hyperbolic 
trajectory that takes it away from Mars. Without any 
additional propellant on-board for managing this 
event, the crew is lost.

• It can enter too quickly in the low layers of the at-
mosphere: the spacecraft is too low; it enters too 
strongly into the atmosphere. The insufficient atmo-
spheric braking may lead to possible depletion, or 
even complete burn of the thermal shield, G-force 
in excess for the crew and/ or eventually high-speed 
crash on the ground.

Several options may be possible to reach the safety ob-
jectives such as aero-capture, aero-braking (such as for 
Mars Reconnaissance Orbiter in 2006) or retro-propul-
sion (using propellant) [6]. The technical choice depends 
on the mission architecture. Any evolution - for example 
in terms of mass, cost or technological maturity - leads 
to re-assess the safety constraints that are cascaded in the 
design: each mission scenario brings to consider a differ-
ent critical element of the system, so new safety criteria 
to be included in the trade-off. 

Entry, Descent & Landing (EDL)  
This last step before landing lasts seven minutes during 
which several hazards are combined at the same time 
[16]:

• The spacecraft shall resist to a huge deceleration. 
It acquires a supersonic speed and the resistance of 
the air leads to a violent braking. During this phase, 
the entry trajectory has to be adjusted as much as 
possible.

• The spacecraft shall resist to a particular thermal 
warming that can exceed the resistance of certain 
materials. During this phase, the corridor of entry 
is key.

• The spacecraft shall resist the sequential of entry at 
very low altitude (around 10 Km) that starts with a 
speed around Mach 2, then continue with opening of 
parachutes, eject the thermal shield, perform engine 
ignition for braking until a quasi null speed before 
landing.

• The spacecraft shall resist to the gas ejected from 
the nozzles while landing. They may dig a crater be-
low the spacecraft leading to its fall.

Any failure during this sequence may lead to catastrophic 
event and required to develop EDL systems that are toler-
ant to double failure modes. An additional constraint is 
that, in case of problem during the descent, it is almost 
impossible to abort and reacquire altitude to come back 
into orbit (such a manoeuver would add more complexity 
and propellant). For this reason, the EDL phase is one of 
the rare phases where any failure shall be found unac-
ceptable.
The manned mission is associated to a heavy spacecraft 
to land. And because of the mass, the braking is less ef-
ficient. That’s why the technologies and procedures used 
successfully for landing a small robot, is not transposable 
as is to a spacecraft. 

Solutions are under study [6] such as inflatable thermal 
shield that can reach high diameters (20-30 meters), air-
brake in form of petals. Depending on the residual risk, 
landing two smaller spacecrafts instead of a single one 
can be an alternative solution.
Regarding the risk of damage and fall-out of the space-
craft while landing, solutions seem implementable, such 
as a cable that helps the module landing progressively 
(such as for Curiosity), an inclination of jets outwards.   
The EDL system is identified as a critical technology for 
the Mars exploration mission: precision of landing and 
hazard avoidance are crucial regarding this phase.  

4.2 Environmental Control and Life Support

For manned mission, a life support system is constitut-
ed by all technical means ensuring the crew survival in 
space, i.e. a controlled/ recycled environment and sup-
plies (food, water, fresh air); management of waste recy-
cling. So the reliability of this system is crucial for any 
launch and space transportation vehicle, as well as for the 
space habitat.  
In particular, human presence in deeper space implies the 
elaboration of life support systems for food, water, air 
and waste management in “closed loop” in order to limit 
and eventually remove any re-supply need. 

For the three mission phases - journey to mars, mission 
on Mars then return back to Earth - major functions aim 
to monitor the internal crew environment and to ensure 
the crew survival in the transportation vehicle or habitat. 
These main functions are [6]:

• Atmosphere monitoring: a sub-system maintains the 
atmospheric gas within the cabin (the composition 
is a mix of nitrogen and oxygen under a pressure of 
101,3 kPa coming from ISS heritage), with continu-
ous monitoring of parameters e.g. total pressure in 
the cabin, concentration in CO2, filtering and elimi-
nation of polluting substances (ammoniac, acetone, 
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methane). It includes also fire detection, as well as 
storage of gas needed for ensuring the life support 
function into pressurized tanks (e.g. made of cryo-
genic fluid with continuous thermal monitoring).

• Temperature regulation: a sub-system maintains a 
confortable temperature (typically between 18 to 27 
degC) and an adequate level of humidity.

• Water management: a sewerage system retrieves 
and recycles wastewater, in order to be used for 
consumption of drinking water, preparation of food 
and hygiene.

• Waste recycling: a dedicated sub-system retrieves 
all kind of waste, such as organic waste, food scraps 
and the salt water coming from the other sub-sys-
tems.

A crisis situation can occur anytime during the mission. 
This requires the operational maintenance of systems of 
detection, warning systems and automatic software ac-
tions to warn the crew and answer automatically to the 
incident. 

• One typical hazard due to the presence of oxygen 
of air is the fire within the cabin. The Fire Detection 
and Suppression System are constituted - in addition 
of automatic alarm systems - by detection sensors, 
extinguishers, and portable breathing equipment in 
case of contamination or smoke in the atmosphere.

• Another typical feared event to be considered is the 
untimely depressurization of the cabin. The life sup-
port systems shall be able to continuously monitor 
the pressure, taken into account influent factors such 
as resupply in gas, ambient temperature. It has to 
detect slow drifts as well as brutal leaks. Breathing 
masks shall be easily accessible and the closure of 
internal bulkhead shall be performed in a very short 
time. 

The functional analysis of the life support system and 
associated mission failure conditions lead to a set of re-
quirements for the Environmental Control and Life Sup-
port System to be satisfied [6]:

• Capable of continued operation during the whole 
mission

• Extensively self-maintainable
• Designed such that maintenance operations are 

quick and simple
• Comply with the mission payload requirements
• Use only proven technologies that have been dem-

onstrated in laboratory and qualified in a representa-
tive environment

• Implement a redundant monitoring system  - inde-
pendent of any failure cases on the main on-board 
computer

• Easily controlled by the crew and also from Earth 
(subject to communication delay).

The development of innovative technologies is under 
maturation for use on the International Space Station, 
crewed transit vehicles, and surface habitats. They will 
also evolve pending the mission phase with integration 
of specificities related to transportation vehicle, space 
habitat and space suit for Extra Vehicular Activity (EVA). 

4.3 Communication

It is essential to communicate with the crew during all the 
mission phases and be able to send orders that may have 
safety implications, such as alarm and rescue. With re-
gards to capabilities related to space transportation, two 
aspects are considered:

• Communication system between Earth and the 
space transportation vehicle (corresponding to mis-
sion phases launch, journey into space and return)

• Communication system between the crew on-
ground Mars and the space habitat (corresponding 
to mission phase is the life/ work on Mars).

The instantaneous communication between Earth and 
crew is not possible: due to the distance to Earth, and 
depending on the relative position of Earth and Mars, the 
travel time of the radio signal at the speed of light var-
ies from 4 to 24 minutes [9]. This is a huge constraint 
that contributes to the isolation of the crew when a crisis 
situation occurs. That’s why the communication function 
needs to be continuously relayed by several independent 
systems. The objective is to ensure that one communica-
tion system is always available and working (Fail-Safe 
requirement)

Three technologies exist for communication with Earth 
[6]:

• Parabolic antenna that consists in concentrating the 
emission and reception of radio waves in a specific 
direction. This system amplifies the emitted/re-
ceived signal, and enables to exchange data in high 
speed. For efficiency of the communication system, 
dedicated frequencies shall be allocated to exchang-
es with the crew. This way, even if the signal com-
ing from mars is low, there are no interferences with 
other terrestrial signals. That gives performance to 
this system. The drawback of this option is that the 
parabolic antennas have to be oriented with accu-
racy. It requires a high reliable software system ca-
pable to determine the direction of Earth in function 
of the crew localization, hour and date. These pro-
grams are developed as software critical as manda-
tory for safety. In case of failure of this high-speed 
system, or of the parabolic antenna, another option 
exists.

• Omnidirectional antenna that consists in emitting the 
signal in all directions simultaneously. This system  
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is less efficient because most of the signal energy is 
lost. It enables to exchange data only in low speed. 
Even if this system does not enable to send large 
data such as video and pictures, it still gives the 
opportunity to exchange text messages that can be 
crucial to alert or give recommendations in case of 
emergency.

• Through the communication system of a space ve-
hicle in orbit around Mars. It can come from a return 
vehicle, an in space habitat, a telecom satellite or a 
Mars orbiter dedicated to this function. There is a 
dual interest with this option: 1) the martial orbit is 
close to the habitat so the transmission of the signal 
is efficient, 2) the vehicle into orbit can pursue the 
Earth with reduced blind periods (including dur-
ing the martian night when the antennas are out of 
range). In addition, in this configuration, it is pos-
sible to choose an appropriate orbit to ensure that 
the vehicle stays visible from the crew on-ground, 
so capable to exchange data with them (even if there 
are also delays of communication to consider).

The multiplication of independent communication sys-
tems is the way to ensure that the function is always ful-
filled throughout ach step of the mission. In particular, 
we can mention the multi-purpose spacecraft in the orbit 
of Mars that continuously provide data to Earth. 

5. GLOBAL SAFETY SYNERGIES

The previous chapters provide various illustrations of the 
implementation of the safety assessment process on the 
critical functions that may have catastrophic failure con-
ditions. It is based on safety rules coming from lessons 
learnt and recommendations from the past (e.g. Apollo, 
ISS, space shuttle, exploration missions) regarding dif-
ferent aspects such as design, manufacturing, testing, in-
strumentation, review and control. Most of them are used 
commonly within the global safety community as best 
practices. They are particularly valuable for large and 
complex programs that require a certain codification of 
the lessons learnt.

These safety rules need to be standardized in order to 
structure the analysis and avoid engineers to put value 
judgments. Do we have a common global safety standard 
in the space exploration domain? 

Current International Space Safety Standards are based 
on several ISO (International Organization for Standard-
ization). They are not suitable mainly because they are 
developed under the legal authority of specialized na-
tional or international agencies (e.g. FAA, FDA, ICAO, 
IAEA, for aviation, nuclear, pharmaceuticals) and not by 

national industrial standardization bodies [8]. The need 
has been identified for the institutional stakeholders of 
space-faring countries to jointly establish safety consen-
sus standards to become recommended references for na-
tional regulations.

Regarding the civil airborne, the standardized process is 
the Aerospace Recommended Practices ARP 4761 [4]. It 
is the guideline and set of methods for conducting safety 
assessment process used worldwide. At the same time, 
it is the world's most severe civil aviation standard. It is 
enriched by decades of maturation and improvement, as 
well as millions of flight hours each year. As a rough or-
der of magnitude, the cumulated number of hours flown 
each year is 60 millions (for average flight duration of 2 
hours) [11].

This guideline ARP 4761 is used with the ARP 4754A 
[10]: this process is devoted to determine Development 
Assurance Level (DAL), which defines the rigor of com-
plex hardware and software development and verifica-
tion activities. The level of DAL is defined depending on 
the architecture and the high-level safety objectives that 
are cascaded to lower systems and sub-systems.  
Space transportation systems and earth aerospace sys-
tems have different specificities intrinsic to their respec-
tive mission architecture, for example for what concern:

• Quantitative objectives of reliability (failures rates): 
Space transportation capabilities beyond LEO are 
constituted of critical systems in operation during 
tens of thousands of hours in a space environment.

• Maintainability procedures in operation: there are 
no possibilities during the duration of the space 
travel to make a landfall in order to repair or replace 
faulty or worn-out components. 

• Flight proving qualifying the overall critical sys-
tems at the acceptable level of safety: only few 
space systems will fly often enough to historically 
validate the associated calculation models regarding 
the catastrophic failure conditions.

Nevertheless, space exploration can benefit from the civil 
airborne processes in order to reach an international con-
sensus on space safety standards. Global synergies exist 
in terms of implementation of safety rules and lessons 
learnt, and the standardization of these approaches (space 
exploration and civil airborne) seems key to reflect the 
common safety status of the knowledge and the accumu-
lated experiences. The global process is elaborated from 
the shared safety objective that no single failure will re-
sult in a catastrophic failure condition.

Such an endeavor, in the Space Exploration area, re-
quires transnational collaborations and active commit-
ments based on these identified global safety synergies. 
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The agencies participating in the International space Ex-
ploration Coordination Group (ISECG) have a leading 
role in order to promulgate the implementation of global 
safety management capabilities allowing the effective 
identification of international standards adequate for mit-
igating safety deficiencies and resolving safety concerns. 
This international group ISECG can also facilitate the 
implementation of appropriate data collection and data 
sharing initiatives. 

Moreover, the development of Space Exploration Rec-
ommended Practices enables to establish the conditions 
and circumstances under which to deal with safety devia-
tions through established enforcement procedures. This 
particular aspect brings the need for standardization in 
order to avoid the acceptation of deviance that has to be 
carefully monitored. 

This is a continuous and iterative process where safety 
indicators and findings are to be re-assessed depending 
on mission architecture evolutions throughout the overall 
development.

6. CONCLUSION

Human presence beyond LEO enables new opportuni-
ties for reaching space exploration goals. This applies 
not only to the presence of crew but also to space-based 
infrastructure such as habitation, communication and ser-
vicing systems.

The architecture of the Mars exploration mission pur-
sues two objectives: minimise the mass to send beyond 
Earth orbit, and ensure the safety during each step of the 
mission (launch, journey, approach on Mars orbit, en-
try, decent and landing, and return). The challenge is to 
bring the failure probability down to an acceptable level 
mainly for critical functions that have catastrophic failure 
conditions, but without adding complexity to the overall 
design in a way that the design is compromise. The reli-
ability of the overall systems for a two-years duration is 
also a huge challenge. Introduce the adequate redundan-
cies is crucial to avoid catastrophic failure conditions. At 
the same time, the systems have to be repairable by the 
crew. The Global Exploration Roadmap gives an over-
view of key technologies to be developed within the next 
decade [2]. 

It is interesting to see if safety considerations may bring 
new design constraints. For example: what about using 
medium class launchers in order to assemble the space-
craft by piece of 20 tons instead and constitute progres-
sively propellant storage?
Regarding the synergies for space exploration:

▪ How do we exchange between agencies about les-
sons learnt?

▪ How do e share the results of our studies? 
▪ How do we share workload and global safety stan-

dards?
▪ Do we agree on these global safety standards be-

tween agencies?

The next steps of the Space Exploration Safety standard-
ization will be based on an international interest and col-
laboration. A recommendation can me made on the fact 
that ISECG can be considered as the Space Exploration 
coordination platform for global safety synergies. 
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