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Abstract

ABSTRACT
If human beings are to expand their existence beyond the Solar System, a spacecraft must be built to
navigate through interstellar space. In order to address the complex array of issues involved in such
a feat, an interdisciplinary, intercultural, and international (3i) approach is necessary. A team of
graduate students at the International Space University came together throughout 2014-2015 to
tackle this issue. The resulting report outlines the framework and provides a roadmap to achieve
interstellar travel in the near future with an approach that is technologically feasible, financially
astute, and culturally desirable.
This paper addresses interstellar travel using a slower-than-light, self-sustaining worldship to carry
humans over many generations to other star systems and, in particular, the preparations needed to
launch such a ship in a nominal 100 year timeframe. Current or near-current technologies are
leveraged in new and creative ways and where technologies do not exist, a critical path to
development has been identified. Drawing on information from past studies of interstellar missions,
a preferred concept for a worldship is identified. This allows key technologies to be selected and
considers the feasibility of their advancement in time for a launch in the next century. Strategies are
outlined for the necessary development and follow a logical progression of enabling missions and
projects.
The interdisciplinary, intercultural, and international approach taken considers both the
technological and societal challenges leading up to the launch of a worldship, as well as the
challenges associated with operating a worldship over hundreds to thousands of years. Preliminary
mission plans take into account the conditions for enabling the construction of a worldship including
political considerations, cultural changes, financing, and international collaboration in the form of an
Interstellar City. Other major topics include on board infrastructure such as living spaces, biomes,
transportation systems, a life support system, and the required medical and scientific facilities.
Operational concepts are also examined, such as shielding from radiation and collisions, on board
manufacturing and recycling, redundancy in systems, and research and development. The paper also
considers necessary ship subsystems including power, propulsion, communication, and navigation
systems. Finally, issues concerning the society and ethics on board are examined, with topics relating
to life on the worldship, governance and education models, and worldship economy and culture.
The methods and timeline required to complete this research are then incorporated into a roadmap.
This roadmap addresses issues leading up to the launch of the worldship. Future research needs are
identified for both technical and non-technical challenges. The end result is an interdisciplinary
roadmap for the launch of a slower-than light, multi-generational worldship for interstellar travel.
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Faculty Preface

FACULTY PREFACE
Between September 2014 and the end of August 2015, the International Space University (ISU) MSc
in Space Studies brought together graduate students and space professionals from all over the world
to form the ISU MSS15 class. This class was immersed in an intensive year-long program featuring an
interdisciplinary, intercultural, and international (3i) space curriculum. As well as lectures,
workshops, professional visits, an individual project and an internship, the MSS15 students also had
to undertake a team project. Lasting six months, the team project is a key component of the ISU MSS
program and aims:





To provide students with experience in interdisciplinary, intercultural and international (3i)
teamwork.
To develop in students the relevant skills (e.g., research, problem-solving, design,
communication, organizational and project management) required to perform a significant
3i project in a 3i team environment.
To allow students to engage with and apply principles learned elsewhere in the course and
apply them in a 3i context.

During MSS15, two different team projects were carried out. This report contains the findings of one
of them, which was focused on the possibility of human interstellar travel by a multigenerational
slower-than-light worldship and the development of an interdisciplinary roadmap to enable the
launch of such a craft within a nominal one hundred year timeframe.
Executed by a team of twenty-two students from eleven countries, Astra Planeta evaluated the
current level of understanding of interstellar flight with specific reference to worldships, identified
disciplinary and interdisciplinary knowledge gaps in the field and defined potential technical and
non-technical solutions for closing them. These were then integrated into the overall roadmap
leading to a future worldship launch.
Throughout the project, the Astra Planeta team demonstrated high-levels of professionalism,
discipline, and maturity. On behalf of the whole ISU faculty and staff, we would like to thank the
team members for their dedication and hard work and are pleased to commend both them and the
Astra Planeta report to you.

Professor Chris Welch
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TEAM PREFACE
"We will not find anywhere as nice as Earth unless we go to another star system, Life on Earth is at
the ever-increasing risk of being wiped out by a disaster, such as sudden global nuclear war, a
genetically engineered virus or other dangers we have not yet thought of."
- Stephen Hawking, 2006
Four decades have passed since humans have ventured past low Earth orbit and landed on the
Moon. Although we were able to go from a non-space faring species to landing a person on the
Moon in under 15 years, space project momentum and funding have not reflected the dreams
inspired by the Apollo era. Despite this fact, there are many experts and organizations around the
world devoted to making human spaceflight outside of our Solar System possible. Interstellar space
travel inspires individuals to reimagine their world, become space industry advocates, and
encourages sustainable, long-term ways of thinking very much needed in current society. Making
interstellar travel a reality will completely reshape our species and its place and presence in the
universe.
Team Astra Planeta is a group who believes in interstellar travel. Consisting of graduate students
varying in age, experience, professional backgrounds, and nationalities, Astra Planeta has come
together to expand knowledge and contribute to the vision of interstellar travel in an
interdisciplinary, intercultural, and international (3i) fashion. Specifically, the team has conducted a
study on the concept of a multi-generational worldship traveling at slower than light speeds.
Because of the nature of this multifaceted endeavor, the team has leveraged the knowledge and
unique perspectives inherent in the diversity of its members to address various topics. These include
scientific, technical, social, political and financial issues associated with launching such a worldship. A
roadmap from 2015 until the launch of a worldship has been constructed with the gathered
information.
Predicting the status of the world and its technological level to an accurate degree is not possible.
This is why it is important to note that the team’s mission is not to develop a detailed design of an
interstellar worldship to begin construction immediately. Instead, Astra Planeta hopes that the work
in this report will lay the foundation for future progress in the endeavor of interstellar travel. This
report is intended to identify areas of research to be conducted in the future and to inspire new
thoughts and concepts to be explored as our society progresses towards embracing the vision of
human presence beyond our Solar System.
Astra Planeta is thankful to all ISU faculty members and experts from different organizations for
their guidance.

“The probability of success is difficult to estimate; but if we never search, the chance of success is
zero.”
― Giuseppe Cocconi and Philip Morrison, Searching for Interstellar Communications, 1959

Team Astra Planeta
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Introduction

1 INTRODUCTION
For millennia, humans have looked at the stars with dreams of what may lay in that distant beyond.
Human nature has a need to explore and establish itself, and thus far, humanity has established
itself on the majority of Earth’s landmass. Now is the time to travel past our pale blue dot and even
beyond the Solar System and into the galactic neighborhood. This project is an attempt to create a
conceptual design and nominal 100 year roadmap of a slower-than-light, generational worldship to
meet the desires of establishing humanity across the universe.
The project is the result of a collaboration of 22 students from the 2015 MSc in Space Studies class at
the International Space University, Strasbourg, France. The students originate from four continents
and bring with them backgrounds in 17 distinct disciplines. This report is the culmination of a
dedicated effort to critically evaluate existing literature and develop a roadmap for the worldship.
Astra Planeta, the name of the team involved, comes from the name given to the classical planets,
which the Greeks saw as five 'wandering stars'. The Astra Planeta worldship, therefore, represents a
vessel that will assist in our journey to explore the stars and become, in a sense, wandering stars
ourselves.
Although humans have pondered traveling among the stars for centuries, more concrete studies
have only been performed over the past century. Herein, an attempt has been made to offer an
interdisciplinary approach to tackling the challenge of interstellar travel. The concept and roadmap
presented here provide a step towards overcoming some of the developmental challenges of
interstellar travel from a societal, technical, and mission planning perspective.

1.1 Background and History
Science fiction has played a tremendous role in inspiring many early developments in space. It was
Jules Verne’s De La Terre à La Lune in 1865, a novel on spaceflight that drove the imagination of the
first pioneers in rocketry: Robert Goddard, Konstantin Tsiolkovsky, and Hermann Oberth.
The first conception of the idea of interstellar travel can be traced all the way back to 1918 written in
notes by Robert Goddard (Goddard, 1970). His thoughts on multiple ventures into space were
expressed in the direction of the dense stellar population. His descriptions do not necessarily
describe a generation ship but rather serves as a significant first milestone for interstellar generation
ships.
The first published work on generation ships was penned by Konstantin Tsiolkovsky. In 1928, he
proposed slower-than-light space travel for large-scale human transportation for extra-solar
voyages. He received a lot of skepticism from other scientists for such writings. Though science at
the time received incredulity, science fiction received applause. In his book “The World, the Flesh
and the Devil,” Bernal reflected on the idea of generation ships, considering the structure,
sustenance, and navigation of such a ship in detail (Bernal, 1929).
Now, in the 21st century, there is serious consideration into ideas similar to those that Tsiolkovsky
proposed, in particular, the concept of a self-sustaining worldship that carries thousands of people
to extra solar destinations over the course of many generations. The Journal of the British
Interplanetary Society (JBIS) has been in publication for over 70 years and has published papers on
interstellar travel before human spaceflight had even been achieved. Despite the longevity of the
initial vision and the start of serious investigation into interstellar travel, the concept has only now
begun to develop in the interest of modern society. Many organizations, such as the Initiative for

International Space University, MSS 2015

1

Astra Planeta

Introduction

Interstellar Studies (I4IS), have recently come into existence and have been researching the
challenges and capabilities involved in such a project. This includes researching innovative
technologies needed to make such a mission a reality.
As noted by several organizations including the British Interplanetary Society (BIS) and United States
(US) Defense Advanced Research Projects Agency (DARPA), many challenges on different levels will
have to be addressed, using a multifaceted interdisciplinary, international, and intercultural
approach (Long, 2012b). A major project such as an interstellar worldship will most definitely require
unprecedented international cooperation and the creation of new legal regimes. This is an active
area of research that is worth continuing.

1.2 Motivation for Interstellar Travel
From the onset of this project, providing motivations for interstellar travel was not the focus for
Astra Planeta. Instead, the project focused on the challenges of developing, constructing, and
launching a worldship and laying out a roadmap. Thus, the aim of this section is not to provide an indepth justification for the development of a worldship, but rather to give some insight into what
possible motivations might be behind such a massive undertaking. What might inspire thousands of
people to leave everything they have ever known on Earth behind? What incentives might exist to
fund such a vast and expensive project? These are not easy questions to answer, but several valid
motivations exist that are discussed.
One such motivation is exploration, which is at the heart of many cultures. Such cultures have
constructed ships and sailed across vast oceans in search of what may be found beyond the
horizons. They have sent out probes to the farthest corners of our Solar System to find what has yet
to be discovered. While much remains to be discovered in our own Solar System, we know that it
does not contain any celestial bodies that are naturally habitable to humans. A worldship would be
the next in a tradition of human culture to explore the horizons for exciting new discoveries.
If a suitable celestial body for habitation was discovered, the next motivation of settlement would
come about. The cultures that explored were also often the cultures that set out to settle the newly
discovered lands. A worldship full of thousands of representatives for the human species could set
out to settle or colonize a distant stellar locale.
The final motivation of preservation of the human species is strongly linked with the motivation for
settlement. A species must spread to avoid extinction, the greater the spread of a species, the less
likely that a local catastrophe will end its existence. Humanity has effectively covered the Earth but
has not ventured off its own planet. Until humanity is able to leave the cocoon of Earth, humanity’s
eventual extinction is anticipated. The Earth hangs in a delicate balance and there are many events
which threaten the existence of life on Earth. Natural disasters such as asteroid impacts, massive
volcanic eruptions, or Earthquakes all have the possibility to end life as we know it on Earth. Other
dangers include widespread war, plague, and famine. Moreover, even if humanity does expand past
our Earthly boundaries into the local Solar System, the eventual expansion of the Sun will eventually
envelop most of the planets. These factors amass to a definitive end to the human species, if it does
not travel to the interstellar reaches beyond the Solar System. Therefore, a likely main motivation
for an interstellar worldship will be preservation of humanity, whether the threat is imminent or just
a theoretical point in the future.

1.3 Project Purpose and Scope
The definition of the purpose and scope gives some context to the overall project. The topic of
interstellar travel is vast and thus must be narrowed down to produce a useful end product. This is
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accomplished through the mission statement, project aims and objectives, as well as constraints and
assumptions. Finally a discussion on the nominal timeframe gives some insight into the rationale
behind the choice.

1.3.1 Mission Statement
The project mission statement captures the aim and objectives of the project and serves as a
framework for the work that was carried out.
“Team Astra Planeta will develop an interdisciplinary roadmap for a nominal 2115 launch of a
slower-than-light, multi-generational worldship for interstellar travel.”

1.3.2 Aims and Objectives
One of the main aims of the project is to further the state of knowledge of interstellar travel by
providing an interdisciplinary study of interstellar worldship. This means that the project goes
beyond the technological challenges and considers other aspects such as societal issues both on
board the worldship and during the development and construction phases. Other considerations
include the political, legal, and economic implications as well as a strategy for public outreach and
education leading up to the worldship launch. As outlined in the mission statement, the end goal of
the project is to produce an interdisciplinary roadmap leading to the launch of a worldship. In order
to develop this roadmap, first a preferred mission concept and architecture had to be defined.

1.3.3 Constraints and Assumptions
In order to provide some context into which the preferred worldship concept could fit, some
constraints and assumptions were discussed. Speculative technology such as warp drive, wormholes,
and faster-than-light travel were not considered. Furthermore, it was assumed that the energies
involved with fast travel (velocities greater than 10% the speed of light: 0.10c) would be prohibitive
to achieve with near-future technology. Also, the population on board the worldship is assumed to
be alive and fully awake; thus, dedicated seed ships and cryogenic sleep is not considered. Finally,
one of the project aims was to identify a preferred concept for a worldship, not to develop a detailed
design.

1.4 Why 100 years?
While some may argue that 100 years is an impossibly short time to undertake such a mission others
note that incredible things can accomplished in a century. Regardless of the view, to most people a
hundred years is a relatable period of time. One can certainly conceive of living that long. Thus a
hundred year time frame was chosen in part because it is approachable to people. It is not so far in
the future as to be uninteresting, yet it is far enough that it seems a feasible timeframe. It also
serves as a constraint, limiting the use of technology to those that currently exist or will in the nearfuture.
While the future cannot be predicted, logical and useful statements may be made about it. This
allows humans to forecast several alternative futures (Dator, 2014). One of these alternative futures
could be the construction and launch of a worldship to explore our stellar neighborhood. Significant
changes can happen in a hundred years, as is evidenced by the exponential growth in population and
technology over the last one hundred years. To someone living at the beginning of the 20th century,
the progress over the next hundred years would have seemed fantastical at the time. Could citizens
living at the beginning of the 20th century imagined global air travel which made parts of the world
accessible in hours when it once took months. In the 1950’s could people contemplate computing
machines capable of displaying video images from across the world in real-time? Would they have
conceived regular spaceflights ferrying humans to orbital space stations? With the continued
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exponential growth technology, it is also difficult to imagine the technological feats humanity will
witness in the next hundred years. While this project makes no effort to predict the future, it
considers the realm of what may be possible in the next hundred years. This gives the project scope
and forces a realistic consideration of what a worldship may look like without relying on tenuous
physics or incredible breakthroughs.
The use of the word nominal when describing the timeframe was chosen carefully as it expresses
some uncertainty. It expresses the idea of a goal, meant to provide some scope and boundary to this
project. When the project began, a realistic estimate of time was not feasible but a nominal hundred
years was a reasonable starting point. As the project progressed, an understanding of the limiting
factors began to emerge. In the end, the nominal one hundred years does not imply that a worldship
will be launched a hundred years from now. Instead it gives the framework for a series of logical
steps and outlines a roadmap to the launch of a worldship given current or near-current technology.

1.5 Report Structure
This report is structured to provide a logical narrative from front to back. Thus Section 1 begins with
an introduction to an interstellar mission and the associated challenges. This leads into a description
of what the end goal is – the construction and launch of a worldship capable of carrying thousands
of people over multiple generations to another stellar system. Next, how such a mission can be
accomplished is explored and finally a roadmap presents the key items and critical path leading up
to the launch of such a worldship.
An interstellar mission concept is described in Section 2 - Mission Concept which gives some
background to what an interstellar mission would look like. It starts with a scientific background of
the physical environment through which the worldship must travel and a description of the stellar
neighborhood which is reachable in the timescale of hundreds to thousands of years. This gives the
context which leads to the description of the proposed interstellar mission.
The next two sections describe the proposed worldship in an interdisciplinary manner. Section 3 Worldship Design starts with a description of the worldship structure and design considerations. This
is followed by a breakdown of the critical worldship subsystems. Concepts such as the sustainability
of a worldship over hundreds to thousands of years are explored through concepts such as recycling,
maintenance, and reliability. Section 4 - Worldship Society looks at life on-board the worldship
considers human factors such as health and medicine, psychological considerations, population,
education, language, culture, economy, ethics, and religion.
This is followed by Section 5 - Planning for the Worldship, which describes how such an immense
project might be undertaken. A model for governance is presented which describes how
international collaboration might be managed in the form of an Interstellar City. The financing of the
project is considered along with how it may be constructed. This is followed by a discussion of risk
and some of the legal implications. Public outreach and education are explored which are necessary
to inform and inspire the public to get behind such a momentous project.
The report culminates with the presentation of the roadmap and recommendations. Section 6 Roadmap presents the roadmap leading up to the worldship launch. Note that the roadmap is not a
comprehensive timeline of all the necessary procedures but rather identifies the key steps. As such,
it identifies the critical path required to develop, construct, and launch a worldship. Finally,
recommendations are given in Section 7 - Recommendations for steps going forward. The report is
then concluded with a concise description of the major topics discussed.

4
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2 MISSION CONCEPT
In order to define a preferred concept for a worldship, an interstellar mission must first be
conceptualized. The end goal of the mission must be decided closer to the mission launch date when
more information is available on the target system. This might be settlement on a planet, Moon, or
on board a space station or even using that system’s resources to refuel and restock the worldship
to continue on to another system.
Whatever the end goal is, knowledge on the physical environment of the interstellar medium (ISM)
is crucial in order to design and construct a worldship. Also, a survey of the nearest stellar systems is
necessary to understand potential destinations. After discussing the physical environment and
stellar neighborhood a number of limitations are placed on the scope of an interstellar journey. A
final target system is not defined; rather, a glimpse of possible target systems and known planets
which lie in the system habitable zone is provided. This is followed by the development of criteria for
target systems. Finally, a mission concept is presented considering these factors.

2.1 Scientific Background
Before embarking on a journey to another star system, a greater understanding of the conditions
outside of our Solar System is necessary. Direct measurements of the ISM should be performed to
confirm our terrestrial observations. Furthermore, a survey of the closest stellar systems, including
their planets, is important in selecting the most suitable system to travel to.
The first interplanetary missions, Voyager 1 & 2, were launched in 1977 to explore Jupiter and
Saturn. The missions have been extended as the Voyager Interstellar Mission (VIM) aims to
characterize the outer Solar System environment and to measure galactic radiation unaffected by
the solar wind. Voyager 1 & 2 are currently the furthest spacecraft from the Sun at distances of
130.5 AU and 107 AU respectively (NASA, 2015) as shown in Figure 1. This puts the two spacecraft at
the edge of the Solar System and provides insight into what may be expected when voyaging into
interstellar space. While they have been travelling for almost forty years, the distances represent
less than 0.05% of the distance to the nearest stellar system, Alpha Centauri. Given the lack of
information more interstellar precursor missions are needed characterize the ISM.
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Figure 1: Current deep space missions (NASA, 2010a)

2.1.1 The Local Interstellar Medium
The Solar System and its nearby galactic neighborhood are depicted in Figure 2 on a logarithmic
scale. The interstellar region is bounded by the heliopause, which is the divider between the solar
wind and interstellar plasma. The bow shock is produced by interactions between the solar wind and
the ISM. The planets within the heliosphere are shielded from the dangerous elements which flow
through space such as interstellar cosmic rays, wispy filaments of interstellar gas, and extreme
ultraviolet (UV) radiation. These elements pose a threat to all living systems as well as components
of the worldship such as electronics and material properties. The worldship must be designed with
this in mind.

6
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Figure 2: The scale of the heliosphere and nearby galactic neighborhood (NASA JPL, 2013)

Looking further, it can be seen that the Solar System is located near the edge of the Local Interstellar
Cloud (LIC) as shown below in Figure 3 (JPL NASA, 2000). The LIC extends to 10 light years (ly) and is
characterized by its relatively warm temperature, low density, and partially ionized state (Crawford,
2011). The LIC itself is located in the Local Bubble, a low-density region that extends for about 200300 ly from the Sun and contains other similar interstellar clouds. These clouds, including the LIC,
have been studied by observing interstellar absorption lines in the spectra of nearby stars (Crawford,
2011). This allows line of sight measurements which give an indication of the average densities but
does not give information about local concentrations. This lack of information leads to the
suggestion for precursor missions to make direct measurements of the ISM which will have
implications for the design of an interstellar worldship. These missions should be conducted in the
direction of potential target systems to gain a better understanding of local concentrations along the
way. This would provide an opportunity to test different worldship shielding methods, as discussed
in Section 3.4.

Figure 3: Map of the local galactic neighborhood (JPL NASA, 2000)
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The Milky Way Galaxy is largely empty with the ISM accounting for 99.99999997% of the volume.
With an average spacing between stars of around 6.5 ly, there are vast distances which must be
crossed (van der Werf, 2014). It is important to gain an understanding of our stellar neighborhood
before embarking on an interstellar journey as changing course partway through the journey will not
be an option.

2.1.2 Stellar Neighborhood
Within the nearest stellar neighborhood there is a variety of stars with different temperatures, sizes,
and spectral classes. As many as 56 stars in 38 separate systems have been identified within 15 ly of
Earth, some of which are shown in Figure 4 (Crawford, 2011). Whatever the end goal of the mission,
it is important to understand the types of stars in the local neighborhood. If settlement on a planet
or Moon is the desired goal, the star’s habitable zone will be one of the major criteria. A habitable
zone is the range of distances from the parent star that a planet must lie in order to support liquid
water on the surface.

Figure 4: Stellar neighborhood within 12.7 ly of the sun (Crawford, 2011)

The nearest star system, Alpha Centauri, is about 4.3 ly away and forms a triple-star system. Alpha
Centauri A and B form a binary pair of stars and Proxima Centauri orbits them both. Although these
binary stars are believed to be similar to the Sun and stable orbits have been found, habitable
planets have yet to be been detected. Even if suitable planets were discovered, the habitability of
life in close-orbiting binary star systems has been disputed due to severe transient radiation and
gravitational disturbances (Matloff, 2000).
The British Interplanetary Society’s (BIS) Project Daedalus mission target is Barnard’s Star. This star is
5.4 ly away from Earth and is a red dwarf with spectral classification of M4 (Long, 2012a). There is
some speculation whether red dwarfs could sustain Earth-based life forms (Ksanformality, 1986). A
planet in a red dwarf system would need to orbit at a close distance (around 0.4 AU) to the red
dwarf to remain in the habitable zone. At such close distances, the planet would eventually end-up
8
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tidally locked with one side always facing the star. The chances of habitation would be slim due to
extreme temperature difference on either side of the planet (Ksanformality, 1986).
As demonstrated by Figure 5, many of the closest stars are red dwarfs or lie in multiple star systems.
This suggests that except for specific circumstances, these systems most likely do not harbor ideal
planets for habitation. However, settlement on a Moon or aboard a space station remains a
possibility. This will need to be considered by the future mission planners when considering the end
goal of the mission and which stellar systems are ideal destination candidates.

Figure 5: List of nearest stars (Tate, 2012)
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2.1.3 Target System Criteria
If settlement on a planet is the mission end goal then some sort of target system criteria is necessary
to select the most viable system. One of the main criteria is the presence of at least one planet in
that star’s habitable zone. In theory it is possible to sustain life outside the habitable zone so these
options should also be considered. For example, life can be sustained underground, with
radioisotopes or tidal heating providing adequate energy supply. There is also be possibility of life in
oceans below a planet’s icy surface (Jones, 2004).
Habitable planets are more likely to be in star systems of the high metallic main sequence (main
sequence life exceeds 2 billion years). There is high probability of the presence of these stars within
the thin disk of the Milky Way galaxy (Matloff, 2000). The main parameters for habitable
environments such as Earth’s are (Jones, 2004):




Substantial quantities of water and carbon, nitrogen, and adequate energy supply
Temperature: In range of 0-160 degree Celsius
Atmospheric Pressure: at least 610 Pa – pressure for water to remain in liquid state

The detection of exoplanets is relatively recent and the list of known exoplanets continues to grow.
Missions such as NASA’s Kepler continue to add to the catalog. An international team of
astronomers from the University of California Santa Cruz combined more than six thousand
observations and used new techniques to improve sensitivity for the search of small planets. In
2012, the team discovered that Tau Ceti, the nearest single G-type star has a planetary system. It has
been announced that it may host five planets, one of which is in the star’s habitable zone (Stephens,
2012).

2.2 Proposed Interstellar Mission
In order to give the preferred design and roadmap some context, an interstellar mission was
conceptualized. Due to the large separation between stars, a single voyage to one stellar system is
considered. As this will take hundreds to thousands of years, it is outside the scope of this project to
consider what the worldship inhabitants will do when they arrive. A self-sustaining worldship would
have the capability to leverage a stellar system’s resources to manufacture the necessary
components to colonize a planet, construct a space station, or continue the voyage to another stellar
system. Furthermore, due to the high energy required to accelerate a worldship, distances further
than 25 ly were considered to be unreachable in hundreds to thousands of years and are not
considered. A fleet of several starships was considered as it offered several advantages such as
redundancy. However, the extra complexity and costs of constructing and managing a fleet were
seen as prohibitive. Thus, the proposed interstellar mission is given as per below:
The interstellar mission will consist of a single worldship directly travelling to a single stellar system
within 25 ly from the Sun.

10
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3 WORLDSHIP DESIGN
The worldship itself can be thought of as two components, the physical components that make up
the ship and the people component that live and work on the ship. While these groups are
interlaced via a multitude of interactions, for the purpose of clarity, they will be considered
separately. However, that should not imply that they are not explored together. Often in this section
the implications of technical considerations on the human aspects of the worldship will be discussed.
The human considerations are detailed in Worldship Society.
To this point, the term worldship has been used loosely. In order to understand the technical
constraints and required subsystems, a clear definition is needed. Through the years, terminology in
the field of interstellar travel has been unorganized at best. In part this is due to the diversity of
mission goals and ideas about how to achieve these goals. For example, becoming an interstellar
society could imply a mission concept ranging from one person passing around a near star and
returning to Earth to something that requires billions of people spread across the galaxy using
advanced technology to communicate and travel between locations. Given this range, it is easy to
see how critical clear terminology is. Some interstellar starship terminology and the relationships
between them is shown in Figure 6 (Hein, Putz, Reiss and Bulher, 2012).
The term “interstellar worldship”, or “worldship” for short, is a spacecraft designed to travel over
vast distances at non-relativistic speeds (slower that light: < 0.10c). The term is reserved for
spacecraft designed to carry a population of 100 000 people or more to a destination which may
take hundreds to thousands of years to arrive at. A worldship is a generational ship in which many
generations of people live their whole lives and die on board. It is not a ship where the occupants
are asleep or hibernating and it does not only carry human “seeds” for growth at the destination.

Figure 6: Different terminology for interstellar starships (Hein et al., 2012)

The engineering and design drivers for such a mission are discussed, which gives the project scope
and limitation. This section divides the worldship into its major components and discusses the
details of subsystem requirements for a worldship, giving suggestions of what might be the best
option based on the scope of the project and current technological development. The systems
outlined include structure, shielding, propulsion, communications, and life support amongst others.
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Each section explores the requirements that must be met for a successful worldship mission. Often
this is speculative but analogs and extrapolations are used when possible to add to the analysis.
Sections then examine the currently known technologies to determine feasibility for a worldship.
Finally, tasks which must be accomplished in order to push these technologies to a Technology
Readiness Level (TRL) where they can be implemented on a worldship are outlined.

3.1 Worldship Design Drivers
Given that the nature of this project is a roadmap, detailed design specifications are avoided.
However, in order to aid subsequent decisions, a preliminary, order of magnitude approximation has
been undertaken. The goal of this is not to be a finalized design, but merely to provide context for
the roadmap, and identify design drivers that will affect the finalized worldship design.

3.1.1 Area requirements
Understanding how much area is required to support the worldship population gives scale to the
worldship. Some of the most significant drivers for this are the production of food, treatment of
water, and allotment of living space for people. The final dimension of the worldship structure is
scaled from several factors such as the individual spatial requirement of the inhabitants and the area
required for production of food or manufacturing facilities etc. Gravity is one of the key design
drivers of the internal architecture of the worldship. For example, if the worldship is designed with a
normal 1g gravity level, then the internal architecture would be very similar to Earth, with most
structures attached to the surface. On the other hand, if a microgravity environment is utilized, the
total internal surface area of the worldship can be utilized.
Since previous work has been done on area requirements, the relevant literature was consulted to
better understand these requirements. Two studies in particular guided the decisions made in this
section. The first is NASA SP-413 aka the “Stanford Project” from 1975 and the second is Project
Hyperion (2012) from Icarus Interstellar. Both of these studies include detailed calculations and
approximations of the required areas on a per person basis. These projects consider a final
population size of 10,000 people, but it is assumed that values presented are applicable to 100 000
people as they were evaluated on a per person basis. The resulting space requirements as
determined by each project are given in Table 1 and Table 2. Despite differing methodologies, both
studies arrived at similar values of 155.2 m2 for the Stanford project (Johnson and Holbrow, 1976)
and 159.95 m2 for Project Hyperion (Summerford, 2012a). It should be noted that Project Hyperion
started with the values from the Stanford Project and updated the values as needed. Given that this
update included only minor changes, it is assumed that the values are reliable. To verify this
assumption, certain calculations were performed as a secondary check. In particular, agriculture and
water management spaces were evaluated.
For the agricultural approximation, it was assumed that 12.5 metric tons of corn per hectare (200
bushels per acre) could be grown and that one person would consume 1 kg of food per day (Buckey,
2006). One plot of land was expected to produce three crops per year. The corn growth rate is a rule
of thumb threshold used in the Midwestern states of the U.S. to determine reasonable productivity
(Cartwright, Gardisser and Espinoza, 2003). While three crops per year is not likely in an exposed
agricultural system, an artificial system should be capable of high turnovers as the growing season
for corn is about 12 weeks (University of Florida IFAS, 2010). This results in approximately 60 m2 per
person, which is almost identical to the value 60 m2 found by Project Hyperion and less than a factor
of 1.5 from the Stanford Project which found 44 m2. Despite being simplistic, this analysis confirms
the agricultural space requirements to at least an order of magnitude.
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Next, waste water treatment was considered. For this analysis, the Clayton County constructed
wetland system was used as an analog. The wetland is a toilet to tap system located in Clayton
County Georgia that employs constructed wetlands to filter water. In addition to filtration,
constructed wetlands provide recreational spaces and wildlife habitat. The Clayton County system
consists of a 13 hectare (32 acre) wetland system and a 1 km 2 reservoir that serves 250,000 people
(Clayton County Water Authority, 2015). Scaling this linearly results in 6 m2 per person, which again
is only a factor of 1.5 from the value of 4 m2 is found by the Stanford Project. One consideration for
the discrepancy is the reservoir. The analog reservoir was sized mostly based on available space,
which was not constrained in any way. Secondly, linear scaling in not a very accurate method as
retention time (cycling frequency) of the water in the reservoir is better modeled as an ordinary
differential equation. However, for the purpose of this study a factor of 1.5 is acceptable.
Unfortunately, the space accounting of Project Hyperion does not allow for a comparison.
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Table 1: Space requirements determined by NASA SP-413 (Johnson and Holbrow, 1976)

Space use
Residential
Business
Shops
Offices
Public and semipublic
Schools
Hospital
Assembly (churches,
community halls)
Recreation and
entertainment
Public open space
Service industry
Storage
Transportation
Mech. Subsystem
Communication distr.
switching equipment
for 2800 families
Waste and water
treatment and recycling
Electrical supply and
distribution
Miscellaneous
Subtotals
Agriculture space
requirements
Plant growing areas
Animal areas
Food processing,
collection, storage, etc.
Agriculture drying area
Totals

14

Surface area
required,
m2/person

No. of
levels

Projected
area,
2
m /person

Estimated
height,
m

Volume,
m3

49

4

12

3

147

2.3
1

2
3

1
0.33

4
4

9.2
4

1
0.3

3
1

0.3
0.3

3.8
5

3.8
1.5

1.5

1

1.5

10

15

1

1

1

3

3

10
4
5
12

1
2
4
1

10
2
1
12

50
6
3.2
6

500
24
16
72

0.05

1

0.05

4

2

4

1

4

4

16

0.1

1

0.1

4

0.4

2.9
94.2

2

1
46.6

3.8

11.2
823.3

44
5

3
3

14.7
1.7

15a
15

660
75

4

3

1.3

15

60

8
155.2

3

2.7
67

15

120
1738.3
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Table 2: Space requirements from Project Hyperion (Summerford, 2014)

Land Use

General
Residential Dwellings
Transportation
Facilities
Open Space
Storage (Misc.)
Waste / Mechanical
Educational Facilities
Service / Utilities
Business (Retail,
Offices)
Misc. Space
Civic / Assembly Halls
Recreation (Athletics)
Medical Facilities
Subtotal
Agriculture Specific
Agriculture
Agriculture Drying
Livestock +
Husbandry
Processing +
Collection
Subtotal
Total Tabulations
Surface Area (m2)

Projected
Surface
Area
per Person
(m2)

Total
Colony
Projected
Surface
Area (m2)

Surface Area
per Person (m2)

Total Colony
Surface Area
(m2)

Approx.
Number of
Floors
(qty.)

50

500000

4

12.5

125000

12

120000

2

6

60000

10
5
4.15
4
4.2

100000
50000
41500
40000
42000

1
4
2
3
2

10
1.25
2.08
1.33
2.1

100000
12500
20800
13300
21000

3.3

33000

2

1.65

16500

3.5
1.5
1
0.3
98.95

35000
15000
10000
3000
989500

2
2
2
3

1.75
0.75
0.5
0.1
40.01

17500
7500
5000
1000
400100

44
8

440000
80000

3
3

14.67
2.67

146667
26667

5

50000

3

1.67

16667

4

40000

3

1.33

13333

610000

20.33

203333

1,599,500

60.34

603,417

159.95

Based on the confirmations above, both studies will serve as the basis for further considerations.
When possible, the Project Hyperion values will be used with priority, but given the similarity, both
sets are deemed acceptable. From here forward, an area requirement of 160 m2 per person will be
assumed. It is important to note that this area requirement can be met by stacking units vertically
similar to the floors of a building thereby reducing the footprint. The required footprint is referred to
as the “projected area” and is estimated to be 67 m2 per person by the Stanford Project and 60.34
m2 per person by Project Hyperion. A value of 67 m2 per person will be used in subsequent
calculations.
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3.1.2 Artificial Gravity
The health effects on humans of not having constant gravity have been documented. As a counter
measure, an artificial gravity system is needed to sustain human populations. While there are a few
potential methods such as elastics and constant acceleration, only one is actually feasible. Elastics,
such as skinsuits, are an example of material that could simulate forces on the body and stimulate
the skeletal muscular system. However, elastics do not stimulate the cardiac or nervous system. A
constant acceleration, on the other hand, does impact the entire body.

Figure 7: Space skinsuit (Wall, 2014)
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One way to achieve constant acceleration is to use the ship’s propulsion system to apply thrust. An
accelerating thrust would be applied for the first half of the mission followed by decelerating thrust
for the second half. It was estimated that the amount of energy required for constant acceleration
near 1g is too large to be feasible. At least 2.26x109 N force is required for a minimum worldship
mass of 230x106 kg. The theoretical maximum force produced by any fusion propulsion is 400x106 N.
Another approach to imparting constant acceleration is to use rotation. An object moving in a
circular path experiences acceleration towards the center of the path, also known as centripetal
force. The primary drawback to rotation is the Coriolis Effect which manifests itself as lateral
deviations. Fortunately, the drawbacks of the Coriolis Effect can be overcome by reducing the
rotation speed.

Figure 8: Free body diagram depicting how gravity is derived from rotation (Ohare, 2008)

3.2 Worldship Structure
For the overall structure of the worldship, there are two schools of thought which are driven by the
need for gravity. One approach is to build a rigid ship and spin the entire vessel. This approach
requires a circular structure to provide large surfaces with equivalent and non-shifting levels of
artificial gravity. These surfaces would make up the majority of the living and other spaces. All
structures on the worldship would have to be constructed to withstand forces resulting from
artificial gravity. A different approach is to only have specific sections of the ship exposed to artificial
gravity. Reducing the fraction of the ship in artificial gravity would decrease the material needed for
structures but would add complexity due to the mechanical interfaces between rotating sections
and nonrotating sections. Additionally, moving a population of 100 000 people between sections
would be difficult logistically and could create societal issues as arranging such large movements of
people is a nontrivial task. For human health, a rotating table or bed could expose each person to an
appropriate amount of gravity per day. This type of technology already exists as illustrated in Figure
9. However, maintaining a functional ecosystem requires gravity and thus this type of individual level
prescription would likely prove ineffective. The exact amount of artificial gravity required is not
known at this time and milestones in human health and ecosystem health have been defined to
address this gap. However, it is reasonable to assume that an artificial gravity equal to or less than
1g is acceptable. At this point in time, a rigid, rotating structure is the only feasible approach.
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Figure 9: Rotating table to simulate gravity (Leggett, 2009)

In addition to gravity, consideration must be given to pressure and weight (material efficiency)
among other factors. While not a quantifiable requirement today, the ship must provide an
atmosphere at a pressure equal to or less than 1 atm and likely larger than 0.5 atm, as suggested by
SP-413 (Johnson and Holbrow, 1976). Curved shapes like cylinders and spheres use material
efficiently to spread distributed loads and would provide ideal base units.
There are four main shapes and arrangements to consider, cylinder, sphere, toroid, and a
Project Hyperion like arrangement. A cylinder shape has the potential of providing a large
surface area with the same gravity. However, with a cylinder there is not a natural way to
divide the area in an efficient manner to seal off sections. This is an important consideration
given that a leak or contaminated portion of the worldship would need to be isolated from the
others as quickly as possible. This was the basic structure supporting one of O’Neill’s space
islands as illustrated in Figure 10 (O’Neill, 2003).
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Figure 10: O'Neill Cylinder proposed as a space island (Summerford, 2012a) (O’Neill, 2003)

A sphere is excellent at distributing pressure loads and mass efficiently. However, achieving artificial
gravity by imparting a rotation is not very compatible with the spherical shape because gravity levels
would change according to latitude.
The Project Hyperion structure is shown in Figure 11. This type of structure has the advantage of
separable sections with large areas of equal artificial gravity. The specific shapes proposed here are
not ideal at distributing internal pressure loads; however this could be improved by replacing these
structures with long cylinders. Given the mass efficiency, this structure is not ideal.
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Figure 11: Diagram of Project Hyperion colonized interstellar vessel (Summerford, 2012a)

A toroid structure is an ideal structure for a worldship as it provides a large amount of usable space
with equal gravity levels and distributes internal pressure forces. In addition, the central portion
could be used for the propulsion unit, providing a safety buffer to the inhabitants. For redundancy,
separators within each toroid can be included with minimal mass additions. Redundancy can be
further increased by connecting multiple toroids of the same dimensions in a concentric linear
fashion. Figure 12 illustrates a conceptual model of the structure used to frame subsequent work.
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Figure 12: Conceptual interstellar worldship model

3.3 Worldship Subsystems
A worldship requires the same subsystems as any crewed spacecraft. However, there are extra
requirements due to the duration of the mission and the environment that the worldship traverses.
This section does not provide a complete breakdown of all the required subsystems. Rather, only the
subsystems that present unique technical challenges or need to be significantly developed are
examined. First, propulsion systems are examined which will require new developments as
traditional propulsion systems are incapable of accelerating the mass of a worldship to the required
velocities. Next, the power system is considered, which must provide the on-going power required
to live aboard the worldship, including powering all the ship subsystems. Shielding discusses a
number of different shielding methods including active and passive shielding and their suitability to
the hazards of interstellar flight. This is followed by a discussion of the communication system which
also explores communication with Earth. Navigation considerations are examined with stellar
navigation using pulsars and the life support system section discusses the requirements for a
completely bioregenerative life support system on board the worldship. Finally, artificial intelligence
system discusses its need on board which also considers ethical issues related to it.

3.3.1 Propulsion
While a variety of propulsion methods exists, many are not suitable for use outside of the Solar
System. The most significant factors for deciding on preferred methods include the velocity,
duration, power-to-mass ratio, technology readiness level, and performance outside the Solar
System. A number of propulsion methods are assessed including solar sails, laser sails, nuclear
fission, pulsed fission fusion and nuclear fusion.
Solar sails work by providing a surface area to capture solar pressure. The sail area required for a
worldship sized craft would be several hundreds of kilometers which is cumbersome and
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prohibitive(Meot-Ner and Matloff, 1979). Furthermore, in the ISM, without the presence of the Sun,
this method cannot be used to accelerate the worldship.
A laser sail operates on the same principles as a solar sail but instead of the propulsion coming from
the solar pressure, pressure is provided by a laser based on Earth or in space. Some previous work
on laser sails suggests that it is not an efficient propulsion method for a worldship. For example, with
a 100 GW laser, a 100 km diameter lens, and a 250 km diameter sail, the terminal velocity would be
around 0.002c (Malroy, Eric T., 2010). This does not imply new physics, so incremental technology
developments could improve this option. However, the design and construction of large lenses and
sails could pose engineering limitations.
Nuclear fission can provide a high specific impulse and a high specific thrust, compared to other
propulsion methods. Freeman Dyson computed an exhaust velocity of 0.05c for a 100 kilotonne
vehicle to achieve 0.07c ΔV. A disadvantage includes the inefficiency of fission in comparison to
fusion where the energy released during fusion is approximately three to four times greater (Diffen,
2012). Furthermore, securing enough fissile fuel would be challenging as there is a limited quantity
of heavier elements in the Solar System. There would also be political considerations due to the
historic use of these materials as weapons of mass destruction.
Nuclear fusion can also theoretically provide very high specific impulse and high specific power. This
method operates similar to nuclear fission however instead of splitting atoms, atoms are fused
together to make heavier elements (H + H → He), this energy release can then be directed in order
to produce thrust as shown in Figure 13.

Figure 13: Deuterium (D) tritium (T) fusion (Viskova, 1960)

Within nuclear fusion there are a number of different methods for fusing the material and producing
thrust. Some of the methods with theoretically high values for ΔV and thrust are inertial
confinement (Figure 14) and magnetic confinement. Both of these methods use the same principles
for fusion but their use operation for producing thrust varies. The theoretical exhaust velocities are
in the range of 8x106 – 10x106 m/s, however their specific thrust varies greatly. The inertial
confinement operates by bombarding a fuel pellet on every side with a laser pulse and the inertia
keeps the pellet in place long enough to achieve full fusion. On the other hand, the magnetic
confinement principle operates by using magnetic fields to hold the plasma and force it through a
magnetic nozzle. The theoretical thrust for both engines is 100,000,000 N and 50,000 N respectively.
These are just two of many possible fusion designs which exist and as shown the parameters vary
greatly. For the worldship engine selection, there would have to be a number of studies conducted
to assess the viability of a relevant system and ensure its operation for such a long duration mission.
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Figure 14: Inertial confinement concept (Viskova, 1960)

Figure 15: Magnetic confinement concept (Viskova, 1960)

Nuclear fusion can be implemented in different ways; one of them is pure fusion, carrying the fuel
source, in which case the method will allow the fuel to heat up and create sufficient energy.
However, only 10% of the worldship could consist of payload with the fuel making up the other 90%
(Czysz and Bruno, 2009). This means that a 10,000 tonne payload would require 100 000 tonnes of
deuterium. Another option is a Bussard Interstellar Ramjet, collecting the fuel along the way from
the interstellar medium rather than carrying it along. A collection scoop is part of the mechanism,
using a physical or magnetic scoop after ionizing Hydrogen. However, this will only operate at a
minimum speed between 0.01c and 0.06c (Bussard, 1960). High-energy protons will enter the scoop
with the help of magnetic lines in such a way that fusion reactions can occur, creating a high-energy
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exhaust. One potential issue is that a big scoop is required which creates a significant amount of
drag. This could limit the velocity to below the minimum required to sustain a reaction making this
method potentially impossible (Gilster, 2004).
One variant of the interstellar ramjet is the laser-powered ramjet, which consists of a laser that is
fired into the engine. This laser is used as an energy source into the ramjet and the fuel reaction
mass is obtained via the ramjet scoop to provide high speed fuel into the engine inlet, before being
compressed to initiate fusion (Gilster, 2004). The laser proportion of operation is predicted to have a
higher efficiency than solar sail and the Bussard ramjet at lower speeds. After 0.14c, the system will
be able to operate without a laser in the full ramjet mode. Assuming that all the power transmitted
by the laser will be absorbed by the engine, the laser-powered ramjet is both superior to the Bussard
interstellar Ramjet at low velocities, and to the laser-pushed sail at all velocities. The issue that arises
is the laser specifics are just theoretical, but it is definitely a technology that should be pursued
during the development timeline of the worldship.
Taking into account the power to mass ratio, payload ratio, and overall efficiency, the interstellar
ramjet could be an interesting option for the worldship. With respect to the planned mission, this
propulsion method could allow further and faster travel. The most obvious issue is that some
calculations show that it is impossible due to the large drag created. However, these calculations rely
on assumptions that need to be clarified. Until the ISM is better characterized, this will remain a
huge issue with this method. In order to reach the stage of choosing the interstellar ramjet as a
propulsion method, develop it and use it, several big steps will have to be undertaken. Besides more
theoretical research that has to be conducted in order to prove the physics and a more beneficial
drag/thrust ratio, other designs will have to be considered. Before making the final choice, probes
must be sent outside the Solar System as early in the design phase as possible, to test the method
and prevent anomalies during the future worldship mission.
The Pulsed Fission Fusion Propulsion System (PuFF) is another proposed propulsion method and is
considered the future of Nuclear Pulse Propulsion. The system operates by having gaseous Tritium
and Deuterium injected into a column which is surrounded concentrically by Uranium Fluoride (UF6)
also in gaseous form with an outer shell of liquid lithium. An electrical current is sent into the outer
shell which results in the outer shell compressing by a factor of 10. This would then initiate both the
fusion and fission reactions. The fission reactions energize the fusion reactions which in turn reenergize the fission reactions. The lithium outer shell then turns to plasma which is guided through a
magnetic nozzle and produces thrust (Adams, Robert B. et al., 2013). If practical tests are successful
and the system cost is comparable to pure fission or fusion systems, the PuFF might be the way
forward for propulsion based on its requirements for materials and output.
The development of fusion as a propulsion source would be the most viable for the worldship
however a number of studies would have to be conducted before selecting the particular type of
engine. These would include the feasibility of a fusion power engine, or alternatively selection of a
fission based propulsion engine. Studies would also have to be conducted to ascertain the viability of
a ramjet versus carrying the fuel, and this may be done by determining the exact composition of the
ISM and possible hydrogen density level. There would also have to be studies completed on which
type of fusion engine and fuel source. Much research with respect to fusion has already been
conducted, and companies such as Lockheed Martin are working on a small fusion propulsion
method to prove its theory within five years (Lockheed Martin, 2015).
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3.3.2 Power
The immense amount of power required to support the inhabitants and systems on the worldship
will require a robust and capable system. A reliable power system will be necessary to support the
worldship as a loss of power could be catastrophic to the mission. Traditionally, photovoltaic and
radioisotope systems have provided power for spacecraft in the Solar System. Clearly, photovoltaic
systems are unusable for interstellar missions as the energy density of solar or stellar radiation is
insufficient at interstellar distances.
Radioisotope systems have been used regularly for unmanned space missions, being reliable in cold
and dark environments. Radioisotope thermoelectric generators (RTG) are used to convert heat
from the nuclear decay of a radioactive material such as plutonium-238. The main issue with these
systems for a worldship is their reliance on radioactive fuel and their efficiency which is 10% at best
(Schmalzel, 2012). Advanced Stirling radioisotope generators (ASRG) are being developed which
boost the efficiency to about 30% but still require a radioactive fuel source (Schmalzel, 2012). Thus,
these power systems may be useful for precursor mission such as interstellar probes but cannot
meet the high power demands of a worldship.
Nuclear fission is currently used on Earth for power generation and is often just referred to as
nuclear power. It uses the energy from the splitting of an atom into smaller parts. This requires
fissile fuel which is typically uranium. Fission systems have already flown in space by the U.S. and the
former Soviet Union (DOE, 2014). Almost 7 decades of experience with fission power systems on
Earth means that the technology is relatively mature. Currently, a program is running at NASA is
focused on a 40 kWe space fission power system. However, the research is still ongoing in order to
create a safer and more reliable system (Mason and Poston, 2011). As with propulsion systems, the
major issue with nuclear fission is securing enough fissile fuel to support a worldship over thousands
of years.
One of the more promising power systems is nuclear fusion which uses the energy from the fusion of
two lighter elements into a heavier one. This is the mechanism that provides the Sun’s energy which
fuses hydrogen nuclei into helium. Light nuclides such as deuterons can release large amount of
energy per nucleon. The energy release for nuclear fusion can be approximately 4.75 times the
energy from nuclear fission using a uranium core, being able to reach 3.8 MeV/amu (Valerie et al.,
2012). However, nuclear fusion reactors are still under development with no working prototype to
date. This means that the technology must be developed in time to implement into the worldship.
This is currently an active area of research and significant developments can be expected over the
next decade.
The final method is to use power generated from antimatter annihilation. The energy released from
the annihilation of a subatomic particle with its antimatter counterpart is several magnitudes higher
than the other proposed methods (Matloff, 2006). The energy of antimatter annihilation could be
9x1016 J/kg, which is larger than fusion with 3x1014 J/kg (Schmalzel, 2012). Although this method
seems promising, it is purely theoretical and would require significant development which is not
currently being actively pursued. One major challenge is the storage of antimatter as it annihilates
on contact with ordinary matter. Furthermore, the production of antimatter would have to increase
by several orders of magnitude (Matloff and Ubell, 1985) to provide enough fuel for a mission into
near-interstellar space. Thus this method is not recommended but should also be considered in case
it becomes viable in the near-future.
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Considering the different power methods, nuclear fusion seems to be the most promising due to the
high energy density of the fuel source and its likely development in the near-future. In order to use
this technology, certain steps will have to be undertaken. The first steps will involve the
development of working fusion reactors on Earth which is currently underway. Next, space rated
designs must be constructed which can be tested on precursor missions. These must be scalable to
meet the large power requirements of a worldship.

3.3.3 Shielding
The shielding of an interstellar worldship must be considered when looking into the feasibility of
such a project. The shielding would be used to protect the ship and its occupants from Galactic
Cosmic Radiation (GCR) and high energy, heavy-ions (HZE particles) which are present within the
interstellar medium. There has been a lot of research done on passive and active shielding
techniques, however, most of these focus on shielding methods for spacecraft based within the
Solar System. Unfortunately the hazards which are present within the Solar System are not the
major hazards outside the Solar System, such as Solar Particle Events. These events occur within the
Solar System and are a driving factor for the design of current shielding in Earth orbit, however this
type of event would not occur in interstellar space and other radiation threats are present. Thus,
only a few methods of shielding are applicable.
There are a number of active methods of shielding such as electrostatic fields, plasma shielding,
confined magnetic fields, and unconfined magnetic fields. It has been shown that electrostatic
shielding is insufficient for use against GCR (Townsend, 1984). An electrostatic shield operates on
the same principle as a Faraday cage by blocking the effects of an external field on the area within
the field. This works for radiation once the field-lines are smaller than the wavelength of the
radiation to be blocked. It has been seen that the potentials required to block the GCR using this
type of shielding would be prohibitively large, furthermore the size of such a shield is limited to the
order of hundreds of meters due to electrical breakdown considerations (Townsend, 1984).
A plasma shield operates by repelling positively charged particles using a large electrostatic field. It
also requires controlling a volume of free electrons using a lower intensity magnetic field in order to
deflect incoming electrons. The plasma shielding is also insufficient due to the mechanisms behind it.
It also works by effectively deflecting positively charged ions with the use of an electrostatic field,
and hence it does not provide protection against HZE particles (Townsend, 1984).
A confined magnetic field requires limiting the extent of a magnetic field by using a configuration of
concentric spheres or similar shapes. Previous analysis shows that confined magnetic fields are
ineffective against GCR, however the unconfined magnetic field method (using a magnetic field
similar to that of the Earth) may provide adequate shielding from GCR (Townsend, 2001). It was also
found through analysis that none of the active shielding methods offered any weight savings over
passive methods, especially in light of their poor effectiveness shielding against the HZE (Townsend,
2001).
There are a number of passive methods of shielding which are available to date. One of the passive
methods is ablative shielding. An ablative shielding method can be utilized in a number of ways. One
suggested method was considered in the Daedalus study which proposed a cloud of artificial dust
traveling ahead of the main vehicle at a distance of approximately 200 km (Crowl, 2010). Another
method suggested by the Icarus Interstellar study was to use a combination of an Unconfined
Magnetic Field and have a sheet composing of a number of layers of graphene at 100 km from the
bow of the worldship in the direction of travel. When the HZE particles hit the graphene, they would
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either be absorbed while passing through the layers or be ionized by passing through the graphene
and dealt with by the magnetic shielding. If the particles were not fully ionized, then the path of the
particle could be ascertained from passing through the graphene where a laser could then be used
to deflect the particle away from the worldship (Crowl, 2010).
Other, more conventional passive shielding methods include using heavy or dense materials to act as
shielding against GCR and HZE particles. Some materials suggested for such purposes include lead,
aluminum, polyethylene, and water. There are some materials which might ultimately prove difficult
to implement. For example the use of lead may be difficult when taking into account the lifting of
lead to the worldship construction site, especially in the rather large quantities associated with
building a worldship. As an alternative to using only one material, a few papers suggested using a
number of passive methods together. For example, the skin of the worldship could be made out of 2
thick aluminum skins and filling the cavity with water to provide extra protection (Hawes, John,
2014). The skin-cavity-skin method has the advantage that if a particle punctures the outer skin then
the water would leak through, freeze, and effectively plug the hole.
Of the methods presented, the conventional passive methods are currently available and
implementable with current technology if the actual quantities of materials required are neglected.
These would provide sufficient shielding for the occupants against GCR and HZE, with the artificial
cloud idea also being possible. In the future, the other methods could be researched to ascertain the
most efficient, cost-effective and most regenerative shielding method which would work best for the
worldship. This decision for which specific shielding method would have to consider the requirement
for shielding depending on the constitution of the ISM, the shielding material and mass requirement,
and any additional benefits of using one method over another. For example, if the skin-cavity-skin
method was chosen then there may be additional benefits in keeping a large volume of water
around the worldship. This type of trade off would have to be considered early in the design process.
In order to determine the suitability of the methods presented, a number of precursor
missions/probes would have to be sent into the ISM. These missions would include: determining the
exact composition of the ISM at a distance where there is no influence from the heliosphere, and
testing the shielding methods in the ISM. Further studies would also be required if the use of an
unconfined magnetic field was deemed a possibility. These studies would include the same missions
as before but also to determine if the magnetic field would have any significant influence on the
operation of the worldship and its systems (for example if it hindered the collection of hydrogen
during the operation of an interstellar ramjet as mentioned in Section 3.3.1 - Propulsion).

3.3.4 Communication
Worldships are often depicted as isolated societies that are entirely cut-off from Earth. Several
limitations and challenges for maintaining communication over such vast distances may make
maintaining communication too difficult. However, there are important scientific, economic, and
societal drivers that present compelling reasons for striving to include a communication subsystem
in the worldship design and maintaining a link with Earth, for at least part, if not the entirety of the
journey.
One first motivation is to allow people on Earth to learn about the condition of the worldship and its
progress. This is important from an economic point of view, as it will be challenging to attract
investors, private or public, without offering them this guarantee to some degree and to ensure the
mission is not lost. Also, from a scientific point of view, the data gathered regarding the worldship
itself can be valuable for future missions. Maintaining communication can also enable a profitable
exchange of information regarding important technological advancements and scientific discoveries
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that are made on Earth and on the worldship, respectively. It can also be important from a cultural
exchange and linguistic point of view, especially for the first generations in order to avoid feeling
disoriented and lost. It will not be as much a requirement for the subsequent generations because
they will maintain their own culture, traditions, religion(s), and so on. Finally, it could also allow the
worldship population to communicate while in the Solar System, probably through relatively small
messages, with their close relatives and loved ones who remain on Earth. There is concern over
many psychological issues for astronauts on long duration missions. Keeping a strong
communication link could help to reduce forecasted issues caused by feelings of separation from
Earth. It is unclear whether communication links would be as important in this aspect for following
generations following the first.
3.3.4.1 Communication influence
As mentioned earlier, there are two main ways that we can imagine maintaining communication.
Communication can be maintained for the whole journey or only for a part of it. Each approach leads
to different scenarios and to different influences on the population on-board of the worldship as
well as on Earth.
If it is decided to have a permanent link, and given that the communication delay is relatively short,
we can imagine that Earth culture, customs and beliefs will still play an important role and influence
over the worldship culture and linguistic development. The news, trends and cultural evolutions
would be received and people on-board can still feel connected and concerned. It can also work as a
great tool for maintaining knowledge, especially given the limited population. However, throughout
the centuries and the increasing distance, new parameters and factors arise and add uncertainty
regarding the evolution of communication importance and influence.
The first technical factor is the communication gap that eventually reaches multiple years of delay
and the rate of its growth. With a 0.01c speed, the worldship will travel 1 ly every century, and with
a 0.1c speed, the worldship would cover the same distance in a decade. As an example of the
difficulty this produces, once the worldship reaches 5 ly, sending a message and receiving an answer
would take 10 years at the very least, and this time will increase as the worldship continues to travel.
It is safe to assume that scientific exchange for important breakthroughs would still be important
and worth communicating even with years of delay. It is more difficult with the technological growth
rate to estimate whether the received messages with years of delay would be too outdated, given
that the limited population on-board of the worldship may affect the technological progress.
Personal communication and cultural exchanges may also be affected in the long-term. The
communication gap, coupled with the different experiences and particularities tied to life on-board
of the worldship experienced by the following generations will probably lead to the development
and evolution of their own culture, language, religions etc. However it is still intriguing to imagine
how the population would react and interpret messages dating from years ago and if the time
difference will be perceived even in the case of a continuous stream of communication.
The diminishing data rate over the distance will also eventually lead, if it has not already been
decided before launch, to a hierarchy between the communication subjects. It will have to be
decided if communication should be limited to scientific and technological exchanges or if cultural
and personal communication should still take place and if so, to what extent. One of the decisive
factors to answer this question, in addition to technological limitations is the education on-board of
the worldship and the importance of the Earth heritage. Another crucial factor is how the
communication with the worldship will be perceived from Earth and the Earthlings’ perspective as
well as how the passage of time will affect it. Will people on Earth still remember the worldship and
value the mission after centuries? Will they still be in a position to communicate?
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If it is decided to communicate for only one part of the journey before cutting ties with Earth,
culture, religion(s), linguistic will probably eventually evolve and follow a unique path.
Communication could still be reestablished once the journey is over using gravitational lensing
(explained below in this section) between the Sun and the star of the destination. However, we can
wonder if cutting communication will affect this possibility and if the worldship population will still
wish to contact the Earth and still value the exploration aspect of the journey. The importance of
Earth heritage and the exploration mission in the education on-board of the worldship will once
again play an important role in this, the same goes for the people on Earth.
3.3.4.2 Methods to achieve communication
Among the main challenges for interstellar communication, the vast distances to cover will induce
significant propagation losses. The noise due to the cosmic microwave background radiation
represents another important limit as well as. The communication delay also increases with the
distance and can only be reduced by adjusting the information rate transmission because of the
fundamental speed limit (Messerschmitt, 2015). The main factors that would improve the data rate
are increasing the transmitter power and the antennas gains through the antenna size and aperture.
The use of a lunar-based relay with multiple antennas could also help to increase the link
performance because of the absence of atmosphere (Lesh, Ruggier and Cesarone, 1994). Standard
radio frequency (RF) communication could represent a possible option through the use of large
antennas and a significant transmitter power. For example, for a distance of 4 ly, 1 MW power for
the transmitter, 14 m for the antenna on-board with a ground antenna of 70 m would result in a
data rate of 7.5 bps (Lesh, Ruggier and Cesarone, 1994). Mauldin estimated that with a 100 m dish
antenna, power in the order of the megawatts have been suggested in order to maintain
communication up to 10 ly (Mauldin, 1992). As the distance increases, the bit error rate becomes
more prohibitive. As such, the next options presented below seem more reliable: optical
communication with laser technology and gravitational lensing that can be used with any
electromagnetic signal.
Optical communication using lasers has become a viable option as a result of the continuous
development that has been occurring in this field. The high frequency radiations produced by lasers
and short wavelengths would decrease the divergence of an antenna and thus its size and aperture.
Galea (Galea, 2012) estimated that a 500 bps of data bandwidth could potentially be achieved by
using a 532 nm laser, a transmitter lens capable of bearing an output power of 1 MW and a 10 m
diameter receiver. The data bandwidth scales with higher output powers and/or larger lenses.
Another example comes from one of NASA`s planetary distance communications instrument called
Lasercom. In comparison with conventional radio frequency system for the same power/mass
budget, Lasercom offers a greater data rate. For instance, by 2020, data rates vary in multi-hundred
megabits to gigabits per second (Hemmati, 2007). The main issue is the precise pointing accuracy
needed between the transmitter and the receiver due to the narrow beam width of the laser. While
progress is being made, this can prove challenging over interstellar distances.
Another potentially useful technique takes advantage of gravitational lensing. Gravitational lensing is
an astrophysical phenomenon, first predicted by Albert Einstein. It stipulates that the tremendous
gravitational mass of a star can cause any electromagnetic radiation traveling past a star to deflect
from its straight line and to converge at a minimum focus distance. Unlike an optical lens, the rays
will theoretically remain focused past that point as it as a minimum focal distance and not a single
focus. Applying this principle to our Sun, and using it as a huge lens, would allow a significant
improvement in radio as well as optical communication over interstellar distances. This will provide a
significant extra-gain (in the order of 60 dB) and thus reduce the bit error rate, which can be very
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prohibitive otherwise for interstellar travel distances (Maccone, 2011). A relay spacecraft should
then be sent to the other side of the Sun, to the minimal focal distance at least, in order to receive
the magnified signals and to transmit them to Earth. It has been estimated, with the Schwarzschild
solution of the equation of general relativity that the minimum focal distance is around 550 AU. The
exact distance may change due to the effect of the Sun’s corona and the frequency of the
electromagnetic radiation considered. 550 AU remains, however, the ideal distance for very high
frequencies (above 500 GHz). But since the points of the line beyond the minimal distance are focal
too and can even produce a better results due to the reduced distortion of the radio waves by the
Sun’s corona, the relay spacecraft can travel further than this distance (Maccone, 2011). One of the
main challenges for gravitational lensing would be keeping the relay spacecraft on track, and respect
the level of precision and stability needed and in line with the center of the sun. This has to be
further investigated, a navigational satellite constellation around the sun at a 10 AU distance could
be considered to help synchronize the worldship and the relay spacecraft (Galea, 2012).

Figure 16: Sun Gravitational lensing (Jemison, 2013)
Table 3: Comparison of antenna gain achievable by gravitational lensing (Maccone, 2011)

Frequency
Wavelength
S/C Antenna Beamwidth
Sun Gain
12m antenna S/C Gain
Combined sun and S/C Gain

1420 MHZ
21 cm
1.231 deg
57.4 dB
42.0 dB
99.5 dB

327 MHz
92 cm
5.348 deg
51.0 dB
29.3 dB
80.3 dB

1.6 GHz
18 cm
1.092 deg
57.9 dB
43.1 dB
101.0 dB

5 GHz
6 cm
0.350 deg
62.9 dB
53.0 dB
115.9 dB

22 GHz
1.35 cm
0.080 deg
69.3 dB
65.8 dB
135.1 dB

Laser communication and gravitational lensing with RF communication (or any selected
electromagnetic wavelength) both represent serious options. A choice can be made between the
two at some point of the timeline. Another possibility is their combined use in order to ensure
redundancy on the worldship in case one of them does not work as expected. Having both options
on-board could also allow using laser communication while still in the Solar System and RF
communication with gravitational lensing as we get further ( starting at 550 AU) since it needs a
minimal distance in order take advantage of its extra gain. Laser communication would allow the
population for the first steps of the journey to have a more efficient and faster communication, with
a larger bandwidth compared to standard radio frequency communication. As the severe accuracy
requirement for Acquisition, Tracking and Pointing (ATP) become too important, RF communication
can take over and exploit the consequential extra gain of gravitational lensing. If gravitational lensing
proves faulty, the communication will still be possible, but without the extra gain.
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Laser communication is already in the process of being developed and is progressing. Research on
this field and different test intervals should be undertaken in order to address the issue of the very
precise pointing needed in order to increase the distance covered by this technology. A craft can use
the upcoming link from a ground station to direct its own beam, however this seems unfeasible on
interstellar distances. Potential solutions such as the use of pulsars for determining the worldship
positioning and direction should be explored and tested (Galea, 2012). The potential use of
gravitational lensing with combined laser communication should also be examined.
In order to assess its feasibility and effectiveness, precursor probes with different characteristics
(antenna size, aperture, power) should be sent toward the outside of the Solar System in order for
them to approach the interstellar medium as much as possible, and the first prototype of the relay
spacecraft should be developed in the meantime and launched so that it has enough time to reach
its position on the other side of the Sun (around 550 AU). Lensing can then be tested, data gathered
and techniques for precision and accuracy explored, improved and tested. The probes used to test
the propulsion technique can also be equipped to test RF communication with gravitational lensing
and laser communication. If gravitational lensing proves a successful method, the development of
the final version of the relay spacecraft can then start as well as the on-board equipment and the
ground station. It should be sent in time in order for it to be on position on the nominal launch date
of the worldship.

3.3.5 Navigation
Astronomy is one of the oldest sciences in human history and has been utilized for thousands of
years to navigate using stars. Ancestral tribes used the sky as their guide to travel across vast
distances on Earth. As humans evolved, navigation technology matured gradually from the
astrolabe, compass, sundials, quadrant, and the sextant to a complex network of radios, satellites,
inertial and other navigation systems. Humans will once again have to rely on the stars for
navigation once they go beyond the Solar System.
Global Navigation Satellite Systems (GNSS) proved to be a real game-changer for navigation on
Earth. But this system will not work for the navigation of an interstellar worldship. If we replace
signals emitted by atomic clocks on four satellites with radio or X-ray pulses emitted by pulsars, we
can precisely define a coordinate system which will be valid across the Solar System and beyond.
Pulsars are rotating stars which emit quasi-periodic signals that have timing stabilities similar to
atomic clocks on satellites. Because of their characteristics, if they are used as natural navigation
beacons, any object can be located within a few kilometers or even meters of accuracy in the galaxy.
Pulsar-based navigation technology uses the same basic principle as GNSS. Instead of using four
satellites to provide accurate position information, a pulsar-based navigation system will use four
pulsars as a position in space-time (Becker, Bernhardt and Jessner, 2013).
In order to steer the worldship in the correct direction with high precision, a certain level of
autonomy is required, independent of the distance between the spacecraft and destination. Pulsarbased navigation provides all of these advantages necessary for an interstellar mission (Bernhardt et
al., 2011). Three scientists from Max-Planck Institutes in Germany demonstrated this theory by
illustrating the work logic of their simulation of a pulsar-based navigator. This can be seen in Figure
17 (Becker, Bernhardt and Jessner, 2013).
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Boundary Conditions:
Spacecraft mass, size, power consumption, complexity

1

Spacecraft trajactory:
E.g. Rosetta, Hershel/Planck (L2)

2

Technology Parameters:
Temporal resolution, angular resolution,
effective area, focal length
3

Pulsar data base:

5

Loop over different pulsar combinations

Loop over different technology parameters

Observable pulsars:

Ephemeris, Spectral, Temporal and
Spatial X-ray emission properties 4

Pulsar Selection:

6

Simulated Pulsar Observations

7

Position and Velocity determination

8

Comparison with real trajectory

9

Navigator performance for a given pulsar
combination
10

Navigator performance as a function of
pulsar selection for a given set of
technology parameters
11

Navigator performance as function of technology parameters

12

Figure 17: Operational workflow of a pulsar-based navigation system (Becker, Bernhardt and Jessner, 2013)

Since the discovery of rapidly rotating neutron stars in 1967, astronomers have been engaged in
mapping of pulsar distributions in the galaxy. Approximately 2200 pulsars are known to date and
thousands more will likely be discovered using the Square Kilometer Array (SKA) telescope, which is
a global science and engineering project to build the world’s largest radio telescope (Becker,
Bernhardt and Jessner, 2013) (Skatelescope, 2015).
NASA’s Goddard Space Flight Center has developed a unique test bed that simulates distinctive
pulsations from pulsars. NICER/SEXTANT will make use of observations from pulsars to both study
the interior compositions of neutron stars and to demonstrate pulsar-based navigation technology.
Mounted instruments including 56 compact X-ray telescopes, silicon detectors, and other advanced
technologies on the test bed will perform measurements and calculations using specially developed
algorithms to create a completely autonomous navigation technology.
Conventional radio tracking solutions for spacecraft navigation have position errors of 4 km per AU
which increases with distance. Voyager 1, at a distance of 115 AU, had a position error of
approximately 460 km (Bernhardt et al., 2011). The NICER/SEXTANT demonstrator technology will
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generate sub-kilometer accuracy by simulating a pulsar. The mission has been designated to fly on
the International Space Station in 2017 (NASA, 2013).
At present, pulsar-based navigation technology is the only navigation subsystem that can be
implemented in few years on a spacecraft if needed for a deep space mission beyond the Solar
System. As this next-generation navigation technology development is under way, it can support
precursor missions. Considering this, such technology must be demonstrated by routinely venturing
to the orbit of Jupiter or beyond to verify accuracy and to improve it over time. All of these efforts in
setting up such a system can provide a sense of comfort among people on the worldship as they
know their relative position in the galaxy and can navigate to target destinations. Such psychological
and logistical benefits will play a major role in sustaining humanity on a worldship over a thousand
years and ensuring they can direct themselves in a precise and controlled manner.

3.3.6 Artificial Intelligence System
The magnitude and complexity of a worldship combined with the severity and risk should certain
failures occur, is far too much for humans to conduct alone. This includes constructing the
worldship, and operating it after launch. To achieve such challenging project, automated systems are
needed. Machines and software are commonly used by current practices. However, those systems
can be rather limited compared to human capacities in terms of autonomy and intelligence. Our
current software systems and hardware capabilities need to evolve rapidly to sustain development
of technologies. Thus, computational power is an essential resource in development of a number of
technologies. At the moment, this evolution tilts toward the artificial intelligence (AI) era where
machines and software have new or improved abilities such as reasoning, learning, understanding,
communicating and other functions. These abilities are designed to resemble or exceed those of
humans. While AI is making rapid improvement in certain areas, it is still lacking development of
software integration.
Different type of AI software will act as a component of a network and will have to interact with
each other in order to form a complex network of systems on the worldship. This network would
interact with every part of the ship and functions include tasks such as computation and analysis of
data, management and control of worldship sub-systems and management of living areas. The need
for integration of these systems as to unify software architecture amongst every system on an
abstract layer will be a key point of the project.
On high level, the worldship requires a supervisory control system which would monitor, control and
diagnose any processes that would occur throughout any of the worldship’s sub-systems in real-time
(Uraikul, Chan and Tontiwachwuthikul, 2007). This supervisory control system along with an AI
enhancement would be the central supercomputer of the worldship and should also be capable of
managing mobile systems such as autonomous robots as part of the network (Collaborative, 2009).
This large and intelligent software requires validation and verification that current techniques
cannot satisfy. Compared to an unmanned spacecraft, a human-rated worldship’s autonomous
system must be more robust. Therefore a novel method of verification and validation need to be
created to prove a satisfactory autonomous system in chosen environment (Collaborative, 2009).
The interaction of humans and machines should be considered. Humans are poorly efficient at
parallel tasks and compensate by the use of machine systems and computer. For example, humans
alone will not be able to pilot the worldship and will need the assistance of a super computer.
Therefore, it would be more appropriate to engage a human operation at an appropriate time for
strategic direction and decision-taking, leaving complex computations and parallel processing to the
artificial intelligence (Collaborative, 2009).
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3.3.6.1 Ethics of Artificial Intelligence
Another consideration of AI is its associated ethical components. The supercomputer used in the
worldship is a central piece of the ship and its control is far reaching. This considerable scope pose
an ethical question in regards to the extent of its control. To which extent should an AI be
independent in regards to decision-taking and control? In the case where a machine gains more
intelligence that a human, would such a machine take any threatening actions toward humanity?
As such, this central computer is to be completely autonomous and able to save all the knowledge
about the sub-systems systems and much more. Therefore, concerns should rise about the
dependence of the worldship society on technology. As these knowledge is stored into machines, if
there is no awareness of these data and any transfer of knowledge to following generations,
information will be lost over time. Therefore, there is a need to look for knowledge transfer methods
regarding the worldship systems, as complex as these systems can be, a mitigation plan in case of
knowledge lost is required as well as training the selected worldship’s crew on system maintenance
from the start.
Accordingly, the development of AI and software architecture for a worldship should be the first
major project in this field. Its development needs to be coordinated with other sub-systems
development to obtain a first release version of the system. Meanwhile, ethical issues have to be
addressed early in order to apply measures in time to mitigate any ethical concerns. The software is
likely to be updated until launch and likely throughout the journey. Kurzweil foresaw an exponential
growth in technologies, especially in the robotics and artificial intelligence areas (Kurzweil, 2005). He
identified the year 2045 as the technological singularity, a point where creations become more
capable than human intelligence, occurs (Vinge, 2011). Should this prediction be correct, it could
have profound impacts not only on the technology included in the worldship but also the technology
used to construct it too.

3.3.7 Life Support System
For a worldship mission, the primary payload is humans. As with any human mission, special
considerations are needed in the form of a life support system (LSS). Some of the functions for a
worldship LSS are the same as any spacecraft LSS. For example, keeping the temperature within a
habitable range and supplying oxygen to breathe. However, given the multi-generational nature of a
worldship mission, some additional needs must be met. For example, all of the nutrients need to be
recycled at nearly 100% and there must be a method of dealing with dead bodies. Specifically, a
human population will require oxygen/carbon dioxide cycling, food production, water recycling,
nutrient cycling, an ecological system to provide stability, and thermal and radiation protection.
On Earth, humans depend on an ecosystem which cycles nutrients, converts carbon dioxide to
oxygen, filters water, and provides stability. This is accomplished by the combinatorial effort of
primary producers, consumers and decomposers as seen in Figure 18. Thus, it is likely that an
ecological system will be a requirement for a worldship. Currently, the state of the art for closed
loop ecological engineering is Biosphere 2 which illustrates the large knowledge gap and need for
technology development (Wetterer et al., 1999). Moreover, ecological systems provide a stabilizing
effect via network interactions between individual species of which the human population is one. On
Earth, some problems are solved with ecological approaches. One example is a constructed wet land
for waste water treatment. Despite the success of these open systems, closed system technology
remains rudimentary and under developed.
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Figure 18: Diagram of mass and energy flow in an ecosystem (Seagrave, 2012)

Before designing an ecological system for a worldship several steps must occur. First, successful
construction of a closed ecosystem must be accomplished. This is achievable by constructing a
facility similar to that of Biosphere 2 shown in Figure 19. For the purpose of this project, it was
assumed that it would take four attempts, each lasting progressively longer, before success. These
durations were assumed to be 0.5, 1, 5, and 10 years respectively and each iteration would require
approximately five years to setup. Success is defined as 30 years. Second, this success must be
accomplished for a diversity of ecosystem types. In other words, if the first successful closed
ecosystem is a forest then a desert, ocean, and grassland should also be attempted. These attempts
can be made in parallel assuming the facilities exist. For the sake of this project, it is assumed that
successful design of other ecosystem types follows the first success by 10 years.

Figure 19: A closed ecological facility (Life in Biosphere 2, 2009)

Single interactions such as a mouse and a snake or single species can be tested in a facility in space.
This can be accomplished in parallel with ecological development on Earth and provide insight into
the expected effects of the space environment. Given that the ship will provide radiation shielding
and artificial gravity of 1g, the effects of space are hypothesized to be minimal. Using the results
from these studies, such as productivity, stability, and recycling rates, ecosystems can be selected
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and sized to meet the requirements of the worldship. To reduce risk, a testing facility in space could
be used prior to this selection to test the entire ecosystem in space. However, given the time
constraints of this project, an adequate substitute is allowing for plenty of time for the installed
flight model ecosystem to reach a stable equilibrium. This approach reduces the launch time by
about 30 years. Beginning to populate the worldship and thereby placing a load on the system would
provide valuable information about the performance of the installed system. If the system
underperforms, the final population could be reduced to compensate. As the worldship will be
constructed in sections, ecosystems can be installed in the completed sections while construction
continues on later sections. The population can begin to inhabit these sections as the ecosystem
grows. If a significant failure were to occur, the worldship would be in close vicinity to the Earth so
an evacuation is still feasible. At the time of construction completion, much of the ecosystem should
be established leaving only the newer sections undeveloped. Depending on risk tolerance and
confidence in ecosystem installation, the worldship could launch right away or wait to verify proper
function.
In addition, there are some life support functions that cannot be accomplished by an ecosystem. For
example the temperature range must be held within a specified range and emergency responses to
fires require additional systems. Table 4 summarizes the functions that must be accomplished
outside the scope of the ecosystem.
Table 4: LSS functions not achievable by ecosystems and their respective P/C technologies

Function
System
Management

Basic Environmental
Control

Sub function
LSS operations management
Atmosphere pressure and
composition control
Temperature and humidity
control
Noise control
Fire environmental control

Atmospheric environmental
monitoring

Environmental
Monitoring
Water monitoring

Food production

36

Food processing

Key Technology to Develop
LSS data fusion and analysis technology,
should be incorporated
High-efficiency gas storage and supply
technology
Low consumption and high-efficiency active
heat dissipation technology
High-efficiency noise control technology
High sensitivity fire alarm and detection
technology
High-efficiency, non-toxic and harmless firefighting technology
Multifunction environmental parameters
measuring technology
Trace harmful gases online GC/MS detection
technology
Online TOC detection technology
Intelligent microbe detection technology
based on microfluidic technique
Intelligent water quality hygiene indicators
detection technology(Highly reliable
microelectromechanical system (MEMS)
electrospray mass spectra water quality
hygiene indicators detection technology )
Efficient food harvesting and processing
technology
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While an ecosystem system is likely to be the primary system for recycling organic chemicals, other
more traditional physical and chemical systems (P/C) can be used in conjunction. Having secondary
support from P/C systems reduces risk, should an ecosystem fail to operate at its expected level.
Table 5 summarizes some of these technologies. Many of them exist today but are not as efficient as
those that would be required for a worldship. Thus, research and development should be applied to
improve the capability and efficiency of these technologies.
Table 5: P/C technologies that can supplement an ecosystem

No.
1
2

Function
System construction
and management
Basic environment
control

LSS system fusion
Temperature and
humidity control
CO2 removal and
utilization
Trace harmful gases
removal

3
4
5

Subfunction

Environment
Monitoring

Oxygen Regeneration

6
Integrated regeneration
7
Fusion system water
regeneration and
management
Hygiene wastewater
processing

8
9
10

Water regeneration
and management

13
14
15

Solid waste
processing
Energy supply from
LSS

Integrated high-efficiency water
regeneration and management technology

Condensing water
processing technology
Nutrient solution waste
water processing
Solid waste stabilization
and resource utilization

Bathing and laundry water treatment and
recycling technology
High-efficiency and low energy
consumption urine recycling and water
regeneration technology
Environmental friendly urine pretreatment
technology
Low power and normal temperature
catalytic oxidation technology
Microbial wastewater processing
technology
Solid waste compression, stabilization and
resource utilization technology

Energy supply

Microbial fuel cell technology

Urine Processing

11
12

Key Technology to develop
Regenerative P/C LSS and BLSS system
fusion technology
Long life and high-efficiency air
dehumidification and condensate recovery
technology
High-efficiency CO2 removal and utilization
technology
No consumption trace harmful gases
removal technology
Hyperbaric water electrolysis and oxygen
generation technology
Integrated CO2 removal and oxygen
regeneration technology
Integrated CO2, trace harmful gases and
humidity control technology

3.3.7.1 Food
Food as it pertains to a worldship mission poses some interesting challenges. In one light, it is a basic
requirement of human survival and mostly just a source of energy and nutrients as discussed in the
Nutritional Health and Food section. On the other hand, food is a cultural item that can also
influence society and crew morale. Currently on Earth people are accustomed to consuming a
variety of food sources ranging from vegetables and fruits to meats to manufactured products such
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as candy and “look alike” products. The cheap cheese used by fast food restaurants is an example of
a “look alike” product where the food is strongly influenced by manufacturing processes. The cheese
is often supplemented with high volumes of protein powder as opposed to production via traditional
methods which are more costly.
From a technical stand point, food sources for the worldship should be efficient in terms of energy
and resource consumption. Typically vegetables are more efficient than meats, which is a result of
the ecological pyramid. To produce livestock you must first produce vegetables to feed them. Thus
the inefficiencies of growing meat are added on top of the inefficiencies of growing their feed. While
some meat consumption can be sustained by managing the ecosystem, meats as a food source
should be avoided. Instead, plants and other newer sources of food should be encouraged.
Corn is a major component of current diet. It lacks some nutritional value which could be
supplemented with pills. Plants can be grown using vertical farming and aquaponics. Vertical farming
is one of the major agricultural methods followed by most modern cities. There are several benefits
of using vertical farming such as less amount of ground space requirement, reduced water
requirement etc. Vertical farming can be further divided into the three categories of underground
vertical farming, open air vertical farming and mixed vertical farming where farming of plant,
animals and insects are performed at the same place (Garg and Balodi, 2014). Aquaponics are
another technique where fish and planets can be grown at the same place. The waste products can
be used as nutrients for the plants. According to a recent research conducted by DLR, a building
having 37 floors and 2500 m2 space is capable of producing 3500 tonnes of vegetables and 140
tonnes of fish (Banerjee C., 2013).
Other newer food sources are algae and insects and are beneficial because they grow very
efficiently. This is a result of the fact that they have high surface area to volume ratio, they do not
waste energy moving mass vertically, and because they do not have to devote mass toward
structure. Additionally, they can be engineered easily with less ethical considerations. Some species
of insect can be considered for the replacement of animal protein. Space farming would require a
select species of insect and bugs to pollinate entomophilous flowering plants (Katayama, Yoshimura,
Baba and Yamashita, 2009) and these insects could be used for the purpose of a human diet.
However, a few things need to be considered such as insect survival, reproduction rate and how
easily they can be controlled. Based on these considerations insects such as termites, silkworm pupa,
fly larva, and locust can be chosen. Studies indicate dried silkworms are rich in nutrients and
generally account for approximately 50% protein and 30% lipids where three silkworms have the
same nutritious value equal to that of one hen egg (Mitsuhashi, 2010). Algae are another alternative
food source, as they are easy to grow and have a high protein count (Elbert, 2011).
Table 6: Percentage of protein and carbohydrates (Elbert, 2011)

Algae Strain
Anabaena cylindrica
Aphanizomenon flos-aqua
Arthrospira maxima
Spirulina plantensis
Synechococcus sp.

% of Protein
43-56
62
60-71
46-63
63

% of Carbohydrates
25-30
23
13-16
14-Aug
15

However, the most efficient food sources are not the most appetizing. The societal, physiological
implications of the entire population subsisting on tubes of algae paste are potentially negative.
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Thus, a method to maintain some humanity in food and cuisine is important. As stated above,
growing the raw food ingredients is not a feasible solution. However, a conversion process which
takes certain food sources such as algae paste and creates an artificial representation of currently
enjoyed food dishes either by flavoring or secondary processing could alleviate the discrepancy.
Secondary processes may consist of 3D printing or growing a “petri dish steak” from the primary
source. In this way the second step from plant to animal could be much more efficient (Heale, 2013).

3.4 Recycling
A worldship is best modeled as a closed system. Given the duration of a worldship mission, it is
imperative that waste be recycled. This section will mostly focus on non-organic materials which are
considered in the life support systems section. Since the worldship is considered as an isolated
system, it must launch with all of the materials required to meet the mission objective. Figure 20
illustrates both material flow through a recycling pathway (right) and source materials from mining
(left). Prior to launch, all of the material would follow the mining pathway whereas the operation
portion of the mission would be confined solely to the recycling portion. Along the way, parts will
break and objects will lose their usefulness. To reduce the launch mass, these items must be
recycled providing new material for replacement parts or objects.

Figure 20: Diagram of current recycling and raw material sourcing (Novelis, 2013)

With each cycle – from original object to raw material to new object - there will be some
inefficiencies and loss of material. The current state of the art in recycling technology can be used to
determine how much “reserve” material will be required by the worldship to compensate for this
loss. In the current society, much material is lost simply because items are not submitted for
recycling. Incentives are used to encourage recycling but participation is not mandatory. On the
worldship, however, participation needs to be much higher than in current societies. Governance
structures and institutions need to consider participation in recycling as a paramount requirement.
One aspect that makes current recycling efforts difficult is the diversity of materials. The US
Environmental Protection Agency (EPA) currently monitors over 8000 chemicals in the environment
including plastics and metals (EPA, 2010). Given the diversity of material streams, efficiency in
separating all of them into high purity raw materials is difficult. Thus, for a worldship, the number of
recycling streams should be reduced to as few as possible. The specifics in terms of type and quality
International Space University, MSS 2015

39

Astra Planeta

Worldship Design

of materials to take on the worldship will need to be determined after further technology
development. Ideally, only materials that differ greatly from the others will be included because
similar materials are redundant and difficult to separate.
Currently, when something breaks, it is often the case that the entire unit is deemed useless and
replaced as a whole. Computers for example are often treated as units instead of a collection of
parts. Knowing that a recycling cycle will result in material loss and reduced purity, it is important to
reduce the volume of material being recycled. In the case of the computer, the broken chip should
be replaced instead of the entire unit. To aid in this approach, products should be manufactured
with interchangeable parts. Currently, it is very rare if one part on a laptop is exchangeable with a
part from a different laptop even on models from the same manufacturer. This type of approach is
not ideal for worldships and should be changed. Additionally, variety of products should be reduced
on a worldship. Currently, it is surprising if one enters a building and notices that the chairs are
identical to the ones used in that person’s home despite the fact that all chairs serve the same
purpose. This type of variety reduces exchangeability and should therefore be avoided.
To increase bulk material properties, composites can be developed. It is conceivable that two
materials could be mixed using different methods or ratios resulting in composites with tunable
properties. Upon end of life this material could be efficiently reduced into the two original material
components. Currently, as many different materials are available, each product is manufactured
using the most appropriate material. But, given the reduced number of materials on the worldship,
products will have limited resource and material options to choose from. Also, it is conceivable that
the product be made from secondary materials in the case that the primary choice in unavailable.
Therefore flexible tooling and product design will be necessary.
A final consideration must be given to “rare” of “extra” types of material. Many materials can be
manufactured along the way if needed. However, materials derived from elements such as lithium,
copper, etc. are more difficult. Some of these may pose a risk. Arsenic for example is not extremely
useful and can even be used as poison. Initially, it might not seem wise to carry such resources on
the worldship. However, there is an ethical tradeoff. Without arsenic on board, the potential for
future discoveries and useful applications is lost. It may turn out that arsenic was the perfect
material to solve a problem that was not yet known at the time of launch. Material types and
quantities should be addressed from a societal and ethical viewpoint prior to launch.

3.5 Maintenance and reliability
A worldship is susceptible to gradual deterioration over time, so it is necessary to look at the
maintenance and reliability issues that are likely to arise. Even without any external damage from
meteoroidal or other impacts, the worldship will still need regular repairs due to component
degradation and unexpected failures. The International Space Station, for example, needs regular
maintenance simply to ensure continued safe operation. For a worldship, a comprehensive and
perpetual repair mechanism will be needed that is many orders of magnitude more complex than
the space station.
Given the scale of the worldship, autonomous and artificially intelligent robots capable of detecting
and repairing system or section damage will be needed for realistic maintenance capability. Such
robots could be designated as “wardens” of the ship and will need to have significant autonomy to
carry out any system repairs (Launius and McCurdy, 2012). It is possible to calculate the reliability
(𝑅) at a specific time by checking the ratio of number of working parts for a particular time (𝑛) and
number of parts initially working (𝑛𝑜 ).
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𝑅(𝑡) =

𝑛(𝑡)
𝑛𝑜

(Hein et al., 2012)

Based on the type of component and the repairing system, the Mean Time Between Failures (MTBF)
and Mean Time To Recover (MTTR) need to be calculated. This will give information regarding the
next expected failure and availability of the system. According to Hein et al, the number of parts
needed to be replaced on a worldship is about three per second (Hein et al., 2012). Therefore,
manual replacement of parts becomes an impossible task. Considering this, automated fault
detection and recovery is extremely important.
Proper integration and testing of all subsystems will need to be completed before launch to mitigate
risk of system failure. In addition to that, software validation will need to occur frequently to ensure
reliability. Considering the duration of the journey the amount of data storage needed is substantial
and so appropriate, future-proof storage mechanisms will also need to be established.
If one or more major components stop working they will need to be fixed with the highest priority.
In some cases, actual replacement of components may be a better solution than repair. It is
conceivable that a robot will be capable of monitoring and analyzing cracks in the ship through the
use of sensors built into the structure. The use of self-healing smart materials could also be
incorporated into the worldship design to save maintenance time and support ship infrastructure
(Blaiszik et al., 2010).
As AI advances forward it is possible for future software systems to be considerably more advanced
than is possible today. Artificial Super Intelligence (ASI), for example, is the concept of an agent that
possesses intelligence that far surpasses any human. It is envisaged that ASI could exist around the
year 2060, and so could easily be factored into the development of the worldship (Urban, 2015). The
AI system will be able take decisions based on situation analysis and its knowledge to quickly and
efficiently repair the relevant component(s). A database log will need to be populated to allow for
future auditing of systems in case of any malfunction. Any new system component could be added
automatically. Each of the components will have their separate databases interconnected with a
centralized database listing the relevant components, their functioning status, tasks, and any actions
to be taken. Based on previous inputs, a status report will be generated and further decisions on
procedure and systems to repair will need to be taken.
Designing these types of system is not easy. There are several challenges such as issues with the
detection system, false detection, problem with the recovery system and most importantly problem
with the AI itself. Having redundancies in place will help mitigate some of these risks and ensure
better worldship reliability. Having a specialized maintenance crew is an important consideration to
act as redundancy in case of system failures and to ensure continued worldship operation.

3.6

Conclusion

This section has explored the technical requirements for a worldship and the potential technologies
that could be used to meet these requirements. The benefits and pitfalls of each have been
evaluated and options compared. Where technologies for the requirements do not currently exist, a
development path has been outlined. From a technical standpoint, many of the technologies
required for a worldship mission are within reach. However, much development and research is
needed to increase the capability of each technology so that it can meet the full requirements.
A toroid structure is an ideal structure because it can be spun to impart a centripetal force, which
will act as the source of artificial gravity. A toroid is also efficient in regards to distributed loads such
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as the internal atmosphere. For redundancy, ten rings are stacked together. The space requirements
for a population of 100 000 is approximately 16 km2 based on a per person analysis but this can be
reduced by vertical stacking. This includes living spaces, public spaces, and utility spaces amongst
others. Based on health needs and societal complications, the ideal structure will provide artificial
gravity for the entire ship despite the additional mass penalty. For shielding, only passive methods
have been proven to be effective. One solution is a skin-cavity-skin method where the cavity is filled
with water. This solution is ideal because the water would freeze to ice reducing the risk of leakage.
The propulsion system will be a fusion based system. The default is a pure fusion reactor. However,
investigation into interstellar ramjets should be conducted because of their potential performance
advantages. Fusion is also the technology of choice for power generation. Other than current
ongoing research, only minor testing is needed to increase the TRL for certain space applications.
The implications of communications for society on board are discussed. However, gravitational
lensing could accomplish a continuous connection between Earth and the worldship but the
usefulness of this link will degrade overtime as the delay increases. Though it is theoretically
possible, gravitational lensing has not been attempted. Thus, development of this technology will
require much work before it is ready for application. For navigation, there is only one technology,
pulsar-based navigation. Luckily, this technology is already high TRL. AI will be a necessity for
monitoring and maintaining the worldship and its systems. Basic AI is currently available but much
more advanced systems are needed for the worldship. Finally, to support a human population, a LSS
is required. Some basic P/C methods are available which should be developed further to provide
redundancy in the LSS. However, the bulk of the LSS functions should be carried out by ecological
systems because they are efficient. The current knowledge for designing and constructing closed
ecological systems, however, is crude at best. Thus, much research and development is needed to
increase the TRL of ecological systems. This system will also be responsible for recycling and
providing food for the populations. As efficiency is a key aspect, the raw ingredients will not be
grown directly in most cases. Instead, nutrient sources will be grown then converted to similar
ingredients using flavorings and efficient secondary processing.
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4 WORLDSHIP SOCIETY
Although the construction of the worldship is based on the numerous technical considerations,
ultimately it is the continued survial of humans on board that will ultimately determine its success. A
significant amount of time, effort, and researched must be therefore focused on human factors. In
order for the residing population to live at peace, numerous societal issues must be effectively
addressed. This section covers factors such as crew selection, health and medicine, psychology,
education, religion, culture, and ethics.
Crew selection will comprise of specific selection criteria for how the crew with operate together
and individually. The methods used for selection of the crew will be discussed as the means to which
that will be accomplished. The health and medicine, section will cover a variety of options that can
be used to maintain the physical and mental health of the crew. Regarding the mental health, the
psychological part addresses about the various behavioral issues that could arise on the worldship. A
few suggestions are provided on how to tackle issues and how technology can play a significant part
in helping to solve issues. This section also addresses the possible solutions and technologies which
can be used in the field of medicine and food. Education is discussed prior to the launch as well as
well as on board. Insight is given into how students can apply their knowledge to the worldship and
make a positive contribution the mission. Language, ethics, religion, and culture are very closely
related as according to some theories, language is the foundation of the way we view and interact
with the world (Swoyer, 2003). Economic factors play an important role in all societies. A variety of
economic choices will be explored with an analysis of the benefits and risks of each system.

4.1 Population Selection
The scale of past space missions meant that the crew sizes were small enough such that every crew
member could be selected based on desired qualities. The selection of a few specialized individuals
from a large pool of qualified candidates resulted in highly motivated, extremely fit, intelligent, and
skilled crews. When it comes to selecting a large population, the same level of micro management
will not be possible. Also, more focus will be placed on diversity of skills, gender, and background.
Our current experience in long-term spaceflight is limited with the longest duration not exceeding 14
consecutive months (Wall, 2015). The future experience gained from space colonies near Earth will
produce people that are accustomed to isolation, the hazardous aspects of space, and a different
outlook of living in space (Mauldin, 1992). It is important that the potential worldship inhabitants
have a complete understanding on the mission aims and objectives, as well as all its potential risks.
This is further discussed in Section 5.6 - Public Outreach.

4.1.1 Selection Criteria
Our past experiences with crew selection will be insufficient when considering the many parameters
of an interstellar mission. Past crew selection criteria has considered factors such as impact of
isolation, group interaction and processes, and individual and crew performance. Personal
characteristics or the “right stuff” included high instrumentality, expressivity, mastery, and work
orientation as well as low verbal aggressiveness, negative instrumentality, and competitiveness
(Bishop, 2011). Although these are desirable characteristics, they are insufficient to express the
criteria for selecting thousands of people. This highlights the needs for more studies to be done on
large populations. As illustrated in Section 6 - Roadmap, analog studies on Earth, inflatable
spacecraft, the lunar base, and the first toroid will aid in the development of appropriate selection
criteria.
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4.1.2 Population Dynamics
The dynamics of any closed group of people is an important factor for the population’s overall
health. The success of the worldship mission will rely on a healthy dynamic between its inhabitants.
Various human aspects such as talent, psychological and physiological ability, and behavior have to
be taken into account in order to maintain the safety in the worldship. Procedures relating to
population dynamics must be started as soon as possible. The first generation of the worldship
(Generation Zero) will play a crucial role as they are the role model for subsequent generations.
What they pass on to the next generation will set the precedent and thus their selection is important
for the success of the mission.
Testing the dynamics of a large population in non-terrestrial environments will be important. Factors
such as the absence of the Sun and Earth as well as higher radiation should be considered. Longterm tests will be necessary to see how these changes manifest as psychological and physiological
effects in the population. The legal implications of such studies are explored in Section 5.4 - Legal
Considerations. The result of such studies will feed into the development of selection criteria.

4.1.3 Selection Methods
Terrestrial simulations are relatively inexpensive to implement which allows many to be conducted
to study various aspects. One advantage of these simulations is there is little limitation to how much
support equipment is used. Thus, many different techniques may be implemented such as virtual
reality. There are many organizations involved in terrestrial analogs such as Mars500, The Mars
Society, and HI-SEAS (Hawaii Space Exploration Analog and Simulation). The experience gained from
these simulations could be useful in developing population selection methods. These kinds of tests
should be performed as soon as possible as they can be a valuable tool in the population selection.
Using the results, the psychological, behavioral, and physiological aspects of candidates can be
studied. These terrestrial analogs could be performed as a base selection method before moving
onto more in depth testing in non-terrestrial environments.
There have not been many tests involving subjects in a non-terrestrial environment where
physiological and psychological effects can be studied. One of the possible simulation methods is to
build an analog habitat on the Moon and test the subjects over a long period of time. This coincides
with the proposal of a lunar mining base as suggested in the Section 5.3.1 - Material Resources. Part
of the base could be allocated to such studies or the mining crew could simply be studied to further
the knowledge. Later on in the population selection process, a lunar base could be used to further
down-select potential candidates.
The use of the first toroid for the worldship will be partially utilized to test several sample
populations. In this way, incompatible individuals can be filtered out before to the mission begins
(Bloomfield, 1986). This would require multiple iterations and long timelines to establish a baseline.

4.1.4 Selection Committee
The selection process should be based on an advisory committee. It will take a collection of experts
from different fields such as medicine and psychology, as well as technical experts. Using the
experience gained in the previously mentioned simulations and tests, the committee can build up a
list of selection criteria which will lead to the most viable population. Factors such as health, fitness,
and psychological stability will be considered. Personal qualifications such as work experience,
educational experience, and other characteristics should be considered to produce a productive
society.
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4.2 Health and Medicine
An interstellar journey across the universe is intimidating. When humans are added to that mixture,
it is even more daunting. Humans increase complexity to any space mission, from psychological and
political issues to the soft human frame. This thought echoes Warner von Braun’s 1951 quote: “I
believe that the time has arrived for medical investigation of the problems of manned rocket flight,
for it will not be the engineering problems but rather the limits of the human frame that will make
the final decision as to whether manned space flight will eventually become a reality.” (Space
Medicine Association, 2015)
Herein some of the needs, main challenges, and a possible roadmap to solve the challenges are
provided. The view towards the technology and research should be both practical and futuristic, and
as of now, the research towards space medicine is showing significant results as is the technology
necessary for human health.

4.2.1 Nutritional Health and Food
A necessary part of a person’s life is the food and nutrient intake over his or her lifetime.
Maintaining a healthy population requires a special interest in maintaining crew nutritional health.
Given that the population will live under Earth equivalent gravity, the estimates of nutrients can be
assumed to be equivalent. It is estimated that 8000 kg consumable materials, such as oxygen, food,
and water, are needed to support one person for a year (disregarding recycling) (Schwartzkopf,
1992). To further breakdown the daily dietary allowances, the levels of protein, dietary fat, and
dietary fiber set by the Centers for Disease Control (CDC) are shown in Table 7. The CDC also
provides data for the recommended dosages of Calcium, Chromium, Folate, Iron, Magnesium,
Selenium, Vitamin A, Vitamin B6, Vitamin B12, Vitamin D, Vitamin E, Vitamin K, and Zinc (Centre for
Disease Control, 2012). These estimates must be met to maintain a healthy population. Therefore,
the food grown and provided on board will need to meet these estimates for each individual.
Table 7: Recommended dietary nutritional allowances (Centre for Disease Control, 2012)

Daily Protein
(grams)

Daily Fat Limits

Daily Fiber (grams)

Child

13

30% to 40% of total calories

Female

19

Male

19

Female

34

Male

34

Female

46

Male

52

Female

46

Male

56

Female

46

Male

56

Female

46

Male

56

14
17
20
22
25
25
31
28
34
25
31
22
28

Age Group
1-3
4-8
9 - 13
14 - 18
19 - 30
31 - 50
51+

25% to 35% of total calories

20% to 35% of total calories

The food provided by the agricultural portion of the ecological system will be in various forms
depending on cultural and taste preferences. However, in general both meat and vegetarian dishes
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shall be provided. A healthy mix of these dishes will lead to not only physical health, but
psychological health given adequate variability in the food choices. Furthermore, a secondary source
may be provided, such as the cultivation of insects for food or other similar advances over the next.
Such sources and descriptions can be found in the Section 4.2.1 -Food. As these developments are
made, the choices for food aboard the worldship should be re-approached and redeveloped.
A major health concern for the population is the lack of sunlight, or more importantly, the ultraviolet
rays that sunlight brings. These rays provide the main source for Vitamin D synthesis in the body.
Vitamin D boosts calcium absorption and processing, which is especially important for bones (NASA,
2010b). Furthermore, its other roles include reducing inflammation and bolstering immune function.
Other sources of Vitamin D include some food and supplements. The CDC set recommended daily
allowances of Vitamin D intake given minimal sunlight exposure, shown in Table 8, which include the
amount needed for pregnant and lactating women (Centre for Disease Control, 2012). These values
give an outline for how much of the vitamin needs to be provided for the worldship population.
Further testing must be done with the food growing process to ensure that an optimum amount of
Vitamin D is provided for each person.
Table 8: Recommended daily allowances of Vitamin D (Centre for Disease Control, 2012)

Age
0–12 months
1–13 years
14–50 years
51–70 years
>70 years

Male (mcg)
10
15
15
15
20

Female (mcg)
10
15
15
15
20

Pregnancy (mcg)

Lactation (mcg)

15

15

Before any of this can be launched on the worldship, adequate testing and review must be
completed to ensure that the proposed system will be enough to support the population of the
worldship. Furthermore, during one of the many necessary analogs, the nutrients required by a
person should be measured under similar conditions to the worldship that takes in other stimuli
besides the gravity, such as psychological stressors, physical labor needs, and a proper balance of
nutrition given the unique conditions.

4.2.2 Medical Health and Technology
Along with the everyday nutritional, hygiene, and other health concerns, the worldship must be
prepared for other medical needs. As with everyday life on Earth, there will be diseases, accidents,
and conditions, both currently known and that will develop. Based on the results from various space
missions, the problems can be categorized as:
1. Unpredictable accidents: Trauma, organ damage, psychological stress, conscious stress, and
death
2. Microgravity: Kidney stones, osteoporosis, and muscle atrophy
3. Isolation: Psycho-neurological disturbance, sleep disorders, desynchronize
4. Artificial Environment: Hypo and hyperoxia, intoxication, hypo and hyperthermia, bacterial
infections, and lung infections
5. Space Radiation: Radiation induced tumors and acute and chronic radiation sickness
The ship will be in 1g, so the effects of microgravity can be neglected, but the other categories play a
major part in the medical preparation for the worldship mission. Technologies should improve in
these areas, especially if Moore’s Law holds as it currently is in the development of technology
(Ushakov and Iylin, 2010).
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General health care and unpredictable accidents will be dealt with much the same they are on Earth.
Near the time of launch, the developments in technology will need to be analyzed for what is most
applicable for the worldship population. Some examples are as follows. For surgery, robot surgeons
can be programmed to perform a surgery more accurately than a human surgeon, putting the
patient under less risk. Another surgical method is an aqueous immersion surgical system in which a
transparent box creates a water-tight seal over the surgical site and is filled with a sterile saline
solution. This method enables a surgeon to perform an operation with little to no blood loss. A new
technology that is currently being developed is a method of killing bacteria using cold plasma by
damaging the microbial Deoxyribonucleic Acid (DNA) without causing harm to the human tissue. This
developing technology shows great potential after successfully destroying 90% of the bacteria in a
rat’s wound. These and other technologies must be developed for the worldship (Emanuelli, 2014).
Furthermore, the population must have access to the proper equipment needed which can be
brought or manufactured on the journey. All materials must be reusable or recyclable in some form
and practices for maintaining hazardous bodily waste must be set. Furthermore, advanced
equipment to monitor and diagnose people must be included, such as a compact MRI (Magnetic
Resonance Imaging) scanners weighing less than 1 ton with high quality outputs. Development of
this technology has started in Canada at the University of Saskatchewan and is under progress
(Emanuelli, 2014). A singular machine that can serve for an MRI, x-ray machine, and other necessary
equipment would be ideal to lessen complexity and enable better redundancy with multiple
machines.
One of the most anticipated technologies is the 3D printer, and such a printer would have many
ramifications in the medical field. The necessary supplies that are needed, such as surgical tools, can
simply be printed to lessen the necessity to bring many implements from Earth. Furthermore,
another major application is a chemical 3D printer to print pharmaceuticals. A major drawback for a
mission to space is the shelf life of pharmaceuticals; many of the pharmaceuticals reach the end of
their viability within one or two years. On a worldship, where people are traveling for generations,
this is an even more prevalent problem. The ship must be able to manufacture pharmaceuticals and
not just store up enough for generations. The current options for developing and creating
pharmaceuticals are through the traditional avenue of growing plant life, with synthetic biology, or
through chemical processes (Thomas, Penney, Majumder and Walmsley, 2014). One new technology
that has implications in the future of human space farers is “printing” chemical products. One such
example a theoretical “chemputer” to print chemical products (Print your own medicine, 2012;
Service, 2015). Each machine would download plans for desired molecules and create them using a
universal set of software, hardware, and inks. Standardized chemputers should be provided per a
certain percentage of the population.
In the world today, there are innumerable causes of death, but in technologically advanced societies,
such as the United States, that have developed technology, cures, and healthcare to protect against
diseases and other common causes, one of the most prevalent causes of death is organ failure.
Society on the worldship can be likened to such technologically advanced societies on Earth today. In
the United States, organ failure totals up to 60% of death. Among that, 28% accounts for heart
attack, 22% for cancer, 7% for lung cancer, 2% for kidney failure, and 1% for liver failure. Because of
this, a key technological development that is being made is in the field of regenerative organ
technology. This technology will help to eliminate the risks of organ failure. There are several
methods for this (Rothblatt, 2013):
1. Stem cell transplantation: Using tissue engineering and enabling stem cell transfusion,
several organs and body parts such as bones and cartilage can be regenerated
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2. Stem cell seeded decellularized organs: Using autologous cells, tissues can be developed and
injected into the patients
3. Xenogeneic Organs: Vital organs can be developed inside a non-human primate and then
transplanted into the human patient
To create these organs, bioreactors are necessary. The current generation of bioreactors are
developed enough to upgrade the technology over time (Rothblatt, 2013). The Wake Forest Institute
for Regenerative Medicine is working on growing solid organs and has had success with growing
bladders, but is having difficulties with growing solid organs such as kidneys. Given the relative
unfulfilled success and improvement of Vacanti’s ear grown on a mouse, there are many sceptics to
the future of this field (Volk, 2015). However, it is likely that growing organs will become possible
and well researched.
In an emergency situation, the technology of liquid breathing might come into use. Liquid breathing
is defined as the kind of respiration in which an organism breaths an oxygen rich liquid
(perfluorocarbon, instead of breathing air. There are two main reasons for applying liquid breathing
to a worldship (Vittitow, 2013):
1. Pressure: If the worldship were to experience extreme pressure due to an external cause or
a malfunction, liquid breathing will be the best choice to help the individual breath at
extreme atmospheric pressure levels. This has currently been proposed for use with deep
sea exploration to allow a diver to below 2,000 meters. On the other hand, if there is low
pressure, a proper liquid breathing system could also help.
2. Medicine: Liquid breathing can be effectively used with pediatric medicine to help patients
with coronary pulmonary or cardiac trauma, which has been done in the past. Looking
forward, the technology can be adapted to treat various diseases at a wider scale.
On board the worldship, there will need to be spaces for medical facilities. One option is that these
facilities can be the size of hospital in a town a population around 100,000. One such town is
Boulder, CO, and since the hospital is in the technology-driven US, it can be assumed that it will have
an equivalent level of technology needed on a worldship. The Foothills Hospital in Boulder has 245
beds total and 540 physicians (Boulder Community Health, 2015). If all of the medical needs are seen
to in one location, a fairly large hospital type part of the ship might be necessary. More compact
technology will likely decrease the space needed by a small order of magnitude, but spaces needed
for the individual humans will still take space. A second option exists in which the patients are more
often treated in their rooms with a smaller medical space needed for more serious concerns and
surgeries which would align with the notion of having a chemputer in each home. This could reduce
the necessary space needed for medical needs, but increase the logistics required for the medical
services. These two options will need to be decided upon at least 20 years before the launch date, if
not sooner to allow for optimum designing of facilities and proper allocation of materials.
From the time when funding is available, a medical team must be formed to watch and encourage
the development of these necessary technologies. The team will ensure that these technologies are
properly resourced, manufactured, delivered, and integrated. All of the technology mentioned
should reach a high technology readiness level by the start of human transfer to and the start of
human testing on the first constructed ring, if not sooner. These people will not only need to test the
medical equipment in the worldship environment, but will also need the technology for their own
health concerns.

48

International Space University, MSS 2015

Astra Planeta

Worldship Society

4.2.3 Miscellaneous Health Concerns
There are many other possible health concerns that must be studied. The most prevalent of which is
the effects of radiation, for which there is little study of the effects of the radiation environment on
humans outside Earth’s magnetosphere and no study outside of the Sun’s magnetosphere. Due to
this, one the first precursor probes sent out on the roadmap will include radiation equipment to test
the ISM. In addition, some mitigation strategy must be formulated, such as shielding with water or
algae. Following the Chernobyl nuclear meltdown, research was conducted about the radiation
effects (Gaschak et al., 2011). From the soil, radioactive particles tend to move up the food chain
and accumulate in higher trophic levels. This is particularly concerning for human life on board a
worldship because they would be the apex of the biomass pyramid where radioactive particles
would concentrate.
Another major concern is thermal control. For the human body to survive, the temperature must be
maintained within a particular range. The possible range can vary depending on what the population
chooses. One option is to choose an ideal location on Earth and use the temperature range that
location experiences annually. For an ideal place like Hawaii, such a range is 22 deg C to 32 deg C
(To-Hawaii, 2015) Along with this, the atmosphere in the worldship must be maintained within a
certain pressure range, density, and make-up. One key part of the atmosphere is ensuring that there
is proper ventilation to avoid carbon dioxide “bubbles” forming around people’s heads. On Earth, we
have wind and other dynamic forces, so some method of simulating the atmosphere and
environment in the worldship will be ideal.
To provide gravity for the population, the ship will be spun. This rotation has the possibility of
causing the Coriolis Effect. This happens when a person moving experiences more than just weight.
For example, if a person jumps in the rotating body, he or she will not come straight down. Motion
sickness also can be felt when the head is turned; the ear’s vestibular canals experience crosscoupled angular acceleration when the movement is outside the rotation plane. Fortunately, this
effect is negligible with low rotation rates or velocities, as on Earth. A main driver for the chosen
torus design used is to ensure that the rotation will negate the Coriolis Effect as much as possible.
A final concern is procreation. To sustain and grow the population, the people must procreate. A
human baby has never been born off Earth, so the first baby born will be a huge leap forward for the
human species. The gravity environment on the worldship will be Earth-like, but there are
innumerable other environmental factors that we do not know that could hinder the birth of a child.
During the time that humans are living on the Moon and on the first completed ring, a woman must
have a baby to test possible effects. This will be an ethical problem since the full effects will not be
known, so as much previous study as possible, including research on other life forms, must be
conducted. Another part of this problem is that, unlike many mammals, humans do not have a
mating season, but they do tend to mate in the winter and summer seasons. This leads to an interest
in having lighting and small temperature changes aboard to help encourage procreation to build and
maintain the population (Why do not humans have a mating season? - Big Questions - (Ep. 23),
2015)

4.2.4 Genetic Health
Proper genetic health is important for a population in a closed system for several generations.
Considerations must be made about a species’ population size and genetics. Within each species,
there is genetic diversity between individuals. The process of creating offspring transfers genetic
information to the next generation and allows for a potential mutation. These mutations, in
combination with a selective pressure, are what give rise to selective evolution. Mating allows for
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mixing of genetic information as each offspring carries two copies of each gene, one from the father
and one from the mother. However, when considering the millions of genes held by each species,
the likelihood of creating an identical offspring is extremely low. Mating is also the mechanism that
enables a selective pressure to manifest itself into an evolutionary driver. Only those individuals that
are fit enough to survive to adulthood and find a mate will pass on their genes, while the rest will be
removed from the next generation’s gene pool. This is an important note because the gene pool is
the source of diversity available to the species. Small populations suffer from genetic issues which
arise because of a decreased likelihood of a beneficial mutation occurring and an increased chance
for total loss of an allele. This leads to a weak species population with decreased tolerance and
resistance to stress (Frankham and Ballou, 2002). The critical population size of reproducing
individuals where the gene pool is not large enough to sustain itself is known as the effective
population. This value is typically 50% of the census population, which includes the rest of the
population (Smith, 2014).
The effective population is important for sustaining the human population. Averaging values from
the literature for humans, 11,000 individuals are estimated to be the minimum effective population
implying that census population of 22,000 is required (Smith, 2014). It has been suggested in the
Toba catastrophe hypothesizes that 73,500 +/- 2000 years ago a supervolcano located in Lake Toba
erupted causing drastic changes to the environment (Gathorne-Hardy and Harcourt-Smith, 2003).
These changes resulted in a greatly reduced human population as posited by the genetic bottleneck
theory. Some suggest that the human population was approximately 10 000 (Takahata, 1993). This
conclusion has been supported by human genetics studies and archeology studies (Schaffner, 2004)
(Ambrose, 1998). However, this is still up for debate (Ambrose, 2003) (Gathorne-Hardy and
Harcourt-Smith, 2003). Although 22,000 would be required to maintain genetic stability, this
population is subject to risk if an event leading to high mortality were to occur. As insurance, a large
population should be considered such that a high mortality event would not cross this threshold
(Smith, 2014).
Assuming a population of 100,000, a 4/5 mortality rate would likely be survivable. If the initial
population size is chosen to be less than 100 000 however, a much lower mortality rate would need
to be managed. This includes the possibility and danger of a widespread outbreak of a fatal disease.
Mitigation strategies and an adequate population size must be set in place and maintained. The
initial makeup of the population must be diverse enough to ensure healthy genetic diversity. To help
with this, egg and sperm banks will be maintained as a source of additional genetic variability. The
frequency and methodology for disseminating this genetic variability into the population will need to
be determined.
Genetic engineering using synthetic biology is another major area of concern and possibility. The
possibilities include engineering a human to be radiation resistant or to take in energy without
ingesting solid materials, such as plants do (Martin, 2015), or organ growth as discussed in the
Medical Health and Technology section. Many ethical concerns come from this area however. As
shown in the popular science fiction movie Gattaca, synthetically engineering a person’s genetics
comes with a price (GATTACA, 1997). Those that do not have the best genes can feel inferior and use
underhanded ways to do what only the genetically superior can. This would give a new dimension to
discrimination between those seen as superior and inferior. Before proper research using synthetic
biology on humans can and will be made, those concerns must be met. Due to the drastic
differences in possibilities of synthetic biological research on humans, this issue must be watched to
determine closer to the start of the mission whether it is a viable technology for the population.
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4.3 Recreation
There are many aspects of recreation required for the crew, from physical to artistic. First is the
physical recreation which is required to keep the health of the population up, both physically and
psychologically. The psychological aspects are covered in more detail in the Section 4.4- Psychology.
To meet this need, there are two possible methods: using virtual reality or providing enough open
fields. The best solution is to have a mix of virtual and real spaces for recreation. In addition, spaces
can be given for fitness centers for those that wish to keep physically active this way.
Recreation using virtual reality could include using such systems as MSE Omnifinity’s Omnideck, an
omnidirectional treadmill as shown in Figure 21 . The user could use a system, such as the Oculus
Rift headset, to virtually view the surrounding world. On the other hand, shown in Figure 22 is the
Omnideck using 360deg visual display domes, ambient LED (Light Emitting Diode) lighting, and other
environment simulating devices that can be used to enhance the user’s experience. This is currently
in development and testing. By the time of the mission start for the worldship, the technology will
be much more advanced, but will likely be of a similar make up. The virtual reality rooms on the
worldship will have technology to meet the users’ sensory needs with a similarly moving floor. The
current drivers for this technology are video games and the military. The development of this
technology must be monitored to ensure that it can be used (Lyons, 2014).

Figure 21: Omnideck virtual reality with Oculus Rift (Lyons, 2014)
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Figure 22: Omnideck virtual reality with 360deg display (Lyons, 2014)

Using this technology, people can play games and sports virtually to decrease the required spaces
for recreation. The opportunity could be given for the players to create and play their own games to
add a new depth. The players will interact virtually in the system. For a population of 100,000, a
standardized version of the system should be created and many should be included in the worldship.
One drawback is the need for the system to stimulate all of the senses for proper enjoyment. This
includes proper tactile and smell simulations which are the most difficult. The technology should be
developed early enough to allow for proper manufacture, delivery to the worldship, integration, and
testing. This will largely be driven by the manufacturing timeline. Another application of this
technology is in the realm of education. Holograms can be used to teach students how to handle
scarce or possibly dangerous objects with little risk, as well as experience and experiment with
objects and knowledge that otherwise would be out of reach in the specific environment of the
worldship. Furthermore, there is a major advantage to this having a positive psychological impact on
the society.
In addition to physical exercise, other recreational considerations must be taken into account to
keep each individual healthy and happy. Each person must take care of his or her health habits and
make time for relaxation and entertainment. Opportunities with free and group leisure activities will
be in place for this.
Various classes and clubs focused on artistic skills such as dancing, music, entertaining, drawing,
photography, poetry, filming, sculpting, singing, painting, writing, and interior decoration will be
formed. Diverse contests and competitions may be organized in order to rise up the competitiveness
and to receive a special recognition and rewards among the population. Some events can include
cultural nights, parties, concerts, and LAN (Local Area Network) parties. These activities will ensure
that the population is united and monotony on the journey is decreased.
For all of these recreational needs, spaces in the worldship must be allocated. Much space will need
to be allocated for the virtual reality rooms, and the total space will need to be decided upon closer
to construction once the actual layout of the worldship is decided upon. Spaces taking into account
of Feng-Shui for recreation and meditation are desired. Other spaces such as fitness & wellness
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centers, bars, and dance clubs could be included. All in all, many spaces will be needed for the
recreation of the population, and this must be delved further into closer to the completion of the
construction of the worldship.

4.4 Psychology
Arguably more than medical aspects, psychological aspects of an interstellar mission exponentially
increase the complexity of any space mission, let alone a mission across the interstellar reaches. A
journey that lasts several generations with innumerable unknown risks can and will have a wide
range of psychological issues. A Russian cosmonaut once pointed out that “[a]ll the conditions
necessary for murder are met if you shut two men in a cabin and leave them together for two
months” (Weed, 2001). Scaling that up to a population of 100 000 in the tin can of a worldship for
generations, the psychological concerns are thus scaled up. The concerns must be documented,
studied, and mitigated before the people can be sent off on the worldship.
The first generation on the worldship will arguably experience some of the hardest psychological
stressors. Many of these people will have left the only home they have ever known, Earth, to start a
mission of which they will never see the end. This is similar to the colonists that traveled from
Europe to the Americas with no intent or possibility of going back. As we can see today, these people
lived and even prospered. The people on the worldship will do as their ancestors did to adapt and
prosper to their new lives.
In today’s world, people are used to instant communication. A person can simply pick up a
telephone and call someone on the other side of the world. As the worldship travels, the time delay
of communication with Earth will slowly increase. By the end of the first 100 years, the delay will be
on the order of several months for a communication in one direction. This will be hard for the first
generation, especially with their desire to communicate with the loved ones they left behind.
Psychologically, this could cause turmoil, especially as the people grow older and become more
introspective and reflective. Luckily, the size of the population should be large enough to help these
people age with dignity and with a large support network.
Earth, and even the Sun and Solar System, will slowly become more and more distant and less
distinct until they are just another dot in space. This will lead to the “Earth-out-of-view
phenomenon” that is expected on human’s first mission to Mars (Kanas and Manzey, 2010). The
results of this challenge are not known as no human has ever experienced the lack of a visual
connection to Mother Earth. There are many psychological responses that may be felt. These could
include anything from depression and anxiety to delusions and hallucinations. The effects may
happen from this challenge cannot be foretold, so creating this phenomenon is the analog tests is
mandatory.
Another concern is the effect of isolation from the rest of humanity. Although the population seems
large at 100,000, it is only the size of a small city. Without the ability to travel or instantly connect
with people from other places, the inhabitants will feel the effects of their isolation. The
psychological effects of isolation on a short term is known and fairly well documented, but the
effects of generations of isolation cannot be known without proper long duration study and analogs.
However, some outcomes can be surmised. The population and sector of humanity that grows on
the worldship will likely diverge from the core of humanity back on Earth. The extent of this
divergence cannot be known, but it will happen. Furthermore, as the communication link stretches
and the information on the worldship is isolated, developments in not only the human mind and
thinking, but also technology, will diverge from the path of Earth-bound technology. This gives the
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possibility of developments being made and thoughts being imagined that could not happen in an
Earth-bound society (Vakoch, 2011).
Even as the society advances and diverges into a new and exciting sect of humanity, monotony will
become a major issue, especially for the members of the population with more mundane jobs. For
example, always working at a single assigned position in an office can lead to boredom and
eventually to loneliness, impatience, hostility towards others, and manifestation of physical
ailments. In today’s society, we see this in common office jobs with high rates of depression and
hostility. Companies such as Google, Facebook, and Microsoft have taken almost extreme measures
to ensure that their employees stay psychologically healthy, innovative, and excited about their jobs.
Google sets aside a certain percentage of the work week that the employees can use for innovative
topics, and there is always a fully stocked kitchen or rest area close by. Measures of this sort should
be implemented in the working environments on board the worldship to keep the population
mentally engages and to decrease monotony. Decrease in monotony can also be developed with the
availability of various recreational activities, which can be found in the recreation section of this
paper.
The spaces on board the worldship are very important for the population’s psychological health. A
majority of the worldship’s spaces will be devoted to humans for their work, recreation, and health.
These environments must be diverse and easily adaptable. A diverse environment with various
plants and lighting will increase productivity and happiness. Along with diversity, if the environment
is easily adaptable, it can be changed as the years and generations fill in the spaces. This is necessary
to decrease the monotony of day to day and even year to year life on board the limited spaces of the
worldship.
Along with the diversity and adaptability of the environment, the similarity of the environment to
Earth is important, especially for the first generations. The first few generations will have a stronger
link to, and thus a stronger longing for, Earth-like environments. An Earth-like environment will
stimulate the natural parts of a person’s brain that help keep him or her active, focused, motivated,
and interested in living life. An example of how to ensure that the environment is Earthlike is to
install lights that are similar to natural life on Earth. CoeLux, a small new company, is developing
such as can be seen in Figure 23 (CoeLux, 2015). The possibilities of this light extend past the
psychological effects of working in natural light; they might be adapted to produce UV rays to
promote Vitamin D productions described in the Nutritional Health and Food section. Furthermore,
natural light provides healthy psychological reactions of increased happiness and interest in
everyday, sometimes monotonous, activities.
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Figure 23: CoeLux natural lighting system (CoeLux, 2015)

A diversity of people is almost mandatory on such a mission as this. The reasons range from personal
backgrounds brought in the first generation to genetic diversity. Moreover, the psychological
benefits of a diverse population are vast. In the first generation, a variety of backgrounds will be
needed; from physicians to engineers to artists, each background brings a different set of skill sets to
the worldship. These backgrounds brought on the first generation will trickle down through the
generations to keep the professional culture of the worldship diverse. Along with this, a balance
must be found in diversity, especially between the genders. Not only must the genders be balanced
for proper procreation and the future of the population, a balance between the genders helps
alleviate gender biases and discrimination. This goes for other forms of diversity as well. A balance
between the cultural and ethical backgrounds must also be found. Finally, a diversity of personality
traits should exist in the population. Belbin’s team roles give a general outline of three types of
orientation: Action, People, and Thinking with a total of 9 personality types (Fisher, Hunter and
Macrosson, 1998). A variety and a proper distribution of these personality types throughout the
population are necessary for diversity within the population. All of the aspects of the population’s
diversity add up to a psychologically healthy collective. With proper diversity, the risk of
psychological disorders and complications is greatly reduced.
As with people on Earth today, there will be a range of psychological disorders, so psychologists are
needed. These professionals will not only be needed for extreme cases but they should be available
for the everyday population as well. NASA is working on what they call the “Silicon Psychiatrist”
which is an artificially intelligent computer software prototype which would be able to monitor
sensitive reaction rates of an individual and reflect any subtle changes in mental to diagnose,
recommend, and treat psychological problems (Weed, 2001). The computer has been able to
monitor transient changes such as blood pressure, heart rate, respiration, and sweat gland activity. A
system such as this can be used to keep the population psychologically healthy, especially those with
more difficult jobs. An example of implementation of a Silicon Psychiatrist is to have one for each
household that could help keep the family healthy. There are some drawbacks with this as this can
be seen as an intrusion into the family’s personal life.
Similar to on Earth, there will be the psychological pressure of the unknown risk. On Earth, people
every day are under the threat of unknown risks such as Earthquakes or meteors, and the worldship
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will be no different, though the possible threats will be different. In the first several generations, the
population will have to shift their mindset to the new dangers of the interstellar medium from that
of Earth. These risks could include meteorite collisions with the thin separation from the outside
vacuum by only a thin layer of wall, oxygen tank failures, or a sudden failure of a system. These risks
will be especially scary to the first generation because of the added factor of the unknown, but as
the generations progress, they will simply become everyday life that are a possibility on Earth.
There are innumerable considerations when looking at the psychology of a population of people
travelling to the interstellar reaches, many of which are unimaginable to the Earth-bound humans of
today. Some of the possible concerns have been outline, but more should be cultivated and tested
before the worldship can be sent with humans on board. The behavioral norms are not and cannot
be known for sending out humans, but a subset and idea of what those norms might be can be
surmized (Gilster, 2012).

4.5 Education
Strong educational systems on Earth leading up to a launch of the worldship are essential to create a
society capable of implementing the vision and nurturing and engaging with the society to bring
value to the purpose of the mission. While the process of developing an interstellar education will
begin on Earth, the importance of strong education systems will continue onto the worldship. This
section will address education on the Earth and on board the worldship.
In order for a mission such as this to take place an interstellar minded society willing to take on the
challenge must exist. This will requires individuals who believe in the value of the worldship mission
and are willing to devote their work to a pursuit they may never see carried out. This means that
from a very young age students should be encouraged to think in the very long term, as ethicist
Jacques Arnould points out, “To plant the seed that is not for the next generation or the one after”
(Arnould, 2014). This mindset can be created through an interstellar education integrated into
national curriculums, extensive interstellar engagement programs, and large marketing and public
outreach campaigns.
The first priority will be to ensure that there are enough technically knowledgeable personnel on
Earth to physically design and create the worldship. This means that education in STEM (Science
Engineering Technology and Math) fields should continue to have an increasingly strong presence in
school curriculum. Nebergall notes that a special focus should be placed on the general problemsolving methods rather than learning to solve specific problems. Creative thinking and innovation
will be essential to ensure that the people on Earth are quickly adaptable and able to create what is
need with the available resources (Nebergall, 2012).
Once on board the importance of education should continue to be stressed. Education is widely
accepted to be a key factor in producing competent and effective citizens. The ancient Greeks
stressed the necessity for knowledge of te philosphia et septem artes liberals, or the seven liberal
arts: grammar, rhetoric, logic, geometry, music, and astronomy (West, 2010). As time has
progressed, humans have made a continuous record of knowledge in law, agriculture, philosophy,
philology, natural history, politics, zoology, medicine, geography, theology and departments of
spiritual, intellectual, and social activity that lie in the range of human knowledge or speculation
(Kern, 2010). A record of human knowledge must be encapsulated in the worldship and accessible to
the citizens as, in the words of Cicero, “Those who have no knowledge of what has gone before
them must forever remain as children.”
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Figure 24: Philosophia et septem artes liberales, The seven liberal arts (Landsberg, 12th Century)

In addition to the knowledge that has been developed on Earth, an interstellar worldship has several
constraints that require special educational requirements. As the worldship travels beyond the Solar
System and communication with the Earth is lost, the passengers will need to be increasingly
resilient and self-reliant. The educational system on board must be developed to not only educate
citizens about the past, but also prepare them to be effective citizens on board. The limited
population size means that there is a major risk of knowledge loss or skill shortage over time, which
is a problem that educational methods must address.
As an interstellar mission would be carried out over multiple generations many unexpected
challenges are likely to arise. It is then argued that the focus of education should not just rely on
teaching facts from history, but also on how to think logically to solve problems. Nebergall points out
that human nature is accustomed to accepting and using technology without fully understanding the
intricacies behind it (Nebergall, 2012). As the crew’s survivability will rely on their capability to
repair, recycle, and reuse the resources available, blind reliance on the technological systems of the
worldship without a technical understanding could lead to mission failure.
More studies are essential in determining the best systems, configurations and groupings of early
childhood educational institutes, primary and secondary schools, research centers, trade schools,
laboratories, and universities. Summerford notes that diversity should be encouraged throughout
the colony and used the example of a medium sized university on Earth, where, while each
dormitory is different, certain halls are all known for something unique (Summerford, 2012b).
Requirements for technical, cultural and practical aptitude dictate that a combination of classroom
and hands-on settings for learning are needed. Students will need to be put through basic education
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that will teach them necessary life skills to survive as well as general knowledge about the world
around them.
With the increase use of technology in the classrooms and integrated computer and iPad based
learning, it is likely that education both on board the worldship and on Earth will boost the usage of
digitally based learning platforms. Using virtual reality technology that is already in production as
described in the recreation section, VR will likely be used to expand the learning environment
beyond the worldship. This would help to decrease the risk of knowledge loss in vital areas that may
otherwise be lost. One such example is an understanding of planetary geology. Unless samples are
taken from Earth, the practical applications of this science could be lost and this may be vital to later
stages of the worldship mission that require planetary manipulations and identifications. Virtual
reality areas could help people on board stay connected with Earth-based information and
environments, as well as expose them to virtual scenarios and environments for the purpose of
stimulating creative thinking and adaptive skills. At present, we already have access to the internet
which is filled with information on every known topic from the ridiculous to the useful. The rate of
information exchange and interconnectedness is unlikely to slow down; therefore information
accessibility should not be a problem for worldship citizens. Instead, the challenge will be to make
useful information available and presented in a way that is effective and interactive for learning
purposes.
As they grow older, students would be assigned apprenticeships to learn from leaders who have
mastered specific skills vital to worldship operation. Given the availability of and need for certain
skill specializations, students would take part in apprenticeships geared towards their natural
abilities and interests. Once students reach adulthood, they would need to have an option to
continue in highly specialized areas so that the next generation would have the necessary experts to
lead and teach future generations. The specializations themselves, however, will depend on the
worldship’s current needs in that particular timeframe.
The multigenerational aspect of the worldship means that both technical and cultural knowledge will
have to be passed down from generation to generation. This means that individuals who have a
strong desire and ability to share and teach are necessary to ensure that future generations preserve
the mission and acquire the skills for survival (Radcliff and Radcliff, 2012). Older students would also
be required to teach and help younger students while grandparents could be tasked with taking care
of infants. Diamond suggests that grandparent’s roles in maintaining knowledge throughout
generations is also pivotal. In worldship society, as on Earth, the elderly can share the role of caring
for their grandchildren while parents are performing tasks on the worldship. Daily interactions with
grandchildren maintains a knowledge transfer over two generations, rather than one, decreasing the
rate of lost knowledge and increasing the stabilization of cultural shifts (Diamond, 2014). A great
burden will be placed on Generation Zero, the first generation aboard the worldship. They will be
responsible for educating the next generation and passing on the knowledge necessary for mission
success.
Education is a vital part of the success of a worldship mission. On Earth it will train individuals who
are willing and able to develop such a mission, creating necessary technologies, mission plans,
financial, and political actions. The role and responsibility of education on a worldship will be a
community-based effort to relay technical knowledge with craftsmanship, ethical concerns, and
teamwork. It will act as a mechanism through which the original Earth culture and intent is
preserved. Furthermore, education will play a role of catalyst in conveying knowledge transfer to
deal with issues that people may not have dealt with before. Various constraints will still exist but
people must be able to adapt to the changes in the new environment.
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4.6 Population
The size of the population will be a very significant determining factor for the size and scope of the
worldship along with a number of other factors. However, there are a number of differing views on
how to accommodate the size of the population. The running definition of a worldship is 100 000
individuals but since that is a conceptual idea and not a rigid value this number can be changed and
adjusted accordingly. One possible way to assign the population is to use the smallest number
possible for genetic diversity and allow the crew to expand as they see fit at a rate that works
outside of any constraints that would be applied to them by a system not in place on the ship. Not
only would genetic diversity be a paramount factor with this size but also that of knowledge transfer
once the crew’s numbers start to grow. However, if the prescribed number of 100 000 individuals is
to be followed at the launch of the ship then this would pose no significant adversities to genetic
diversity or that of knowledge transfer but would indeed lead to a number of other ethical and
population control issues.
Either method will eventually cause a convergence of population vs. space and therefore present the
issue of controlling the population size. A number of methods could be taken into consideration to
achieve this goal. The higher the population the more immediate and drastic the measures would
need to be carried out. With a smaller population size, they could reasonably reproduce without any
regard for specific measures of constraint. Once the limit of the ship is encroached, there could be a
reproduction lottery implemented that would take place as other members of the population pass
away. The population could implement a certain number of offspring that a specific couple could
produce which would aid the population explosion, as well as the genetic diversity of the population.
Each of these limited methods would introduce ethical issues of their own, which would need to be
considered in-depth by the crew and therefore judged by the ethical system which the population
implements.
The age distribution of the population would be another issue of concern and this can be mitigated
by either creating the first crew, Generation Zero, in the same age distribution as that of Earth, with
a specific number of youth, middle aged, and elderly individuals. Another possibility would be to
form the crew entirely from the middle-aged individuals and let them self-distribute as the
subsequent generations are born. Generation Zero could also be comprised of an educated set of
the youngest individuals possible, which would allow for less stress by immediately starting
reproducing and would lengthen that time allowed for reproduction as well as knowledge transfer.

Figure 25: Age distribution in the US (U. S. Census Bureau, 2012)
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Constructing Generation Zero in a homogenous way would lead to a less confrontational society due
to in-group dynamics. However, this would pose an increase strain on maintaining the genetic
diversity of the crew and would require extra measures to negate such an issue. This could be
mitigated by launching with a larger number of individuals therefore increasing the genetic spread of
Generation Zero or bringing along human samples to allow for a genetic mix later in the journey.
With Generation Zero made of a heterogeneous population would immediately ease the genetic
diversity concern while at the same time introducing a number of possible inter-group
confrontations based on a number of factors, specifically racial. The best mitigation for this factor
would be to choose individuals who are not affected by such parameters but as that are part of crew
selection criteria that will be discussed in a different section.

4.7 Religion
There are few other thoughts and traditions, which have persevered as long as modern religion. That
is exactly why religion is a topic of great importance when it comes to the success of the worldship,
before and after launch. It can be a great asset to the existence of the mission, or it can be one of
the factors that prevent the mission from succeeding.
With a large amount of the world’s population being either Christian, Muslim, or Hindu, a lot of
political and financial power follows religion (Pew Research Center, 2012). Noting this, if any of the
major religions of the world could utilize their influence with their followers to promote such a
mission as an interstellar worldship, there could be the opportunity to harness significant support, in
many forms, to forge the goals of the mission. When a religious figure speaks in support of a certain
ideal, such as the Pope in the Catholic faith, the followers of that figure tend to listen to them. One
of the possible subsequent advantages of this are that there are many nations that identify, officially
or not, with a particular religion such as the United States identifies as Christian, India identifies as
Hindu, and many of the Middle Eastern nations identify as Muslim. Therefore, if one of these nations
wanted to act as a unified faith they could bring great weight to a given scenario, whether that is for
good or bad. The church could be engaged as “champion” of such an interstellar mission advocating
for scientific endeavors and bringing together religious beliefs and science into a single force (Batt,
2013). With the longevity of the existence and influence of religion, maintaining the will of the
people for such a project would definitely be within the scope of something for which a religious
institution could advocate.
Over the years there have been many negative consequences and good benefits of religion.
Examples of negative events include the Christian Crusades, European colonialism, and Islamic
extremist terrorist groups (Carpenter, 2013). There have been many positive outcomes of religions
as well such as thousands of charities that exist worldwide to aid individuals less fortunate than the
privileged few in the world. You also get individuals who have raise to the level of service at the risk
of their own wellbeing such as Mother Teresa. However, when it comes to religion on the worldship,
light years away from Earth this variability in religious mindsets would be a detriment to the
wellbeing of the entire crew. A viable method for dealing with this inconsistency would to mitigate
the issue before it boards the worldship in the first place. This could be done in a number of ways
each with their own pros and cons to their existence on the worldship.
First, it could be decided to maintain the current demographic make-up of religions as they exist on
Earth at this current moment. This would allow for a wider breadth of crewmembers as part of
Generation Zero. This would be one less factor in actually devising the crew list and would maintain
a very close mirroring of the world they are leaving for the world on which they are embarking.
Culture and tradition could be carried on without missing a step from Earth to space faring. There
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are many health and psychological benefits associated with religious faith and if everyone is allowed
to carry their own then that would aid in the well-being of a lot of the crew (Barber, 2014). At the
same, as stated above this leaves open the possibilities for biasing and act of violence to occur in a
much more isolated area than on Earth. Such an event could lead to division and possibly even war
just over religion. Second, the decision could be made to only allow one specific religion onto the
ship. This for all intent and purposes would eliminate interfaith strife on the ship itself. However, at
the same time a decision of such importance would cause a problem on Earth leading up to the
launch of the ship. In this case, which religion would be chosen to go aboard the ship and why?
Perhaps more important is who would make such a decision with the world coming together to
produce the worldship there would not be just one religion or religious nation so it could not just be
one making the decision. Whichever way the decision is made it will have to be made by some form
of consensus. Lastly, would be the idea to crew the ship with individuals who do not carry a religious
faith at all, namely atheists. Currently, the numbers for atheism worldwide are not as high as any of
the main religions but it is on the rise in many nations, specifically that of the United States where
atheist, agnostic, and unaffiliated individuals comprise of 20% of the population (Hallowell, 2012).
This would undoubtedly eliminate the strife between religious sects and religious spaces and
traditions would not have to be taken into consideration. This would not eliminate the case of a nonworldly religion surfacing once the ship is underway but that is not something that can be accounted
for prior to the ship leaving (Carpenter, 2013). One issue with this is that a person’s religious beliefs
would prove to be difficult select-out criteria to accurately detect during crew selection. The most
glaring issue with this choice would be that since the great majority of the world is of one religious
faith or the other the choice to send a minority of sorts would probably not sit well with the greater
majority of the world.
When it comes to religious and cultural aspects, there might be a lot of issues on board such as
praying, festivals, celebrations, holy places. This needs to be addressed because the quality of the
population dynamics will decide the fate of the worldship. For instance, Muslims pray in the
direction of Mecca. Once they are in route, there will be no specific directions and so they might
need to be provided with some other option that can satisfy their basic requirements. In Christianity,
selecting popes, chaplains and priests might change according to the worldship environment.
Besides that, some religions are not prominent around the world and so they will be less populous in
the worldship. In that case, the likelihood of giving importance to them might be less. Hence, efforts
should be taken to solve those issues by the governance which will be finalized for the worldship.
Also, each religion may have their own way of celebrating their traditions and it may be varied
around the world. There are certain issues that a religion might have a problem with in regards to
another religion and this is one thing that cannot be solved. Certain problems might get resolved if
the religious leaders around the world can assemble and address all the pertinent issues and come
up with solutions that can provide constructive results to the worldship mission. Also, when
selecting the crew, religion and culture will not be of a primary consideration but it needs to be
taken into account to some extent such as the overall balance of the religion, friendly communities,
and official meetings between religions, Intercultural and Interreligious celebrations. Establishing
these kinds of activities on the worldship will increase the crew dynamics and can be followed
throughout the mission.
As stated above this is an issue that would require immense discussion amongst the world’s
population. This topic would have to be carefully considered and with each direction having its
designated pros and cons this is not a decision that can be made in advance when it could easily be
affected by the changing tides of the world at the point where the choice actually matters.
Regardless of which choice is made it will have a direct impact on the make-up and process of the
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crew selection. Therefore, such a decision would need to be made prior to the crew selection and
perhaps even before the crew testing, as well, lest this factor play a role in the outcome of some of
the selection criteria results.

4.8 Language
Another interesting aspect under consideration for the society on the worldship is that of language.
Regardless of the community from which each individual of the crew hails from, they will bring their
own language along with that their own outlook on life. These separate languages could serve as a
detriment yet also as a thing to cherish. Similar to other psychological and cultural issues of in-group
and out-group biases the crew could become divided and have difficulty communicating across
multiple different languages, especially those that do not have an etiological link, such as English and
Mandarin (Kondo, Bruhweiler, Moore and Sheffield, 2003). This would suggest that a common
language be spoken would aid in collaboration and cohesion of the crew on the ship. Considering
this factor, a logical choice of such language would be that of English. This would also follow that of
the aviation industry around the world utilizes English as its official language, as well as businesses
and places of higher education gives it more credibility to be the language of choice (Kondo et al.,
2003).
Languages on Earth are continually evolving due to their day-to-day usage, lead nowadays by
teenagers trying to exert their own group and identity. However, overall languages are fairly
structured. Even though Shakespeare wrote his literary works over 400 yrs. ago English readers are
still currently able to read what he wrote. The Linguistic Relativity Hypothesis dictates, one thing
that will inevitably change will be vocabulary and therefore the crew’s outlook on the world
(Swoyer, 2003). For instance, an individual that does not live in a cold climate on Earth will not have
as many words to describe snow as someone who experiences that weather on a daily basis. The
crew on the ship will have many words in use at the time of their departure that will fall out of use,
while at the same time creating words that individuals back on Earth will most likely never
encounter and therefore never use.
As long as communication with Earth is actively occurring, this drift in language would be mitigated.
Once the frequency of communication lessens, and possibly stops entirely, then the worldship
language will be allowed to change unhindered by the new generations of the crew, and eventually
evolve into something that will be incomprehensible to language speakers that are not part of the
worldship community. Of course, this change could occur even with the Earth-ship communication
still established but that would be due to social reasons of the crew wanting to differentiate
themselves from their linguistic neighbors, that being Earth (Kondo et al., 2003).
Use of language is obviously an important factor to be considered for on the worldship it needs to be
decided upon prior to the ship being crew, let alone launching towards its destination. It is unlikely
there will be any vast linguistic change within the world’s major languages so the relevant issue
would need to be considered from a social aspect. Before the worldship launches, it is posible that
English is not the dominant language on Earth anymore and if that is the case then that would have
to be taken into consideration when making a final decision on language. This decision will be
intertwined closely to the cultural, ethical, and religious decisions that must be made prior to the
selection of the crew.
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4.9 Culture
Due to the fundamental nature of humans as social beings, culture is an engrained part of life. For
most people there is not one day that goes by without some form of interaction with a cultural
norm, tradition, or even a taboo.
Culture can be seen as the manifestation of humans intellect, reflected by social habits, cuisine,
values, art, music, and even language and religion. Since culture can be applicable for a single
person, but also for a group of people, it can be seen as a pattern of behavior and a way of
interacting with others, sometimes influenced by society. Some cultural aspects will be applied
within a domestic environment, but others will be picked up elsewhere.
The word ‘’culture’’, comes from the French language, which in its turn derived it from the Latin
word ‘’Colere’’, literally meaning to tend to the Earth and grow, or cultivation and nature. This might
explain why culture goes hand in hand with geographical location, although this changes rapidly with
the interconnectedness of people within the 21st century. Relocation of individuals or groups, does
not only affect the moving people, but also the people on site.
Where immigration, traveling, international job searches, and even social media have brought
different cultures into contact with each other, culture seems affected by other cultures and is even
adaptable and changeable. As countries and population grow, so does its cultural diversity.
The recent explosion of platforms as Facebook, Twitter, and Instagram just go to prove this fact that
today more than ever the world is more connected.
However, despite the interconnectedness of the world there is still a large amount of disconnect and
contention between the world’s nations and religions, evident by events such as America’s war in
the Middle East and extremist Islamic groups performing attacks around the world. Differences can
be dealt with in various ways and especially on a worldship, it will be important to handle with them
in the best possible way, without creating more friction between people and groups, preventing
gaps from growing over multiple generations.
A mission of this scale would require a vast change in outlook and operations of the global society.
With every nation taking part in the planning and execution phase of the worldship there would be
nations working together who had previously never considered doing so. This would cause a clashing
of different cultures, ethics, and languages. Unlike evolution and language, culture is a very fluid
concept and therefore is capable of change at a much quicker pace, potentially causing geo-political
complications if not properly mitigated (Wooldridge, 2013). Currently there are specific nations, and
therefore cultures, that are major players across the globe. However, this is not necessarily true of
the future. China and India are increasing in population and economic prowess and will become
more prominent players on the global scale, thus bringing with them their cultural views and
nuances.
On Earth, there are good examples from societies and countries with a large variety of people with
different cultural backgrounds, living together in a peaceful manner. When a society is becoming
more homogeneous and aspects of different cultures ‘melt together’, it can be called a melting pot.
When large immigration to the United States occurred, people from different places and
backgrounds lived together without having their own identity. After a while, their cultures started to
change and over time, shared characters were shaped. Since the first generation of worldship
participants will not have that many generations to take shape, it might not become a fully
harmonious group before launch.
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Besides coming from different places in the world, culture will show differences between
generations. Older generations might be more rigid in practicing their beliefs, holding on to what
they are used to, compared to younger generations that might adapt quicker and be drawn into the
dynamics of a mixed group. If older generations are involved in teaching the younger ones, note
should be taken on the fact that beliefs of older generation could be implemented with their
approach, leaving less space for ‘melting’ cultures together.
Cultural reproduction is not only a factor between generations, but also between groups with
different beliefs. It covers the transmission of existing cultural factors, which affects the continuity of
cultures across time. Cultural reproduction will be significant for the worldship, considering that
certain knowledge of the first generation will still be useful further along the line. With cultural
reproduction, social reproduction also tends to occur, transferring societal characters.
One way to alleviate some of the possible cultural strife on the worldship would be with the
establishment of an Interstellar City. Here individuals from around the world would come together
and combining their unique characteristics and backgrounds push forward the collective thinking
and progress of the worldship. Such an idea is not completely new, since this way of bringing people
together has already been implemented in current training methods in a less obvious manner. Star
City in Russia is an example, where most cosmonauts and astronauts from all over the world
currently attend training. Besides all the equipment for training, this facility has its own high school,
shops, post office, and much more.
The most important aspect is that the training period will be the same for all participants of the
specific mission and they spend most of their time together in order to get a connection and get to
know each other before launch. In the Interstellar City, people will not just receive their training,
they will also build connections, get used to each other, and possibly create their own culture.
When it comes to the culture on the ship, delicacy of that matter will be affected by what happens
prior to the launch. What culture will need to be brought on the ship or will it be many or
combination of many? Is one culture better than another to have on the worldship? Because of what
culture is and how much it plays into the identity of every person, this is not something that can be
effectively addressed at this moment.
However, it will be an important discussing point in the selection of the crew for the worldship as to
what traditions, religions, ethics, and language (all being a part of culture) will be carried onto the
ship. As long as a proper crew is selected and start their journey on the worldship, culture will
develop over the time, forming its own identity separate from that of Earth due to crew’s unique
experiences throughout the journey. However, one of these specific aspects of culture, be that of
ethics, is a very special aspect and needs special attention for a variety of reasons.

4.10 Ethics
Ethics and morals are a very personal subject to every person and therefore a difficult subject to
parse out. For matter of this discussion we will not attempt to parse them apart but ethics will be
viewed as concrete global, social rules for how to act (Arnould, 2014). The ethical implications that
need to be considered for the worldship are truly global issues of concern and will affect the mission
before and long after launch.
The ethical implications of sending off a sizeable group of individuals to a location that only their
descendants would reach must be considered. If it is anything similar to the recent Mars One
mission that has been announced and which plans to send a group of people to Mars one-way, then
it could be a manageable ethical concern. Similar to that of Mars One, the population of the
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worldship would be volunteers as long as they meet all the necessary selection criteria there would
be no reason to force individuals onto a journey such as this (Lansdorp, 2011). Again, as can be seen
from the Mars One scenario, over 200,000 individuals applied for the chance of initially only four
spots. That is twice as many as the totality of the worldship’s crew complement, for a humanity-level
mission as big, if not bigger, than Neil Armstrong’s first steps on the Moon. Exploration, adventure,
and danger have always been part of human history therefore, if the opportunity arises, there will be
many qualified individuals who will step forward to take it. This is no different from Shackleton’s
journey to the Antarctic and the European’s journey to the “New World”, if it is achievable then
people will long for it and eventually achieve it.
Society on the worldship itself will be another delicate concern for the people on Earth devising the
plan for the worldship. What society is best to promote for such a mission? Is American Democracy
best or is Socialism or a Dictatorship actually preferred in this type of situation. Is Capitalism a good
thing or a bad thing in a community such as this that, once reaching maximum capacity, will have
nowhere else to expand to and no infinite resources to pillage, such as humans have had on Earth
until recent times? Also, the worldship is a fraction of the size of Earth with an equally, if not more
so, complicated and precisely controlled biome. Humans will not have the luxury to be as wasteful
and nonchalant on the ship as they are in current society, it would mean the death of them, the
mission, and humanity’s goal of reaching out through the cosmos, alive. Naval vessels could be used
as an analog to look at their command structure and the steadfastness along with the effectiveness
of the crew under the direction of one chain-of-command. However, the largest such vessel, an
aircraft carrier, only carries a crew of approximately 5 000 whereas the worldship would be on the
magnitude of 20 times that size. The worldship has more in common with a small city in this regard.
Therefore, the question is how to decide which value structure should be utilized on board the
worldship and how to accommodate that appropriately.
One possible contention in the ethical realm of consideration would be what to do with the
deceased, on the ship. It is common knowledge that different cultures handle their deceased in very
different ways from each other, which is influenced by that culture’s religious upbringings. However,
does that make one specific way better than another? Most likely not, it is not better, just different.
Though, on the worldship some of these traditions and rites of passage may not be able to be
accommodated. For instance if a specific family wants to do sea burials this could not be easily
facilitated as whatever water source on the ship would need to be highly controlled and releasing
contaminants to the level of a rotting corpse into it would be conducive to the system. The same
would go for cremations, which would render the carbons of the body largely inaccessible to the
ecosystem. Therefore, the bodies would have to be recycled back into the ecosystem in a very
controlled way, which may not sit well with some of the crew. Though, for the future of the mission
some of these uneasy thoughts and feelings will need to be questioned as well as the events will
need to happen. Once the ship is launched it will be about the worldship community’s global survival
and certain things will need to be done that may seem inconceivable to society now but will be
necessary in the new “Wild West” of the galaxy (Arnould, 2014).
This brings about one of the more important questions of all for the mission. If the crew has to do
things that are not considered ethical on Earth but necessary for the survival of the mission, will
Earth continue to support such a mission, will it be a mission that Earth wants to support? For
instance, if the crew has to euthanize an infected portion of itself to save the rest, is that ethically
humane? What is it that makes us “human”? This is something that has been highly debated for
years, some say that it is because of human’s ability for higher cognitive thought but some of those
features have been seen in other animals such as apes, monkeys, rats, and dolphins. Is it humans’
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ability to have and convey abstract thought? This is another trait that has also been seen in other
animals. So, perhaps it is the ability for humans to introspectively analyze ourselves in regards to this
exact question. What is it that we think makes us human? This is a topic that may never fully be
discovered but it is an important aspect to what is determined ethical and what is and is not
allowable. This idea will most likely need to be figured out by the crew on board the worldship, this
is not something that any current institution can decide for the inhabitants on the worldship who
will be light years away from any other human being or any previously construed thought process.
Despite that, humans have the ability to reflect on that capacity of being human and therefore will
retain the essence of what makes us human, even if it is guided by a different set of guidelines
(Arnould, 2014).

4.11 Worldship Economy
In order to exist within a given civilization or society, the ability to freely engage in commerce is vital
to one’s survival. The same will be true for the worldship. If people are to live together peacefully
and in relative harmony there must be an exchange of ideas and goods and people must be able to
benefit from the work that they do. As noted by (Kalfadellis and Gray, 2002), the more civilized the
society the more necessary for a market place.
Any market place needs a system. While some present day terrestrial systems argue for less
involvement of the government others enact strict regulation and controls, which are determined to
be necessary, reach the markets optimal output. A third system attempts to find a mixed balance
between the two. The three commonly cited options for economic systems or Earth are as follows: A
market economy, controlled economy, or a mixed economy. In the context of the worldship each of
these economic systems will be explored while discussing the potential advantages and
disadvantages in a worldship environment. Based upon a review of the systems
Market economies are predominant in Japan and the USA. Here private firms or individuals generally
own the means of production. Demand for goods and services demands what is produced and
businesses choose the best production method to reduce costs and increase profit. Government’s
role is limited, and generally is responsible for passing laws to protect business and customers, issue
money, provide certain services like police, restricting the power of firms or trade unions and
repairing and maintain state properties.
The advantages of such a system on the worldship would be that only the most necessary goods and
services would be generated. There would be limited people in government and the producers and
consumers on the worldship can adapt as their needs adapt. Competition will drive efficiency and
innovation and ensure that the citizens of the worldship continue to be active in mind and body.
The disadvantages of a market economy on the worldship would be that inequality among the
citizens, and a trend towards the allocation of resources towards those with more money. The
government will not be able to provide substantial services for the population and tier is the
potential of creating imperfect markets where the allocation of production nor use of goods and
services is not efficient as hypothesized by Hymer, Kindleberger, and Caves (Kalfadellis and Gray,
2002).
Planned economies are best known in the former Soviet Union or present day Cuba and China. In
these economies, the government owns most of the main means of production. Property ownership
is limited and government planners choose what to produce and how to do it. Government’s role is
strong, as they make most economic decisions and command those further down. The government
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is also responsible for planning, organizing, and coordinating most of the means and processes of
production. In this economy, the government is the main employer and provider for the population.
This system has some advantages including an equal distribution of wealth and income among the
citizens. Production is generated for need, not for profit, thereby limiting the potential of imperfect
markets. This type of system also allows for long term planning and stability, taking into account any
changes on the worldship or its plans.
The disadvantage of this system is the creation of vast and sometimes unnecessary bureaucracies.
Some have argued that this system reduces motivation and results in poor standards of living (SSAG,
2013). Finally, government planners can make mistakes, resulting in potentially lethal shortages in a
closed worldship bioregnerative system.
A third option for economic systems is a balance between state control and free market. These types
of systems are often found in Western European countries. In this system the government is charged
with deciding how much business activity will be undertaken by the public and private sector. While
many decisions are made on the market place, government occasionally will intervene to modify the
function of the market. The government will provide services such as health care, defense, and
education and ensure fair competition in the business sector. The government is also in charge of
implementing a system of taxation in which money from the highest earners will be used to assist
those with less (Fet, 2011).
The advantage of a mixed economy on the worldship is the assurance that essential services will be
provided by the state. While the private sector is still encouraged to make profits, a competitive
market ensures that prices are not too high. Customers still have choice in a mixed economy, and
the behavior of business and unions is still controlled.
The disadvantages of a mixed economy are the implementation of high taxes, which can be argued
to reduce incentives to make profits. Efficiency is decreased in this type of system as the large
bureaucracy slows down business activity. The net cost can discourage enterprise and innovation.
The type of economy on the ship is an important consideration to ensure the stability of the
population. A stable economy is one of the three tenets of a stable civilization, the other two being
political stability and rule of law. In order to ensure cohesion and equality across the interstellar
worldship, a controlled form of economy will need to be considered. A truly capitalist economic
system could have drastic consequences on the stability of the worldship citizens, as evidenced by
the consequences of the 2008 economic crisis when the US unemployment rate doubled within a
year (United States Department Of Labor, 2015). The risk of instability on the worldship outweighs
the benefits realized from an ever-expanding capitalist economic system. Therefore a controlled
form of government is proposed where free-enterprise occurs only on a lower-level, such as for
restaurants, shops and other small-medium enterprises (SMEs). Larger functions such as transport,
resource provision (water, electricity, gas etc.) and financial services/central bank for the inhabitants
will need to be government-controlled. Privatizing these institutions on Earth has minimal
consequences and in many cases benefits free-enterprise and drives competition. On the worldship,
however, these services will form part of the basic necessities and so access to them should be
unrestricted. Furthermore, the risky nature of the worldship may lead towards a shared economy
whereby a sense of community is developed, not too dissimilar to the characteristics of a frontier or
certain aspects of socialism.
After some time, a new approach for economic development could take hold on the worldship. This
could take the form of a post-scarcity economy in which goods, services and information are
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universally accessible and are no longer constrained by scarcity of materials-food, energy, shelter,
etc. (Chernomas, 1984). This may seem ironic on a worldship that is dependent on the limited
resources available on the ship. However, a complex resource recycling system, most probably using
automated robots or systems capable of converting raw materials into finished goods could turn this
model into a reality. It is also possible for any currency-based system to be discontinued in favor of
an alternative, or even non-existent, monetary system that would be better suited for a worldship
society after later generations, similar in a way to Star Trek (Webb, 2013).

4.12 Conclusion
On the whole, Societal Factors shows itself to be a domain of much importance. The study of the
human condition is just as important and pertinent as any other. Each topic is of importance on its
own as well as interlinking with many, if not all, of the others. Each has its own lengthy past and
each hold an unsurmountable position in the day-to-day life of every human being, shaping the way
we look and interact with the world. Many of the topics need to be paid varying levels of attention
before versus after the launch of the worldship, but all do need to be addressed in a timely fashion
for the worldship itself.
Crew Selection has been an ongoing concern, even before the dawn of the space age, of which
individuals are going to be more capable than others to handle the rigors of a dangerous task. What
characteristics will make the cut and which will not and what each personality and traits will lead to
favorable responses later on in the timeframe of an expedition, especially one of such magnitude
and length. This can be selected for the first set of individuals that will board the worldship but once
the ship is gone it will fall on the responsibility of the people of the ship to monitor and such matters
to maintain a proper balance of cohesion and effectivity throughout the journey. Health and
Medicine is another concern that needs to be addressed in great detail. Never before has such a
mission of this historic magnitude has been undertaken. It will expose the species to environments
and situations for which they cannot and have not accounted. The necessity to mitigate and progress
as much as possible to physically maintain the human body will be paramount. The topic of
recreation is as important for physical as it is mental health. It is one of the many cross-links that
medical and psychological factors cross and for the betterment of the crew it cannot be considered
lightly. The psychological health of the human being from the time of its earliest study has been a
very tricky subject and that will not change from before to after the launch. After all, the crew is still
human and will as such still experience human interactions and ailments. The mind is a complicated
labyrinth of inter-connections and will always produce a different result depending on the stimuli
and therefore needs to always be studied and monitored. Proper education of the worldship mission
and the subsequent relevant matters will play a very important role to making sure the population is
vested in the mission and as informed about and educated about it and their roles in the process
before and after launch.
Population count is a variable count determined by a variety of factors from the technical
considerations to the of the human aspect considerations. Its exact number will play a factor into the
stress of the technical system of the worldship as well as the complexity of the human system.
Religion, language, culture, and ethics are such a connected domain of topics that they can be
considered one in the same. Without one you would not have the other, they feed into and form the
foundation of each other’s topic as well as are a by-product of each other. Because they are so
ingrained into each human beings psyche they cannot easily be separated, if at all. They all are topics
that cannot be decided on at this current moment because they are extremely fluid from day-to-day.
They will play crucial role into the make-up of the population on the ship as well as the ability for the
current world society to be able to come together and truly make such a mission a reality. The
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economy of such a mission of this size can be quite varied and depending on the input from Earth
and the crew and the direction to which such a detail and complicated economic system is to be
carried will be undeterminable at present. It will depend on the situation of the world at the
moment it is implemented on the worldship. History has shown that some systems fare better than
others and that the systems we have currently may not be the best or even still in use by the time
the ship launches.
With all things considered Societal Factors is a very diverse and difficult domain to touch upon. Until
the decisions have to be made for each domain, it will be very difficult to predict how different the
conditions will be from current day to that in the future. It will all be based on the delicate human
systems in place at the time any decision will be made.
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5 PLANNING FOR THE WORLDSHIP
A growing trend towards larger systems of systems has led to project planning being of the utmost
importance. Insufficient planning has been the culprit of many failed projects. A worldship of this
size and collaboration will be a difficult undertaking and requires investigation into many areas. The
following section attempts to address several of these key areas.
Topics relating to the crew on board and society on Earth are addressed in this section in regards to
creating a stable environment for the success of this project’s implementation and to determine
preferred concepts. Proper governance will dictate the success of the society itself, so a governance
section discusses potentially useful government models for an interstellar culture as well as the use
of an Interstellar City to begin implementing such models. A worldship project of this immensity will
undoubtedly require a global effort, so motivations for international cooperation are also discussed.
The space industry is no stranger to the fact that projects cannot be completed without proper
funding. The financing section attempts rough cost estimation for a worldship project and identifies
some preferred methods for acquiring funding such as well as economic challenges to overcome.
Space law is another important, but relatively new topic that will likely be shaped and transformed
in the coming decades. However, legal considerations regarding potential issues with precursory
human tests and space environment manipulation are discussed as well.
Risk is an inevitable part of spaceflight, and the crew of the interstellar worldship will be taking great
risks. However, creating and executing a project of this size holds risks of its own. While identifying
all potential issues with the worldship is outside the scope of this paper, Section 5.5 - Risk
Management discusses proper risk management techniques that will be needed.
Without public support, no project of this size and scope will acquire the funding or human
resources needed to develop necessary technologies and infrastructures. With public support, an
educated society is required to drive solutions and to be willing to embark on a mission of this
length. The Public Outreach section outlines challenges and opportunities associated with future
outreach and education. It identifies some examples of activities that can be implemented in the
educational system and outreach machine.
Addressing key project planning issues in the following sections will outline key concepts to be
considered for generating the proper funding, support, and environment for a successful worldship
project. It will frame what needs to be considered and accomplished in the future.

5.1 Governance
A major concern when developing the worldship is determining potential governance structures
while the ship is being built and also potential methods of governing once on board. Hill discusses
three scenarios for how space exploration could happen in the future (Hill, 2005). These scenarios
include governance models which can be used in relation to the development of a worldship. The
first scenario is a global emergency. This catalyst will likely be driven by an approaching large
asteroid that could cause human extinction or even a tragedy from a smaller asteroid killing millions
of people. In this situation the governance model would be similar to an economically-controlled
government where decision making is highly centralized. The second scenario is driven by free
enterprise and follows the market economy model. This scenario will be chaotic with private
companies and multinational organizations working on large scale projects for mostly personal gain
or prestige. The biggest difficulty for this scenario will be that each company must be independent of
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governmental support in order to be a true free enterprise. The third scenario, and most likely
according to Hill, will be a hybrid approach between the first two scenarios. This scenario will involve
the governments handling the first and most costly long-term efforts, while commercial
organizations take up the short-term activities through incentivized financing as outlined above. This
scenario is similar to the mixed economic and governance model and has been successful in the
creation of things such as the internet or the Trans-Canadian railroad. In the beginning, the
government and military took on the costly and risky endeavors. Once the technology was proven
and costs were reduced, the commercial market took over. These scenarios greatly relate to how an
interstellar worldship must be approached. Each of these scenarios offers a possible catalyst that will
lead us off of Earth and into interstellar space.
Crawford discusses much of the political preconditions needed to develop an interstellar worldship.
The space-faring society must have the preconditions of “survival, geopolitical stability, resource
availability, and moral justification” (Crawford, 1993). He further argues that a world government
must be in place for this to occur.
5.1.1.1 Interstellar City
While the idea of an effective world government may seem utopian to some, the idea of an
interstellar city where world governments, commercial enterprises and the international community
work together to create the worldship may also prove to be a model worth exploring. An Interstellar
City would ensure flexibility, as cities are well known for their ability to grow and change and can
significantly contribute to all factors relating to the worldship.
The Interstellar City would be a centralized community that can assist in stimulating open and
rational debate in a highly politicized area. It allows the centralization of an economic system and
labor and would be central hub for major worldship experimentation, research, manufacturing, and
governing. The city would be a place where all participating nations and nationals could live and
contribute to the creation of an interstellar culture and provide a platform to facilitate collaboration.
This city could be an autonomous, sovereign city state that would be separate from the direct
supervision of any single nation-state. Instead it would be bound by its own constitution, rules, legal
structures, and even economy. The city would be religiously and ethnically mixed, have its own
currency and be a center of technological and scientific expertise. Examples of autonomous cities in
the past include Danzig, Tangier, or Trieste. These cities inspired creativity, fostered innovation, and
developed their own (Hansen, 2000). The present day example of the Vostochny Spaceport that is
being built in the Russian Far East is intended to be a state-of-the art “science city” (Zak, 2015) and
could serve as a primary model for developing the Interstellar City. An Interstellar City on Earth will
also serve as an analog for an Interstellar City on the Moon, and finally an Interstellar City on the
worldship. More importantly it will serve as an important base to test governance models.
5.1.1.2 Motivations
Throughout the creation of this report many motivations have been considered for why countries,
companies or even individuals would want to join in the creation of the worldship. While the
continuation of the human race, exploration, and expansion may be enough for some, others may
require bigger motivations. The idea of an exclusive, technologically advanced, and scientifically
driven Interstellar City will serve as an additional motivation for the worldship project. All
participating countries will be allowed to send a certain number of citizens to the City every year. All
of the patents, technology, and spin offs that results from the innovation within the city will be the
property of the city and the individuals which reside in it. There will be an internal economy which
trades with other nations. Participating nations can expect to have a portion of their financial
contributions returned to them in contracts, similar to the ESA’s Industrial Policy of geographical
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return (European Space Agency, 2015). In summary, national and personal prestige, access to
technology and generous return on investment schemes will all serve as tools to motivate nations
and citizens to join the Interstellar City.

5.2 Financing the Worldship
The construction of a worldship cannot go ahead without the appropriate funding commitment from
an international partnership. The costs, financing methods and economic considerations for the
involved parties will be considered in this section.

5.2.1 Mission Costs
In order to build an interstellar worldship, there needs to be a good understanding of the potential
costs involved. Some assumptions regarding the costs will, inevitably, have to be made, due to the
speculative nature of this undertaking regarding technologies and the future global economic
situation. Taking a bottom-up approach and evaluating the constituent parts of the worldship helps
make realistic estimates; the quantities of metals available for vehicle structure, heavy gases for its
atmosphere, light gases for propellant, nuclear fuel, and water (Martin, 1984). From there we can
analyze each part to determine the overall worldship costs.
For example, for the vehicle structure, the quantity and type of metals will form the inputs for
determining the cost calculation of that part. Given a certain quantity of metal type A, the cost of
building the worldship is X based on the price of A at the time of construction. This ‘first principles’
approach can be applied to the other parts of the worldship and the outcome of all of these summed
up to derive the overall cost of construction, while applying a certain margin for labor, precursor
mission costs and other costs. There is, however, a major issue with this type of reasoning which is
that the future price of these commodities is likely to shift significantly due to the protracted
development timeframe. Increased lunar resource mining could also end up flooding the markets
and drive down prices markedly. The latter effect is especially true for rare Earth minerals, which are
valuable precisely because of their scarcity. The opposite effect could also occur, whereby the
demand for resources is not met with enough supply leading to increased prices. The crux of this
argument comes down to supply and demand and the price fluctuations of the commodities needed
for worldship construction. Unless this volatility stabilizes across the duration of the project, any
speculation on future costs is likely to be way off.
The rise of commercial launch services will lead to a reduction of launch costs to below the critical
$1,000 per kilogram that will help reduce the launch budget requirements for the initial launches
from Earth payload masses. However, due to the prohibitive cost and technical challenges of
launching a fully constructed worldship, the worldship will need to be assembled and constructed in
space over many years. Therefore, these cost-savings are unlikely to have a significant impact on the
overall cost.
There are also other costs that need to be considered other than the worldship itself, such as the
construction of closed-loop systems to simulate a self-sustaining ecosystem here on Earth. There is
already an analog for this in the form of Biosphere 2, which cost $200m from 1987 to 2007 (The
McGraw-Hill companies, 1995). The proposal is to initiate terrestrial life support system analogs on
Earth upon project launch. Starting with a new Biosphere 3 and progressively adapting and
developing a new one to fully understand the ecosystem thereafter. This will continue until a total of
10 Biosphere analogs are developed to ensure complete understanding of the LSS implications and
drive worldship LSS design.
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Other costs for the project include the cost of constructing the Interstellar City, precursor mission
costs (such as the lunar base). Labor will be one of the biggest costs for the project and this would
normally vary from country to country. However, the benefits of the Interstellar City can be realized
by standardizing and centralizing the labor costs. Though quite costly in the short-term, the
development of a capable infrastructure for launching to and mining the Moon will help reduce fixed
costs in the long-term. The additional benefit of this would be increased market competition and
further innovation in key technologies (Endsor, 2014).
This analysis does not look at costs of specific hardware or technology, but instead focuses on
higher-level costs, taking into account existing literature and formulating an order-of-magnitude cost
estimation. Numerous studies have been undertaken related to the costs, ranging significantly from
an optimistically low estimate of $500 billion (Bignami and Sommariva, 2013) and rising as high as
$20 trillion (Ceyssens et al., 2011). Using these estimate ranges and taking a simple average, the
estimated project cost is around $10 trillion. This estimate will suffice for this order of magnitude
analysis, given the constraints around future costs and the extreme project timescale.
A more thorough cost analysis will need to be carried out in the future to ensure accurate
predictions using up-to-date cost analysis methodologies. This information can be tied into the
expectations of future economic and productivity performance (based on Global Domestic Product
(GDP) per capita) to help ascertain more realistic cost estimates.

5.2.2 Financing Options
The financing of interstellar travel needs to take into account current and projected global GDP
levels, and a change towards the stabilization of world politics and the elimination of economic and
social instabilities. The general predicted trends suggest that there will be moderate economic
growth, and world population and productivity levels will not rise exponentially, as was the case with
the 135-fold GDP increase seen over the last 300 years (Ceyssens et al., 2011). Figure 26 illustrates
this by showing the rapid rise in world average GDP per capita from 1500 to 2003.

Figure 26: World average GDP per capita 1500 to 2003 (Maddison, 2009)

These factors need to be considered when coming up with suggestions for worldship financing as
they represent significant barriers to future expected financing capabilities for such large projects.
By utilizing existing financing models, it is possible to devise realistic approaches to achieving
financing for a worldship. Speculating on novel and untested ways to achieve financing is difficult
and only serves to add unnecessary risk to the endeavor.
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No single nation can realistically fund a worldship on their own - even in the unlikely scenario of a
wealthy and developed nation committing itself fully and directing most of its budget to the
fulfillment of this project. The GDP of the largest economy in the world, the United States, which
stands at 16.8 trillion US dollars (USD) (World DataBank, 2013), would not be enough to finance such
a “gigascale” project. Therefore, it is necessary for a large international coalition to support such
projects. Looking at projected growth of GDP per capita through 2030 as per Figure 27 gives an
indication of the future direction of the global economy.
$16,000
$14,000
$12,000
$10,000
$8,000
$6,000
$4,000
$2,000
$0

Figure 27: Projected GDB per capita growth, USDA (Perry, 2010)

There are three complementary ways in which a project of this magnitude could be financed and
developed. The following three-pronged approach aims to tackle both the financing and technology
development aspects of the project:
1. International Interstellar Fund similar to International Monetary Fund (IMF) Quota system
2. Incentive financing to further technological progress
3. Additional sources of funding:
a. Crowd Funding Platforms
b. Leveraged Finance
The above approaches all serve to complement each other, with the Interstellar Fund being the main
driving force through which the bulk of financing for the project will be carried out. Each of these
approaches is dissected in more detail below.
5.2.2.1 International Interstellar Fund
One nation cannot undertake an interstellar mission based solely on its own financial resources. The
International Interstellar Fund would serve this function and establish itself as the primary body for
coordinating financing efforts for the duration of the project. A proportional equality system also
known as “criterial equality” is proposed as a method for raising financing. This method stipulates
that though the voting rates and funding requirements may vary for each participating state, the
calculation method for such rights will be the same for all, depending on distinct, predetermined
criteria. An example of this is the allocation of votes in the Board of Governors of the IMF. This is the
organization’s highest decision-making body and allocates votes to participating countries’ decisions
based on their financial contributions to the Fund in terms of IMF quotas (Tsagourias, 2007). To keep
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the International Interstellar Fund (IIF) mechanisms simple, the payment requirements will be based
on this quota system.
Considering that there are 188 countries which are members of the IMF, applying the IMF model not
only simplifies the process for member states, but will also ensure a smooth transition by taking
advantage of existing protocols. Initially, the fund will consist of twenty founding members, which
include the leading and emerging space nations. After initial founding, these countries will form a
committee to establish a governance structure similar to the IMF. Using this model, the IIF body
could require members to pay a contribution based on the weighted average criteria outlined below.
Thereafter, an open invitation to all nations will subsequently be made allowing new members to be
added upon payment of the required membership quota. As a reference, the IMF had a budget of
about US$755.7 billion as of 2010 exchange rates (International Monetary Fund, 2014b). Aiming for
a $500 billion fund within 20 years of founding could be a realistic proposition if membership
numbers reach two-thirds of the IMF. The benefits and incentives for participation will need to be
emphasized to ensure successful financing, and this is where lobbying and outreach will pay an
active role. One of the incentives for participation in the IIF could include the production of energy in
space. A portion of the output of this energy would correspond to the level of investment made.
Space-based solar power systems could revolutionize energy consumption and help drive the
economic case for the participating nations. The case for this is made unequivocally in the 1975
NASA Summer Study (Johnson and Holbrow, 1976).
IMF’s quota system is used to determine a country’s financial and organizational relationship, based
on these three aspects:
1. Subscriptions or quota share - the maximum financial resources a nation is required to pay
upon joining
2. Voting power or voting share – member’s voting power
3. Access to financing - level of available financing for the nation usually capped at 200 percent
of the nation’s quota
A country’s payments normally take the shape of up to one-quarter of its quota in widely accepted
foreign currencies (such as the U.S. dollar, euro, yen, or pound sterling) or Special Drawing Rights
(SDRs). The rest of the quota is paid in the country’s own currency (International Monetary Fund,
2014b). Most resources for IMF loans are provided by member countries, mainly through payment
of quotas, which are weighted averages of GDP, openness, economic variability, and international
reserves. The IIF could work on a similar weighted average system with the following criterion:


GDP (weighted at 50 percent), space agency funding (30 percent), IMF contributions (15
percent), population (5 percent)

For reference, the United States is the largest contributing member of the IMF, with a current quota
of about $65 billion and the smallest is Tuvalu with a quota of about $2.78 million (International
Monetary Fund, 2014a). The IIF would probably have similar levels of contributions from these
member states, with the leading and emerging space nations making up the bulk of contributions.
Whereas IMF countries contribute funds to a pool through the quota system from which countries
with payment imbalances can borrow, the IIF will serve as a body that utilizes this pool to directly
invest in the infrastructure and technological development needs of the interstellar worldship
project. The IMF aims to improve the economies of its members through the provision of loans. The
IIF will aim to facilitate and foster economic activity for the member countries, advancing their
technologies and delivering societal progress in pursuit of its long-term mission of interstellar travel.
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5.2.2.2 Incentive Financing
Incentive financing is a way of enticing the development of technologies through award programs.
This financing approach can play a strong supporting role that will help drive forward innovation. It is
through incentive financing that a lot of the cost reductions and technological innovations have
historically been achieved. An example of this is the Orteig Prize which was a $25,000 ($340,067 as
of 2015) prize awarded to Charles Lindbergh for the first non-stop flight across the Atlantic. There is
also the modern equivalent of the Orteig Prize known as the X-Prize, or specifically the Google Lunar
X-Prize, which is getting companies to compete for a $25 million prize to land a rover on the Moon.
These types of prizes help promote competition and drive technological innovation. Involving the
commercial space ventures in this way adds to the compelling case for the mission and ensures
there is an added economic benefit that can be take advantage of. Prize money for these awards
could come from the IIF, with a focus on ensuring equal involvement from member states.
5.2.2.3 Additional Funding Sources
One type of additional funding that has seen recent proliferation is online Crowd Funding. Crowd
Funding Platforms (CFP) are a form of funding that take advantage of the general public or ‘the
crowd’ to raise funding for projects, otherwise known as campaigns. CFPs can be utilized to help
support development costs and, in addition, foster public outreach. The dramatic growth seen over
the last several years has led to a multi-billion dollar industry as illustrated in Figure 28. Looking at
historical trends gives an idea of the staggering pace of crowdfunding. From a record of $1,000,000
in February 2012 for the Stromberg movie campaign (Hein, 2011), this record was subsequently
shattered many times over with the current record holder, Star Citizen, having raised over $75
million dollar (Stretch Goals, 2015). It is the largest crowd-funded project of any genre and,
incidentally, also involves interstellar travel. This visible and highly publicized method of funding only
serves to fuel the increase in awareness and participation of individuals from around the world.

Figure 28: Estimated volume of funds raised by CFPs worldwide (Evangelio, 2012)

Extrapolating this growth into the future indicates the level of funding possible for large scale
projects over the coming decades. Targeting funding for specific parts of the worldship project that
would directly benefit normal citizens could be a starting point. Creating campaigns that grow and
evolve could be another way to do the campaigns. For example, selling individual tickets for access
to visit the Interstellar City could support minor initial investments. Subsequent campaigns could
involve other incentives and “perks” that would drive the appropriate investment based on
development goals and requirements.
By opening up the project to the public and involving them, there will be increased interest and
support from a wider community. This is similar to the Lunar Mission One project, which is using
crowdfunding and the perk of giving digital and physical storage space on the Moon. Social causes
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seem to have the most appeal on crowdfunding sites and this could be another focus for the
precursor missions (Crowdsourcing, LLC, 2012).
CFPs are a relatively recent concept and it is quite likely that new and alternative sources of funding
could come about during the development of the project. These would also need to be looked at
and considered further.
A second type of alternative funding is that of leveraged finance, otherwise known as borrowed
capital. Utilizing leveraged finance to support technology development programs could support the
interstellar project through difficult periods of the project. By leveraging debt financing, the project
can offset any future costs associated with the project and increase the return on investment. The
IMF model, for example, supplements its quota resources through borrowing if it believes that they
might fall short of members’ needs. A number of member countries and institutions stand by to lend
additional resources to the IMF. This was of particular importance around the 2008 financial crisis
and helped support many troubled economies. Concessional lending and debt relief for low-income
countries are financed through separate contribution-based trust funds (International Monetary
Fund, 2014b). This type of financing could support additional, unforeseen costs and help support the
continuation of technology developments.

5.2.3 Some Economic Considerations
In order to fulfill the dream of interstellar travel, many economic issues need to be resolved. From
the fundamentals of space manufacturing to the resource mining that will inevitably need to take
place. In order to fulfill such a vast project, a full-scale Solar System wide economy will need to be
taking shape where the international community plays an integral part in its development and
growth. Parkinson states:
“There are economic and technical reasons for believing that the building of the first interstellar
vehicles will be preceded by an “interplanetary transition” period in which not only the exploration
but also the colonization of the Solar System will take place. Here humans will not only learn the
techniques, but also gather the resources for the larger jump to the stars.” (Parkinson, 1974)
A society capable of building a starship will already be a space-faring society, with a Solar System
wide economy to draw upon, utilizing all the resources and energy sources available in that system
(Martin, 1984). It is therefore difficult to imagine a situation where interstellar worldships are being
developed prior to the existence of a Solar System wide economy.
The financial mechanisms required to fund such long-term and capital intensive enterprises follow a
well-established principle of economics. According to this, purchases of goods and services intended
to create future benefits, such as infrastructure investment or research spending, are carried out by
public entities, once demand for such goods and services arises from the general public (Bignami and
Sommariva, 2013). From this it can be gleaned that the demand in space activities will drive
investment into the sector and this is further helped by the reducing cost of access to space through
the incentive financing mechanism outlined above.

5.3 Construction
The construction of a worldship requires many considerations such as where to procure the material
and fuel resources, the selection of a construction site, and construction techniques. To date, the
largest structure constructed in space is the International Space Station. However, it was mostly
constructed on the surface of Earth then assembled in LEO. The selection of a construction site for
the worldship has many considerations. From a logistics point of view, the construction site should
be close to a large amount of resources to reduce the cost and energy of transporting worldship
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materials. The construction site should also be close to the Earth to reduce the logistical complexity
of operating a distant base. Another consideration is the energy requirement to achieve escape
velocity from the Solar System. Finally, new construction techniques need to be developed.

5.3.1 Material Resources
The location of the materials that will be used in the construction of the worldship will largely dictate
where the optimal construction site is located. These resources will come from a celestial body such
as a planet, Moon, or asteroid. The exploitation of non-terrestrial resources is a topic of much
debate is explored further in Section 5.4.2 - Space Mining. Smaller bodies are desirable due to the
reduced gravitational force and thus less energy is required to launch them to orbit and move them
to the worldship construction site. However, reduced gravity could increase the complexity and
efficiency in resource extraction. An additional consideration for the source body is its atmosphere.
An atmosphere could be beneficial by providing radiation protection and reducing the pressure
differential for bases and extravehicular activity (EVA) suits. The body must also have desired
materials in enough quantity to justify the construction of base there. Furthermore, it should be
ensured that mining and removing the mass requirements of the worldship will not be detrimental
to the body. Additionally, a single location is preferred over several different locations. Having
multiple material sources increases complexity because of the logistics of multiple material streams
and also having to move large amounts of mass around the Solar System. For this reason, asteroids
and comets are not ideal.
The location of the material sources and the construction site is an interesting consideration. On one
side, moving far distances into the Solar System provides opportunity to develop technological
heritage and experience in space endeavors. On the other side, with each step deeper into space,
there are additional technological requirements that will increase the time to launch. For example, if
a requirement is to mine Mars, an established base on the planet is a perquisite. Establishing this
base is in itself a daunting task. Moving to a Jovian Moon then would require even more
development after establishing a Martian base.
One consideration is the energy requirement to build up enough velocity to leave the Solar System.
Ideally, the worldship should be constructed and launched from a site to minimize this requirement.
The further the site is from the Sun, the lower the orbital velocity (𝑣𝑜 ) thus the lower the Solar
System escape velocity (𝑣𝑒 ) since they are related as shown below:
𝐺𝑀
2𝐺𝑀
𝑣𝑜 = √
𝑎𝑛𝑑 𝑣𝑒 = √
𝑟
𝑟
𝑣𝑒 = √2 ∙ 𝑣𝑜
The orbital velocities of various planets in the Solar System were considered and are summarized in
Table 9. Note that the Moons of a planet can be assumed to share the same Solar System orbital
velocity as the planet that it orbits. The launch of a worldship from the most distant planet,
Neptune, would require 35 km/s less ΔV as compared to Earth. However, the extra complexity of
constructing a worldship so far from Earth would outweigh the benefits. Furthermore, it represents
a small fraction of the desired mission ΔV. If the worldship cruise velocity was 0.01c or 3000 km/s,
this benefit is just 1% of the total.
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Table 9: Solar system orbital velocities and escape velocities (Williams, 2014)

Orbital
Velocity
(km/s)
29.8
24.1
13.1
5.4

Planet
Earth
Mars
Jupiter
Neptune

Escape Velocity (km/s)
42.1
34.1
18.5
7.6

A construction site on Earth seems the most ideal and would require the least amount of technology
development. However, using the Earth as the sole material source is not ideal due to the high
launch energy to enter Earth’s orbit.
The next closest site is the Moon. Based on data from lunar samples taken during the Apollo
missions, the Moon has plenty of useful resources for building a worldship. Specifically, there is
silicon, aluminum, titanium, iron, and other potentially useful materials. Table 10 summarizes the
available materials on the Moon as measured by Apollo (Papike, Taylor and Simon, 1991).
Table 10: Lunar materials as found by Apollo

Component
SiO2
Al2O3
TiO2
Cr2O3
FeO

Average Quantity (%)
44.6
15.6
4.1
0.3
14.0

Standard Deviation (%)
3.0
6.2
3.6
0.2
5.3

Though there is only minimal experience on the Moon, humanity has successfully set foot there
before. New lunar launchers could be built on existing technology to improve efficiency and reduce
cost. The Moon is close enough that trips from Earth last a matter of days not months and
communications are not severely impacted. All of this reduces complexity, increases safety, and
reduces time. The gravitational force of the Moon is about 16% of Earth’s and it does not have an
atmosphere, which eliminates aerodynamic drag on a launch vehicle.
Mining the Moon for construction of significant structures such as the worldship will require new
technologies. These consist of robots for locating and extracting desired materials, processing plants,
and general support systems. The development of this technology will require a research base on
the Moon that can be used as a platform in much the same way that the International Space Station
is currently being used. The use of a lunar base to aid in population selection through analog studies
is discussed more in Section 4.1 - Population Selection. This base will also provide an opportunity to
gain experience and build technology heritage for other aspects of the worldship project such as
project management and life support systems.

5.3.2 Fuel Resources
One consideration for constructing the worldship is fuel. As discussed in the Section 3.3.1 Propulsion, nuclear fusion will most likely be used for both the propulsion and power subsystems.
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However, this must be finalized to rule out other options such as interstellar ramjet and antimatter.
Once this decision has been made, fuel sources need to be identified, mining technology developed,
and mining executed. Assuming deuterium is used for nuclear fusion, locations other than the Moon
will have to be explored as it does not have the sufficient resources. Jupiter or one of its Moons
would serve as ideal locations to collect large masses of deuterium. Even if the concentration of
deuterium is low, the sheer mass of Jupiter means that there is a significant amount of deuterium
present. Also, many of Jupiter’s Moons have water which could be electrolisized to produce
deuterium (Robert, 2006). Consideration must be given to other sources should as Jupiter’s strong
gravitational force may offset its abundance of necessary materials (Lunine, 2006).

5.3.3 Construction Site
Ideally, the worldship should be constructed close to where the majority of the resource extraction.
This will occur to reduce the logistical complexity of moving large amount of resources in the Solar
System. Due to the large size and mass of the worldship, it cannot be completely constructed on the
surface of the Moon due to the high energy cost of lifting such a huge mass from the surface.
However, portions of it can be constructed on the Moon and then launched to an assembly site.
The most ideal assembly site would somewhere close to the Moon to reduce the energy costs of
moving a large amount of materials. The Earth-Moon Lagrange points would provide ideal locations
for this and are shown in Figure 29. These are points that the gravitational forces of two large bodies
are combined in such a way that a third, smaller body will remain a in a stable position relative to
the two bodies. Although, the L2 point is dynamically unstable, quasi-stable orbits may be found
around it. The L2 point is ideal since it is close to the Moon and it always lies between the Earth and
the Moon.

Figure 29: Earth-Moon Lagrange points (David, 2012)

5.3.4 Construction
Once material is available, construction of the worldship can begin. However, there are many
considerations prior to construction. For example, a detailed structural design, construction
methodology, and the necessary construction technologies need to be in place. Much of this
development can occur on Earth or from LEO and should be started with enough lead time as to be
available before the material source is ready. Specific construction methodologies such as building
the worldship entirely in space from raw material versus assembling lunar-manufactured modules in
space must be evaluated. Construction techniques like 3D printing, mold casting, and others need to
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be evaluated in detail to determine an overall construction plan. However, given that there are large
work requirements in extreme environments, robots and automation will most certainly be
required.

5.4 Legal Considerations
There are several legal considerations involved with such a large and complex project. This section
aims to address the most pertinent issues and fit into the roadmap. First considered are the legal
ramifications of using humans in analog experiments. These experiments will be necessary to build a
database of knowledge about how humans will interact on a worldship. Also examined is the issue of
space mining and the necessary legal changes to make the use of extraterrestrial resources possible.
This will be necessary to secure the amount and right types of resources necessary to construct a
worldship.

5.4.1 Human Analogs
There are a variety of extensive risks, costs and complexities associated with extended human
missions and extensive analog research will be required to explore the magnitude of challenges
associated with living, operating, and surviving on the worldship’s mission. Short and long term
analog studies will need to be done over the next 100 years in a variety of different environments,
first on Earth and then in outer space (Raiand and Kaur, 2012). Currently human analogs are
regulated under an institutional review board better known as the ethical review board. This board
is responsible for reviewing any type of behavioral research involving human beings and is charged
with approving, monitoring and reviewing the procedures and results (USC, 2009). As was spoken
about in the Ethics section, there will need to be both physically and psychologically intense analogs,
many of which could cause long term harm to the participants. In this case, the Interstellar City
would need to be given special jurisdiction to perform experiments. A special and separate ethical
committee will be established in the Interstellar city in order to oversee the research. The following
points, which are taken directly from the Institutional Review Board Guidebook (USC, 2009) will be
considered, although given the nature of the experimentations, permissions will be granted more
leniently:
1. Are both risks and anticipated benefits accurately identified, evaluated, and described?
2. Are the risks greater than minimal risk? Has the Interstellar City Review Board taken into
account any special vulnerabilities among prospective subjects that might be relevant to
evaluating the risk of participation?
3. If the research involves the evaluation of a therapeutic procedure, have the risks and
benefits of the research interventions been evaluated separately from those of the
therapeutic interventions?
4. Has due care been used to minimize risks and maximize the likelihood of benefits?
5. Are there adequate provisions for a continuing reassessment of the balance between risks
and benefits? Should there be a data and safety monitoring committee?

5.4.2 Space Mining
As mentioned in the Section 5.3 - Construction, space mining will be essential for the construction
and maintenance of the worldship. Although there are a number of treaties in place regarding the
use of outer space, many of the laws are quite limiting. This section will explore the current corpus
of international space law that surrounds space mining. This includes the exploitation, appropriation
and contamination legal issues that will arise from mining the Moon and other celestial bodies.
Currently, the space mining legal framework is bound to a few salient ‘conventional’ laws laid down
in the form of multilateral international treaties (Hughes et al., 2008). These treaties were discussed
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at the Committee for the Peaceful Uses of Outer Space (UNCOPUOS) set up by the United Nations
General Assembly in 1959 based on Uninted Nations resolution 1358 (Hughes et al., 2008). The
discussion and debate resulted in a fundamental agreement that outlined the basic structure of
space law. The Treaty on Principles Governing the Activities of States in the Exploration and Use of
Outer Space, including the Moon and Other Celestial Bodies (hereinafter: the Outer Space Treaty) in
1967 (United Nations Office For Outer Space Affairs, 2007).
Articles I and II of the Outer Space Treaty introduce the principles of non-appropriation and make
mineral extraction, exploitation, and appropriation by States on the Moon and other celestial bodies
troublesome, if not impossible to justify in law (Lee, 2012) Needless to say, a certain degree of
exclusionary right over the mined area will be necessary, as on Earth, in order to prevent other
nations or companies from claiming an potential area the Interstellar City maintains as its own.
Without the capability to exclude third parties, the Interstellar City will have no protection for their
financial investments.
Article II of the Outer Space Treaty contains one of the most cardinal and universally acknowledged
principles of space law, namely the principle of non-appropriation by States. Stated in explicit terms:
“Outer space, including the Moon and other celestial bodies, is not subject to national appropriation
by claim of sovereignty, by means of use or occupation, or by any other means” (United Nations
Office For Outer Space Affairs, 2007).
The concept of appropriation is generally considered the taking of property for one’s own or
exclusive use, with a sense of permanence. Under such interpretation, the establishment or the
carrying out of mining activities by the Interstellar City may constitute national appropriation. Any
use involving consumption or taking with the intention of keeping for one’s own exclusive use could
amount to appropriation and then would be against the Treaty (Gorove, 1969).
Article IX of the Outer Space Treaty covers the issue of the harmful contamination of the Earth,
noting that all activities in outer space shall be conducted with due regard to the corresponding
interest of all the States party to the Treaty. Moreover, States party shall pursue studies of outer
space and conduct exploration of them as to avoid their harmful contamination and adverse changes
in the environment of the Earth resulting from the introduction of extraterrestrial matter. The Article
finishes by stating that where necessary, States shall adopt appropriate measures for this purpose
and, if a State has reason to believe that an activity or experiment planned by it or its national would
cause potentially harmful use of outer space, shall undertake appropriate international consultations
before proceeding with any such activity. As noted in Section 5.3 - Construction, most of the
materials needed for the worldship could be mined from the Moon first and then from Jupiter. This
could result in contamination of both the Earth and the Solar System (United Nations Office For
Outer Space Affairs, 2007).
While the laws above were drafted at a time in history when humans were worried about the
potential of a space war, it will be one of the main priorities to work with the international
community to alter the current legal framework. In the interstellar age nations will be working
together, and therefore adaptations to the law must be made. These adaptations will include
redrafting the Outer Space Treaty to be more relevant and relooking at what regulations and
procedures should be required when mining in outer space.

5.5 Risk Management
Risk is an inherent part of human spaceflight. Many accidents in the aerospace industry could have
been prevented by sufficient attention to risk assessment and management. For a mission of this
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magnitude of collaboration and technical advancement where humans will be traveling in the most
harsh environment ever encountered by the species, risk management will be have to be a key part
of every step of the project.
Individuals who choose to embark on an interstellar worldship mission will be taking on much risk.
Defining what level of that risk is acceptable will be vital for pushing the project forward and will
likely coincide with the ethical considerations and condition of the future world. However, aside
from these dangers, risk in cost and schedule overruns or technical failures throughout the planning
process are some of the most critical threats to project success.
Eliminating all risk is never possible. However, with proper proactive risk management, potential
problems can be minimized. It is suggested that mechanisms to manage risk must be put in place
within any organization working on worldship development. Within such an organization, these
mechanisms should be systematic with a documented process. Individual laborers should be made
aware of their part in risk management, as each person must be aware of their duty to report risks
when identified. Risks must be an integral part of the decision making process in order to be
effective, and must be periodically re-assessed in an iterative way. Schroeter points out that risk
management must also take into account human and cultural factors (Schroeter, 2014). This will be
especially true in the case of a multigenerational worldship mission. Ethical considerations, for
example, should play a large role in mission decisions in addition to scientific and management
factors.
The risk management process for an interstellar mission will likely not change, and will continue to
focus on identifying, mitigating, and monitoring each risk. The high-level process is illustrated in
Figure 30. The first step in the Risk Management process is to identify risks applicable to different
phases of the project from both a management and society perspective. The following step includes
further analysis and decision making on the acceptability of several risks. The final and significant
step is to monitor and mitigate risks that threaten project success. This process is performed
continuously and requires full dedication. While this process will likely remain the same for an
interstellar mission, the difference will be the scale at which this process is implemented. It must be
implemented at both the high-level international collaborative stages and the development of
specific technologies and components.
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Figure 30: Risk management (Schroeter, 2014)

A risk matrix is one tool used in risk management, such as the matrix shown in Table 13. In it, the
significance of a specific risk is measured with respect to its probability and the severity of its
consequences. These are mapped to represent the magnitude of different risks to a scorecard using
defined values. The risks are categorized and classified as either acceptable or unacceptable. It is
important that values of probability and consequence are considered individually, as an event with
low probability may still be unacceptable if its results are catastrophic.
As risk management is a continuous process and the worldship mission development will be
occurring in the future, it is evident that endeavoring to define every risk a mission of this magnitude
will prove unfruitful. However, an attempt is made at identifying high level risks and mitigations in
the early project planning phases. The process is described below.
The first step in the process is to identify the high level risks and assign them risk and likelihood
values. Initial values for these are shown in Table 11 along with the trend which demonstrates that
most risks will remain unchanged (→) if left unmitigated. The risks are also rated with a score which
is calculated by multiplying the likelihood by the highest severity. The highest score possible is 25,
which implies an unacceptable risk. The assessment rubric is as follows:






<5: Minimum = acceptable
5-10: Low = acceptable
10-15: Medium = acceptable
15-20: High = unacceptable
>20: Maximum = unacceptable

The Risk Management sheets consider three main risk topics:
1. Resource Risk
2. Management & Governance Risks
3. Technological Risk
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Table 11: Risk during mission planning

#

Trend

Top
Safety
Risk

1

↓

●

2

→

●

3

→

●

4

→

5

→

6

→

7

→

Severity
Risk Title
Resources Risk - Scarcity of materials, failure to
find proper resources in later stages of the
mission
Management & Governance Risk - Breakdown in
organizational structure, instabilities in
infrastructure and management and uneven or
improper managing of resources
Technological Risk - Non availability of advance
technology such as propulsion, communication
systems, composites, leading to an extension of
schedule in preparing the project
Economical Risk – Lack of sufficient funds, failure
of the supporting companies in manufacturing,
international support withdrawn, and
mismanagement of funds.
Human Resource Management Risk - Scarcity of
skilled labor, competition in the market with
other industries, inefficient use of human
resources
Schedule Risk - Running behind the schedule,
leading to an extension of mission development
duration
Political Risk -Disagreements of plan and mission
structure, inability to develop laws and regulation
of space exploration, National and international
violation on Space policies, laws and regulation,
and lack of international buy-in
↓ = Decreasing (Improving)
↑ = Increasing (Worsening)
→ = Unchanged
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Likelihood

Score

Technical

Cost

Schedule

5

4

5

5

25

4

3

5

5

20

4

4

4

4

16

4

3

4

4

16

4

3

3

3

12

4

2

3

3

12

3

2

4

4

12
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The risk management sheets are used to create a risk scorecard showcasing the likelihood and
consequences of all the main risks for visualization. In Table 13 and Table 15 below, the color-coding
represents the risk level as denoted in Table 12. Red indicates high-level risk, yellow indicates
medium level risk, and green indicates low-level risk. The top-right of the risk matrices denote the
high-risk area, the bottom-left the low risk area.
Table 12: Risk categories and color code

Color Code

Categories
Not Acceptable
Medium Risk
Acceptable

Table 13: Risk matrix

5

2

SEVERITY

4

7

1

3, 4

3

5, 6

2

1
1

2

3

4

5

LIKELIHOOD
An analysis of the risks in Table 11 and Table 13 led to the application of some mitigation strategies
to lower the likelihood and/or severity of the risks. The results are shown in Table 14 and Table 15
which demonstrate a decreasing risk trend (↓) over time.
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Table 14: Risk mitigation during mission planning

#

Trend

Top
Safety
Risk

1

↓

●

2

↓

●

3

↓

●

4

↓

?

5

↓

6

↓

7

↓

?

Severity
Risk Title
Resources Risk - Research on advance
materials, identify needs far into mission
execution timeframes, and increase
recyclability of materials
Management & Governance risk - Effective
leading and control teams, proper work
breakdown structures and mechanisms, more
governance research to identify best methods
of dealing with issues
Technological Risk - Involvement of skilled
engineers and scientists, high level research
and development funding
Economical risk – Strong outreach and
education, contributions from society, and find
more suitable fund structure for better
economic stabilization. Plan for overruns.
Human Resource Management risk - Training
and guide people with advance simulation
systems, and predict and define uncertainty of
a project work.
Schedule risk – Begin development early, use
techniques such as program evaluation review
technique, and implementation of Critical Path
method analysis
Political Risk - Implementation of international
regulatory board for Interstellar travel and a
structures governance for all countries
participating in such project
↓ = Decreasing (Improving)
↑ = Increasing (Worsening)
→ = Unchanged
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Likelihood

Score

Technical

Cost

Schedule

4

3

3

2

12

2

1

2

2

4

3

3

2

2

9

3

2

3

3

9

2

1

2

2

4

3

2

3

2

9

2

1

2

2

4
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Table 15: Post-mitigation risk matrix

5

SEVERITY

4

3

2

3, 4, 6

1

3

4

2, 5, 7

1
1

2

5

LIKELIHOOD
These risk identifications are an example of one risk mitigation tool that will be used. They identify
some very high level risks that will be present in the interstellar worldship mission planning process,
but are by no means comprehensive. In actual implementation, risk management will have to
become an inherent mechanism of the design process at every level and area – technical, political,
or otherwise. With the high level of complexity and complications, only with highly effective risk
management will the interstellar worldship project stand a chance at succeeding.

5.6 Public Outreach
The development of an interstellar multigenerational worldship will no doubt be the most expensive
and longest running space mission ever undertaken. It is likely that acquiring funding and public
support will be a main challenge for the project given the historical struggle of space agencies to
garner necessary funds and keep programs from being canceled for much smaller projects.
Therefore, public outreach is of the utmost importance. A supportive general public that is also
educated on mission objectives will be able to influence elected officials to push for support of the
interstellar project. Public cooperation will also be necessary, as in the days of Apollo, where
universities helped to solve many technical spaceflight issues. These goals require outreach and
educational programs to be present with opportunities for every age level to learn and participate.
The following section describes challenges and opportunities associated with outreach and
educational activities. It suggests potential activities and mechanisms for educating and informing
individuals about interstellar travel.

5.6.1 Challenges and Opportunities
There are several challenges associated with an interstellar worldship that are otherwise not present
in other space programs. One example is the need for global participation from many nations which
will require outreach throughout many cultures. Different cultural motivations and attitudes,
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languages, and practices will make reaching target audiences a difficult proposition. In addition,
society is in an increasingly interconnected world where nearly every individual is connected to each
other through the internet and social media, and with the knowledge of the world at their fingertips.
Therefore, new methods and strategies are needed to reach individuals and will have to be invented
and utilized. The longevity of the development and execution of the program adds to the challenge
of keeping the public interested over long periods of time. Not only is it a challenge, but it will be
immensely important to keep the public engaged as to keep financial and technical support to keep
the worldship going.
There are opportunities to be found in these outreach challenges as well. Younger generations feel
the need to be active participants, rather than just told what is happening (Welch, 2014). This could
be leveraged by including interactive and individual driven outreach programs. NASA has already
begun to do this, and has even included programs to crowdsource solutions to technical issues from
the public and employees alike. This increased focus on individuals and connectivity will also help to
solve the international issues. With direct text and speech translation software already functioning,
it is obvious that within 100 years, technology will overcome many barriers related to differences in
language, as viewed online.

5.6.2 Outreach Activities
Effective outreach can encourage people to work together for future space exploration by
participating in activities to show their creativity, ideas, and projects. A strong space education and
outreach program can be used to drive advancements the in space industries and provide quality
education for the people in our society. An organized platform that allows the global community to
explore and access more information and participate in the worldship mission is vital. Outreach must
be pursued consistently and cleverly, and must adapt with technology and societal norms. Several
outreach activities and tools are examined below.
Social networking has become a ubiquitous part of life, and must be utilized given the broad reach in
a short amount of time. Through surveys, design contests, and other opportunities, individuals could
reflect on how the interstellar ship or environment should be and think about such travel and
initiative. Through this platform, a global community network where discussions are actively had and
news is distributed for and by users at an amazing rate. Social media is also a multifaceted tool and
can be utilized to extract data on how people are feeling about interstellar efforts. Many sites and
programs are now available to monitor data trends over multiple social networking sites. Statistics
gathered from this type of software could prove vital to evaluating the effectiveness of outreach
programs and interstellar campaigns themselves.
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Figure 31: Space Foundation Achievement Award (Space Foundation, 2015)

Artistic and digital media competitions are another good way to get individuals who are not
necessarily strong in science, technology, engineering and math (STEM) fields involved in active way.
Artists could communicate creatively with the help of viewable ideas worldwide by depicting the
future of human spaceflight in art. More viral digital media forms could also be used to engauge the
human emotion ranging from comedic YouTube videos to podcasts. Forms of mass media that have
low barriers to entry would be utilized to the maximum degree. The increasingly democratized way
of disseminating information can be a tool for having individuals become their own space advocate
outreach centers. This utilization would not only create interest and support for interstellar
spaceflight, but begin stimulating new ideas that could shape real innovation.
Collaborative problem solving platforms could prove to be a vital tool for both outreach and
problem solving. Given the high rate of technical solutions needed and international collaboration,
an open ended platform for multi-national public involvement should be created. This would be
similar to NASA's online platforms in which solutions are requested. However, such a platform may
be more open in terms of technical information available to people solving the problems, or have
room for alternative suggestions. Ideally, the requirement for massive international collaboration
may help with trust in transfer of technical information.
The concept of the suggested Interstellar City would open up several outreach options all on its own.
Different government systems and ways of living within the city would be fascinating to people living
outside of it. Simply visiting and learning about this city could pique the interest of individuals as well
as encourage them to think differently. Several interval projects along the development will all also
hold their own outreach value. As projects such as the Biospheres become more sophisticated,
members of the general public may have the opportunity to visit and live within the structures for
short periods of time to get a feel for what it will be like for future explorers. Subjects who enter
these projects for long periods of time will also become information vessels, spreading their
experiences verbally and through their networks. As these programs become outdated and less
scientifically useful, they could be utilized solely for outreach purposes.
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Interactive media have become increasingly present in modern society. The younger generation has
become enthusiastic and passionate about designing and playing computer games. Massive
multiplayer online games (MMOs) such as World of Warcraft and Minecraft are hugely successful
and have enticed people to create entire digital worlds. Games with similar mechanics could be
utilized to explore mission concepts, psychological tendencies, and encourage new ideas. Computer
game design and competitions will encourage passionate people to explore and gather knowledge
on interstellar travel. One such game could be based on designing an interstellar ship, its
environment, habitats, and preparing tools to survive. With the growing presence of virtual reality,
gamers may be the ones creating the simulations that will be utilized by future explorers, or to help
Earth bound citizens experience the adventure themselves.
One outreach method that will likely never be outdated is astronaut sessions in schools, colleges and
universities. These could be organized in different countries and could create awareness on
interstellar travel among the global public. People would have opportunities to interact and share
their ideas and views with astronauts and delegates who are dedicatedly working on an interstellar
project. The life of interstellar astronauts will be much different than astronauts today. Daily
routines will dictate the survival of their team members. Astronaut visits could be combined with
workshops for children to experience “a day in the life of an interstellar astronaut”. They could
simulate various experiences from apprenticeship work to crafting and envision how different that
future world will be.

Figure 32: SpaceUp Toulouse (Desenclos, 2015)

In 21st century, a quickly growing conference platform is Space-Up. Many universities and
organizations are working together enthusiastically. The direct involvement of such organizations
and their initiatives has allowed people to express the freedom and continue gaining success
through discussion and active participation in presentations, lectures and unconferences. Interactive
conferences such as these could be utilized with special focuses on interstellar travel to increase
active learning and teaching for and by students and professionals.
Although it will be a much different world by the time the worldship launches, its will be essential
that post-launch outreach activities be undertaken. Not only would this be necessary to keep
interest up for the interstellar project, but the project itself would be a great tool to continue to
inspire explorers to venture deeper into the universe and ensure that this project is not a one-time
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deal. Depending on communication capabilities, the public could be made aware of the current
status of the worldship and its people, and to learn about how their lives have changed. They may
even be able to continue to participate in problem solving and in communicating messages from
Earth to the worldship.

5.6.3 Educational Programs
Governmental Space Agencies such as NASA and ESA have taken important steps to keep people
informed about the latest advances and scientific discoveries in the space field by developing
educational programs and activities. These inspire youth to pursue careers in space science and
technology. An interstellar mission will require a similar, but much more integrated educational
program and activities and must provide opportunities for citizens to study and learn about
worldships at every educational level.
A new approach to spread knowledge about interstellar travel is to modernize the syllabus in
academic systems and include dedicated subjects related to interstellar travel in public school
systems. Interstellar worldships could be an avenue to present creative thinking, technical and
engineering problem solving, mathematical and scientific issues in an interesting way while
informing students of its importance. In addition, bachelors and postgraduate specializations could
be created for individuals who want to devote themselves to the study of interstellar worldships at a
broader level. One option for this could include specialized high schools, such as vocational schools,
with interstellar and space-based disciplines. Perhaps in addition, an Interstellar Space University
could be established. These suggested changes to curriculum will likely take some time and pose
some challenges due to restrictions on standardized curriculum. These restrictions may lessen with
effective outreach and time. Supplementary programs could be implemented sooner with afterschool activities and summer training camps allowing students to design and build spaceship
mockups or components, space habitats, and other space objects. This would allow hands-on
learning for children from all age groups.
An interstellar society requires a change in many ways of thinking in addition to traditional
knowledge. In order to prepare students to think in this sustainable way, non-interstellar specific
courses would also be vital. Examples of this would include project-based learning with regards to
recycling and up-cycling. Interdependencies could be modeled through analog examples such as
permaculture and biosphere design. Curriculum would include team-building activities as well as
create an environment in which students will learn to be resilient and self-confident.
A growing trend in the information age is the availability of free online education for those who want
to learn for the sake of it. An online course initiative will be an effective way to provide information
and create awareness among the enthusiast and interested people in our society. Free online short
term courses will gather and transform the approach of interstellar education. Students, scientists,
professionals would have opportunities to participate in such type of courses. Educating individuals
would provide a nice avenue to leading them directly to participate in many of the outreach
programs in a productive way.

5.6.4 Conclusion
Educational and outreach programs are an important part of any space program. With regards to an
interstellar mission, they are crucial components to preparing society and enabling a mission of this
size to even be accepted. However, there are several avenues and methods to educate and inform
the general public discussed here, and countless more in existence. As the world and technology
advances and transforms as it has done in the digital age, new challenges and opportunities will
arise. If outreach methods can quickly adapt and if education is flexible enough to accept new
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curriculum, these opportunities can be taken advantage of. Many of the presented possible activities
mentioned above, however, could start to be put in motion immediately.

5.7 Conclusion
There are many factors to planning and securing resources for a mission of this scale. Every aspect is
worthy of several of their own studies; however, topic overviews and potential solutions have been
discussed here. Governance research, for example, indicates there are several possible methods to
govern a population. It identifies a world governance model as a potential solution and proposes the
use of a sovereign state, or “Interstellar City” where such a model can be implemented and refined
before transferring it as the dominant method of governance in the worldship.
Financing a worldship is a project within itself, and is estimated to be in the range of several trillions
of dollars. Several solutions are possible, but all require collaborative efforts. These include an
International Monetary Fund for global contributions as well as crowdsourcing for smaller innovative
developments along the way. This international cooperation also plays a part in the legal
considerations, with the necessity for changes in laws and treaties to take place at a multinational
level to enable some future technology uses in space. One major prerequisite for law is creating
special legal adjustments and ethical committees to oversee human analog studies that will be
necessary.
Many factors were considered for worldship construction, ranging from the use of in-space
assembly, material restrictions, and potential fuel types and sources in the Solar System. These
considerations have led to several preferred concepts for construction, including the identification of
more useful materials, the need for an off-Earth base, and the potential for Jupiter to be a supply of
resources.
Before construction begins, support from an informed general public must be acquired. This means
successful outreach and educational strategies must be implemented well before mission planning
even begins. Outreach investigations show that a changing world with increasingly connected
individuals provides both challenges for current outreach strategies while opening opportunities for
new ones. Several potential outreach activities are discussed to take advantage of these
opportunities. The same is done with educational programs to begin creating an interstellar society
and an increasingly technologically immersive world.
Project planning for an interstellar mission requires identifying major areas for enabling project
implementation in the future. Financing the worldship, gaining the support to drive political will, and
implementing governance models to enact this well are all crucial. Legal considerations must be
handled with care as well, enabling technological advances and major construction options and
restrictions must be identified. Providing programs to enable and educate citizens is a basic step in
making an interstellar worldship possible. Identifying potential problems, restrictions, and
opportunities in these areas will reduce the scope of future project planning issues and increase the
likelihood of interstellar flight becoming a reality.
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6 ROADMAP
The roadmap encapsulates a flow of tasks and events that need to occur in order to launch a
worldship in the prescribed nominal 100 year timeframe. The proposed main path, along with
several supporting subsidiary flow lines, are composed of elements from different disciplines and
contain several dependencies and impediments with respect to each other and hence are
thoroughly interlinked together. These can be broadly contained within the sections of finance and
engineering for worldship construction and operation and humanities for covering the requirements
for the inhabitants of the worldship. Several major milestones and mission critical actions are
highlighted appropriately. The construction of the worldship and its habitat design take the principal
share of the roadmap layout. In addition, the developments and actions required to achieve the
critical path items are laid out.
The quickest achievable launch date is approximately 160 years after initiation. While this is the time
determined by this analysis, it is important to consider the role of risk and cost. As with all projects,
there is a natural tradeoff between these variables. Because the launch date does not permit for a
long project duration, cost and risk are increased.
A breakdown of the roadmap content and related milestones are given in tabular form in Table 16
while a graphical version is included on the following pages.
Table 16: Tabular version of the worldship roadmap

ID
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

94

Task Name
International Interstellar Fund (IIF)
Established
Major Project Funding Available
Inflatable Test Facility Established
Lunar Base Designed and Constructed
Lunar Mining Technology Developed
Material's Transport Technology
Developed
Lunar Mines Established
WS Construction Methods & Technology
Chosen
Torus Engineering Model Constructed
Torus Engineering Model Testing
Completed
Worldship Construction Completed
Fuel Source Found & Selected
Fuel Collection System Developed
P/C LSS & Recycling Methods Improved
Ecosystem Technology Developed
WS Ecosystem Designed
Launch Populaton Determined
Ecosystem on WS Established
Lunar Isolation Base Constructed
Testing in Lunar Isolation Base

Dependence

Durration
(years)

Start

End

2015

2020

2020
2025
2025
2050

2035
2040
2050
2075

0
0
1
3

15
25
25

2050

2065

3

15

2075

2085

4,5

10

2025

2085

1,5

60

2085

2115

7

30

2115

2125

8

10

2125
2130
2150
2020
2025
2107
2107
2115
2050
2060

2175
2150
2170
2112
2105
2112
2112
2145
2060
2170

9,12,33,42,44
32
11
0
0
1
0
13.15.16
3
18

50
20
20
92
80
5
5
30
10
110
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20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

Performed
Testing in Inflatable Facility Performed
Testing in Torus Performed
Earth Based Analogs Expanded
First Selected Trained Population
Final WS Population Selected
Medical Technology Developed and
Selected
Religious Considerations Assessed
Cultural, Ethical, and Language
Considerations Assessed
Education & Outreach Program
Completed
Nuclear Fusion Reactor Developed
Fusion Test Models Developed
Fusion Scaled Test Completed
Fuel Type Decided
Engine Built
Preliminary Gravitational Lensing
Antenna Designed
Gravitational Lensing Tests
On board Communication System
Developed
Laser Communication Tests -- Laser
Communication System Developed
ISM Tests
Shielding Tests
Scaled Shielding Tests
Shielding Type Decided
Pulsar Based Navigation Tests -- Pulsar
Based Technology Developed
Interstellar City Constructed
Destination chosen
Self-sustaining Society Established
Software Architecture Created
AI Computer Integrated
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2040
2125
2020
2100
2140

2060
2175
2175
2125
2175

2
9,23,25
0
26,27,22,18,20,
24

20
50
155
15
35

2020

2125

0

105

2020

2100

0

80

2020

2100

0

80

2020

2175

0

155

2020
2090
2105
2120
2130

2090
2105
2120
2130
2160

0
29
30
31
32

70
15
15
10
30

2020

2035

0

15

2035

2085

34

50

2085

2105

35

20

2020

2075

0

55

2020
2035
2085
2105

2070
2085
2105
2110

0
38
39
40

50
50
20
5

2020

2160

0

140

2020

2040
2160
2175
2020
2060

0

20

23
0
46

35
5
40

2140
2015
2020
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6.1 Timeline Overview
Projects of such magnitude are heavily dependent of the presence of funding. Hence, unless there
are sufficient funds available at each stage then the critical path may be impeded. For example,
design of the life support systems using Earth-based analogs itself is a large-scale project requiring a
startup funding on the order of billions of dollars. Therefore, many disciplines of the project start
with a design phase set around when the funding is established for the respective sub-project. For
this reason, an International Interstellar Fund (IIF) is proposed to be established by the year 2015 to
gather funding throughout the project’s execution. The funding needed to start the major projects
associated with the worldship construction itself is projected to be available by the year 2025 as
indicated by Task 0. Hence, this is the year where of most of the projects relating to the worldship
construction commences. Examples include the establishment of construction infrastructure on the
Moon, setting up of testing facilities and technology development for worldship ecosystem.
The worldship itself can either be constructed in modules on the lunar base and assembled in space,
or completely produced in space itself, whatever the case is, there is some margin to assess the
methodology and develop relevant technology. The construction methods need to be assessed,
determined, and put in place in order to establish the lunar infrastructure. The projected end date
for the complete establishment of the construction infrastructure is 2085. This includes the
completion of Tasks 3 through 6, which is essentially having the required mining and material
transport technology in place.
Testing goes hand in hand with the project’s development. To address the potential ecological
experiments that need to be completed an initial inflatable testing facility is proposed to be
launched in space as early as 2020, and should be able to support a viable ecological system by the
year 2040, as denoted by the Task 2. As for the testing in the actual first Torus Ring, this can
commence only after 2125 when the first ring can be constructed and tested. The development and
testing of the first ring is estimated to take no more than 40 years and serves as a preliminary basis
for the production of the rest of the rings as well as serve as the first test platform on the actual
worldship. The ecosystem development prior to this is driven from Earth-based facilities, using
multiple analogs similar to Biosphere 2 as well as space based studies. The time span estimated for
this kind of project to arrive at an ecosystem ready to be implemented in space is approximately 80
years and therefore completing Task 14 by about 2105. Recycling and other relevant technologies
should be developed in parallel to arrive at the best solution for use on the worldship, both of which,
Tasks 13 and 14 respectively, can be started as early in the project as 2020 and 2025. Following are
Tasks 15 and 16 working to integrate and develop ecosystems on the worldship itself. Both of these
tasks are estimated for a short period of 5 years, where the ecosystem design needs to be worked
into the torus itself and the initial worldship population needs to be determined. The actual
integration of the ecosystem would follow this, though there is some margin as the Torus Ring is
available only after 2115 and is signified by Task 17.
The humanity aspects of the worldship design are vital for a successful mission and the associated
tasks progress in parallel to the ecosystem design and development. Most of the psychology and
analog studies need the longest possible time span and hence are spanning out until the actual
launch. This can start at the earliest in 2020 by expanding new and available analogs. Task 18
represents a separate outpost of the initial lunar base, built on the far side of the Moon by 2060.
This can test a variety of variables specifically that of humans operating in an isolated and limited
space environment. The human testing on the Engineering Model Torus Ring depends on Task 9 and
Task 25 and and should be initiated by 2125. Task 26 and 27 are religious, cultural, ethical, and
language considerations and are main inputs for the subsequent crew selection. Crew selection and
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training is signified by Task 26 and will be completed at the completion of test of the first Torus Ring.
This is dependent on all the results and decisions in regards to human testing and studies such as
Task 21 through 25, 29 and 30, as previously mentioned. The remainder of the crew selection, Task
24, would occur gradually over the next years until the completion of construction in 2175. Task 25 is
the development and selection of the medical technology. This task can be started as early as 2020
and should be completed by the time the first crew boards the ship to be used and tested, long
before launch, in an operational capacity. Task 45 is an expected self-sustaining society on board the
worldship prior to launch as it would be unwise to launch the ship with a crew that has shown to be
unproductive.
The initial test projects and probe launches aiding the engineering aspects of the worldship such as
propulsion, power, shielding along with the GNC and communications are started by 2020 when the
initial project funds become available. About 70 years are allocated for the development of nuclear
fusion engine ensure availability and use on the probes by the year 2090. The fusion test model can
be developed and followed with the scaled tests as part of Task 30 and 31. These tasks are time
bound to a milestone of 2120 where a mission critical decision is to be made on the type of fuel
(fusion/fission and carried on board (deuterium) or collected (ramjet)). Following task 31, the fusion
scaled tests, the required engine can be constructed from the year 2160 with approximately 30
years as part of Task 33.
The communication technology branches to the development of two technologies, gravitational
lensing and laser based communication. Both of these need to start with primary design or testing at
the beginning when funding is available. More reliable test results can be obtained with test probes
ensuring antenna construction in 2035 and developed for approximately 50 years. This forms the
basic foundation for the development of the on board communication as part of Task 36.
Development of laser based communication spans a few decades as part of Task 37.
With respect to shielding technology for the worldship structure, multiple probes will be used to test
both the ISM and various shielding techniques to determine viability for a single shield or a
combination of different shielding methods. In 2020, Task 38 signifiies the launch of ISM probes,
which continuse throughout the roadmap with the aim to set up a probe manufacturing line to
launch probes every 5 years. Based on the data collected from such probes, various tests will be
undertaken to to examine shielding technologies for the next generation of ISM probes. Once that
has been done, shield scale testing will be completed. This is an important input for the decision of
which shielding methods to use for the worldship.
The navigation for the worldship is pulsar-based. The testing and subsequent improvements on the
technology are done during Task 42. From the year 2030, the pulsar navigation technology is tested
with test probes. The final design iteration needs to be completed by 2160, available for integration
with the worldship.
Establishment of the Interstellar City is an early task on the roadmap, supporting the development of
the worldship until its launch. The Interstellar City should be completely established by the year
2040. Throughout the start of the project until the worldship launch, space outreach activities need
to be conducted to propagate this interstellar venture; this is signified by Task 43 and carried on
indefinitely.

6.2 Critical Path
The roadmap can be examined with a focused view represented by the critical path. The first step of
the path is that of Task 0, initial funding. The next steps that needs to occur is the construction phase
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of the Lunar Base. Task 3, the design and construction of the lunar base, would have to occur next.
This is estimated to take about 25 years in its entirety to build a lunar base capable of supporting the
subsequent operations needed to be carried out on the surface. This will directly lead into the
development of Tasks 4 through 6, which are the advancement of lunar mining technology and the
material transportation. Though these are stated to begin concurrently after the creation of the
base, it is estimated that this will take about 25 and 15 years, respectively to establish these
technologies, after the initial investment of resources to the project. Once this is done Task 6 should
be achievable in a reasonable amount of time (10 years). Once the lunar mining operations are
underway and the resources can be transported off the Moon then construction of the first Torus
ring of the worldship, Task 8, should be feasible, starting approximately in 2085. It will take about 30
years to complete the construction of the first ring, immediately followed-up by 10 years of testing
with Task 9. Once that is completed, Task 10 will commence, building the remaining Torus Rings of
the worldship. This should take approximately 50 years from the time of start to finish and ending in
approximately 2175. This will end the critical path of the project as is represented in the roadmap,
which spans approximately 160 years.

6.3 Methods
Forecasting the future is a very uncertain business. For some processes the task is not so difficult
while for others, the task is impossible. A process that is cyclic in nature such as the changing of
seasons, passing of certain comets, or frequency of solar flares occurs in repetitive cycles that do not
change very much, making it easy to predict. Then, there are some processes which are stochastic in
nature and there occurrence is not predictable but may be recognizable from signals. For example,
volcanoes erupt at unpredictable times yet warning can be given by monitoring their activity. Also,
these events may be bounded by some limits. For example, there is a practical limitation to how
large a piece of hail can become, or how intense an Earthquake can be. Technology, however, does
not fit in either of these categories.
Technology development can occur incrementally or in revolutionary breakthroughs and its impacts
are not bounded. The incremental changes are not so difficult to predict. However, their magnitude,
in comparison to a breakthrough, is almost negligible. Breakthroughs manifest themselves as
platform technologies, those that serve as a platform to launch other technologies. The internet, for
example, is a platform technology that has served to launch several other tools such as social media,
email, and the way people receive news. In addition, large breakthroughs can incorporate available
technologies to improve their function and provide new functions. Smartphones are an excellent
example of an existing technology that has morphed into serving new functions by its interaction
with the internet, a platform technology. As platform technologies impact other technologies the
resulting output is often exponentially improved over preceding generations. These complex,
exponential increases in productivity and capability are extremely difficult to predict. Even given the
date that a certain technology would be available, predicting the products that would become
available as a result is a non-trivial undertaking. Additionally, many breakthroughs occur by chance
and not as a result of strongly controllable inputs increasing the difficulty of predictive attempts.
Thus, predicting the time required to meet a certain capability is nearly impossible.
Despite the difficulty, people continue to try to predict how technology will shape the future. There
are entire websites dedicated to predicting the next generation iPhone’s capabilities which are
incremental and rarely over a year away. Often these predictions are close but this is usually
accomplished from information leaks and not true forecasting. For forecasting longer timeframes,
techniques used by futurists such as Dator are available. However, these techniques breakdown
after 20-50 yrs. into the future (Dator, 2014). Anything beyond this time horizon is considered
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science-fiction and wild guesswork. Given the strong stance of this professional field, drawing a
roadmap for an interstellar worldship could be considered impossible.
In defining the roadmap content, subjects were investigated independently when possible but
always by an interdisciplinary group. The breakdown by subject was undertaken solely to make
items achievable. To reconcile and merge subjects together, a roadmap team consisting of team
leaders and topical group coordinators met to discuss each item. The outcome of this team is the
interlinked, interdisciplinary roadmap documented in Table 16.
The first step in identifying roadmap items was to define the boundary conditions i.e. the end points
on the timeline. The starting point is today while the finish point is the worldship launch. For each
subject, the requirements for a worldship were defined. For example, in order to maintain a
population of 100,000, for approximately 1,000 years, a LSS that can recycle nutrients with near
100% efficiency is needed. Next, these requirements were compared to the current state of the art.
Using the LSS example, physical and chemical LSS systems exist but are reliant on external energy or
mass inputs, which is not acceptable for the worldship. The roadmap items, then, were tasks that
were identified by the team as necessary in order to lead from the current state-of-the-art to the
requirements of the worldship. These items were kept as high level as possible while still leading
between the boundary conditions. Too much detail begins to dictate how a milestone should be
accomplished rather than just stating that a milestone is necessary.
Next, starting in chronological order, a duration was assigned to each item. Given the influence that
current events and state of mind can play in technology development rates, a datum needed to be
defined. This datum was set to the Apollo mindset where the public was involved, the project was a
stretch but glory was at stake. This datum is also a compromise between the current lackadaisical
attitudes toward space and the attitudes if life on Earth was under threat of destruction. To assign
this duration, analogs were used as often as possible. For example, the time required to build an
inflatable space station and its life expectancy were based on the time spent to design and construct
ISS and other space stations and their life expectancies. If analogs were not available, then
extrapolation was used. To estimate the time required to construct a lunar base the Apollo mission
was used. Assuming that Apollo had been extended, how long would it have taken to establish a
lunar base? This approach limits the estimation error because much of the task is an analog and only
the final portions are undeveloped. If extrapolations did not exist, durations were arrived at by
debate, guessing, and averaging. Given the diversity of backgrounds and experiences of team
members, debates were often lively and productive. Frequently debating led to an agreement
amongst members. In the few cases where this was not possible, educated guesses were averaged
together. Though this is not an exact approach, the collective results can be very accurate through
“wisdom of a crowd” mechanisms.

6.4 Conclusion
The roadmap is the primary focus of this project and embodies the work and accomplishment of the
team. Though roadmap items are high level and broad, each represents the culmination of
interdisciplinary and intercultural efforts. Despite attempts to avoid detailed items, which were too
detailed, over 50 necessary steps were identified. The critical path starts with funding which is
required for almost all subsequent items thus justifying the large budget. Following this is
development of lunar mining technologies that are needed to supply the raw material for the ship.
The final phase along the critical path includes construction of the worldship.
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7 RECOMMENDATIONS
Astra Planeta identified some of the key challenges towards the launch of a worldship in the near
future and incorporated them into an interdisciplinary roadmap. Along the way, several
recommendations were developed which are summarized in Table 17. The report section supporting
each recommendation is also given.
Table 17: Summary of recommendations

1
2

3

4

5

6

7

8

9
10

11
12
13

102

Recommendation
Continued observations and missions on exoplanets
should be pursued to aid in the selection of a destination.
The interstellar medium should be studied through direct
measurements from interstellar probes launched in the
direction of potential destinations.
Due to the added complexity and cost of constructing a
fleet of worldships, it is recommended that the mission
consist of a single worldship.
Artificial gravity should be employed on the worldship and
more research should be pursued to characterize the
required level required to avoid the adverse effects of
microgravity on living systems.
A toroid structure should be utilized for the worldship
living areas to distribute internal pressure forces, provide
a large amount of usable space, and provide artificial
gravity when rotated.
Since nuclear fusion technology is a critical development
for both power and propulsion, more research and
development should be pursued.
Alternative power and propulsion methods such as
antimatter and interstellar ramjets should also be
considered but only if some breakthroughs are made in
their development in the near future.
More development should be performed on active
shielding methods against the expected conditions of the
ISM. This should be followed by tests with interstellar
probes to confirm their effectiveness.
Perform more long duration closed loop ecology system
tests with an emphasis on biospheres.
The use of the Sun as a gravitational lens should be
pursued in order to provide a viable communication link
over interstellar distances.
The use of a pulsar-based system should be pursued for
navigation.
The control system should include humans in the decision
loop for strategic direction and decision making.
More research should be performed concerning material
recyclability over many generations and in a closed loop
system.

Report Section
2.1 Scientific Background
2.1 Scientific Background

2.2 Proposed Interstellar Mission

3.1.2 Worldship Design Gravity

3.2 Worldship Structure

3.3.1 Propulsion
3.3.2 Power
3.3.1 Propulsion
3.3.2 Power

3.3.3 Shielding

3.3.7 Life Support System
3.3.4 Communication

3.3.5 Navigation
3.3.6 Artificial Intelligence System
3.4 Recycling
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15

16
17
18
19
20
21
22
23
24

25

26
27
28

A culture of recycling needs to be instilled in the worldship
inhabitants and should be fostered into the population as
a whole leading up to the launch.
A culture of recycling will need to be instilled in the
worldship inhabitants and should be fostered into the
population as a whole leading up to the launch.
Components must be manufactured to high standards of
reliability and reusability.
Worldship repairs should be managed by an automated
computer.
Longer analog simulations must be conducted in order to
develop better assessment techniques.
The development of the chemprinter and 3-D printing of
organs should be pursued.
Psychological research should be pursued in the effects of
long-term space travel away from planetary bodies.
Interstellar curriculum should be integrated into public
school system standards.
The development of VR programs should be pursued for
adoption as education tools.
The initial economic system should be a hybrid between
planned and market economies.
The Interstellar City should be created with a centralized
community and economic system. It shall act as a central
hub for major worldship experimentation, research,
manufacturing, and governing.
An International Interstellar Fund should be developed to
help facilitate the subsequent investment in technologies
and developmental steps, such as the Interstellar City and
Lunar base.
In-Situ resource utilization on the Moon should be
pursued.
The five main space treaties should be amended to
include and engage the private sector.
Public outreach and educational changes should begin
immediately. Increased utilization of interaction between
social media and people is vita, and social media outreach
statistics should be monitored for analysis of
effectiveness.
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3.4 Recycling

3.4 Recycling

3.5 Maintenance and reliability
3.5 Maintenance and reliability
4.1.1 Population Selection
4.2.4 Health and Medicine
4.4 Psychology
4.5 Education
4.5 Education
4.11 Worldship Economy
5.1 Governance

5.2 Financing the Worldship

5.3 Construction
5.4.2 Legal Considerations
5.6.2 Public Outreach
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8 CONCLUSION
The design, construction, and launch of a worldship is a momentous undertaking. There are several
challenges that must be overcome to succeed and for humanity to take its place among the stars.
Astra Planeta set out to develop a roadmap outlining the key challenges and to identify a critical
path leading to the launch of a worldship in a nominal hundred years. In order to guide the
development of the roadmap, a preferred concept and architecture was developed for such an
interstellar mission. An interdisciplinary approach was taken and the challenges were considered
from a technical standpoint such as identifying key technologies and non-technical considerations
such as societal, ethical, economic, political, as well as developing a strategy for education and
public outreach.
In order to define a preferred concept for a worldship, it was necessary to envision a concept for an
interstellar mission. The main considerations for this were scientific, with the vastness of space and
large distances between stars ruling out anything but a direct voyage to a single stellar system. The
start of any journey is the choosing of a destination. Given the current state of knowledge about
planetary systems around our neighboring stars, such a choice is unfeasible at this time. With new
observations leading to the discovery of exoplanets and more detailed information, the selection of
a target system will be better informed in the near future.
Part of identifying a preferred worldship concept was the identification of a structure and a
consideration of the key technological challenges. In order to understand the scale of a worldship,
the area required to support a person found that the most significant drivers were the production of
food, water treatment, and personal living space. The need for artificial gravity and structural
efficiency led to the selection of a toroidal structure. Investigation of the critical ship subsystems
included power, propulsion, communication, navigation, and artificial intelligence. Many of the
requirements for these systems can be achieved by currently available technologies. However more
development is needed to increase the capacity, TRL and efficiency of these technologies. One of the
critical ship subsystems is the life support system and will require a self-sustaining closed ecological
system. Thus, recycling will play an important role and careful consideration will have to be given to
the materials and methods used to support this. Closely related are the maintenance and reliability
of all components on the worldship, as the worldship must be maintained over hundreds to
thousands of years.
When considering a preferred worldship concept, it is also important to consider its inhabitants. If
viewed as a spacecraft, humans would be the payload; the rest of the worldship is only there to
support the inhabitants. The health effects on humans are substantial, such as the effects of artificial
gravity, mental health, and genetic diversity. Humans will be born, live, and die on board and form
part of the closed loop worldship ecosystem. They will also fit into the worldship society which will
differ from that on Earth. Maintaining a stable society must include considerations of religion,
language, culture, ethics, education, and economy. Some societal systems are proposed, however, it
is also conceded that other, nonexistent, systems take shape over the course of many generations.
A plan for the long term management of the project is developed. Financing for central items is
achieved through the International Interstellar Fund. A city, the Interstellar City, will be founded to
provide a workspace and platform for research and collaboration in addition the development of a
societal identity. The next critical step on the roadmap is the establishment of a lunar base that will
form the technology testing ground for in situ resource utilization and further development of the
technologies needed for the construction of the worldship. The design and construction of the lunar
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base, together with the lunar mining, will induce a long period of lunar-based experiments involving
great numbers of people.
The socioeconomic, technological, and various other factors that form integral parts of this report
have laid the foundations for extensive development of future technologies and social norms. While
most technical developments seem feasible and are already currently in process, the financial
infrastructure, economic, and legal landscape, as well as cultural and societal issues will need to be
explored and developed further to facilitate a project of this magnitude.
Delays in any project are not uncommon and delays in space projects can be significant if historical
trends are anything to go by. A number of important steps and tasks in the critical path of the
roadmap require certain durations and are dependent on other tasks. Any delays in these critical
path items will have a negative impact on completion of the project. In addition to items in the
critical path, completion of the project is also dependent on floating items. If one of these items
were to slip too far, they could begin to delay tasks in the critical path.
Project duration will also be likely affected and aided by achieving public, political and financial
support. Securing support will enable the community in the Interstellar City to further pursue the
development of the project and plan ahead appropriately. However, the required time for public
outreach and lobbying activities may take longer than expected, thus pushing the project timeline
further back. Finally unexpected delays on key elements are likely to occur given the risks and the
magnitude of the project.
Even though the framework has been analyzed and evaluated in an interdisciplinary way with a
focus on a nominal 100 year timeframe, practical constraints mean that this is an unrealistic
timeframe. The primary reason is because the current technologies, while feasible for a worldship
from a theoretical perspective, are not yet capable of meeting the stringent requirements. Thus,
time is needed to conduct research and develop these technologies and increase their capability and
TRL.
This broad, interdisciplinary undertaking has resulted in the formation of a roadmap for the
development of an interstellar worldship, taking into account the numerous issues associated with
such an endeavor. The involvement of students from all over the world with diverse backgrounds
and experiences demonstrates the type of international collaboration expected for an interstellar
mission. The challenges of this project are highlighted in the cultural, language, and communication
barriers that had to be overcome throughout this project. Through collective focus and team
dedication, the resulting output of the work undertaken can be an example for future international
collaboration.
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