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Abstract.  We know where humankind is now in its limited ability to venture into space, and we can envision technologies that include routine space flight and large human populations in space; the challenge is to figure out how to get from where we are now to what we can envision.  Although the technical challenges of space infrastructure development will be significant, the factors most responsible for preventing us from surmounting those challenges are politics and economics.  Various rationales have been proposed by other authors and are summarized, with assessments of the hurdles involved in each.  In an effort to make Space Settlement Design Competitions for high school students as realistic as possible, the co-authors developed a compelling rationale for building the first community in space and the infrastructure required to support it, which passes the tests of economic necessity and political appeal.
EARLY ATTEMPTS TO JUSTIFY SPACE COLONIZATION

All of the authors presenting papers at this conference have stories describing how they got into the research that they do, and on which they are reporting.  The story that led us here is probably unusual--when we started developing this information, we didn't think we were doing research at all.  As it turns out, we still do not consider what we do to be research; it is more the product of a small futurist think tank, predicting a future that can tolerate the scrutiny of a forgiving audience.  Indeed, we run Competitions for high school students, wherein we describe a hypothetical future infrastructure of human activities in space, and ask them to design a space settlement consistent with the state of technology that we describe.  

When we first started the Competitions, it was sufficient to tell the participants that there is a customer organization--the Foundation Society--with a lot of money, and the intention to spend that money to move their members into space.  We recognized this as an unlikely scenario, but it was acceptable in the 1980's environment of conspicuous consumption.  However, as the Competition concept expanded and we found ourselves representing multiple NASA Centers rather than one Explorer Scout Post, we realized that we owed sponsors a more plausible rationale.  Some of the philosophy of the Competition is to show students what would be required to make space settlements a reality within their own careers; we had a good case for why and how settlements would be built after the first one, but spending vast amounts of money to put a city in a place with no infrastructure--indeed, not even gravity or air--was too much of a stretch.

Others have wrestled this challenge before us, with varying levels of credibility--especially given the perspective of time.  G. Harry Stine's The Third Industrial Revolution (1975) predicted markets in the billions of dollars for a multitude of products manufactured from the abundant resources and limitless power available in space--but presumed that launch costs would drop to $38 per pound (that's not a typo--just two digits).  Gerard O'Neill, whose mid-1970s NASA Summer Studies (Johnson, 1977) provided the first thorough analysis of requirements and designs for space settlements, proposed construction of solar power satellites as the big economic justification for building large communities in space.  This conclusion is documented in O'Neill's own The High Frontier (1977), Tom Heppenheimer's Colonies in Space (1977), and Colonies in Space--The Next Giant Step (1977) by Frederic Golden.  This may have seemed obvious just a few years after people had spent hours each week sitting in their cars waiting in long lines to fill up their tanks with gasoline, but crude oil costs of $30 per barrel or less for a quarter century have cooled the urgency of an energy crisis.  In his Introduction to Heppenheimer's book, Ray Bradbury provided the answer we all wanted:  "Why not?  Let's move.  Let's go there.  Let's do the job."  The intervening years have shown this was not a sufficient reason to make it happen.  Ben Bova was less poetic but more urgent about an unspecific imperative in The High Road (1981), saying the "new space race...is a crucial struggle against humankind's ancient and remorseless enemies:  hunger, poverty, ignorance, and death", and predicting economic collapse by the year 2000.  Marshall T. Savage, in The Millennial Project--Colonizing the Galaxy in Eight Easy Steps (1992) didn't bother with all that specificity, saying simply "it is our destiny to colonize space", and adding that on Earth "there are too many demands on too few resources."  

More recently, an item posted on Space.com (Britt, 2001) lists "The Top 3 Reasons to Colonize Space".  The reason given by Freeman Dyson is to "spread life and beautify the universe".  J. Richard Gott, III, says the reason is to "ensure the survival of our species".  Sid Goldstein's reason is more direct:  to "make money and save the environment".  Goldstein also said "space advocates have to do a better job of explaining to the general public what is possible, how much it will cost, how long it will take, what we will get out of it, and the consequences if we fail."

So, within this context the authors of this paper sought to make the premise of Space Settlement Design Competitions more credible.

JUSTIFYING EVENTS FOR FIRST SPACE SETTLEMENT

A key attribute of Space Settlement Design Competition scenarios is that the first settlement is built very quickly--in about a dozen years (Gale, 2002).  The real reason for this is that the Competition organizers want to offer a chronology of widely varying scenarios that participating students could see during their working careers.  It would be less interesting for students to work on a space settlement design planned to operate a half-century after they expect to retire.  So, a triggering event for building the first space settlement in this context requires two attributes:  (1) it's immediate enough to justify beginning construction within a few years from right now, and (2) it's urgent enough to justify expenditure of enough money quickly enough to complete it in a few years.

And the first settlement will be hugely expensive.  The first settlement starts with nothing.  In Earth orbit there is vacuum, a variety of environmental hazards, unrealized access to extraterrestrial resources, and solar energy.  Nothing more.  There is no scheduled transportation service, no port to put into for supplies or repairs, no grocery store, no refueling station, no building supply store, no dirt to grow food in, no water.  Nothing.  So, we needed to find an incentive for why it would be important to build the first settlement quickly.

Given the requirements we established, we realized it really comes down to a selection between three imperatives for triggering events:

1.  A compelling economic reason:  discovery of a product that can only come from lots of people working in space and would provide a foolproof three-year return on investment with filthy rich returns for every subsequent year

2.  A compelling political reason:  influential people lose elections if they do not advocate development of space colonies

3.  A compelling survival reason:  an almost-immediate threat of annihilation of the species if we don't develop a space colony.

Imperative 1 is a stretch.  We can envision that a lot of people spending a lot of time in space--living on the first space settlement--will come up with products that match this description, but we don't see this as a triggering event.  There isn't any product we can conceive or describe that would be found in the next few years to justify an investment in sufficient infrastructure (including launch capability) to turn a profit on a large enough scale to inspire commercial investment.  The companies that might have the research capability to find such a product are so accustomed to feeding at the public trough for funding big projects, it would be nearly impossible to interest executive management or stockholders in the kind of investment required.

We also don't see a mechanism for Imperative 2 to happen.  Although this would probably be the most certain scenario to have the desired effect, the American public has shown no inclination to consider space policy in its voting patterns.

So that leaves us with Imperative 3, the global disaster thing.  Note that Imperative 3 does not imply saving the human species by launching a few thousand people to subsequently continue breeding after the calamity.  This is not credible, because construction of a space settlement would require the effort of people who would not personally benefit; faced with certain death, they would be more inclined to spend their time concocting and implementing schemes--however futile--in an attempt to save themselves.  In order for Imperative 3 to work, the first space settlement would have to be capable of saving the entire planet and everyone on it.

Also required for Imperative 3 to work, it is necessary that the appropriate disaster requires several years to wreak its full effect.  The comet discovered eight months before impact on Earth may virtually assure destruction of civilization as we know it, if not outright extinction of all humanity, but we wouldn't have enough time to get a space settlement established in order to do something about it.

The answer came in the JBIS paper "Space-Based Solar Shield to Offset Greenhouse Effect" (Early, 1989), which showed that a solar shield at the Earth - Sun L1 libration point need only reduce sunlight by 0.5%, and the entire global warming threat goes away.  The shield would have to be almost the size of Texas.  Whether or not one believes that runaway global warming is a real threat, if conclusive evidence were provided that it would cause global extinction within a lifetime, then unlimited resources would become available to stop it.  This provided the imperative that we needed.  The Space Settlement Design Competition scenarios are based on the premise that the first space settlement would be built as a construction base for a solar shield to mitigate global warming.  The urgency of saving the Earth would put a high priority on building that space settlement as quickly as possible.  

But the challenge we presented ourselves didn't end there, of course.  Why would a large population of people in space be required for solar shield construction, and how do we propose that the very first space settlement could be built in only a dozen years?  Even the optimistic NASA studies of the 1970's predicted a 22-year construction schedule for the first settlement.

Admittedly, we have not provided a thorough explanation of what 10,000 people would do in space, in order to construct a solar shield.  We allude to lunar materials for construction of the solar shield, and manufacturing of the solar shield components at an Earth-Moon L5 space settlement before transport to the L1 point with a minimal construction crew for mostly automated assembly.  Presumably some human management of lunar mining, materials refining, and fabrication operations would be required, but probably not enough to justify building a city for 10,000 people.  For the purposes of the Competition, however, students are willing to suspend disbelief of details: something big needs to be built in space, and the students accept that people need to be there to build it.

CONSTRUCTION TECHNIQUES FOR QUICK CONSTRUCTION

We do, however, go into some detail on quick construction techniques.  We accept these also as triggering events, because without technology available to address a threat of global disaster, the first space settlement would still not happen.  Construction happens quickly because it has to happen quickly; the situation for the Earth is urgent.  The only question for the designers is how to get it operating quickly.  We start with the assumption that the settlement serving as a construction base for the solar shield that saves the world doesn't have to be beautiful or elegant or even durable enough to last longer than the construction process for the solar shield.  It has to be functional, it has to be self-sufficient, it has to be comfortable enough that the people living there won't go crazy, and it has to provide facilities for building the solar shield.  Anything else is fluff.

We also add an assumption that the solar shield--with the space settlement required for its construction--is such a high priority for the world's peoples that conventional practices of protecting company proprietary data and national technologies are set aside until the project is completed.  As in World War II, innovative designs developed by one company are licensed to other companies and even other nations, in order to get the job done.  No one company could fulfill a contract to complete this project.  Even with unlimited budget, there are not enough qualified engineers and technicians in any one nation who could be made available to complete this project quickly.  The effort must be inter-company and multi-national.  Money may be no object, but the number of available engineers and technicians limits how fast it can be spent.

The Foundation Society initiates the project by assembling a team of top managers and engineers from established aerospace companies.  The stakes are high, so virtually anybody who is needed can be excused from current duties.  The core team is relatively small, to enable quick decision-making; perhaps five executive managers, ten technical managers, and 100 engineers.  Before beginning the design process, this team establishes design requirements and guidelines that make the settlement easier to build.  Artificial gravity of 0.5 g and a 10 psi atmosphere are entirely adequate for human existence, but these reductions from Earth surface conditions reduce the stresses in the structure so that construction is more feasible.  To save design time, the basic torus shape described in the 1970's studies can be defined as the baseline.  The details, however, are completely new--different materials, different construction techniques, modifications to accomplish the solar shield construction project, updated interior features. 

Simultaneously, a Human Resources team arranges for the employees who will work on the project.  The most challenging aspect of building a huge project quickly is hiring and coordinating the tens or hundreds of thousands of people needed to make it happen.  With nearly full employment of technical people in the United States, Canada, Western Europe, Australia, and Japan, the necessary employees must be found elsewhere.  The companies of these nations are contracted to do more of what they do well--in support of the project, they build and operate more assets that it is known will be needed:  launch vehicles, rocket engines, special-purpose satellites, space tugs (modified for long-distance cargo deliveries), and space stations.  They conduct the research to develop new materials, control systems, robots, and improved manufacturing methods.  Although no crewed lunar landing craft has been built since the early 1970's, corporations open up their vaults of proprietary designs and reveal that valid conceptual designs exist; they were just waiting for somebody to pay for development.  

The vast majority of effort on the settlement and solar shield, however, is the "grunt work" of detailed designing, analyzing, testing, building, transportation planning, and assembly scheduling of the required components.  For these tasks, the Foundation Society taps into vast reserves of underemployed but well-trained and highly skilled individuals in Russia, Eastern Europe, India, Pakistan, China, Brazil, and several other countries not typically considered at the forefront of innovative space technology development.  Specialized training is provided as required, sometimes in cooperation with universities.  The core team compartmentalizes the requirements into portions that can be accomplished by the various teams world-wide.  They very specifically define the interfaces between the pieces that are designed by the different teams.  They travel extensively to assure that each team has the information it needs, and is on schedule and producing its own products as expected.  

Quick construction of the space settlement requires development of new techniques and unconventional methods.  Transportation from Earth's surface to space is a bottleneck, so utilization of non-terrestrial resources speeds the process.  Some of the tools proposed in the old NASA 1970's studies are "dusted off" and improved, most notably the electromagnetic mass driver concept for efficiently launching materials off the moon.  Refining vast quantities of materials in space requires time to develop zero-g refining processes and build the refineries, so use of materials in their natural state also speeds the process.  The ideal situation would be to build the settlement from dirt.  And, as much as possible, that's how we tell the students it's done.

Dirt has been proven, by several methods, to be a fine construction material for structures in compression--arches and domes that are designed to keep their shape against the pull of gravity.  Acceptable structures for a mining camp on the lunar surface can be built in a matter of days, and the construction technique is simple enough that it can be automated with robots.  "Superadobe" construction is accomplished by compacting dirt--any kind of dirt--into long tubes of flexible material (Khalili, 1995).  Rugged fabric that can handle the space environment was developed for the Mars Pathfinder mission in the mid-1990's; miles of lightweight superadobe tubing made from this material are shipped to the lunar surface.  Robots are programmed to fill the tubing and stack it, layer upon layer, to form domes for buildings; the process is much like stuffing sausage casings.  Each layer of superadobe is about six inches high and two feet thick.  After the domes are formed, some additional shielding is providing by piling loose dirt on top of them, and they are sealed to be airtight with a glaze on the interiors.  The additional dirt also provides insulation to protect the interiors from the extremes of lunar temperatures.

After the lunar base buildings are completed, the robots continue to pack superadobe tubes.  When the mass driver is completed, it is immediately employed in the business of launching superadobe.  The mass driver requires a lot of power; continuous solar power is acquired on the moon by building at one of the poles.  In order for superadobe to be useful as a construction material for the space settlement, however, a means must be found for keeping it stable in tension--the settlement's rotation puts forces into the outside surface of the structure that act to pull it apart.  Some of this force can be reacted by using a superadobe tubing material on the outside surface that is exceedingly strong in tension.  A mesh or net or high-strength fibers--perhaps similar in appearance to chicken wire--can encase the outer surface of superadobe.  More stability can be acquired by weaving the superadobe to form the torus.  The necessary wall thickness for radiation shielding is acquired by weaving multiple layers of superadobe. 

As much as possible is manufactured from lunar materials; unleashing thousands of creative chemists world-wide inspires some breakthrough separation and refining technologies.  Composites and ceramics are easier to make from lunar materials than metals, and are used for most interior applications--walls of housing units and other buildings, furniture, plumbing and fixtures, bodies and chassis of vehicles for interior use, paving for streets and walkways, doors, cabinets, housings for computers and other equipment, robot bodies, and components of common appliances.  Some of the most mundane materials cause the greatest challenges, and dozens of teams work simultaneously until a solution is found for each--processes are developed to make cloth, string, paper, inks and dyes, flexible tubing and insulation, bicycle tires, paint, coatings for various uses, adhesives, cleaning agents, and other products either exclusively or primarily from lunar materials.  The importance of the assignments brings out the utmost creativity in every person working on them, and miracles occur.

The most difficult substances to acquire from the moon are ironically the ones that are most common on Earth, air and water.   Recycling and reclamation are refined to an art form; any losses must be made up with very expensive and time-consuming shipments.

With commitment, cooperation, virtually unlimited budget, and a lot of luck, it can all come together in a mere dozen years.  Humans have done it before and have legends to prove it:  the P-51 Mustang went from concept to production in just months during World War II, one of Henry Kaiser's companies built an entire ship in one day, the Apollo project went from a Presidential speech to a lunar landing in less than a decade, the Trans-Alaska Pipeline went from idea to completion in 12 years (only three years of actual construction).  And the most amazing thing happens when these miracles occur:  people accept them as normal events.  Some of the technology stretches that build the first space settlement are adopted to improve processes on Earth.  The influx of income into Third World countries raises the level of prosperity as economies are jump-started.  Teams of engineers that cause miracles to occur for the space settlement turn their attention to miracles that need to be performed at home.  Perhaps more importantly, great human achievements inspire people to realize that they really can create miracles.  When that happens, anything is possible.  Which brings us back to Ray Bradbury's observation:  "Let's go there."

CONCLUSION

The authors conclude that the most likely motivation for early construction of the first space settlement would be a threat of global disaster that could be mitigated by large-scale construction in space.  The scenario developed for high school students who compete in Space Settlement Design Competitions is runaway global warming mitigated by construction of a solar shield at the Earth-Sun L1 libration point.
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