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THE PRESIDENT'S COUNCIL OF ADVISORS ON SCIENCE AND TECHNOLOGY 

The Council provides private sector advice to the President in matters of national importance 
involving science and technology. The Council responds to requests from the President and 
aggressively maintains a general watch on developments to be in a position to raise issues, 
opportunities, and concerns to the President. The issues that the Council addresses normally affect 
not only the private sector but cut across Federal Department and Agency boundaries. In addition 
to being fully responsive to the President, the Council considers requests made by the Vice 
President and others within the Executive Office of the President. 

Although the boundaries are not clear-cut, the Council's advisory work falls broadly into three 
categories: ( 1) emerging science and technology issues; (2) policy for science and technology as well 
as science and technology for policy; and (3) structural and strategic management policies within the 
Federal government as well as policies in non-governmental organizations. 

The Council is currently composed of 13 members, including the Chairman, who provide 
perspectives from academia, industry, private foundations and research institutes. 
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THE WHITE HOUSE 

WASHINGTON 

November 6, 1992 

Dear Mr. President: 

One of the most difficult issues facing both the federal government and 
the scientific community in this era of constrained budgets and 
boundless scientific opportunities is the question of how to proceed with 
the very large research projects, or megaprojects, necessary for further 
advances in many areas of science and technology. With this letter it is 
my pleasure to transmit to you a report on this subject from your 
Council of Advisors on Science and Technology. 

We have concluded that science megaprojects are an integral part of the 
fabric of research that make possible the advances of many researchers 
working individually or in small groups. Nevertheless, a tension has 
arisen between megaprojects and "small science" investigators -- who 
continue to constitute the heart and backbone of science -- in part 
because an increasing fraction of the federal R&D budget has been 
devoted to the support of megaprojects. We have suggested a new 
approach to federal R&D budgeting -- the preparation of a scientific 
investment budget -- that would make explicit the balance and tradeoffs 
between megaprojects and individual investigator research. 

We have also emphasized the need for the United States to maintain a 
leadership position in most fields of science because of the importance of 
scientific research in meeting national goals. To do so, we believe that 
the U.S. scientific community should engage in an extended discussion 
with government and other affected groups of what is needed, including 
the construction and operation of megaprojects, to maintain this 
leadership. 

Finally, we have noted that megaprojects are becoming more 
international in character because of their increasing number and cost 
and because of the harmonious international relationships that your 
Administration has done so much to promote. To take full advantage of 
this trend, we have proposed the development of an international 
framework incorporating principles for international collaboration and 
cost-sharing. The scientific community and governments in all of the 
countries interested in megaprojects should be involved in this effort. 



The President's Council of Advisors on Science and Technology (PCAST) 
is prepared to amplify any part of this report that may be of particular 
interest to you and, with your permission and following your review, 
would propose that this report be made public as a contribution to the 
growing international dialogue on this topic. 

The Bush Administration has given very strong support lo science and 
technology, support that will return benefits to this country for years to 
come. The recommendations contained in this report are designed to 
further strengthen this vital investment in our nation's future. 

Sincerely yours, 

8?.::?:m:~,
The Assistant to the President 

for 
Science and Technology 

and 
Chairman, . PCAST 

The President 
The White House 
Washington, D.C. 20500 



EXECUTIVE OFFICE OF THE PRESIDENT 
OFFICE OF SCIENCE AND TECHNOLOGY POLICY 

WASHINGTON, D.C. 20506 

November 6, 1992 

Dear Dr. Bromley: 

On behalf of my vice-chairman Harold Shapiro and the members of the President's 
Council of Advisors on Science and Technology, it is my pleasure to transmit to you 
PCAST's report Meeaprojects in the Sciences. Large scientific projects or 
mega projects, which are the focus of the report, have, become essential components of. 
the global scientific endeavor. This report examines the histories and costs of current 
and past megaprojects, as well as the scientific and policy judgments that underlie them, 
all in the .context of national and international imperatives to expand the frontiers of 
scientific knowledge. 

This report has been drafted in consultation -with a large number of experts in the 
United States and other countries, including D. James Baker, James Beggs, Lloyd 
Cutler, Edward Frieman, Jack Sandweiss, and a number of government officials. I 
want to express my appreciation to all of them for their valuable contributions to this 
report. 

This is a particularly opportune time to examine the future of mega projects in the 
sciences. Many new opportunities have emerged in science even as barriers to 
international cooperation have come down and as more and more countries have 
recognized the benefits of international partnerships. This report makes a valuable 
contribution to the public policy process by recommending ways in which the scientific 
community and government officials can interact in planning and implementing 
potential megaprojects. I hope it is useful to the President. 

Sincerely, 

J 
Chairman, P 

;/}/c~ 
P. McTague 
T Panel on Megaprojects 

Enclosure 

The Honorable D. Allan Bromley 
The Assistant to the President for 

Science and Technology, and 
Chairman, PCAST 
The White House 
Washington, D.C. 20500 
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EXECUTIVE SUMMARY 

An increasing number of scientific specialties now require large - and costly - centralized 
facilities or distributed projects to extend the frontiers of knowledge. The most familiar 

examples include the Superconducting Super Collider in high-energy physics, ground and space
based observatories in astronomy, satellite observations of the earth in global change research, and 
the mapping and sequencing of the,human genome in biology. Though less widely known, other 
large projects are also proving essential to progress in an increasing number of scientific disciplines. 
These so-called megaprojects require large and long-term financial support and often present new 
organizational and management challenges. As such, they require thorough and thoughtful scrutiny 
both nationally and internationally. 

Governments have also undertaken or are currently considering a number of projects in which 
technology development, rather than scientific research, is the principal objective. Examples 
include Space Station Freedom, the development of the National Aerospace Plane, and 
experimental fusion power reactors. This report focuses primarily on those megaprojects with a 
substantial basic research rationale, but it also includes technology megaprojects to the extent that 
they share characteristics and policy issues with the science megaprojects. 

Science megaprojects have been integral to scientific progress since the dawn of modern science. 
Tycho Brahe's great 16th-century observatory near Copenhagen was instrumental in shaping the 
worldview of Isaac Newton. Thomas Jefferson's conviction that scientific investigations were 
inseparable from the spirit of the Republic resulted in his personal support for the scientific aspects 
of the 1804-06 Lewis and Clark expedition. 

Today, the costs of many current and proposed megaprojects exceed the ability of any one country to 
commit the requisite capital and operating funds. As a result, megaprojects are becoming 
increasingly international in character. International collaboration on megaprojects can yield 
substantial benefits, including cost-savings for participating countries and access to an extended pool 
of intellectual capital. Because of these advantages, international collaboration is almost certain to 
increase in the future. 

Data on expenditures for megaprojects by the U.S. government are not complete and often difficult 
to interpret. But there is little doubt that the aggregate capital and operating costs of megaprojects 
have been rising more rapidly than the total federal research and development (R&D) budget. This 
is particularly the case if megaprojects are understood to encompass both large central facilities and 
distributed projects and if technology as well as science megaprojects are included. 

Recently, attention has focused on the megaprojects in part because of the perception that the 
increasing fraction of government R&D expenditures devoted to such projects has the potential to 
erode support for more broadly based scientific and technological endeavors, including "small 
science" investigations carried out by individuals and small groups. This report focuses on 
mechanisms to integrate the growing need for megaprojects into the decision-making process for 
science. It is not intended to be an argument for or against any particular set of megaprojects. 
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FINDINGS 

1. Megaprojects in the sciences, which are essential to national leadership in a number of 
important scientific fields, often serve a large community of users, including university 
investigators who work individually or in small groups. 

Large facilities and projects are often essential for individual researchers and small research teams -
including university-based efforts in many fields - to work on the frontiers of their fields. They 
emerge in a scientific field not as an end in themselves but as the result of a convergence of scientific 
need and technical and organizational feasibility. In that sense, megaprojects should be regarded in 
part as enabling projects that serve the current or future needs of individual investigators. 

2. Megaprojects have multiple outputs and serve a variety of goals, both scientific and 
nonscientific. 

The essential rationale for any science megaproject must be scientific excellence and need, but a 
distinguishing characteristic of mega projects is that they serve a variety of other goals. These can 
include: 

■ maintaining national leadership in critical scientific fields; 

■ training future scientists and engineers; 

■ developing technologies that in turn contribute to economic competitiveness; 

■ protecting the environment and improving health; 

■ enhancing national prestige; 

■ contributing to national security; and 

■ promoting local economic development. 

All too frequently these goals have been inadequately articulated and confusingly intermingled for 
both science and technology megaprojects. Yet these goals must be clearly spelled out if a 
megaproject is to be thoroughly evaluated. 

3. Megaprojects differ in their organization, operation, and funding, based partly on the 
scientific questions they are designed to address and partly on the organizational aspects of 
the fields involved. 

Several broad types of megaprojects can be identified, including central-facility projects that require 
a substantial innovative facility and distributed projects characterized by a large number of relatively 
small, coordinated research efforts but involving substantial centralized data management 
capabilities. 

There are also important distinctions among different kinds of megaprojects. For example, with 
some megaprojects there are decided advantages to having multiple complementary facilities located 
in different regions of the world. Complementary, perhaps redundant facilities permit different 
approaches to the solution of similar problems. Other megaprojects are so complex and costly that 
having more than one on a worldwide basis is hard to justify. 
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't. Oespite the significant impact that megaprojects have on overall national science 
programs, there is to date no published ongoing documentation that makes explicit the size 
and scope of federal funding for megaprojects. 

Attempts to list megaprojects and compare their budgets with total research and development 
(R&D) or total federal spending have been inadequate. They are fraught with ambiguities and are 
subject to serious misinterpretation. There have also been few credible attempts to project out-year 
costs for capital facilities or operating expenses for megaprojects. Under these circumstances, it is 
difficult to use existing data to address the central issue of an appropriate balance between support 
for big and small science. 

5. Megaprojects are becoming increasingly international in character. Effective 
international collaboration for megaprojects requires early and sustained working relations 
among potential partner countries. 

International collaboration on megaprojects entails both costs and benefits. Against the benefits of 
cost-sharing and intellectual cooperation must be weighed potential costs such as possible reductions 
in domestic activities in the same scientific fields, the need to share both management and scientific 
responsibility for large projects, and the dilution of such nonscientific benefits as development of 
proprietary technology, economic competitiveness, and national security. In addition, cost savings 
from international collaborations are not usually as great as anticipated, in part because of the need to 
maintain strong national programs in order to exploit the benefits of an international project in that 
field. 

Nevertheless, as megaprojects grow in scale and as experience with international collaboration grows, 
a larger fraction of mega projects will be planned, financed, and implemented on a multilateral basis. 
The United States must be prepared to take advantage of this trend. 

6. The United States has a history of failing to meet certain commitments to international 
partners for particular megaprojects that have long time horizons. The United States is 
therefore perceived as being a less reliable partner in some megaprojects, including some for 
which the United States has been the major supporter. 

Even though the United States provides more funds for basic research, including science 
mega projects, than do the major countries of Western Europe and Japan combined, past failures to 
meet commitments to international partners on megaprojects have led to a perception abroad that 
the United States can be an unreliable partner in international collaborations. Generally, these 
difficulties have originated in the short-term character of the federal budget process. In other 
countries, governments can make firm commitments three to five years in the future, which is not 
the case in the United States. This inability of the United States to make firm long-term 
commitments complicates negotiations aimed at international cost-sharing. 
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7. Policymakers need to be apprised of the goals and progress of national and international 
megaprojects. 

Decisions regarding megaprojects require a careful balancing of scientific, educational, and economic 
interests. Domestic and international goals need to be assessed and compared, and international 
factors must be incorporated into the domestic budgeting process. These requirements underline 
the imperative for a new level of dialogue between governments and the national and international 
science communities. 

RECOMMENDATIONS 

1. Maintain Leadership in Science 

Because of the importance of scientific research in meeting national and international goals, the 
United States should maintain a leadership position in most fields of science. The U.S. scientific 
community should engage in an extended discussion with government and other affected groups of 
what is needed, including the construction and operation of megaprojects, to maintain this 
leadership. 

Proposals for science megaprojects should originate with the scientific community as it assesses the 
needs of scientific fields and the quality of proposed basic research projects. These proposals must 
then be discussed with governments in the United States and abroad and with nongovernmental 
organizations in the context of the full range of scientific and policy issues involving mega projects. 
The scientific community should also be involved in the periodic review of projects beyond the 
planning and development stages. 

2. Create Scientific Investment Budget 

The Executive Branch - and 0MB and OSTP in particular - should assemble and make available 
a scientific investment budget for the federal government delineating the actual and projected long
term expenditures for the capital and operating costs of megaprojects and expenditures for other 
forms of research, including support for individual investigators. While the capital costs for 
megaprojects can vary from year to year, the other components should not undergo large yearly 
fluctuations. 

The virtually certain increase in demands for science megaprojects implies the need for a more 
coherent, explicit priority-setting process at the national level both within and across scientific fields. 
A scientific investment budget prepared by the Executive Branch would facilitate informed 
discussion and national consensus. 

The federal research budget should strive to provide stable baseline support for individual 
investigator research, stable operating costs for major facilities to ensure adequate access by in-house 
and external users, and capital expenditures adequate for necessary future facilities. 

The Congress should be encouraged to use this approach in its budget, authorizations, and 
appropriations processes. 
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3. Develop Framework for International Collaboration 

An international framework should be developed containing principles for international collaboration 
and cost-sharing. Such a framework could grow out of the efforts of the Megascience Forum recently 
established by the Organization for Economic Cooperation and Development. All interested parties, 
including the appropriate nongovernmental scientific organizations, both national and international, 
should be involved in these discussions. 

The fundamental criterion for any science megaproject must be scientific excellence and need. This 
criterion implies a bottom-up approach in which the megaproject originates with the world scientific 
community, with excellence and need certified by a consensus determination of scientific merit. 
This review process should be international in scope and should involve experts from fields that are 
likely to be affected by the proposed project, in addition to experts from the field in which the 
megaproject is proposed. 

The principle of genuine partnerships in science megaprojects implies shared responsibility for 
planning, governance, and management, as well as shared benefits, both scientific and nonscientific. 
Such sharing necessarily requires sustained involvement of potential partner countries from early 
conceptual planning stages. 
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CHAPTER 1 

MEGAPROJECTS ARE NOT NEW 

The term megaproject has been coined recently to underline the growing conviction that 
unusually large - and costly-:-- scientific initiatives should receive thorough and thoughtful 

scrutiny both nationally and internationally. At the national level, megaprojects have been seen by 
some as detrimental to support for traditional "small science" projects, leading to calls for coherent 
priority setting across the federal research and development (R&D) budget. At the international 
level, the virtual certainty that a larger fraction of megaprojects will be planned, financed, and 
implemented on a multilateral basis requires that domestic and international goals be balanced in the 
national decision-making process. 

The issues associated with megaprojects challenge the executive and legislative branches of the U.S. 
government to reassess long-standing assumptions that underlie both domestic and international 
science policy. They also challenge the scientific communities to address priority-setting more 
systematically both within and across disciplines. Finally, they underline the imperative for a new 
level of dialogue between governments and the national and international science communities. 

EARLY MEGAPROJECTS 

Despite the novel scientific and policy problems associated with megaprojects, there is nothing new 
about the need for some scientific facilities that are so costly and complex as to require special 
treatment. One of the first genuine scientific megaprojects in the Western world was Uranianborg, 
the great astronomical observatory conceived and designed by Tycho Brahe on the island of Hveen 
near Copenhagen, and funded by the Danish monarchy. For 20 years following the first observations 
from Uranianborg in 1576, Brahe and his assistants carried out repeated, precise position 
measurements of every star visible to the naked eye and all of the then-known planets. When Brahe 
died in 1601, his assistant Johannes Kepler inherited his voluminous observational data. With these 
data, Kepler derived his three laws of planetary motion, which together with Galileo's laws of 
terrestrial kinematics provided the empirical pillars for the Newtonian world view that dominated 
science until the late 19th and early 20th centuries. 

Precise astronomical observations also made it possible to derive precise position measurements on 
the earth, which had obvious commercial implications in the age of exploration and colonization. 
Because of the practical significance of these developments, a number of European governments 
began systematically to support optical astronomy in the 17th and 18th centuries. 

In the United States, precedents against the establishment of centralized authority established at the 
Constitutional Convention and during the Administrations of the first six Presidents made it difficult 
to obtain sustained authority for major scientific activities. An important exception is the Lewis and 
Clark Expedition of 1804-06, which qualifies as the most successful big-science project undertaken 
during the early years of the American Republic (although of course the expedition had many 
nonscientific purposes as well). President Jefferson groomed his personal secretary, Captain 
Meriwether Lewis, as its leader, dispatching Lewis to the headquarters of the American 
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Philosophical Society to receive instruction on such matters as celestial observations, the collection of 
botanical and zoological specimens, and the study of the customs of Native Americans. Jefferson also 
set a precedent for what would now be called a "bottom up" approach to research by creating what 
was in effect an advisory committee through the American Philosophical Society to help plan the 
scientific program of the expedition. 

In the United States, as in the countries of Europe, the prototypical big-science field continued to be 
optical astronomy in the 19th century. Not only were expensive, state-of-the-art instruments needed 
for observations, but the effective operation of an astronomical observatory required the organization 
and management of research teams, including specially trained and dedicated technicians as well as 
scientists. 

In the 20th century, a field that provided many precedents for later developments was the rapidly 
emerging field of nuclear physics. The discovery of radioactivity and the nuclear structure of matter 
near the turn of the century altered basic concepts about the stability of matter. One problem 
confronting early research in nuclear physics was the need to rely on relatively weak radioactive 
sources to induce nuclear transformations. A technical challenge therefore became to develop 
devices capable of accelerating beams of particles to energies sufficient to induce nuclear 
transmutations on a more controlled, predictable basis. Although some level of success was achieved 
during the 1920s, the technical problem of maintaining potential differences of several hundred 
thousand volts across electrodes designed to accelerate those particles limited the attainable 
energies. 

In 1929 Ernest Lawrence of the University of California, Berkeley, conceived of an ingenious 
combination of a magnetic field and alternating electric field to accelerate particles to energies 
sufficient both to "split" atoms and to probe the heart of nuclear matter itself. The expanding power 
and size of these so-called cyclotrons required money both for capital construction and to maintain 
the increasing scientific and technical staff required to make effective use of these tools. 

THE WORLD WAR II EXPERIENCE 

World War II fundamentally altered the basis of the relationship between the scientific community 
and the U.S. government and facilitated the development of megaprojects in the pursuit of both 
science and other national goals. The Manhattan Project to develop the atomic bomb was by far the 
largest, most complex technical enterprise carried out to that time. It was also but one of the several 
successful World War II initiatives to mobilize U.S. science and technology on a large scale for 
national security purposes. 

Technologies and experiences in research management that emerged from these wartime initiatives 
provided a direct impetus to the evolution of big science in the postwar period. Equally important, 
the wartime relationship between science and government provided the context for peacetime 
assumptions about government support for basic research (especially university basic research 
programs) and for big science in particular. For example, many U.S. scientists who had worked on 
large projects during the war continued to think in those terms when they resumed their peacetime 
research careers. 
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One significant footnote to the Manhattan Project was its international collaborative character. 
Several British scientists were directly involved in research and development at Los Alamos, and 
consultations between British and American authorities continued throughout the war. This 
collaboration was regarded as advantageous not because of cost sharing but because the British 
scientists represented an intellectual resource important to the success of the project. 

POSTWAR MEGAPROJECTS 

After the war, the energy of new particle accelerators continued to increase. From the mid-1920s 
through the 1970s, the available energy of particle beams increased by approximately a factor of 10 
each decade. Each increase in energy provided successively deeper probes into the nature of matter 
at its most fundamental level. Unexpected discoveries and new understanding emerged from each 
increase in energy, not simply with respect to new particles and new relationships among them but 
with respect to the fundamental unity of nature. For example, rare events observed by complex 
detecting devices at large accelerator facilities illuminated processes occurring deep in the interiors 
of celestial objects and during the earliest instants of the universe's creation. 

As ~he energy of each successive generation of particle accelerators increased, so did the cost and 
complexity of the apparatus and the size of the scientific and technical staff required to operate and 
manage the overall facilities. These trends have had the effect of physically removing some portion 
of high energy physics away from individual laboratories - especially university campuses - and 
toward more centralized facilities. The Stanford Linear Accelerator Center (SLAC), completed in 
1968, was the last major accelerator to be built on or next to a university campus. Also, the scale of 
the facilities became too large for single universities to administer, so that most accelerators are now 
run by consortia of universities. 

In Europe, the evolution of high energy physics was roughly parallel to what was happening in the 
United States. Separate, relatively small, and relatively self-sufficient accelerator facilities began to 
give way to single, centralized facilities managed by consortia of cooperating institutions. However, 
in Europe, cooperating groups were located in several different countries, so that from the outset 
cooperation has implied multinational collaboration. In 1952, representatives of 11 European 
countries executed a formal treaty to create the Center for European Nuclear Research (CERN) on a 
site near Geneva, Switzerland, directly adjacent to the French border. Today, CERN is governed by 
a council comprised of representatives from 15 European members who make annual contributions 
to its operating expenses and capital budget, and the facility has become the prototypical example of 
a successful multinational collaboration in big science. 

Another big science field to emerge from World War II was magnetic confinement fusion research, 
whose objective is to demonstrate the feasibility of producing power by means of a controlled version 
of the nuclear fusion processes that generate the sun's energy. If successful, such a demonstration 
would point the way to the commercial use of fusion as a source of energy. However, the quest for 
controlled fusion power has been far longer and more arduous than originally envisioned, and a full
scale demonstration power reactor remains decades away. 

MEGAPROJECTS IN THE SCIENCES 3 



Other areas of physics have also developed a wide range of big science projects. Nuclear physics, 
which gave birth to particle physics and was then eclipsed in terms of cost and complexity by its 
offspring, is again emerging as a substantial big science field. The Los Alamos Meson Physics 
Facility (LAMPF) was designed to adapt the experiences of particle physics to research on the 
nature of nuclear matter. The Continuous Electron Beam Accelerator Facility (CEBAF) at Newport 
News, Virginia, which is due to be completed in 1994, will provide intense electron beams for 
nuclear research. The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory, 
which is due to be completed in 1997, will accelerate to very high energies the nuclei of heavy atoms 
whose collisions with other nuclei can yield superdense states of matter that shed light on 
fundamental nuclear processes. 

Solid-state physics, which generally studies the structure and behavior of matter at lower energies 
and higher levels of aggregation than particle or nuclear physics, uses two types of mega project 
facilities to study matter: intense neutron beams with precisely defined energies, and intense X-ray 
beams also with precisely defined energies. Nuclear reactors are generally the source of neutron 
beams for this purpose, and synchrotron radiation facilities are generally the source of X-rays. For 
example, the Advanced Light Source, a synchroton facility in a new energy range, is nearing 
completion at Argonne National Laboratory near Chicago, with similar facilities under construction 
in France and Japan. 

Another area in which big science and technology projects are common is the U.S. space program. 
The space program has a number of objectives in addition to the search for new knowledge, 
including technological advances, commercial spinoffs, national security goals, and maintaining 
American prestige. In fact, the space sciences - a convenient although somewhat ambiguous term 
covering specialty areas in such disciplines as lunar and planetary astronomy, astrophysics, solar and 
interplanetary physics, the earth, ocean, and atmospheric sciences, materials science, and the life 
sciences - comprise only a relatively small fraction of this highly complex and costly enterprise. 

National defense provided the principal original rationale for the U.S. government's space program, 
including the development of rockets and the satellites they launched into orbit. However, several 
of the scientific specialties subsumed within the space sciences were established prior to the 
launching of Sputnik by the Soviet Union in 1957. Scientific instruments carried to high altitudes by 
balloons and rockets were used to study the characteristics of cosmic rays, the upper atmosphere, and 
the solar surface. Balloon and rocket-borne instruments were also used to photograph' and map the 
surface of the Earth itself. 

The development of the U.S. manned space program from the Mercury through the Apollo series of 
missions provides an excellent example of the successful long-range planning and implementation of 
a big R&D project, although scientific research was a secondary objective in these missions. Critics 
have argued that most of the scientific results obtained by the astronauts who walked and rode on 
the surface of the moon could have been obtained far more cheaply by unmanned means. However, 
many of the nonscientific objectives of the projects would not have been fully served thereby. 

One important though perhaps unanticipated benefit of the space program during the 1950s and 
1960s was the immense public interest engendered not only in space science itself but in science 
more broadly. One result was the development of new curricula and new teaching methods across a 
broad range of scientific disciplines and the decision by many students to undertake careers in 
science and technology. The national enthusiasm for and commitment to science and mathematics 
teaching at all levels during those years has not been equalled since. 
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Because of the complexities and costs associated with even modest research in the space science 
areas, the field has been organized as "big science" from the outset. The expense and complexity of 
the enabling technologies - rockets, satellites, space vehicles - has made government support and 
the organization of national facilities inevitable. However, space science has also maintained 
something of a small science character, in that experiments are usually designed by small university
based user groups and the results are analyzed in part by small teams of faculty and students in 
university laboratories. 

The international implications of space science were also recognized from the outset. The original 
1958 charter of the National Aeronautics and Space Administration (NASA) specifically mandated 
the agency to engage in international cooperation in space. During the 1960s and 1970s, NASA 
remained the dominant partner in all cooperative ventures. Beginning in the latter part of the 1970s, 
NASA was able to draw on increasing capabilities in Europe, and to a lesser extent the Soviet Union 
and Japan, to augment its own efforts. However, in order to do so, the United States has been 
obliged to recognize the claims of other nations to more equitable forms of partnership. 

A final example of a scientific area where megaprojects have been an important factor is the 
geosciences, encompassing the broad areas of geology, ocean and atmospheric sciences, and parts of 
solar and planetary physics. Whereas physics seeks to determine the behavior of matter at various 
levels of disaggregation, the geosciences strive to understand systems at increasingly large scales and 
levels of complexity. As a result, megaprojects in the geosciences are characterized by extensive 
coordinated investigations on a worldwide basis rather than large central facilities. 

The first substantial internationally coordinated scientific effort in the geosciences took place during 
1882-83, the First International Polar Year. The success of that venture led 50 years later to the more 
ambitious Second International Polar Year, which involved scientists from 40 participating countries 
working in such areas as geomagnetism, cosmic rays, glaciology, biology, and astronomy. 

In the immediate aftermath of World War II, it became evident that advances in both 
instrumentation and the organization of big science projects provided means for a substantial 
expansion in the scope of investigations that had taken place during the Second International Polar 
Year. In the course of planning the program its scope was extended from the northern polar latitudes 
to the entire terrestrial surface and the year 1957 was taken as a target, since it coincided with a 
predicted period of intense solar activity. 

The 1957 International Geophysical Year (IGY) was by far the most ambitious scientific program ever 
conceived and organized up to that time. Scientists from 67 nations participated at approximately 
4,000 fixed and ship-borne observing stations over the Earth's surface. The success of the program 
rested heavily on technological advances, many of which had been spurred by World War II. These 
included rockets, satellites, precise measuring instruments deployed on the Earth's surface and in 
space, and electronic computers, which by that time had advanced far enough to provide essential 
infrastructure support in the form of data management. 

Although the scientific program of the IGY was global in scope and involved scientists on a 
worldwide basis, it was organized as a coordinated set of national programs rather than as a truly _ 
international program. Thus, scientists from each of the participating countries decided which 
aspects of the program they would pursue, sought support for those programs from their own 
governments, and maintained complete management control over their research. This type of 
organizational arrangement continues to characterize large-scale research programs in the 
geosc1ences. 
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CONCLUSIONS 

Several broad conclusions can be drawn from these historical sketches. 

• There is nothing particularly new about the need for megaprojects in the sciences. They have 
been common in a handful of disciplines for several decades and in astronomy and the geosciences 
for centuries. 

• Megaprojects emerge in a scientific field not as an end in themselves but as the result of a 
convergence of scientific need and technical and organizational feasibility. As such, most 
megaprojects are needed to provide the data for research by individual investigators. 

• Megaprojects serve a variety of goals, both scientific and nonscientific. 

• The nature of the research objectives within a field determine the ways in which megaprojects are 
organized in that field. As a result, broadly applicable national policies for the support of 
megaprojects may be difficult to devise. 
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CHAPTER 2 

MEGAPROJECTS ARE DIVERSE 

n March 1992 the science ministers from countries belonging to the Organization for Economic 
Cooperation and Development (9ECD) met in Paris with the major item on their agenda being 

international collaboration in science megaprojects. The definition of megaproject used at the 
ministerial was: 

a scientific initiative encompassing thefacilities, instruments, human resources, and logistic 
support required to address a set ofscientificproblems ofsuch significance, scope, and 
complexity as to require an unusually large-scale collaborative effort. 

It is important to note that the need for large-scale collaboration, although not necessarily at the 
international level, is explicit in this broad definition. This definition also refers explicitly to scientific 
problems, a category that encompasses the majority of megaprojects considered in this report. 
However, this report does not limit its consideration solely to these projects, since to do so would be 
to ignore a number of technologically oriented mega projects that are perceived, correctly or not, as 
being in competition with support for small science. 

At the OECD science ministerial, megaprojects were further classified into two categories: 

1. Central facility or vertically integrated megaprojects that require the design, construction, and 
management of a central facility entailing substantial capital expenditures and innovative 
engineering and operational design. This category includes fixed-site megaprojects such as particle 
accelerators and optical telescopes and mobile-facility megaprojects such as space vehicles. 

2. Distributed or horizontally integrated megaprojects that are either incompatible with a large 
centralized facility or do not require one. These projects do, however, require innovative 
technological or operational approaches. Subcategories are intrinsically distributed megaprojects 
with scientific characteristics requiring research at geographically dispersed sites, and optionally 
distributed megaprojects that could, in principle, be conducted in a centralized or a distributed 
mode. 

Despite their dissimilarities, central facility and distributed megaprojects have a number of features 
mcommon. 

■ Both types of megaprojects are characterized by substantial data management requirements that _ 
entail a high degree of planning and coordination. 

■ Both types of projects have similar impacts on national and international budgets and in that 
respect need to be treated in a similar manner. 
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Although these categorizations describe megaprojects, they still do not yield a precise definition of 
megaprojects. Various criteria might be employed to yield a more quantifiable definition of a 
mega project, including ( 1) an absolute monetary threshold, (2) a given fraction of total government 
investments in R&D, (3) a given fraction of the total national budget of the relevant scientific 
disciplines, or (4) a given fraction of the budget of the relevant agency (or agencies) supporting the 
initiative. For those projects that are international, it might be more appropriate to recast these 
criteria in terms of global rather than national expenditures. 

However, none of these definitions is sufficient to label a given project a megaproject, and this report 
does not attempt to formulate a precise definition. Nevertheless, there are obvious distinctions 
between science megaprojects, however defined, and what are still regarded as traditional, small 
science projects. The most obvious difference is cost. Even though the sophistication of the 
instrumentation used in small science investigations has risen sharply, their total costs do not begin to 
approach those for megaprojects. Megaprojects are also distinguishable from traditional small 
science projects in terms of their time horizons. Megaprojects invariably require many years of 
planning and capital development before they begin to yield scientific results. In contrast, 
investments in small-science projects can yield results within two or three years. 

One possible distinguishing characteristic of megaprojects is their potentially international nature. 
As described in Chapter 4, individual nations can decide to pursue megaprojects entirely on their 
own. But the possible advantages of international cooperation or collaboration are so great that 
multinational approaches to these projects need to be considered at an early conceptual stage. 

EXAMPLES OF CURRENT MEGAPROJECTS 

Despite the difficulty of defining megaprojects, a number of current and planned projects clearly fall 
into that category. As such, they offer valuable examples of the issues associated with many 
megaprojects. 

Superconducting Super Collider 

In the early 1980s, U.S. high-energy physicists began to plan for the next-generation particle 
accelerator to succeed the 2-trillion electron volt (TeV) Tevatron at Fermi National Laboratory near 
Chicago. Plans for the accelerator, known as the Superconducting Super Collider (SSC), were 
approved by President Reagan in 1987, and a nationwide competition took place to determine a 
location for the device. Eventually, a site in Texas was selected. 

From an initial estimate on the order of $4 billion for the capital construction costs of the SSC, 
estimated construction costs now exceed $8 billion. The Administration and Congress have stated 
that no more than $5.3 billion for construction will be forthcoming from the federal government. It 
has therefore become necessary to internationalize what had been designed as a national facility by 
seeking substantial foreign contributions to the project. Several countries, including Canada and 
India, have signalled their interest in making in-kind contributions to the SSC. However, because 
Western European countries are committed to funding for CERN, there is little prospect for financial 
contributions from those countries, and attention for substantial contributions has focused on Japan. 
The only other accelerator facility now being discussed that could approach the energies of the SSC 
is the Large Hadron Collider (LHC) being planned at CERN. 
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Magnetic Confinement Fusion 

Magnetic confinement, in which a plasma of hydrogen ions is confined within a magnetic field and 
heated until the ions fuse to form helium ions, is still regarded as the most appropriate route to 
controlled fusion power. The device that is the focus of magnetic confinement fusion is known as a 
tokamak, which is a Russian acronym for "toroidal chamber with magnetic coils." Today, the goals are 
to achieve a self-heated "burning" fusion plasma in an experimental device by the year 2005 and to 

have a full-scale demonstration power reactor by the year 2025. One cause of the long delay has 
been lack of adequate knowledge-about the behavior of matter in its plasma state, behavior that has 
turned out to be far more complex than expected. 

The largest tokamak in the United States is the Tokamak Fusion Test Reactor (TFTR) at the 
Princeton Plasma Physics Laboratory. Another major facility is the Doublet 111-D at General 
Atomics in San Diego, a facility to which Japan has made substantial contributions. In Europe, 
magnetic fusion research has been conducted on a multinational basis under the auspices of the 
European Commission (EC) since the 1960s. In November 1991 the Joint European Torus (JET) in 
the United Kingdom, whose construction was authorized in 1972, became the world's first tokamak 
to use deuterium-tritium fuel, rather than just hydrogen or deuterium. In a later phase of deuterium
tritium experiments scheduled for 1995-96, JET is expected to achieve the break-even condition in 
which the amount of energy derived from fusion in a high-temperature plasma is equal to the energy 
required to maintain the plasma at that temperature. The TFTR, the only other tokamak capable of 
deuterium-tritium operation, is scheduled to begin its deuterium-tritium experiments in late 1993. 

It has long been recognized that the development of a tokamak sufficiently large for a fusion reaction 
to achieve ignition, in which it becomes self-sustaining with no additional energy input, would 
require a far larger effort than any that had previously been undertaken. As a result, the EC, Japan, 
the Soviet Union, and the United States agreed toward the end of the 1980s to cooperate in the 
design and construction of a full-scale demonstration tokamak capable of achieving ignition by the 
early years of the 21st century. In July 1991 the four parties concluded negotiations to carry out 
detailed design studies for this reactor, the International Thermonuclear Experimental Reactor 
(ITER). The design studies for the device will take approximately 6 years, and construction costs 
for the device are estimated at about $5 billion (1992 dollars). If ITER succeeds, partner countries 
will be able to draw on its results to develop their own commercial fusion power systems, although 
they will have to maintain a viable domestic capability in magnetic confinement fusion if they are to 
do so. 

Global Change Research 

After the International Geophysical Year demonstrated the value of worldwide coordinated research 
programs, a number of longer-term programs were planned and executed, including the Global 
Atmospheric Research Program, the World Climate Research Program, and the World Ocean 
Circulation Experiment. These activities have culminated in the design of a worldwide global 
change research program whose cumulative worldwide cost is estimated at roughly $100 billion by 
the year 2020. The U.S. contribution to this effort, the U.S. Global Change Research Program, is 
now budgeted at over $1 billion per year. 
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Scientific aspects of international global change research have been defined in part by the 
International Geosphere-Biosphere Program (IGBP) of the International Council of Scientific 
Unions (ICSU). The fundamental objective is to gain sufficient understanding of global physical and 
biological processes to be able to identify, predict, and perhaps mitigate the effects of human 
intervention. The program has received considerable political support at high levels of government 
throughout the world. 

Like its predecessors, the worldwide global change research program is comprised of a combination 
of many relatively small research projects and several larger projects. Three mutually supportive 
components of the program require large facilities: (1) observations requiring satellites and ships, (2) 
simulations that require supercomputers and networking among those computers, and (3) massive 
data management needs requiring the establishment of substantial distributed networks. 

Space Station Freedom 

Space Station Freedom is by far the most ambitious and costly space project ever conceived. The 
direct scientific research results in materials science and the life sciences made possible by the space 
station will be very small relative to its total cost. However, the space station was conceived 
primarily to address other goals. At some time in the future, human exploration of space beyond the 
moon is inevitable. The space station was designed as a testbed for space technology and to obtain 
information about human habitation in space essential to planning such explorations. 

The cost and complexity of future human space exploration, and the benefits of such exploration, 
inevitably imply the desirability for new forms of international collaboration. Space Station Freedom 
was conceived as a multinational endeavor from the start. Moreover, that agreement is in the form of 
a complex multilateral agreement, as opposed to a series of bilateral agreements that continue to 
characterize most international scientific collaborations. Although that agreement was much more 
difficult to conclude successfully, it provides considerably greater long-term stability and as such 
could be a hallmark for future collaborations in space as well as in other fields. 

The Human Genome Program 

The life sciences are the most recent scientific disciplines to become involved with the 
organizational, planning, and data management aspects of mega projects. Increasing scientific 
knowledge of cellular and molecular mechanisms combined with refined experimental techniques 
and instrumentation have now made it feasible to envision determining the structure of the entire 
human genome - that is, the precise sequence of the units within the DNA molecule that carry the 
genetic code and define human heredity. 

By 1980, laboratory techniques, including recombinant DNA technologies, had made it possible to 
remove specific genes from complete DNA molecules and reproduce them in large quantities to 
study their detailed molecular structure. Locating, or mapping, the relative positions of all of the 
50,000 to 100,000 genes on human DNA molecules thereby became feasible by successive 
applications of existing techniques. 
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The quest to create a relatively complete map of the human genome is now underway in the United 
States, the United Kingdom, France, Japan, Italy, and several other countries. Significant 
multinational initiatives have been launched by the Commission of the European Communities and 
the Human Genome Organization. Experts predict that a useful map can be achieved within five 
years. 

The next step after creation of a complete genome map would be to determine - hopefully with 
new technology - the precise sequence of the 3 billion genetic bases that define the human 
genome. Knowledge of this sequence would provide tremendous benefits in the diagnosis, 
treatment, and prevention of disease. It is now estimated that complete mapping and sequencing of 
the human genome will require approximately 15 years, with a total cost to the United States, if 
current technologies are used, of approximately $4.5 billion. 

Ocean Drilling Program 

In 1981 many of the world's leading oceanographers met at the First International Conference on 
Scientific Ocean Drilling to plan a successor program to the Deep Sea Drilling Program, which since 
1968 had been extracting cores from the ocean floor using the drillship Glomar Challenger. The 
result of that conference was the 10-year Ocean Drilling Program, which began in 1985 using the 
advanced drillship JOIDES Resolution. 

JOIDES (Joint Oceanographic Institutions for Deep Earth Sampling) is an international partnership 
that includes the United States, Canada, the Federal Republic of Germany, France, the United 
Kingdom, and the European Science Foundation (which represents a number of other European 
countries). The National Science Foundation provides about $20 million per year to the program; 
each other partner contributes about $2.5 million anrtually. The international partners have signed 
bilateral agreements with the NSF to provide long-term support for the program through its planned 
10-year lifetime. 

Proposals for drill sites are submitted by individual scientists and research groups from around the 
world. Several international JOIDES committees consider the proposals and develop the ideas they 
contain into coherent plans. Though ODP members make up most of the scientific members in 
each cruise, scientists from any country can participate. 

Third-Generation Light Sources 

Synchrotron radiation - the X-rays given off by charged particles when they travel through curved 
paths in powerful accelerators - was originally seen as an unfortunate by-product that robbed 
energy from the particles being accelerated. But in recent years synchrotron radiation has been 
recognized as a powerful probe of the nature of atoms, mol~cules, surfaces, and solids. 

Today the world's three most powerful "third generation" synchrotron light sources are being 
constructed in three different countries. (The first generation sources were derived from accelerators 
built for other purposes, while the second generation sources were the first group of accelerators built 
specifically to generate synchrotron radiation.) The European Synchrotron Radiation Facility 
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(ESRF) in France, a joint project of 12 European countries, is scheduled to come on line in 1994. 
The Advanced Light Source (APS) at Argonne National Laboratory in Illinois will open in 1996. 
And the SPring-8 (Super Photon Ring - 8 Gev) in Japan is scheduled to be completed in 1998. 

Each machine differs somewhat from the others, providing a degree of complementarity not possible 
when only a single worldwide facility exists. The SPring-8 will be slightly more powerful than the 
APS, which is in turn slightly more powerful than the ESRF, and each machine has a different range 
of synchrotron radiation frequencies that it can provide. Together, the three light sources will 
complement existing sources that are less powerful and provide more opportunities for the growing 
number of people who work with synchrotron radiation. 

BUDGETS OF MEGAPROJECTS 

The sole attempt to compile a relatively complete inventory of megaprojects was completed in 1986 
by the Congressional Research Service at the request of the Science Policy Task Force of the U.S. 
House of Representatives. 1 The inventory included science and engineering research projects 
requiring complex and expensive equipment and costing over $25 million in 1984 dollars. The 
projects were divided into a dozen or so scientific and engineering fields, such as astronomy, high
energy physics, and so on. 

More recent attempts to analyze federal megaprojects have attempted to compare expenditures for 
megaprojects to the total R&D and federal budgets. In May 1992 the Congressional Research 
Service (CRS) reported that "megaprojects comprised 28.6 percent of total FY 1992 Federal R&D 
appropriations; they total 30.4 percent of the FY 1993 budget request . . . Megaprojects funding, 
which for FY 1993 is up 10.2 percent over the FY 1992 level, is growing faster than total Federal 
R&D funding."2 However, this analysis includes two special Presidential Initiatives - high 
performance computing and communications and mathematics and science education - that fail to 
qualify as megaprojects by most definitions, and the latter initiative (totalling about $2 billion) does 
not even fall within the R&D budget. 

A 1991 study by the Congressional Budget Office (CBO) concludes that "the share of nondefense 
R&D spending accounted for by an inventory of 80 large R&D projects and facilities rose from 
around 10 percent in the mid-1980s to over 15 percent by 1991."3 The report goes on to state that "if 
the Administration's program was enacted, the share of large R&D projects would rise even more 
during the first half of the 1990s to 22 percent by 1996. The three largest projects [Space Statio~ 
Freedom, the Superconducting Super Collider, and the Earth Observing System] in the il)ventory 
alone would double their share of nondefense R&D spending from the current level of 8 percent to 
15 percent under the Administration's plan." 

All three of these reports demonstrate the difficulties of defining mega projects and comparing them 
to other forms of R&D expenditures. For example, the CBO report considers large-scale projects in 
only two budget categories: general science, space, and technology (budget function 250) and energy 
(budget function 270). It excludes the U.S. Global Change Research Program, although it does 
make passing reference to the Human Genome Project. Finally, while the CRS and CBO reports 
both assess capital costs, they exclude the operating costs that account for a significant fraction of the 
expenditures associated with megaprojects. 
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Despite ( or perhaps because of) these ambiguities, the two reports agree that capital expenditures for 
megaprojects are increasing as a fraction of the Federal government's R&D budget. This increase 
has contributed to the perception that expenditures for megaprojects threaten to squeeze out 
support for individual investigators and other forms of "small science." Because of this perception 
and because of the need to assure balanced support for megaprojects and for the nation's scientific 
infrastructure (i.e. the overall scientific effort), a more conscious and coherent approach needs to be 
taken to the planning and implementation of these projects, both domestically and internationally. 
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CHAPTER 3 

MEGAPROJECTS ACHIEVE SEVERAL 
NATIONAL GOALS 

All megaprojects have a number of different purposes and outputs. This chapter examines the 
different ways in which megaprojects address national goals, while the next chapter looks at 

options for international cooperation and the relationship between national and international 
objectives. 

MEGAPROJECTS AND BASIC RESEARCH 

The megaprojects that are the focus of this report all have a substantial basic research rationale. 
Thus, many of the scientific goals that mega projects address are similar to those of basic research 
more broadly, although the means through which they are addressed may differ from the means for 
smaller-scale projects. 

At the heart of basic scientific research is the conviction that the pursuit of knowledge is both a 
worthy individual and social activity as well as a source of important economic and social dividends. 
As discussed below, considerable evidence indicates that basic research provides essential 
underpinnings for the development of new products and new processes relevant to pressing social 
and environmental benefits. However, many of these benefits result from the driving force of 
human curiosity. It is often the excitement inherent in scientific research that lures talented 
students into scientific careers; it is the exhilaration derived from discovering something that has 
never been known before that sustains many of the most creative scientists throughout their careers. 

As suggested in Chapter 1, almost from the outset of modern science the problems encountered in a 
few fields required considerably more complex, and thus more expensive, instruments than was the 
norm in other fields. Inevitably, the growing complexity of such instrumentation led to the need for 
group as opposed to individual efforts to address certain cutting-edge research problems, and these 
groups consisted not only of scientists but of specially trained technicians as well. Thus, 
mega projects emerged because of the intrinsic demands of particular problems being addressed. 

If scientists are motivated to pursue basic research primarily because of their curiosity about nature, 
the federal government provides that support as a public good with the expectation that it will 
provide substantial social and economic returns. This rationale for federal support was advanced 
succinctly during the final months of World War II by Vannevar Bush in the report Science- The 
Endless Frontier. The report points out that progress in applied science and technology development 
requires continuous replenishment of the pool of openly accessible knowledge represented by the 
results of basic research. The President's Council of Advisors on Science and Technology (PCAST) 
believes that this continues to be true. But private industry is unlikely to make sufficient 
investments to maintain that pool of knowledge. As a result, government support is essential to 
sustain U.S. leadership in basic research and advanced research training. 
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In FY 1991, the federal government supported about $11 billion of basic research - out of a total 
R&D budget of almost $70 billion - which is a measure of its sizable expectations for that research. 
Another measure can be found in a study by Edwin Mansfield demonstrating that past investments 
in university-based research have yielded a 28 percent rate ofsocial return.4 Finally, the historical 
sketches in Chapter 1 suggest that past big science projects have had substantial social and economic 
returns. 

MEGAPROJECTS AND TECHNOLOGICAL DEVELOPMENT 

Virtually all megaprojects are based on innovative technologies. For example, construction of 
increasingly energetic particle accelerators in the years following World War II was made possible, in 
part, by the wartime development of high-power radio tubes. Adaptation of these devices for the 
purposes of research in nuclear and particle physics stimulated further innovation, which eventually 
resulted in commercial spinoffs. More recently, the high-intensity magnetic fields required for 
particle colliders, magnetic fusion experiments, and synchrotron radiation sources have stimulated 
the development of superconducting magnet technologies. High speed computing and sophisticated 
data management systems are essential to all science megaprojects, particularly distributed 
megaprojects such as global change research. 

Technological innovations required for cutting-edge instrumentation in megaprojects, as well as in 
small science, frequently share the characteristics of basic research itself, in that they may not be 
developed by the private sector because the cost entailed is too large for any single company to bear. 
In that respect, government support for innovative megaprojects can lead to the realization of 
technologies with applications that go considerably beyond their originally intended purpose. 

Some science megaprojects, although clearly in the basic research area, also have substantial direct 
commercial promise. Examples include the neutron and synchrotron radiation sources used to study 
new materials with potential commercial applications. 

MEGAPROJECTS AND NATIONAL SECURITY 

Since World War II basic research has been supported by the federal government in part because of 
its potential applications to national security, defined narrowly to imply military security. Science
The Endless Frontier emphasized the defense applications of basic research. Space technologies, with 
their implications for space science, were also developed in part because of their applications in 
national security matters. 

MEGAPROJECTS AND HUMAN WELFARE 

The federal government invests more in basic research related to human health than it does in any 
other basic research area. The benefits to human welfare in terms of diagnostic tools, new medical 
treatments, and pharmaceutical products have been immense. More recently, advances in 
understanding biological systems at the molecular and cellular levels have spawned the 
biotechnology industry, which has significant implications for both human health and national 
economic competitiveness. 
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Most basic research related to human health has qualified as small science, despite the increasing 
sophistication of the instrumentation involved. But the Human Genome Project, even though 
comprised of a large number of coordinated small science projects, clearly qualifies as a distributed 
megaproject. It is expected to yield tremendous benefits with respect to the diagnosis, treatment, 
and prevention of disease. 

The recognition that human-induced changes in the global environment can have serious though 
still imperfectly understood consequences has also given rise to megaprojects associated with human 
welfare. Scientific understanding and technological capabilities now permit concerted programs 
aimed at comprehending the enormous complexities of the global environment and at designing 
strategies to eliminate or at least mitigate the most grievous hazards to the environment. Indeed, the 
worldwide global change research program, as currently envisioned, is the most ambitious science 
megaproject ever conceived, with a cumulative worldwide cost of approximately $100 billion by the 
year202Q • 

MEGAPROJECTS AND EDUCATION 

The goal of maintaining leadership in critical scientific areas obviously requires adequate 
opportunities for talented young people to prepare themselves for careers in leading research fields. 
The U.S. system of advanced education that links graduate instruction with direct research 
experience is justly regarded as a uniquely effective way to train creative and productive scientists. 
Students who contribute to large-scale research projects gain invaluable training and experience in 
critical fields, especially since in the United States, universities and their research faculty remain 
closely associated with, and often control, the science programs associated with science 
mega projects. 

Those who gain exposure to research with megaprojects often gain the additional benefits of 
experience with cutting-edge technologies, with state-of-the-art computer and data-handling 
systems, and with the complex organizational and managerial arrangements required for 
megaprojects, which are often international as well as national. 

Megaprojects can also influence education at the nonprofessional level. As indicated in Chapter 1, 
an important benefit of the space program during the 1950s and 1960s was the immense public 
interest engendered not only in space science but in science more broadly- an interest that 
resulted in widespread support for improved science education at all levels. 

MEGAPROJECTS AND NATIONAL PRESTIGE 

Although rarely stated explicitly, national prestige has often provided a rationale for investing in 
megaprojects that some critics have opposed as being too costly. For example, Space Station 
Freedom has been justified in part on the grounds of national prestige. 

The national prestige rationale cannot be dismissed simply as a public relations gambit. In some 
cases, these projects can have enormous impacts on the country's commitment to continue frontier 
work in various fields. Indeed, in a certain restricted sense, the appeal to national prestige resembles 
the arguments of proponents of basic research to the effect that investments in seemingly esoteric 
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knowledge have often resulted in immense unanticipated benefits. Arguments in favor of long-term 
investments in science megaprojects based on national prestige, as with investments in basic 
research, have a certain visionary character. 

CONCLUSION 

As is described in more detail in Chapter 5, many of the goals for megaprojects and small science 
projects are coincident. Many science megaprojects provide data required by individual investigators 
working, for example, in university settings. These large projects have often emerged as a result of 
cumulative research in traditional small science fields - and depend on the continued vigor of those 
fields. In that sense, most science megaprojects can be regarded, in part, as enabling technologies 
without which investigators in a number of disciplines could not move forward. 
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CHAPTER 4 

MEGAPROJECTS HAVE INTERNATIONAL 
IMPLICATIONS: COMPETITION, COORDINATION, 

AND COLLABORATION 

The United States, Western Europe, and Japan today all have levels of financial and human R&D 
resources adequate to undertake significant science megaprojects alone. Alternatives to this "go 

it alone" route are international coordination, in which each contributing country maintains control 
over its own financial and human resources, and international collaboration, which implies a genuine 
multilateral partnership in the planning, development, and implementation of a science megaproject. 
This chapter primarily examines the advantages and disadvantages of the third option, international 
collaboration. In the process it also remarks on the advantages and disadvantages of both the 
international coordination and go-it-alone strategies. 

THE NEED FOR INTERNATIONAL COLLABORATION 

It has often been stated that the costs of science megaprojects now exceed the financial and human 
resources of any single country. Although this may not be true in a strict literal sense, it is the case 
that the imperative to explore options for international collaboration has emerged as a significant 
science policy issue not only in the United States but among other major supporters of basic research 
in Western Europe and Japan. The report of an October 1991 EC-U.S. Workshop on International 
Collaboration in Science Megaprojects and the final communique of the March 1992 OECD science 
ministerial provide substantial evidence of shared concern among major scientific nations about the 
challenges posed by megaprojects. For example, the communique of the OECD meeting states 
that: 

International cooperation in big science projects andprogrammes is becoming more and more 
imperative as these projects andprogrammes are becoming more common in the forefront fields 
ofresearch. There are now more scientific opportunities, including big science projects and 
large-scale programmes, than there are financial andhuman resources available to take 
advantage ofthose opportunities. A central challenge is to make intelligent choices regarding 
both the science and the funding and management ofsuch projects andprogrammes. 

The results of the two meetings also point toward a commitment on the part of several nations, 
including the United States, to analyze and discuss both the domestic and international contexts of 
science megaprojects. For example, a principal result of the OECD meeting was a decision to 
establish a Megaprojects Forum under the auspices of the OECD, as described in the next chapter. 
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PRECEDENTS FOR INTERNATIONAL COLLABORATION 

The individual Western European countries, with their less abundant financial and human R&D 
resources, were obliged to consider the relative benefits and costs of international collaboration a~ a 
much earlier stage than was the United States. Indeed, virtually every case of international 
collaboration in central-facility megaprojects has been conceived, developed, and operated primarily 
as a Western European collaboration, including CERN (1952), the European Space Observatory 
(1962), the European Molecular Biology Laboratory (1974), the Joint European Torus (1978), the 
Hadron-Electron Ring Accelerator (1992), and the European Synchrotron Radiation Facility (due for 
completion in 1994 ). These collaborations have also provided a means to make effective use of the 
substantial intellectual resources of several smaller countries, including at least two non-European 
countries (Canada and Israel). 

Beginning with the 1957-58 International Geophysical Year, the United States has been a leader in 
international collaborative arrangements for distributed megaprojects. Other notable multilateral 
collaborations in the geosciences followed the IGY, including most recently the international global 
change research program. One result of these collaborations is that the United States, plus an 
increasing number of other nations, have learned how to couple the capabilities of relevant 
nongovernmental scientific organizations to establish scientific agendas with the resources controlled 
by official intergovernmental organizations that are needed to realize those agendas. 

The United States has also planned, developed, and implemented several substantial scientific 
projects in the space sciences on an internationally collaborative basis, including the Hubble Space 
Telescope, the Galileo Mission to Jupiter, and the forthcoming International Solar-Terrestrial Physics 
Program. Most notably, Space Station Freedom, which involves the United States, the European 
Space Agency, Canada, and Japan, has been conceived as a multinational collaboration from the 
outset. 

The Ocean Drilling Program (ODP) provides an instructive case of a substantial international 
collaboration requiring a relatively expensive, state-of-the-art, central facility - the drillship 
JOIDES Resolution. Although the United States was primarily responsible for conceiving the ODP, 
remains the principal capital investor, and retains overall management responsibility, decisions on the 
scientific aspects of the program are shared with all organizations, representing a number of 
countries, that contribute financial support. 

In particle and nuclear physics, the U.S. government has long supported the research of U.S. 
physicists at foreign facilities such as CERN and other unique accelerator laboratories in Western 
Europe, Japan, and the former Soviet Union. Reciprocally, qualified foreign physicists carry out 
substantial research at comparable U.S. facilities such as Fermi National Accelerator Laboratory 
(F ermilab) and the Stanford Linear Accelerator Center (SLAC), sometimes as members of large 
groups that include U.S. investigators as well. This so-called user group mode of international 
collaboration often entails significant in-kind contributions to science megaprojects abroad. For 
example, U.S. government support for such research by U.S. particle physicists can include funds to 
construct and operate expensive, one-of-a-kind detection systems at foreign facilities. Likewise, 
foreign groups working at Fermilab or SLAC may contribute substantial financial resources to those 
systems. 

MEGAPROJECTS IN THE SCIENCES 20 



The practice pioneered by NASA (and embraced more recently by the European Space Agency and 
to some extent by the Japan Space Agency) of including in their space missions experiments 
financed and developed by qualified foreign groups can be regarded as a variation on the user-group 
theme. 

ADVANTAGES AND DISADVANTAGES OF COLLABORATION 

Ifmega projects are too large or complex to be pursued on a national basis, international 
collaborations are the only way for a country to maintain national scientific leadership in a given area 
- even if that leadership is shared among a number of nations. 

Ifproperly negotiated and sufficiently well understood and supported at the national level, such 
collaborative projects can also provide significant training experiences for future generations of 
scientists and engineers. Indeed, young scientists can benefit greatly by gaining substantial 
international experience at an early stage in their careers. 

Access to a broad pool of intellectual resources is an additional important advantage to international 
collaboration. In particular, international collaboration encourages and facilitates -participation of 
smaller countries with relatively modest financial resources for R&D but with substantial intellectual 
resources. International collaboration can also incorporate the somewhat different perspectives of 
smaller countries and thus can "deprovincialize" science. In the case of distributed megaprojects, 
international collaboration is also essential to ensure access to unique geographical sites. 

There are also decided disadvantages to collaboration that need to be weighed as the United States 
moves toward a more conscious process for maintaining the current and future viability of the 
research enterprise. Collaboration - and cost sharing - can obviously optimize the use of limited 
financial and human resources for participating countries. But cost savings are often less than 
anticipated. There are high "overhead" costs for international collaboration in terms of travel and 
dedicated staff. Countries also need to maintain substantial domestic capabilities if they are to take 
advantage of participation in an international project in a given field. In some cases, successful 
international collaboration may even lead to increased national or regional expenditures. 

The nonscientific returns from national investments in megaprojects can also be substantially 
diluted through international collaboration, particularly anticipated returns in technological 
development, economic competitiveness, and national security. Similarly, there are disadvantages 
for the United States in entering into substantial collaborations that require significant investments 
in overseas facilities. 

Any type of multilateral collaboration entails some loss of control, even for projects such as the Ocean 
Drilling Program in which the United States remains the dominant partner. However, loss of 
scientific control need not be a serious problem and may, in fact, be advantageous if access to an 
extended intellectual resource pool is seen as the principal benefit of international collaboration. 
Loss of management control raises a more difficult set of problems, although past experience 
indicates that these problems can be solved. 
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International collaboration can also give rise to international disagreements if national plans or 
circumstances change. When in the spring of 1991 it appeared for a time that the U.S. Congress 
might delete funds for the space station from NASA's budget, the U.S. Ambassador to Japan bluntly 
warned that if that were to occur, the Japanese, who had already made a significant financial 
commitment to the project, would be reluctant, at best, to discuss the possibility of contributing to 
other U.S.-initiated projects. His warning cited the SSC negotiations directly. 

Careful negotiation of collaborative agreements can minimize the disadvantages cited above. Even 
as U.S. industry is learning to compete in a world marketplace by means of strategic alliances with 
foreign firms, so must U.S. science learn to compete not only in the global marketplace of ideas but 
in terms of the more immediate nonscientific benefits that follow from shared control of substantial 
science megaprojects. 

THE IMPORTANCE OF COMPLEMENTARITY 

The concept of a single "world laboratory" for each discipline requiring substantial facilities may 
appear to be an appealing solution to the problem of containing the costs of science mega projects. 
However, the world laboratory concept also assumes that there exists a predetermined single (or at 
least uniquely superior) solution to the complex scientific and social problems that a given science 
megaproject aims to address. On the contrary, the search for new knowledge, or for the means to 
apply new knowledge, is an uncertain and multidimensional enterprise by its very nature. 

A few, very large, central facility projects may be so costly that having more than one on a worldwide 
basis is virtually inconceivable. But in many cases complementary, even redundant facilities 
addressing the same set of problems from different perspectives are often appropriate. The three 
advanced synchrotron radiation sources nearing completion at Argonne National Laboratory and in 
France and Japan typify such productive complementarity. Parallel, coordinated development of the 
SSC and the LHC might also qualify as fruitful complementarity. The complexities and risks of 
many space missions also make redundancy desirable. In the case of distributed megaprojects such 
as the Human Genome Project and global change research, redundancy and complementarity can be 
built into the projects because of their dispersed, coordinated character. 

The idea of complementary central facility megaprojects in a given field does not contradict the 
imperative for a more systematic approach to international collaboration and cost-sharing. On the 
contrary, international agreement to construct and operate a number of complementary facilities 
throughout the world would be more easily arrived at than would agreement for a single world 
facility in each field. Conceivably, capital costs for each such facility might be shared by an extended 
group of participating countries, each of whom would be assured access, perhaps by means of the 
user-group mode or some variant, to all complementary facilities. Such an arrangement would 
encourage competition among the research projects conducted at those facilities, as opposed to 
national or regional competition in the construction of the facilities themselves. 
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CHAPTER 5 

MEGAPROJECTS REQUIRE CONSCIOUS 
DOMESTIC POLICIES 

One of the main issues driving current discussions of megaprojects has been the perceived 
tension between their budgets and the budgets of small science investigations. For example, 

the Department of Energy's responsibility for megaprojects in the areas of particle and nuclear 
physics, fusion research, and materials science and engineering has led to priority setting exercises 
that have threatened other parts of the agency's R&D budget. Congress's decision to retain funding 
for the space ~tation in NASA's FY 1992 budget froze expenditures for all other major space missions 
at their FY 1991 levels, including such projects as the Earth Observing Station, which is considered 
essential to the U.S. Global Change Research Program. If built on schedule, U.S. expenditures for 
the SSC will soon exceed federal expenditures for all university physics research in the United 
States. Even at the National Institutes of Health and National Science Foundation, which support 
relatively few large-scale projects, the uncertain research support for individual investigators has 
increased discontent about growing expenditures for megaprojects. 

Costs for megaprojects approach or exceed university research budgets in several different fields. 
However, a closer examination of admittedly incomplete data suggests the futility of attempting to 
set priorities by means of a "big science versus little science" zero sum game. Astronomy and 
astrophysics provide a good example. According to the 1991 report of the National Research 
Council's astronomy and astrophysics survey committee, "The highest priority of the survey 
committee ... is the strengthening of the infrastructure for research, that is, increased support for 
individual research grants and for the maintenance and refurbishment of existing frontier equipment 
at the national observatories." In FY 1988, total federal expenditures for university research in 
astronomy and astrophysics were approximately $77 million, an amount that the survey committee 
would obviously like to see increase. Yet the committee also recommended that the government 
invest a total of $2.87 billion in new ground- and space-based facilities for astronomy and 
astrophysics during the 1990s. 

Why is the survey committee's estimate for facilities so high in relation to its estimate for university 
research funds? It is mainly because astronomy and astrophysics depend extensively on data derived 
from large-scale facilities. In addition, nature has conspired to make certain observations available 
only from space. One of the costliest items of the report's ground-based priority list is a pair of 8-
meter optical telescopes estimated at $135 million; the costliest item on the space-based list is the 
Space Infrared Telescope Observatory, estimated at $1.8 billion. If the earth's atmosphere did not 
absorb most of the infrared radiation emitted by distant objects, the costs of these two facilities might 
be comparable. 

Thus, in this case the superficially contradictory recommendations to increase support for individual 
investigators while also investing substantially in future capital facilities are actually mutually 
supportive. In the absence of the cutting-edge facilities that the committee feels will be necessary in 
the next 10 years, university investigators in a number of areas will lack the data needed to do their 
research. Similarly, a substantial fraction of the research conducted by university investigators today 
relies on major space- and ground-based facilities planned and constructed over past decades in 
response to recommendations made by earlier scientific panels. 
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Plans for the U.S. Global Change Research Program provide another clear example of the synergy 
between large facilities and small projects. The President's budget requests for global change for FY 
1991 and FY 1992 were divided roughly equally between a few major space-based facilities and 
support for a large number of small projects. As some of the large facilities become available later in 
the 1990s, the synergy between the large and small components of the global change program should 
become even more evident. · 

In many fields, science megaprojects should be regarded as enabling technologies that are essential 
to the research of individual investigators. In this respect, even though practitioners of small science 
may express important concerns about the erosion of support for individual investigators due to 
megaprojects, most can and do concede the intellectual merit of such projects and recognize that the 
real issue is one of appropriate balance. 

PRIORITY SETTING IN THE SCIENTIFIC COMMUNITY 

In view of the synergy between large and small projects, the debate on priority setting in science 
should be based on more than the costs of major facilities versus the cost of university-based 
research. The continuing vitality of U.S. science requires that priorities be established in terms of 
people, facilities, and enabling technologies with regard for both current and long-term 
requirements. In particular, the virtually certain increase in demands for science megaprojects 
implies the need for a more coherent, explicit priority setting process at the national level both 
within and across scientific fields. 

The scientific community has an essential role to play in determining priorities with respect to 
science megaprojects. A fundamental principle of U.S. science policy is that the quality of basic 
research projects, including megaprojects, should be determined by a "bottom up" merit review 
process. Since scientists have accepted the responsibility for determining the quality of individual 
projects, they also have a responsibility for addressing the question of priorities. Several disciplinary 
groups in the United States have wrestled successfully with the problem of establishing their own 
priorities. The High Energy Physics Advisory Panel to the Department of Energy and its 
predecessor agencies has recommended priorities in that discipline since the early 1960s. Since the 
1960s, too, the National Research Council has convened expert disciplinary panels approximately 
every decade to consider trends in their respective disciplines and try to set priorities for federal 
support. 

The problem· of establishing priorities across rather than within scientific disciplines has never been 
satisfactorily addressed within the scientific community or within government, primarily because 
objective criteria on which to base such choices are largely lacking. As a consequence, proponents of 
competing proposals in different disciplines must necessarily make use of largely political arguments 
to press their case. 

Nevertheless, a serious challenge to the scientific community is to confront directly the challenge of 
priority setting for large-scale projects both within and across disciplines, and to recommend feasible 
options that national governments - and intergovernmental organizations - can consider. 
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PCAST believes that because of the importance of scientific research in meeting national and 
international goals, the United States should maintain a leadership position in most fields of science. 
The U.S. scientific community should engage in an extended discussion with government and other 
affected groups of what is needed, including the construction and operation of megaprojects, to 
maintain this leadership. 

The present character of the federal budget process in both the executive and legislative branches, 
coupled with the cross-agency character of research support, militates against systematic priority 
setting in the federal government, particularly between projects with time horizons on the order of a 
decade or more and projects characterized by time horizons of a few years. 

A related difficulty with the U.S. government's budget process is its short-term character. In 
particular, nondefense appropriations are generally made by the Congress on a one- or at most a two
year basis. Scientific research is characterized by considerably longer time horizons and is thus 
hampered and made less efficient than necessary by uncertainties regarding stable support. This is 
particularly the case for megaprojects, which are characterized by very long time horizons in both 
their planning and implementation stages. 

The Office of Science and Technology Policy (OSTP) traditionally assists 0MB with the R&D 
components of the budget by providing analyses of specific issues or serving as an advocate for 
particularly important Administration (or agency) priorities. More recently, OSTP has worked 
through the Federal Coordinating Council for Science, Engineering, and Technology (FCCSET) to 
do cross-agency planning and budgeting for particular areas of science and technology, including 
global change research, biotechnology, high speed computing and communications, and new 
materials. 

The success of the FCCSET initiatives in establishing cross-agency priorities for special initiatives 
suggests that fundamental changes in budget procedures of this type may be feasible. However, 
with the obvious exception of global change research and to some extent materials research, these 
initiatives do not involve substantial proposed expenditures for science megaprojects. Whatever 
priority setting may be said to exist for such projects has been carried out at agency levels and is 
largely ad hoc in character. 

Attempts to balance~federal support for megascience projects and support for individual investigator 
research should be based on reliable quantitative analyses regarding current and proposed 
investments. Today, attempts to provide such analyses at the aggregated level of all megaprojects are 
difficult, with results that are ambiguous and open to misinterpretation. No doubt, expenditures for 
megaprojects are rising as a fraction of the federal R&D budget. But we have no firm grasp on how 
much is being spent, nor is there any consensus on how to delineate those expenditures definitively. 
Under these circumstances, it is difficult to use existing data to address the central issue of an 
appropriate balance between support for big and small science. 

A conscious attempt should be made to assess total costs for research in major disciplines, particularly 
for university research in fields characterized by substantial operating and capital expenditures for 
science megaprojects. Within that context, the federal research budget should strive to provide 
stable baseline support for individual investigator research, stable operating costs for major facilities 
to ensure adequate access by in-house and external users, and capital expenditures adequate for 
necessary future facilities. 
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PCAST, therefore, recommends that the Executive Branch - and 0MB and OSTP in particular -
assemble and make available a scientific investment budget for the federal government consisting of 
the actual and projected long-term expenditures for the capital and operating costs of megaprojects 
and expenditures for other forms of research, including support for individual investigators. While 
the capital costs for megaprojects can vary from year to year, the other components should not 
undergo large yearly fluctuations. 

Even if the President were to prepare an R&D budget with designated capital and operating costs 
for science megaprojects, as well as a designated individual investigator base, consideration of such a 
budget by the Congress would entail substantial changes in its structure and operating procedures. 
As a result, such a budget would certainly get a mixed reception on Capitol Hill. 

Such a budget could also be viewed with suspicion by parts of the scientific community. However, a 
strong argument in its favor would be that a systematic approach would be preferable to the current 
situation, in which priorities are established, if at all, on an ad-hoc basis, under considerable time 
pressures, and are subject to unpredictable changes in the political environment. 

INTERNATIONAL CONSIDERATIONS 

At the international level, the short-term character of the federal budget process has resulted in the 
perception abroad that the United States can be an unreliable partner, even though this country 
provides more funds for basic research, including science megaprojects, than do the major countries 
of Western Europe and Japan combined. For example, in 1982 the U.S. component of the agreed
upon collaborative Solar-Polar Mission with the European Space Agency was abruptly canceled by 
NASA following a drastic reduction in its budget, despite the fact that the ESA had already made 
substantial financial contributions to the project. At approximately the same time, ongoing 
collaborative projects on synthetic fuel production with West Germany and Japan were canceled 
unilaterally by the United States on relatively short notice. In 1991, a subcommittee of the House 
appropriations committee voted to terminate support for Space Station Freedom. Although the full 
House, followed by the Senate, overturned that decision, it resulted in temporary, though justifiable, 
distress on the parts of the European Space Agency, Japan, and Canada, all of which had made 
substantial contributions to the project. 

A common feature of these cases from the perspective of the foreign partners was the seemingly . 
abrupt and arbitrary character of the respective decisions and, in the case of the Solar-Polar Mission, 
the secrecy that surrounded it. Another reason why such decisions are difficult to comprehend 
abroad is that the budget processes of major foreign countries share one feature that is in sharp 
distinction to the U.S. process: in Western Europe and Japan, governments can make firm funding 
commitments three to five years in the future, which is not the case in the United States. More 
broadly, the short-term character of the federal budget process complicates negotiations aimed at 
international cost-sharing, since firm long-term commitments cannot be made by the United States. 

Genuine partnerships in science megaprojects imply shared responsibility for planning, governance, 
and management as well as shared benefits, both scientific and nonscientific. Such sharing 
necessarily requires sustained involvement of potential partner countries from the earliest conceptual 
planning stages. It follows that the success of negotiations for a single internationally collaborative 
megaproject, or a set of complementary projects, is likely to be conditioned by the extent to which 
the projects are conceptualized in international terms from the outset. 
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Conceptualizing megaprojects in international terms is the principal goal of the Megascience Forum 
established at the March 1992 OECD science ministerial. The forum brings together senior 
scientists, senior instrumentation specialists, and senior political officials who can speak 
authoritatively on the science, the instrumentation, and the policy and planning involved in the 
projects. The first meeting of the forum was held in July 1992 to determine the priorities, 
methodologies, and arrangements for the forum's future work. 

But while the OECD is an eminently suitable venue for systematic analysis, it cannot be the sole 
international organization involved with the mega projects issue. The OECD is primarily a 
consultative body to which member governments are unlikely to cede significant operational 
authority. It is also an official, intergovernmental body rather than one in which working scientists 
have appreciable influence. In recognition of the need to increase communications between 
government and nongovernmental organizations, the OECD Megascience Forum has invited 
representatives of several of the latter organizations (such as ICSU) to assume observer status. 

PCAST recommends that an international framework be developed containing widely agreed upon 
principles for international collaboration and cost-sharing. Such a framework could grow out of the 
efforts of the Megascience Forum. All interested parties, including the appropriate non
governmental scientific organizations, both national and international, should be involved in these 
discussions. 

The fundamental criterion for any science megaproject in this framework must be scientific 
excellence and need. This criterion can be met through a bottom-up approach in which the 
megaproject originates with the international scientific community with excellence and need 
certified by a consensus determination of scientific merit. This review process should be 
international in scope and should involve experts from fields that are likely to be affected by the 
proposed project, in addition to experts from the field in which the megaproject is proposed. 

Because of the unusually long time scale that characterizes planning, development, and 
implementation of science megaprojects, special care needs to be taken to ensure the scientific and 
technical quality ofthe project throughout its life. This suggests the need for periodic evaluation of 
the project and the continued involvement of the scientific community beyond the planning and 
development stages. Long-term sustainability also requires decisive, continuous policy support at 
the highest levels of government in order to ensure long-term funding. 

International linkages at the technical level are also essential. Operational and technical officials in 
counterpart agencies in respective partner countries, many of whom have scientific or technical 
backgrounds, can provide those links and help to ensure continuity in planning, financing, and 
operations. 
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CONCLUSION 

Beyond the considerations discussed in this chapter, the goal of achieving some reasonable, coherent 
framework for international collaboration is worth seeking for its own sake as being consistent with 
the tradition of open international communication in science. That tradition should be regarded as 
much more than an aesthetic or even an ethical principle. On the contrary, it is a highly practical 
principle based on empirical evidence that open communication on an international basis is essential 
to scientific progress for all countries. 

Because many aspects of the megaprojects issue are closely linked with domestic and international 
political considerations, it would be naive to imagine that they could ever be dealt with effectively by 
means of a single, systematic process. As the report of the 1991 EC-U.S. workshop emphasized, "the 
route from the conception to the implementation of any major scientific initiative is decidedly non
linear," so that the entire process requires repeated reexamination and political decision-making. 

Nevertheless, the difficulties associated with negotiating and implementing international 
collaborations should not detract from the desirability of addressing issues of scientific and social 
significance on a global scale, when appropriate, by means of science megaprojects. The prospects 
for international collaboration in megaprojects are now being discussed in a number of national and 
international fora. From these discussions may well emerge a more systematic basis for national and 
international decision-making. 
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