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ABSTRACT The explosive growth of the Internet and the World Wide Web is revol- 
utionizing society by making information accessible in new ways to people in 
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all corners of the world. In scientific research, these advances in information 
technology have led to new me&o& of collaboration that overcome geographic 
limitations and allow researchers to exchange information in ways that were 
not previously possible. Materials researchers in particular now easily work with 
each otber in remote collaborations, sharing videos, sound, graphics, and text 
with colleagues on the World Wide Web. Moreover, recent gains in computing 
power and corresponding reductions in cost have led to the widespread use of 
computational techniques to solve materials research problems, allowing 
researchers to predict materials properties and behavior over the entire range of 
length scales of interest, from atomic interactiohs to bulk materials properties. 
New “virtual” organizations have been created in the US to provide an infrastruc- 
ture and support to researchers who are using new communication and compu- 
tational tooki in a variety of disciplines. We will describe the recent advances in 
information technology that are driving the revolution in materials research in 
particular, and discuss bow virtual, electronically-connected organizations that 
bring together materials researchers with diverse talents in international, multi- 
lateral collaborations will change the paradigm of science research beyond the 
year 2000. Published by Elsevier Science Ltd 

I. The Scope of Materials Science and Engineering 

The term “materials” encompasses the entire range of matter, whether natu- 
ral or manmade, used to make structures, articles, and devices. As the build- 
ing blocks of the constructed environment, materials are powerful enablers 
of modern technologies and key industrial sectors, including electronics, 
aerospace, construction, and transportation. Because what we can build, 
whether skyscrapers or semiconductors, powerfully innuences what we can 
do, advances in materials science and engineering are fundamental to tech- 
nological and social progress. 

Materials Science and Engineering is the technical discipline concerned 
with the entire “materials cycle,” and thus encompasses the research, devel- 
opment, manufacture, use, and disposal or recycle of materials. Much of the 
current emphasis in materials development is on new (advanced) materials 
with superior physical, electrical, or mechanical properties. However, 
research also continues to improve the performance of existing materials 
through increased understanding of the factors that control their behavior. 
Materials processing research increases our ability to make highquality, 
reliable materials at lower cost. Research in materials characterization 
enables us to select, and often to tailor, materials for optimum performance 
in specific applications. 

The rise of materials research as a separate discipline is a relatively recent 
phenomenon. Materials science and engineering departments began to 
appear after World War II and proliferated rapidly. Subjects that are now 
often considered to be parts of materials science, such as polymer science, 
have their roots in chemistry and other disciplines; others, such as metal- 
lurgy, often stood alone in the past but have been largely subsumed. 
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Materials science and engineering spans the range of technical subject mat- 
ter to an extent that few other disciplines do, overlapping the boundaries 
of other disciplines, most notably chemistry, physics, mechanics, and mech- 
anical engineering. Practical advances in electronics and electrical engineer- 
ing are often materials driven, and stronger ties are growing with biology 
through the development of biomaterials and biomimetics. 

II. The Roles of Information Technology In Materials Science 

The current revolution in information technology provides materials scien- 
tists and engineers with constantly improving tools for generating and shar- 
ing knowledge. In response, materials scientists and engineers have become 
more proficient in using information technology; computer literacy in the 
field has grown markedly. The remainder of this section discusses how 
advances in communication and computation have spawned new mechan- 
isms for research collaboration and shaped the materials research agenda. 
Later in this article, we illustrate these developments using materials science 
and engineering programs at the National Institute of Standards and Tech- 
nology (NISI). 

(a) Advances In Communication 

The interdisciplinary nature of materials science poses special problems in 
finding and retrieving information. Researchers in the field are hard pressed 
to keep up with developments in all of the relevant disciplines, a problem 
that is compounded by the explosive growth in technical publication. At 
the same time, the detailed expertise needed to solve increasingly complex 
problems promotes specialization, which can isolate the materials scientist 
from research in potentially relevant fields. Recent advances in electronic 
communication provide ways to overcome these problems. 

Despite the emphasis on raw computation that the word “computer” 
evokes, technology has done as much for the exchange and collation of 
information as for its creation. More and more information in all areas of 
study is being stored on-line, which reduces local storage requirements and 
broadens access. Computers are eminently suited for finding and winnowing 
vast quantities of information, retaining only that which, selected on the 
basis of certain rules or indicators, is likely to be useful. This means that 
once a question can be properly phrased, the accumulated knowledge of 
many fields can be searched for possible answers. Empowered by infor- 
mation technology, today’s researcher need not be an expert in every field; 
he or she needs only to ask the right questions. 

Sometimes even asking the right question can be difficult, however, and 
then communication with a genuine expert in the field is necessary. Com- 
puterized communications have made these interpersonal contacts easier 
and more effective. Modern electronic communication has become cheaper, 
faster, more convenient, and much more powerful. Many researchers now 
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prefer e-mail via the Internet to telephone conversations for the bulk of their 
interpersonal communications. The asynchronisity of e-mail, which in the 
first analysis might seem a disadvantage, allows for more careful thought, fits 
into a busy schedule more easily, and simplifies and encourages international 
communication. In addition, saved e-mail messages constitute a record of 
scientific dialogue that can be retrieved and reexamined later. Researchers 
at NET and elsewhere now use electronic bulletin boards and news groups 
to find others with critical knowledge. These researchers often exchange 
not only data, but computational programs and subroutines electronically. 

The rapid growth of Internet use and the even faster growth of certain 
preferred methods of communicating over it, such as the World Wide Web, 
attest to the demand for new communication tools. Increased connectivity 
and higher bandwidths have made it possible to move large amounts of data 
efficiently, allowing collaborators to view each other’s work in detail when 
face-to-face meetings are not possible. The result, as discussed below, has 
heightened interest in using electronic networks for real technical collabor- 
ation as well as communication. 

As rapidly as communications capabilities grow, however, they are 
matched by the demand for even better services. Scientists today want to 
be able to exchange all the types of information they require rapidly and 
seamlessly. In materials science and engineering as in other disciplines, that 
includes not only text and data, but voice, graphics, video, and real-time 
teleconferencing. As advances in communications technology continue, 
these powerful capabilities now used regularly by only the most compu- 
tationally-proficient researchers will become indispensable tools of the 
materials scientist. 

(b) Enhanced Materials Processing 

Information technology has penetrated the materials manufacturing environ- 
ment, enhancing our ability to control the properties of materials during 
manufacture. Specifications for materials and fabricated parts are routinely 
sent electronically from customer to supplier. For example, jet engine manu- 
facturers can now send total design specifications, in the form of finite- 
element descriptions, for turbine blades and other components to compa- 
nies that cast the parts. The casting companies, in turn, can use these elec- 
tronic descriptions as the basis for computer-based design of molds with 
proper gating and wall thickness. Within many materials production facili- 
ties, information on materials flow, scheduling, chemical/physical analyses, 
and quality assurance and control is distributed rapidly and widely. The elec- 
tronic exchange of information is no longer restricted to managers and 
highly trained technical people in the newly wired facility. Production work- 
ers on the plant floor receive instructions via e-mail and instantly report the 
status of current work. 

In this environment of vastly upgraded communications, materials science 
and engineering research is capitalizing on the ability to acquire and reduce 
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large amounts of data in real time to control the materials manufacturing 
process. Materials processors increasingly employ sensors to obtain real-time 
information on process variables and materials properties. Coupled with pro 
cess models and knowledge bases, these sensors provide information for 
feedback control to keep the process within desired specifications. A com- 
puter completes the “intelligent processing system,” combining the infor- 
mation from sensors and process models, using it to make process control 
decisions, and sending it to actuators and control devices on the materials 
process line. In some instances, complicated processes can be controlled 
using desktop computers that cost substantially less than the sensors. Con- 
troller software can often be developed using off-the-shelf products as a 
starting point, and the ability to develop such software is now fairly wide- 
spread. Indeed, hardware and software for collecting and analyzing infor- 
mation and controlling processes via feedback has advanced to the point 
where the missing link is often the means of sensing the important real-time 
material property or process parameter. As a result, much of our research 
at NIST in intelligent processing of materials is devoted to the development 
of accurate and reliable on-line sensors for process control. 

For example, NIST is working with the Aluminum Association and its 
member companies to develop a sensor to measure the temperature of 
aluminum alloys at the exit of a hot rolling mill. The sensor, an eddy current 
device, actually measures resistivity, which is then converted to temperature 
using tabulated data. A single resistivity measurement requires reduction of 
raw data on eddy current energy absorption vs frequency at many fre- 
quencies. Because the aluminum strip is moving at high rates through the 
mill, temperature measurements are needed every few seconds. Although 
the data reduction is fairly complex, an inexpensive desk top computer eas- 
ily handles the task at the required rate. 

(c) Advances In Materials Tbeoly and Computation 

Paralleling the advances in communications technology have been equally 
impressive advances in computational technology, both in hardware and in 
software. The real dollar cost of computational resources decreases by a 
factor of two about every 2 years, so while a researcher may still have a 
$20,000 workstation on his or her desk, that machine can perform compu- 
tations perhaps 50 times faster than a similarly priced machine 10 years ago. 
At the other end of the spectrum, advances in massive parallelization and 
super-scaler technology have vastly expanded the envelope of usable com- 
puter power. 

This revolution in computer capability means that some previously intrac- 
table materials science problems can now be attacked. For example, studies 
of wave propagation in solids involve computations that took 70 hours or 
more several years ago. Hardware advances have reduced the time to about 
5 hours, and recent improvements in mathematical formulation’ further 
reduce the computation time to about 5 minutes on a desk top machine. As 
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a result, entire waveforms can now be predicted to 0.01% accuracy. These 
advances in theory and computation will contribute directly to work at 
NIST’s Boulder, Colorado laboratory to improve the measurement of elastic 
properties in solids by a factor of 10. 

Materials problems typically involve a hierarchy of dimensional levels that 
includes atoms, molecules, grains, and structural components, and an associ- 
ated hierarchy of time scales for the motion of each of these components. 
For example, an automobile timing belt might have several layers of poly- 
meric, composite materials. Each layer of material contains more than 1015 
molecules, with each molecule having perhaps lo5 atoms. Further, while 
individual atoms vibrate on a time scale of lo-l3 seconds, rejuvenation of 
polymer chains after a heating cycle might occur on the time scale of 
seconds, while failure of the belt might take years. Even with the approxi- 
mations and simplifications that are used to model complex systems, this 
disparity in length and time scales makes it virtually impossible for a single 
computational technique to model all relevant aspects of a timing belt from 
the atomic to the macroscopic scale. As a consequence, further progress in 
basic understanding of materials properties and behavior depends critically 
on our ability to attack different length and time scales with different tech- 
niques, and feeding the results from small-scale computations to the next 
larger scale. This approach, known as “vertically integrated modeling,” 
depends in turn on continuing advances in information technology. 

While many materials problems remain beyond the computational reach 
of even tomorrow’s teraflop computer, many other fundamental problems 
are ideally suited to simulation on today’s architectures. The reason for this 
is that computers have become faster, computer algorithms have become 
“smarter,” and computational techniques from a variety of disciplines are 
finding their way into other fields. Computer algorithms and techniques such 
as multigrid methods, spectral decomposition techniques, or fast sparse 
matrix solvers that once were the domain of the computer scientist are now 
staples in the toolbox of the computational materials scientist. Today it is 
customary to find teams of materials scientists, computational physicists, and 
applied mathematicians collaboratively attacking complex materials science 
problems through computation. For example, a finite-element code called 
the “Surface Evolve?’ first developed by a mathematician and then adopted 
by physicists and materials scientists allows metallurgists to determine the 
equilibrium shape of a drop of solder (Fig. 1) using only a workstati0n.j 
The Solder Interconnect Design Team (sponsored by the NIST Center for 
Theoretical and Computational Materials Science, which is described in the 
following section), which includes industrial partners such as Ford and Digi- 
tal Equipment Corporation, has chosen this software as a base for a suite of 
fundamental solder joint design solutions for microelectronics, and is making 
these solutions available on the World Wide Web.* 

In simulation and modeling, as in theory and experiment, the develop- 
ment of tools tends to guide the direction of research. The invention and 
refinement of the electron microscope, for example, made it possible for 
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Figure 1. Calculation of the equiUbrium meniscus shape of a solder 
drop wetting a lead, The shape of the lead is modeled afkr the “gull- 
wing” design found on peripherally leaded electronic components. 
Such calculations c~ul be used as input into We element calculations 
to determine solder joint reliability under thermal and mechanical 

stress. 

materials scientists to look at the individual atoms that make up matter, and 
so studies of atomic scale properties suddenly became possible. In the same 
way, the rapid development of powerful computational tools now tends to 
focus research on lines of investigation for which those tools are most useful. 
The result has had a major effect on the materials research agenda. 

For example, refinement of the finite element method has allowed the 
modeling of such complicated materials processes as injection molding of 
automobile parts, weakening of materials under stress or strain, and physical 
aging of composite materials. This established technique5 divides compli- 
cated structures into many small components, each of which can be mod- 
eled in a simple way. The interactions between elements can be represented 
by a large matrix equation that can then be solved numerically. Such sol- 
utions require computer power that ranges from current desktop work sta- 
tions to massively paralIe1 architectures; algorithmic advances have allowed 
application of the finite element method to many areas of materials science. 
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One of the newest advances in finite element modeling incorporates the 
recently developed computer science technique of object-oriented program- 
ming.6 “Object-oriented finite element” modeling (OOF), under develop- 
ment at NET,’ will make it easy to modify and re-use small pieces of the 
computer code in order to incorporate advances in knowledge about 
materials properties on small dimensional scales into computations on 
larger scales. 

Finite difference methods are another tool used to discretize and numeri- 
cally solve analytically intractable partial differential equations.8 An increas- 
ingly popular computational method that uses this approach and success- 
fully models complex phenomena is the phase field method.9 This method 
replaces the problem of tracking the moving solid-liquid interface in a solid- 
ifying material, which often has a very complicated morphology (cf. Fig. 2) 
with the more tractable task of solving a partial differential equation over 
the entire computational domain. As a result, this formerly daunting map- 
ematical problem reduces to one commonplace among computer scientists. 
The trade-off is that the equation to be solved demands significant compu- 
tational resources. However, improvements in computer power and analytic 
methods over the last 5 years have made realistic microstructure calculations 
with the phase field approach practical, and the study of microstructure 
solidification is now poised for a major leap forward. 

The most important computational method in the simulation of materials 
and materials processes on the atomic and molecular scale is the molecular 
dynamics (MD) technique. lo In classical MD simulations, the motion of atoms 
or molecules is calculated using classical mechanics. The configuration is 
specified by the positions and velocities of all particles in the system, and 
the forces between atoms used to advance the positions are obtained from 
empirical interatomic potentials chosen to mimic the properties of the simu- 
lated material. If these potentials are shortranged, the computer time 
required to perform the simulation increases linearly with the number of 
particles. With this technique, the electrons in the material have been “aver- 
aged out,” and their influence incorporated into the interatomic potential. 
This approximation combined with recent advances in massively parallel 
computing allows for simulation of hundreds of millions of atoms, reaching 
length scales of roughly 1000 angstroms and pushing this technique into 
the realm of mesoscopic phenomena. 

The recently developed Car-Parinello method” provides a major advance 
in the study of materials. This powerful quantum molecular dynamics 
method incorporates quantum mechanical forces into the traditional MD 
method, allowing for accurate determination of materials properties in cases 
where phenomenological interatomic potentials are not sufficient. While the 
number of atoms that can be treated with this approach is currently limited 
to a few hundred, algorithmic advances promise to increase the number to 
a thousand or more. 

In situations where information on the actual molecular or atomic motion 
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is not required (as for example, in studies of critical phenomena or in calcu- 
lations of equilibrium structure or static properties) Monte Carlo and Quan- 
tum Monte Carlo methods have proven enormously successful. Other com- 
putational techniques such as Lattice Boltzmann and lattice gas that are 
extremely popular in the fluid dynamics community are just starting to be 
applied to materials processes, and even with the current generation of com- 
puters promise to enhance simulation of materials on mesoscopic and 
macroscopic length scales. 

In the area of computer modeling, modern computing power has 
enhanced the interpretation of crystal structures of materials such as high 
temperature superconductors, ceramics, fullerenes, and thermal barrier coat- 
ings. At NET’s research reactor and other such facilities around the world, 
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crystal structures are determined using neutron difiiaction. The intensity 
distribution of neutrons diffracted by the material is used to calculate the 
arrangement of atoms that would produce such a pattern. 

Neutron diffraction patterns of polycrystalline materials (powders), which 
map the characteristics of threedimensional systems into one-dimensional 
patterns, can be difficult to interpret. As a starting point, the researcher 
usually needs a trial structure that represents a reasonable guess of the 
material’s crystal structure; today, modem computational methods often can 
provide such a model using molecular dynamics modeling. In the 1960s the 
Rietveld refinement method’* made it possible to test such trial structures 
more quickly. As computation power increased, the technique became a 
standard tool in crystal structure determination. Systems that were formerly 
difficult to study can now be analyzed, using powdered materials as well as 
single crystals. NIST researchers recently used multiphase Rietveld reline- 
ment of neutron powder diffraction data to study the relationship between 
the phases of yttria-stabilized zirconia powders and the characteristics of 
thermal barrier coatings made from them.” Neutron diffraction is increas- 
ingly used to study real-world materials, which are often unavailable in single 
crystal form. 

Because they are expensive to build and to operate, facilities similar to 
NET’s research reactor and its associated Cold Neutron Research Facility 
are rare world-wide. Geographic barriers to access are greatly reduced, how- 
ever, now that researchers can exchange large data sets electronically. 
Researchers, whether or not they are able to travel to NIST, can take advan- 
tage of neutron methods. Computer control of experiments also increases 
utility of the reactor by allowing studies to be carried out 24 hours a day. 

From the smallest scales of atomic models to the largest finite-element 
models of aircraft wings, advances in computational technology and tech- 
niques have been used to attack materials science problems on a wide front. 
If the past ten years are any guide, then the future impact of computation 
on materials science will be revolutionary. 

III. The NIST Center For Theoretical and Computational Materials 
Science (CTCMS) 

As the preceding section demonstrates, materials science is on the threshold 
of major changes stimulated by recent advances in information technology. 
In response, NIST established in 1994 the Center for Theoretical and Compu- 
tational Materials Science (CTCMS),‘* which was designed to use the new 
tools and methods of electronic collaboration to fullest advantage. The mis- 
sion of the center is to develop and apply state-of-the-art theoretical and 
computational materials science techniques and to help industry integrate 
them into technology development. The center illustrates how materials 
researchers are using information technology to&y, and its evolution points 
the way to more comprehensive use in the future. The center was designed 
to be a “distributed” or “virtual” center using electronic linkages to bring 
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together researchers in government, academia, and industry to define and 
attack key materials and materials processing problems. These problems 
often require a team approach in which a mix of skills and knowledge must 
be applied. The range of talents required often exceeds that available at any 
single institution; electronic communication, however, allows teams to form 
and collaborate remotely. 

NIST serves as the central node or hub of the multi-lateral center, provid- 
ing an infrastructure and support for the distributed members. NIST 
researchers provide a core technical strength for establishing and overseeing 
research collaborations in specific technical areas. NIST also maintains the 
electronic “backbone” of the center in the form of a World Wide Web infor- 
mation server’* and computing facility that links center members together 
and provides a tool for electronic collaboration and information exchange. 
As the operator of the information server, NIST is a convenient point of 
contact to the rest of the technical community and industry. The CTCMS 
is also building working alliances with other materials-related theory and 
computing programs, and with programs in high performance computing. 
Such alliances may involve actual technical collaboration, electronic cross- 
referencing, or other forms of interaction and information sharing. 

The CTCMS uses workshops to create and sustain distributed research 
programs. These workshops bring together small groups of researchers from 
various institutions with specific scientific goals, and typically serve as the 
first step in defining research programs and building teams. Workshops pro 
vide an opportunity for teams to meet face-to-face and work interactively 
on ongoing research for several days. While such “working meetings” may 
be impractical modes of collaboration for experimental materials scientists, 
the interactive and portable nature of computation-based research makes 
them ideal vehicles for the sharing of ideas in materials theory and simul- 
ation. Using high-performance graphics work stations and compute engines, 
fast networks, and Internet access to their home computers. researchers can 
share computer programs and data with collaborators in real time. These 
face-toface interactions, enhanced by the powerful tools afforded by today’s 
information technology, often lead to new ideas and insights that are pur- 
sued by team members when they return to their own laboratories. 

As an example, a recent CTCMS workshop was one of a series of ongoing 
“working meetings” for the Solder Interconnect Design Team. Over the past 
5 years, several industrial, government, and academic groups have indepen- 
dently recognized the need for an integrated design system for solder joints 
capable of analyzing specific geometries in terms of manufacturability and 
reliability. At the inaugural workshop one year earlier, a core group of parti- 
cipants representing these various ongoing research programs assembled at 
the Geometry Center at the University of Minnesota to discuss their different 
modeling approaches and possible collaboration. At the second workshop, 
this group, and more than 20 additional computational scientists and metal- 
lurgists who had joined the project over the year, worked side-by-side at the 
CTCMS to apply computer modeling and visualization techniques to the 
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solder joint problem. The group anticipates that their continuing, collabor- 
ative modeling efforts will improve their ability to design industrial elec- 
tronic packaging processes. 

Over the past year, other CTCMS workshops have spawned ongoing col- 
laborative theory and modeling efforts in the areas of Green’s functions and 
boundary element methods, glass formation, micromagnetics, and liquid 
crystalline polymer optical displays. In each case, these projects are carried 
out by researchers in their own facilities, using computation and communi- 
cations tools to collaborate. More recent workshops may also build research 
teams in such other areas as fracture, rational design of advanced materials, 
large-scale computation of realistic microstructure, theory and modeling of 
collective dislocations, development of residual stresses during thermoset 
composites curing, prediction of hygrothermal effects on the performance 
of polymers and polymeric composites, molecular beam epitaxial growth, 
and optimal design for materials and structures. 

Distributed collaborations and projects require supporting electronic 
resources both for computation and communication. As the computational 
sophistication and needs of individual technical collaborations mature (Fig. 
3), the CTCMS materials theory information Web server is evolving from an 
electronic database and archive to an interactive research tool. While tra- 
ditional anonymous ftp (?) sites limit researchers to downloading copies of 
public domain software, the WWW-based CTCMS server enables them to 
operate simulation code provided by collaborators, view and capture results 
graphically, and conduct ongoing discussions with the materials research 
community via hypertext annotations. The server also provides a mechanism 
for displaying and advertising the results of the research teams to the 
extended materials community. Future code libraries will enable materials 
researchers to obtain state-of-the-art algorithms and tools for use in their 
own research. 

In summary, the Center for Theoretical and Computational Materials Sci- 
ence uses the power of information technology to stimulate advances in 
materials theory and simulation, promote information sharing and communi- 
cation among researchers on a national scale, organize distributed research 
teams, and increase the impact of theoretical and computational research 
in industrial materials science problems. Information technology is the key 
to providing a networked infrastructure for the materials theory and mode- 
ling community in pursuit of these goals. 

IK Conclusions 

Information technology is contributing to a revolution in materials science 
and engineering through advances in communication, computation, and pro- 
cess control. Huge gains in computing power and corresponding reductions 
in cost have led to the widespread use of computational techniques to solve 
materials research problems. In particular, simulation techniques such as 
finite element, finite difference, classical and quantum molecular dynamics 
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Figure 3. Portion of a page &om the CTCMS World Wide Web (WWW) 
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and Monte Carlo, and a6 initio methods have increased our ability to predict 
materials properties and behavior. Computational methods are being used 
to investigate the behavior of materials over the entire mnge of length scales 
of interest, from atomic interactions to bulk materials properties. As more 
powerful techniques are developed, researchers expect to be able to link 
results at different length scales to increase our fundamental understanding. 
Computational materials science also complements experimental materials 



164 L H. Schwartz et al. 

science, helping to design experiments that are more efficient and meaning- 
ful and to interpret experimental results. 

The future of materials processing increasingly involves process control 
systems that monitor material quality in real time and make corrections to 
the process conditions as necessary to produce desired characteristics. 
Advanced sensors are essential to these process control systems. The raw 
output from these sensors often must be converted to measurements of 
materials properties and compared with process models, involving consider- 
able calculation and manipulation. Relatively inexpensive desktop com- 
puters can serve as the hearts of intelligent processing control systems, 
acquiring, analyzing, and reducing data quickly and inexpensively, and pro 
viding real-time feedback control. 

New methods of collaboration have developed to take advantage of elec- 
tronic connectivity, both to overcome geographic limitations and to 
exchange new kinds of information. Researchers now work with each other 
over electronic networks in remote collaborations, sharing videos, sound, 
graphics, and text with colleagues. New “virtual” organizations such as 
NIST’s materials theory center have been created to provide an infrastructure 
and support to researchers who are using new communication and compu- 
tational tools. Such organizations make it possible to bring together 
researchers with diverse talents in multi-lateral collaborations that were 
impossible before. 
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