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C PROJECT DESCRIPTION

C.1 Overview 

 “First principles” theory of Earth and planetary materials [1] has emerged in the last decade as a powerful addition to experimental high-pressure techniques in mineral physics. This was not an isolated phenomenon. First principles studies based on density functional theory (DFT) [2-3] have infiltrated virtually all areas of materials research. This resulted from intense methodology developments in computational materials physics that occurred in the late 80s and early 90s. Theorists invented new electronic structure methodologies for molecular dynamics [4-6] (MD) and lattice dynamics (LD) [7,8]. Today these are available as widely tested, reliable, and portable public domain codes [9-13]. Computational experiments enabled by these methods have revolutionized materials science.

High-pressure mineral physics has benefited immensely. Planetary interior conditions are not easily reproduced in the laboratory. Although experimental progress is steady, and today high P,T crystallography has reached deep Earth conditions [14-16], measurements of materials properties at similar conditions is extremely challenging. In the early nineties first principles calculations overcame the barrier posed by the structural complexity typical of silicate minerals [17]. Since then these techniques have enabled us to address the structural, thermodynamic, and thermoelastic properties of major Earth-forming phases. Today, thermoelasticity of minerals at planetary interior conditions is well documented [18-21]. This was unthinkable ten years ago. Liquids also became amenable to first principles theory. For pure and alloyed liquid iron there are now [22] good theoretical predictions of melting temperature, element partitioning between inner and outer core, elasticity, and viscosity. In summary, the computational determination of these geophysically important materials properties at relevant conditions became possible in the last decade. They may provide now and for a long time to come, the only way to: 1) interpret observational data in the context of likely physical processes and 2) provide input for more sophisticated and reliable modeling of planets. 


We believe a consortium dedicated to the development and promotion of the theory of Earth and planetary materials is urgently needed to implement present possibilities and to organize and optimize future efforts to address grand-challenge problems in this field. Therefore, we propose the creation of a Virtual Laboratory for Earth and Planetary Materials Studies, VLab, at the University of Minnesota. The Minnesota Supercomputing Institute for Digital Simulations and Advanced Computation together with the Digital Technology Center at the University of Minnesota are an ideal host for the VLab. In addition, we will intensify and coordinate our long-term cooperation with the other US based scientists and major European groups working with similar objectives and involved for more than three decades in central aspects of this research. VLab will be a focal point for generation of knowledge and technology to be made available to and accessible by the wide community of users actively involved in this field, specialists and non-specialists alike.

C.2 Relevance for ITR goals: National Priorities


Broad Impacts: The pace of discoveries in Earth and planetary sciences has recently accelerated through efforts such as the seismology consortia IRIS [23] and Earthscope [24] and the mineral physics consortium COMPRES [25]. It will speed up further by NASA-ESA space missions such as Cassini-Huygens, that has reached Saturn this year and will probe the icy Moon Titan in early 2005 [26], and by the Mars Exploration Rovers [27] that have as one of their scientific goals the characterization of a wide range of rocks that hold clues about past water activity on Mars. Observations collected by these projects and missions need to be backed up by reliable results on key planetary materials to be interpreted to the maximum extent possible. As COMPRES has indicated from the outset, at least as early as January 2001 in the La Jolla meeting, research in theoretical and computational earth and planetary materials is of fundamental importance to the mission of COMPRES on behalf of the community [28].
The goal of this project is to accelerate developments in this emergent area, namely, the theory of Earth and planetary materials. This project reaches across and assembles efforts from various disciplines to 1) address major materials science issues related to planetary physics, 2) develop new methodologies, improve the performance of first principles and other materials simulations strategies, integrate highly tested first principles software with utility programs not yet developed for generic purposes, automate time-consuming human tasks before, during and after the execution of these programs; 3) explore emergent information technology resources to create novel human/software interfaces that will transform the way researchers interact with simulation techniques. The latter is urgently needed to empower also the non-specialist Earth and planetary science communities by enabling access and widening the use of the developing realistic and predictive materials simulation methodologies. 4) Develop an educational program to provide training and bridge the gap between mineral physicists and materials theorists. The European groups participating in this proposal will have an important role in the establishment of this program. They have excellent and well-established series of tutorials and workshops in these areas that could be adapted for our particular goals and integrated into our educational program. 
Intellectual Merit: The VLab will 1) develop methodologies and software for first principles and atomistic simulations to address specific needs in the area of planetary materials. These will be useful to other areas of materials simulations in which these methods are not yet available in public domain codes. The materials scientists, chemists, and physicists in this proposal have more than one and a half centuries of combined experience in this area. 2) The consortium will use presently available and future methodologies to address grand-challenge problems in Earth and planetary sciences. 3) VLab will provide access to the Earth and planetary sciences community to robust first principles public domain computational tools through Web-portals and an advanced grid infrastructure. The aim is to accelerate learning and engage the non-specialist through visual tools and easy-to-use interfaces. To use the VLab, someone will need only to register and add one’s computational resources. 

To achieve these goals a highly interdisciplinary and international consortium has been assembled:

Philip B. Allen (Physics, SUNY-Stony Brook) 

Stefano Baroni (Physics, DEMOCRITOS, Italy) 

Stefano Cozzini (Information Technology, DEMOCRITOS, Italy)

Gordon Erlebacher (Information Technology, U. of Florida)

Michael Gillan (Physics, University College London,  UK)

Stefano de Gironcoli (Physics, DEMOCRITOS, Italy)

Bijaya B. Karki (Computer Science, Louisiana State University)

Kerstin Kleese-Van-Dam (Information Technology, Daresbury Laboratory, UK) 

Marlon Pierce (Information Technology, Indiana University)

David Price (Earth Sciences, University College London, UK)

Yousef Saad (Computer Science, U. of Minnesota)

Ilja Siepman (Chemistry, U. of Minnesota) 

Frank Spera (Geology and Geophysics, UC-Santa Barbara) 

Donald Truhlar (Chemistry, U. of Minnesota) 

Renata Wentzcovitch (Materials Science, U. of Minnesota) 

David Yuen (Geology & Geophysics, Information Technology, U. of Minnesota)  

This consortium includes materials scientists, earth scientists, chemists, and physicists who have been involved, often in mutual collaborations, in the advancement of atomistic simulations, first principles methods, and applications to mineral physics. The computational scientists and information technology researchers were chosen for their expertise in the particular challenges posed by the implementation of the VLab, automation of computations and software development. University College London (UCL, London, UK) [29] and the DEMOCRITOS national simulation center (Trieste, Italy) [30] are European centers with established excellence in the areas of Earth sciences and materials physics. They have dedicated research programs that converge and interact in the study of Earth and planetary materials as well as in the application of information technology to this field. The scientific cooperation of the PI with these institutions spans more than one decade, and has resulted in many seminal works (see bio-sketches). We anticipate that the expertise and breadth of experience of this consortium, and plans for close collaboration, will lead to major advances in this field. 
C.3 Proposed Research

Our work will be motivated and informed by the central questions in Earth and planetary sciences today. They pose specific challenges to materials theory and to computational methodologies. The emergence of novel capabilities is leading to the development of grand-challenge computational projects in the study of these materials. The near future will see the development of projects that 1) have overcome fundamental theoretical difficulties faced today, 2) address properties other than those that have been addressed so far, and 3) involve simulations that are larger by orders of magnitude than those that are the norm today. Grand-challenge problems will focus on building highly realistic models taking into account all physical and chemical variations in the system (e.g. chemical composition, pressure, temperature, etc.). These studies will require massive numbers of computations and will generate huge amounts of data that cannot be analyzed by conventional means. Tackling grand-challenge simulations will also require new methods and tools for collaborative inter-laboratory work. These grid-based methods will be first used and tested by members of this consortium, their groups, and two selected experimental groups that will participate in a pilot project (see section C.4). They will transform later into the managing system of a public virtual facility.  

It is convenient at this point to collate the science drivers, the materials science challenges, the software development, and the information technology research in separate sections. This will be followed by three sections: 1) education and outreach and 2) organization and management. The latter contains a timetable for deliverables in science and technology. At the end we include 3) the scientific profiles of all US-based PI’s and co-PI’s and their accomplishments under past NSF support. The profiles of the European senior personnel are included with other supplementary documents. 

C.3.1 Earth and planetary science grand-challenges
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     Solar planets formed 4.5 billion years ago by condensation of the solar nebula, aggregation of meter size bodies, and subsequent accretion of kilometer size bodies. Terrestrial planets were initially incandescent objects, particularly the Earth after the giant impact that formed the Moon and left behind a magma ocean in the Earth. These planets are still slowly cooling, and the process of heat flow from the deep interior drives, in the case of the Earth, plate tectonics that in turn generates, volcanism, earthquakes, and, throughout its evolution, the Earth’s atmosphere and its protective magnetic field. The dynamical states of the terrestrial planets today and in the past, contrast sharply. This is caused by the thermochemical state of their interiors. They all have iron cores and silicate mantles (see Fig. 1) whose variable compositions determine rheological, conductive, and compressive properties responsible for thermochemical convection and, therefore, their evolutionary histories. The Earth’s mantle extends from about 5-30 km depth to the core-mantle boundary at 2,890 km depth and the core to 6,300 km. Pressure in the mantle ranges from 3 to 135 GPa and temperatures, today, range from 1200 K to ~ 4000 K. In the Center of the Earth the pressure is 350 GPa and the temperature ~ 6,000 K. 

Liquids:  The generation and movement of silicate liquids (magmas) represent the most efficient means of heat and mass transport in the Earth’s mantle. Presently, magmatic processes concentrate within 200 km of the surface, but liquids at high pressure played an important role in the dynamical and geochemical processes that took place in the early evolution of the Earth. It is fundamentally important to establish the maximum depths from which silicate liquids may buoyantly rise to the surface.  Because silicate liquids are highly compressible, their properties change rapidly with increasing pressure. The nature of the liquid-crystal density crossover depends basically on composition. There is good evidence that the density of liquids exceeds that of coexisting solids at modest pressures [31-33]. The evidence that exists shows substantial pressure-induced modification including changes in the coordination state of Al, Si, and other cations. A goal of this research is to investigate structural, thermal, and conductive properties of silicate melts of natural composition. At what pressure will Si become completely octahedrally coordinated? Will the density of silicate liquids exceed that of coexisting phases in the lower mantle, or might silicate liquids become less compressible than coexisting solids at very high pressures, as suggested by some experiments [34]? Computational methods based on more approximate models have yielded considerable insight into the nature of silicate liquids at high pressure in the past [35-39] and it is likely they will still be used for some time (members of the consortium have great experience in developing them [40-43]). But here lies one great simple challenge to first principles molecular dynamics, i.e., the determination of magma properties by simulations containing thousands of atoms for 1 ns (Spera, Siepmann, Saad, de Gironcoli, Baroni, and Wentzcovitch).

Water in the Deep Interior:  There is a growing appreciation that there may be extensive interaction between the earth’s interior and the surface hydrosphere. The discovery of substantial amounts of hydrogen in nominally anhydrous minerals [44-45], the possible imbalance between water entering and exiting the mantle [46-48], and the discovery of dense hydrous phases [49-50], have all contributed to increasing interest in the state of water in the earth's interior. The earth's mantle is a potentially vast storage site for water: 0.1 weight % water stored in the mantle is the equivalent of three oceans. Besides, incorporation of water in crystalline and liquid silicates is known to affect the rheology and seismic wave propagation in upper mantle minerals [51-53]. Our goal in this area is to address the state of hydrogen in hydrous and nominally anhydrous silicates such as the major phase of the lower mantle, MgSiO3-perovskite at relevant conditions. What is the limit on the amount of H that can be stored in the mantle? How much accompanies the iron [III] ion, the Aluminum substitutional (AlSi) site or oxygen vacancies? Hydrogen in these sites is likely to be delocalized, transiting between various oxygen neighborhoods [54]. We will use first principles molecular dynamics and lattice dynamics to investigate the nature of these defects, their free energies of formation, and their stability. We will use transition state theory [55-62] to investigate tunneling rates of hydrogen among neighboring sites. This can be viewed as a prelude to diffusion and instability. (Truhlar, Wentzcovitch, Baroni, and de Gironcoli)   
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Nature of the Lower Mantle: As the largest single region of the Earth’s interior, the dynamics of the lower mantle play a large part in controlling the thermal evolution of the planet. The lower mantle extends from 660-2890 km depth (24-136 GPa) and is inaccessible to direct observation. Observations of variations in the velocity of seismic waves with position (heterogeneity) and with propagation direction (anisotropy), promise a revolution in our understanding of the dynamics of this important layer [63-66]. However, this promise can only be realized by comparable advances in our understanding of the properties of the primary constituents of the lower mantle. These would allow, for example, conversion of lateral variations in velocity to lateral variations in temperature and composition [67], placing constraints on the thermal state of the earth and the pattern of mantle convection (see Fig. 2). Some recent seismic observations are very surprising and difficult to explain, suggesting a layer of several hundred km thickness at the base of the lower mantle with a different chemical composition, and a thin (few km) deep melt layer [68-71]. Resolution of these enigmas will requires input from experimental mineral physics and from first principles computations. First principles computations have led to major advances in our understanding of elasticity and seismic wave propagation at the high pressures and temperatures of the mantle [17-21] and has just started scratching the surface [72] of the formidable challenges related the fact that these phases are solid solutions involving strongly correlated end members that may undergo spin transitions under typical mantle pressures [73]. We will address the strongly correlated solution problem using first principles methods (see section C.3.2.1). These calculations are feasible today. However the full-fledged high temperature calculations [21] required in 2002 huge man-power (~ 7 man-months). We plan to automate tasks to decrease the demand of man-power by one to two orders of magnitude and make these calculations a routine (see section C.3.4.3). (Wentzcovitch, de Gironcoli, Karki, and Allen)  


The Earth's Core:  The Earth’s core was likely formed very early in the planet’s history, and is thought to have carried with it chemical atomic species other than iron. Although it is isolated from the surface, it influences our environment through the production of Earth’s magnetic field. To understand the process by which the field is generated and how it changes with time, many properties of iron and of a couple of iron alloys must be understood first.  Along with major advances in experimental methods [14,74], first principles studies of iron have contributed substantially to our understanding of the Earth’s core over the last several years [20,22,75-77]. Future progress demands a consideration of other lighter alloying elements dissolved in iron.  We know these elements must be present in the solid inner and liquid outer core from seismic density measurements. The major candidates are O, Si, and S, although, in principle their identity is virtually unconstrained.  Important recent work has shown one possible way to calculate the concentration of individual light elements in the inner and outer parts [78]. But major questions remain regarding: a) phase relations in the solid. Is the amount of light element in the inner core sufficient to stabilize new crystalline phases [79]? b) What is the liquidus temperature of the outer core alloy (and therefore the temperature at the inner core boundary)? c) How does simultaneous consideration of multiple alloying elements change the partitioning determined with a single element? Combination of efficient Monte Carlo methods with efficient first principles methods will allow studies of solid and liquid multi-component iron alloys at elevated pressure and temperature and are likely to contribute significantly to the answers (see section C.3.2.2). (Gillan, Price, Siepman, and Allen). 
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Icy satellites:  Most of the moons of the outer planets, Jupiter, Saturn, Uranus, and Neptune, lack a rocky crust but are surfaced by hard, rigid material: ices of various kinds that behave like rocks [80]. These moons are important objects for comparative planetology. They offer insights on how the Earth and other planet size bodies have evolved and what processes may occur on and beneath their surfaces. Early in 2005 an unprecedented encounter with an icy moon will happen. The Huygens probe, carried on board the Cassini orbiter for eight years [26], will descend into Titan, Saturn’s largest moon, and perform an in-depth study of its clouds, atmosphere, and surface. The Voyager-1 mission determined its mass and radius (within 2 km) and established that its ice-to-rock mass ratio should be ~ 48:52. Models of its present structure are uncertain (see Fig. 3); whether it is a differentiated body or not it depends on whether radiogenic and accretional heat were sufficient to allow differentiation into a rocky core and an icy mantle. Observation of its surface “geology” by the Huygens probe will likely answer this question. It has a rich organic atmosphere and it is anticipated that the icy material includes water-methane-clathrates. We plan to further advance our studies of H2O-ice [81,82], and address ice-disordered phases, and phase boundaries between stable and metastable phases (see section C.3.2.3). This is a starting point for the understanding the internal structural of Titan and other bodies, since the depths and thickness of its layers depends on these thermodynamic phase boundaries, which are unknown in most cases. (Wentzcovitch, Baroni, Truhlar, and Price)    

C.3.2 Materials Science Grand-Challenges

Theoretical studies of planetary materials demand considerable sophistication and are driving materials theory/simulations to new fronts. Their electronic, structural, thermal, and transport properties need to be understood over an enormous range of pressures and temperatures. Theoretical methods must be predictive to provide reliable answers where experimental data are difficult or impossible to obtain. We believe that Density Functional Theory (DFT) augmented by zero-point-motion energy and some reasonable adjustments such as the introduction of the Hubbard U provides the over-arching theoretical framework to meet these challenges, from the description of iron at core conditions, to mantle materials, i.e., rocks consisting of multiphase alloys with strongly correlated components, to ices at high pressures.  

C.3.2.1 Properties of mantle minerals (rocks)

Mantle minerals are among the most complex alloys, involving strongly correlated magnetic end members. Outstanding examples are the most abundant phases of the Earth’s lower mantle (Mg(1-x),Fex)SiO3-perovskite and (Mg(1-y),Fey)O, magnesiumwustite. An additional complication is the change in magnetic state of iron under pressure in certain sites. A high-to-low spin transition in Fe is found in magnesiumwustite at pressures corresponding to mid-mantle [73]. This alters the partitioning of Fe between these minerals, increasing y/x. But the transition pressure increases with y, providing a negative feedback to the spin transition. Understanding this complex phenomenon is fundamental to understanding the nature of the lower mantle. The first step is to address two classes of materials problems: solid solutions and the behavior of the strongly correlated iron sites under pressure. The next step involves phase equilibrium, thermoelastic, and transport properties for single and multi-phase aggregates.

Solid solutions: To address the thermodynamics of solid solutions we need an efficient technique to sample the configuration space spanned by the possible arrangements of soluble atoms over the available sites. Solute and solvent in Mg/Fe-silicates or alumino-silicates are chemically dissimilar. In this situation, the method of choice is the Cluster Expansion (CE) method [83,84]. The alloy is treated as a lattice problem on N sites. For each configuration one assigns a set of spin variables Si  (i=1,2,…,N) to each site, with Si=±1 according to whether site i is occupied by atom A or B. Then the energy of various configurations are used to parameterize and Ising Hamiltonian to be used in the estimation of the free energy of any configuration. It is a well-tested approach that has successfully addressed isovalent size-matched alloys. However, for systems with large strain relaxations or heterovalent substitutions, long-range interactions lead to slow convergence rates. An alternative approach that can deal easily and exactly with long range interactions mediated by the structural relaxation is Computational Alchemy (CA) [85] that has been successfully applied to lattice mismatched semiconductor alloys. Another possibility is to fit in reciprocal space the long-range part of the interaction [86]. A combination of standard CE for the short-range chemical interactions and CA or reciprocal space fit for long range interactions will allow to correctly predict the energies of arbitrary configurations for our lattice mismatched substitutional alloys. (Wentzcovitch, de Gironcoli, and Karki)

Strongly correlated systems: Soon after the discovery of high Tc superconductors a new class of methods for strongly correlated materials, the so-called LDA+U [87,88-89], was introduced to overcome the inadequacies of the single-particle picture in DFT [3]. Recently the rotationally invariant version [90-92] of this method has been implemented [93-95], in the eclectic plane-wave-pseudopotential method [96] for electronic structure calculations. This was realized by introducing localized d level occupation matrices as projections of the occupied electronic manifold on suitable atomic states. In this implementation the exchange contribution to the effective electronic interaction is neglected and a direct connection between the correction term with the spurious electronic self-energy present in DFT calculations is made. The method is non-empirical. The needed parameter U is determined by studying the response of the system under consideration to localized perturbations of the Hubbard ions and properly extracting from the total response function to the local interaction term. The great advantage of a plane-wave implementation of the LDA+U method is the easiness in obtaining Hellmann-Feynman forces [97,98] and quantum mechanical stresses [99], that enable structural relaxations and MD simulations, as well as phonon calculations [8], thus giving access to free energy calculations within the quasi-harmonic approximation [100]. This is the method we will use to explore for Mg/Fe silicate alloys. It has been successfully used in the study of oxygen vacancies in ceria (cerium oxides) [95] where LDA+U approach allows to treat on the same ground the different valence states of cerium occurring for different stoichiometries. (Wentzcovich, de Gironcoli, and Baroni) 

C.3.2.2 Properties of core materials: liquid and solid solutions of iron

Element partitioning: The use of advanced Monte Carlo techniques [101] can greatly improve sampling of the spatial distribution and partitioning of impurities in multi-component, multi-phase systems that occur on time scales inaccessible to conventional molecular dynamics simulations.  Here it is proposed to carry out simulations in the constant-stress variants [102] of the Gibbs ensemble [103] or expanded Gibbs ensemble [104] followed by Gibbs-Duhem integration [105] along coexistence lines to cover a wider range of state points. The Gibbs ensemble allows one to study directly phase equilibria of systems with arbitrary number of components [106] and phases [107] by using multiple simulation boxes that are thermodynamically connected but do not share a physical interface. Configurational-bias Monte Carlo techniques [108-110] will be used to enhance phase transfers of the alloying elements and, in particular, identity exchanges [111-112] between two different alloying elements, e.g. oxygen with sulfur. Aggregation-volume-bias techniques [113] will be exploited to direct the transfers to specific sites, e.g. interstitial or vacancy sites. These techniques have been successfully used to investigate solid-liquid-vapor phase boundaries [114-115], to determine precise partition constants of multiple analytes in chromatographic systems [116-117], and to calculate the vapor-liquid coexistence curve of water using first-principles methods [118] (Siepmann, Gillan, and Price).

Transport properties: In the earth’s core, metallic electrons give a relatively large electrical conductivity ( and contribute also a significant amount to the heat conductivity (. In the mantle, the dominant phases are non-metallic with a reduced (. In  both regions, heat is also carried in part by atomic motions.  A poor understanding of these properties has been a limiting factor in modeling the Earth’s magnetism [119] and heat flows [120].It is possible to use results from first-principles molecular dynamics to evaluate transport coefficients [121-125], and there are good reasons to expect that this can be done with useful accuracy.
Through Green-Kubo type formulas, the transport coefficients are expressed in terms of time integrals of current correlation functions <j(t)j(0)>, j being the electrical or thermal current.  Electricity is carried primarily by electrons, while heat is carried both by electrons and atoms. The electronic currents are quantum operators whose expectation values are calculable in the single-particle representation of density functional theory. The relevant time t for electrons is fairly short, so one typically ignores atomic motion and evaluates the time integral separately at each time step of the MD run.  A plane-wave basis, used in most of our MD work, allows easy and accurate current matrix elements. This method has worked [126] for V(1-x)Alx alloys at low T and should work as well or better at the high temperatures of the Earth’s interior. Also, the computational demands [125] should be much simplified by the high temperature of the system, the corresponding short mean free path of the vibrations, and rapid thermalization. 

An interesting complexity is the radiative (electromagnetic) component [127] of the heat current. Because of the high temperature, the electromagnetic energy density (increasing as T4) can be large, and it is necessary to ask how this energy diffuses.  Maxwell’s equations answer this in terms of the electronic optical conductivity (((), which is easily computed in parallel with the dc value σ discussed above, so we expect to make accurate calculations of this component of (. (Allen, Gillan, Price, and Wentzcovitch)

C.3.2.3 Properties of H2O-ice


Phase relations in H2O-ice: A starting point to understanding the inner structure of an icy satellite like Titan, is a full understanding of the phase diagram of H2O-ice [128]. Methane clathrates are also important but H2O-ice is a more general and abundant system. The low temperature phases are perfectly crystalline but the hydrogen sub-lattice disorders with increasing T before melting. The molecular phases consist of one single hydrogen-bond network, while the high pressure ones consist of two interpenetrating networks. A common low temperature phenomenon is amorphization under pressure [129] or decompression [130]. The reconstruction of one single into two interpenetrating networks, or vice-versa, is not straightforward and occurs in steps, with perhaps more than one amorphous and metastable phases intervening before the full reconstruction occurs [131]. We would like to understand two things: 1) the phase boundaries between the low temperature (i.e., ~70 K at 0 GPa, ~300K at 10 GPa), high pressure phases, including hydrogen disordered phases. These boundaries are still unknown. 2) Since metastability is the norm in H2O-ice, rather than the exception, we wish to predict energy barriers and transition rates, for structural transitions. Transition rates are important to determine the lifetime of metastable phases, which might be very abundant in these objects. To address the first problem, i.e., the ordering of H and “empty sites”, we will use techniques similar to those used to investigate solid solutions [84,85]. For the second problem we need an effective technique to search for the “transition path” and energy barriers. A key issue will be to include quantum mechanical tunneling in these low-temperature processes. We wish to modify some techniques from transition state theory that can address this problem [132-135] to include strain variables, similarly to what was done in micro-canonic molecular dynamics simulations to produce the variable cell shape MD [102,136]. These transition paths, if sought within the configuration space determined by the degrees of freedom of the primitive cell, will provide maximum values for the energy barriers. Calculations in supercells should be useful to explore also the topography of the enthalpy landscape in systems undergoing amorphization and reveal the nature of the amorphous structure. (Truhlar, Wentzcovitch, and Baroni) 
C.3.3 Software development for materials computations

Software development is an inseparable part of this work. At the foundation of our research are efficient and reliable first principles methods for computations of static and dynamic properties of materials. Our work will concentrate in two areas: a) improve the computational efficiency of one public domain method, PWscf [12], by improving the scalability of portable parallel 3DFFTs and of the sparse linear systems solver, that appears in the solution of the Schroedinger equation of the electrons; b) combining first principles methodologies with other methods for materials computations such molecular dynamics, Monte Carlo, electrical and thermal conductivity.
C.3.3.1 Improvements on plane-wave-pseudopotential methods

The first principles plane-wave-pseudopotential (PWPP) method [96] combines high accuracy, efficiency, and versatility. It is the most popular method for materials simulations. Several public domain codes exist today [9-13], not all with the same features implemented. Essential implementations for simulations of materials at high pressures and temperatures are 1) variable cell shape molecular dynamics (VCSMD) [6] and 2) the dynamical matrix for phonon calculations [8]. PWscf is the only one to date to have both features implemented. It has been developed at DEMOCRITOS [30] by co-workers and Prof’s Stefano Baroni and Stefano de Gironcoli, senior personnel in this proposal. The PI has also participated in the implementation of the VCSMD [6] and has used this method in all of her recent works. The VLab will participate in two aspects of its development:
The solution of the sparse eigenvalue problem: The solution of the Shroedinger equation by a spectral method, such as the PWPP method, results in a sparse linear system. Currently one can perform 100s of self-consistent calculations with 100s of atoms using an iterative linear solver, such as the Davidson method [137], on clusters of shared memory computers such as IBM Regattas or P655s. The size of the linear system is typically 100*N, where N is the number of atoms. To reach our goal of performing several 1,000s of self-consistent calculations on 1,000s of atoms, more efficient scalable linear solvers must be explored. Prof. Yousef Saad has great expertise in this particular problem [138-140]. His group developed a package called Parallel Sparse Library (PSPARSLIB) for solving large sparse linear systems on parallel computers based on so-called Krylov subspace methods [141]. Problems of this size are solved regularly with his methods. Such advances will be applicable to any other PWPP code as well. (Saad, de Gironcoli, Baroni, and Wentzcovitch)
The 3D Fast Fourier transforms (FFTs): FFT’s are at the heart of the PWPP method. Its use is entangled with the solution of the sparse linear problem and, together, FFT’s and the linear solver may take, in large problems, more than 90% of the CPU time. Portable, user serviceable, parallel 3DFFTs, with out-of-core capability, possibly outperforming several vendor’s software is an achievable goal. Prof. Dave Yuen showed that good performance and scalability can be achieved with a simple OpenMP code with an out-of core approach [142]. Dr. Cesar da Silva, a potential staff member of the VLab (see supplementary documents and budget justification), developed FFT subroutines for the Cray T3E, with excellent scalability that outperformed substantially the vendor’ software [143]. They have been combining these algorithms to produce efficient FFT’s with out-of core capability for clusters of shared memory machines such as the IBM Regattas or P655s. (Yuen, da Silva, de Gironcoli, and Baroni).   
Combining the PWPP method with general simulations codes: Useful features, such as molecular dynamics (MD) and Monte Carlo (MC) algorithms can be built around a central PWPP-code. This is how the first self-consistent, Born-Oppenheimer, molecular dynamics was developed [6] and how the variable cell shape MD was implemented in the PWscf method. Initially we plan to implement the calculations of electronic and thermal currents (see section C.3.2.2 on transport properties). The aim is to make such calculations a routine part of each first principles MD study. We will also implement the “phase transition state” method developed for the study of phase transitions in ice (see section C.3.2.3) (Allen, Truhlar, Baroni, de Gironcoli, and Wentzcovitch). 
C.3.4 Information Technology Research

First Principles and Theoretical Chemistry communities have long histories of advances and expertise in high performance computing. However, higher performance algorithms, mature community codes, and inter-laboratory collaborations expose systemic problems and several difficulties to the successful execution of large-scale projects. Here we describe some of these problems and how they may be addressed through the techniques of e-Science [144,145].

Current collaborations, such as the research conducted in Ref. [21], may involve researchers from various institutions, sharing large spatio-temporal data sets generated from several hundreds of calculations submitted manually on a variety of physically distributed parallel platforms. Results are poorly annotated and interfaces are not standardized. Moreover, a newcomer, even if familiar with the topic in question, is subjected to a steep learning curve before acquiring the skills necessary to use the methods, analyze the outcome, and produce quality results. These difficulties can be eliminated in some cases and greatly alleviated in many others by a large-scale project manager to handle interfaces, task automation, scheduling, visualization, and collaborative tools among the participants of a single project. 

We propose to build tools that will allow for cooperative, group-based work in all stages of a project: preparation, submission, monitoring, computational and visual steering, and analysis of results. These tools will be connected to a novel grid system based on a publish/subscribe architecture. This collection of tools, services, and the interconnecting framework will constitute the VLab. These tools will not only be fully exploited by experienced researchers collaborating in large scale projects, but will also make the VLab an interactive facility for distant non-specialist users and permit monitoring of their work by the VLab support staff. 
C.3.4.1 Objectives of the IT research and implementation requirements

Some specific goals of a virtual laboratory are:

· Enable researchers to submit simulations and other tasks transparently and seamlessly to all available resources. 
· Facilitate the interaction of researchers physically separated during the execution of a project.   
· Coordinate and make available information about a project, including graphics images, to all collaborators, with no advance notice.
· Accelerate learning and engage the non-specialist through visual tools and easy to use/install interfaces.

To achieve these goals it will be necessary to:

· Provide metadata descriptions for all resources, including hardware, software, input files and parameters, running processes, and data generated as results of scientific projects.
· Provide collaborative metadata management tools that allow group members to participate in shared projects for managing job submissions and job management.
· Provide Web portals and other client interfaces that allow users to manage projects, participate in collaborative sessions, and analyze and visualize their data.
· Develop application-specific scheduling procedures to automate complex and numerous job submission sequences on distributed resources.

· Ensure compatibility of all tools and services with diverse clients operating through the Internet, such as mobile devices and PDAs.
· Permit the easy integration of new technologies.

C.3.4.2. An architecture for a collaborative computing grid

Grid computing may be thought of as a set of distributed services that are accessed securely by various remote clients. Example services include secure remote command execution, file management, database access, and access to queuing systems. To create, run, and access such diverse services in a consistent way, the Open Grid Services Architecture (OGSA) [146] defines the framework one may follow when building and running new services. Alternative Grid Web Service approaches are described in [147]. Grid clients put services to work in useful ways. Computing web portals [148-150] are typical Grid clients that may connect to, and invoke, remote services in a point-to-point fashion (via name or IP label). Grid computing has an extensive literature, including several overviews [144-145,151] and a current snapshot of the state of the art [152].

We believe there is an important missing component that should link the services and client environments: a software layer that manages the messages and data traffic between the two. In current systems, this traffic is point-to-point messages. This makes it difficult to build collaboration services, provide reliability and redundancy for downed services, work through firewalls, and address many other problems, such as logging and backups. We propose that by inserting a message-relaying framework between the clients and services, we may elegantly add collaboration, resiliency, and redundancy to Grid computing. Many of the services required by the VLab, such as job submission, file and metadata management, are standard Grid tools that we will adopt. Our innovation will be to place these services within a natural collaborative framework.

Our proposed architecture is based on the so-called publish/subscribe paradigm. It effectively abstracts all connections to the middleware in terms of topics. A simple analogy is a news service. One or more publishers submit news items to newsgroups (identified by topics), while subscribers choose which newsgroups they wish to read: they subscribe to one or more topics. The user is not interested in where the news items are actually stored or which machines execute the users’ requests, except as relates to efficiency. At the core, VLab will be driven by collection of servers whose sole purpose is to accept input messages from publishers and redirect them to subscribers. Unless specifically disallowed, several publishers will be able to submit to the same topic, while several subscribers will be able to retrieve the contents of identical topics. This strategy, at its core, supports the notion of collaboration [153,154]. 


We believe that the publish/subscribe approach supports all the stated requirements of VLab. In such a system, messages have many encoding (SOAP-RPC, audio-video streams, binary data files, etc.) and are transmitted by any one of several protocols (TCP, UDP). The only requirement is the presence of a topic in the message header. As shown in Fig. 4, all resources (storage, computational, portals, project managers, databases, visualization servers, Grid services and infrastructure, audio-video services, etc.) connect to the middleware. Because all resources communicate only through topics, it is straightforward to add any number of useful utilities such as logging and backup services. These would respond to a broader range of topics than the more specialized resources. For a general discussion of exploiting messages for reliable Grids see Ref. [155].
The NaradaBrokering (NB) system [156-158], developed at the Community Grids Laboratory, is a distributed publish/subscribe system. Instead of a single message broker (i.e., server), NB uses a distributed brokering network that can perform sophisticated and failsafe message routing.  Advanced features for security and reliable messaging are in development. Ongoing efforts involving the use of NB as mediator between clients and services can be found in Ref. [159]. Previous work by Dr. Pierce and co-workers has shown that these systems support traditional Grid and Web service systems [158,160]. 
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NaradaBrokering Development: A web service is any useful task executed at the request of a client. The Web Service Definition Language (WSDL) [161] is an XML language designed to abstract the interface between clients and services in a programming language independent way. Two of the PIs (Yuen, Erlebacher) have been exploring the means of interfacing WEB-IS [162-166], to NB to allow multiple users to collaborate. WEB-IS is a collection of interfaces designed to analyze and visualize earth science data; it currently connects a single user to a single computational resource. We have created client and service proxies to intercept SOAP [167] messages, attach them to a topic, and route them through NB to publish command messages for controlling data retrieval, computation, and visualization that result in images delivered back to multiple clients [168]. Although this approach enables support for existing Web service tools like Apache Axis [169] and gSOAP [167], the client and service pieces lie outside the broker framework and so do not inherently benefit from intrinsic broker capabilities like reliable messaging and security. To avoid this drawback, we will pull the message translation within NB, leading to the ability to plug-in WSDL-conforming services and clients directly into NB with a minimum amount of effort, thus leveraging existing resources. NB currently implements a PKI-based [170] secure infrastructure that will be extended to support standard Grid security (GSI) [171,172], along with important emerging WS-Security standards, such as SAML [173] and WS-Security [174]. To further reduce and simplify the requirements imposed on Grid clients and services, we will incorporate into NB the WS-Resource Framework [175] and the WS-notification specifications [176]. The latter is a XML-based specification of a publish/subscribe API, thus already highly compatible with the NB architecture. (Pierce and Erlebacher)

C.3.4.3. Collaborative Capabilities and Services

Visualization: A collaborative framework is not complete without sophisticated visualization tools that promote not only the sharing of data, but also of experiences. Much of the data generated at the  VLab will be three-dimensional and time-dependent. “Data” is defined on Cartesian meshes at approximate resolutions of 1503 and ~ 100 sequential datasets for large-scale computations. Important datasets will include scalar fields (charge densities, “local” single-particle potentials V(r), Fermi surfaces, i.e., iso-surfaces of, E(k)=ε), vector fields (electron velocity at the Fermi level, (k(E(k)|( , tensor, fields (Hessian of E(k) or the inverse effective mass tensor of electrons at the Fermi level), etc. 

Another aspect of visualization is the extraction of useful information from very large simulations, like those to be performed with inter-atomic potentials or by first principles in silicate liquids (see section C.3.1). The user must be able to visualize the dynamics of the constituent atoms with an option for displaying various attributes produced during the simulation. Prof. Karki has been developing immersive and interactive graphical user interfaces (GUI) with real time visualization response to enhance the understanding of massive multivariate simulation datasets. These tools, useful in first principles studies of materials in general, will be further exploited and developed at the VLab. 

While mainstream algorithms already exist for these various data types, very few tools promote sharing visualization interactions between distributed users. Leading efforts in this area appear to be in the computer gaming industry and in the military, where hundreds of users can share a common virtual environment and interact with each other in real time [177]. Very little, if any, of this technology has been applied in the sciences [178,179]. A prototype collaborative visualization system has been demonstrated using the Access Grid [180,181]. However, the Access Grid is a complex system that does not permit spontaneous interactions between researchers. We propose to leverage NB to enable multi-way visualization steering between multiple users with access to heterogeneous hardware platforms and different visualization systems [182-184]. (Erlebacher, Yuen, Karki, and Kleese-Van-Dam)

Project manager: We will develop a set of services to support group-based project management. In the context of the VLab, the project manager will provide users or groups with a unified view of projects that typically involve hundreds (if not thousands) of jobs generating large amounts of data while running on distributed computers perhaps in two continents. Metadata will be needed in the system to represent running processes, data files, visualization output, etc. The project manager is composed of two parts: 1) a service that manages metadata, responds to user commands, etc, and 2) a collection of user interfaces that present the user with all the information necessary to accomplish his/her research. As shown in Fig. 4, multiple clients working on a single project will require that their interfaces be synchronized. This leads to the notion of cached metadata, dirty caches, etc. We will investigate various approaches to cache coherency [185] and adapt them to the user interface synchronization. We extend upon on earlier work [186-187] by providing the concept of the collaborative project of shared, group accessible metadata using our unified messaging infrastructure. (Pierce and Erlebacher) 

Metadata: The system’s metadata requirements are described in detail in the “Visualization” and “Project Management” sections. In general, metadata needs to be supported with authoring tools, publication and management systems, and browsing/retrieval tools [154]. In this project, our metadata system will use SRB [188] for storage, query, and retrieval, already supported by our consulting team member Kleese (UK). We will also adopt metadata schema authoring/editing tools developed by Kleese’s group and will examine the applicability of their general science schemas to problems in theoretical chemistry. The SRB and supporting tools developed by her group are Web Service compatible (with WSDL interfaces), so they may be integrated straightforwardly into our general messaging framework. We will develop a metadata naming scheme for a few dozen standard visualization algorithms to help abstract visualization services. Additional metadata will describe all phases of the job submission process, hardware resources and application characteristics. The chemistry data will be initially described using the Chemical Markup Language (CML), developed to describe chemical elements [189]. All the metadata describing the hardware and software resources of users will be stored in databases connected to NB. (Pierce, Erlebacher, Yuen, Cozzini, Kleese-Van-Dam, and Karki) 

Portals: Computing Web portals have been used to provide user interfaces to the grid, and the architecture of these systems is beginning to support pluggable component services. The Open Grid Computing Environments Collaboratory led by Dr. Marlon Pierce, one of the PI’s, provides a general architecture and several basic services for Grid Portals. We will develop several new portal capabilities following the general OGCE component model and will leverage OGCE compatible portal middleware such as GridPort [190]. The Project Manager and visualization services described above will include a prominent portal interface component to group-based services. We will contribute all developed components back to the OGCE so that they may be shared with the Portal community. Examples of user interfaces supported by the portal will be future generations of the WEB-IS system, currently used to analyze mantle convection data and earthquake clusters [165, 191]. (Pierce, Elrlebacher, and Yuen)

Task automation: Successful investigations of various properties of Earth materials will result from hundreds or thousands of independent calculations on physically distributed parallel platforms. These calculations are often divided into sets, each set perhaps depending on the successful completion of the previous one. Manual submission and monitoring of theses numerous runs and pre- and post-run analysis present a major bottleneck in high-end computational materials research. For example, the elasticity calculation of MgSiO3-perovskite [21] took ~7 man-months of job submissions and monitoring on a single IBM SP-2. Numerous other similarly important calculations are necessary for proper interpretation of seismic data and they should not be impaired by human availability. Besides, researchers should be freed for other more complex decision making tasks. A task automation system to enable submission of a multitude of runs is indispensable. Besides, some simulations execute for days/weeks. Steering mechanisms, such as pV3 [192,193] and SCIRun [194] are necessary to monitor the state of runs while they are ongoing, and possibly change parameters without restarting them. 
We will develop an automated system to compute full elastic constant tensors of Earth materials versus pressure and temperature. It will handle several independent calculations of strained configurations with accompanying phonon dispersions in each case [195]. An orthorhombic crystal requires, at least, 16 strains with the average number of ~10 wave-numbers per strain for 10 different pressures. Our task automation system must handle ~1,000 independent calculations. Based on the gained experience, we will automate the study of solid solutions as well. The number of calculations necessary to parameterize the free energy approximated with the cluster expansion method (see section C.3.2.1) involves the systematic generation of numerous ordered configurations determined by the crystal symmetry and alloy composition. Configuration generation, job preparation, submission, and monitoring must be automated for these calculations to become viable. Virtually all Earth materials are solid solutions and most have more than two-component. (Karki, Pierce, and de Gironcoli)

Scheduling: Standard schedulers like PBS [196] and CONDOR [197] only consider user specifications (memory, CPU) to determine where and how to submit jobs. Current smart application-specific schedulers [198] couple application performance metrics with knowledge of resource benchmarks and network usage to minimize the estimated wall-clock time required to execute the application code. The transfer of an executing simulation to another computer can enable further speedups. Dr. Stefano Cozzini from DEMOCRITOS [30] and senior personnel in this proposal has extensive benchmarking experience. He has applied this strategy to submit complete classical MD simulations and will extend this approach to other simulations codes used within VLab. Some codes have fundamentally different requirements. For example, the checkpoint/restart procedures in the first principles simulation code PWscf [12], are more expensive (larger data files), which leads to more complex performance models. Together with Dr. Cozzini we will consider some of the file migration strategies studied in Europe to enable similar strategies for PWscf. A key component of this work will be the collection, storage, and efficient access to metadata that describes all codes, hardware, and network connections. The network metrics will be updated at regular intervals to ensure that decisions are based on current data. (Pierce, Cozzini, and Erlebacher)
C.4 Education and outreach

A pilot outreach project towards the planetary and mineral physics communities: The major educational goal of this proposal is very challenging. The VLab is a possible answer to the requests of experimental colleagues in the mineral physics community, who wish to perform computational experiments when laboratory experiments are impossible. However, its full implementation and operation as a community facility, which is its ultimate goal, will require substantial training and user support. In the first grant period, while the VLab is brought to operation, user support must be carried out in a reduced scale through a pilot project, mainly to get feedback from its users. We will train and enable students and post-docs from two experimental groups, Prof. Alexandra Navrotsky’s (UC-Davis) and Prof. Shun-ichiro Karato’s (Yale) (see supplementary documents, letters from Prof.s Navrotsky and Karato) to use the techniques and apply them through the VLab. In the beginning they will be able to use the computational resources at the Supercomputing Institute, but as they become mature users, it will be necessary for them to add their own computational facilities to our grid infrastructure. This is a very realistic goal. Several computational mineral physicists today started as experimentalists.(Wentzcovitch, Karki, Erlebacher, and Pierce)

Tutorials on first principles calculations: The gap to be bridged between mineral physics and materials theory is in the area of electronic structure. We believe much can be accomplished through two-week tutorials. Prof.s Baroni and de Gironcoli, senior personnel on this proposal at the DEMOCRITOS simulation center [30] in Trieste, Italy, already offer one-week tutorials on the usage of first principles methodologies (PWScf) [12]. An introductory tutorial for mineral physicists should last two weeks, with one extra week for presentation of the theoretical fundaments prior to the introduction to the use of the methodology. The Supercomputing Institute has excellent facilities to host these tutorials. The workshops can be co-organized by DEMOCRITOS (see supplementary documents, letter from Prof. Baroni). More advanced tutorials occur frequently at DEMOCRITOS and we will work together to design special workshops as the community of users evolves. Other methodologies may be included in these tutorials as well (Wentzcovitch, Baroni, de Gironcoli, and Siepman)

Outreach towards underrepresented groups - summer undergraduate internships: The Minnesota Supercomputing Institute (MSI) has had since inception an outstanding Summer Undergraduate Internship Program in scientific computation and graphics. Undergraduate students, mostly from the University of Minnesota, are supported for ten weeks to join one of the research groups. The Institute will work together with our MRSEC education director, Prof. Frank Snowden (see supplementary documents, letters from Prof.s Snowden and Truhlar), to recruit interns from four-year, tribal, and Historically Black Colleges and Universities. Special positions are being created in the internship program for under-represented minority students and women in connection with the VLab. The funds requested to NSF for this initiative augmented by the Institute’s budget allocation could offer support for up to ten students per year. However, we may choose to bring two to three instructor/student teams per year. The University of Minnesota MRSEC has at least six years of experience with this type of program. Participants in this internship program may also include students from Louisiana State University and from minority institution in Louisiana, such as Southern University in Baton Rouge and Southern University in New Orleans. Prof. Karki conducts workshops in computational science for under-represented groups and he has an active recruiting program at these institutions. (Truhlar, Siepmann, Wentzcovitch, Saad, Yuen, and Karki)

Development of pedagogical material – Outreach activities at SUNY-Stony Brook involve the development of pedagogical materials relevant to the physics of Earth materials, such as lab demostration of pyroelectricity, first shown with tourmaline crystals, and Web-based animation of the process of heat conduction in solids. At University of Florida, Prof. Erlebacher will organize materials science and IT exhibits at the Challenger Center in Talahasse for K1-12 students in form of posters and interactitve computer simulations related to the VLab (see supplemental documents).

Workshops and the international presence of the VLab: Theoretical research on Earth and planetary materials has a global flavor as much as the subject itself. We plan to organize workshops whose scope may vary from year to year and might rotate (or not) between the Minneapolis, London, and Trieste. There are a couple of possibilities: 1) with the DESMOND group in the UK [199] we will co-sponsor workshops on properties of the deep Earth. With the DEMOCRITOS center we will also co-organize workshops on planetary materials but these will be more focused on planetary materials properties (see supplementary documents, letters from Prof.s David Price and Stefano Baroni). Both workshops might happen in the same year, depending on circumstances. These workshops will be hosted at the Supercomputing Institute as well. This scheme will expose the VLab internationally and optimize its resources and efforts by taking advantage of well-established structures and experiences. (Price, Baroni, and Wentzcovitch)

C.5 Organization and management

The scientific and technological goals of this project are: 1) to advance computational studies of Earth and planetary materials and 2) make these studies accessible to specialists and non-specialists alike by building a grid-, portal-, and a web-based infrastructure. Therefore, our consortium developed around two groups of individuals who have been collaborating and pursuing these two goals. Some consortium members have been collaborating for more than one decade (see publications cited in the bio-sketches). The groups came into contact through the interactions of Prof. Renata Wentzcovitch and Prof. David Yuen at the Supercomputing Institute (MSI), the host department of this project. We refer to these groups as the physical scientists, PS, and the information technology scientists, ITS.

Advisory Panel: The VLab will be overseen and directed by an Advisory Panel. The panel will consist of IT scientists, physicists, materials scientist, mineral physicists, Earth scientists from the US and Europe. They are: Prof.s James R. Chelikowsky (U. of Minnesota), Richard Martin (U. of Illinois at Urbana-Champaign), Andrew Odlyzko (U. of Minnesota), Alexandra Navrotsky (UC-Davis and COMPRES), Robert Lieberman (SUNY-Stony Brook and COMPRES), Donald Weidner  (SUNY-Stony Brook and COMPRES), Shun-ichiro Karato (Yale and COMPRES) (see their letters in the supplementary documents session). Prof.s David Price (senior personnel), Stefano Baroni (senior personnel), and David Yuen (co-PIs) will also be part of this panel. The role of panel members is to provide feedback on scientific, educational, and technological issues to the consortium via its director. 

 Director: Prof. Renata Wentzcovitch will be the director of the VLab. Her responsibilities include: a) implement recommendations of the advisory panel, b) to attend to the administrative issues related to the VLab, c) to circulate ideas between members of the PS and ITS groups. She will be advised on administrative matters by Prof. Don Truhlar, the Supercomputing Institute director.  

PS and ITS groups:  The consortium consists of two groups: 1) the IT-scientists (ITS): Prof.s Dave Yuen, Gordon Erlebacher, Bijaya Karki, and Dr.s Marlon Pierce, Stefano Cozzini, and Kerstin Kleese-Van-Dam; 2) the Physical scientists (PS): Prof.s Philip Allen, Bijaya Karki, David Yuen, David Price, Michael Gillan, Stefano Baroni, Stefano de Gironcoli, Frank Spera, Donald Truhlar, Iljya Siepmann, and Renata Wentzcovitch. The ITS group will communicate with the director mostly through Prof. Erlebacher (IT), its coordinator. The coordinator of the PS group is the director herself. 
Administrative and technical support: Administrative and technical support on all aspects of high-performance scientific computing will be provided by the Minnesota Supercomputing Institute. 
Exchange of ideas and information: In addition to the strong personal and scientific relationships that cut across the PS and ITS groups, the participants will exchange ideas regularly through Webcam enabled video-conferences [200]. We will acquire Webcam cameras and install them in all PIs’, co-PIs’, senior personnel’s, and members of the advisory panel’s offices. Video-conferences will happen on a daily/weekly basis among collaborators and as frequently as necessary among project oriented sub-groups within the PS and ITS groups. Video-conferences with the participation of all consortium members should happen once every six months for progress update. Video-conferences between the entire advisory panel and members of the consortium will happen once per year. The director will be in constant contact with most members of the panel. The administrative support staff will help to maintain science and IT news group, but it is the director’s responsibility to make sure communication and feedback happen within the consortium. 
Dissemination of results: To disseminate the efforts of the VLab to the larger materials physics and Earth and planetary sciences communities we plan to convene especial sessions at large meetings of the American Geophysical Union (AGU) and of the American Physical Society (APS). Prof.’s Yuen and Erlebacher have co-organized since 2001 sessions on Visualization in the Geosciences at the AGU. The sessions on Computational Mineral Physics, introduced in 2003 at the AGU Fall Meeting are also a perfect vehicle for dissemination of our work. The PI is organizing in 2004 several sessions on Earth and Planetary Materials at the APS March Meeting. As a past member of the executive committee of the Division of Computational Physics the PI is in position to make the recommendation to make this session permanent. Another workshop series organized by Prof. Karki, the Mardis Gras Conference at LSU, offers additional opportunity for dissemination of results.
     Research plan and time table: 
We have opted for a four-year grant period. This is a challenging project that needs to evolve and obtain feedback rapidly from the community and from NSF to achieve its goals. Below is a timetable for the deliverables in science, technology, and education specified in sections C.3 and C.4. These are: 

· High impact science articles during the grant period.

· More efficient public domain first principles algorithm, software for transport coefficients, transition state, and advanced Monte Carlo methods.

· Visualization tools for electronic structure plugged into the first principles method and for atomistic simulations in general (collaborative steering and analysis through web-based interfaces).

· Automated calculations of high pressure and temperature elastic constant tensor of minerals.

· A project manager that provides multiple users a global and consistent view of an ongoing project

· Metadata descriptions of all aspects of VLab
· Workshops, tutorials, and summer internship for under-represented undergraduates 

	Year 1

	Year 2
	Year 3
	Year 4
	

	Methodology development
	Combination of methodologies
	Research 
	Research
	Transport Properties in Iron

UCL, SUNY, UMN

	Exploration of methodologies
	Exploration of methodologies

Research
	Research
	Research
	Properties of mantle minerals

UMN, DEMOCRITOS

	Methodology development
	Combination of methodologies
	Research
	Research
	Properties of H2O-ice and hydrous MgSiO3
UMN, DEMOCRITOS

	Combination of methodologies
	Combination of methodologies
	Research
	Research
	Elements partition​ning in solid/liquid iron, UCL, UMN

	Research
	Research
	Research
	Research
	Properties of liquid silicates UMN, UCSB

	Exploration of methodologies
	Combination of methodologies
	Integration within VLab
	Availability within VLab
	PWscf  implementation    

UMN, DEMOCRITOS 

	Investigate tools at Daresbury Lab (DL)
	Visualization

Code and hdw
	Integration within VLab
	Integration within VLab
	Metadata

All participating institutions

	First principles elasticity & integration within VLab
	Fully operative methodology available for external users
	Task Automation

LSU, UMN, DEMOCRITOS

	2 client/2 servers

WEB-IS for large datasets
	Steering between identical apps
	Steering between heterog. apps


	Visualization 

FSU, LSU, UMN,DL

	Native WSDL and SOAP support in NB

	NB Topic discovery, GSI Security
	WSRF Support; preliminary service integration

	Final NB+ service integration
	NaradaBrokering

FSU, IU, DL


	Existing portal deployment
	Incorporate SRB
Smart Schedulers
	Consistent views
WSDL plug-ins
	Integration
	Project manager, portals
UMN, FSU, UI, DL, LSU

DEMOCRITOS

	-Workshop

-Summer internship
	-Workshop

-Summer internship
	-Workshop

-Tutorial

-Summer internship
	-Workshop

-Tutorial

-Summer internship
	Education and outreach

UMN, FSU, UI, DEMOCRITOS, DL


Table 1. Time table of deliverables.
C.6 Scientific profiles of PI and co-PIs
The following are scientific profiles of the participating PIs and co-PIs. Some of the PIs have been funded by NSF for several years, others have only recently been awarded NSF grants. Publications under prior NSF support are listed in the References section in roman algorithms at the end of the Reference file. The scientific profiles of the foreign participants are listed in the Supplementary documents session along with the references cited. 

Renata M. Wentzcovitch The hallmark of her research is the study of materials properties at high pressures and temperatures (P,T). In the past she has pioneered the development of classical and first principles molecular dynamics techniques for materials simulations [201-204]. This led her to identify materials problems of significance to geophysics and investigate with those novel techniques [203-206]. In the last decade she has pioneered elasticity calculations in minerals at high pressures and temperatures [205-214]. This research has enabled the calculation of single crystal anisotropy and acoustic wave velocities in perfect minerals and in polycrystalline aggregates [207,209,211]. Direct comparison of these results with measured velocities in the deep Earth has provided key insights on the thermochemical state of the deep Earth [208,213,214]. These results could be viewed as evidence of radial heterogeneity in the Earth’s mantle [214], an important information for establishing also the convection style operating in the Earth today. She has also predicted pressure-induced transformations that have been confirmed in ruby [215], as well as the implications for the ruby high pressure scale [216], transitions in magnetic materials such as chromia [217], and amorphization in silica [218] and H2O-ice phases [219-220]. The prediction of amorphization in ice XI has not been investigated experimentally yet. 
Yousef Saad His research interests span the following areas: sparse matrix computations, parallel computation, nonlinear equations, eigenvalue problems, and partial differential equations [221-227]. He has developed a package of efficient subroutines for sparse matrices (matrices whose majority of elements are zeros) computations called SPARSKIT. For several years he has been interested in the matrix eigenvalue problem and large linear systems of equations and has investigated a number of techniques for such problems based on so-called Krylov subspace methods. His second major interest is parallel computing, including efficient parallel algorithms for solving sparse linear equations. His group has developed a package called Parallel Sparse Library (PSPARSLIB) for solving large sparse linear systems on parallel computers. More recently they developed a parallel version of a package called Algebraic Recursive Multilevel Solver (pARMS), which offers a large choice of scalable preconditioners. He also has had several collaborative efforts involving computational problems arising from physics applications, particularly in the area of electronic structure calculations. 

J. Ilja Siepmann The main research efforts of the Siepmann group are directed toward the prediction of phase equilibria in multi-component, multi-phase systems using particle-based simulation methods.  To advance the precision and the accuracy of these calculations, the Siepmann group works on the development of efficient Monte Carlo algorithms [228-234] and transferable force fields [235-242], and more recently the direct computation of phase equilibria using first-principles methods [243]. These novel methods are applied to investigate retention process in chromatography [244-250], self-assembly in micro-heterogeneous solutions [251-255], environmentally benign solvents [256,257], nucleation phenomena [258-259], solid-fluid phase equilibria [260-261], and polymorph stability and solvate formation in pharmaceutical solids [262]. His current research efforts with first principles methods are aimed at the vapor-liquid coexistence curve of water and ionic adsorption at the aqueous liquid/vapor interface.  His research is supported through two NSF-GOALI grants, and additional support from DOE and the chemical industry. 

Donald Truhlar He is a theoretical chemist who has been contributing for more than three decades to the understanding of fundamental aspects of the structure, dynamics, and thermodynamics of few- and many-body systems, the reaction dynamics of organic, metal-organic, and enzymatic systems, and the influence of solvation on structure and dynamics of molecules. He has developed and used a combination of quantum mechanical, quantum statistical, semiclassical, and classical mechanical methods to study these systems and phenomena applied to nanoscience, quantum photochemistry, combustion, biochemistry (enzymes and neurochemistry), catalysis, high-energy species, and atmospheric and environmental chemistry. Some recent projects include: a) Semiclassical and quantum mechanical studies of photochemical dynamics [263,264]. b) Development of efficient [265] and accurate [266-269] ab initio methods to study electronic, structural, and dynamical properties of molecules. c) Development and application of variational transition state theory and its practical interface with electronic structure theory and molecular dynamics [270-274]. d) Structure and energy of nanoparticles and their collisions [275]. He received the American Chemical Society Award for Computers in Chemical and Pharmaceutical Research in 2000. He has been the Director of the Minnesota Supercomputing Institute for Digital Technology and Advanced Computation (MSI) since 1988 (http://t1.chem.umn.edu/truhlar/).

David A. Yuen He is a computational and theoretical geophysicist, with a broad training ranging from applied mathematics, chemistry, seismology and geophysical fluid dynamics. He has worked in numerous areas throughout his career including mantle viscosity [276-277], mantle convection [278], numerical methods and wavelet analysis [279], visualization [280], ice sheet dynamics [281], molecular dynamics and soft-matter physics [282-283], biological fluid dynamics [284], and information technology (see http://www.msi.umn.edu/~davey/). He has pioneered work on the influences of phase transitions on mantle flow structure [284] and nonlinear feedback from viscous heating in geological processes  [286-287]. He has extensive collaborations with scientists from all over the world and has interacted with industrial scientists. In 2003, Yuen and his group have won several prizes at the Fall Meeting of the American Geophysical Union.
Philip B. Allen He has 35 years of experience in theoretical studies of the physics of materials. His interest in transport properties started because the measured high temperature properties of good superconductors like Nb3Sn and high Tc superconductors like La2CuO4 were anomalous and provided useful clues about electronic structure [288-292]. Allen is expert in quasiparticle theories: the Eliashberg theory of superconductivity [293] and the Boltzmann theory of transport [294].  He has invented new methods for solving the corresponding equations [295]. Using accurate electronic band theory, he has applied these methods successfully to complex metals [296-299]. At high T, it is common for mean free paths to become so short that quasiparticle theories fail [2100-2103]. Allen has used detailed microscopic modeling to investigate electrical resistivity of metals [304,305] and heat conductivity of liquids [306,307] and glasses [308,309] in this regime.
Gordon Erlebacher He has been active in numerical simulation of compressible flow transition, turbulence, and scientific visualization. Early contributions include the clarification of transition mechanisms in boundary-layer flow [310], generation of shocks in isotropic turbulence, the development of large eddy turbulence models [311-312], and the parallelization of simulations codes [313-314]. Throughout this work, he developed a series of visualization algorithms to help understand the complex wave interactions in compressible flows [315]. He has worked on optimization problems in boundary layers [316] and on the interaction of shocks with a variety of flow structures [317,318]. Since 2000, he concentrated on the development of algorithms to visualize time-dependent vector fields that harness the hardware capabilities of commodity graphics cards [319-325] and on the development of algorithms suitable for the geophysics community [326-330], which include feature extraction, visualization, and easy access to scientists geographically distributed. 

Bijaya B. Karki His expertise is in high-end computing and visualization research on forefront materials issues including those of geophysical relevance. He has carried out highly accurate first-principles calculations of vibrational and elastic properties of major mantle phases at high pressures and temperatures [131-135]. The results have provided a firm theoretical basis to interpreting rich seismological observations in terms of anisotropy, lateral heterogeneity and radial inhomogeneity/superadiabacity in the lower mantle [336-337]. He has carried large-scale MD simulations involving up to a million-atom system [338]. More recently, after joining Computer Science at LSU, he has initiated development of efficient visualization algorithms to gain better insight into different datasets produced by simulations [339]. He is keen in establishing vigorous research and education program at the interface of IT and geophysics (recently awarded an NSF CAREER grant). 

Marlon E. Pierce Application of distributed and Web programming techniques to problems in the physical sciences has been the primary focus in Pierce’s research. His background in computational condensed matter physics [340-343] provides direct experience with computational scientists’ requirements. Pierce’s postdoctoral research has focused on the infrastructure to support scientific computing in distributed environments, using both service-based computing Grid architectures [344-347], messaging systems [348-352], and user interface environments to distributed resources [353-356].  Pierce leads the IT effort to build the Solid Earth Research Virtual Observatory (SERVO), which links distributed earthquake modeling codes, distributed data, and visualization systems.  He has also developed numerous computing Web portal systems, such as described in [355-356]. He is currently the Principal Investigator in the NSF National Middleware Initiative project to build reusable portal middleware components (www.ogce.org).

Frank J. Spera The focus of his research is the study of the thermodynamics and transport properties and the dynamics of naturally occurring silicate liquids (magma) from the nanoscale to the macroscale with application to the Earth and terrestrial planets. He das performed experiments to study the rheological properties melts and of multiphase magmatic mixtures [357-360]. He has performed simulations have been carried out on representative silicate geomaterials to understand the effects of pressure on the structure of molten silicates, develop better equations of state and to estimate transport properties [361-366]. He has used methods of computational fluid dynamics to solve a variety of geological problems involving material and heat transport in the crust and mantle including porous media convection, magma chamber convection and the geochemical evolution of crystallizing magma bodies [367-372]. 

Figure 1: Internal structure of the Earth. Extracted from � HYPERLINK "http://www.es.ucl�.ac�.uk/research/desmond/" ��http://www.es.ucl�.ac�.uk/research/desmond/� .





Figure 2: Structure of the lower mantle as proposed in H. Kellogg et al.,  Science 283, 1881 (1999), copyright AAAS.








Figure 3: Alternative models (differentiated and undifferentiated) for the internal structure of Titan (52:48 rock-to-ice ratio, R = 2575 km). The depths of the internal boundaries are determined by its thermal structure and the thermodynamic phase boundaries between various forms (I, II, VI, VIII, etc) of H2O-ice. From Ref. [80]. Copyright Oxford University Press.





Figure 4. A message-based publish/subscribe Grid system with associated services (grids, audio-video, applications, storage, visualization, and project management). Graphical user interfaces interface to NB through one of several portals. Computational resources from FSU, UMN, LSU, and CINECA will be connected to VLab for testing, benchmarking, and calculations.
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Figure 5- Management structure of the VLab











�I think we need to make these point directly to section 3.4.4
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