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Columbia University was the lead institution for the TOPS consortium of three laboratories and six 
universities, and the primary responsibility of the Columbia PI, David Keyes, was coordination of TOPS 
researchers and developers with SciDAC researchers from the Offices of Basic Energy Sciences, Biology 
and Environmental Research, Fusion Energy Sciences, High Energy Physics, and Nuclear Physics who 
are consumers of the enabling technologies offered by TOPS. TOPS collaborated with SciDAC 
applications projects and with computer science and applied mathematics Integrated Software 
Infrastructure Centers (or ISICs). 
 
As part of his duties, PI Keyes consulted with the collaborating projects by e-mail, phone, or visits, and 
sought expertise within the TOPS project to enable collaborators to take advantage of the state of the art 
in scalable solvers.  When the state of the art was insufficient, this was transmitted to TOPS project PIs as 
a research driver. 

 
At his host institution, Keyes sponsors six doctoral candidates and three post-docs, most of whom work 
on technical aspects of scalable solvers, with a particular focus on implicit solvers, both linear and 
nonlinear for magnetically confined fusion energy simulations, and all of whose training for the 
professional workforce is strongly influenced by the TOPS SciDAC project, whether directly supported 
or not.  Another principal technical focus during the reporting period was software for the adaptive 
smoothed aggregation algebraic multigrid technique, with application to SciDAC’s lattice Quantum 
Chromodynamics project.  This was in conjunction with Columbia graduate student Arvid Bessen. 
 
In many areas of science, physical experimentation is impossible, such as with cosmology; dangerous, as 
with manipulating the climate; or simply expensive, as with fusion reactor design. Large-scale 
simulations, validated by comparison with related experiments in well-understood laboratory contexts, are 
used by scientists to gain insight and confirmation of existing theories in such areas, without benefit of 
full experimental verification. But today’s high-end computers, such as those at DOE’s supercomputing 
centers, are one-of-a-kind, and come without all of the scientific software libraries that scientists expect to 
find on desktop workstations. The Terascale Optimal PDE Solvers (TOPS) ISIC was created to develop 
and implement algorithms and support scientific investigations performed by DOE-sponsored researchers. 
These simulations often involve the solution of partial differential equations (PDEs) on terascale 
computers. The TOPS Center researched, developed and deployed an integrated toolkit of open-source, 
optimal complexity solvers for the nonlinear partial differential equations that arise in many DOE 
application areas, including fusion, accelerator design, global climate change and reactive chemistry. The 
algorithms created as part of this project were also designed to reduce current computational bottlenecks 
by orders of magnitude on terascale computers, enabling scientific simulation on a scale heretofore 
impossible.  
 
Nonlinear PDEs give mathematical expression to many core DOE mission applications. PDE simulation 
codes require implicit solvers for the multirate, multiscale, multicomponent, multiphysics phenomena of 
hydrodynamics, electromagnetism, chemical reaction and radiation transport. Currently, such problems 
typically reach into the tens of millions of unknowns — and this size is expected to increase 100-fold in 
just a few years. Unfortunately, the algorithms traditionally used to solve PDEs were designed to address 



smaller problems and become much less efficient as the size of the system being studied increases. This 
creates a double jeopardy for applications, particularly in the case when the algorithms are based on 
iterations — as it takes more computing resources to solve each step of the problem, and the number of 
steps also goes up. Fortunately, the physical origin of PDE problems often allows them to be addressed by 
using a sequence of approximations, each of which is smaller than the one before. The solutions to the 
approximations, which may be obtained more efficiently, are combined judiciously to provide the 
solution to the original problems. One well-known example of this approach is called the multigrid 
method, which solves a problem by tackling a coarse approximation and then using the solution to 
generate the solution of a better approximation, and so on. It can be shown that the performance of 
multigrid method is optimal for certain classes of problems. The underlying philosophy of this and other 
similar approaches is to make the majority of progress towards a high quality result through less complex 
intermediate steps.  
 
The efforts defined for TOPS and its collaborations with other projects have been chosen to revolutionize 
large-scale simulation through incorporation of existing and new optimal algorithms and code 
interoperability. TOPS provides support for the software packages Hypre, PARPACK, PETSc, 
ScaLAPACK, Sundials, SuperLU and TAO, some of which are in the hands of thousands of users, who 
have created a valuable experience base on thousands of different computer systems. Software developed 
and supported by the TOPS project is being used by scientists around the globe. In the past few years, 
even researchers outside the SciDAC community authored more than two dozen scientific papers 
reporting results achieved using TOPS software. The papers cover many disciplines, from astronomy to 
chemistry to materials science to nanotechnology to optics. TOPS solver software has also been 
incorporated into numerous other packages, some commercial and some freely available. Among the 
widely distributed packages maintained outside of the SciDAC program that employ or interface to TOPS 
software “under the hood” are DSpice, EMSolve, FEMLAB, FIDAP, Global Arrays, HP Mathematical 
Library, libMesh, Magpar, Mathematica, NIKE, Prometheus, SCIRun, SLEPc, Snark and Trilinos. 
Finally, TOPS software is taught in many courses in the U.S. and abroad, and forms a core of the annual 
training workshop sponsored by DOE to introduce researchers to the Advanced CompuTational Software 
(ACTS) Collection. TOPS software is also regularly featured in short course at professional meetings. 
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