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Abstract

The proposed work will build upon the successes of the 

DOE SciDAC programs by taking several of the most 

advanced fusion computer codes, combining these to 

provide a unique tool in the worldwide fusion program, 

and implementing them on the Leadership-Class and other 

computing facilities. This will be done in concert with the 

computer science and math communities in such a way 

that the software framework we form will lay a foundation 

for even more powerful and comprehensive simulations in 

the future. Intense radio-frequency waves provide an 

essential control technique for fusion grade tokamak 

plasmas. The frequency and phasing of these waves can 

be adjusted using precision control so as to keep the 

plasma in a quiescent state, significantly improving its 

quality as a confinement device and greatly reducing the 

likelihood of a catastrophic disruption. The work 

described here is aimed at providing an essential design 

tool for such a control system. The framework will allow for the treatment of two regimes of 

potential plasma global instabilities: fast phenomena and slow phenomena. In the first, the wave 

fields act only indirectly on the instabilities by modifying 

the background equilibrium, while in the second they act 

directly by competing with the instability drive terms. We 

will work with the community to develop standards and 

documented APIs for fusion application modules, which will 

allow the incorporation of many of today’s fusion 

application codes into this framework.

Simulation of an internal reconnection 
event using the M3D code.   
Source: W. Park et al., Nuclear Fusion 43, 
483 (2003)

Simulation of conversion of fast waves to both 
ion Bernstein waves and slow ion cyclotron 
waves using the AORSA2D code.  
Source: E. F. Jaeger et al., Phys. Rev. Lett. 90, 
195001 (2003)
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2. Executive summary 
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•� Improve our understanding of interactions that both RF wave and 
particle sources have on extended-MHD phenomena, and to 
substantially improve our capability for predicting and optimizing the 
performance of burning plasmas.  

�	�
��0



•� Develop an integrated computational system for treating multi-physics 
phenomena with the required flexibility and extensibility to serve as a 
prototype for the FSP, address mathematics issues related to the 
multi-scale, coupled physics of RF waves and extended MHD, and to 
optimize the integrated system on high performance computers.  
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A physics campaign addressing long timescale discharge evolution in 
the presence of sporadic fast MHD events�
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A physics campaign for modeling the direct interaction of RF and 
extended MHD for slowly growing modes. !��
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Figure 1: Poloidal cross section 
of a tokamak 
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Figure 2:  Experimentally, the sawtooth period 
and amplitude have been extended by the 
application of RF power.[3]. 

Figure 3:  Complete suppression of an m/n=3/2 
NTM by ECCD in the presence of continued 
uncoupled sawteeth:  DIII-D, [11 
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The SciDAC CEMM and  CSWPI centers have developed, and are continuing to improve, the 
components needed for an integrated simulation of RF stabilization of the NTM.  The combining 
of these components into a usable, validated, simulation and design tool is a second major focus 
of this proposal. 
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Figure 4.  Typical timescales for a burning plasma experiment with B = 5 T, 
R=6 m, ne = 1020 m-3, T = 10 keV.  Different plasma models are applied to phenomena in 
different timescale regimes 
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4.  Proposed research  

4.1.  Detailed project description 
SWIM will create a new and unique capability for modeling the interactions between high power 
electromagnetic waves and MHD stability.  This will be accomplished by building an innovative 
end-to-end high performance computational system that integrates emerging mathematical 
methods, software component and data management systems, and some of the world’s most 
accurate and capable fusion energy codes. 
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The campaign addressing long timescale discharge evolution in the presence of sporadic 
fast MHD events will involve developing within the framework an integrated Evolving 
Equilibrium Model (EEM) that is interfaced to the 3D non-linear extended-MHD codes.  The 
EEM will contain modules to calculate wave propagation and absorption in all relevant 
frequency regimes, modules to calculate the modification of the plasma velocity distribution 
from sources (RF, NBI and fusion alpha-particles), modules to calculate plasma profile evolution 
and magnetic evolution assuming closed flux surfaces, linear MHD stability models and reduced 
models of non-linear MHD events.  This program can largely be accomplished by interfacing 
existing, autonomous codes, with some re-factoring and code modification.  Such a system will 
contribute to the development of optimized burning plasma scenarios and will also facilitate the 
optimum use of terascale extended MHD codes and terascale RF codes for a variety of studies. 
The primary physics focus will be to improve the understanding of how RF can be employed to 
achieve long-time MHD stable discharges, with and emphasis on controlling sawtooth events.  
However, the tools developed and the software infrastructure will also be useful for the study of 
other fast MHD events such as energetic particle modes or edge localized modes. The simulation 
architecture for this campaign, including the EEM is illustrated in Fig. 5. 
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Figure 5:  Evolving Equilibrium Model and Extended-MHD Code architecture 

Figure 6: Elements of a simulation framework for slowly evolving MHD phenomena 
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The campaign for modeling the direct interaction of RF and extended MHD for slowly 
growing modes will require interfacing RF modules directly with the extended MHD codes and 
with code modules that implement fluid closures for the MHD equations.  The RF field solvers 
and Fokker Planck modules for evolving the distribution function will be generalized to non-
axisymmetric magnetic fields containing magnetic islands as generated by the extended MHD 
codes.  To properly create such coupling and to provide flexibility to explore various closure 
models and solution algorithms, we will have to go beyond existing autonomous codes.    

Instead, it will be necessary to perform some code development and to re-factor some of the 
codes into module sets that can be more tightly coupled and controlled by the computational 
framework. The primary physics focus will be to improve the understanding of how RF can be 
employed to control neoclassical tearing modes.  However, the tools developed will also 
contribute to understanding other slowly evolving, non-axisymmetric phenomena, and could also 
be applied to simulate the sawtooth event if the assumptions involved in the Evolving 
Equilibrium description break down. The simulation architecture for this campaign, including the 
EEM is illustrated in Figure 6. 

The computational science research entailed by SWIM includes defining a software 
architecture (a set of components and their interactions), engineering a suite of complex multi-
physics codes to have scalable performance on widely differing architectures, and building an 
integrated data arena that supports component interactions, automatic file management, and an 
distributed shared metadata system. Solvers specific to plasma physics need to be designed and 
implemented, and the numerical and systems issues involved in passing complex physics objects 
with different representation paradigms (finite element, particle-in-cell, AMR, finite differences) 
between physics modules need to be resolved. 

 

Figure 7:  Functionality is in the control superstructure, the simulation 
modules, and the supporting infrastructure. 
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4.1.1  Elements of work  

The tasks necessary to achieve these goals are divided into multiple elements of work, to be 
carried out in parallel when possible.  Each element requires the combined efforts of computer 
scientists, mathematicians, and physicists, and each element is described in more detail in the 
indicated section. 

1. The general architecture for the computational system will be defined.  This involves 
analyzing the fast and slow MHD simulations categorizing the functionality into three categories: 
control superstructure, simulation level, and shared infrastructure [Section 4.1.2] 

2. Specific components and interfaces for fast MHD will be defined.  This involves a detailed 
analysis of the data flow, communications, and control requirements of this class of simulations.  
All participants must agree on standard interfaces between computational elements, so that 
different implementations can easily be swapped in and out.  The process for modifying and 
extending these standards will be developed and agreed to.  [Section 4.1.3] 

3. The physics components will be modified and improved to incorporate the interaction 
between RF and extended MHD, or in the case of the fast MHD campaign between RF and 
profile evolution.  This entails new analysis, coding and testing of these improvements. [Section 
4.1.4] 

4. The architecture will be extended to encompass the requirements of the slow MHD 
campaign.  Slow MHD will require more extensive and deeper modification and re-factoring of 
existing codes and will require preliminary integration testing and experimentation before 
defining interfaces. [Section 4.1.5] 

5. An implementation of the architecture will be created, first supporting the fast MHD 
campaign, and then the slow MHD, with the physics codes and modules modified to support the 
standard interfaces and control protocols [Section 4.1.6], and basic shared superstructure and 
infrastructure components created [Section 4.1.7] including a system to manage the data (source 
codes, I/O files, experimental data for validation and verification, performance analysis and 
results, simulation metadata).  

6. Identification and rectification of performance bottlenecks will be carried out at all stages, 
targeting both MPP and vector computers.  This will require first optimizing chosen existing 
codes and later inter-component, overall optimization. [Section 4.1.8] 

7. SciDAC math centers tools will be adapted and implemented, efficient preconditioners for 
fusion simulations investigated, and mathematical issues related to stability, accuracy and 
performance analyzed. [Section 4.1.9] 

8. At each stage the scientific validity of the simulation will be established by benchmarking of 
the multiple codes and by comparison with experiment and carrying out new research within our 
two physics campaigns of fast and slow extended MHD.  This element also encompasses 
commitment to engage the wider fusion simulation community and develop a user base as early 
in the project as feasible [Section 4.1.10]. 

4.1.2 The SWIM computational architecture 

A well-defined architecture and implementation plan is fundamental to coordinating a large-scale 
geographically distributed multidisciplinary effort like SWIM. Designing a software architecture 
requires a detailed understanding of both the physics involved and how it gets done 
computationally and therefore requires close collaboration of physicists, mathematicians, and 
computer scientists.  To provide long-term flexibility and extensibility, the SWIM architecture is 
based on principles of modularity and reusability. The functionality provided by modules (or 
components in modern software terminology) of any sophisticated simulation code can be 
divided into three basic categories, depicted in Fig. 7.   
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•� The control superstructure, which orchestrates the simulation and provides capabilities to 
interface with external tools for job launch and monitoring, and connect to remote data 
repositories, and manage simulation workflows.  SWIM alone has several workflows to 
support; the FSP will have many more. 

•� The domain-specific (in this case plasma physics) simulation modules which individually or 
in concert (controlled by the superstructure), perform the desired simulations. The majority 
of simulation modules will be derived from existing physics codes. Simulation components 
for the fast MHD evolving equilibrium code will be relatively coarse grained and will follow 
closely the general outlines of the current standalone codes. For the slow MHD campaign, we 
anticipate finer-grained components which will often require refactoring of existing codes at 
a deeper level.  Some new simulation modules will also have to be developed, particularly 
for the MHD closure models. 

•� The supporting infrastructure, which provides shared computational and numerical services 
for use by multiple simulation modules and superstructure elements.  Infrastructure 
components are highly varied, including physics-related modules which are used by multiple 
simulation modules, numerical libraries, and other purely computational services. The 
majority of SWIM infrastructure components will be based on existing libraries and tools.  
New development will be primarily capabilities related to data and metadata management. 

This tripartite architecture has been used in other large-scale software systems, including the 
NWChem parallel computational chemistry package [41, 42], and has proven to be a powerful 
conceptual tool to insure maximum flexibility and code reuse. The terminology of superstructure 
and infrastructure is borrowed from the Earth Systems Modeling Framework (ESMF) [43] 
although the SWIM architecture differs in some ways from ESMF. 

Our intent is to specify the SWIM architecture at the highest possible levels of abstraction in 
order to provide maximum flexibility in how it is actually realized in software. We will evaluate 
SWIM’s requirements and detailed architecture against a variety of available computational 
frameworks. An upcoming workshop bringing together fusion researchers and framework 
developers [44] will provide input to the decision process.  However our current expectation is 
that Common Component Architecture (CCA) [38,45,46] with which Bramley and Bernholdt 
have extensive experience, will provide the required flexibility and extensibility and is the 
leading candidate for this role. 

4.1.3 Interfaces in the SWIM computational architecture 

The three-way classification gives a way of organizing the components, but an architecture also 
requires defining how components interact with each other and with the outside world in terms 
of the flow of data, communications, and control.  To insure flexibility and extensibility, these 
interactions must be abstracted and standardized within the community, so that different 
implementations of a given functionality can easily be swapped in or out.  

We will begin by establishing the process by which these standards can be defined, modified, 
and extended, drawing on the experience of other scientific communities in developing common 
interfaces, such as the work of the SciDAC TOPS [34] and TSTT [33] center in establishing 
common interfaces for linear solvers and unstructured mesh representations, and standards such 
as the Message Passing Interface (MPI) and High-Performance Fortran (HPF). The process will 
be followed systematically to define the standard interfaces needed throughout the SWIM 
architecture, adopting existing interfaces wherever feasible.  Interfaces will be expressed using 
the Scientific Interface Definition Language [47] (SIDL), which provides a programming 
language independent form of expression, and define key data structures as necessary. A variety 
of approaches are available to represent data structures and file formats, such as the netCDF 
Markup Language [48] or Common Data Language [49], the HDF5 Data Description Language 
(ASCII [50] or XML [51]), the Grid Forum’s Data Format Description Language [52] or the 
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Fusion Simulation Markup Language [53].  We will evaluate the various approaches in this 
context and use it to express data structures and file formats associated with the various 
components. The mathematical types, frequency of exchange, and sizes of  many of the data 
objects that need to be defined for simulation components are estimated in Appendix B. 

Our initial focus for the interface design work will be the components required for the fast MHD 
campaign. 

4.1.4 Modification and improvement of physics components 

Fast MHD Campaign 

We anticipate that most physics components for the campaign on fast MHD events can be based 
on existing codes with little additional physics development.  However, new development will be 
needed to obtain solutions to the Fokker Planck solutions that include more accurate models of 
RF-driven transport for energetic particles.  Each of the three complementary approaches to 
Fokker Planck solution requires some development. 

•� Simplified models for the radial diffusive motion and bootstrap current effects presently in 
CQL3D [24] will be replaced with physics-based models 

•� A velocity-space dimension to account for energy scattering will be added to DKES [25] to 
include the effects of RF quasilinear diffusion.  Within the EEM, where the equilibria are 
considered axisymmetric, this can be done without increasing the overall dimensionality of 
DKES. 

•� For Monte Carlo codes [26] the performance issues related to obtaining adequate particle 
statistics will be addressed on the NLCF computers.  Methods of maintaining consistency 
relations related to conservation of macroscopic momentum will be investigated.  By using 
appropriate “background” distributions, it should be possible to compute distributions which 
are consistent with the macroscopic MHD flows, although this remains to be demonstrated. 

Slow MHD Campaign 

Unlike the fast MHD campaign, there is no clear separation of timescales between the plasma 
response to RF and the evolution of the extended-MHD variables.  However, because the RF and 
bounce times are short, we can split time the advancement of an instantaneous MHD state and 
the determination of the self-consistent RF electric field and particle distribution function as 
indicated schematically in Figure 6.  Moments of the distribution function, modified so as make 
them functions of the independent, fluid-like extended MDH variables, couple the RF to MHD 
module and the MHD state variables are used to determine the RF.  Predictor corrector 
techniques may be required to enhance stability.  Proceeding with this campaign on slowly 
growing modes will require three primary areas of physics development: 

•� Extension of wave solvers to operate with the perturbed (3D, time dependent) plasma state, 

•� Development of modified MHD closure models to include the effects of RF in order to couple 
the results of the RF-driven distribution function back to extended-MHD. 

•� Improved Fokker Plank solvers to incorporate essential 3D geometric features such as 
magnetic islands. 

Extension of wave solvers 

Interfacing RF to the 3D plasma state requires essentially the same data as specified for the EEC 
except now in 3D; and it must be obtained from the extended-MHD solver rather than from a 2D 
equilibrium solver.  In the initial phases, we will focus on ray tracing using the GENRAY code 
for ECCD.  In the longer term, we will adapt the full-wave codes, which will enable us to study  
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minority current drive or lower hybrid current drive.  The AORSA3D code is capable of 
calculating ICRF wave deposition in these non-axisymmetric geometries but is computationally 
intensive. 

Modified closure relations for extended MHD including RF interactions 

CEMM is exploring a range of closure models to explore the physics of slow MHD in the 
absence RF.  We will build on that effort with an emphasis on how RF affects the closure 
physics.  Hybrid closures which employ direct solutions for the RF-driven distribution function 
and required RF modifications to the “background” components are the focus of our proposed 
research. 

Hybrid Closure though direct solutions of the distribution function  A direct solution for the 
distribution function of the plasma species that is most strongly coupled to the RF is needed.  
Moments of this distribution function can then be used to update corresponding fluid terms in the 
extended-MHD equations.  As described in Section 3.4, the parallel RF-driven current must be 
“inverted” to provide the electric field as a function of the current to allow developing an Ohm’s 
Law that can be used to eliminate the electric field from the extended-MHD equations.   

 CEMM Closures  To specify the closure variables, we will investigate the different methods 
considered in the CEMM effort, modified by the contribution of the RF quasilinear operator. 
These include the following: local collisional closures, where the standard short mean-free-path 
expansion of the distribution function about a Maxwellian is used [54,55,56]; parallel integral 
(non-local) neoclassical kinetic closures, where the parallel viscosity and parallel heat fluxes are 
obtained as solutions of a free-streaming drift-kinetic equation [25,57]; collisionless parallel 
local closures, where local dynamic evolution equations for the parallel viscosity and parallel 
heat fluxes are considered [58,59]; analytic neoclassical closures, where the parallel viscosity is 
given by its neoclassical expression in a closed-magnetic-surface near-equilibrium [60].   

Improved Fokker Plank solvers 

Much of this work will overlaps with a similar task in the fast MHD campaign.  However the 
presence of 3D structures substantially complicates a rigorous solution of the Fokker Planck 
equation, even when cross-flux-surface transport is neglected.  Specific additions include the 
need for considering 3D modifications imposed by magnetic islands and the need for high spatial 
accuracy because derivatives of the parallel electric field are required for the extended-MHD 
codes.  Specific considerations for the CQL3D code include taking the bounce average along the 
field line at the island center, but with power deposited on the actual island flux surfaces and the 
volume averages taken between incremental volumes of the helical flux surfaces of the island. 

4.1.5 Extending the SWIM computational architecture to slow MHD 

From a computational viewpoint, slow MHD simulations differ from fast primarily in the 
frequency of exchange of large data objects between components, and potentially by using 
domain modules that are newly defined from refactorization of existing physics codes.  Both will 
require a much deeper and finer-grained integration of physics modules.  This will require new 
interfaces, and probably some revisions to increase the generality of interfaces that were 
developed focusing on the fast MHD needs.  This is a natural part of the process of interface 
design, and the reason that the first task in the interface design effort is to define the process by 
which these standards are decided and modified. Throughout this process, we will also be 
looking for opportunities to reuse code by refactoring simulation modules and pushing the part of 
the functionality that can be used by multiple components into the infrastructure layer.  The 
process for developing slow MHD components and interfaces will be fundamentally the same as 
that used by fast MHD, but will lag somewhat behind it, so that the fast MHD architecture can be 
treated as a prototype, and testing and experimentation can help in both defining and 
implementing the additional capabilities. 
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4.1.6 Initial architecture implementation work plan 

The SWIM project will utilize software packages which are undergoing continual development 
and use by a larger community.  Our strategy will be to work directly with the main stream of 
development and insure that modifications introduced when code is turned into a SWIM 
component will also work appropriately when the package is used separately from SWIM.  We 
have identified physics code “managers” for the first five key applications we will be using – 
individuals who have been involved in the development of the standalone package, and who are 
also participating in SWIM: 

•� M3D: Steve Jardin 

•� NIMROD: Dalton Schnack 

•� AORSA: Don Batchelor  

•� CQL3D: Bob Harvey 

•� TRANSP: Doug McCune 

The first stage is for each code manager to create a test and benchmarking suite for the code.  
The suites must be extensive since existing codes have a relatively large number of potential 
execution paths which exercise different parts of the code.  Together with Bramley and 
Bernholdt, the managers will define and agree upon common software aids for configuration and 
source code management [61-66] test harnesses [67-70], and bugtracking [71,72] that will be 
used across the SWIM project.  Evolution and changes in tools will be implemented only with 
the consensus of the software process team.  

The second stage (contemporaneous with the first) is definition of the required interfaces for 
physics simulation level components in fast MHD, as described above and will involve all 
project members.     

The third stage, once the components and their interfaces are suitably defined, is creation or 
adaptation of auxiliary components essential for fast MHD.  We will define file I/O components 
first, because that will be the mechanism for exchanging data between simulation level 
components initially, allowing rapid prototyping and identification of potential numerical 
stability or physics problems before making larger changes in the codes.  Using file I/O will be 
superseded by “live” component connections by the end of the first year.   Another component 
that will be essential is a simple job harness for composing a SWIM application from 
components.  Initially this will be a simple script in Python, PERL, or IDL, with a more 
sophisticated user interface using Web portals [73-76] coming later.  Preliminary infrastructure 
components for handling mesh mediation and data transformation will also be created in this 
phase.   

Later stages will consist of refining the architecture, following the processes previously defined 
for establishing and evolving interfaces, and development and adaptation of additional 
supporting components.  

4.1.7 Required superstructure and infrastructure Components 

Most of the infrastructure components in SWIM will be leveraged from existing DOE and other 
activities, either directly using other products or by adapting them to SWIM’s needs.  While 
many details of the superstructure and infrastructure will only be defined as part of the design 
process at the beginning of the project, we can outline some of the aspects which are already 
clear. 
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Software interfaces are primarily used for interactions between computational components, but 
SWIM must also support data access, transfer, and management. The requirements include 
efficient transfer of large simulation datasets, a metadata catalogue allowing rapid data 
discovery, and the ability to seamlessly tie into existing experimental data repositories. 

Physically, SWIM’s data management system will be distributed over multiple computer systems 
at several sites, yet it will be presented to the user as one logical construct to facilitate ease-of-
use. SWIM’s shared infrastructure components will include the ability for job launch, real-time 
monitoring, and management. Large data sets produced by SWIM will require visualization 
tools, and the SWIM project’s geographical distribution needs team members to work together 
effectively while in separate locations, including shared coding and desktop application sessions.   

Data management, job management, visualization and collaboration are being addressed by DOE 
projects (some listed in Appendix C) and SWIM will leverage those.  Significant work is 
required to create an integrated data management system even from the existing base, and other 
work must be done to adapt and harden the other utilities for fusion simulations; if necessary in 
later years of the project resources may be directed to work on expanding them to meet emerging 
needs. 

4.1.8 Performance engineering 

Portable performance across a broad spectrum of platforms is important to SWIM, and we will 
make a significant investment in insuring high performance.  The first phase of this effort will 
involve the creation of testing and benchmarking suites for the various codes in order to facilitate 
identification of performance hotspots. The initial performance engineering work will target 
M3D, NIMROD, AORSA, CQL3D, TRANSP, with other codes added later. This phase of the 
work is shared with correctness test suites in the architecture design task (Sect. 4.1.6). 

The second phase is the porting and building of each code on three major target architectures: 
workstation, MPP cluster, and vector.  In particular portability will be targeted at each of the 
SWIM sites, including the National Leadership Computing Facility at ORNL. A test harness that 
allows regression testing of the codes on all of the architectures will be chosen and implemented. 

The third phase is detailed performance analysis of the codes on each architecture, using 
standard tools.  Simple basic block (function and subroutine) profiling will identify where the 
time is spent in each code module (likely to be different on different architectures).  Then tools 
such as Jumpshot, Vampir, Paraver, Dimemas, and Paradyn can then be used to provide more 
detailed loop- and statement-level analysis of particular hotspots. Because of our close 
connections with the developers, the TAU performance toolkit [77] will be used throughout the 
SWIM project to instrument code for performance analysis. Multiple platforms and tools are 
essential to develop a balanced and detailed view of performance problems and suggestions for 
enhancements.  In particular, parallel and other I/O is often highly site-dependent and so requires 
a broad base for analysis.  Our performance engineering work will draw upon the extensive base 
of experience developed across many platforms by the ORNL Scientific Applications Group (of 
which Fahey is a member). We will also be able to draw on the newly established Cray 
Supercomputing Center of Excellence (CSCE) for special assistance in porting and tuning for the 
Cray systems.  The CSCE is located at ORNL and is headed by John Levesque. 

Use of standard high-performance libraries like Trilinos, PETSc, and ACTS tools whenever 
possible in the codes will also be promoted within SWIM.  This allows us to take advantage of 
the more extensive development and optimization such packages receive due to their large user 
bases. An initial analysis indicates many opportunities to improve code performance this way.   

The preliminary phases of our effort target intra-component performance.  A new issue that 
SWIM introduces is overall composed application performance.  Even well-tuned individual 
components may exhibit new performance issues when they are coupled together.  They may be 



 30 

due to load imbalance, the fact that algorithms may not perform equally well on all architectures, 
or other factors.  Possible solutions we will explore include static load balancing through more 
effective allocations of processors to various components of the simulation, running simulations 
distributed across multiple systems to permit each component to run on its optimal architecture, 
and dynamic reassignment of components to processors using tools such as Zoltan [78]. Analysis 
of performance in this setting will rely on TAU, which provides unique capabilities to capture 
component-based computing performance across multiple architectures in a single run. [79]   

4.1.9 Numerical mathematics issues 

Utilizing SciDAC ISIC outcomes.  A large amount of groundwork has been laid for the SWIM 
project by existing SciDAC Applied Math projects.  TOPS software for large-scale algebraic 
systems that arise from finite discretizations of PDE systems is already employed in M3D and 
NIMROD at the highly standardized but relatively low level of sparse linear systems.  TSTT is 
building a variety of sophisticated, scalable mesh generation and discretization systems. Equally 
important, TSTT provides interfaces to multiple discretization schemes and could provide the 
ones needed to exchange data between, e.g., nodal-value finite difference methods and higher-
order finite elements. APDEC uses finite-difference methods on hierarchical structured grids 
combined with block-structured adaptive mesh refinement (AMR), and multilevel schemes like 
AMR are critical for achieving fine spatial resolution where required without overwhelming 
memory resources. While the products of these centers are already in some SWIM codes they 
will require extensions to meet SWIM needs. 

Application-specific Solvers.  Even when employing libraries like PETSc that richly integrate 
algebraic and multilevel preconditioners, superior convergence may be obtained by an 
application-specific preconditioner, and PETSc recognizes this by allowing users to register 
preconditioners that allow call-backs to exogenous application subroutines.  Many MHD codes 
currently solve multiple scalar elliptic PDE’s, which are ideal for multilevel methods.  However 
for adaptive unstructured grids, the recurrences within standard smoothers and preconditioners 
do not vectorize well because indirect addressing prevents efficient deep pipelining.  SWIM will 
therefore explore for vector architectures sparse approximate inverse (SPAI) preconditioners 
[80], which have the added cost of solving large numbers of smaller least-squares problems to 
create the preconditioner.  SPAI will be effective if the cost of creating the preconditioner can be 
amortized over several solves, and this requires evaluation in the context of specific SWIM 
applications.   

Multiphysics Coupling.  For the coupling of SWIM codes into multiphysics packages, the 
standard approach is mathematically equivalent to nonlinear Gauss-Seidel iteration between the 
state variables of the component codes.  For instance, the outputs of one code may be mapped 
into the inputs of another code (typically in the form of coefficients or source terms), and two or 
more codes may then be iterated to consistency, to attain an equilibrium state or within each 
timestep of a transient problem.  Such iteration often requires under-relaxation in practice and 
determination of convergence must be made without the benefit of a global norm. Once a 
nonlinear Gauss-Seidel iteration of this type is set up, however, it is natural to consider a global 
Newton iteration on the union of the state variables between all of the component codes.  It is 
possible to define such an iteration without requiring that a global Jacobian matrix be created and 
operated upon; instead the action of the Jacobian on the global state vector can be obtained by 
calls to the component codes with special inputs. The resulting action is an inner iteration in a 
Jacobian-free Newton-Krylov method for the coupled system.  It can be preconditioned in a 
variety of means, linear and nonlinear, including the method of nonlinear Schwarz, which has 
been explored successfully in simple problems by TOPS.  Since the natural evolution from 
multiple codes to a single multiphysics code, as will be required by the FSP involves reuse of as 
much of proven existing codes as possible, this investigation within the SWIM project holds 
great infrastructural promise   
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Transferring Data Between Discretizations. Each existing physics code has embedded 
assumptions about the underlying grid.  TSTT’s common mesh interfaces can partly address the 
computer science problems this creates, but in an integrated simulation those assumptions can 
lead to discretization errors and a nonconservative overall model.  Minor differences in 
representing the same fields might cause numerical instability in the fully coupled simulation.  
Another danger is artificial numerical diffusion from iterated cross-interpolation. Accurately 
interpolating data, remediating mesh inconsistencies, and computing consistent gradients 
between the codes is essential.  Individual physics modules should not be required to perform 
this task, since this is an issue of coupling.  Implementing these tasks as components will be a 
unique challenge in SWIM that may have far-reaching payoff for other coupled simulations.  

4.1.10 Scientific validation and execution research program 

Scientific validity of the simulation must be established by comparison with analytic theories in 
appropriate limits, by benchmarking between codes, and by comparison with experiment.  Our 
strategy of including multiple realizations of each major component will greatly improve our 
ability to carry out meaningful comparisons between different code modules under the same 
operating conditions.  The access to experimental data afforded by connecting to the fusion grid 
and utilizing the existing TRANSP utilities will improve our ability to validate the simulation 
through comparison with experiment and to support the experimental programs. 

The primary focus of the campaign on fast events will be improving the understanding of how 
RF can be employed to achieve long-time MHD stable discharges, with an emphasis on the use 
of RF power for practical control sawteeth and using RF to probe the physics of the sawtooth. 
Outstanding questions we will focus on in this area include: 

•� How can we influence the period and inversion radius of the sawtooth oscillation by 
modifying the plasma current and pressure profiles by RF and by creating an energetic 
particle component? 

•� Under what conditions will the sawtooth instability trigger the onset of a metastable island 
(seed island for a neoclassical tearing mode) or lead to a disruption, and can this be prevented 
by the application of RF? 

•� How can the “reduced sawtooth model” now in use [81] be extended to account for RF 
effects?  

Other important fast MHD events are also influenced by the presence of RF power such as the 
various energetic particle instabilities such as fishbones and toroidal Alfvén eigenmodes (TAE).  
In addition RF current drive at the plasma edge is an important consideration in controlling Edge 
Localized Modes (ELMs) that arise in high performance discharges due to steep pressure and 
current gradients at the edge. We will address these to the extent that resources allow, but in any 
case the SWIM simulation capability will be valuable to other researchers in the community for 
modeling these phenomena.   

We will strive to make the Evolving Equilibrium Model suite the “community standard” for 
developing optimized burning plasma scenarios.  We will have an outreach program to engage 
modelers not presently in the SWIM project to become code users, and co-developers.  A 
measure of success for our project will be in how successful we are in drawing in outside users, 
and how productive they are in performing scenario optimizations. 

The primary focus of the campaign on slow MHD events will be on the use of ECH power for 
practical control of neoclassical tearing modes and using RF to probe the physics of the NTM. 
Outstanding questions we will focus on in this area include: 
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•� How does the saturated island width depend on the power, steering accuracy and modulation 
of the ECRH power?  

•� What power level, and feedback approaches are needed to fully stabilize the mode?  

•� Can detailed coupled RF/MHD calculations be used to obtain more complete and qualitative 
understanding than the results from the semi-analytic Rutherford equation models? This will 
lead to improved reduced models for NTM effects that will be included in the EEM.  

Success in this campaign will contribute to understanding other slowly evolving phenomena that 
overlap the RF quasilinear timescale.  Particularly important would be understanding the effect 
RF on the evolution of the 3D plasma present during the sawtooth ramp phase for cases where 
the sawtooth reconnection is incomplete and a residual magnetic island remains, or when other 
assumptions utilized in the evolving equilibrium description are not realized. 

4.1.11 Summation 

The work described in this proposal builds upon the successes of the DOE SciDAC programs by 
taking several of the most advanced fusion computer codes, combining them to provide a unique 
tool in the worldwide fusion program, and implementing them on the Leadership-Class and other 
computing facilities.  The software architecture defined will lay a foundation for even more 
powerful and comprehensive simulations in the future.   

We have identified two regimes of potential plasma global instabilities in the presence of strong 
RF:  fast phenomena and slow phenomena.  In the first, the wave fields act only indirectly on the 
instabilities by modifying the background equilibrium, while in the second they act directly by 
competing with the instability drive terms.   The two physics campaigns will target these two 
classes of instability, and the software architecture will be general enough to accommodate both 
of these. 

The fast MHD campaign will utilize a 2D evolving equilibrium model, and will only invoke the 
3D codes when an instability threshold is crossed.  This results in an enormous increase in 
computational efficiency, allowing long-time integration on the plasma current-diffusion 
timescale.  The slow MHD campaign will involve full 3D coupling between the RF and extended 
MHD codes.  This requires the development of new closure techniques to couple the effects of 
RF into the moment equations used to advance the fluid variables. 

Eight work elements have been defined in section 4.1.1 and subsequent sections.  This software 
engineering approach is required in order to carry out the ambitious objectives of this proposal.  
It should also provide a baseline project structure for future software engineering projects in the 
FSP of even greater complexity. 

Throughout this process we will work with the community to develop standards and documented 
APIs for fusion application modules which will allow the incorporation of many of today’s 
fusion application codes into this framework.  

From a broader perspective, the project described here is a huge step for fusion science.  For the 
first time, we are merging two major, mature, mainline efforts: Plasma-Wave interaction and 
Global Stability; to produce a software package of a scale in power and complexity that is 
unprecedented in our field.  Just the commitment to take this inevitable next step is forcing us to 
deal with such difficult issues as fluid closures and how they are influenced by RF and stability 
physics.  The common vision of what needs to be accomplished will drive the project, and unite 
the RF and extended MHD researchers with those from computer science and mathematics.  This 
is breaking new ground in fusion science research, and is destined to lead to an accomplishment 
that we can all be proud of, and will help propel fusion science to the next level.
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4.2  Project Schedule, Milestones and Deliverables 

 

Work Element Year 1 Year 3 Year 5 

1.  Definition of 
general 
architecture 

•� Complete abstract 
architecture specification 

•� Extensions for slow MHD •� Generalizations to an 
FSP 

 2.  Definition of 
components and 
inter- faces for 
fast MHD 

•� Adopt interface 
standardization 
procedure. 

•� Fast MHD component 
interfaces completed 

•� Completed 

 3.  Modification of 
physics 
components 

•� Complete analysis for 
CQL3D and DKES 
extensions 

•� Theoretical formulation 
of closure techniques for 
the different numerical 
approaches 

•� Complete modifications 
of FP codes for fast MHD 

•� Modification of MHD 
codes to use new closures 

•� Complete development 
of RF/MHD closures, 
extension of RF/FP 
components to 3D 

•� Comparative studies of 
results using different 
RF closures 

 4.  Architecture 
extended for slow 
MHD campaign 

•� Analysis of required 
functionality for 
additional components 

•� Interfaces for slow MHD 
adapted 

•� Fully integrated slow 
MHD simulations 

 5.  Architecture  
implementation 

•� Software methodology 
chosen and implemented 

•� M3D, NIMROD, and 
AORSA codes ported to 
MPP platforms 

•� Interfaces implemented. 

•� Initial cross-module data 
transforms 

•� Addition of data 
management and job 
management modules 

•� Fully integrated 
simulations, including 
distributed data 
management 

 6.  Performance 
engineering 

•� Performance analysis on 
basic block and loop 
levels for M3D, 
NIMROD, AORSA, 
CQL3D 

•� Scalar code 
optimizations 

•� Vectorization to port 
modules to NLCF 

•� Analysis and 
enhancement of slow 
MHD modules 

•� Network transfer 
analysis 

•� Cross-module 
performance analysis 
and optimization 

 7.  Math analysis •� Analysis of using ISIC 
outcomes 

•� HPC libraries introduced 

•� Begin to implement 
application-specific 
solvers 

•� Cross-module 
numerical analysis 

 8.  Validation and 
physics research 
campaigns 

•� Develop individual test 
suites for use on 
different platforms. 

•� Preliminary fast MHD 
runs 

•� Complete EEM release 
for community testing 

•� Produce a publication on 
the physics of RF 
inducement of sawteeth 

•� Design optimized 
scenarios involving 
sawtooth physics 

•� Produce a publication 
on the physics of RF 
stabilization on the 
NTM 

•� Complete fast and slow 
MHD research 
campaigns, 

•� Begin new campaigns 
based on energetic 
particles and or ELMs 
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Oak Ridge National Laboratory (ORNL) is the lead institution for SWIM and will carry 
out the management plan as in Section 6.  The ORNL will be involved with all aspects of 
the technical work, particularly: RF physics (Batchelor, Berry, Jaeger); Monte Carlo 
solutions (Hirshman, Spong); architecture design and implementation (Bernholdt, 
Elwasif) and performance engineering (Fayhey) 

The Princeton Plasma Physics Laboratory (PPPL) will be involved with all aspects of the 
technical work, particularly: MHD physics (Jardin, Park, Fu, Breslau, Chin); transport 
physics(McCune); architecture design and implementation (McCune, Klasky) data 
management (Klasky)work will concentrate on the building of the EEC suite, 
implementing the new closure models in the M3D code, the M3D applications involving 
sawtooth and neoclassical tearing modes, and on certain aspects of data management and 
code monitoring.  

SAIC (Schnack) will provide management for the NIMROD team and participate in 
interface design and adaptation of NIMROD 

Indiana University (Bramley) will be responsible for architecture design and overall 
coordination of the computer science activities. 

The Massachusetts Institute of Technology will participate in development and testing of 
extended-MHD closure models in the presence of RF (Ramos), and M3D physics 
(Sugiyama) 

Columbia University (Keyes) will have primary responsibility for identifying where 
existing HPC libraries can be used, and also oversee investigation of application-specific 
solvers, and numerical analysis for multi-physics coupling 

CompX (Harvey) will be responsible for physics development and application relative to 
the CQL3D code and will participate in interface definitions 

General Atomics (Schissel) will have primary responsibility for file I/O definition 
mechanisms will oversee the investigation of testing and extending MDSplus to use 
parallel data streams, and NFC tools that aid in job management and monitoring 

University of Wisconsin (Hegna) will participate in the analysis of MHD closure relations 
including RF and NTM physics. 

New York University (Strauss) will participate in M3D physics 
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5. Budget summary 

 
 
Institution 

Primary 
work 
elements 

 
 

Year 1 

 
 

Year 2 

 
 

Year 3 

 
 

Year 4 

 
 

Year 5 

 
Total 

ORNL all 760 760 760 760 760 4975 

PPPL all 585 585 585 585 585 2925 

U. Indiana 1,2,4,5,8 110 81 84 87 90 455 

MIT 3,8 50 50 50 50 50 250 

GA 1,2,4,5 150 75 75 75 75 450 

SAIC 2,3,4,5,8 40 40 40 40 40 200 

Columbia U. 3,5,7,8 40 55 55 53 50 253 

CompX 2,3,5,8 75 75 75 75 75 375 

Subcontracts 
and Students 

2,3,5,7,8 200 275 275 275 275 1300 

In order to support inclusion of codes into SWIM not specifically developed by present 
SWIM participants, to allow management flexibility for responding to new developments 
during the project and to support students and post docs a budget category Subcontracts 
and Students is included amounting to about 13% of the total budget.  This appears in the 
budget section under ORNL as subcontracts. 
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6. Management Plan  

Project management team:  D. Batchelor will be the Project Principal Investigator (PI) 
with three Co-Principal investigators – S. Jardin (PPPL), R. Bramley (U. Indiana), D. 
Keyes (Columbia U.) 

The PI and Co-PIs will have dual responsibilities to coordinate both within a scientific 
discipline and also for a project element: 
Jardin –Extended MHD and fast MHD campaign 
Bramley – Computer Science and Architecture development 
Keyes  –  Applied Mathematics and Algorithms.  

Batchelor – RF-Plasma Interactions and slow MHD campaign 

In addition to these project responsibilities, the Co-PIs also are responsible for 
coordinating SWIM activities with corresponding communities, particularly the relevant 
SciDAC projects, including CEMM (Jardin), CSWPI (Batchelor), Computer Science 
ISICS (Bramley), and Mathematics ISICS (Keyes).  In addition Batchelor will be 
responsible for coordination with NLCF and NERSC. 

Advisory Committee: An advisory committee (AC) will be appointed by the PI and Co-
PIs to ensure that the wider community has a voice in setting project direction and 
priorities.  This committee will contain a representation from the fusion experimental and 
modeling community to help us ensure that the interface standards adopted will be 
extensible to a broad range of community codes. 

Roles and Responsibilities: The PI will have responsibility for overall project 
coordination with authority over resource allocations.  The PI will have responsibility for 
formal interactions with DOE.  To the maximum extent possible, actions will be based on 
consensus among the PI and Co-PIs.  PI and Co-PIs will coordinate technical work across 
the project in their discipline and element of responsibility and assign priorities for work 
on particular tasks.  Task Co-PIs will plan the tasks for project elements, monitor the 
progress of team participants.  The PI and Co-PIs will jointly identify project issues and 
develop plans to address them.  Input from the AC will be sought as appropriate. 

Resource Management:  Funding project participants for the first year of the project will 
be as presented in this proposal.  A budget item for new subcontracts has been established 
in order to optimize progress as the project develops and research needs evolve.  
Subcontract allocations will be made by the PI/Co-PI management team.  Timely out year 
budget planning will be developed by this team in order provide input to DOE and to 
project participants for budget proposals.  Project participants will provide quarterly 
estimates of spending to the PI. 

Project Meetings and Reporting.  Project wide meetings will be approximately three 
times a year.  At least one will be a dedicated project meeting involving the advisory 
committee.   The other meetings may be in association with technical conferences or 
combined with other SciDAC CEMM of CSWPI meetings.  The PI/Co-PIs will hold 
periodic remote collaboration meetings in the beginning weekly and later at least every 
four weeks depending on project status.  A monthly highlight report will be developed 
along with a budget status summary. 

Outreach and Interaction with the Computer Science, Applied Mathematics and Plasma 
Physics communities:  Through a program of presentations at technical conferences, 
workshops, highlight reports, and a project webpage, especially during the first phase, the 
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project will involve the community in the development of fusion-specific standards for 
data types and code interfaces and will establish a technical presence in order to allow 
adoption of its models and codes.   The project will work to advance project goals by 
encouraging work in related research areas.  The participants will directly involve 
students and post docs in the research.  The PI’s have a strong history of effectively 
engaging graduate students in similar projects.  
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7. Description of facilities, resources, and personnel 

Computing resource requirements 

The applications being developed by SWIM will require extensive computer resources.  
The actual resources available will determine the allowed resolution and simulation time, 
which in turn determines what range of physical parameters can be realistically modeled.  
The CEMM and Plasma Wave projects together used over 10 million node-hours in 
FY2004, mostly at NERSC and ORNL.  SWIM would expect to use comparable 
resources in early years and scale up to several times that on a NLCF scale facility in 
later years.  We anticipate that a request for proposals to be issued very soon for projects 
to use the NLCF, with allocations expected to start October, 1, 2005.  Although the 
results of the present competition may not be decided yet we intend to proceed with a 
proposal to NLCF for computer time, data storage, and additional specialized 
performance engineering support. 

In addition, we are planning on purchasing a 16 processor SGI Altix 350 which will be 
located at PPPL and will be used by the project for code development and for fast-
turnaround debugging and model testing runs.  Our experience indicates that this is a 
good environment for developing a parallel code suite as a preliminary stage to moving 
codes to more scalable systems.  All members of the SWIM project will have an account 
and equal access to this machine.   

This project will require significant storage on intermediate and archival timescales.  We 
estimate 12 Tbytes for source codes, metadata, data exchanged between components, 
simulation results, and post-run analysis artifacts.  Some of this will be supplied by 
NERSC and the NLCF, and in particular the parallel I/O files must be staged onto those 
sites before and after runs.  Some storage and cluster resources will also be made 
available at Indiana University and PPPL. 
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8. Other current and pending support 

ORNL participants are also funded from the Theory program of OFES, the base program 
of OASCR, and from SicDAC 

PPPL participants receive other support from OFES. 

SAIC participants receive additional funding from OFES, NASA, and NSF 

University of Indiana participants receive additional funding from OASCR 

Columbia participants receive additional funding from OASCR 

MIT participants receive additional funding from OFES and SciDAC 

CompX participants receive additional funding from OFES and SciDAC 

General Atomics participants receive additional funding from OFES and SciDAC 

University of Wisconsin participants receive additional funding from OFES 

New York University participants receive additional funding from OFES and SciDAC 
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Appendix B:  Data Types Being Passed between Modules 
 

TABLE B1 
No Data Type Standard notation for function and dependent 

variables 
Now computed by Requires 

Data 
Type 

Ψ(R,Z,t), J(R,Z,t) TSC-A,H,TEQ 2,3,13,14 1. 2D Plasma 
Equilibrium R(ψ,θ,t),  Z(ψ,θ,t) JSOLVER 1,2,3 

2. Equilibrium 
metric 
quantities 

�

� �

�
� ����

� �

ψ∇  TSC-B 1 

3. Surface 
averaged 
profiles 

( ) ( ) ( )� � � � � ���
� �

	 � 
 � � �ψ ψ ψ  TSC-D 2,4 

4. Surface 
averaged  H 
& CD 

( ) ( ) ( )
( ) ( )

� � � � � �

� � � ������

�� �� ��

�� ��

� � � � � �

� � � � �

Ψ Ψ Ψ

Ψ ∂ ∂ Ψ

�

� �

 NUBEAM, LSC, TSC-E 1,3,8 

5. Surface 
averaged 
particle 

( )�
�

� �Ψ  TSC-C,  
DEGAS 2 

1,3 

( )� � � � '� E
�

% & & � �ψ⊥ =
�

 AORSA, TORIC 1,3 6. Surface 
averaged 
velocity-
space diff 

( ) ( )
� �

� � � � � � �
��� � �� �

� � � �ψ ε μ ψ ε μ  NUBEAM 1,3 

7. Ray Tracing 
for EC, 
EBW, FW, 
LH 

  R rays × S steps/ray × Q quantities per time step GENRAY 1,3 

( )� � � �
� � �

� �
� 
 �θ ψ  CQL3D, 

 
8. Surface -

Averaged 
Distribution. 
Function 

( ) ( )� � ��� ��

�

 � � �ψ ψ  TSC-F 

1,6,7 

{ }� �

�

� � �
� �  9. Monte Carlo 

Distribution 
Function ( )� � � �

�
� �ψ θ ε μ  

NUBEAM 1,3 

DCON,PEST 1,3 10 Linear 
Stability 

  ξn(ψ,θ),n=1,N 
NOVA-K 1,3,8 or 9 

P(ψ,θ,φ,t), B(ψ,θ,φ,t),V(ψ,θ,φ,t) M3D, AMRMHD 11 3D Plasma 
State (fluid) Pn(ψ,θ,t), Bn(ψ,θ,t),Vn(ψ,θ,t) NIMROD 

1,3,10,12 

12 3D Perturbed  
Distribution 
Function 

{ }� � � �
�

� & & ' �⊥�

�
 M3D, NIMROD, 

DELTA5D 
9a,11 

13 Coils & 
Vessel 

   Ii(t) TSC-G 1,14 

NOTE: TSC-A …TSC-H are the different modules within the TSC code (see table SCJ-2) 
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Appendix C: Useful Existing Utility Components 
Several existing utilities are available in scientific computing and some are candidates to 
be used in SWIM. 

Data Management: The MDSplus data acquisition and management system combined 
with a relational database for metadata is used at the three large U.S. experimental 
facilities for a complete data management solution, and will be evaluated for use in 
SWIM.  The lack of parallel I/O capabilities in MDSplus are a known concern, but  
recent work by the NFC project to integrate the parallel I/O capability of Globus’ XIO 
utility, a derivative of GridFTP, is showing promise as a way to maintain the existing 
MDSplus API while providing efficient data transfer capabilities. Other distributed data 
solutions include SRB/MCAT and at a higher level the OGSA-DAI distributed data 
access interface has several implementations being built. For metadata management most 
systems now store metadata separately from the actual data. This allows finding desired 
data based on attributes without having to access and manipulate the large data sets it 
references.  Metadata attributes can include historical information (provenance), a 
complete set of computational artifacts (provenience), or other information like textual 
comments entered by a scientist. Systems include electronic notebooks like that already 
used in the fusion experimental community, the multi-lab Electronic Notebook, the 
Scientific Annotation Middleware and Obsidian. 

Job Management: Distributed systems need the ability for job launch, real-time 
monitoring, and management. Most national computational facilities use some batch 
management system like PBS or SLURM, but distributed frameworks like SWIM codes 
must run on a variety of platforms and locations. Portals technology allows users to 
monitor and manage jobs from any web browser and has been successful in the GriPhyN 
grid computing effort and in weather modeling.  The FusionGrid Monitor, Particle 
Physics Data Grid and the Earth Systems Grid provide some job handling capabilities 
that could be used in SWIM.  

Visualization and collaboration: Producing a large quantity of data necessitates the 
ability to visualize results. There has been a significant amount of previous work by the 
fusion community on visualization. The NFC project using the open source SCIRun has 
created a fusion-based power application for visualization of NIMROD data, and the 
CEMM project is using the commercial application AVS Express to visualization both 
M3D and NIMROD data.  The geographically distributed nature distributed teams like 
SWIM necessitates the need for team members to work together effectively while in 
separate locations. Such effective work has collaboration needs beyond standard 
teleconferencing. The NFC project has experience deploying collaborative tools that 
allow both human interactions (audio and video) as well as shared applications. These 
systems are already installed in the major U.S. fusion laboratories, and can now be 
deployed on desktop and laptop systems at a minimal cost.  

 

 


