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ABSTRACT

Coupling of separately developed codes offers an attractive method
for increasing the accuracy and fidelity of the computational
modding. Examples include the earth sciences and fusion
integrated modeling. This paper describes the architecture of
FACETS (Framework Application for Core-Edge Transport
Simulations) . Asis common in scientific application development,
FACETS has not adopted any particular previously existing
framework. However, it has adopted the component concept and
integrated pieces of existing frameworks. This paper describes
how this approach addresses the challenges of coupling multiple
physics modéls; including flexible algorithms, parallelelism, mixed
languages and legacy applications integration.
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D.3.3: Language Constructs and Features B frameworks. J.2:
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1. FUSION SIMULATION PROJECT AND
FACETS

Faced with multiple time and spatia scales of fusion plasmas, most
computationa efforts traditionally concentrated on solving partia
differential equations applicable to a distinct range of time and
gpatial scales. Multiple independent codes, RF (Radio-Freguency),
Gyrokinetic, MHD (Magnetohydrodynamics), and transport cover
ranges of time scales from 107 to 10* sec. With the advance of
new fusion devices, such as the upcoming Internationa
Thermonuclear Experimental Reactor (ITER), fusion theory will
need to provide predictive full physics modeling for planning,
interpretation, and optimization of the operation of devices.
Concurrently, computing infrastructure is now ready to support the
massive simulations required.
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The US Department of Energy, realizing the challenge of full-
device and multiphysics modeling [1], has funded three SciDAC
integration projects [1, 2-4] that are addressing different computer
science and physics aspects of this problem. FACETS is about
integration of core-edge-wal modeling (see Fig. 1) with the
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Hot central plasma: nearly
completely ionized,
magnetic lines lie on flux
surfaces, 3D turbulence
embedded in 1D transport

Cooler edge plasma: atomic
physics important, magnetic
lines terminate on material
surfaces, 3D turbulence
embedded in 2D transport

Material walls, embedded
hydrogenic species,
recycling

Figure 1. FACETS goal is tight-coupling framework for
core-edge-wall.

conditions in the core, which determine fusion energy production,
being strongly influenced by the boundary conditions imposed by
the edge region, which in turn is influenced by its interaction with
the wall, which can store and release hydrogenic species,
ultimately determining plasma density. Each of these regions has
rapid internal equilibration time scales (us or less), much shorter
than the system modeling time (1000 s) over which the plasma
dischargelasts. Thisleads to the need for implicit time advance of
the combined system. The resulting tight coupling loop dictates
in-memory intercomponent communication rather than through
files. Furthermore, effective use of massively paralel, leadership
class facilities dictates that components should be run on different
processor subsets.

2. COMPONENT FRAMEWORK AND

TECHNOLOGY ADOPTION

Multiphysics modeling is naturally addressed through use of
component technology. In this approach, each of the physics units



just described is represented by a computational component, i.e. an
entity with awell-defined interface. To combine these components
into an application one must have registries for abstract interfaces
through which components will interact, implementations and
instances to alow runtime component creation and discovery, and
a means to specify the composition. This software comprises the
framework superstructure. Additional utility software may be
needed to develop new components. This software should provide
domain specific utilities for such tasks as messaging, |/0, meshing,
and domain decomposition. This software comprises the
framework infrastructure. This separation is not perfect, as newly
developed components may want to rely on containers of the
superstructure, while the superstructure may want to use the
messaging and 1/O utility software. Regardless, the Framework is
the combination of infrastructure and superstructure that allows
one to model the multiphysics system.

The uild or buyOdecision is critical [5] in any computational
project. Such decisons must be made in three different areas:
infrastructure, superstructure, and computational components. The
decisions are based on the capability provided, risk, and ability to
mitigate risk. If a particular technology ends up providing only a
small amount of what is needed for some part of the framework,
then it can be easier simply to build, so that one has entire control
of that part, and one avoids the complexities associated with
external dependencies. If associated with adoption is considerable
risk, and that risk cannot be mitigated, then computationa
scientists, who might lose severa years of career development
from being involved in afailed project, must demur.

For infrastructure, such decisions are relatively easier, as they can
be isolated to tasks of the project, and the risk associated with
adoption (loss of control, disappearance of the technology) is
smaller. For example, adoption of MPI, an established technology
with proven track record and many implementations, is of little
risk. For any technology, one can mitigate the risk by wrapping
and coding to an interface that could be reimplemented if the
adopted technology disappears. Thus, FACETS has made
extensive use of existing technologies, including MPI, PETSc,
Babel, TAU, Vislt, and others, in some cases through wrapping.

The decision about adopting a superstructure is much more
problematic. First, accepting part of a superstructure is difficult;
one must usually accept it wholly or not a al. Second,
superstructures tend to want to be in charge of nmai n(), and this
make difficult isolation of the associated risk. Third, it is difficult
to find superstructures that address the major issues of a domain-
specific application, such as. What are the correct interfaces for
particular classes of computational physics components? How
does one have a component construction process that alows for
generality aong with tight coupling, where direct memory access
into a component may be necessary. What language can describe
the congtructions of a particular computation, including the
physics, agorithms, and parallel distribution. Upon consideration
of these issues, the FACETS decision was to develop its own
framework superstructure.

The decison to adopt or redevelop computational components
brings yet another set of issues. Adoption of existing (QegacyQ
components may yield faster time to deployment, as one can reuse
proven software, and validating scientific software is a time
consuming process.  On the other hand, adoption requires at
minimum wrapping the existing application so that it can be used
within the framework. In addition, it may be necessary to provide

robust (or any) paralelization, bring the component up to modern
software engineering standards, and even rewrite parts to deal with
supercomputers (e.g., a python application may not work on the
compute nodes due to lack of shared libraries). Ultimately, the
multiphysics application team must make a hard-nosed assessment
of the modifications needed to bring legacy software into amodern
framework. This can be difficult in the face of decades of personal
investment by somein a particular piece of legacy software.

If, in the end, one does decide on redevelopment, one should assess
what can be gained by extracting modules from any existing legacy
components. For example, it might be possible to easily extract
modules that compute fundamental interactions, such as atomic
cross-sections, and reuse those in the development of new
implementations. FACETS has made effective use of this
approach. Recognizing that the core solver had to be
reimplemented because there exised no paralel core solver,
FACETS developed a new core solver while simultaneously
extracting and wrapping components for caculation of the
turbulent fluxes needed by the core solver.

To conclude this section, with regard to the framework and
technology adoption, FACETS is adopting as much infrastructure
as it can with minimal risk, while developing any other
infrastructure that it needs. Adopted infrastructure includes tools
for messaging, linear and nonlinear solves, inter-language
operability, and performance anaysis. Given the risk associated
with adopting a superstructure framework, the difficulty in
mitigating such risk, and the fact that such frameworks may bring
minimal assistance in dealing with the difficult issues such as

implementation vdidity, FACETS is building its own
superstructure.  FACETS is adopting much infrastructure from
other projects and building some of its own. The FACETS

superstructure and infrastructure derive from the earlier VORPAL
framework [6], which can be used to construct flexible physics
modding applications. Finally, FACETS is dealing with
computational components on a case-by-case basis, redeveloping
when necessary and otherwise maximizing reuse.

3. FACETS ARCHITECHTURE

The goa of the FACETS framework is to allow tight coupling of
multiple dynamic components running in parallel (sequentially and
concurrently). This leads to multiple requirements. Here we
discuss further the following subset:

* Ability to incorporate legacy codes as components

* Ability to build new components using the infrastructure

* Construction processthat allows for direct memory access

* Separation of algorithms from data

* Language for defining the simulation

* Run time discoverable implementations and instances

3.1 External components

External components are those that were developed prior to the
FACETS project and that do not use the FACETS infrastructure.
They have to be adapted to the basic FACETS component
interface, which is composed of three parts D startup, advance and
dump/restore interfaces.

The startup interface is designed to break up actionsin away that
allows the component to read a configuration file, know what
processors it is working on, expose different interfaces on different
processors, alocate memory, and then fill that memory from either
a default data or data saved from at the end of the last run. The



dump/restore interfaces alows dumping al the needed (for restore)
datainto afile and afile node and restore the state from the file or
afilenode.

The interface for the advance phase allows one to advance the state
of a component in time as prescribed by their standalone physics
behavior and to set and get data exchanged between components.
If the advance of any component fails, such as due to solution
divergence, a component can be reset to the last valid state. This
advance phase interface was written assuming that externa
components are being used for substantial computations, so that
the overhead of getting and setting data by name is not significant.
It was aso written with the first target, core-edge coupling, in
mind. For that target the separate components need send and
receive only a few scalars. This is now being generdized as we
move to more data intensive interactions.

3.2 Internal components, direct memory

access, and algorithm separation

Internal components (newly developed for FACETS) are built on
the FACETS infrastructure, which provides extensive libraries for
messaging, reading and writing data, grids, data structures,
interpolation, component composition, etc. With this limited space,
we will concentrate on a few sdient aspects of internal
components.

Components are nested. They have a reference to their containing
parent and hold their children. Thus, a FACETS simulation may
contain a core and an edge. The core contains sources and
turbulent fluxes. The sources may contain geometry, and so on.

FACETS enforces a separation of data and agorithms that advance
the data in time D updaters in the FACETS language. The
implementation of the advance method of interna components is
delegated to updaters, which contain direct references to the data
gtructures of components and manipulate them to dynamicaly
advance the state of a component. To provide this access, the
interface of the internal component is expanded by a method called
bui | dSol ver. Thismethod is caled after memory alocation of
all objects, and before initiaization or restoration of any object. At
this time, one object can acquire direct access to the memory
locations of the data of another object, so that at advance time,
interface overhead disappears.

Different updaters implement different algorithms and each
component can have a complicated sequence of updaters. Thus,
the user can specify that the data structures representing the
profiles of density and temperature be updated using a Crank-
Nicholson agorithm or some other, non-time-centered agorithm.
Or the user can specify that the core sources are computed by
combining power from two particular neutra beam sources and
electron-cyclotron resonance heating. Finaly, the update step
order is used to combine the various updaters in a particular order.
If any update returns a failure code, then al components are reset
to their last valid step, and the step is retried with a smaller time
step, at which convergence should be easier.

Coupling of components in FACETS is aso performed by specia
updaters. In a coupled situation, the coupled components are
contained within a parent component that might prescribe when to
exchange data at every time step or impose some kind of criteria
(full convergence for example) before coupling. The coupling
updater belongs to the parent component and specifies names of

data being passed. Then appropriate methods of the advance
interfaces (set and get by name) are then called.

3.3 Composition language

The FACETS input file describes the simulation composition. As
always, the input file has to contain the parameters needed to
describe the smulations. But for a flexible application as
described above, the input file must also describe (1) the
containment hierarchy, (2) the other objects needed a particular
object for its advance.  For this purpose FACETS developed a
simple XML-like language with allows certain tags, setting global
constants and a means to describe numerical vectors.

The bulk of the input file is defining the simulation components
(their data structures, grids and updaters). In addition, input file
describes how coupling is performed. For example, the following
input file defines a coupled core-edge simulation. It starts with
defining a top parent component f acet s containing two children
core and edge of kinds coreConmponent and
edgeConponent. Within each item, the input specifies
components updaters and data structures being updated:

# This is a top conposite conponent
<Conponent facet s>
ki nd = updat er Conponent
# First child conponent
<Conponent core>
ki nd = cor eConponent
# Data structs of core
<Dat aStruct qO d>
kind = distArraylD
onGid = coreGid
</ DataSt ruct >
# Similar gNew is skipped
# Updater calcul ation gNew fromqd d
<Updat er accept >

ki nd = IinConbi ner Updat er
in = [qd d]
out = [ gNew]

</ Updat er >

</ Conponent >
# Second child conponent

<Conponent edge>

ki nd = edgeConponent

</ Conponent >
Coupling of components is performed by
my Cor eEdgeUpdat er, which is of kind,
explicitCoreEdgeUpdat er. It specifies the names of the
parameters, which are passed from one component to another:

the updater,

# Updater coupling core and edge
<Updat er myCor eEdgeUpdat er >
ki nd = expli cit Cor eEdgeUpdat er
coreNanme = core
edgeNanme = edge
# variables to pass fromcore to edge

core2EdgeVars = ["heat Fl ux"]
# variables to pass fromedge to core
edge2CoreVars = ["tenperature"]
</ Updat er >

</ Conponent >

By default, the data exchange is performed after every time step
(once components advance by dt using their internal updaters not
shown in the example).

3.4 Component Composition and Registries

For our dynamic discovery of components, we separate the
concepts into the 3 1& Interfuce, Implementation, and
Instantiation. For components the interface includes the basic
methods that all components must have, as shown in Secs. 3.1-2.
For updaters, there is another interface, without the dump and



restore. At startup, constructors for al implementations are stored
in an associative array that alows one to construct such an object
from a string. Thus, upon parsing the above file, and seeing that a
component of kind edgeConponent isneeded, FACETS doesa
lookup of the name, edgeConponent, and is returned a new
instance of the class, FcEdgeConponent , which has the name,
edge. That object isthen given its section of the input file, which
describes how that object will be constructed, and it is put into the
component registry.

Having both implementation and instance registries provides
flexibility. An implementation registry provides a mechanism
discovery of available implementations. For example, a core
source provides the power input to the core from some source,
such as neutral beams or electromagnetic radiation (RF). As such,
there ae multiple implementations, including different
implementations for the same physics but having varying degrees
of fidelity and computational intensity.

An important task of any Framework is to ensure a vaid
composition. For example, the smulation can contain no more
than one core and one edge; a core cannot contain a core, but it can
contain core sources. This can be problematic with previous
frameworks for the following reasons. First, for flexibility,
FACETS components have identicad methods. Thus, one cannot
distinguish by ports, essentially interfaces. But this fact is innate.
At asurfacial interface between two components, both components
need to return the same quantities, e.g., temperature and energy
flux; the coupling involves interchanging these identical quantities.
Hence, one cannot use interfaces for ensuring valid component
compositions.

Thus, one must develop another method for ensuring valid
compositions. One could perform a check using some kind of
schema on the input file but it is possible that the initia
configuration might need to change (for example, one might want
to switch to another solver). Thus there is a need for a run-time
mechanism to verify the correctness of composition.  Recent
discussions have led us to move to using C++ run-time
identification (RTTI) and member function pointers registries for
ensuring valid composition. Coupling updaters (which know what
kinds of components and what kinds of data they need) will check
the runtime type of the coupled components to ensure that only the
allowed implementations are constructed.

3.5 Multilanguage Support and Parallelism
FACETS is using FO0 modules representing turbulent transport
modeds such as glIf23 and mmm95. In addition, it brings in
F90/Python codes such as UEDGE [7] and C-based WallPSI.
These codes are rewritten as libraries with severa methods
exposed and wrapped into Babel® SIDL [8] so that they can be
called from the C++ FACETS code.

The default execution of FACETS is concurrent parallel execution.
Load baancing is of two types: internal to a component and intra-
component. For the former, the arrays are domain decomposed
using an agorithm, which tries to equalize the amount of work per
processor. For the latter, the "loads’, i.e. the amount of relative
work per component, are specified in the input file.

4. SOFTWARE ENGINEERING

Space limitations prevent discussing this in great detail. It suffices
to say that FACETS does incorporate a cross-platform build

system (autotools), revision control and both

regression and unit testing.

(subversion),

5. STATUS AND FUTURE DIRECTIONS

The FACETS team developed a new core component that solves
conservation equations for plasma density and energy densities of
electrons and ions, taking into account neoclassica transport,
energy exchange, plasma turbulence, and heating via externa
sources. The solution uses adaptive and implicit time integration
schemes combined with a nested iteration approach whereby the
advance equations are solved on increasingly coarse then fine
meshes. In particular, the entire class of diagonally implicit
Runge-Kutta schemes, which contains backwards Euler, half
implicit Crank-Nicholson, and various flavors of IMEXSSP2
methods can be implemented with no change to the source code,
i.e. by assembling "updaters’ from a single generic type in the
input file. The FACETS core solver runs in paralel, scaling up to
one cell per processor.

Using the genera component interface, the FACETS team
componentized and parallelized the UEDGE code and started on
componentization of the wal model Wall PSI. The
componentized UEDGE and the core component were coupled
using scalar values of fluxes averaged over magnetic surfaces.

The next challenge of FACETS will be to use it infrastructure and
superstructure to perform a coupled simulation that can be
validated against an experiment or other simulation. Next
computer science tasks include dynamic load balancing, interface
generdization for volumetric coupling and implementing
mechanisms for composition validation.
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