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Abstract

In various applications including atmospheric and ocean simulation programs, stencil

computations occur on grids where sub-domains of the grid are regular (e.g., can be stored

in an array) but boundaries between sub-domains connect in an irregular way. We call this

class of grids semi-regular. Implementations of stencils on semi-regular grids often have grid-

structure details tangled with the stencil computation code. This tangling of details requires

programmers to have full knowledge of the current grid structure to make changes to the

stencil computations and makes changing the grid structure difficult.

Our research objective is to separate algorithm from grid structure and parallelization

details. Existing approaches to separate stencil and grid specification include Domain Spe-

cific Languages and program generators, which focus on regular or irregular grids. These

tools produce efficient, parallel, code, but have not focused on the class of semi-regular grids.

We propose to introduce abstractions for specifying the structure of semi-regular grids.

We also introduce abstractions for specifying data distribution, communication, and stencils.

We plan to include these abstractions in an active library called GridLib and include a code

generation tool called GridGen will replaces library calls with efficient, parallel, code. We

will evaluate how this approach impacts the performance and programmability of stencil

applications by applying these techniques on CGPOP and the Shallow Water Model (SWM)

miniapps. We will also include optimizations in the GridGen tool that will improve the

performance of the generated code beyond what is seen in the hand-written code.
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Figure 1: Discretization of the Earth into a grid (picture from [2])

subroutine S t e n c i l ( array )
! ∗∗ Input parameters and l o c a l v a r i a b l e s : ∗∗
real , intent ( inout ) : : array ( : , : )

do j=lbound ( array , 2 ) , ubound ( array , 2 )
do i=lbound ( array , 1 ) , ubound ( array , 1 )

array ( i , j ) = 0 .2 ∗ ( array ( i , j ) + array ( i −1, j ) + &
array ( i +1, j ) + array ( i , j−1) + &
array ( i , j +1))

enddo
enddo

end subroutine S t e n c i l

Figure 2: Fortran code for a simple five point stencil on a regular grid with grid values stored
in an array. In this example the stencil coefficients are constant values.

1 Introduction

Computational modeling and simulation play critical roles in contemporary scientific re-
search; they form a third pillar of scientific inquiry alongside the traditional approaches of
experimentation and theory [17]. Simulation is used where traditional approaches would be
impractical, expensive, slow, or dangerous. Simulation programs model an object’s chang-
ing physical properties over time. These programs calculate changing properties by solving
partial differential equations over discretized grids.

In fields such as Geophysics, Climatology, and Meteorology, programs are used to simulate
changes over the Earth’s surface and atmosphere. To represent the surface or atmosphere,
the Earth is modeled as a grid of connecting cells. In Figure 1 the Earth is discretized into
hexagons and pentagons [2].

1.1 Research Problems

Due to the lack of well-defined grid abstractions and the need for performance, details about
the grid are often tangled with a simulation program’s algorithms. For example, consider
a relatively untagled stencil code such as that shown in Figure 2. The stencil computation
iterates through all points of the grid and updates them using neighboring values. The
simplicity seen in the example comes from the fact that the grid maps to a single array: such
grids are said to be regular.
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Figure 3: Flattening of Icosahedral grid into five arrays (picture from [4])

Updating the code in Figure 2 to operate on the grid in Figure 1 should not be trivial.
Since Figure 1 is not fully regular, values on the grid can not be stored in a single array. In
irregular grids data can be stored using graph data-structures. However, storing grid data
with a graph representation requires that the grid’s connectivity by explicitly represented,
thus requiring more memory than with an array representation. Furthermore, accessing a
node’s neighbors in a graph representation requires indirect access through an adjacency list
or matrix. Note that regular grids can be stored using the data-structures for irregular grids
but would incur a performance penalty due to the need for indirect access.

Although the grid in Figure 1 can not be flattened into a single array, it can be cut and
flattened into multiple arrays as illustrated in Figure 3. Grids that can be cut and flattened
into a finite number of arrays we term semi-regular. Updating the code in Figure 2 to operate
on a semi-regular grid involves having to iterate across multiple arrays and account for the
connectivity between the arrays.

In practice, Earth simulation stencil codes are often parallelized to work on large super-
computers. Parallelization further complicates stencil algorithm code. In a typical SPMD
style parallel implementation grid data is decomposed across processes and stencil code is
modified to iterate over locally stored portions of the grid; communication code is added
so that all remote data referenced by the algorithm is copied to locally accessible ghost-
cells before the stencil is called. The communication code must be cognizant for the grid’s
topology.

Accounting for grid and parallelization details not only complicate a simulation’s initial
implementation but also make maintenance more difficult. Parallelization details are often
modified when transferring an application to run on a new system. Grid details may be mod-
ified as new types of grids are developed. Modifying application code to use a new grid would
require large rewrites in the grid code that is tangled with algorithm and communication
code.

1.2 Research Approach

Programming abstractions can be used to reduce complexity in software. Thus, we propose to
address issues with implementing semi-regular grid stencil computations by creating abstrac-
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tions that represent semi-regular grids. We also introduce operations that can be conducted
on semi-regular grids, and introduce abstractions for representing parallelization details on
semi-regular grids. In a preliminary paper [36] we introduce several such abstractions. These
abstractions are subgrids, grids, communication plans, and data distributions. With these
abstractions programmers can specify a grid’s topology seperately from the algorithms that
operate on it.

To apply these abstractions we propose integrating them into a library we call GridLib.
By introducing these abstractions in a library, as opposed to creating a new language, we
will be able apply the abstractions to existing software. In particular, we will apply GridLib
to existing Earth Simulation miniapps such as CGPOP [35]. GridLib is implemented in
Fortran and conducts parallel computation and communication via MPI.

To avoid library overhead and enable further optimization we also propose developing a
tool called GridGen that will parse Fortran code, extract GridLib library calls, and replace
GridLib calls with more efficient code. To parse and inject Fortran code we will use the
ROSE compiler infrastructure [30, 3].

1.3 Contributions

Specifically, we intend to make the following contributions with this research:

1. The introduction of semi-regular grid abstractions and abstractions to represent par-
allelization and algorithm details. We will evaluate how these abstractions impact
programmability and performance in two miniapps: CGPOP [35] (a miniapp of the
Parallel Ocean Program [22]) and the Shallow Water Model (SWM) code (a miniapp
for GCRM [6]). We will evaluate programmability by examining the impact of using
GridLib on the miniapps source lines-of-code.

2. An algorithm that will construct a communication plan for a semi-regular grid. The
communication plan specifies how nodes in a distributed memory system transfer data
from one-another so that algorithms that operate on the grid can access data stored
remotely. Communication is necessary in stencil computations so that when a process
updates its local data it has access to neighboring remote vaues.

3. The development of the GridLib active library and the GridGen tool that replaces
GridLib calls with stencil and communication code.

4. A performance evaluation of GridLib/GridGen when applied to the CGPOP and SWM
miniapps.

5. An evaluation of changing the grid in CGPOP from the dipole [33] to the triople grid
with the GridGen package [29].

6. Generation of communication/computation overlap, array of structs, and for commu-
nication avoidance with GridGen. With these optimization we are aiming to improve
the performance of CGPOP and SWM. We discuss these optimizations in more detail
in Section 2.2
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With regards to contributions 1, 2, and 3 we present preliminary work in an unpub-
lished paper included with this proposal [36]. We intend to submit this paper to the 27th
International Parallel and Distributed Processing Symposium (IPDPS) on October 1, 2012.

Our proposed contributions are limited to operating on two-dimensional, statically de-
fined, semi-regular grids. We focus on these grids since they are seen in Earth simulation
applications such as POP [22] and GCRM [6]. Future work could focus on expanding our
work to operate on N-dimensional grids (a step that we believe would be a straight-forward
addition to our proposed work), that can adaptively refine, and that could generate code to
use GPUs.

In the remaining sections of this proposal we discuss how this proposed work relates to
existing work and discuss these contributions in greater detail.

2 Background

Stencil computations like that seen in Figure 2 are commonly used to solve partial differen-
tial equations [8]. As previously discussed, partial differential equations are used to model
changing physical properties on some entity over time, and physical entities can be modeled
using regular, semi-regular, or irregular grids.

Given the usefulness of grids and stencil computations, several tools have been developed
to model grids and conduct stencil computations. In Section 2.1 discuss and compare these
tools, and in Section 2.2 we discuss optimizations that are commonly applied to stencil
computations and appear in stencil generation tools. However, despite the prevalence of
stencil generation tools, none of these tools none address the class of grids we identify as
semi-regular.

In Section 2.3 we discuss several semi-regular grids and connectivity patterns that are
seen among them. In Section 2.4 we discuss the CGPOP and SWM, which operate on
semi-regular grids.

2.1 Related Work

Several tools have been developed that aid with the implementation of stencil computations
that work well either on structured or unstructured grids. We compare several of these
existing tools in Table 1.

These tools differ in terms of what types of grids they operate on, how grids and stencils
are specified, and what platform and languages they target. The framework from Kamil et
al. [23], Mint [38], Patus [10], Physis [28], and Pochoir [26] work on regular grids; Liszt [13],
MPAS [5], and OP2 [18] work on irregular grids. Chombo [12] works on grids that can be
adaptively refined. Adaptive Mesh Refinement is a method where cells in a grid can been
split into sets of finer resolution cells. To the best of knowledge no existing tool targets
semi-regular grids, which will be the aim of our proposed work with the GridGen package.

The tools in Table 1 interface with users either via a library, domain specific language
(DSL), or set of annotations. Library approaches may be active, active libraries include
tools that preprocess source code replacing library calls with generated code. DSLs may
either be implemented or within the context of a larger language (such as C or Fortran).
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Table 1: Comparison of stencil generation tools and DSLs

Kamil et al. [23] Mint [38] Patus [10]
Grids Regular Regular 3D Regular

Specification Annotated Fortran
loops

C with pragmas DSL with C syntax

Targets MultiCore

C and pthreads,
Fortran and

pthreads

GPU

C and CUDA

Multicore and GPU:

C and OpenMP,
CUDA

Optimizations Autotunes a
decomposition of

node, core, thread,
and register blocks

2D or 3D tiling,
GPU thread
aggregation

Autotunes,
SIMDization, loop

unrolling,
NUMA-aware data

initialization

Physis [28] Pochoir [26] Chombo [12]
Grids Regular Regular Adaptively Refined

Specification DSL embedded in C DSL embedded in
C++

C++ Library

Targets Clusters with GPUs

C and CUDA

Multicore

C++ and Cilk

Clusters,

C++ and MPI
Optimizations Overlapping

computation and
communication,

Trapazoidal
decomposition

Load balancing
function

MPAS [5] Liszt [13] OP2 [18]
Grids Unstructured Voroni

Meshes
Irregular Scala based Irregular

Specification Collection of
software components

in Fortran

Scala based DSL Active C++ Library

Targets Clusters Clusters with GPUs

MPI and C++ or
CUDA

Clusters, multicore
systems, GPUs

C++ with MPI,
OpenMP, or CUDA,

Optimizations - Partioning and
coloring

Autotunig of GPU
parameters,
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Annotation add syntax to an existing language that specify where some section of code
should be transformed, annotations are typically specified using pragmas.

Libraries and annotation based approaches benefit from the fact that they can be applied
to existing code. Libraries have the further benefit of interacting with debugging tools. Inac-
tive libraries incur a performance penalty due to library overhead, however, active libraries
use code-generation techniques to eliminate this overhead. Languages based approaches have
the benefit of being able to introduce new syntax.

The tools also differ from eachother in terms of what platforms and languages they tar-
get. For active library and annotation based approaches a preprocessor reads specifications
and generates source code in some language. Parallelization details are typically handled
with third-party libraries such as MPI or OpenMP. Code intended to run on accelerators is
typically generated for CUDA or OpenCL. In our proposed work the GridGen package will
target MPI.

2.2 Stencil Computation Optimizations

Many of the tools discussed in Section 2.1 automatically perform optimizations to improve
stencil performance. Automatically applied optimizations improve programmer productivity
(by eliminating the need to manually perform the optimization) and help code maintainabil-
ity (by avoiding the code obfuscation that often occurs when an optimization is applied).

In this section we list a set of optimizations that have been performed manually and
automatically on stencil computations. One aspect of our work with the GridGen package
will be to (1) determine a set of optimizations that improve will improve the performance
of the SWM and CGPOP miniapps when running on distributed memory machines, and (2)
integrating these optimizations into GridGen so that they are automatically applied.

Optimizations commonly applied to stencil computations include:

• Tiling [39]: Reorganize a loop-nest that iterates through grid points so that when
iterates through blocks of data that fit into cache. Multi-level tiling embeds multiple
levels of tiles inside a loop nest to address multiple levels of the memory hierarchy.

• SIMDization [25]: Parallelizes stencil code through SIMD vectorization calls. These
calls use special SIMD CPU registers to perform the same operation on multiple pieces
of data simultaneously.

• Option to Store Data as Array of Structs or Struct of Arrays [14]: When
multiple values are assigned to each node in a grid these values can either be stored in
seperate arrays (as a struct of arrays) or stored in a single array where each element
is a structure holding these multiple properties (as an array of structs). The struct
of array style exposes opportunities for vectorization while struct-of-array style may
allow for better cache behavior depending on what values are accessed by a stencil
computation.

• Array padding [24]: Pad the ends arrays in order to ensure that their data is stored
on separate cache-lines. This is done in order to avoid data cache thrashing (cache
conflicts).
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• Overlapping tiles (communication avoiding algorithms) [40, 15]: Perform the
same computation locally that was performed on remote node in order to avoid com-
municating data from that remote node.

• Overlapping computation and communication [7]: Perform computation that
does not require access remote data while waiting for communication to complete. In
the context of stencil computation the interior points (those points not bordering the
communication halo) can be updated while waiting for the halo to be populated.

• Software Controlled Prefetching [7]: Some architectures include explicit fetch
instructions to control prefetching of data into cache. Prefetching avoids memory-fetch
latency by moving data to cache prior to it being referenced.

• Loop unrolling [16]: Unroll a loop so that its body includes multiple iterations of
the previous version of the loop. Loop unrolling is performed in order to reduce loop
overhead. Compilers are often able to perform this optimization automatically.

2.3 Semi-regular Grids

One limitation of the tools presented in Section 2.1 is that none of them address semi-regular
grids. We define semi-regular grids to be unions of two-dimensional, regular, sub-grids that

Adjacent Wrapping

Bordering with
offset Mirroring Folding

Figure 4: Connectivity patterns seen in semi-regular grids.

7



1

2 3 4 5

6

Figure 5: Connectivity of the cubed-sphere grid. The number next to each-subgrid is a value
we can use to identify it.

connect to one-another.
Several types of semi-regular grids appear in Earth simulation applications. Examples

include the torus, dipole [33], tripole [29], icosahedral [19, 37] (see Figure 3, and cubed-
sphere [32] grids.

In these grids regular subgrids connect to one another in an unstructured fashion. In
Figure 4 we illustrate different connectivity patterns that exist among subgrids. The adjacent
connectivity pattern that appears in Figure 4 is seen in several grids including the cubed-
sphere and icosahedral grids. The wrapping pattern appears in toroidal grids, the bordering
with offset pattern appears in the icosahedral grid, and the folding pattern appears in tripole
grids.

The simplest grid used to simulate the Earth is a torus, which can be represented as
a single regular, rectangular grid. Specialized communication code is needed to wrap the
north boundary to the south boundary and the west boundary to the east boundary. Despite
this needed specialization, torus grids are often considered to be purely regular and many
tools that generate stencil codes allow for a regular grid to include simple wrap-around
boundaries [11, 38, 27]. Parallel array languages such as ZPL [9] also have the ability to
express periodic (that is wrapping) boundaries.

In certain applications dipole grids are used. In dipole grids there is no wraparound
between the north and south boundaries and the north and south poles of the grids are
shifted so that they correspond to points of land on the earth. Simulation around the two
poles will not suffer inaccuracy in simulations that do not operate over land-points; for
example, in ocean models.

In models that not allow for both poles to be shifted over land-masses a tripole grid may
be used. In this grid, west and east boundaries have the same wrap-around properties seen
in the torus and dipole grid, but the north-pole includes a fold. The south-pole must be
placed over land. The northern fold requires more complicated communication code.

Cubed-sphere and Icosahedral grids can be used when the entire Earth surface (or atmo-
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sphere) is to be simulated. In the cube sphere grid the Earth is represented as six regular
grids that connect to one-another to form a cube. In the Icosahedral grid twenty triangular
regions can form an icosahedron. Pairs of these triangular regions can be stored as regular
grids, forming ten arrays. We illustrate the connectivity pattern of the cubed-sphere grid in
Figure 5, and we previously illustrated the icosahedral grid in Figure 3.

2.4 Applications and Algorithms of Interest

Two Earth Science applications that make use of semi-regular grids are the Parallel Ocean
Program (POP) [22] and the Global Cloud Resolving Model (GCRM) [6]. In this section we
briefly discuss POP and GCRM and two miniapps (CGPOP and SWM) that were extracted
from important components in these applications. Our evaluation of the GridGen package
and its semi-regular grid abstractions will involve using these abstractions in CGPOP and
SWM.

The Parallel Ocean Program (POP) was developed at Los Alamos National Laboratory
and is an important multi-agency code used for global ocean modeling and is a component
within the Community Earth System Model (CESM) [1]. POP has been actively developed
for over 18 years, and is nearly 71,000 lines of Fortran 90 and MPI code.

GCRM is a DOE sponsored global atmospheric circulation model capable of simulating
at 3 km resolution. GCRM makes use of spherical geodesic grids [4], which are defined by
recursively bisecting the icosahedral grid.

Both POP and GCRM are large applications consisting of multiple components. Miniapps
are applications on the order of 1000 lines of code that include a simple build system and
accurately model the performance of a larger application. In [20], Heroux et al. suggest that
miniapps can be used to compare and programming models. We intend to use miniapps to
evaluate our abstractions to model grid topology, distribution, and stencil algorithms. We
will evaluate the GridGen package with two miniapps: CGPOP and SWM.

CGPOP is a miniapp of POP’s Conjugate gradient solver. In [22] we demonstrate that
CGPOP accurately models the performance characteristics of POP across a variety of ma-
chines and compilers. In in [34] we argue that CGPOP can be used to evaluate a program-
ming model’s programmability. CGPOP uses dipole grid [33]. Current implementations of
POP use the more complicated tripole grid [29]. Part of research effort will be to use the
GridGen package to update CGPOP to use the Tripole grid.

SWM is a miniapp of GCRM’s shallow water model component. SWM iteratively applies
Jacobi-stle stencil over an icosahedral grid [19, 37]. Part of research effort with the GridGen
package will be to represent the icosahedral grid with our abstractions and integrate it into
SWM.

3 The GridGen Package

In order to address the research problems raised in Section 1.1 we propose to create a set of
tools to define, generate code, and visualize semi-regular grids.

3.1 Software Architecture
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Fortran Program w/
GridLib calls

GridLib

Fortran Compiler Compiled stencil program

Input Data

GridGen
Preprocessor

Compiled and optimized
stencil program

References

Fortran CompilerOptimized Fortran code

Links to

GridViz Visualizer
.svg visualization of

grid structure

Figure 6: System diagram of the GridGen package

In Figure 6 we illustrate the tools we plan to create: GridLib, GridGen, and GridViz. We
refer to the collective of these three tools as The GridGen Package.

The GridLib library includes abstractions for specifying grids and functions for applying
algorithms. The GridGen tool is used to optimize programs that use the GridLib library. In
addition to the GridGen tool and GridLib library we will create a tool called GridViz that
can be used to construct visualizations of grid connectivity.

Although programs that use the GridLib library will produce correct results, we do
not believe the approach taken by GridLib will produce optimal code. Library approaches
introduce overhead from calls to library functions and are unable to take advantage of certain
compile-time optimizations; for example, fusing loops from multiple stencil computations
together. However, despite the performance limitations of a library approach it does offer
some advantages. Code linked to GridLib will work with most debugging tools such as gdb
and library calls can be integrated into existing projects.

To address the performance limitations of GridLib, the GridGen project also includes a
code generation tool called GridGen. The GridGen tool is passed a Fortran program that
uses the GridLib library. The GridGen tool uses Rose (a source-to-source translation tool) to
parse the Fortran code and extract library calls. GridGen then replaces the library calls with
optimized code. The code produced by GridGen can then be passed to a Fortran compiler
to produce an executable.

The GridViz tool produces images for representing semi-regular girds. The purpose of
the visualization tool is to help developers determine whether they have specified their grid
topology correctly.

3.2 Grid specification

In the GridGen package grids are specified in an object-oriented manner using the GridLib
library. Pertinent objects in the GridLib library include grids, subgrids, distributions, com-
munication schedules, and data objects. Grids, subgrid, and neighbor objects describe how
nodes connect to one-another. Data objects are assigned a relevant grid and assign values
to each node in the grid. Distribution and schedule objects describe where values in a data
object are stored and what communication is needed to update these values respectively. In
this section we briefly review these objects.

In Figure 7 we specify the Cubed-Sphere grid in Figure 5 and the stencil in 2. Grids
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module FivePtStenc i l
contains

real function sumNeighbors (A, i , j )
sumNeighbors = &

0.2 ∗ (A( i , j ) + A( i −1, j ) + &
A( i +1, j ) + A( i , j−1) + &
A( i , j +1))

end function
end module

program S t e n c i l
implicit none
include ’ g r i d l i b . h ’

type ( SubGrid ) : : sg1 , sg2 , sg3 , sg4 , sg5 , sg6
type ( Grid ) : : g
type ( D i s t r i bu t i on ) : : d i s t
type (Data) : : input data , output data

integer : : N, M

! Spec i f y g r i d
N = 6
M = 6
ca l l subgrid new ( sg1 , N, M)
ca l l subgrid new ( sg2 , N, M)
ca l l subgrid new ( sg3 , N, M)
ca l l subgrid new ( sg4 , N, M)
ca l l subgrid new ( sg5 , N, M)
ca l l subgrid new ( sg6 , N, M)

ca l l gr id new ( g )
ca l l gr id p laceAd jacentHor i z ( g , sg2 , sg3 )
ca l l gr id p laceAd jacentHor i z ( g , sg3 , sg4 )
ca l l gr id p laceAd jacentHor i z ( g , sg4 , sg5 )
ca l l gr id p laceAd jacentHor i z ( g , sg5 , sg2 )

ca l l gr id p laceAdjacentVer t ( g , sg6 , sg3 )
ca l l gr id p laceAdjacentVer t ( g , sg3 , sg1 )
ca l l gr id p laceAdjacentVer t ( g , sg1 , sg6 )

ca l l grid placeAdjacentDiagNW (g , sg2 , sg1 )
ca l l gr id placeAdjacentDiagSE (g , sg2 , sg6 )
ca l l gr id placeAdjacentDiagES (g , sg6 , sg4 )
ca l l grid placeAdjacentDiagNW (g , sg4 , sg1 )

ca l l grid connectAndFlipN (g , sg5 , sg1 )
ca l l gr id connectAndFl ipS (g , sg5 , sg6 )

! Spec i f y d i s t r i b u t i o n
ca l l d i s t r i bu t i on new b l o ck ed ( d i s t , g , (/ 3 , 3/ ) )

! I n i t i a l i z e data
ca l l da ta new f r om f i l e ( input data , ” input . dat” , g , d i s t )
ca l l data new ( output data , g , d i s t )

! Perform s t e n c i l operat ion
output data = data apply ( input data , sumNeighbors )

end program S t e n c i l

Figure 7: Fortran source using GridLib for a five point stencil applied to a cubed-sphere
grid.
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(a) Data distributions. (b) Halo for red block.

Figure 8: Different ways of distributing an array across four processes.

are defined in GridLib by: constructing one or more subgrid objects, and describing the
connectivity among grids. Data distribution is represented using distribution objects.

The subgrid new function is used to instantiate new subgrids of a specified size. The
grid new function creates a new grid, and the various grid place functions are used to place
subgrids into the grid according to some connectivity pattern. The make use of adjacency
patterns like that seen in Figure 4a. The grid placeAdjacentHoriz and grid placeAdjacentVert

respecitvely place two subgrids adjacent to one another horiziontally and vertically. The
grid placeAdjacentDiag functions connect one of the four borders (north, south, west, or
east) of a subgrid to one of the four borders of another subgrid.

The various grid place functions we use are convenience functions that connect subgrids
by constructing border mappings. Border mappings (like those seen in Figure 4 can also be
explicitly defined in GridLib.

3.3 Algorithm Specification

Algorithms in GridLib operations are applied to data objects. There are two types of oper-
ations in GridLib: (1) point-wise update operations, and (2) reductions.

Pointwise update operations update each value in a data-object with a combination
of neighboring values. Stencil computations are a type of point-wise update operation. In
Figure 7 the function sumNeighbors defines a pointwise operation. The data apply function
is used to specify where to perform the operation and what data-objects it should be applied
on.

A reduction operation applies an associative and communicative operator to combine all
values for a data object over the whole grid. Reductions operations include sum, product,
min, max, etc.

More complicated algorithms, such as the conjugate gradient algorithm in CGPOP, can
be defined using combinations of stencil and reduction operations.

3.4 Data distribution and Communication

Reductions and pointwise grid operations are data-parallel computations. As such, in order
to execute these operations, there needs to be an assignment of data to the process that will
operate on it. In order to define this assignment we will include a distribution abstraction in
GridLib. Subgrids are blocked into evenly sized rectangle regions called blocks. A mapping
exists between blocks and processes. In GridLib users can explicitly control this mapping or
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may use higher-level functions to construct commonly used distributions. In Figure 8a we
illustrate several distribution patterns that we will create functions for. These distributions
are based off of the distribution pragmas seen in High Performance Fortran [21, 31].

When applying stencil computations each proccess updates values within its locally dis-
tributed region, however this update process may reference values that are distributed on
another process. To address this blocks are allocated a halo region which locally stores topo-
logically values that have been distributed to a different process. In Figure 8b we illustrate
the halo region for the red (top-right) block from the block-block distribution. To populate
this halo communication must occur the blocks it overlaps with. Note that part of the halo
lies off of the subgrid, what data to fill this region of the halo with depends on the topology
of the grid. In GridLib and GridGen we include an algorithm that determines what com-
munication must occur to populate each block’s halo region. The result of this algorithm is
stored in an object we call a communication plan. We discuss this algorithm in more detail
in our preliminary paper [36].

The most efficient distribution to use depends on the stencil used and grid topology.
For example, with a four-point (north, south, weast, and east neighbor) stencil and a grid
where the west and east borders connect the block-fill distribution would require the least
amount of communication between processes, in a grid where the north and east border
connect the fill-block would perform the least commuication, and in a grid where no borders
connect the block-block would perform the least communication. Future work could involve
automatically determining how to distribute data.

3.5 Preliminary Evaluation

In [36] we present preliminary work where we introduce abstractions for semi-regular grids
and present preliminary work on GridGen package. At this time we have working imple-
mentations of GridLib and GridGen that work on compact stencils.

In Figure 9 we show a performance comparison of GridLib and GridGen against a stencil
computation extracted from CGPOP. The extracted stencil finds a weighted average of the
eight neighboring points. The stencil coefficients come from edge weights values stored in
arrays.

We performed our experiments on two machines at Colorado State University: Bacon,
a 16 core, 2.13 GHz, XeonE7 machine with 128 GB of memory; and the ISTeC Cray HPC
system, a Cray XT6m with 1248 cores across 52 compute-node, and 1.6 TB of memory.
There are 24 cores per node on the ISTeC Cray.

For the multicore performance experiments we performed the stencil for 100 iterations on
a 3600 by 3600 dipole-grid with a row-blocked distribution. For the cluster experiments we
performed the stencil for 1000 iterations on a 10800 by 10800 dipole-grid with a row-blocked
distribution.

This preliminary evaluation demonstrates that (1) GridLib introduces library overhead
that reduces performance, particularly when run on small number of cores, and (2) GridGen
is able to produce code that performs similarly to hand-written code.
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(a) Performance on multicore (b) Performance on cluster

Figure 9: Performance comparison of GridLib and GridGen against the stencil extracted
from CGPOP

4 Project Organization

We organize our proposed work around three papers that we will write and submit to rel-
evant academic conferences. Each of these papers addresses successive research goals and
introduces new functionality into the GridGen package. The timeline for these papers is
presented in Table 2.

Table 2: Project timeline

Date Category Description
Summer 2012 PAPER First paper: IPDPS draft [36]
Summer 2012 EXAM Preliminary exam
Fall 2012 PAPER Implementation and writing for second paper

Spring 2013 PAPER Implementation and writing for third paper
June 2013 EXAM Dissertation defense

4.1 Paper Topics

The three papers we will produce focus on the following:

First Paper
Abstractions for Defining Semi-Regular Grids Orthogonally From Stencils.
As discussed in Section 1.1, due to the need for performance, grid details are often
tangled with algorithm code. This tangling negatively impacts code clarity and main-
tainability and makes changing grids difficult. To address these issues we propose
designing a set of semi-regular grid abstractions enable a separation of concerns be-
tween grid topology and algorithm. We integrate these abstractions into a library
called GridLib. To address library overhead we create a code preprocessing tool called
GridGen that replaces library calls with efficient code. With this tool we are able to
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specify grid topology separately from algorithm without negatively impacting perfor-
mance. We include an unpublished draft of this paper with this proposal in [36] and
intend to submit to the IPDPS conference, which has an October 1, 2012 deadline.

Second Paper
Generating code for Non-Compact Semi-Regular Grids. In the first paper
we assume that stencil algorithms are compact (have halo depth of one). However, in
some applications non-compact stencils appear [41, 42]. In this paper we generalize our
previous abstractions to enable larger halos and reference iterations from more than
one time-step back. In this paper we will apply the GridGen package to the CGPOP
and SWM miniapps. Optimizations seen in CGPOP and SWM will also be integrated
(for example: CGPOP includes an optimization to exclude computing over blocks of
data that represent land). We intend to send a submission of this paper to the 2013
PLDI conference. The submission date for PLDI is tentatively November 11, 2012.

Third Paper
Optimizing Earth Simulation Applications with an Active Library for Semi-
Regular Grids. Manual optimizations of stencil computations obfuscates code and
are often difficult to implement. In this paper we define how to automate the im-
plementation of communication/computation overlap, array of structs, and communi-
cation avoidance optimizations using our abstractions. We evaluate the performance
impact of these optimizations on the CGPOP and SWM miniapps. We intend to send
a submission of this paper to the 2014 Supercomputing Conference (SC), which has a
tentative deadline in May of 2013.

4.2 Evaluation Approach

Recall that the goal of the first paper is to introduce abstractions for representing semi-
regular grid and that by using a code-generation tool (GridGen) we are able to produce
stencil code that matches the performance of hand written code. In this paper we will show
that this approach can be used to represent dipole, tripole, cube-sphere, and icosahedral
grids. To show that generated code matches hand-written code in terms of performance
we will show compare the scalability of GridLib and GridGen generated code against small
hand-written examples.

In the second paper we will expand our abstractions to allow for non-compact stencils and
reconduct our experiments from the first paper with non-compact stencils to demonstrate
that we don’t lose our matching performance. In this paper we show results for CGPOP and
SWM.

In the third paper we will compare the performance of GridGen generated code with and
without optimization on the CGPOP and SWM miniapps.

We will run our experiments on our department’s multicore machines and the ISTEC
Cray machine. We will also apply for small allocations for time on NCAR machines such as
YellowStone and perform experiments there if compute time is granted.
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4.3 Project Tasks

In order to update the GridGen package for each of the three papers there are a number of
design and implementation tasks that we must complete. In the remainder of this section
we list these tasks:

Summer and Fall 2012 (Work for first paper): Initial design and implementation
of the GridGen package

Designing and implementing GridLib

• Implement the region, subgrid, border-mapping, grid, distribution, communication
plan, and data object abstractions discussed in [36].

• Design and implement convenience functions for stitching subgrids together using the
patterns illustrated in Figure 4. These functions provide a higher level of abstraction
for representing grid topology than border mappings.

• Design and implement functions that representing distributions in a high-level fashion
We will base these functions on the distribution pragmas available in High Performance
Fortran [21, 31].

• Design and implement an algorithm conducting a communication plan. We discuss
communication plan abstraction in [36].

• Design and implement an algorithm for generating communication plans given a dis-
tribution.

• Implement function for applying pointwise update operations that assume that the halo
has a single element depth. This function will be passed a data object to operate on
and a function that is applied to each value in the grid (for example: the sumNeighbors
function in Figure 7).

• Implement function for applying reductions on data-objects.

• Implement functions that read in and write out grid, distribution, and communication
plan objects to files.

• Create regression tests that ensure proper implementation of the previous tasks.

Designing and implementing GridGen

• Implement the Region, subgrid, border-mapping, grid, distribution, communication
plan, and data object abstractions discussed in the IPDPS paper in GridGen.

• Implement functions for reading in and outputting grid, distribution, and schedule
objects to files.

• Create an interface of GridLib that can pass through the ROSE compiler framework
frontend.
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• Create objects that represent GridLib calls (GridLibCall objects)

• Create a visitor that extracts GridLib calls and wraps them in GridLibCall objects.

• Create a generic visitor class that steps through extracted GridLibCall objects.

• Create regression tests that ensure proper implementation of the previous tasks.

Designing and implementing GridViz

• Implement a visualization tool that outputs .svg files for grids that have been placed
using the adjacent pattern without offset.

• Enable visualization for when adjacency has an offset.

• Enable visualization for wrapping, mirroring, and folding patterns.

Fall 2012 (Work for second paper): Extending the GridGen package and its
abstractions for non-compact stencils

Updating GridLib

• Update border-map abstraction to allow for maps that have can have greater than
single element depth.

• Update communication-plan generation algorithm in GridLib so that it can populate
halos of depth-n.

• Lazily expand halo size and redo communication when pointwise-update algorithms
access elements outside of halo.

• Expand data-objects to include a time dimension.

• Update pointwise-update algorithm to allow accessing previously updated elements.

Updating GridGen

• Update abstraction in GridGen to account for changes made to GridLib.

• Update communication-plan generation algorithm in GridGen so that it can populate
halos of depth-n.

• Update pointwise update algorithm generator.

Spring 2013 (Work for third paper): Automating optimizations in GridGen and
implementing CGPOP and SWM with the GridGen package

Updating GridLib
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• Update the data-object abstraction (and its implementation) to include blank blocks.
A blank block does not store data and is used in CGPOP to represent a block of land
(which does not require simulation in an ocean program).

• Enable programmers to choose that data blocks may be represented using a compressed
data format like in CGPOP

• Update communication plan generation and conduction algorithms to allow for new
data-object format.

• Allow pointwise update algorithm to allow for new data-object format.

• Allow reduction algorithm to allow for new data-object format.

• Create an abstraction in GridLib for storing edge-weights.

Representing CGPOP and SWM

• Structure CGPOP’s and SWM’s native grids.

• Create data distributions that mirror those seen in CGPOP and SWM.

• Read in initial CGPOP and SWM data.

• Implement the algorithms seen in CGOP and SWM.

• Implement computation/communication overlap.

• Implement overlapping tiles optimization.

Updating GridGen

• Update GridGen to account for new edge weight abstraction.

• Determine from Section 2.2 a set of optimizations that are likely to improve the per-
formance of CGPOP and SWM.

• Have GridGen apply these optimizations to its generated code.

5 Limitations and Future Work

In our proposed work we will construct abstractions for representing semi-regular grids, sten-
cil computations, and data-distributions. These abstractions address the research problem
of how to separate algorithm from grid structure and parallelization details. We intend to
construct a set of tools in the GridGen package that will operate on semi-regular grids. This
tool will initially work on compact stencils and later on noncompact stencils. We will this
tool apply optimizations to its generated stencil code.

Our proposed approached is limited to operating on two dimensional, statically defined,
semi-regular grids. We choose this class of grids because it is seen in important Earth
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science applications such as POP. Future work could focus on abstracting the GridGen
package to work will additional types of grids (for example: high-dimensionality grids or
adaptively refined grids). Additional work could be done so that GridGen could target other
architectures, for example: GPUs.
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