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Abstract

Chapel is one of the programming languages being developed as part of
the DARPA High Productivity Computing Systems (HPCS) program. In
this paper, we describe how this language could be used to express some
important mathematical structures and algorithms found in the Parallel
Ocean Program (POP), a widely used ocean circulation model. We com-
pare the current Fortran+MPI and Co-Array Fortran implementations with
those using the higher level global view provided by Chapel. Our analysis
suggests that the Chapel implementations can capture the application devel-
oper’s view of an algorithm and offer algorithmic polymorphism, resulting
in a significant improvement in code development productivity for the ocean
modeler and other scientists whose work involves similar computations.
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1 Introduction

The objective of the DARPA High Productivity Computing Systems (HPCS)
program[11] is to provide computational scientists with a more effective high
performance computing environment. Productivity, then, must encompass
many ideas, including programmability, performance, portability, and ro-
bustness. As part of this effort, vendors are developing new programming
languages that are intended to provide scientific application developers a
means for easily expressing their algorithms in a form that also enables
efficient computation on parallel distributed memory computing systems.
In this paper we report on our investigation into how one such language,
Chapel[4], addresses these issues within the context of a widely used large
scale scientific application program.

In this study, we identify and discuss Chapel constructs that can help
the computational scientist express algorithms in a manner that keeps the
focus on the algorithms and applications rather than on the details asso-
ciated with the parallel computing architecture. In particular, we target
key mathematical algorithms used by a production-level DOE Office of Sci-
ence application, Parallel Ocean Program (POP)[23], which models ocean
circulation. The selected computations are involved in the solution of par-
tial differential equations defined by the model, and thus this work will be
relevant to a broad range of scientific areas. In particular, we compare the
current Fortran with MPI[26, 16] and Co-Array Fortran (CAF)[22] imple-
mentations of a key component of the computation of surface pressure and a
fundamental computation used throughout the code with those we can cre-
ate using the higher level global view of computation provided by Chapel.

1.1 Productivity Discussion

As stated above, productivity encompasses many ideas. In code develop-
ment, this must be centered around user requirements and goals as well as
the context of individual use. We can discuss, and even measure, ideas for
comparisons from the perspective of the code developer.

Programmability is intended to capture some notion of the level of ef-
fort required to create, maintain, and extend a program. One measure is
the number of lines of source code (SLOC), which includes executable state-
ments, declarations, and comments∗. We measure this using CodeCountTM[24],
which among other things, distinguishes between physical and logical lines

∗Comments are relevant since, as we’ll see, the less obvious the block of code, the more
commenting is required.
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(the latter ignores line breaks within a language statement), whole and em-
bedded comments, and blank lines.

We qualify this metric with the notion of expressibility. We define ex-
pressibility as the ability of the code developer to articulate the necessary
computations in a manner that is natural to the particular task and conveys
some notion of intent that may be exploited by the compiler. Furthermore,
algorithmic polymorphism offered by Chapel enables code developers to ex-
press variants of an algorithm in a unified manner. In other words, we are
attempting to quantify the number of effective lines of code as a productivity
metric. Although still somewhat subjective, this gives us a basis to discuss
the quality of the code. Nevertheless, the final measure of programmability
must be decided by the code developer.

A language that provides expressive syntax and semantics should result
in programs with fewer coding errors, is easier to debug, is easier to modify
and extend, requires fewer comments, and achieves strong performance on
a breadth of computing architectures.

1.2 Research Contributions

Our goal in this work is to investigate the ability of the code developer to
express an algorithm, contrasted with the requirements for dealing with the
intrusion of the details associated with the parallel processing environment.
Although we do this within the context of a particular application (POP),
we examine computations that are found in a broad range of scientific ap-
plications.

At the same time it is important to note that our goal is not to provide
a tutorial for creating a Chapel implementation of POP nor even to suggest
that this need be undertaken. Instead, POP provides a real-world example
that is representative of the coding effort and style required by the message
passing model using the Fortran programming language, thus serving as a
basis for comparison with Chapel constructs.

Where possible, we verify the correctness of our Chapel implementations
using a pre-release version of a compiler that provides rudimentary function-
ality compared to the language specification. We also use functionality that
is still under development, and therefore cannot be verified by the compiler.
In this case, great care has been taken to ensure correctness of this code,
including verification by the Chapel development team[5]. In doing so, our
experiences feed back to the Chapel team in a manner that helps them evolve
the language in directions that are useful to scientific applications and away
from those that are not.
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1.3 Report outline

We begin by presenting an overview of Chapel, with a focus on the syntax
and semantics used for this work along with an introduction to alternate
programming languages. After a brief overview of POP, we examine im-
portant computations used in the model, comparing and contrasting imple-
mentations written using the message passing model, Co-Array Fortran, and
Chapel. We speculate on performance issues, then offer our conclusions and
discuss our future research.

2 Overview of Chapel

Scientific applications designed for use on high performance computing ar-
chitectures are most often implemented based on functionality found in the
Message Passing Interface (MPI)[26, 16] specification. This approach re-
quires the code developer to explicitly manage the distribution and move-
ment of data among the parallel processes, each of which has its own distinct
address space.

To address some of the difficulties perceived with this approach, alter-
native programming languages based on the Partitioned Global Address
Space (PGAS) model have been proposed. For instance, Co-Array Fortran
(CAF)[22] makes data globally accessible via co-array load and store seman-
tics, though it still places the responsibility for distributing and moving the
data between the parallel processes on the code developer. Unified Paral-
lel C (UPC) [27] extends the C programming language to include a shared
address space view of computation, but it inherits C’s limited support for
arrays, with no real support for multidimensional arrays. Titanium[19] ex-
tends JavaTMto include an explicit parallel Single-Program-Multiple-Data
(SPMD) model.

A common feature of these programming models is that they provide a
“fragmented view” of parallel computation in that they require the devel-
oper to explicitly manage the interaction of the parallel processes as well
as the overall data layout. In contrast, “global view” models abstract the
parallel processes from the view of the developer in an effort to simplify the
expression of a given algorithm as a parallel computation†. OpenMP[10]
presents such a view through the definition of a set of compiler directives

†Chapel also provides access to locality, lower level constructs, and a task parallelism
capability. Although these capabilities are useful and can supplement the global view,
they are not needed for our current purposes.
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Figure 1: Global view vs. fragmented view parallel programing model.
Consider a partial differential equation (here Poisson’s Equation) defined
on a two dimensional domain, illustrated by the center picture. The frag-
mented view configuration for applying a solution algorithm on a parallel
processing computer is shown on the right. Here the code developer must
manage the interaction of the parallel processes as well as the overall data
layout, including explicit control over the sharing of data among the indi-
vidual blocks. This is usually accomplished by surrounding each block with
a “halo” in order to control data movement (as indicated by the arrows)
and maintain coherency. A global view language such as Chapel captures
data associated with the problem in a single structure which it (as well as a
fragmented model) may then surround with space for the physical boundary
conditions. Although the language may provide a means for conveying in-
formation regarding parallelism in the problem (Chapel does[12]), the code
developer is not responsible for distributing and sharing data amongst the
parallel processes.

and associated syntax, but is limited to regions of physically shared mem-
ory in a node. It may be combined with MPI to link multiple distributed
shared memory regions such as on a cluster of SMP nodes, which then intro-
duces the fragmented view. High Performance Fortran (HPF)[18] provides
a global view, but is constrained to the SPMD model and supports only
a single data structure (the Fortran array). This rules out a broad range
of problems defined on irregular domains as well as the implementations
described in Section 5.

One goal of the HPCS language effort is to to combine the strengths of
these existing programming models while avoiding their weaknesses. Chapel
pursues this goal by providing a global view of parallel programming based
around the definition of a domain. The domain is a construct that provides
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the code developer with a means for configuring data structures that enable
a more natural mapping of computations to the parallel processes, including
distribution of data and associated inter-process data sharing. The overall
goal is to combine a global view of the program with the tools necessary
for injecting high-level programmer “intent” that the compiler cannot easily
discover in more traditional programming models.

At the time of this writing, the Chapel language specification[9] is at ver-
sion 0.750. A prototype compiler (pre-release version 0.4) has been provided
to a small group of programmers who are gaining experience and providing
feedback to the Chapel developers.

Two other notable global view language development efforts are also
underway. Fortress[1] endeavors to present a mathematically based syntax
to the code developer. X10[6] extends JavaTM. We are investigating these
languages in a manner similar to that described in this report.

2.1 Syntax and Semantics

Unlike languages such as HPF, CAF, UPC, and Titanium, Chapel does not
extend an existing serial language to include a parallel processing capability.
Instead, developers began with a clean slate so that a global view of a
parallelism may be constructed free of existing constraints.

Chapel syntax and semantics are sufficiently similar to Fortran, C, and
C++ so that a scientific application developer familiar with these languages
can quickly become comfortable with this new language. Like C, executable
statements are terminated by a semi-colon, braces define executable blocks,
variables can be declared (and initialized) within executable blocks, and vari-
ables can be re-cast. Like Fortran, multidimensional array indices, bounded
by user defined values, are indexed within parenthesis (but like C are de-
clared using brackets), and modules define name spaces and are included
in the compilation unit via the use statement. Like C#, C++, and Java
, object-oriented programming is possible with Chapel, and comments can
either be captured within a block by slash-star star-slash or prepended by
double slash. Chapel also bears some similarities to HPF, ZPL[3], and the
Cray Multi-threaded Architecture (MTA) extensions to C and Fortran[8].

Chapel provides a global view of parallelism through the definition of a
domain, which describes data using an index set, and optionally a distri-
bution, associated arrays, and functions (called iterators). A domain may
induce another domain, as a subset, superset, or a translation. This can
be useful in defining a space that includes the physical domain as well as
space for applying boundary conditions. These constructs enable a parallel
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perspective of the computation regardless of the underlying mechanisms for
parallel execution.

Arithmetic domains are rectilinear sets of Cartesian indices of an arbi-
trary rank. Sparse domains are subsets of some base domain, supporting
graph-based algorithms, sparse matrix computations, and as we will show,
certain kinds of difference stencils. The forall iterator is the construct for
expressing a parallel computation over a domain’s indices. Tuples aid read-
ability by combining per-dimension index counters (i and j) into a single
variable, say k, which can then be operated on using arithmetic.

Note that although the focus of the work reported herein is based on
a data parallel model, task parallelism is also supported and can coexist
within the same program.

Reduction operator

Scientific applications often require the aggregation of values. For exam-
ple, in stiff systems, a Courant condition determines the length of the next
time step; in solving linear systems using Krylov subspace methods, inner
products and vector norms must be computed. When the data is distributed
across parallel processes, these values are typically computed independently
by each process, followed by a summation across all processes in order to
compute the global value. This reduction operation is explicitly supported
by protocols such as MPI and OpenMP. Like MPI, Chapel provides several
reduction operations as well as a means by which the code developer may
define an operator[13]. Whereas MPI provides a mechanism for applying
the reduction using a subset of the parallel processes (the communicator),
Chapel defines reductions on subsets of domains, which, as we will see in
Section 4.1, provides a more naturally expressive semantic, both from a code
as well as compiler perspective. Figure 2 illustrates the use of the reduc-
tion operator, computing the maximum difference between grid values, with
the view restricted to those points in the physical space, i.e. excluding the
boundaries.

3 Overview of POP

POP (Parallel Ocean Program) is a freely available ocean circulation model[23]
developed at Los Alamos National Laboratory, currently at production ver-
sion 2.0.1. It also serves as the ocean component of the Community Cli-
mate System Model (CCSM[2]). POP models ocean circulation by solving
time dependent equations describing fluid motion in three dimensions. The
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1 const
2 PhysicalSpace = [1..m, 1..n, 1..p], // Grid points in the 3d physical domain.
3 AllSpace = PhysicalSpace.expand(1); // Physical domain plus boundary.

4 var
5 x, y : [AllSpace] real;

6 // Note: x and y are allocated in AllSpace, operated on in PhysicalSpace.

7 delta = max reduce abs ( x[PhysicalSpace] - y[PhysicalSpace] );

Figure 2: Chapel reduction operator

barotropic phase computes surface pressure in two dimensions. The baro-
clinic phase resolves interactions between levels in the vertical direction.
These two phases define most of the work in each model time step.

Computation takes place on an orthogonal curvilinear coordinate sys-
tem on a dipole grid[25]. In order to improve resolution of the Arctic ocean
region, a tripole grid[21] option was added to version 2, leading the devel-
opers to reconfigure the code in a manner that makes the computations
of interest here less amenable to clear comparison. Because our goal is
aimed at understanding how Chapel might be used in the context of com-
mon operations in scientific applications rather than in providing a guide
for creating a Chapel implementation of POP, we base our work on the
bipole-only previous version 1.4.3. This version continues to be used for
performance evaluations[20, 15], and will serve as a basis for comparison in
the future. Additionally, although not officially supported, a Co-Array For-
tran implementation of the 9-point stencil (examined in section 4) has been
prototyped‡ for version 1, which provides another basis for comparison.

The Fortran-MPI implementation is written using 36,702 total lines of
Fortran, of which 22,447 are classified as physical SLOC and 16,770 are clas-
sified as logical SLOC. It is well commented, with a percentage of comments
(whole and embedded) to physical and logical SLOC of 60% and 101.5%,
respectively. The actual message passing functionality is contained in five
files§, listed in table 1. This accounts for 15% of the total number of lines of
code in POP, with 14% and 12.7% classified as physical and logical SLOC.

The table does not completely capture the coding requirements for us-
ing MPI in POP. For example, source code not listed in the table has been
‡Written by Pat Worley of ORNL and John Levesque of Cray Computer Corp.
§The sole exception is the file that enables coupling of the ocean model to the other

CCSM components, which we exclude from our SLOC metrics since it is not used inf the
stand-alone version of POP.
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Module Total Cmnts Data Exec. SLOC Description
Lines Decl. Instr. Physical Logical

boundary 986 358 52 327 590 386 Ghost cell update.
communicate 254 111 19 98 174 119 Process management.
global reductions 1195 641 219 237 721 489 Various reductions.
io 955 611 96 241 439 337 MPI collects, Fortran IO.
stencils 2138 1134 184 593 1221 796 Stencil computations.
Totals 5528 2855 570 1496 3145 2127

Table 1: Lines of code classification of POP’s MPI functionality.

configured for such things as conditionals that limit execution to the master
task and calls to global communication, such as reductions and broadcasts.
This code accounts for approximtely 700 logical SLOC. On the other hand,
some of the SLOC in the routines listed in Table 1 would be retained, such
as the stencil computations. (We will see, though, that this will be min-
imized using Chapel’s polymorphic capabilities.) Barring a first-principles
rewrite of POP in Chapel necessary for a definitive comparison, we claim
that somewhat more than 10% of the code in POP’s MPI implementation
is attributable to inter-process communication requirements induced by the
fragmented view mode. Besides, as previously discussed, precision is not
required as the SLOC metric doesn’t fully capture the relevant issues in the
productivity of an implementation.

Finally we note that POP makes strong use of MPI functionality de-
signed to clarify some basic tasks. For example, a two dimensional Cartesian
logical processor grid is configured, which simplifies identification of nearest
neighbors. Derived types are defined, a convenience in exchanging ghost
cells (also known as halos). Still, the actual exchange of the boundaries
requires significant coding (contained in the boundary module, listed above
in Table 1).

4 Computing surface pressure: the 9-point stencil

Computation of surface pressure requires the solution of the 2-dimensional
barotropic equations. The implicit solution method employed by POP con-
figures an elliptic equation of the form

AF = B (1)
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where F is a field (in this case surface pressure) and A is the operator defined
as

AF = a∇ · (H∇F ) (2)

where a is the cell area. For each model time step, a linear system of
equations is generated of the form

Ax = b (3)

for coefficient matrix A ∈ Rn×n and vectors x and b ∈ Rn.
The solution of this symmetric positive definite sparse system is com-

puted iteratively using one of three options: preconditioned conjugate gradi-
ents (PCG)[17], conjugate residuals, or a diagonally preconditioned Richardson-
Jacobi solver. PCG is the default algorithm, typically requiring around 200
iterations for convergence.

Each linear equation in the system is defined as a function of a grid
point and the eight grid points immediately adjacent to it. Thus the matrix-
vector product, computed as part of each iteration, may be formulated as
a nine-point stencil sweep across the grid. The Fortran implementation of
this computation is shown in Figure 3. Each processor owns arrays of size

1 real (kind=dbl kind), dimension(imt,jmt), intent(in) ::
2 & X, XOUT, ! array to be shifted
3 & CC,CN,CS,CE,CW, ! weights in each of the nine directions
4 & CNE,CSE,CNW,CSW

5 do j=jphys b,jphys e

6 do i=iphys b,iphys e

7 XOUT(i,j) = CNE(i,j)*X(i+1,j+1) + CNW(i,j)*X(i-1,j+1) +

8 & CSE(i,j)*X(i+1,j-1) + CSW(i,j)*X(i-1,j-1) +

9 & CN (i,j)*X(i ,j+1) + CS (i,j)*X(i ,j-1) +

10 & CE (i,j)*X(i+1,j ) + CW (i,j)*X(i-1,j ) +

11 & CC (i,j)*X(i,j)

12 end do
13 end do

Figure 3: POP’s matrix-vector product posed as 2d 9-point stencil compu-
tation.

imt × jmt for storing the matrix coefficients and grid points as well as for
ghost cells (also called halos) filled using inter-process communication. The
subdomain of grid points actually owned by a parallel process is a subset of
that space, running from iphys b to iphys e to jphys b to jphys e. The
coefficients for each (i, j) linear equation in the system are stored in separate
arrays, e.g. CNE(i,j), CNW(i,j), which serve as weights for the stencil.
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Because a stencil may involve grid points located on different processors,
inter-process communication is required. This fills ghost cells surrounding
the local grid with the necessary off-process values (as previously illustrated
in Figure 1). The MPI implementation for this work is listed in appendix
A. In the Co-Array Fortran model data is globally accessible via load and
store semantics, and the code developer is still responsible for distributing
and moving the data between the parallel processes. The Co-Array Fortran
implementation is shown in appendix B.

This separation of inter-process communication functionality gives us a
clear picture of the coding requirements for these two programming models.
In the next section we contrast these requirements with those for our Chapel
implementations.

4.1 Chapel implementation

In order to illustrate some basic capabilities of Chapel, we begin with an im-
plementation that is essentially a translation from Fortran. This eliminates
the explicit inter-process communication requirements described above. We
will then show how Chapel functionality enables an even more concise, ex-
pressive polymorphic version.

The first task in implementing this stencil is to define domains over which
to iterate. An arithmetic domain describes the grid points in the physical
domain; from it, we derive a second domain, which describes the grid points
as well as space for applying the physical boundary conditions. Arrays are
allocated using the latter space, while iteration is controlled by the physical
space. We combine the two dimension indices into a tuple, and also define
tuple-based offsets for accessing neighboring grid points, which significantly
simplifies the indexing code through the use of tuple arithmetic. This version
of the stencil-based matrix-vector product is shown in Figure 4. Note that
the spaces containing the grid points and coefficients are defined using the
global number of grid points imt global and jmt global, with no need to
be concerned with ghost space or other issues associated with the parallel
processing environment.

By viewing this operation as a reduction over the grid points in the
stencil, we can express the intent of this computation even more clearly,
simplifying the coding requirement as well as providing the compiler with
this well known operation applied to a clearly defined data structure. In
order to cleanly pose the stencil as a reduction, our Chapel implementation
will generate and store the matrix elements as sets of 3 × 3 blocks, where
each block represents the matrix coefficients for a physical grid point, as

10



1 const
2 PhysicalSpace = [1..imt global, 1..jmt global], // Grid points in the 2d physi-

cal domain.
3 AllSpace = PhysicalDomain.expand(1); // Physical domain plus boundary.

4 var
5 X, XOUT,

6 CNW, CN, CNE, CW, CC, CE, CSW, CS, CSE // Weights in each of the nine directions.
7 : [AllSpace] real;

8 // Define neighbors:
9 const

10 NW = (-1,-1), N = (-1,0), NE = (-1,1), W = (0,-1), E = (0,1), SW = (1,-1), S = (1, 0), SE = (1,1);

11 forall i in PhysicalSpace do

12 XOUT(i) = ( CNW(i)*X(i+NW) + CN(i)*X(i+N) + CNE(i)*X(i+NE) +

13 CW(i)*X(i+W ) + CC(i)*X(i) + CE(i)*X(i+E ) +

14 CSW(i)*X(i+SW) + CS(i)*X(i+S) + CSE(i)*X(i+SE) );

Figure 4: POP’s matrix-vector product in Chapel using parameterized tuple
arithmetic.

illustrated in Figure 5. That is, the nine arrays storing the matrix coefficients
can be replaced with a single “array of arrays” also shown in Figure 5.
Coefficients for the ith linear equation are Coeff(i)(k) for each k in domain
Stencil.

The sparse matrix-vector product may now be posed as a stencil com-
putation, with matrix coefficients serving as weighting factors, as shown in
Figure 6. The operation is addition, signified by “+”. The scope of the
reduction operator is controlled by [k in Stencil], which is shorthand
syntax for an expression-level forall loop.

4.2 Productivity analysis

The Fortran+MPI implementation of the matrix-vector product requires 70
lines of code, of which 43 and 21 are classified as physical and logical SLOC,
respectively, and 27 whole lines of comments. Indexing into the data arrays,
even when well organized, is cluttered, increasing the chance for coding
errors. Though expressibility of the halo exchange is enhanced through the
use of MPI derived types as well as parameterization of process ids and
message tags, the code is still complicated.

The Co-Array Fortran implementation of the halo exchange requires 154
lines of code, with 104 and 84 classified as physical and logical SLOC, re-
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1 const
2 PhysicalSpace = [1..imt global, 1..jmt global], // Grid points in the 2d physi-

cal domain.
3 Stencil = [-1..1, -1..1]; // 2d 9-pt stencil domain.

4 var
5 Coeff: [PhysicalSpace][Stencil] real; // ‘‘Array of arrays’’ for storing ma-

trix coefficients.

Figure 5: The matrix coefficients associated with each grid point are stored
as 3× 3 blocks in the “array of arrays” defined domain Coeff.

1 // Perform matrix-vector product:

2 forall i in PhysicalSpace do
3 XOUT(i) = + reduce [k in Stencil] Coeff(i)(k)*X(i+k);

Figure 6: POP’s matrix-vector product in Chapel using the reduction oper-
ator.

spectively. Complexity is even greater than with MPI, mostly attributable
to the necessary explicit management of memory coherency.

The Chapel version requires only two lines of code and one line of com-
ment. More importantly, the Chapel code clearly expresses the intent of the
operation, to the benefit of the code developer as well as the compiler.

The alert reader will note that this stencil operation is directly appli-
cable for use in many other algorithms designed to solve partial differential
equations, such as finite difference methods. The version shown here is con-
figured for a weighted stencil. A stencil which doesn’t involve weights is
even simpler, eliminating the “array of arrays” of the weights (in this case
matrix coefficients). Further, extending this 9-point stencil to its 27-point
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analogue in three dimensions, which significantly expands the programming
requirements in fragmented languages, requires only that the domains be
defined using three dimensions:

1 const
2 PhysicalSpace = [1..m, 1..n, 1..p],

3 AllSpace = PhysicalDomain.expand(1);
4 Stencil = [-1..1, -1..1, -1..1];

The polymorphic capabilities in Chapel means that the code used to perform
the 2d 9-point stencil, shown previously in Figure 6, will also perform the 3d
27-point stencil. With a little extra work, we will extend this polymorphism
to the 5-point stencil.

5 The 5-point stencil

Five point stencils are applied for a variety of purposes throughout POP:
advection, diffusion, and other mathematical operators acting on momentum
and tracer fields. Shown in Figure 7, this computation is analogous to

1 real (kind=dbl kind), dimension(imt,jmt), intent(in) ::
2 & X, XOUT, ! array to operate on with 5pt operator
3 & CC,CN,CS,CE,CW ! stencil weight coefficients

4 do j=2,jmt-1

5 do i=2,imt-1

6 XOUT(i,j) = CC(i,j)*X(i,j) +

7 & CN(i,j)*X(i ,j+1) + CS(i,j)*X(i ,j-1) +

8 & CE(i,j)*X(i+1,j ) + CW(i,j)*X(i-1,j )

9 end do
10 end do

Figure 7: The POP 2d 5-point stencil.

the 9-point stencil described in Section 4, except that the corner elements
are not included in the computation. Another differences is that, as it is
used in POP, inter-process communication is a second order effect. That
is, the ghost cells have already been computed using intermediate state
variables, and the stencil computation also serves to generate intermediate
state variables.

5.1 Chapel implementation.

At first glance the 5-point stencil might be viewed as a subset of the 9-point
stencil. While true from the Fortran+MPI perspective as well as for the
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Chapel implementation using parameterized tuple arithmetic (analogous to
the implementation shown in Figure 4), it does not map directly to the re-
duction configuration we prefer since we can’t define the stencil as a regular
block required by the arithmetic domain. Thus far we have two options
for addressing this. First, we could view the 5-point stencil as a 9-point
stencil, setting corner coefficients to zero (with the associated multiplica-
tion perhaps recognized and eliminated by a compiler[14]). This has the
advantage of simplicity, and could result in strong performance due to the
regular blocks. However, we don’t want to make such presumptions here,
and more importantly, a language should be able to support this operation
as well as it supports the 9-point stencil.

Our solution is to configure the stencil as a sparse domain, defined as a
subset of the 9-point stencil arithmetic domain. While this capability is not
yet implemented, we can sketch the idea, shown in Figure 8.

1 const
2 PhysicalSpace = [1..imt global, 1..jmt global] // Grid points in the physi-

cal domain.
3 AllSpace = PhysicalSpace.expand(1); // Physical domain plus boundary.

4 Stencil9pt = [-1..1, -1..1],

5 Stencil: sparse subdomain(Stencil9pt) = (/ (-1,0), (0,-1), (0,0), (0,1), (1,0) /);

6 var
7 Weights: [PhysicalSpace][Stencil] real; // Matrix coefficients.

8 forall i in PhysicalSpace do
9 XOUT(i) = ( + reduce [k in Stencil] Weights(i)(k)*X(i+k);

Figure 8: Chapel 2d 5-point stencil.

The sparse domain creates the 5-point stencil by selecting a subset of
the dense arithmetic domain which defines the 9-point stencil. As with
the 9-point stencil, the reduction operator is controlled by the Stencil
domain, providing access into the grid point data and their weights. The
stencil pattern can be set several ways, including as a runtime conditional
statement (shown in Figure 9), which might be useful in other situations.

5.2 Productivity analysis

The Fortran implementation of the 5-point stencil requires 7 physical SLOC,
of which 5 lines are logical. (Recall that inter-process communication is not
required for POP’s use of this stencil.) We have discussed three possible
Chapel implementations, progressing to our preference, the reduction based
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1 const
2 Stencil: sparse subdomain(Stencil9pt) = [(i,j) in Stencil9pt]

3 if ( abs(i)+ abs(j) < 2 ) then (i,j);

Figure 9: Runtime conditional stencil configuration.

configuration. As with the 9-point stencil, this requires only two physi-
cal SLOC. The only difference with the 9-point (and 27-point) stencil, is
the configuration of the sparse domain description of the stencil. That is,
polymorphism bridges the dense and sparse domains.

The sparse domain is useful in this application, but it will prove crucial
in other situations, such as operations defined on semi-structured and un-
structured meshes. We’ve been informed that development of this capability
is underway.

A different 5-point stencil routine is used for computing the horizontal
part of momentum advection in POP. It is more complex than the stencil
show above, so we don’t include it here. However, it’s worth mentioning
that it is applied to each of the vertical levels within a nested loop. The
levels are not coupled (for this calculation), so the data could be configured
so that the computation could operate throughout the levels in a single data
structure. The lack of memory layout constraints by Chapel provides the
compiler with the flexibility to configure out data such that this operation is
most advantageous. Where levels must be distinguished, a separate domain
could be defined. In fact, we could envision a global view implementation
that might express a task based parallelism, one task per level, which could
be exploited by particular architecture features. However we temper our
choice here with the concession that a full analysis of the POP model would
be needed before settling on this (or any other) data structure.

6 A Brief Note Regarding Performance Expecta-
tions

An expressive language that performs poorly will not satisfy the overall
productivity goals of most HPC users. In a sense our work here forms the
basis for a study on the performance potential of Chapel. We look forward
to developing that work, as well as tracking the performance of this and
other codes as compiler development progresses.

The global expression of an algorithm can provide meaningful flexibility
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to the compiler, enabling a basis for strong use of asynchronous communica-
tion, sharing data as it is needed, taking advantage of architecture specific
runtime capabilities, etc. For example, a reduction over a domain provides a
strong description of the intent of the stencil computation. The fragmented
view compels the use of halos (called ghosts in POP), injecting synchroniza-
tion in order to manage the transfer of data. Although we can envision a
similar implementation by a Chapel compiler, this is not an inherent char-
acteristic. And as we saw, the MPI model as used by POP provides the user
with control over coherency, so, for example, no inter-process communica-
tion is necessary for the 5-point stencil. How might a global view language
compiler then avoid unnecessary communication¶? We intend to investigate
these issues.

7 Conclusions and Future Work

Using a well-known and widely used scientific application program, we have
demonstrated how Chapel can express some crucial computations. Chapel
lets the code developer express not only these important computations but
also their variants in a clear, concise syntax. This claim is strengthened by
the polymorphic capability of Chapel illustrated herein that demonstrates
the value of data structure independence from computation. Further, while
we don’t believe a simple comparison of the number of lines of code captures
the essence of productive code development, it is significant that a full di-
rect translation of POP from MPI to Chapel would eliminate approximately
6,000 lines of code. We’ve also shown a significant code development advan-
tage of the Chapel implementation over the prototyped Co-Array Fortran
implementation of the halo exchange.

As previously stated, this report is not intended as a tutorial for creating
a Chapel version of POP. POP exists, with a base of 36,702 lines of code, so
without a significantly compelling reason for doing so, we doubt the POP
developers would even consider such an implementation. Yet this points
precisely to the purpose of this work: evaluating Chapel capabilities in order
to determine if such compelling reasons exist. To our knowledge, this paper
represents the first attempt to do so within the context of computations
actually used in large scale scientific applications.

We are actively investigating the use of Chapel, as well as Fortress and
X10, for other classes of computations. More interesting (and more chal-
lenging!) are our investigations into how Chapel constructs might influence

¶This issue has been addressed in ZPL[7] so we expect it to be addressed in Chapel.
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the development and choice of algorithms in posing computational science
experiments.
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A POP’s MPI halo exchange

1 ! fill buffers and send east-west boundary info

2 i = 1

3 do n=1,num ghost cells

4 do j=jphys b,jphys e

5 buffer east snd(i)=XOUT(iphys e+n-num ghost cells,j)

6 buffer west snd(i)=XOUT(iphys b+n-1,j)

7 i=i+1

8 end do

9 end do

10 call MPI ISEND(buffer east snd,
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11 & buf len ew, MPI DOUBLE PRECISION, nbr east,

12 & mpitag wshift, MPI COMM OCN, request(1), ierr)

13 call MPI ISEND(buffer west snd,

14 & buf len ew, MPI DOUBLE PRECISION, nbr west,

15 & mpitag eshift, MPI COMM OCN, request(2), ierr)

16 ! receives east-west boundary info and copy buffers into ghost cells

17 call MPI RECV(buffer west rcv,

18 & buf len ew, MPI DOUBLE PRECISION, nbr west,

19 & mpitag wshift, MPI COMM OCN, status, ierr)

20 call MPI RECV(buffer east rcv,

21 & buf len ew, MPI DOUBLE PRECISION, nbr east,

22 & mpitag eshift, MPI COMM OCN, status, ierr)

23 call MPI WAITALL(2, request, status wait, ierr)

24 i = 1

25 do n=1,num ghost cells

26 do j=jphys b,jphys e

27 XOUT(n,j) = buffer west rcv(i)

28 XOUT(iphys e+n,j) = buffer east rcv(i)

29 i=i+1

30 end do

31 end do

32 ! send north-south boundary info

33 call MPI ISEND(XOUT(1,jphys e+1-num ghost cells), buf len ns,

34 & MPI DOUBLE PRECISION, nbr north,

35 & mpitag sshift, MPI COMM OCN, request(1), ierr)

36 call MPI ISEND(XOUT(1,jphys b), buf len ns,

37 & MPI DOUBLE PRECISION, nbr south,

38 & mpitag nshift, MPI COMM OCN, request(2), ierr)

39 ! receive north-south boundary info

40 call MPI RECV(XOUT(1,jphys e+1), buf len ns,

41 & MPI DOUBLE PRECISION, nbr north,

42 & mpitag nshift, MPI COMM OCN, status, ierr)

43 call MPI RECV(XOUT(1,1), buf len ns,

44 & MPI DOUBLE PRECISION, nbr south,

45 & mpitag sshift, MPI COMM OCN, status, ierr)

46 call MPI WAITALL(2, request, status wait, ierr)

B POP’s Co-Array Fortran halo exchange

1 if (first) then
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2 left cell ready = .false.

3 right cell ready = .false.

4 top cell ready = .false.

5 bot cell ready = .false.

6 left cell done = .false.

7 right cell done = .false.

8 top cell done = .false.

9 bot cell done = .false.

10 first = .false.

11 call sync images()

12 endif

13 ! Perform computation (not shown here).

14 ! determine neighboring cell indices.

15 if(me(1).ne.NPROC X)then

16 me1p1 = me(1)+1

17 else

18 me1p1 = 1

19 endif

20 if(me(1).ne.1)then

21 me1m1 = me(1)-1

22 else

23 me1m1 = NPROC X

24 endif

25 if(me(2).ne.NPROC Y)then

26 me2p1 = me(2)+1

27 else

28 me2p1 = 1

29 endif

30 if(me(2).ne.1)then

31 me2m1 = me(2)-1

32 else

33 me2m1 = NPROC Y

34 endif

35 ! inform neighbors that I am ready for my halo

36 ! points to be updated

37 right cell ready[me1m1,me(2)] = .true.

38 left cell ready[me1p1,me(2)] = .true.

39 top cell ready[me(1),me2m1] = .true.

40 bot cell ready[me(1),me2p1] = .true.

41 ! update left and right ghost cell boundaries.

42 ! wait until left and right neighbors are ready

43 do while ((.not. left cell ready) .or. (.not. right cell ready))

44 enddo

45 left cell ready = .false.

46 right cell ready = .false.
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47 do n=1,num ghost cells

48 do j=jphys b,jphys e

49 XOUT(iphys e+n,j)[me1m1,me(2)] = XOUT(iphys b+n-1,j)

50 XOUT( n,j)[me1p1,me(2)] =

51 . XOUT(iphys e-num ghost cells+n,j)

52 end do

53 end do

54 call sync memory()

55 ! inform left and right neighbors that I am finished

56 left cell done[me1p1,me(2)] = .true.

57 right cell done[me1m1,me(2)] = .true.

58 ! wait until left and right neighbors have completed updating

59 ! my ghost region

60 do while ((.not. left cell done) .or. (.not. right cell done))

61 enddo

62 left cell done = .false.

63 right cell done = .false.

64 ! update top and bottom ghost cell boundaries.

65 ! wait until top and bottom neighbors are ready

66 do while ((.not. bot cell ready) .or. (.not. top cell ready))

67 enddo

68 bot cell ready = .false.

69 top cell ready = .false.

70 do n=1,num ghost cells

71 do i=1,imt

72 XOUT(i,jphys e+n)[me(1),me2m1] = XOUT(i,jphys b+n-1)

73 XOUT(i, n)[me(1),me2p1] =

74 . XOUT(i,jphys e-num ghost cells+n)

75 end do

76 end do

77 call sync memory()

78 ! inform top and bottom neighbors that I am finished

79 top cell done[me(1),me2m1] = .true.

80 bot cell done[me(1),me2p1] = .true.

81 ! wait until top and bottom neighbors have completed updating

82 ! my ghost region

83 do while ((.not. bot cell done) .or. (.not. top cell done))

84 enddo

85 bot cell done = .false.
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86 top cell done = .false.
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