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Preface

The use of parallel programming and architectures is essential for simulating and
solving problems in modern computational practice. There has been rapid progress
in microprocessor architecture, interconnection technology and software develop-
ment, which are influencing directly the rapid growth of parallel and distributed
computing. However, in order to make these benefits usable in practice, this devel-
opment must be accompanied by progress in the design, analysis and application
aspects of parallel algorithms. In particular, new approaches from parallel numer-
ics are important for solving complex computational problems on parallel and/or
distributed systems.

The contributions to this book are focused on topics most concerned in the trends
of today’s parallel computing. These range from parallel algorithmics, program-
ming, tools, network computing to future parallel computing. Particular attention is
paid to parallel numerics: linear algebra, differential equations, numerical integra-
tion, number theory and their applications in computer simulations, which together
form the kernel of the monograph. We expect that the book will be of interest to
scientists working on parallel computing, doctoral students, teachers, engineers and
mathematicians dealing with numerical applications and computer simulations of
natural phenomena.

The roots of this book are in Parallel Numerics, an initiative that has been ac-
tive in the Central European Region since 1994, starting with the Central European
Initiative (CEI) joint research project Programming Environments, Algorithms, Ap-
plications, Compilers and Tools for Parallel Computation (PACT). The initial scope
was focused on the new results and ideas related to parallel numerics. Later the
research and applied interests were broadened to theoretical and practical aspects
of parallel and distributed computing, creating a fruitful combination of theoretical
and applied research. Besides numerical applications, the parallel solution of finan-
cial, medical and other problems from the natural and technical sciences has been
incorporated. We are glad to see that the output of this initiative has become use-
ful in everyday computational practice, through adopting new algorithmic solutions
and/or progressive programming techniques and architectural improvements.
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We are grateful to the authors for their valuable contributions which make this
book rich in content. We are grateful also to Springer-Verlag London for their ex-
cellent technical and editorial support. We are indebted to the Jozef Stefan Institute
and the University of Salzburg for their generous support of our work.

Roman Trobec
Ljubljana, Salzburg Marian Vajtersic
December, 2008 Peter Zinterhof
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Chapter 1

Overview — Parallel Computing: Numerics,
Applications, and Trends

Marian Vajtersic, Peter Zinterhof and Roman Trobec

Abstract

This book is intended for researchers and practitioners as a foundation for modern
parallel computing with several of its important parallel applications, and also for
students as a basic or supplementary book to accompany advanced courses on par-
allel computing. Fifteen chapters cover the most important issues in parallel com-
puting, from basic principles through more complex theoretical problems and ap-
plications, together with future parallel paradigms including quantum computing.
Each chapter is written on two levels: a more general overview and a more specific
example of theory or practice. In this introductory chapter some views regarding
state-of-the-art and trends in parallelism are given, accompanied by a summary of
individual chapters.

1.1 Introduction

The use of parallel processing is today essential for solving practical problems in
science and engineering. Parallelism is a way of speeding up computations which
make high time and memory demands. Historically [1], parallelism was first aimed
at speedup, as its primary objective, which was characterized by the Amdahl’s law.
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The Gustafson—Barsis’ law then turned the attention to scalability, the goal being to
keep the time constant as the problem size grows. The consequence of this was a
construction of systems with increasing numbers of processors, which were mostly
special purpose and hence costly not only from the hardware point of view but also
because of the accompanying software development. So parallelism approached the
cluster era, with cheap systems configured as clusters of desktop computers, which
were interconnected by special or commodity networks. And the progress continues:
at the microprocessor level parallelism is encountered in multicores and manycores.
The ambition of the Grid and Cloud ideas is to elevate parallelism to the highest
level, making the computational power as widely available to that extent as we know
it for electricity. Further, on the horizon there are radically new solutions such as
quantum computing, optical computing, and chips working on biological structures,
which all possess a potential for future parallel computing.

All this progress is tightly connected with development of methods and algo-
rithms for these systems. Without effort on this field, the computational power of
supermodern computers, which are today available in a very rich variety of prod-
ucts, cannot be exploited. Fast and robust algorithms, programmed with the neces-
sary skill, are essential for efficiently solving urgent scientific problems in physics,
medicine, biology, pharmacy, meteorology, information retrieval, and other areas,
where parallelism is already a domestic principle.

This book deals with a broad spectrum of issues related to parallelism. It is a
reflection of new opportunities and challenges which require major progress in ar-
chitecture, system scalability, and interconnect technologies for algorithm design-
ers, system architects, and software developers when aiming to master solutions of
larger and more complex problems in parallel.

1.1.1 Parallel Numerics

Primary attention is paid to parallel numerics, since the kernel group of the authors
of this book were participating at the ParNum initiative [2], focused on design and
implementation of parallel numerical methods and their applications. In order to
exploit all the power that modern parallel systems offer, the algorithm design for
solving numerical problems is of a crucial importance. Numerical algorithms are
widely used by solving intensive problems in a great variety of application areas
in natural and technical sciences. Problems related to the algorithm area include
parallelization paradigms, optimal data structures, analysis of rounding errors of
parallel numerical computations, optimalization techniques for various parallel plat-
forms, parallel numerical libraries, testing and benchmarking, performance tuning,
etc. Without considering the intimate relationship between algorithms on the one
hand and languages, tools, and environments for their programming on contempo-
rary computer architectures on the other, parallel numerical computing could never
be successful.
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The topical issue in parallel numerics is the parallel linear algebra [3]. It is be-
cause, in our opinion, the work of parallel linear algebra solvers is fundamental
to solving scientific computing applications. Over the past two decades the devel-
opment of efficient linear algebraic techniques has become an important feature
of research in many theoretical and application areas of parallel computing. Novel,
highly efficient methods, algorithms, and implementations have been developed and
are now in widespread use.

Some of the relevant themes in this problem area include:

e parallel methods for solving large dense, sparse, and structured linear systems of
equations: direct, iterative, domain decomposition

parallel eigenvalue and singular value computations

parallel matrix multiplication and combinatorial scientific computing

parallel linear algebra methods in data mining

parallel linear algebra solvers for ordinary and partial differential equations
parallel least squares and optimization.

The libraries LAPACK (Linear Algebra PACKage) [4] and ScaLAPACK (Scalable
LAPACK) [5] are still main sources of software for linear algebra. In LAPACK
algorithms, parallelism is exploited at the level of the BLAS [6] operations. ScaLA-
PACK provides optimized high performance scalable algorithms, based on the dis-
tributed memory versions (PBLAS) of BLAS and on communication subprograms
(BLACS), which makes it suitable for parallel computers with distributed memory.

The project FLAME (Formal Linear Algebra Methods Environment) [7] pro-
vides a new way toward the systematic and mechanical development of libraries for
this field. Many obstacles in library production (e.g., effort required to identify can-
didate algorithms, formal correctness approval through extensive testing, numerical
stability analysis, and the time for empirical tuning) may be overcome by applying
modern software engineering approaches and tools. The effort and expense of up-
grading for new architectures can thus be reduced. Within this, a new notation for
expressing dense linear algorithms is being formulated, raising the level of abstrac-
tion at which the algorithm is represented.

For problems involving very large matrices, the so-called OOC (out-of-core) al-
gorithms have been developed [8]. It is often the case that the data structures of
the problem are too large to fit in the memory; therefore, it is reasonable to use
disk storage which is cheap and available in larger quantity. OOC LU decomposi-
tion of a nonsymmetric dense matrix with pivoting [9], sparse symmetric—indefinite
factorization [10], and QR and SVD decompositions [11] are examples of such al-
gorithms.

New trends in this area are influenced by the existence of multicore systems, for
which the library routines have to be reformulated or new algorithms have to be
developed. The exploitation of fine grain parallelism becomes a major requirement
and introduces the necessity of loose synchronization in the parallel execution of
an operation. Algorithms for the Cholesky, LU, and QR factorization, where the
operations can be represented as a sequence of small tasks that operate on square
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blocks of data, are already available [12]. These tasks can be scheduled dynami-
cally for execution based on the dependences between them and on the availabil-
ity of computational resources. This may result in an out-of-order execution of the
tasks which will completely hide the presence of intrinsically sequential tasks in the
factorization.

1.1.2 Parallel Architectures

It is out of the scope of this book to cover the huge progress in computer architecture,
but we have to at least mention the revolutionary multicore idea in processor design.
What is the motivation for it? One could name power consumption, heat dissipation,
minimization of communication distance, and other physical limitations which are
factors pushing the microprocessor industry toward multicores.

Multicore architectures have started a new era of computing and boost perfor-
mance and efficiency of parallel programs. The problem is, however, how to execute
sequential programs efficiently and reliably on multicores. Multicore architectures
usually have many cores that are weaker than those in a monolithic out-of-order
core; however, the aggregation of many small cores provides better computing and
power efficiency than a monolithic one. It is expected that with multi- and manycore-
based systems, performance increase on the microprocessor side will continue ac-
cording to Moore’s law, at least in the near future. However, the already limited
memory access is expected to become more of a problem with multiple cores on a
chip, and gets more complex because of the required hierarchies of cache memory.
In addition, the increasingly hybrid and hierarchical design of high-end systems,
including accelerator components, is another obstacle for programming. These is-
sues will have a major impact on overall performance in future systems. Nanoscale
manufacturing processes increase the relevance of reliability and availability while
the future appearance of tens or hundreds of cores on a single chip moves the pro-
grammability to a center stage.

This confirms our earlier statement that computation- and data-intensive tasks
can benefit from the hardware’s full potential only if both processor and architecture
features are taken into account at all stages from the early algorithm design to the
final implementation.

Problem areas related to efficient use of multicore systems include

e design of multicore-aware approaches for large-scale parallel simulations in both
implementation and algorithm design, including scalability studies

e compiler techniques and code optimization strategies for parallel systems with
multicore processors

e tools for performance and cache behavior analysis (including cache simulation)
for parallel systems with multicore processors

e parallelization with appropriate programming models and tool support for multi-
core and hybrid platforms.
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One example of a novel multicore architecture is the Cell Broadband Engine (Cell
BE) developed jointly by IBM, Sony, and Toshiba [13]. It is an innovative heteroge-
neous multicore chip that differs significantly from conventional multiprocessor or
multicore architectures. It represents a new execution platform for computation-
intensive applications that reflect both the requirements of future computational
workloads and manufacturing constraints. The Cell BE is a heterogeneous chip
achieving more than 200 GFlop per chip. The initial target of the Cell BE was
the Sony’s PlayStation 3 game console, which boasts a chip with nine CPUs for
faster and more realistic video gaming. Soon it became evident that the impressive
computational power of Cell BE could make it potentially well suited for other ap-
plications such as visualization, multimedia processing, and various scientific and
technical workloads [14].

The number of cores on a single chip continues to increase: there are actual re-
ports of 64 [15] and even 80 [16] cores accommodated on a single chip. All these
new designs confirm the evidence that the exploitation of their spectacular capa-
bilities will require new tools, new algorithms, and a new way of looking at the
programming.

Network-on-Chip (NoC) constitutes a practical approach in the architecture of
communication networks [17]. It is driven by the advanced CMOS nanotechnology
and its function is to provide delivery between the source node and the destina-
tion within large VLSI (Very Large Scale Integration) systems implemented on a
chip. An NoC can provide separation between computation and communication.
The fact is that while the computation logic grows, the performance of on-chip
interconnections does not scale as well. Wire delay dominates gate delay and the
gap between wire delay and gate delay becomes wider as process technology im-
proves. In addition, human design productivity cannot keep up with the growth rate
of available circuits on a single chip. NoC enables wire segmentation and wire shar-
ing design techniques to be applied to resolve the performance bottleneck due to
wire delay [18].

In particular, NoC switches must be small, energy-efficient, and fast. The rout-
ing algorithms should be implemented by simple logic, and the number of data
buffers should be minimal. Most NoCs are based on a regular mesh-like pattern, but
there are already thoughts about using heterogeneous and less regular topologies,
enabling application-specific designs [19].

Field Programmable Gate Arrays (FPGAS) [20] are a novel series of building
blocks for massively parallel systems. They are programmable computing devices
that are given their final functionality shape by the customer or designer following
manufacture. FPGASs are wired together from programmable logic components, us-
ing a hierarchy of reconfigurable interconnections. Due to their flexibility, FPGAs
are well suited for constructing special-purpose hardware. Moreover, they may be
used to design reconfigurable massively parallel architectures [21]. Because of the
many ways in which FPGAs can be arranged into massively parallel systems, they
have achieved a high profile in modern High-Performance Computing (HPC) envi-
ronments [22].

These programmable chips are useful for applications where parallelism can be
applied massively, e.g., in signal processing [23] or cryptography [24]. In particular,
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both FFT-based and convolution-based numerical computations can be executed
efficiently on FPGAs instead of general-purpose microprocessors [25]. An itera-
tive image restoration algorithm has been developed to suit FPGAs implementation
in [26]. Performance results, obtained from an actual implementation of this ap-
proach on a Xilinx FPGA, demonstrate the advantage of this attractive hardware
concept also for solving more demanding signal processing tasks.

Parallel linear algebra solvers have also been proposed for FPGAs with promis-
ing speedups achieved over CPUs. Matrix inversion and LU decomposition with
pivoting and the so-called mixed-precision direct linear system solvers have been
designed and examined from this perspective in [27]. A family of fixed-point lin-
ear algebra intellectual property (IP) cores for Xilinx FPGA devices is already on
offer commercially [28]. These cores constitute direct implementations of Matlab
procedures in silicon.

With each newcomer in architecture there is a need for researchers from academia
and industry to share and exchange their experience, discuss challenges, and report
state-of-the-art and in-progress research of all features of a new technology. In par-
ticular, experience from application developers with its use, performance of real
applications, results from the implementation of tools supporting the development,
and final execution are required in order to provide a final answer about its real
potential.

1.1.3 Scalability

The most used choice for large-scale computing is the parallelism for supercomputer
clusters with distributed memory. This parallelization is of coarse-grain type, where
large portions of programs should run on processors independently, without mutual
communication. For communication, the message passing standard is adopted. Also
a proper load balancing of tasks among the processors has to be optimized in order
to achieve reasonable performance figures. Thus, the problems which are going to
be parallelized have to be analyzed and solved in such a way that these requirements
are met.

Other option for parallel solution of challenging applications and for processing
huge and complex information sets of all kinds are the heterogenous distributed
systems. These range from simple networks of desktop computers to highly complex
Grid computing environments. Such computational systems have been preferred due
to their reduced costs and inherent scalability, but their efficient use poses many
challenges in terms of information access, storage and retrieval, as well as in terms
of algorithms for efficient management, transfer, and analysis of huge volumes of
data and knowledge.

Grid computing, peer-to-peer technology, data and knowledge bases, distributed
information retrieval technology, and networking technology all these converge by
addressing the scalability problem [29]. Furthermore, with the advent of emerg-
ing computing architectures, e.g., SMTs (Simultaneous Multithreading) [30], GPUs
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(Graphics Processing Unit) [31], multicores, etc. The importance of designing tech-
niques explicitly targeting these systems is becoming more and more important.
Some areas where scalability plays a role are:

parallel and distributed information retrieval

Grid information systems

peer-to-peer systems

mobile systems

Web services

multimedia information systems

emerging computing architectures (SMTs, GPUs, multicores)
data mining

information security

very large databases.

1.1.4 Supercomputers

In 2008, supercomputing entered the petaflop/s era. In the TOP500 list of the most
powerful computers is a system which for the first time in history delivered a peak
performance of 1.026 petaflop/s [32]. The system is named Roadrunner and was
built by IBM [33] for the Los Alamos National Laboratory in New Mexico. It is
based on the IBM QS22 [34] blades which are built with advanced versions of the
processor in the Sony PlayStation 3.

Rank 2 on the actual TOP500 list, which has been produced since 1993 twice a
year and brings a survey of trends and changes in the global supercomputer area, is
now reserved for IBM Blue Gene/L with 478.2 teraflop/s. This computer is installed
at the Lawrence Livermore National Laboratory and it has been the world’s number
one from 2004.

The first five positions occupy systems in the U.S. Number 3 is the new IBM
Blue Gene/P (450.3 teraflop/s) at the Argonne National Laboratory, followed by the
new Sun SunBlade x6420 Ranger system (326 teraflop/s) at the Texas Advanced
Computing Center at the University of Texas in Austin, and the upgraded Cray XT4
Jaguar (205 teraflop/s) at the Oak Ridge National Laboratory. The first ranked site in
Europe is Forschungszentrum Jilich on rank 6 with its BlueGene/P of 180 teraflop/s.
Among the first ten systems, there are also two installations in France.

The advent of multicores is also apparent in these systems. Quad-core proces-
sors are used in 283 systems and 203 systems are using dual-core processors. Only
11 systems still use single-core processors, and three systems use IBM’s advanced
Sony PlayStation 3 processor with 9 cores.

IBM is the leader in the list for the total number of systems and also for the per-
formance. It leads in systems with 210 systems (42 percent) over Hewlett-Packard
with 183 systems (36.6 percent) and in performance with 48 percent of installed total
performance, compared to Hewlett-Packard with 22.4 percent. The rapid progress
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in supercomputers is illustrated also by the fact that the last system on the current
list would have been listed at position 200 just six months ago.

For the first time, the TOP500 list also provides energy efficiency calculations
(in Mflop/s/Watt). The Roadrunner is not only the most powerful but also the most
energy-efficient supercomputer at the moment. It uses the IBM QS22 Cell processor,
which has an efficiency up to 488 Mflop/s/Watt, while in second position, also held
by IBM with BlueGene/P systems, is this value up to 376 Mflop/s/Watt.

1.1.5 Grid Computing

Grid computing occupies the other side of the parallel computational spectrum. It
tries to fulfill a long-term goal of the user community to have computing power
available anytime and at any place just by simply plugging a terminal into the net.
However, we are still far from this goal, but the idea is still challenging. In such ar-
eas as scientific and enterprise computing there are already results from utilization
of geographically dispersed computer facilities. The main problem is that the sys-
tems included in Grid are heterogeneous. It is assumed that Grid comprises a large,
collaborative system consisting of different hardware platforms, operating systems,
software libraries, and applications providing the ability to perform higher through-
put computing. While some differences may be relatively easy to overcome, such
as different processor architectures or operating systems, other differences are more
subtle, such as binary patches or simply placement within the file system, and carry
a much greater potential for failure.

A broad range of both commercial and scientific toolkits for Grid computing
exists. The Open Grid Forum (OGF) [35] holds the standardization position and the
result of this effort is the reference implementation Globus Toolkit [36]. The design
of the common Grid architecture of the OGF is referred to as the Open Grid Services
Architecture. The approach taken by the OGF relies fundamentally on a web-based
service-oriented architecture, as embodied by the World Wide Web consortium’s
web service standards.

More problems already examined for Grid implementation come from parallel
numerics. Monte Carlo methods appear to be good examples of this effort [37].
Monte Carlo for matrix operations is applied in Grid environment in [38], and Quasi
Monte Carlo for high-dimensional integration is published in [39]. Also a general-
ized eigenvalue problem was solved in Grid environment [40]. For linear algebra,
a scientific computing environment based on web services is presented in [41]. It
allows users to perform their linear algebra tasks without explicitly calling the li-
braries like BLAS, LAPACK or ScaLAPACK, and software tools, as well as without
installing related software on local computers. A user enters an algebraic formula,
as, e.g., in Matlab, which is evaluated for determining the combinations of services
answering the user request. Services are then executed over the Grid using the DIET
(Distributed Interactive Engineering Toolbox) [42] middleware.
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Information retrieval is an application that really can take advantage from Grid
computing. Because of the large amount of distributed data, well-known online in-
formation retrieval engines are already powered by proprietary Grid-like technolo-
gies. In [43], the parallel SVD (Singular Value Decomposition) was the kernel oper-
ation in the application of the LSI (Latent Semantic Indexing) principle for algebraic
data retrieval approach on a Grid.

Parallel numerical methods are also included in more complex applications, e.g.,
from medicine, multimedia, meteorology, and bioinformatics, which are solved on a
Grid within the national project AGRID2 (Austrian Grid) [44], which includes lead-
ing Austrian research institutions in advanced computing technologies with partners
working in Grid-relevant application areas. One of the applications is the image re-
trieval using the widespread vector-space model with the help of Grid middleware,
where Householder orthogonalizations were used [45].

In this context, the rapidly growing area of the Cloud computing has to be
noted [46]. This approach is based on the Internet as a vehicle to satisfy the com-
puting needs of the consumers. Such technologies developed for Internet, such as
SaaS (Software as a Service) [47], Web2.0, and GoogleApps [48], enable the use of
remote computing capacities of a huge numbers of servers. Without having knowl-
edge about the organization of the services behind it, the application is put into
the cloud of elastic computing power, where it will be processed on the usual pay-
ment basis. There are already scientific clouds available, such as Nimbus (University
of Chicago), Stratus (University of Florida), Wispy (Purdue University), and Kupa
(Masaryk University, Czech Republic) [49], as well as those for commercial pur-
poses, offered by vendors such as Amazon, Google, and Salesforcee [50]. However,
this challenging idea needs a long period of evolution before it becomes a widely
adopted technology. The first obstacle is that not all applications are naturally suited
to this concept. Generally, the applications should be split into a relatively large
number of subtasks, all of which can be executed concurrently. The second problem
lies in the software. Only a few applications are coded in such a manner that they
can run on a large number of servers.

1.1.6 Parallel Programming Languages

For programming of parallel computers, MPI (Message Passing Interface) [51],
which conforms to the message-passing model, is the most widely considered tool
at present. It is an example of a successful standardization process, which has been
followed by a number of realizations such as MPICH2 [52], LAM/MPI [53], or
implementations by principal vendors (IBM, Sun, and Intel). The implementations
contain parallelization functions with language interface to Fortran and C/C++. The
state-of-the-art of the MPI standard is called MPI-2, which adds one-sided commu-
nication, dynamic processes, and parallel 1/0.

PVM (Parallel Virtual Machine) [54] is another example of a message-passing
library. A pool of workstations was configured by PVM to a virtual parallel machine
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capable of performing concurrent computations, like a high-performance computer,
but with significantly lower cost.

The so-called PGAS (Partitioned Global Address Space) languages [55] consti-
tute an improvement of message-passing libraries that are designed for a memory
model where the global address space is logically partitioned in such a way that a
portion of it is local to each processor. The main representatives of this group are
Co-array Fortran [56], UPC (Unified Parallel C) [57], and Titanium [58].

Since most of scientific computing applications are written in Fortran, a parallel
version of this language was expected to be echoed by parallel programmers. With
this objective, parallel versions of this language Vienna Fortran [59] and HPF (High
Performance Fortran) [60], based respectively on Fortran77 and Fortran90, were
developed. HPF is a representative data-parallel language in which the basic idea
is to implement vector and matrix operations in parallel, whereby operations on
array elements are executed simultaneously across available processors. Moreover,
the responsibility for low-level details of the implementation is transferred from the
programmer to the compiler. This makes data-parallel programming attractive for
use. Despite this fact, neither the first version of this language nor its successor
HPF-2 has gained the acceptance as expected. The best-known commercial HPF
compiler is provided by Portland Group [61] and is a good tool for those who want
to parallelize their Fortran codes with operations on large arrays.

In the shared-memory world, the programming approaches are based on threads.
There are more options for employment of threads. The first is to use the thread
library, from which the standard represents POSIX (Pthreads) [62]. Its weakness
is that it has marginal support for data-parallel operations that frequently occur in
scientific computing.

The most frequently used approach for shared-memory parallelization is still
OpenMP [63]. Targeting Fortran or C/C++, it enriches the programming language
by a set of compiler directives, used to describe the parallelism in the source code,
and a small library of supporting routines. It is the compiler that arranges for the
low-level work and creates, when necessary, a number of threads to process si-
multaneously parallel regions in the code. OpenMP programming is simpler and
on a higher level than programming with Pthreads or MPI. Because of its suc-
cess, there is a development attempting to bring OpenMP also onto the distributed-
memory territory. Initiated by Intel, its name is Cluster OpenMP [64] and is related
to the distributed shared-memory concept. On a software basis, it provides cluster
nodes with access to a large shared memory, in addition to their non-shared private
memories.

The popular Matlab [65] environment also provides parallel programming sup-
port for both task- and data-parallelism. The Matlab producer MathWorks developed
the parallelized version Parallel Computing Toolbox [66] which enables to solve
computation- and data-intensive problems using Matlab on multicore and multi-
processor computers. Parallel processing constructs such as parallel for-loops and
code blocks, distributed arrays, parallel numerical algorithms, and message-passing
functions enable task- and data-parallel algorithms to be implemented in Matlab
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at a high level without programming for specific hardware and network architec-
tures. Thus, converting serial Matlab applications to parallel Matlab applications
is done easily by few code modifications and without programming in a low-level
language.

It is obvious that, with the advent of multi- and manycore processors and het-
erogeneous architectures, hardware deep memory hierarchies and exponentially in-
creasing numbers of processors, new programming models, and support have to
be proposed. These factors dictate the use of language features that provide higher
level abstractions than do C or older Fortran standards. Also, object-oriented pro-
gramming, represented by C++ and to an increasing extent by Java and Python [67],
is not able to meet these demands.

A novel and promising proposal in the area of parallel programming languages
is going to be Chapel [68]. This language is under development by Cray within the
Cascade Program. This project is part of DARPA’s High Productivity Computing
Systems (HPCYS) initiative [69], whose main objective is to provide a new genera-
tion of economically viable HPCS. HPCS program focuses on productivity in the
HPC domain, which is defined as a combination of performance, programmability,
portab