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Abstract. The computer science community has claimed for parallel programming lan-
guages and models with a higher level of abstraction and modularity, without perfor-
mance penalties, that could be used in conjunction with advanced software engineering
techniques, and that are suitable to deal with large-scale programs. This paper presents
the # component model for parallel programming, intended to meet these issues.

1. Introduction

The last two decades of research initiatives made possible the use of distributed architectures for
high performance computing (HPC). Parallel systems are now classified as:capability computing,
the high-end computing architectures;cluster computing[4], parallel computers in a local area
network built from commodity components; andgrid computing[9], a computation infra-structure
designed on top of a wide area network such as theInternet. High-end computing architectures
support nested parallelism levels and several memory hierarchies, making impossible, even for
computer scientists, to exploit all their potential performance using general programming models.
On the other hand, clusters and grids have created new application niches for high performance
computing, with increasing levels of complexity and scale. In consequence, there is no consensual
model for high-performance computing that may be able to reconcileefficiencyandportability
with abstractionandgeneralityin all application contexts [3]. Low level message passing libraries,
such as MPI and PVM, offer poor abstraction and high generality. They are not able to deal with
large scale HPC applications. Scientific computing libraries provide high abstraction, but they
offer restricted applicability. Besides that, it is difficult to integrate them in multidisciplinary
simulation environments on grids. Parallel programming technologies that attempt to hide details
of parallelism from programmers, such as in parallel implementations of functional languages,
have failed to ensure efficiency in the general case, due to their requirements of a heavy run-time
system. Comparing evolution steps of conventional programming technologies with the ones of
high-performance programming technologies, one may conclude that the latter is entering in its
third phase, where programming artifacts show to be inappropriate to deal with complexity of
the development of emerging large scale applications. In conventional programming, this phase
corresponds to the “software crisis” from the late 1960s. The # programming model, introduced
in this paper, tries to learn from the evolution of conventional programming and to apply those
lessons to answer the claims of high performance community.

2. The # Component Model

The # programming model promotes a change of axis in the practice of programming for high
performance computing, by moving parallel programming from aprocess-based perspectiveto
an orthogonalconcern-oriented perspective. From the process-based perspective, a program is
viewed as a collection of processes that interact though communication primitives. All previ-
ous attempts described in the literature to lift the level of abstraction of process-based parallel
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Figure 1: Components versus Processes

programming resulted in efficiency losses. Also,concerns[11] are found scattered along imple-
mentation of processes, since concerns are orthogonal to processes. In fact, a process may be
viewed as a collection ofslices, each one describing the role of the process with respect to a
given concern. In this context, concerns are thedecomposition criterionfor slicingprocesses [15].
Thus, they may be viewed as collections of related slices, probably from distinct processes. Func-
tional and non-functional concerns in the # model are addressed bycomponents. Concerns are
one of the fundamental concepts in modern software engineering, thus it is reasonable to suppose
that a concern-oriented perspective of parallel programming fits contemporary advanced software
engineering artifacts better than a process-based outlook.

In # programming, the slices that comprise a component are calledunits. They are in-
tegrated in a communication topology, formed by one-direction, point-to-point, and typed chan-
nels. A unit has a set of input and output ports, whose activation order is dictated by a protocol,
specified using a formalism equivalent to labeled Petri nets. In # programming, parallelism and
computation concerns are separated into composed and simple components, respectively. Com-
posed components comprise thecoordination mediumof # programs. They are specified in terms
of units and channels, possibly by composition of existing components, by using some language
that supports the coordination level abstractions of the # model. The # programming environ-
ment encompasses two languages: HCL (a textual configuration language) and HVL (a graphical
configuration language). Simple components are specified using Turing-computable languages,
comprising thecomputation mediumof # programs. They are the atoms of functionality in #
programs. Simple components may be assigned onto units of composed components in order to
configure computations performed by slices. Skeletons [7] are supported by allowing units with
no component assigned, calledvirtual units, allowing a high level of abstraction without losses
either in efficiency or portability. Nested composition of components is possible by allowing to
assign composed components to units of other composed components. Besides providing support
to non-functional concerns and skeletons, another important distinguishing feature of the # com-
ponent model in relation to other component models [1, 2] is its ability to combine components
by overlapping them. It is possible to unify units from different composed components. Com-
ponent models of today allow only nesting composition. Components are black-boxes addressing
functional concerns. Whenever supported, non-functional concerns are introduced by means of or-
thogonal language extensions or by using tangling code cross-cutting component modules, like in
sequential programming. However, cross-cutting concerns are not exceptions in parallel program-
ming. The ability to overlap components, provided by the # model, allows to treat cross-cutting
concerns as first-class citizens in the canonical parallel decomposition of applications.

The # programming model has a strong formal basis built on top of Petri nets [12] and
Category Theory [17]. The translation schemes of # programs onto Petri nets, focused on the con-
cerns at the coordination level, have been proposed in earlier works [6]. Its categorical semantics
was recently specified, but has not been published yet. Category theory allows to formalize the



compositional features of # programming, while Petri nets model the dynamic aspects in process
interaction. Further research plans to investigate the use of category theory in comparing the ex-
pressiveness of the # model with other component models, concerning compositional features. An
ongoing research topic is investigating the use of stochastic Petri nets for evaluating performance
of # programs. For the same purpose, it has been proposed the use of network simulators, such as
NS [8]. For that, it is necessary to generate NS simulations from configurations of # programs. NS
allows to vary network parameters and to change protocols intending to perform sensibility anal-
ysis of performance metrics with respect to architectural features and to analyze the granularity
of programs. For such purposes, the probabilistic behavior of synchronization and computation
times of parallel programs have been studied.

The work with the # programming model has its origins in Haskell# [5], a parallel ex-
tension to the functional language Haskell [14]. Today, Haskell# is viewed as a # modelbinding
where simple components arefunctional moduleswritten in Haskell. Non-strict functional lan-
guages have nice properties for prototyping simple components. Besides that there is its well-
known gain in programming practice, including th absence of side-effects and referential trans-
parency. These features make possible to prove formal properties about the computation medium
of # programs. It also makes possible a neat separation between coordination and computation
media, without any need for intermediate languages or tangling combinators. In fact, simple
components are pure Haskell modules. Recently, it has been designed a binding of the # model
to proceduralor object-orientedlanguages, where simple components areimperative modules.
However, concepts from aspect-oriented programming [10] have been essential for gluing imper-
ative modules at computation medium to coordination medium. Benchmarks were performed for
comparing the performance of # versions of some kernels of the NAS Parallel Benchmarks [16]
with the performance of the original C/Fortran MPI versions. Minimal differences have been ob-
served in the measures. Functional and imperative modules could co-exist in the same application,
but a multilingual version of the # programming environment have not been designed yet.

3. The # Programming Environment
The concept offrameworkoccupies a central position in the design of an environment for # pro-
gramming. Frameworksare defined as collections of components and rules that guide how to
compose them in order to build applications.Plug-in’s may be added to the basic compilation
system of the # environment for driving the compiler to generate code for a # program that use a
frameworkaccording to its rules.

The # component model supposes that any current and further parallel programming tech-
nology sits on top of low-level message-passing. Other works have investigated this assumption
in the past [13]. On top of low-level message-passing abstractions, which have an efficient im-
plementation on top of message-passing libraries, the # model provides higher-level combinators
that make possible to design new components by abstracting from low-level details of message-
passing. For this purpose, skeletons play a central role. By supposing that the # model may model
any other model for parallel programming, the # programming environment intends to be a fer-
tile substratum for integrating existing parallel programming technologies by using frameworks.
At present, frameworks for scientific computing libraries, such as PETSc and ScaLAPACK, col-
lective communications in message-passing programming, and service-oriented parallel program-
ming have been designed. The latter has shown to have a high degree of applicability in grid
programming. For instance, it has been planned to design bindings of CCA frameworks to the
# programming environment. Concerning integration ideas, the most important challenge is to
integrate components from different frameworks. It has been designed a distributed library of
components, where programmers may share reusable components and perform complex analysis.

4. Conclusions
This paper provides an introduction to the # component model, focusing on its main features and
current challenges concerning its implementation. The features of the # programming model are



discussed and compared with existing component models. It is advocated that the # model is
a promising alternative for component-based parallel programming, intending to meet the HPC
community claims for parallel programming models and languages that reconcilegenerality, ab-
straction, portability, and efficiency. The work in the implementation of the environment for
supporting # programming is still in its infancy. A fully functional version of the # programming
environment should be released in the near future. This version should support the visual compo-
sition of components, the management and sharing of distributed component libraries across grids
and the integration with tools for the analysis of Petri nets and network simulators.
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