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Abstract. With the increasing number of programming paradigms and
hardware architectures, high performance computing is becoming more
and more complex in exploiting eﬃciently and sustainably supercomputers resources. Our thesis is that Model Driven Engineering (MDE) can
help us in dealing with this complexity, by abstracting some platform
dependent details. In this paper we present our approach (MDE4HPC)
based on Model Driven Engineering which – by describing the scientiﬁc
knowledge independently of any speciﬁc platform – enables eﬃcient code
generation for multiple target architectures.

1

Introduction

One of the most visionary predictions in computer science forecasts that computer performance would increase by 40% per year. This prediction made in
1965 by Gordon Moore [1], is still remarkably accurate. While for over 30 years
this performance increase preserved the sequential programming model, in more
recent years multicore architectures became common among desktop computers,
raising the need to rethink software evolution in terms of how to best exploit
these new parallel architectures.
In a recent study [2], the author makes a critical analysis and examines how
"Moore’s dividend" was spent, since obviously software performance is far from
observing the same performance gain laws. The analysis reveals that "Moore’s
dividend" was spent on increasing software size, software functionality, and programming complexity. In fact, a "law" on software performance evolution from
Philipp Ross [3] states that "software is slowing faster than hardware is accelerating".
Some applications are by nature better suited for a parallel deployment [4],
and high performance-computing (HPC) is undeniably one of the ﬁelds where
the use of parallel architectures ﬁts well.
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James Larus in [2] highlights the fact that according to the HPC community
"each decimal order of magnitude increase in available processors required a
major redesign and rewriting of parallel applications". Therefore, in order to
ensure that the performance of HPC applications is increasing in step with the
computer performance increase, major redesign and rewriting are needed.
In current practice, parallel programming models and in particular those addressing HPC are low level, machine speciﬁc and therefore complicate application
porting. We believe this could change, and one way to do it is by applying Model
Driven Engineering [5] speciﬁc techniques.
According to the MDE philosophy, system development should be built upon
an abstract platform independent model. We are convinced that applying similar principles to HPC would be highly beneﬁcial, although some eﬀort is needed
in order to set up the proper development environment. Our approach follows
this direction, by proposing (1) a methodology based on successive model transformations that enrich progressively the model with platform information and
(2) Archi-MDE an integrated development environment that supports the use of
MDE for the development of HPC applications by implementing the proposed
approach.
The rest of this paper is organised as follows: in Section 2 we present typical
problems encountered when trying to program eﬃciently on forthcoming hybrid
hardware architecture. In Section 3 we overview the state of the art of HPC
development and we give the basic principles of MDE. In Section 4, we introduce
MDE4HPC - our approach for applying MDE techniques in the development of
HPC applications. In Section 5, we present Archi-MDE - an implementation of
our approach that we use to asses the validity of MDE techniques in connection
with HPC. Finally, in Section 6 we detail expected contributions of our research,
that give directions for future work.

2

Problem Statement

In high performance computing, the development of eﬃcient code for numerical
simulations requires knowledge of a highly heterogeneous nature. Besides the fact
that the modeling of a physical phenomenon is remarkably complex, developers
are compelled to bear in mind the prerequisites for performance (tasks distribution, memory management, calculation precision). Moreover, the current trend
is to depend on hardware speciﬁc library and instructions (NVIDIA Cuda [6],
ATI Stream [7], IBM Cell [8]), hence code is strongly dependent on the hardware
platform and often highly target dependent. Even though, as experience shows,
good performances can be achieved, this approach has drawbacks: architecture
dependency, mix-up of concerns and programming complexity. We discuss below
these disadvantages in more detail.
Applications vs. supercomputers lifetime cycle. As shown in Figure 1 the
life cycle of supercomputers is ﬁve to seven times shorter than scientiﬁc applications life cycle in our case. CEA experience shows that the simulation models
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Fig. 1. CEA scientiﬁc applications life cycle versus supercomputers lifecycle

and numerical analysis methods associated with our professional problems have a
lifetime in the order of 20 to 30 years and must therefore be maintained over that
period, with all the additional problems that come with software maintenance
over such a period of time (e.g. team turnover).
In parallel, through its TERA program [9], the CEA has decided that every
four years its main supercomputer has to be replaced in order to increase its
computation power by a factor superior to ten (Tera-1: 2002, Tera-10: 2006,
Tera-100: 2010). With a pace faster than Moore´s law [1] hardware technological
breakthroughs inevitably appear and software migration problems become an
important issue.
Lack of separation of concerns. The problem to solve - the scientiﬁc knowledge of the physics - is entirely mixed with target dependent information, added
to manage the parallelism. Once a complex system (multi-scale, multi-physics)
has been built, it is hard to retrieve afterwards the physical models. As a result,
maintenance and evolution become even more complicated.
Inaccessibility to domain experts. Programming complexity reduces the
use of these workstations and supercomputers to a few scientists who are willing
to spend a signiﬁcant amount of time learning the speciﬁcities of a particular set
of machines.
Furthermore, with the new generation of supercomputers made of hybrid machines (multicore CPUs mixed up with GPUs1 or CELL processor) we will come
close to the human limit to manage such systems at a low level. A classical study
in human psychology [10], identiﬁed some limits on our capacity for processing
information, especially in case it has "multidimensional" nature. These theoretical limits are seriously challenged by architectures with numerous processing
elements, out of which some are built for very speciﬁc tasks.
This new generation of architecture would decrease even more the possibility
of separation of concerns by adding more and more information to manage the
1
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parallelism within the code. It is easily conceivable that a source code with
MPI calls, OpenMP pragmas and CUDA code is not the best starting point to
understand or retrieve the physics hidden inside the code. This is why we will
look for an alternative solution.
The current tendency of replacing real-life experiments with numerical simulations in industrial systems conception in order to guarantee the reliability and
safety of these systems is accelerating. As an example the CEA Simulation Program [11] has been built around three components: physical modeling, numerical
computation and experimental validation. Thus, the use of computation results
in order to guarantee the performance of a system is a replacement solution that
allows to make up for the lack of directly exploitable experimental data. The
credibility of such an approach is assessed through the restitution of past experiences and by domain expert certiﬁcation. These additional constraints (domain
validity assertion, uncertainty of forecasting computation, restitution of unexplored physics) due to the CEA’s Simulation Program raise the need for a more
abstract and formal approach. The progressive use of formal methods must be
taken into account by the whole development process and associated supporting
tools.
2.1

Current Development Process

The typical development process used is illustrated in Figure 2, using the SPEM
[12] notation. Although the design phase is represented by only one activity in
the diagram, three steps can be observed in reality but their precise limits are
not formalized and may vary depending on the project. These three phases are
presented below:
– Physical model conception – aims at describing the observable reality by
ﬁnding which parts of the physics are required to solve the problem, and
which are the best suited equations.
– Numerical model conception – aims at selecting a mathematical model to
solve the physics equations selected in the previous phase.
– Software conception – aims at designing the software implementing the numerical model.
The design of these three models and of their relationships is critical. Thanks to
MDE we believe that we can oﬀer a more formalized way to deﬁne these models
and the transformations which bind them together. As a collateral eﬀect, we
hope to enhance the validation phases.

3

State of the Art

In this section we review the state of the art with respect to the two main
technologies we use in this paper: High Performance Computing and Model
Driven Engineering. We start with an overview of technologies and research in
High Performance Computing which are related to the problems exposed in the
previous section. Then we present the Model Driven Engineering principles as
well as its potential beneﬁts for HPC.
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Fig. 2. Actual process development

3.1

The HPC World

Several solutions for the development of HPC applications are currently available. Most of them follow the tendency highlighted in Figure 3 [13]: the more
abstract they are, the more speciﬁc to a science domain they tend to be.
For instance, two of the most used solutions on supercomputers are MPI (Message Passing Interface) [14] and Open MP (Open Multi Processing) [15]. MPI is
a speciﬁcation of routines which provides a low-level programming model which
supports message passing programming. Thus it is suitable for distributed memory systems. OpenMP is an Application Program Interface which targets shared
memory systems. It consists of a set of compiler directives (pragma), library
routines, and environment variables which inﬂuence run-time behaviour. Both
of these solutions can be used for nearly any scientiﬁc problem, but excluding
the fact that they are suited for only a speciﬁc type of memory system they
have a major problem: the abstraction level oﬀered to the software developer is
low. As expressed before, the consequences are multiple: low productivity of the
developer, error prone, high complexity.
On the other side, several eﬀorts of abstraction have been successfully attempted
such as PETSc (Portable, Extensible Toolkit for Scientiﬁc Computation) [16] and
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TCE (Tensor Contraction Engine) [17]. PETSc is a library built above MPI aimed
at facilitating the solving of scientiﬁc applications modelled by partial diﬀerential equations and TCE is a compiler for a domain-speciﬁc language that enables
chemists to develop their applications with only high-level descriptions. Unfortunately, these solutions tend to be to some extent speciﬁc to a particular
scientiﬁc domain.
In the meantime, considerable research to tackle problems raised by the use of
heterogeneous machines has been performed. Amongst the most noteworthy we
can mention StarPU [18] and HMPP (Hybrid Multi-core Parallel Programming
environment) [19]. StarPU is a uniﬁed runtime system that oﬀers support for
heterogeneous multicore architectures (CPU, GPGPUs, IBM Cell). The performances of such a system look promising but although part of the complexity is
managed by the runtime, the creation of applications remains tedious for the
developer. On the other hand, HMPP adopts an approach similar to OpenMP
but is designed to handle HWAs(HardWare Accelerators) such as GPU. Thus it
oﬀers a respectable approach for improving legacy code. However, as its use is
based on compiler directives which limit the separation of concerns, this solution
can appear as less attractive for new developments.
3.2

Model Driven Engineering

In this section we try to review the basic principles of Model Driven Engineering
and to analyse the beneﬁts it can bring to the development of HPC applications.
MDE aims at raising the level of abstraction in software development, by using
models that make it possible to abstract away from the technological and implementation dependent details. The models are organized in a way that encourages
the separation of concerns: business and application logic is disconnected from
the underlying platform technology. The goal of this abstraction is to enable
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domain experts, who can be inexperienced in computer science, to concentrate
on the problem to solve and on their expertise.
In MDE, the models are more or less abstract, depending on how much implementation dependent details they contain. High level models are reﬁned by
transformations into lower level models, the aim is to ﬁnally obtain a model
that can be executed employing either code generation or direct model interpretation. The aim is also to generate a wide set of artefacts such as documentation
or tests.
Models are commonly used in other engineering and science ﬁelds. MDE development led to their widespread use in software development, not only as passive
entities or as "contemplative models" [20], but also as productive entities, intensively used in symbolic execution, model checking, model based testing, code
generation, etc. Furthermore, MDE enables an increase of the automation of
repetitive tasks through the use of models transformations.
Concerning the potential beneﬁts a model based approach, the use of MDE
philosophy and model based approaches in general have led to real success in
industrial domains other than high performance computing. For instance, realtime and critical systems beneﬁt from the UML (Uniﬁed Modeling Language)
proﬁles UML-RT [21] (UML proﬁle for Real Time) and MARTE [22] (Modeling
and Analysis of Real-time and Embedded Systems). In fact, models enable the
telecommunication [23], aeronautics and automotive industries to reduce cost
and time in the development process [24,25]. Closer to our ﬁeld, ongoing research
based on MDE is being pursued on shared memory systems: standard multi-core
computing systems [26] and multiprocessor System On Chip [27].

4

Overview of the Proposed Approach MDE4HPC

In this section we introduce the main concepts and technologies of our approach
called MDE4HPC. First, we present the key ideas which deﬁne the core of our
approach and ﬁnally we set out the additional services which aggregate around
this core.
4.1

General MDA Principles Applied

The core of our methodology follows MDE principles and relies mainly on models
and transformations. Figure 4 summarizes the key concepts of our approach.
In our approach, according to the MDE principles, the application developers
(conjointly with scientists if they are not the same) start the development process by deﬁning Platform Independent Models (PIMs) which are, by deﬁnition,
independent from any speciﬁc hardware, library or even architecture. These models capture the solution to the problem that needs to be solved independently of
any technological constraints. In consequence these models are sustainable, if the
speciﬁcations do not change. Consequently, they are deﬁned once, irrespective
of the platform we aim to target.
A typical PIM contains a data model and a tasks model. The data model represents the data organization (for example the mesh structure) of the simulation
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Fig. 4. Simpliﬁed description of the sequence of model transformations (represented
as black circle) during the development process

and the task model is composed of elementary computational tasks that work
on the data model, for example the mesh structure.
On the other side, the development makes use of a target platform model,
under MDE vocabulary it is called a Platform Description Model (PDM). In the
case of our applications, the PDM covers:
– Computational nodes organisation: processing units (CPU, GPU, ...) architectures, memory description (size, type, bandwidth).
– Computational nodes interconnection: data link features (bandwidth).
– File storage system organisation and capacity.
The task of modelling the platform, that leads to the the PDM, can only be
achieved by hardware architecture experts who fully understand the speciﬁcities
of a particular computer (architecture). The same expert would also work on
modelling transformations related to including platform aspects in the PIM.
As recommended by the MDA guidelines, the platform dependent model is
combined with the PIM to form a Platform Specific Model (PSM). This process
is often, a several step process, meaning that the transformation to a PSM is
actually done in several stages, each integrating one or several aspects of the
PSM. The principles of this multi-step transformation, are illustrated by Figure
5. Ideally, these transformations end up in a code generating transformation.
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Fig. 5. Succession of transformations during the development process

The combination of diﬀerent models helps us in dealing with the separation
of concern as each model and each transformation are deﬁned by a specialist
of the domain modelled (physics, mathematics, software, hardware). However
the order or the combination all of these transformations is not trivial because
not all the transformation are commutative, associative or compatibles between
them. For example, in the hypothesis of dealing with low level models a few
steps before code generation, attempting to apply a set of optimizations, two
optimizations such as loop unfolding and inlining could clash with each other
if they were applied in the wrong order. As a result, the actual order in which
the transformations should be applied is deﬁned by domain experts, for instance
by the optimisation expert who can decide the order of the unfolding and the
inlining. Note that this problem is not new, the choice of the order of applying
optimisations is always meaningful. What is new is the fact that this choice is
more explicit.
Our approach does not target the automatic parallelization such as discussed
in [28]. Instead, we introduce an approach where experts can focus on their
domain of expertise.
The deﬁnition of our approach beneﬁts from the exchanges between various domain experts. To achieve this, we have organised mixed team of physicists and numerical computer scientists to deﬁne the PIM. The computer system engineers were
then in charge with the deﬁnition of the PDM. Finally, the transformations from
PIM to PSM and from PSM to code were achieved conjointly by software engineers
and computer system engineers, with the aid of model transformation tools.
In sum, none of these tasks were done completely automatically, still some of
them were performed with automated assistance. The most important aspect here
is that each of these tasks focuses on a particular expertise domain, thus was performed by a domain expert, that was able to focus on its own expertiese domain.
The models corresponding to the PIM, PSM and PDM, are described according to a Domain Speciﬁc Modeling Language (DSML) called HPCML (High Performance Modeling Language). This DSML stands at level M2 in the four-level
architecture hierarchy [5] and it aims at formalize the description of models.
The abstract syntax of a DSML is deﬁned through a metamodel. The choice
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of a DSML over a UML Proﬁle stems from our previous work [29]. They are
both situated at the M2 level, UML proﬁles can be seen as an extension of the
UML metamodel and DSML are deﬁned with a new metamodel dedicated to
the domain. If necessary, and as they both comply with the MOF (level M3 ),
transformations could be written to transform models compliant with our DSML
HPCML into models compliant with its potential UML proﬁle equivalent.
HPCML covers concepts related to task modeling (such as component, service) and data modeling (such as type, mesh). HPCML it is designed to suit
constraints imposed by parallelism, and it is actually an evolution after feedbacks from a ﬁrst version that was deployed and tested on mid-size projects in
the context of the IDE Archi-MDE.
4.2

Openings Oﬀered by the Models Use

The use of models in the way described in the previous section, opens the way to
a collection of additional services that allow to increase developer productivity,
improve code performance and quality. In the context of our approach, some of
these services are already included in the Archi-MDE development environment,
that will be presented in Section 5.
Model validation is one of the classical gains of using models in the development process, as it allows for early correctness checking and thus it makes
it possible to improve quality by verifying the correctness of each component,
before arriving to the actual code. The literature abundantly treats this topic
and many techniques are available allowing for model based validations, the use
of most of them would be beneﬁcial in our approach.
In the context of our concrete setting, our goal, for the moment, is to put up a
rapidly functional framework allowing to eﬀectively use modelling in the context
of HPC. Therefore, we do not intend, at least not for the moment, to develop
speciﬁc validation techniques. Instead we will use already existing technologies
that can be easily integrated into our setting. As Archi-MDE is developed with
the Eclipse framework, for the moment we will use an existing Eclipse based
OCL (Object Constraint Language) veriﬁcation engine capable of inconsistency
detection mechanism.
Symbolic execution and automatic test generation are also classical beneﬁts of using modelling and the automatic test generation based on symbolic
execution such as the approach presented on [30] can be a factor of both productivity and quality improvement. Although for the moment our approach does
not cover this, we ﬁnd it may bring substantial beneﬁts in our context and
we intend to enrich Archi-MDE with such capabilities, by adapting an already
existing automatic execution and test generation engine.
Optimization. In the majority of cases, a model contains more and higher level
information than the code resulting from it. The use of low level models, as introduced in the previous section, opens the way to start introducing optimizations
in the context of these models [31].
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In the context of Archi-MDE (that we will detail in Section 5) we generated
sequential Fortran code to assess the interest of optimizations injected during
model transformations. These optimisations concerned loop unrolling and inlining on Intel Xeon. We analysed the speed-up under the following two settings:
– the version optimized only by the compiler (in our case the Intel compiler);
– the version where the optimisation started at (low level) model stage, in the
context of Archi-MDE and was then continued by the compiler.
Benchmarks comparing these optimisations gave us encouraging results, as we
obtain a better speed-up when the optimizations started in Archi-MDE.
Software metrics proved their interest in the context of HPC applications
[32]. The use of model metrics [33] should allow to perform live analysis of the
models in order to determine ratings of the quality of the code produced and
thus provide a useful feedback to the developer.
Performance forecasting is currently used in order to make system design
decisions based on quantiﬁable demands of their key applications rather than
using manual analysis which can be error prone and impractical for large systems
[34]. These approaches could beneﬁt from the existence of models that provide
meaningful abstractions of the systems, in order to evaluate which parts of the
application are compute-intensive and thus guide the developer as to where he
needs to focus his attention to enhance performance.
Anti-patterns [35] provide an interesting mechanism of identifying possible
errors before they actually manifest. The use of anti-patterns is more interesting
in the context of models than of code. Therefore, our approach that consists
in raising the place of models in the development cycle, opens the way to the
deﬁnition and identiﬁcation of anti-patterns for HPC models.
We overview here a list of functionalities that are enabled by a model based
development of high-performance computing applications. This list is naturally
not exhaustive, and was dressed up using feed-backs from HPC specialists on
what would be useful and what would be feasible in this context.
The following section overviews Archi-MDE, the development framework that
we have built for supporting the model based development of HPC applications.
some of the functionalities we overview above are already part of this framework,
such as the optimization, some other, such as the OCL consistency veriﬁcation,
can be re-used from a OCL based model analysis tool, while some other are for
the moment on our future work list.

5

Archi-MDE

Archi-MDE is a user-supportive integrated development environment which aims
to support the methodology associated with our approach.
There are marvellous IDEs and frameworks available. We chose to rely on
the Eclipse platform and especially the open source Eclipse Modeling Project
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Fig. 6. Archi-MDE Architecture

[36] which focuses on the evolution and promotion of model-based development
technologies. The principal reasons for this choice were the integration of code
compilation/edition tools, the modularity, the wide and dynamic community
behind the project, a robust infrastructure based on a system of plugins with
extension points and a vast collection of existing plugins that can be reused. The
open source aspect of the tool was also an important advantage.
Figure 6 gives an overview of the Archi-MDE tool architecture. The Eclipse
Modeling Project provides a set of tooling, standards implementations and modeling frameworks such as EMF (Eclipse Modeling Framework) [37] and GMF
(Graphical Modeling Framework) that we are using. The domain speciﬁc modeling language HPCML, introduced in in Section 4, is implemented based on
EMF, while its graphical view is based on GMF.
Archi-MDE integrates two existing plugins that are used to edit, compile and
debug the generated source ﬁles:
– CDT : Eclipse C/C++ Development Tooling [38] provides a fully functional
C and C++ Integrated Development Environment (IDE)
– Photran: Photran [39] is an IDE and refactoring tool for Fortran based on
top of the CDT plugiun.
The information on the target platform is injected during the model to text
transformation, corresponding to the code generation that is performed using
the Xpand engine [40]. Archi-MDE uses aspect-oriented programming techniques
present in the Xpand templates. The ATL project [41] for M2M transformations
seem to be well suited to our needs for the moment.
As the ﬁnal goal of this process is code generation, Archi-MDE produces code
for Arcane [42]. Arcane is a software development framework for 2D and 3D
numerical simulation codes used by the CEA and the IFP (French Institute of
Petroleum). It already oﬀers a fair abstraction level of the underlying hardware
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which is close to our task and data models (see PIM deﬁnition from Section 4)
and provides utility services that we had no interest in developing again for the
sake of the demonstration.

6

Conclusion and Future Work

Hardware architectures are evolving fast. Unfortunately present applications do
not possess the required qualities to easily adapt to these frequent evolutions
while maintaining optimal performances. However, there is an increasing demand
advocating the need to add abstraction [43] in dealing with parallel architectures
or to perform a more radical paradigm shift [44] in developing HPC software.
The main contribution of this paper is to propose a new way to deal with these
problems by using MDE techniques for the development of HPC applications. We
present the potential beneﬁts of such approach, that include the more ﬂexibility
for maintenance and code porting towards new hardware architectures.
MDE4HPC, the methodology presented in this paper, is ready to oﬀer better
separation of concerns and knowledge capitalization. These points are a pillar
of our approach by allowing people to focus and contribute fully on their area
of specialization. We also presented Archi-MDE a user-supportive integrated
development environment to sustain the methodology.
Our experiments on applications with few thousand lines of code are very
encouraging and made us conﬁdent in the feasibility of this approach and in
the added value for CEA simulation code development. Based on these positive
feedbacks from the ﬁrst version of Archi-MDE, we intend to deploy and assess
our approach on bigger size projects within the CEA. Moreover, we are about
to improve the additional services of Archi-MDE to draw maximum advantage
from the use of models. Model veriﬁcations, symbolic execution and reverse
engineering of legacy code are the next steps to complete the assessment of our
approach.
Obviously, a lots of things have still to be done, such as applying MDE4HPC
on real-size projects, identifying relevant benchmarks that would allow to quantify the gains of applying this technique, and identifying and implementing more
functionalities so that Archi-MDE can exploit the use of models. The preliminary results make us very conﬁdent both in the fact that MDA can be applied
for the development of HPC applications, and that it can bring serious beneﬁts
to it.
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