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Abstract
Programming parallel systems is dicult especially when such systems incorporate heterogeneous components. This paper describes some
approaches we are developing to cope e ectively
with various forms of heterogeneous parallel systems.
The rst part of the paper describes Fortran90V, an extension of Fortran 90, which can support nested parallelism for expressing irregular
problems more eciently and naturally. This
is especially suited to high-performance vector
architectures, such as the Fujitsu VPP300. By
compiling Fortran-90V to Fortran 90, the language is available for all parallel machines, provided the machines have Fortran 90 compilers.
The second part of the paper describes the
latest development in SPP(X) which was introduced in PCW'95. SPP(X) is a language which
can co-ordinating the activities of a heterogeneous system. Further by associating performance models with the operators of the language, it is possible to aid the resource allocation
in a program written in SPP(X).

1 Introduction
This paper describes on-going work at Imperial College on developing programming environments for exploiting the next generation of parallel machines. It is likely that these will be clusters of high-performance servers, such as multivector architectures and parallel architectures.
The rst part of the paper describes extensions
to Fortran 90 which enable a more general class
of applications to be executed on vector architectures. The second part of the paper presents
an update on the SPP(X) environment for co-
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ordinating heterogeneous computation. We conclude by describing how the two approaches may
be used in conjunction.

2 Nested Data-Parallelism
2.1

Introduction

Data parallelism is a well-known programming
paradigm for parallel computers. It o ers negrained parallelism where the same operator is
applied to all elements of a set of data simultaneously. Languages such as HPF [11], FORTRAN 90 [1] and C* [12] fall into this paradigm
and have ecient implementations on SIMD and
vector machines. These languages are well suited
to solving problems with regular data structures
such as dense matrices or regular meshes. However, this parallelism is restricted to rectangular arrays. Although this limitation simpli es
the generation of ecient target code it limits
the application areas for data parallelism. It is
very hard for these languages to eciently and
naturally express algorithms on irregular data
structures, such as sparse matrices, graphs and
trees, or to express process parallel problems. In
particular it is dicult to code these types of application in these languages such that they fully
exploit the power of vector machines.
These problems can be solved by using nested
data parallelism [4]. Using nested data parallelism a parallel operation can be applied to multiple sets of data simultaneously. For example,
in a conventional vector machine, a summation
operation can only be applied to a single vector
in each time step. With nested parallelism, this
operation can be applied to multiple vectors in
the same time step. This is achieved by using
hierarchical (nested) data structures, which are
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described in the next Section.

Fortran 90V

2.2 Hierarchical Data Structures
A hierarchical data structures is a vector which
consists of other vectors of the same type. For
example, [ [1,2],[3,4,5] ], is a nested vector which
contains two di erent vectors of length 2 and
3. The key to implementing nested parallelism
is to transform a nested vector into a at vector thereby attening the parallelism to a single
level.
A nested or segmented vector can be described
by using a attened vector (a vector whose elements are not vectors) and a segment descriptor. The segment descriptor is used to specify
the number of elements in each nesting level and
the attened vector stores the actual values. For
example, the nested vector given above can be
represented by the attened vector [ 1, 2, 3, 4 ]
and a single segment descriptor [ 2, 3 ]. A more
complex example uses the nested vector:
[ [ [1], [2, 3, 4] ], [ [5, 6] ] ]

which can be represented by using two segment
descriptors (segd) and a attened vector (values):
values: [ 1, 2, 3, 4, 5, 6 ]
segd (inner): [ 1, 3, 2 ]
segd (outer): [ 2, 1 ]

3

Developing

a

Practical Nested Data Parallel Language: Fortran 90V

In co-operation with GMD-FIRST and Technische Universitat Berlin, we are developing Fortran 90V [2], an extension of the Fortran 90
which supports nested parallelism. The advantage of Fortran 90V over other proposed nested
data parallel languages is that it can reuse all
the existing Fortran 90 source code and is easy
for the user to adopt as Fortran 90 is widely accepted by the community of scienti c programmers. An overview of the Fortran 90V system is
shown in Figure 1.
The Fortran 90V system transforms the nested
data-parallel language into Fortran 90 and FVL
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Figure 1: An overview of Fortran 90V.
by using the attening transformation technique [9, 8]. FVL is a vector library which provides di erent vector operations and is directly
implemented by using Fortran 90 and its intrinsic operations. This signi cantly improves the
portability of the language as every vector machine which has a Fortran 90 compiler will automatically support Fortran 90V. A Fortran 90V
compiler is currently under development. The
target architectures for this compiler will include
the Fujitsu AP1000 with NCA units, the Fujitsu
VX, and the Cray YMP-EL.

3.1 Example - Sparse Matrix Vector
Multiplication

A non-zero sparse matrix can be conceptually
represented by using a nested vector containing
the column number of the elements and the nonzero values. For example, a matrix such as:
1
0
0 9 0 0
BB 1 0 0 0 CC
B@ 0 0 0 8 CA
6 0 4 0
can be represented by using a nested vector containing the non-zero values with the corresponding column indices in the matrix:
(< (<
(<
(<
(<

(9,2) >),
(1,1) >),
(8,4) >),
(6,1),(4,3) >) >)

In Fortran 90V we can declare the sparse matrix
as follows:
TYPE Element
REAL value
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introduced at PCW'95. Since then there has
been further development on building more accurate performance models and in re ning the
approach [3, 6]. A prototype SPP(X) compiler
using Fortran as the sequential language has also
been developed although it currently lacks the
placement annotations needed for complete heterogeneous co-ordination.
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Figure 2: Performance of sparse matrix vector
multiplication.
INTEGER column
END Element
TYPE(Element), DIMENSION(:,:), &
IRREGULAR:: matrix

The body of the sparse matrix vector multiplication is de ned as:
(<sum(<elem%value*vector(elem%column) &
,elem=row>), row=matrix>)

The function rst computes the product of the
elements in each row with the corresponding elements in the vector and then applies the summation. Note that the constructor will compute
all of the inner computations simultaneously.
As an initially investigation into the performance of this approach, the above example has
been hand-compiled for the Fujitsu VP [7] on
the AP1000 at IFPC. The experiment uses a matrix size of n  n with 1% dense ratio. The
results of the experiments were compared the
timings for the same program compiled using a
commercial vectorising compiler [10]. The vectorising compiler can only vectorise the computation in each row, but not for the entire matrix,
whereas Fortran 90V can vectorise the computation across the entire matrix. A comparison of
the performances is shown in Figure 2.

4 Co-ordinating Heterogeneous Parallel Computation
The idea of using SPP(X) [5] to co-ordinate the
activities in a heterogeneous system was rst

In the SPP(X) model a structured co-ordination
language, SCL, is used to co-ordinate fragments
of sequential code which are written in a base
language (X) such as Fortran or C. Thus an application is constructed in two layers: a higher
co-ordination level and a lower base level language. SCL provides high-level co-ordination
forms that abstract all important aspects of parallel behaviour. These co-ordination forms are
presented as higher-order pre-de ned functions
with known parallel behaviours. Owing to the
rich structure and known behaviour of these coordination forms it is possible to build accurate
performance models for them.
To fully exploit the power of a heterogeneous parallel computing system sophisticated
resource allocation strategies are often required.
This is a complex task as it is dicult to predict the performance of any particular resource
allocation strategy on a system composed out
of components which have widely di ering functionalities and performances. Any system for
programming heterogeneous systems must then
be able to express the di erent possible resource
usages and aid in deciding between di erent resource allocation strategies. The SPP(X) approach can satisfy both these needs by providing
a high-level structured language for expressing
resource decisions and performance models for
guiding the choice of resource strategy.

4.2 Developing Models for Application Level Skeletons
A performance model for a program written in
SPP(X) consists of two components, the model
for the SCL code and the models for the sequential code fragments. A model for the SCL code
can be developed from the existing models of the
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Figure 3: Predicted performance of the di erent
programs.
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co-ordination forms and from the syntax of the
SCL code. The remaining problem is to generate
performance models for the sequential code used
to instantiate the SCL skeletons. There are several techniques for nding these models, some
of which are automatic. However, this timeconsuming task must be performed for each program.
The level of abstraction for programming can
be raised by developing application-level skeletons. For example, a suite of linear algebra
skeletons such as dot product could be developed. These can be de ned in SPP(X) by combining SCL skeletons to express the parallel coordination and by providing the sequential code
to be executed on the processors. Performance
models for the application-level skeletons can
then be derived from the performance models
of the SCL skeletons and by developing models
for the sequential components. By expressing a
program in terms of application-level skeletons,
not only is a program clearer, but the existing
performance models can be reused.
The conjugate gradient example was rewritten with a set of application-level skeletons
with associated performance models. The predicted performance of three di erent versions
of the program, using only scalar processor,
only vector processors and using a mixture of
vector and scalar processors is shown in Figure 3. This indicates that the mixed resource
version will perform best. The experimental result from hand-compiled versions of these programs is shown in Figure 4. This shows that the
predictions are suciently accurate to enable the
correct resource allocation strategy to be chosen.

Conclusion
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In this paper we have brie y described on-going
work at Imperial College on developing systems
for exploiting vector and heterogeneous systems.
The development of Fortran 90V will enable a
broader class of applications to exploit vector architectures. Furthermore Fortran 90V is highly
portable using existing standard software.
SPP(X) allows the structured co-ordination of
heterogeneous systems with performance models
to guide the choice of resource strategy. An in-

0
0

500

1000
1500
2000
N (Problem Size)

2500

3000

Figure 4: Measured performance of the di erent
programs.
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teresting future direction would be to use Fortran 90V as the base language for programming
the vector components of an SPP(X) program.
The structured approach of Fortran 90V would
enable more accurate performance predictions to
be made for the vector code.
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