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COMPUTING APPLICATIONS
LIBRARIES AND TOOLS FOR CLUSTER COMPUTING

NUMERICAL LIBRARIES AND

TOOLS FOR SCALABLE PARALLEL

CLUSTER COMPUTING

Jack Dongarra

Shirley Moore

UNIVERSITY OF TENNESSEE

Anne Trefethen

NUMERICAL ALGORITHMS GROUP, UK

1 Introduction

For cluster computing to be effective within the scientific
community, it is essential that there be numerical libraries
and programming tools available to application develop-
ers. Cluster computing may mean a cluster of heteroge-
neous components or hybrid architecture with some sym-
metric multiprocessor (SMP) nodes. This is clear at the
high end (e.g., the latest IBM SP architecture) as well as in
clusters of PC-based workstations. However, these sys-
tems may present very different software environments
on which to build libraries and applications and indeed re-
quire a new level of flexibility in the algorithms if they are
to achieve an adequate level of performance. We will con-
sider here the libraries and software tools that are already
available and offer directions that might be taken in the
light of cluster computing.

2 Background and Overview

There have been many advances and developments in the
creation of parallel code and tools for distributed-memory
machines and likewise for SMP-based parallelism. In
most cases, the parallel, Message-Passing Interface
(MPI)–based libraries and tools will operate on cluster
systems but may not achieve an acceptable level of effi-
ciency or effectiveness on clusters that comprise SMP
nodes. Little software exists that offers the mixed-mode
parallelism of distributed SMPs. It is worth considering
the wealth of software available for distributed-memory
machines, since for many cases this may be entirely suit-
able. Beyond that, we need to consider how to create more
effective libraries and tools for the hybrid clusters.

The underlying technology on which the distrib-
uted-memory machines are programmed is that of MPI
(Snir et al., 1996). MPI provides the communication layer
of the library or package, which may or may not be re-
vealed to the user. The large number of implementations
of MPI ensures portability of codes across platforms and,
in general, the use of MPI-based software on clusters. The
emerging standard of OpenMP (Dagum and Menon,
1998) is providing a portable base for the development of
libraries for shared-memory machines. Although most
cluster environments do not support this paradigm glob-
ally across the cluster, it is still an essential tool for clus-
ters that may have SMP nodes.

3 Numerical Libraries

The past few years have seen continued architectural
change in high performance computing. The upside of
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this development is the continued steep growth in peak per-
formance, but the downside is the difficulty in producing
software that is easy to use, efficient, or even correct. We
will review a list of these challenges.

A major recent architectural innovation is clusters of
shared-memory multiprocessors referred to as a constella-
tion. This is to avoid confusion with the term cluster, which
usually is used in the context of a group of PCs connected
through a switched network. A cluster can include as its
nodes small multiprocessor SMPs. A constellation inte-
grates nodes of large SMPs. The distinction is where the
majority of parallelism exists. If it is at the top clustering
level (the message-passing domain), then the system is a
cluster. If it is at the bottom SMP level (the shared-memory
domain), then the system is a constellation. A constellation
incorporates more processors per SMP node than the num-
ber of nodes integrated at the system level. Constellations
are the architectures of the ASCI machines and promise to
be the fastest general-purpose machines available for the
next few years, in accordance with the industrial trend to
invest most heavily in large market sectors and use the
same building blocks to service the smaller high-end
market.

It is the depth of the memory hierarchy with its different
access primitives and costs at each level that makes con-
stellations more challenging to design and use effectively
than their SMP and massive parallel processor (MPP) pre-
decessors. Ideally, a programmer should be able to pro-
duce high performance parallel code on a constellation us-
ing an abstract programming model that is not dependent
on implementation details of the underlying machine.
Because users may have different notions of what is ac-
ceptable high performance, we expect the layered pro-
gramming model to allow the underlying machine to be ex-
posed at varying levels of detail. This requires good
communication libraries, data structure libraries, and nu-
merical algorithms, which we propose to build.

Although constellations will be the dominant architec-
ture for high-end computing, most programs will be from
either SMP or MPP versions, and even new code develop-
ments will likely be done on smaller machines. Therefore,
users need a uniform programming environment that can
be used across uniprocessors, SMPs, MPPs, and constella-
tions. Currently, each type of machine has a completely
different programming model. SMPs have dynamic thread
libraries with communication through shared memory.
MPPs have single-program multiple-data parallelism with
message-passing communication (e.g., MPI). Constella-
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tions typically have the union of these two models, requir-
ing that the user write two different parallel programs for
a single application or else treat the machine as “flat,”
with a corresponding performance loss. Well-designed li-
braries can hide some of these details, easing the user’s
transition from desktop to SMP to constellations.

In addition to constellations, architectures that are
likely to be important are distributed networks and
IRAM. IRAM stands for intelligent RAM and is an exam-
ple of PIM, or processor in memory. IRAM consists of a
chip containing both processors and a substantial memory
and is a foreseeable architectural change as devices get
smaller and more integrated. Distributed networks, which
can be and are used now, have very slow and even unreli-
able access to remote memories, whereas IRAM prom-
ises to significantly flatten the memory hierarchy, with
the on-chip memory effectively acting like an enormous
cache. This profusion of architectural targets makes soft-
ware development for scientific computing challenging.

One common feature is to build libraries that are
parameterized for the architectural features most influ-
encing performance. We are used to dealing with cache
sizes, latency, and bandwidth in our use of performance
modeling in previous work, but the complexity of constel-
lations and other architectures presents new challenges in
this regard.

Another architecturally driven algorithmic opportu-
nity arises on the Pentium family of processors, which are
not only widely used on desktops but also comprise the
ASCI Red machine and will be widely used in smaller
clusters as inexpensive computing platforms. This ubiq-
uity of Intel platforms leads us to ask how to exploit spe-
cial features of the Intel architecture to do better high per-
formance computing. In addition to excellent support for
IEEE standard 754 floating arithmetic, the basic arithme-
tic is done to 80-bit precision rather than 64 bit. A variety
of algorithms perform more quickly and/or more accu-
rately by using these features. These algorithms can be
encapsulated within standard libraries and so do not re-
quire user sophistication or even awareness for their use.

Another challenge from the proliferation of computing
platforms is how to get high performance from computa-
tional kernels such as matrix-matrix multiplication, ma-
trix-vector multiplication, fast Fourier transforms (FFTs),
and so on. There are systems such as ATLAS, PhiPac, and
FFTW that use a sophisticated search algorithm to auto-
matically find very good matrix-multiply kernels for
RISC workstations with C compilers that do good register
allocation and basic instruction scheduling; using this ap-
proach, one can produce matrix-multiply and FFT rou-

tines that are usually faster than the hand-tuned codes
from IBM, SGI, and some other manufacturers.1

4 Current State of the Art

Of the hundred or more parallel numerical packages
available, some provide a conventional library interface to
routines written in C, Fortran, or C++. Others provide
more of a parallel environment for the application devel-
oper. At the moment, few if any mix distributed- and
shared-memory parallelism.

Recent surveys on parallel numerical analysis soft-
ware (Allan, Hu, and Lockey, 1999; Eijkhout, 1997;
Dongarra, 2000) include approximately 50 different li-
braries and packages for parallel architectures. All of
these would be suitable for cluster computing, although
they may not be fully efficient for particular configura-
tions. The software discussed in the report forms a subset
of all parallel packages that are available either commer-
cially or distributed on Netlib2 or on the National HPCC
Software Exchange, NHSE.3

As one might expect, most available packages in this
area are in linear algebra. Both direct and iterative solvers
are well represented. Direct solver packages include
ScaLAPACK (Blackford et al., 1997) and PLAPACK
(Alpatov et al., 1997), both of which are based on the
parallelization of LAPACK (Anderson et al., 1995) but by
different approaches. The graphs in Figure 1 show good
scalability of the ScaLAPACK LU solver on Alpha clus-
ters with fast interconnection networks.

Iterative solver packages include Aztec (Hutchinson et
al., 1998), Blocksolve (Jones and Plassman, 1992), and
PSPARSLIB (Saad and Sosonkina, 1998). Each of these
provides a selection of iterative solvers and precondi-
tioners, with MPI providing the underlying communica-
tions layer. Similarly, there are packages and libraries for
eigenvalue problems, including PARPACK (Lehoucq,
Sorensen, and Yang, 1998) and PeIGS (Elwood, Fann,
and Littlefield, 2000)—the first based on Arnoldi itera-
tions and the second on Cholesky decomposition— both
using MPI.

Other areas covered by existing parallel libraries in-
clude optimization and PDE solvers. All of the libraries
mentioned above are available from Netlib. Commercial
products are provided by many of the machine vendors,
and NAG provides a commercial, supported, general par-
allel library (The NAG Parallel Library Manual, 1997)
based on MPI and also an SMP library (Salvini and
Waniewski, 1996; The SMP Library User Manual, 1997)
based on OpenMP.
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The libraries that have been mentioned so far all have a
traditional library interface. One of the packages that of-
fers parallel functionality in the setting of an environment
is PETSc (Balay et al., 1996). PETSc provides an ob-
ject-based interface to C-coded algorithms. In this case,
the application developer does not need to be aware of the
message-passing or underlying mechanisms. PETSc pro-
vides a set of tools for solving PDE problems, including it-
erative methods and other underlying functionality. This
requires that the users develop their application in the
PETSc style rather than calling a particular routine from
PETSc. PETSc provides an object-oriented interface that
is also the natural interface for C++-based packages such
as ISIS++ and ELLPACK (Weerawarana et al., 1994).

It is clear that there is a wealth of software available for
clusters; however, as noted above, this software is in gen-
eral either developed for heterogeneous distributed-mem-
ory architectures or SMP machines. We still have some
distance to travel before we can provide effective and effi-
cient numerical software for the general cluster.

5 Future Work

To achieve transparent cluster computing requires algo-
rithms that can adapt to the appropriate configuration to
match the cluster requirements. Recent studies show that
there are benefits to be gained by rethinking the
parallelization issues combining distributed- and
shared-memory models (Salvini, Smith, and Greenfield,
1998). It is unlikely that libraries that provide this effective
mixed-mode parallelism will be available for some time. It
is more likely that libraries that are inherently designed for
distributed memory will be adapted to have appropriate
SMP-based kernels. This is likely to provide the natural
progression to general numerical libraries for clustered
computing.

6 Program Development

and Analysis Tools

Rapid improvements in processor performance and
multiprocessing capabilities of PC-based systems have led
to widespread interest in the use of PC clusters for parallel
computing. The two major operating systems that support
multiprocessing on such systems are Linux and Windows
NT. Scalable parallel computing on PC clusters requires
the use of a message-passing system such as MPI, although
OpenMP and other forms of thread-based parallelism may
also be used on SMP nodes. Programming languages of in-
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terest for scientific computing on PC clusters include For-
tran, C, and C++. Appendix B presents a survey of avail-
able program development and analysis tools for PC
cluster environments. These tools include compilers and
preprocessors, MPI implementations, and debugging and
performance analysis tools, as well as integrated develop-
ment environments (IDEs) that combine these tools.
Some IDEs are developed entirely by one vendor or re-
search group, while others are designed to work together
with third-party tools (e.g., with different compilers and
MPI implementations).

7 Conclusions

A good base of software is available to developers now,
both publicly available packages and commercially sup-
ported packages. These may not in general provide the
most effective software, but they do provide a solid base
from which to work. It will be some time in the future be-
fore truly transparent, complete efficient numerical soft-
ware is available for cluster computing. Likewise, effec-
tive programming development and analysis tools for
cluster computing are becoming available but are still in
early stages of development.
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NOTES

1.  See: http://www.netlib.org/atlas/ and http://www.fftw.org/.
2.  Netlib (http://www.netlib.org/).
3.  NHSE (http://www.nhse.org/).
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