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Preface

This volume contains the proceedings of the international HPCN Europe 2000
event which was held in the Science and Technology Centre Watergraafsmeer,
Amsterdam, the Netherlands, May 8-10, 2000.

HPCN (High Performance Computing and Networking) Europe event was
organized for the first time in 1993 in Amsterdam as the result of several ini-
tiatives in Europe, the United States of America, and Japan. Succeeding HPCN
events were held in Munich (1994), Milan (1995), Brussels (1996), and Vienna
(1997), returning to Amsterdam in 1998 to stay.

The HPCN event keeps growing and advancing every year, and this year
the event consisted of the scientific conference, focused workshops, and several
associated events. The plenary lectures were presented by six renowned speakers:

— Henk van der Vorst, University of Utrecht, The Netherlands: Giant Eigen-
problems within Reach,

— Wolfgang Gentzsch, CTO, Gridware Inc., Germany: The Information Power
Grid is Changing our World,

— Bernard Lecussan, SupAero and ONERA/CERT/DTIM, France: Irregular
Application Computations on a Cluster of Workstations,

— Miguel Albrecht, European Southern Observatory, Garching, Germany:
Technologies for Mining Terabytes of Data,

— Hans Meinhardt, Max-Planck-Institut, Germany: The Algorithmic Beauty of
Sea Shells, and

— Ingo Augustin, CERN, Geneva, Switzerland: Towards Multi-petabyte Storage
Facilities.

The conference consisted of parallel tracks presenting 52 selected papers, and one
track presenting 25 posters. The areas covered in the conference include: Indus-
trial and General End-User Applications of HPCN, Computational and Com-
puter Sciences, and this year the scope of the conference was further expanded
by an additional area to emphasize the information management aspects, and
the importance of the web-based cooperative application infrastructures.

In the area of Web-Based Cooperative Applications presented papers ad-
dressed: virtual enterprises and laboratories, cooperation coordination, as well as
advanced web-based tools for tele-working. The area of Industrial and End-User
Applications of HPCN consisted of papers focused on parallelisation of indus-
trial codes, data-mining, and network applications. The papers presented in the
area of Computational Science were dedicated to problem solving environments,
metacomputing issues, load balancing and partition techniques, and new parallel
numerical algorithms. In the area of Computer Science Research in HPCN the
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following subjects were presented: Java in HPC, cluster computing, monitoring
and performance, as well as compilation and low-level algorithms.

The newly emerging domains and applications of HPCN were covered within
five thematic workshops and three associated events. The Java in High Perfor-
mance Computing workshop (chaired by Vladimir Getov) focused on the use
of Java in simulations, distributed resource management, on-line processing,
data-intensive applications, and other emerging research topics that combine
distributed object technology with networking. The LAWRA workshop (chaired
by Jerzy Wasniewski) is devoted to the new, recursive formulation of basic algo-
rithms in numerical software packages. Recursion leads automatically to better
utilization of memory, offers very concise program structures, and results in sig-
nificant speedup on modern SMP processors. Several challenging requirements of
the virtual laboratory environments such as the problem solving and computing
issues, data mining, and the collaborative work in emerging scientific and engi-
neering domains were addressed within the Virtual Laboratory workshop (chaired
by Bob Hertzberger). The main goal of the Cluster Computing workshop (chaired
by Mark Baker and Wolfgang Gentzsch) is to find out how clusters, built with
commodity-off-the-shelf hardware components and free or commonly used soft-
ware, may redefine the concept of high performance and availability computing.
At the FuroStore workshop (chaired by Fabrizio Gagliardi) efficiency, reliabil-
ity, and manageability of very large storage systems (Multi-PB) were discussed.
These problems, being of great importance for industrial applications, have been
observed in high energy physics.

The three associated events of the HPCN 2000 conference were: the MPR
event — Massive Parallel Computing (organized by Job Kleuver), the NCF event
— Dutch Super Computing (organized by Jaap Hollenberg), and the symposium
on Modeling and Simulation of Morphogenesis and Pattern Formation in Biology
(organized by Jaap Kaandorp). This symposium addresses the investigation of
self-organization and emergent behavior in biological systems with particle-based
techniques.

The conference proceedings reflect the state of the art in several main areas
of research, within the wide spectrum of HPCN. It is worth mentioning that the
deadline for contributed papers was January 18, 2000. All the accepted papers
and posters, as well as a selection of some papers presented at the workshops,
are included in the proceedings. We thank all contributors for their cooperation,
and we are pleased to observe the high quality of the submitted contributions.
The best conference papers will also be selected later for publication in a special
issue of the North-Holland journal Future Generation Computer Systems.

The selection of papers for HPCN 2000 would not have been possible without
the support and careful evaluation of all the submissions by the members of the
HPCN 2000 program committee, and their associated reviewers. The organizing
committee is grateful for all the invaluable suggestions and the cooperation that
we received from the reviewers. Their help made it possible to get at least three
referee reports for each paper.
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We would like to express our high gratitude to the members of the local
organizing committee and the conference secretariat. Our sincere thanks go to
Lodewijk Bos and Rutger Hamelynck. We greatly appreciate all the personal
efforts and dedication of Anne Frenkel for both creating the HPCN Europe web
pages and helping with the organization of paper distribution and review results,
and those of Berry van Halderen for both setting up the on-line paper submission
software and preparing papers for the proceedings.

We would like to thank the computer support groups, the FANWI faculty
of the University of Amsterdam, headed by Gert Poletiek, for the electronic
communication support, and SARA in Amsterdam, headed by Jaap Hollenberg,
for the distribution of the program and participation calls for HPCN 2000.

The organizers acknowledge the support of the DUTCH HPCN foundation,
and the help of the University of Amsterdam for making its facilities available
for this event.

March 2000 Marian Bubak
Hamideh Afsarmanesh
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A Problem Solving Environment Based on
Commodity Software

David Lancaster and J.S. Reeve

Electronics & Computer Science
University of Southampton, Southampton SO17 1BJ, U.K.
djl@ecs.soton.ac.uk

Abstract. Following the common use of of commodity hardware to
build clusters, we argue that commodity software should be harnessed in
a similar way to support Scientific and Engineering work. Problem Solv-
ing Environments (PSE) provide the arena where commodity software
technology can modernise the development and execution environment.
We describe a PSE prototype based on the standard software infrastruc-
ture of Java Beans and CORBA that illustrates this idea and provides
advanced PSE functionality at minimum effort for medium sized hetero-
geneus platforms.

1 Introduction

In recent years, scientists and engineers in poorly funded University departments
have realised that clusters of PC’s provide a cost-effective computing platform
for their computationally intensive needs. These clusters [il] are constructed from
cheap, off-the-shelf, commodity hardware components and usually run free op-
erating systems such as Linux.

The same forces that have led to the flood of cheap hardware components
have also led to the availability of cheap commodity software. It is natural to
propose that this software should also be harnessed towards the needs of aca-
demic scientists. G. Fox [d] has been a proponent of this idea and has identified
the software supporting distributed information systems as being most relevant.
In particular, the standardised software that supports web applications, such as
CORBAH), Java[] and XML[H, is widely available, often freely or for nominal
sums.

The proposed role for this commodity software is to modernise the software
environment within which scientists and engineers develop and execute applica-
tions. The typical software environment for scientific work has changed little over
many years, and often remains at the level of command line driven compilers
and debuggers. To compile and execute code, the detailed idiosyncracies of each
platform in a typically heterogeneus system must be recalled. Problem Solving
Environments (PSE’s) have been proposed [ as a more modern environment.
A PSE is a software environment that provides support for all stages in both
the development and execution of problem solving code. Some PSE’s provide
further functionality but the essential ingredients are:

M. Bubak et al. (Eds.): HPCN 2000, LNCS 1823, pp. 3-l 2000.
© Springer-Verlag Berlin Heidelberg 2000



4 D. Lancaster and J.S. Reeve

— Development: The PSE should follow modern software trends by being
modular and allowing graphical programming. The components or modules
perform well-defined computational functions relevant to the target field of
the PSE: for example in engineering they may be solvers of various kinds or
grid generators. The solution to a problem is achieved by composing diverse
components into a full application that addresses the problem. Composition,
which consists in wiring up the components may be done using graphical
programming which is widely used in commercial fields and is generally held
to improve programmer productivity. This approach enables novel ideas to
be tested by rapidly prototyping complex combinations of components.

— Execution: A distributed hardware system is assumed, and the the PSE
must be able to run each component (typically requiring substantial com-
putation) on remote machines in a transparent manner. The hardware envi-
ronment available to the users we have in mind is heterogeneous and there is
considerable scope for improvements in efficiency by scheduling components
to appropriately chosen machines. This is a time-consuming management
task, and one gain from using a PSE will be that it avoids the need for the
user to be concerned with details of the respective platforms. Infrastructure
supporting seamless computing of this kind is provided by various projects
such as Globus[] and Unicore[d].

In this paper we show how a basic PSE with these features can rapidly and
simply be put together using commodity software technologies: JavaBeans[f] and
CORBAJ]. JavaBeans enable the PSE to use sophisticated graphical tools for
development and CORBA addresses the requirements of transparently executing
code on heterogeneous platforms.

As befits a prototype system we emphasise simplicity of design. The PSE
is designed to use the commmodity layers in such a way as to minimize the
additional infrastructure code that must be written and should be regarded as an
experimental architecture. In this first step, we have tried to include all the basic
functionality but we have not been deeply concerned about the performance.
Even so we have incorporated some techniques, notably in data transfer and
non-blocking CORBA calls, in order to hide latency.

In the remaining sections of this paper we give a more detailed description of
the commodity software technologies, introduce the prototype PSE and explain
the roles that the software layers play in this PSE. The next section describes
the relevant features of JavaBeans and of CORBA before we proceed to a fuller
description of the PSE prototype architecture in section [l After a brief overview
of related work, the conclusion summarises our experiences and mentions some
of the directions for further research.

2 Commodity Software Technologies

The commodity technologies related to distributed computing that we have in
mind include CORBA, Microsoft’s DCOM, Java based software and proposals



A Problem Solving Environment Based on Commodity Software 5

put forward by the World Wide Web Consortium. It is not apparent which, if
any, of these will survive in the future. Nonetheless they do have common charac-
teristic features: they are cheap (often with free implementations), widely avail-
able and standardized. As a result of strong competition, implementations are
robust and of high quality. These are the features needed in designing new soft-
ware environments for Scientific/Engineering purposes. The resultant systems
are intended to combine the necessary perfomance needed for computationally
intensive applications with the rich functionality of commodity systems. In this
paper we emphasise the functionality, but in the conclusion we will return to
discuss the performance.

Our prototype PSE uses JavaBeans and CORBA. These are appropriate
for a prototype that is intended to be used with a heterogeneous collection of
medium sized machines such as PC clusters, small shared memory machines and
individual workstations that run a variety of operating systems. A more highly
featured PSE that was intended to be used with more substantial computing
resources would also need software layers that connect to queuing systems and
databases. To better organize the computational components and allow them to
be easily shared, a large PSE might also benefit from software standards such
as XML.

2.1 JavaBeans

JavaBeans are reusable software components that can be manipulated visually
in a Builder tool such as the Beanbox[H]. The beans are written in standard Java
but conform to certain naming patterns that the builder tool uses to discover
their properties.

Java beans fulfill the need for a sophisticated user interface that allows graph-
ical programming by connecting computational components. In the prototype
PSE, each bean represents a component that performs some computational func-
tion. The development stage of the PSE consists of selecting beans from a palette
and wiring them together in a builder tool in such a way as to compose the com-
putational components into an application that provides the means of solving
the problem at hand. An approach of this sort should be familiar to anyone who
has used tools such as AVS [iH].

A fully functional PSE would have its own visual tool that provides all the
builder functionality to wire up beans besides supporting the organisation of
the palette of beans, various pieces of run-time support along with help and
guidance tools. However, the aim of this work is to demonstrate how far one can
proceed without such proprietary development, and although commercial builder
tools may not provide all the functionality desired, they are interchangeable and
support the majority of usage scenarios.

2.2 CORBA

CORBA provides a framework for distributed computing. The features that
endear it to industry are that it is object oriented, that it is inter-operable across
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platforms and a variety of languages and that it is already a long-lived and well
supported standard [f]. To enable the interoperablity, interfaces are defined in a
language known as IDL and communication takes place transparently through
an ORB. There are many suppliers of ORB’s [ such as Sun who include an
ORB in their JDK1.2.

CORBA provides a platform independent way of distributing the computa-
tions performed by the PSE so as to take advantage of high performance ma-
chines and software implementations. The components, or computational mod-
ules of the PSE are presented to the user in the form of the JavaBeans described
above. These beans are only used to allow graphical composition, the actual
computational code is not written in Java as part of the bean, but is in some
other language (possibly legacy code) that resides on a different machine. The
Java beans are hollow and merely make CORBA calls to the computational code.

For a small PSE with few components, it might be possible to decide in
advance where each piece of computational code should run. Then, with the
help of the CORBA nameservice the appropriate machine could be selected at
runtime. In more sophisticated PSE’s a scheduler would be used to select a
machine to run the code depending on load and other factors.

3 Prototype

The discussion above should already have clarified the overall architecture of
our prototype and the roles of the JavaBeans and CORBA. Before proceeding to
describe the prototype in more detail, it may be worth being more explicit about
one aspect of the overall architecture: the control flow. The whole PSE is based
on a data flow model which is intuitive in this context and is made manifest
in the way that the beans are wired together in the builder tool. Indeed, the
information about the control flow has its origin in the act of wiring, and remains
encapsulated in the builder tool. As soon as one component has completed its
task and generated its data, control passes to the next bean which dispatches
a request to the CORBA object that implements the computational work of
the component. We emphasise this only to contrast it with the case where the
control flow information in the builder tool is first abstracted and passed to a
separate dispatcher (often combined with scheduler). Our choice of architecture
is made for simplicity and to minimize the additional software that has to be
written. It turns out that this architecture is extremely flexible and well adapted
for computational steering.

To illustrate the use of the PSE prototype and to make the following discus-
sion more concrete we have implemented some simple components that perform
operations to diagonalize a matrix. The method of diagonalization is standard
and described in [EAET]. Below we list and briefly describe these components.
Figure 1 shows how the components would typically be wired together in or-
der to solve a certain problem in solid state physics. However, one of the main
purposes of a PSE is that the components can be reused to solve other problems.
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— Hamiltonian Matrix: Generate a matrix. The matrix corresponds to the
Hamiltonian for a simple problem in solid state physics. It is symmetric and
has zeros on the diagonal.

— Random Diagonal: Add random terms to the diagonal. This corresponds
to a disordered medium in the solid state problem. The strength of the
random terms is a variable parameter.

— Householder: Turn a symmetric matrix into tridiagonal form using a house-
holder transformation.

— QL: Diagonalize a tridiagonal matrix using QL decomposition.

— Visualize: Display a matrix.

Hamiltonian
Matrix

Random
Diagonal

Householder

Pause

Visualise

Fig.1. Components wired in a Builder tool to diagonalize a matrix appearing
in a problem of disordered media. The function of each component is described
in the text. The direction of control flow is clockwise around the loop in this
example.

The beans representing these components have interfaces described in the
beaninfo class that prescribe how they can be wired together in the builder tool.
Besides listing any parameters, this class lists the type and form of the inputs and
outputs that the component expects. The JavaBean code is essentially limited
to desribing these interfaces and the CORBA client code needed to call the
computational module residing on a server. For this reason we call these beans
“hollow”. In order to avoid unnecessary data movement and thereby improve
performance, the form of the inputs/outputs are not explicit matrices, but are
CORBA references to data objects that contain the matrices.
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The CORBA part of the prototype development requires an IDL for the sys-
tem including the data objects for the matrices. This IDL is too long and detailed
to include in a paper but is availableon [itto: /7 cather . ecs. soton. ac. uk/Pok/Uocs .
The CORBA servers have evolved since the beginning of this project and now
provide facilities to manage the life-cycle of computational components.

We employ a performance enhancement that makes non-blocking CORBA
calls to hide latency following a standard CORBA technique. Consider for ex-
ample the Householder component which accepts a symmetric matrix and gen-
erates a tridiagonal matrix. When this bean starts to run, it first contacts the
scheduler which provides an object reference on some remote machine to the
computational class that implements the householder transformation. The bean
then uses this reference to submit the object reference of the symmetric matrix
data class and control then passes back to the bean which then waits. Mean-
while, the Householder object uses the matrix reference to transfer the matrix
data to its local address space and then proceeds with the computation, finally
creating a new matrix object in which to store the resulting tridiagonal matrix.
The object reference to this tridiagonal matrix object is returned to the bean
indicating completion of the job.

For the purposes of this work we implemented a scheduler that allows several
versions of each component to exist on different machines and selects which
one to use on request. This scheduler is dumb in the sense that the algorithm
for selection is extremely simple, being either random or based on prior user
choices. It does however provide the same kind of interface expected in a more
sophisticated version. CORBA initialization employs a nameserver which is used
to register servers that are started by hand on whatever remote machines are
available. The scheduler contacts the nameserver to obtain all the information
about which components are available on which machines.

The flow of control between one component and another takes place using the
standard bean event mechanism and PropertyChangeEvents trigger this flow.
For example, when the householder bean in the example above, obtains the
reference to the tridiagonal matrix object, it fires a PropertyChangeEvent that
is picked up by the next bean, in this case the QL bean, that has been wired to
listen for such events.

As shown in the example in figure 1, there is no need to avoid loops when
wiring the components. In this case there is no feedback of data up the loop,
merely control flow. We have shown an explicit pause component that delays
firing the PropertyChangeEvent and that allows the program to be controlled
directly from the builder tool. In the situation shown in the figure, a Hamilto-
nian matrix of given size is generated once, and then on subsequent traversals
of the loop different random terms are added to the diagonal and the result-
ing matrix is diagonalized. This corresponds to a typical need in the study of
disordered systems where many realizations of the disorder must be averaged.
A full implementation would contain components that perform the averaging
automatically.
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As befits a design based on CORBA, the prototype works on a wide variety
of platforms, and we have used both workstations and PC’s running various
flavours of UNIX and Windows NT. We have used this project to test several
ORBS with different functionality, including the JDK1.2 ORB, Orbacus[id] and
JacORB[E]. Because we needed support for JDK1.2 at the start of this project,
the user interface has been based on the beanbox builder tool. However, we
expect that the components we have developed can be used in any commercial
builder tool.

4 Related Work

Although work on PSE’s has been continuing for some years, before the recent
flood of commodity software technology these efforts tended to use proprietary
or specially developed infrastructure and have remained isolated.

The work closest to our own both in spirit and in use of commodity software
is Webflow. The Webflow PSE [[i] has a three tier architecture consisting of a
Webflow editor front end, CORBA middle layer and Globus back end. The com-
modity middle layer has replaced an special purpose layer in a previous version
of this tool. The main thrust of this work has been to allow meta-applications to
be created simply at a high level. The connection to the Globus back end enables
the PSE to target more substantial computational resources than our prototype.
This work is now being used in a major PSE project called the Gateway [E].

Other PSE projects that use commodity software technology include JACO3
which couples simulations with CORBA and Java [i3] and PSEware which pro-
vides a toolkit for building PSE’s [E].

5 Conclusion

We have demonstrated the ease with which commodity software technologies
can be harnessed to provide advanced problem solving environments targeted for
Scientists and Engineers. Our prototype is a proof-of-concept of this approach
adapted for medium sized heterogeneous platforms.

As a first step, our demonstration has concentrated on providing the neces-
sary functionality but the main challenge remains to obtain good performance
out of systems built from commodity software. This challenge should not be
confused with the difficulties in obtaining good performance from any PSE: in
general there is a tradeoff between perfomance and flexibility and PSE’s are
certainly intended to be more flexible than the old-fashioned environment. The
difficulty arises in deciding the level of granularity of the components: if the com-
ponents are large, they will tend to be efficient but inflexible and vice versa. In
the prototype we have described, CORBA is used to allow each computational
component to be implemented in whatever language is appropriate (Fortran can
be accomodated even though it has no CORBA binding [F]) and is thus ex-
pected to be efficient. The performance problems with commodity based PSE’s
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arise from communication between distributed objects. Work in this area, in-
cluding high-performance CORBA implementations and comparisons between
ORB’s may be found in [Z1]. We have not provided any performance figures for
the example included in the prototype because it was intended for illustrative
purposes and is not an appropriate benchmark.

With the takeup of commodity software in this area, the range of possible
PSE architecures is becoming more restricted so we may expect some conver-
gence leading to the possibility of standardisation. Most useful would be stan-
dardisation of the form of the components, and work in this area is already in
progress [E].

We also mention the improvements that would make this prototype PSE
a more useful and robust tool. To allow the freer import and sharing of new
components they should be described in some language such as XML along
with tools that use this description to automatically create most of the bean
and beaninfo code as well as providing a skeleton for the computational part of
the code []. The other major area for improvement is in the scheduler, which
should monitor load and provide a more sophisticated selection algorithm.
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Abstract. In this paper, we present a new parallel programming en-
vironment, which is called DOVE(Distributed Object-oriented Virtual
computing Environment), based on distributed object model. A parallel
program is built as a collection of concurrent and autonomous objects
interacting with one another via method invocation. It appears to a user
logically as a single virtual computer for a set of heterogeneous hosts
connected by a network as if objects in remote site reside in one vir-
tual computer. The main goal of DOVE is to provide users with easy-
to-use programming environment while supporting efficient parallelisms
encapsulated and distributed among objects. Efficient parallelisms are
supported by various types of method invocation and multiple method
invocation to the object group. For the performance evaluation purpose
of DOVE, we have developed two parallel applications both on DOVE
and PVM. Our experiment shows that DOVE has better performance
than PVM and provides an efficient and easy-to-use parallel program-
ming environment for a set of heterogeneous and clustered computers.

1 Introduction

During the last decade, increases in computing power of individual machines
and advances in high-speed computer networks make clustered computer more
attractive and considerable trend in high performance computing paradigm[I].
Currently, various programming environments have been developed for clustered
computing environments. Most of the parallel programming environments for
clustered computing are based on distributed shared memory model and message
passing model.

Recently, distributed object models such as OMG CORBA[2], JAVA /RMI 3]
and DCOMJ4] have been introduced to tackle the problems inherent in dis-
tributed computing on a heterogeneous environment. Distributed object model
consists of objects which interact via method invocation, while message passing

* This work has been supported by KISTEP and KOSEF under contract 99-NF-03-
07-A-01 and 981-0926-141-2.
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model consists of processes which communicate with each other via message pass-
ing. Distributed object model has several benefits over message passing model.
It provides an easy programming environment by supporting transparency of
distributed objects, plug and play of software as well as the advantages of ob-
ject oriented programming such as reusability, extensibility, and maintainability
through abstraction, encapsulation and inheritance. However, it lacks some func-
tionalities for parallel applications, since they are based on client-server model.

In this paper, we present a new parallel programming environment, which
is called DOVE(Distributed Object-oriented Virtual computing Environment),
for clustered computing based on a distributed object model. The main goal
of DOVE is to provide users with easy-to-use programming environment while
supporting efficient parallelisms encapsulated and distributed among objects. An
easy-to-use and transparent parallel programming environment is provided by
heterogeneity achieved through automatic data marshalling and unmarshalling,
stub and skeleton objects generated automatically by DOVE IDL compiler, and
object life management and naming service offered by object manager. Thus,
in DOVE, the code of a parallel program has little difference with the sequen-
tial one. For the performance evaluation purpose of DOVE, we have developed
two parallel programs with applications to ray-tracing and genetic simulated
annealing respectively both on DOVE and PVM.

The outline of our paper is as follows: In section 2, we describe previous
works which are related to our work. In section 3, we present the details of
DOVE object model, and in section 4, describe object manager. In section 5 and
6, we present an architecture of DOVE run-time system and its implementation
respectively. In section 7, we present a performance comparison with PVM for
two applications. Finally, a conclusion will be given in section 8.

2 Related Work

In this section, we describe several parallel programming environments for clus-
tered computing which are related to our work. MPI[5] is a single standard
programming interface mainly designed for developing high performance par-
allel applications with emphasis on a variety of communication patterns and
communication topology. However, MPI lacks in functionalities such as process
control, resource management and fault-tolerance. PVMJ6] is one of the most
widely used distributed and parallel computing systems based on the message
passing model, and connects together separate physical machines into a virtual
computer by providing process control, simple message passing and packing con-
structs and dynamic process group management. In PVM, a daemon process,
which runs on each host of a virtual machine, is used not only as process con-
troller but also message router, which may result in communication bottleneck
as all tasks heavily depend on daemon processes.

Legion[7] is an architecture based on a distributed object model, and de-
signed to build system service which provides a virtual machine using shared
object, shared name space, fault-tolerance. Legion uses data flow model as par-



14 Hyeong Do Kim, So-Hyun Ryu, and Chang Sung Jeong

Distriobject chiect & : Cistribwted object B

Implementation
object B

Intertzca U
ohject 'R A execute
Intertace |
bgert .
r)i;lé’{ +
ity Stut r
et A B
------------------- Simlaton 4 [

ohject &
3 LS z 3
¥ T '} T

Dove system

En;nrturaal . e eeme maw;serj Objece
Ironment
- -

Fig.1. DOVE Object Model.

allel computation model, and parallelisms are implicitly supported by the un-
derlying runtime system. However, management of data dependency graph for
every invocation as well as scheduling nodes of the graph may incur additional
computation overhead, and no support for object group may cause communi-
cation inefficiency. CORBA[2] is a vendor-independent standard which aims at
interoperability and portability of distributed applications. CORBA defines a
distributed object model for accessing distributed objects. It includes an Inter-
face Description Language, and a specification for the functionality of run-time
systems that enable access to objects. But CORBA is based on client-server
model rather than a parallel computing model, and hence it is not adequate to
provide a parallel programming environment. It does not support group oper-
ations, and has some difficulties in implementing efficient parallelisms by using
asynchronous communications.

3 DOVE Object Model

DOVE is based on distributed object model which consists of several distributed
objects interacting with each other using method invocation mechanism. Dis-
tributed object is divided into interface object and implementation object. (See
figure[l) The interface object is distributed to applications which are to use the
distributed object, and it provides interaction point to its corresponding imple-
mentation object. Users can issue a method invocation to the distributed object
by invoking the method of its interface object, a local representative of the dis-
tributed object. Method invocation to the interface object is converted to the
invocation message by stub object, and sent to the corresponding implementation
object by DOVE run-time system. On the opposite side, the receiver’s run-time
system unmarshals the invocation message, and invokes the appropriate method
of the target implementation object through skeleton object. A reply message is
sent from the implementation object back to the interface object, and returned
like a normal function call. This mechanism, which is called remote method in-
vocation(RMI), allows transparent access to the object irrespective of whether
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it resides in local or remote site. In DOVE, distributed object behaves either
as client or server to interact with other distributed objects. In other words,
it executes the implementation object for incoming RMI requests, while during
the execution of the implementation object, it generates a remote invocation to
the other distributed object using the interface object as a client. In DOVE,
object manager exists per host and it provides a set of indispensable services,
such as object creation, deletion and naming services, to build a transparent and
easy-to-use clustered computing environment. A set of object managers consti-
tutes a single object group which determines the domain of the virtual parallel
environment that might encompass a huge number of machines and networks.

3.1 Remote Method Invocation

DOVE provides three kinds of RMI to support various synchronization modes
during data exchange between remote objects: synchronous, deferred synchronous
and asynchronous RMIs. In synchronous RMI, sender is blocked until the corre-
sponding reply is arrived. In deferred synchronous call, the sender can do other
work immediately without awaiting the reply of the RMI, but later at some
point must wait for the reply in order to use the return values. In asynchronous
RMI, the sender can proceed without awaiting the reply similarly as in deferred
synchronous one, but the corresponding upcall method is invoked on the arrival
of its reply. These communication types are not the new ones, and often used to
acquire high performance in distributed system.

In DOVE, these types of RMI are provided with more ease and intuitive
way. Synchronous RMI has no constraint on its return type, and is identical to
the general method invocation to local object. With deferred synchronous and
asynchronous call, their return type is void. A value of type Waiter is returned
for both of them, and used for synchronization between two threads one of
which issues the RMI, and the other returns its reply respectively. In deferred
synchronous RMI, sender uses the value of type Waiter to wait for the arrival
of the corresponding reply. In asynchronous mode, an upcall method, specified
when a RMI is issued, is invoked using a new thread generated automatically on
the arrival of its reply. In this case, the value of type Waiter is used for waiting
for the end of upcall method, not for the arrival of the reply.

3.2 Object Group

In distributed system, group communication pattern is often used, since it pro-
vides simple and powerful abstraction. In DOVE, group communication mech-
anism is supported by introducing a new construct, object group, as means of
grouping objects and naming them as one unit for RMIs. An interface object
can be bound to its corresponding object group, and a RMI issued on the in-
terface object is transparently multicast to each implementation object in the
group. Interface object to the object group has the same interfaces as the one
to the single object, and provides an interaction point with multiple objects in
the object group so that user treats it just like a single object. Therefore, the
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concept of object group allows users to do more simple programming, and to
have chance to get better performance if the underlying communication layer
supports multicasting facilities.

An object group can be created at any time by creating its interface object
with GROUP flag. It is identified by its user-defined name and class name of the
interface object. It is implicitly deleted according to their life time policy which
is specified when the group is created. Distributed objects may join or leave
their groups at any time by issuing join() or leave() methods on the interface
object that is bound to the group. Each object group may consist of objects with
different type, but should have one common type from which they are inherited,
and only the methods inherited from the common type can be invoked.

3.3 Multiple Method Invocation

A remote method invocation issued to an object group, called multiple method
invocation(MMI), is transparently multicast to each object in the object group.
Since the MMI to the object group may return one reply message per each mem-
ber object in the group, the user needs to decide what replies to select from them.
In DOVE, three types of MMI are supported: multicast/select, multicast/gather
and scatter/gather. Multicast/select invocation is returned with only one reply
which is obtained by applying operations such as minimum, maximum, and sum
to the replies of objects in the group. Multicast/select and multicast/gather in-
vocations multicast the same request to each member in the object group, while
scatter/gather invocation multicasts the different requests to each member by
storing them in sequences. Each sequence is an array of variable size. Both of
multicast/gather and scatter/gather MMIs are returned with sequences which
store each reply from the members in the object group. These MMIs can be also
invoked in synchronous, deferred synchronous and asynchronous modes.

4 DOVE Object Manager

In order to provide users with a consistent and uniform view of the distributed
clustered system, we need to provide additional services which can supports
distribution transparencies. For these purpose, we design a special distributed
object which is called object manager. Object manager is responsible for ob-
ject life control such as creation, location and deletion of objects on its local
host, naming service for binding object name to its physical address and event
propagation to other object managers.

4.1 Object Life Management

Object is created as a process either by a user at console or by an object man-
ager on its local machine. When an interface object is newly created, its local
object manager creates its corresponding implementation object on a remote
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site by cooperating with the other object manager at the remote site. After the
implementation object is created, it is connected to the interface object.

An object is created with three different life time: transient, fized and per-
manent. A distributed object with transient life time automatically deletes itself
after its creator has been disconnected from it. This mechanism efficiently keeps
the system resource from being wasted by unused objects without any additional
overhead. An independent and long-term object such as an object manager can
be created with fixed or permanent life time. The life time of the object group
is similar to that of object. A transient group is deleted when it is empty.

4.2 Name Service

An object may have a name given by user, i.e. an alias represented by user-
defined string when it is created. It is much easier and more user friendly to use
an alias for object instead of its physical address. A name of the implementa-
tion object may be specified at the creation of the interface object. Then, the
interface object is connected to the implementation object with the name imme-
diately if it already exists; otherwise, after the implementation object with the
name is created by object manager. Internally, the object reference is obtained
from the name service of object manager, and used to connect to the existing
implementation object. Naming service makes remote objects appear to users as
the ones in one virtual computer by encapsulating binding operations from users,
and hence provides an easy-to-use programming environment. Each object has
its local cache to store binding information about its currently accessing objects,
and first consult its local cache for binding information. If it fails, it requests
the binding information to its local object manager. If the object manager does
not contain the binding information, it multicasts the requests for the binding
information to the object manager group. This kind of hierarchical naming ser-
vice where the binding information is distributed in the local cache, local object
manager and remote object managers, makes DOVE scalable.

5 DOVE Run-Time System

DOVE system is built as a multilayered architecture to provide the system mod-
ularity and extensibility as shown in figure[2. It fully supports various synchro-
nization mechanisms and object group for RMI and MMI as well as heterogeneity
through automatic marshalling and unmarshalling. The brief description of each
layer is given below.

Application Layer: Application layer contains a user program which interacts
with DOVE through stub and skeleton objects. Distributed objects are defined
using Interface Description Language(IDL). An IDL compiler is developed to
automatically generate codes for stub and skeleton objects, which include codes
for marshal and unmarshal methods. User can make use of different interfaces for
the same operation to support diverse RMIs and MMIs. The calling semantics
of method invocations are determined by their parameters. A method invoked



18 Hyeong Do Kim, So-Hyun Ryu, and Chang Sung Jeong

Do objact Diowe objact
users

Implamantation Impaman Eatian
¢ abject s abject applicatian
Skadeton Stub Shaleban Stubs layer
abject abject aiect abject
T T T T

r“etnu: :Invn-camr

Meswage pdsalru .
layes
. JIT

T
M Communication layer

—
———— |

Operating Syshem

Communicatien netwark

Fig. 2. Multi-layered Architecture of DOVE System.

through stub object is marshalled into an invocation structure which is then
passed to method invocation layer.

Method Invocation Layer: Method invocation layer has a responsibility to
provide the application layer with functionalities of the various types of RMIs
in more ease and intuitive way. It marshals each invocation structure into an
invocation message, and then passes it to a message passing layer after storing
the calling semantic of the RMI into an invocation table to support various
synchronization schemes. When the method invocation layer receives a reply
message, it unmarshals the message and then performs proper actions such as
signaling to the application layer or creating a new thread for execution of the
upcall method, according to the semantic of the RMI.

Message Passing Layer: Message passing layer carries out object name bind-
ing to physical address, and delivers messages to distributed object using one of
the underlying communication layers. Each communication layer can be imple-
mented using any distributed protocol which makes use of different interfaces
and naming schemes. The main purpose of message passing layer is to encap-
sulate method invocation layer from communication layer, and to provide the
method invocation layer with uniform interfaces for message delivery and object
group membership. Also, the message passing layer stores information about
group membership, and takes care of MMI to the object group by using multi-
casting function if the communication layer supports it; otherwise by iterative
execution of unicast function in the communication layer.

Communication Layer: In order to achieve the full functionality of DOVE
system, the communication layer should be equipped with reliable unicast, re-
liable multicast and process group management. The minimal requirement for
communication layer is reliable unicast likes TCP/IP. Currently, DOVE has in-
stalled two communication layers, one for reliable unicast using TCP/IP and
another for reliable and ordered group communication using IP multicast.
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6 DOVE Implementation

DOVE is implemented in C++ class library with a set of interfaces which are
independent on the underlying platform including operating system and commu-
nication system. Each layer of DOVE system is implemented as an independent
class with its own thread of control, and interacts with other layers through uni-
form and invariable interfaces in the library. An IDL compiler is also designed
and implemented so that by compiling IDL, stub and skeleton objects are au-
tomatically generated in C++ codes using the DOVE class library. Currently,
DOVE system is installed and tested on Microsoft’s Windows N'T /98 platform,
and various types of Unix machine including Solaris, Irix and Linux.

7 Evaluation

For the performance evaluation purpose of DOVE, we have developed two par-
allel applications: ray-tracing and genetic simulated annealing. They are imple-
mented both on DOVE and PVM, and the experimental environment consists
of 17 heterogeneous machines, two Ultrasparcl, two SGI 02, a SGI Octane, 9
Pentium II PCs running Linux and three Pentium II PCs running Windows
NT/98 connected by 100Mbps ethernet. Since each machine has different com-
puting powers, we have measured the relative performance with respect to Linux
machine by comparing the execution time of the identical sequential program
on each machine. Then, the expected speed up is computed as a sum of each
relative performance of the participating machines. The efficiency of the parallel
program is defined as the ratio of the actual speed up to the expected speed up.

7.1 Parallel Ray-Tracing

Ray tracing[8] is a simple and powerful technique for rendering realistic images
by tracing all the rays from eye through each pixel in the view plane. Since
it requires high computation time for the calculation of intersections between
rays and objects as well as the tracing of all the reflected and refracted rays,
it has been considered as an adequate application for parallel computation. A
parallel ray-tracing software is designed in master/slave scheme where one master
task manager object interacts with ray tracer objects. Master/slave paradigm
suits well in the clustered computing environment, since its dynamic nature of
job scheduling can reduce the unbalance of computational power among the
heterogeneous machines. Further, the task parallelism in master/slave scheme
is very similar to the object parallelism in DOVE. One master task manager
object is running on a Ultrasparcl workstation for job distribution, and each
of ray tracer objects on the other machine. Task manager object schedules the
assignment of pixels to ray tracer objects which in turn calculate the value of
each pixel. The relative performance of the machines obtained by executing the
identical sequential ray-tracing program is shown in table [[1 Table [ shows the
execution time, speed up and efficiency of ray-tracing according to the number
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Table 1. Measurement of Relative Performance for Ray-Tracing.

machines ]\/[1 M2 ]\/[3 ]\/[4 M5 M6 ]\/[7
oS Linux ‘Win98 Win98 | WinNT [ Solaris2.5 |IRIX6.3| IRIX6.5
(spec.) (PII-300) | (PII-300)|(PII-366) | (PII-300) | (USparcl)| (O2) [(Octane)
running time| 427.475 | 312.460 | 253.670 | 307.602 | 858.340 |781.636| 466.224

relative perf. 1.0 1.368 1.685 1.390 0.498 0.547 0.917

Table 2. Performance Results of Parallel Ray-Tracing (Parenthesis in number
of ray tracers represents a machine used for running an additional ray tracer
object.)

number of ray tracers 1(]\/{1) 2(M1) 4(M3,5) 8(1\/{1,1,4’6) 12(M1,2,6,7) 16(1\/{1,1,1.’1)
expected speedup 1.0 2.0 4.183 8.120 11.952 15.952
time(sec) [427.475[217.300[104.298] 54.935 37.790 29.630
DOVE speedup 1.0 1.967 | 4.099 7.781 11.312 14.931

efficiency (%) | 100.0 [ 98.36 | 97.98 95.83 94.64 93.6

time(sec) [427.475|227.622|107.803] 56.217 38.566 29.336
PVM speedup 1.0 1.878 | 3.965 7.604 11.084 14.572
efficiency (%) | 100.0 |[93.900 | 94.796 93.646 92.740 91.347

of ray tracers. As the number of ray tracer increases, DOVE shows an almost
linear speedup and better performance than PVM. This results from the fact that
in DOVE, computation and communication between objects can be efficiently
overlapped using asynchronous RMI, and that DOVE executes RMIs directly to
the object, while in PVM all messages from different processes are routed through
daemon process which runs in each host, producing overhead in daemon process.

7.2 Parallel Genetic Simulated Annealing

GSA(Genetic Simulated Annealing)[9] is a hybrid method which exploits the
genetic algorithm and the local selection strategy of simulated annealing. This
approach eliminates the processing bottleneck of global selection by making the
selection decisions locally.

A parallel implementation of GSA for TSP(Traveling Salesman Problem)
is built both on DOVE and PVM. TSP is to find a path touring all of the
cities, visiting each exactly once, and returning to the originating city, such
that the total distance traveled is minimized. For the experiment of parallel
GSA solver, 52 cities with optimal path of 7544.37 distance is used, total 240
solutions are maintained, and 5000 iterations are made. Initially, the solutions
are evenly and statically distributed over GSA solver objects. At every iteration
step of GSA, each GSA solver object takes a solution from other object, and
executes crossover and mutate operations on the two solutions, one from itself
and the other from the different object, to generate new solutions. Among the
solutions, one solution is selected using the simulated annealing algorithm at
each of GSA solvers. Table 3 shows the experimental performance of parallel
GSA solver built both on DOVE and PVM. Since each of parallel GSA solvers
exchanges its current solution at every iteration, both of DOVE and PVM show
performance degradation as the number of machines increases. However, DOVE
shows better speed up than PVM as the number of machines increases.
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Table 3. Performance Results of Parallel GSA.

number of machines 1 2 4 8
expected speedup 1.0 2.0 4.0 8.0
time (sec) [1318.050[679.740[364.763(207.497
DOVE| speedup 1.0 1.939 | 3.613 | 6.352

efficiency (%)| 100.0 96.95 | 90.34 | 79.40
time (sec) [1318.050[687.918]386.072{264.043

PVM speedup 1.0 1.916 | 3.414 | 5.357

efficiency (%)[ 100.0 95.80 | 85.35 | 66.96

8 Conclusion

In this paper, we have presented a new object-oriented parallel computing envi-
ronment called DOVE which is based on a distributed object model, and designed
to provide a easy-to-use programming environment for clustered or networked
parallel computer. Efficient parallelism is supported by diverse RMI, MMI for
object group and multi-layered architecture of DOVE system. An easy-to-use
transparent programming environment is provided by stub and skeleton objects
generated by DOVE IDL compiler, and object management and naming service
offered by object manager.

Currently, DOVE is implemented in C++ class library, and user can develop
a parallel or distributed applications on a heterogeneous environment using the
class libraries as if he resides in one virtual computer. With DOVE, user can eas-
ily build a parallel program as a collection of distributed objects over networks.
Thus, the code of parallel program has little difference with the sequential one.
For the experiment of DOVE, two parallel softwares for ray tracing and genetic
simulated annealing have been developed for both of DOVE and PVM, and it
is shown that DOVE has better performance than PVM.
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Abstract. An intercontinental network of supercomputers spanning
more than 10000 miles and running challenging scientific applications
was realized at the Supercomputing’99 (SC’99) conference in Portland,
Oregon, USA using PACX-MPI and ATM PVCs. In this paper, we de-
scribe how we constructed the heterogeneous cluster of supercomput-
ers, the problems we confronted in terms of multi-architecture and the
way several applications handled the specific requirements of a metacom-
puter.

1 Overview of the SC99 Global Network

During Supercomputing’99 a network connection was set up that connected sys-
tems in Europe, the US and Japan. For the experiments described in this paper
4 supercomputers were linked together.

Table 1. Bandwidth and Latency of the Network Connections between the
Different Sites.

latency| bandwidth
HLRS-CSAR| 20ms| 0.8 MBit/s
HLRS-PSC 78ms|1.6 MBit /s
CSAR-PSC 58ms|0.5 MBIt /s

— A Hitachi SR8000 at Tsukuba/Japan with 512 processors (64 nodes)
— A Cray T3E-900/512 at Pittsburgh/USA with 512 processors

— A Cray T3E-1200/576 at Manchester /UK with 576 processors

— A Cray T3E-900/512 at Stuttgart/Germany with 512 processors

Together this virtual supercomputer had a peak performance of roughly 2.1
Teraflops. The network was based on

M. Bubak et al. (Eds.): HPCN 2000, LNCS 1823, pp. 22-[31, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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— National high speed networks in each partner country

— The European high speed research network TEN-155

— A transatlantic ATM connection between the German Research Network
(DFN) and the US research network Abilene

— A transpacific ATM research network (TransPAC) that was connecting
Japanese research networks to STAR-TAP at Chicago
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Fig. 1. Network Configuration as Set Up During Superomputing’99.

Details of the network configuration can be seen in figure [l Using ATM,
PVCs were set up with a bandwidth of 10 MBit/s in the European networks.
On all other connections bandwidth was shared with other users. The sustained
bandwidth as well as the latency is described in table [

2 Problems of Multi-architecture

Heterogeneous metacomputing introduces some problems that are similar to
those well known from cluster computing and some that are very specific [2].
The most important ones are

Different data representation on each system

Different processor speed of each system

— Different communication speed for internal messages of each system
Different communication speed of messages internal to a system and mes-
sages between systems

Lack of a common file system

Lack of resource management
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The problem of load imbalance due to different processor speed has to be
tackled on the application level. So far there is no standard way for an application
to determine the speed of a processor. And especially with respect to a given
application it is difficult to get information about the sustained performance.
An approach that is currently investigated is to start the application with a
standard distribution. The application would then collect information about the
amount of load imbalance. Based on these data and on the characteristics of the
network connection the application would then decide how much effort should
be spent to redistribute the load.

Such an approach, however, is based on the assumption that the basic param-
eters (processor load, network speed, application load) remain constant. Allow-
ing these parameters to vary—such as is necessary if working in a non-dedicated
environment or using adaptive methods—will further complicate the problem.

The problem of scheduling of resources is an issue of scientific research. For
metacomputing it is necessary to make sure that resources are available concur-
rently. That means that the scheduling of several systems and of networks would
have to be coordinated. So far there is no working approach that would allow
this. Until this problem is resolved scheduling will be a task of the user and will
not be automatic.

The problem of distributed file systems was not tackled in our approach. We
assumed that data would be in place whenever necessary.

All other problems relate mainly to communication and have to be tackled
by the message passing library that is used. To specially focus on the problems
of metacomputing HLRS has developed an MPI library called PACX-MPI [13]
that allows to couple big systems into a single resource from the communication
point of view. Based on the experience of several other projects the library relies
on three main concepts:

— Single MPI.COMM_WORLD for an application: When starting an appli-
cation with PACX-MPI a local MPI_.COMM_WORLD is created on each
system in the metacomputer. These are combined by PACX_MPI to form a
single MPI_.COMM_WORLD.

— Usage of communication daemons: On each system in the metacomputer two
daemons take care of communication between systems. This allows bundling
of communication and to avoid having thousands of open connections be-
tween processes. In addition it allows handling of security issues centrally.

— Splitting of internal and external communication: For all internal commu-
nication PACX-MPI makes use of the native library of the system. It only
implements communication for external messages—i.e. messages that have
to be sent between systems. This has the advantage that optimized com-
munication inside a system can be combined with portable communication
protocols between systems.

In figure 2 global numbering denotes the global MPI_.COMM_WORLD while
local numbering corresponds to the local communicators. Processes 0 and 1 on
each system are acting as daemons for external communication.
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Fig. 2. Basic Concept of PACX-MPI. Two systems integrated into one single
MPI_COMM_WORLD.

3 Use of Experimental Data

In this section we describe a novel use of metacomputing, namely the processing
of data from an experimental facility (in this case the Jodrell Bank radio tele-
scope). This presents particular and severe challenges to our metacomputer since
the distribution of the data around the metacomputer makes severe demands on
the intercontinental bandwidth. This experiment involved coupling of the three
T3E machines only.

3.1 The Jodrell Bank De-dispersion Pulsar Search Code[6]

The application involved the search for pulsars in the radio signal from a globular
cluster. The observed radio signal from pulsars manifests itself at the telescope
as a periodic increase in broadband radio noise. It order to observe the pulse
with a high signal to noise ratio we need to observe across a wide band of radio
frequencies. As the space between the earth and the pulsar (the interstellar
medium) is slightly charged it is dispersive and therefore different frequencies
propagate at different velocities. To reconstruct the pulsar signal it is necessary
to first determine the relationship between a given radio frequency and the time
lag in the arrival of the pulse (called the dispersion measure DM) and then use
this to reconstruct the signal. Since a globular cluster is a compact object, the
DM will be approximately constant for all pulsars in the cluster and this is an
effective method of searching.

3.2 Implementation on the Metacomputer

Data Handling and Transmission. The total data from a continuous sequence
of measurements from the telescope is first broken up into lengths which have
to be of length at least twice as long as the dispersive delay time across the
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observing bandwidth. Each length is then subjected to a Fourier transform and
multiplied by the Fourier transform of the inverse filter. The resultant data
length is then transformed back into the time domain and processed to produce
a de-dispersed time series. The next length is then processed, and the resultant
series are then concatenated together. In practical terms the input data-set only
has to be forward transformed once, but has to transformed back into the time
domain as many times as we have trial DMs.

This process defines the challenge for the metacomputer. If the data is read
onto one T3E (in this case at Manchester) then subsets of the data have to be sent
to the remote T3Es via a connection that is two orders of magnitude slower than
the inter-processor connection within a T3E. This might seem to invalidate the
whole metacomputing concept, however the requirement that many trial DMs
be applied to each chunk of data means that we can peform sufficient processing
on the remote machines to cover the cost of data transmission. Moreover since
our ultimate goal is real-time processing of experimental data (i.e. processing
directly after the observations via network links to a large computing facility)
we would find that the remote host has far more processing power than the
machines onto which the data is initially read. In this context it is important
that we operate with subsets of the observations, so that the FFT processing
can be applied to such chunks independently and the remote machines can begin
processing as soon as they receive a chunk of data that is suffiently large to satisfy
the constraint imposed by the maximum dispersive delay time.

In the SC99 experiment the data was preloaded onto the Manchester T3E.
PACX-MPI does not have automatic startup on Cray-T3E systems since only
one user process is permitted per Application PE, thus spawning processes is
not possible. The three T3Es were therefore started manually together, however
the data was not preloaded on the remote T3Es since the transmission of data
is essential to this application.

Work Distribution Model. The original intention was to adopt a master-slave
model in which one (or more) master processes read the disk and distribute work
to slave processes. This approach is highly attractive because it naturally fur-
nishes an effective method of load-balancing. The main drawback is that, in the
absence of complicated and time-consuming preventative steps, no one processor
would get two contiguous chunks of the global timeseries, thus the occurence of
gaps between work units would be maximized, a fact which would detract from
the integrity of the results. Instead we adopted a client-server model. A handful
of server nodes poll for requests for data from clients, and the bulk of intelligence
resides with the clients who do the actual work. By allocating a single, contigu-
ous portion of the global data set to each worker, gaps occur only a processor
boundary, just as in the original code. By letting each processor keep track of
where it is up to in the global data set, the impact on the logic and structure
of the code is minimized. The disadvantage of the client-server model adopted
here is that we are compelled to tackle the load-balancing problem statically,
taking into account estimates of the MPI bandwidth, processor speed, disk per-
formance and so on. The algorithm used is described below in general terms



The Problems and the Solutions of the Metacomputing Experiment in SC99 27

to permit the analysis to be extended to metacomputing clusters of differing
numbers and types of host machines.

Static Load Balancing Algorithm. Let N be the number of hosts, and let n; be the
number of client processors to use on host ¢, discounting the extra 2 processors
required by PACX-MPI and those processors on host 1 which have been assigned
to server duties. Denote the bandwidth, in megabytes/sec, from host 1 (where
the input data resides) to host i by bw;. The rate, in megabytes/sec at which
data can be read from disk on host 1 is denoted by r; it is assumed that this rate
is approximately independent of the number of processors accessing the disk at
any one time.

The size of one record is denoted by w. The computational time required to
process one record of data on host 1 is determined experimentally and denoted
by t-. The time to process the same quantity of data on other hosts is estimated
by multiplying ¢, by the ratio perf (1).: perf (i) where perf (¢) is the peak speed
in Mflops of the processors on host [l This approximation is justified in a ho-
mogeneous metacomputer, but is likely to overestimate (underestimate) slightly
the compute time on processors slower (faster) than those of host 1.

The amount of processing per record can be determined by the parameter
Nglopes (€ach dispersion measure gives a slope on a time-lag versus frequency
plot). ¢, is now to be re-interpreted as the average compute time per record per
unit slope in the regime where ngjopes is large enough that the compute time per
megabyte can be well approximated by ¢, x nslopes

Any job will process a total of v records. The load balancing problem is to
determine the proportion vy : ... : v, vazl v; = v in which to distribute
data to the hosts.

The elapsed wall-clock time t; to process v; records on host 7 is estimated
by: t; = vitproc (1) /Mi + Nitwait (1) Where tywair (1) = (w/bw; +w/r) is the time
that a client processor has to wait for a single work unit, and
tproc (1) = Msiopest-perf (1)/perf (i) is the time that it takes the client to process
it. The first term in the expression for ¢; is the time required computation. The
second term is essentially twice the start up time, i.e. the time elapsed until all
processors on the host have received their first work unit.

This term will be dominated by communications bandwidth on remote hosts
and by disk access speed on the local host. A similar cost is paid at the end (run-
down time) as some processors will finish their allocated work before others.

The condition used to balance the work load is that all hosts finish at the
same time. t; = t3 = ... = ty Using these equations leads to a linear system
with N + 1 equations and N + 1 unknowns (v1, ..., vp, t).

! This assumes that all the processors on any given host are clocked at the same speed,
as was the case in the SC99 demonstrations.

2 The forward FFT’s are computed only once, but the inverse FFT’s must be computed
for each slope.
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Here a; = (t;perf (1))/(n;perf (¢)) and b; = n;w (w/bw; + w/r) The validity
of this method depends on the implicit assumption that no client processor
experiences dead time waiting for other clients to receive their data. A global
condition which expresses this is the inequality ¢; > v; (w/bw; +w/r). More
carefully, we may define tejse (1) = (n; — 1) twait (¢) as the time that it takes all the
other processors on host i to receive their work units. Then the dead time t4eaq (%)
that is lost between work units is expressed like this : tgead (4) = feise (¢) —tproc (7)
for teise (1) > tproc (2) Or €lse tgeaa (i) = 0. Fig. Bl shows the time relationship of
time to request/transfer/process data and data flow. The processors have dead
time to wait for the next record in case 1 because ngopes 1S too small. In case
2, nglopes is sufficiently large so that processors spend sufficiently long on one
record of data so that the next record can be supplied with no dead time. A

Case 1

data flow
Processor 1
Processor 2

Processor Np
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Fig. 3. Data Flow. In case 1, processors have dead time to wait for the next
processing. In case 2, processors carry out the successive work quickly without
dead time.

drawback of this approach, when coupled with the FIFO processing of requests
by servers, is that in practice the run down time is usually longer than the start
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up time. Typically there will be some clients on a given host with one more
work unit than other clients on the same host, but there is no guarantee that
the more heavily loaded clients will be served before the others. Consequently,
some clients may start their last work unit before other clients have receive their
second last one. These end effects can be expected to be more pronounced when
the number of records per client is small, or equivalently, when the start up
time is comparable to the total elapsed time. Indeed, this was confirmed in the
metacomputing experiments at SC99; the estimates of elapsed time in longer
runs with 10 or so records per client were entirely acceptable.

4 Computational Fluid Dynamics

Another application used during sc99 was a CFD-code called URANUS (Up-
wind Algorithm for Nonequilibrium Flows of the University of Stuttgart) [4].
This program has been developed to simulate the reentry phase of a space ve-
hicle in a wide altitude velocity range. The reason why URANUS was tested in
such a metacomputing environment is, that the nonequilibrium part has been
finished and will be parallelized soon. For this version of URANUS, the memory
requirements for a large configuration exceeds the total memory which can be
provided by a single machine today.

URANUS consists mainly of three parts. The first part (preprocessing) reads
the input data and distributes all information to the application nodes. Since the
code handles different blocks in the mesh, we could distribute in an ideal case
each block on a machine. Thus, the preprocessing step remained local on each
host B. The second part is the processing part. For the single block code, different
strategies were developed to hide latency [4] , but these methods were not yet
adopted to the multiblock code. Finally, the third part is the postprocessing,
including some calculations and the writing of the results to disk. For this part,
the same techniques could be used like in the preprocessing part.

During sc99 we were able to simulate the Crew-Rescue Vehicle (X-38) of
the new international space station using a four block mesh with a total of 3.6
Million cells. For this, we used 1536 nodes on the Cray T3E’s in Manchester,
Stuttgart and Pittsburgh.

5 Molecular Dynamics

A further application that was adapted for metacomputing is a molecular dy-
namic program for short range interaction[s] simulating granular matter. The
parallel paradigm applied here is domain decomposition and message passing
with MPI (message passing interface). Therefore every CPU is responsible for
a part of the domain and has to exchange informations about the border of its
domain with its adjacent neighbors. Static load balancing can be implemented

3 This did not work for large simulations, since we had to distribute four blocks on
three Cray T3E
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by assigning domains of different size to each processor. To reduce the amount
of load imbalance between the T3Es and the SR8000, the nodes of the SR8000
were used as eight processors.

Latency Hiding. As described in section []the latency of a metacomputer is in
the range of milliseconds and thus several orders of magnitudes larger than in
todays parallel computers. For a tightly coupled algorithm like a MD simulation
latency hiding has to be implemented to get reasonable performance. To achieve
this it was decided to group the communication in two sections. First the com-
munication for the first dimension is initiated by calls to MPI_Isend. In a second
stage this communication is completed and the calls for all remaining dimensions
are performed, allowing a partial overlap of communication with computation.
In this application the force calculation for particles that interact only with par-
ticles of the core domain is performed between the first and the second stage. If
the calculation for one particle takes about 100us one needs around 750 particles
to hide the latency. As soon as latency hiding is implemented this is no major
restriction.

Bandwidth. As a first approach latency hiding also helps to hide the increased
communication duration due to a small bandwidth. Increasing the number of
particles does however not only increase computing time but also the amount
of data to be sent. For a latency of 74ms and a bandwidth of 5MBit/s in both
directions even with particles consisting of only 24 bytes data ( e.g. three doubles
representing a three dimensional position) there is a break even between latency
and communication duration above 15000 particles, a value easily reached in
real applications. In the problem treated here, a particle consisted of 10 float-
ing point numbers: three vectors position, velocity and the force acting on the
particle plus one scalar variable for the particles radius. The force however is
local information, because it is calculated on every processor. It is therefore not
necessary to transmit this information. In addition, the force is a function of the
position and size of the particles. Thus, the velocity only needs to be transmitted
whenever a particles crosses the domain between two processors, and not if the
information about the particle is only needed to calculate the interaction. With
this considerations the amount of required data per particle can be reduced from
ten to about four floating point numbers. In addition to the compression tech-
niques offered by PACX-MPT it reduces the bandwidth requirement significantly
and is a key point for efficient metacomputing.

6 Conclusion and Future Plan

We have described the realization of a global metacomputer which comprised
supercomputers in Japan, the USA, Germany and the UK. The network span-
ning 10000 miles and several research networks was optimized by using either
dedicated PVCs or improved routes. During sc99 the usability of this meta-
computer has been demonstrated by several demanding applications. This takes
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the concept of a global metacomputer forward in two major ways. Firstly we
have shown that it is possible to link together different types of machine, in this
case Cray-T3E and Hitachi SR8000. Secondly we have shown that even data-
intensive applications, such as processing output from experimental facilities,
can be successfully undertaken on such a metacomputer.

In the future we hope to extend the cooperation between the participating
sites to incorporate the experiences gained into the future development of the
PACX-MPI library and the implementation in the application codes. We also
intend to test other libraries designed for metacomputing such as Stampi[7],
which is an implementation of MPI-2 for heterogeneous clusters. Furthermore,
we are planning to extend the Jodrell Bank De-dispersion Pulsar Search Code
so that we can process experimental data as the experiment is in progress rather
than transfering to storage media for post-processing. This could be vital; if the
experiment needs recalibration or intervention, this can be detected immediately
rather than wasting precious time on a valuable resource. Also if results can be
interpreted as they are being produced the experimental regime can be adapted
accordingly, again maximising the usage made of the facility.
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Abstract. In this paper we present and discuss an architecture that allows trans-
parent access to remote supercomputing facilities from a web gateway. The im-
plementation exploits the Globus toolkit and provides users with fast, secure and
reliable access to parallel applications. We show the usefulness of our approach
in the context of Digital Puglia, an active digital library of remote sensing digi-
tal data.

1 Introduction

This paper describes a design pattern that enables a user to run applications on a Com-
putational Grid [1] using a standard Java-enabled browser. We define a Grid applica-
tion as consisting of one or more programs, located on geographically distributed
machines; these programs access data stored on distributed databases. Among the
most important requirements is the capability to find the right programs and to run
them with the right data by means of high level requests. The user should be also
allowed to check the status of the remote execution, get the output of the application
and, in case of an interactive application, steer it from the browser.

In order to integrate Grid applications and the Web, we advise the use of a three tier
architecture: (1) the client web browser, (2) middleware running on a secure web-
server, (3) the supercomputers of the Computational Grid.

The issues related to Computational Grids and metacomputing have been abun-
dantly described in literature and, in our context, we address essentially the same
problems: how do we locate resources, how do we secure these resources and the
transactions involving them, how do we start executing an application on a remote
machine and so forth. Instruments to help solving these problems have been developed
in recent years [2]; among them we chose to use the Globus toolkit which by this time
has been released in its version 1.1. The rest of the paper is organized as follows:
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section 2 presents the issues related to Grid applications; we discuss them in sections 3
— 7 describing the solutions provided by our framework. Section 8 shows how we
exploit the framework in the context of Digital Puglia, an active digital library of
remote sensing data and section 9 concludes this work.

2

Web — Grid Integration

In this section we discuss the issues arising from the integration of Computational

Grid applications with the Web; in particular, here we address the following:

1.

Security: The Globus tools use X.509v3 certificates to mutually authenticate a user

and the Grid machines. We propose a two-step mechanism to enable user — Grid
authentication from a web browser: a login and password from the browser to the

web-server and a certificate from there to the Grid.

. Resource management: An application running on the Grid could exploit distrib-

uted, heterogeneous resources. If we want our application to find the resources dy-
namically we must store somewhere the information needed to locate the machines,
files, applications and so on. This is exactly the aim of the Grid Information Serv-
ice, an LDAP [3] Directory Service which complements the Globus Toolkit. Appli-
cations may need a broker to translate high level requests made by the users in low
level system requests.

. Remote start and status: Commands are provided in the Globus toolkit to run inter-

active applications or to submit batch jobs on a remote machine taking care of the
authentication issues and to check the status of the execution. These commands can
be included in CGI scripts or Java servlets to be run on a web server hosted on the
second tier of our proposed architecture.

. Steering: A Java applet can be used to provide a user friendly interface to the Grid

application.

. Result retrieval: The final output produced by the application is held on a remote

machine or on a collection of remote machines. The choice of an appropriate strat-
egy is needed to let the user have the results on her web browser in the minimum
time.

In order to implement the approach proposed in this paper, the Grid has to be set up in
the following way:

» The first tier needs just a Java-enabled browser: this is the basic functionality
that all workstations, laptops, and operating systems can provide;

* Globus has to be installed on the machines on the second tier and on the third
tier;

« A web server must be installed on the machines on the second tier: we strongly
suggest it to be secureweb server.
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Fig. 1. Accessing the power of a Computational Grid via Web

3 Security

A Computational Grid consists of a set of valuable resources like parallel
supercomputers, workstations, databases and smart instruments, so in order to prevent
unauthorized access to the Grid we need a strong authentication mechanism.

We propose a two step mechanism: the user must authenticate herself from the cli-
ent browser to the second tier and also from the second tier to the Grid. A list of
trusted users is held on the second tier, and authentication via web is done through a
login and password scheme. To guarantee the safety of the password we strongly
suggest the use of a secure web server to avoid transmitting the password in clear over
an insecure channel.

The second step of the authentication may depend on different security policies. We
can decide to map all the users on the same Globus certificate (a “guest” account) or
have each trusted user store her individual certificate and private key on the second
tier. If we use just one certificate and private key for all the users, we shall not need to
create an account for all the users on every machine of the Grid and to store every
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user’s certificate and private key on the second tier. This approach is much easier to
manage and it scales better with an increasing number of machines on the third tier.

On the other hand, we might need to use the more complex one to one mapping if
the application needs to know which user is making a certain request: for instance in
case of personalized options, of different privileges, or to capture accurate accounting
information from the supercomputing resources.

Before the machine on the second tier can run any Globus command on the Grid, a
Globus proxy must be created with the “grid-proxy-init” command. If the mapping is
one to one, the password the user has to enter to access the system must be the PEN
pass phrase that protects her private key.

4 Resource Management

Applications running in a Grid environment should be resource aware and adaptive,
i.e., capable of handling heterogeneity, and able to adjust their behavior dynamically
in response to changes in the Grid. When the user formulates a high-level query the
application should be capable of runtime discovery of computing resources (that can
be geographically distributed), resource reservation through allocation and/or co-
allocation and remote execution on the available pool of machines; one or more ex-
ecutables may be involved in the computation, and a dataset collected from a distrib-
uted database. To achieve this goal there should be:

1. A way to store and retrieve information about machines, executables and data; the
Grid Information Service, formerly known as Meta Directory Service, is an LDAP
based directory service used to provide uniform access to structure and state infor-
mation about entities composing the Grid.

2. One or moreResource Brokers charge of processing high-level requests formu-
lated by the users and translating them in low level requests understandable to the
Grid, if necessary exploiting the information available in the Grid Information
Service.

3. Grid software infrastructure tools like the Globus toolkit middleware that provides
a bag of core services, including a low level scheduler API, the Grid Information
Service, multimethod communication and QoS management, single sign-on and
key management, remote file access and Grid status monitoring.

5 Remote Start and Status of the Execution

Once the machine on the second tier has located the executables, the Globus com-
mands or API can be used to run it remotely. A Java servlet or CGI script can be eas-
ily written to incorporate thglobusrun(or globus-job-submjtcommand.

The essential parts of this CGI script are shown below (PERL language is used in
this example):
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# environment variables needed by Globus
$ENV{HOME} = "/users/home/jdoe";

$ENV{GLOBUS_INSTALL_PATH} = "/usr/local/globus";
# creation of a grid proxy: if we are using a one to

# one mapping, certname and keyname will point to the
# certificate and private key we are using for

# everybody. The pwstdin option allows us to read the
# PEM pass phrase from the stdin and thus to use

# redirection

system(grid-proxy-init -pwstdin -cert $certname -key \
$keyname < $PEM _file);

# execution of the remote program
system(globus-job-submit $remote_machine $executable);

The status of execution can be checked with the utjldpus-job-statususing the
job-id returned bylobus-job-submiaind which uniquely identifies the submitted job.

The application may require command-line arguments and/or input files. An applet
or web form can assist the users during the phase of input generation providing a
friendly GUI that can be used to derive visually input parameters; a CGI or a servlet
on the second tier will then process the request generating command line arguments,
files or both.

The globus-job-submiaindglobusruncommands both allow passing command-line
arguments to the application, so it is quite straightforward to add them to the sample
code snippet presented above.

The globus-rcpcommand mimics on the Grid the functionalities provided by the
standarctp andrcp Unix commands and can thus be used to transfer input files on the
machines belonging to the third tier before starting the remote execution.

6 Steering

Not all of the Grid applications will be batch jobs that can be submitted to a pool of
Grid machines, so that steering of an interactive application is an important concern
here.

Let us assume that we have to develop an interactive application. We advise writing
a multithreaded application in which one of the threads will be responsible for han-
dling the flow of control instructions via sockets, and the use of Java applets to pro-
vide the users with a friendly GUI that can be used to steer the application at runtime.

The interaction involves bi-directional network communication over sockets, one
channel is used to transmit steering instructions, the other one to report diagnostic
output about commands executed.
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Fig. 2. The use of aedirectorallows the steering of interactive application without having to
change the code. The user interface is in an applet. We might have tstesgng broketto
connect the applet to the application if there is no possibility to install a web serverbacikhe
end machine.
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The next steps in the design depend on the possibility to install a web server on the
machines belonging to the third tier. This in turn depends on the local policies in use at
the different sites composing the Grid. As an example, it may not be feasible to install
a web server on a supercomputer because it can compromise the security of the sys-
tem. Anyway, if system managers allow it, the easiest thing to do is to have the applet
come directly form the third tier to the browser.

Otherwise, the applet must be installed on the middle tier web server. Since un-
signed applets can’'t communicate over a network connection with arbitrary machines,
we can address the problem either exploiting signed applets or by measteefirzg
brokerwhose aim is to dispatch to Grid machines the commands forwarded to it from
the applet and to the applet the diagnostic stream output generated by the remote ma-
chines. The process of applet signing is not straightforward and differs considerably if
the applet is to be signed for use with different client browsers, so we feel confident
that the steering broker approach is to be preferred.

Communication between the steering broker and the machines on the Grid may use
XTI, TLI or the Nexus communication library instead of sockets while communica-
tion with the applet is restricted to sockets.

Now, let us suppose that we have at our disposal an interactive legacy application
we want to make available on the Web using the steering mechanism described above.
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In addition to the steering broker we need to adedirector, that is, a small piece of

code that runs on the same machine as our legacy application with the purpose of
redirecting the standard input, output and error of the application to sockets connected
to the steering broker (fig 2).

7 Result Retrieval

The final output produced by the application is held on a remote machine or on a col-
lection of remote machines. Two strategies are possible here. We can choose either to
retrieve the result directly from the machines of the third tier or to gather the results on
the middle tier web server. It is difficult to predict which option will give the best
results in terms of faster file transfers lacking dynamic information about the speed of
network connections and the available bandwidth that may be reduced due to heavy
traffic. We advise the use of a dynamic reconfiguration procedure to choose the route
that minimizes the time needed by file transfers.

If accelerating data output movement is not a critical issue, the designers may de-
cide to trade the benefits arising from a dynamic reconfiguration with the ease of a
static design, in which one of the available options is simply chosen randomly.

If the output has to be retrieved directly from the third tier, Globus provides a use-
ful tool, i.e., theglobus-gass-servethat can be exploited to transfer files using the
HTTP protocol directly from the client browser. Otherwise, if the output has to be
migrated on the second tier, we suggest the use of a manager — worker scheme, desig-
nating the machine on the middle tier as the manager and the others belonging to the
Grid as the workers.

The manager machine is in charge of gathering the output generated by the appli-
cation, so that the user will retrieve all the files from the manager machine; the task
can be carried out using the globus-rcp command to put the output files on a directory
accessible from the web.

8 Web Access to the Grid in Digital Puglia

Digital Puglia [4-7] is an active digital library of remote sensing data which allows
interactive browsing and parallel post processing on the Grid using the Web as a
gateway. A set of trusted user was defined and we provided them with a couple of
parallel applications, a supervised bayesan classifier and a Principal Component
Analysis.

Since our users are remote sensing experts, not computer scientists, we decided to
map all of them to a single Globus certificate. The users access Grid applications from
the University of Lecce Digital Puglia web site, filling in an authentication form.
Then, an applet allows them to interactively derive the input parameters, as needed by
the applications. A couple of CGI scripts start and monitor execution progress on the
remote machine, an HP Exemplar machine at Caltech.
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Fig. 3. In the Digital Puglia active library, presented at SuperComputing’99 the possibility to
access a worldwide Computational Grid via a web browser was demonstrated

The final output, which is an image, is then retrieved directly from the browser
where it can be visualized and saved.

An example session with the supervised classifier was shown in the NPACI exhibit
at SuperComputing 1999 to demonstrate the feasibility of interactive web access to
Grid applications.

9 Conclusions

We have presented and discussed a framework to build Grid applications that can be
transparently started and steered from a Java-enabled web browser. The architecture is
based on the Globus toolkit to provide users with fast, secure and reliable access to
applications on the Computational Grid. We have showed an example of the use of
this framework in the context of Digital Puglia, an active digital library of remote
sensing digital data.
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Abstract. Data futures in a metacomputing system refer to data prod-
ucts that have not yet been created but which can be uniquely named
and manipulated. We employ data flow mechanisms expressed as high
level task graphs in our DISCWorld metacomputing system. Nodes in
these task graphs can themselves be expanded into further task graphs
or can be represented as futures in the processing schedule. We find this
this a generally useful approach to the dynamic and optimal execution
of task graphs. In this paper we describe our DISCWorld Remote Access
Mechanism for Futures (DRAMFSs) and its implementation using Java
technology. DRAMFs embody these ideas and allow data products to
be lazily de-referenced and to be manipulated as first class objects in
the object space of the metacomputing system. Our system aids in the
provision against partial failure or network disruptions in a distributed
system such as DISCWorld.

Keywords: data futures; task graphs; Java; metacomputing.

1 Introduction

It is important to provide a flexible yet powerful mechanism to express task
graphs in a metacomputing or problem solving environment. We have developed
a rich data pointer mechanism in our DISCWorld [ metacomputing system,
and in this paper we present an extension to this mechanism for controlling data
futures. We show how this can be used to enable lazy and eager scheduling
placement of sub components in a task graph in a metacomputing environment.

The remote data access problem is not readily implemented by existing mecha-
nisms in network-oriented programming systems such as Java’s networking pack-
age, Java RMI or RPC. In such systems, all results are returned to the user upon
completion of their request. What is needed, and is not supported by either Java
or RPC, is a method whereby the user is returned a pointer to a result that can
be accessed directly if they wish to inspect the data that the pointer represents,
or can be passed to another server for further processing. DISCWorld Remote
Access Mechanisms (DRAMs) provide for this need. The problem of global ad-
dresses for pointers is tackled by the construction and use of canonical names
for data. This is possible under the general DISCWorld framework. There is
no concept of the pointer referring to physical address space on any particular
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machine in the distributed infrastructure; this enables DRAMs to be scalable,
realisable and failure resistant. The differences between DRAMs and other sys-
tems’ mechanisms for representing high-level data pointers are discussed in [H].

When a DRAM is used to construct a complex processing request, the object to
which the DRAM refers is not actually used until it is demanded by the DISC-
World daemon. Most other technologies do not allow for on-demand or “lazy”
processing; the value that the object references is evaluated when the reference is
returned. To aid construction of processing requests, DRAMs contain metadata
describing the objects to which they refer. The Java definition of a DISCWorld
DRAM is shown in figure [l The DRAM definition mandates sufficient metadata
or “recipe” information that will allow reconstruction of the pointed-to object
in case of a restart. The DRAM mechanism allows a remote node the option of
transferring the object, to which a DRAM refers, to any other DISCWorld node.

public abstract class DRAM implements Serializable

{
private String publicName; // descriptive name for GUI use
private String globalName; // internal ID
private Icon icon; // associated icon eg thumbnail image
private String description; // long free textual description
private String className; // query-able search-able text

//  representation of class

private String remoteServer; // location of the Data to which
//  the DRAM points

private int objectMobility; // whether the object being pointed to
// can be transferred across
// the network

private int objectSize; // size of the object being pointed
// to, in bytes

}

Fig.1. DRAM Java base class. The DRAM provides a high-level pointer to an
object. Metadata describing the object to which this DRAM refers is recorded to
enable efficient scheduling and placement decisions in a wide-area, high-latency
environment.

Using a global naming mechanism to refer to DRAMs, we allow equivalence
between DRAMSs to be established. This naming scheme is independent of the
DRAM mechanism and we assume its existence as does CORBA [[&1]. We can
use a simple implementation of the unique naming scheme provided by either
Java/RMI or by CORBA. These are usually based on “mangled” strings derived
from host names or URLs. DRAMSs from different nodes can have the same name,
implying that they are copies of the same object, even if they were created on
different DISCWorld servers.

There are two direct subtypes of DRAM: a pointer to data, DRAMD; and a
pointer to metacomputing services, DRAMS. Since a DRAM is a Java object,
it can have extra functionality programmed in for use at the client end. This
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functionality could be graphical semantics or data filter /compression services [&].
For example, data to be transferred could be explicitly compressed at the server
and uncompressed at the client end by the DRAM framework. This would not
be possible without the bytecode portability provided by Java.

2 DRAM Futures

In a high-level distributed system, user requests are represented as process net-
works of metacomputing services linked together by the sharing of data. Such
sharing of data may be due to the services’ reliance on the same input data, or
the sharing may be more explicit, as in a producer-consumer relationship. Such
process networks may be specified and their services statically assigned to hosts
in the distributed system. This approach can lead to optimal solutions in the
case where the characteristics of the distributed system are known in advance,
but if all characteristics are not known in advance, the dynamic allocation of
services to hosts and the optimisation of execution schedules can produce the
best suboptimal solutions [].

To implement the optimisation of process networks, we have extended the DRAM
concept to include the notion of pointers to data that have not yet been created.
The extended DRAMS can be passed between clients and servers. We term these
pointers to not-yet-created data DRAM Futures, or DRAMFs. DRAMFs are
created with the name of the data that they will represent, and as such, are
equivalent to DRAMs in the operations that can be performed on them [H].
DRAMFs are assigned an approximate size for the data they point to, based on
the mean historical size of the previous data products of the creating service on
that node. However, unlike DRAMs, DRAMFs are only able to point to data, not
metacomputing services. This restriction is common sense, as it is not sensible to
have a pointer to a service which does not yet exist. When a DRAM is inspected,
the data to which the object points is retrieved; in the case of a DRAMF, a
request is sent to the server that is to create the data. When the data has been
created, a DRAMD of the same name as the DRAMF is returned containing the
data. Thus, the DRAMEF is replaced with a DRAMD, which contains the exact
size of the data item, instead of the DRAMEF’s original estimate.

The implementation of DRAMFs extends the DRAM Java base class. This im-
plements the Serializable interface and embeds an integer estimate of when data
will be available from the time that the DRAMF is dereferenced, without any
execution optimisations. A typical example of a DRAMF’s contents is shown in
figure [l For simplicity, the estimatedTimeAvailable field is used as an offset
from the time that the holder of the DRAMF requests the data be created. This
value consists of the current waiting time for the host node start the service, as
well as the mean run time of the service that will create the data. If the data
represented by the DRAMF uses any other DRAMFs as inputs to its service, the
estimatedTimeAvailable field also includes the estimated time of the DRAMF
upon which this service needs to wait, and the estimated time to transfer the
resulting data between DISCWorld daemons. We consider the time taken to es-



44 H.A. James and K.A. Hawick

|Instance Variable |Va1ue |
publicName Future for GMS5 1998122500:IR1 (0,0),

(2291,2291) 100% zoom
globalName ERIC:SingleImage: GMSImage:IR1(Integer:00,Integer:25,

Integer:12,Integer:1998,Integer:0,Integer:2291,
Integer:0,Integer:2291,Integer:100)

icon thumbnailed representation of data
description Future GMS5 image 00Hrs 25DEC1998

IR1 channel, Original Dimensions, 100% zoom
className image.satellite. GMS5
remoteServer cairngorm.cs.adelaide.edu.au:1965
objectMobility 2
objectSize 5248681

estimatedTimeAvailable|102

Fig. 2. Example contents of a DRAMF expressed as name/value pairs. The
globalName specifies the “recipe” by which the data can be reconstructed in the
event that the remoteServer is temporarily unavailable and then later restored.

timate the data’s arrival time to be small when compared with the time taken to
transfer necessary data and perform the services that the DRAMF represents.

In principle, DRAM Futures are similar to programming-language level Fu-
tures [i2], Wait-by-necessity [l and Promises [ii] mechanisms. Whereas Futures
and Promises were designed to hide the latency in RPC-based systems, DRAMF's
are intended to be used as a high-level pointer to data, in exactly the same way as
DRAMDs and DRAMSs. The main difference between DRAMFs and the other
mechanisms is their granularity, and the operations which can be performed
on them. The Futures and Promises mechanisms are fine-grained. Because the
Futures actually represent a memory location in the requesting program, they
are tied to the instance of that program. They are not able to be sent between
programs. DRAMFs are higher granularity than the other systems, abstracting
away from any instance of a creating program. Their ability to be referenced
outside the scope a particular instance of the DISCWorld server allows them to
be treated as first-class objects.

DRAMFSs can be sent between servers, and may also be used by clients in the
composition of new processing requests. What this means is that a DRAMF may
be copied and moved to many other servers. Subsequently, it may be used as an
input to a service by a scheduler, and only when that schedule is executed, will
the data to which that DRAMF points be copied to a remote machine. Thus, by
using the DRAM Futures mechanism, and more generally, the DRAM mecha-
nism, unnecessary bulk data transfers are prevented. User process networks are
represented as networks of DRAMs. This may be done either explicitly, with
the user constructing a graph of nodes (as discussed in section H), or implicitly
by the user selecting a pre-designed process network from an available library.
When the user has created their process network, it is sent to a DISCWorld
daemon for processing.
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The normal behaviour of the placement mechanism in DISCWorld is to assume
that the server will be willing to execute a service or network of services sent
to it. If the server is not willing to execute the service, either because it is too
heavily loaded or the user who owns the job is not allowed to execute services
on this machine, or for some other reason, the onus of selecting a new daemon
to host the service(s) is on the local daemon. Although beyond the scope of this
paper, relocation of the service requires re-placement of the affected services to
other daemons and transmitting the modified process network to those daemons
which have been designated to produce data that the services were to consume.
Nothing needs to be sent to those daemons that will consume the data that is
produced by the services on this node, as they will receive a DRAMF from the
daemon that has accepted the execution request. The case where no daemon can
be found to execute the affected service(s) has not been considered, nor has the
case in which a number of daemons continually attempt to assign the services
to each other in an infinite loop.

When a daemon creates DRAMFs to some future data, the service does not
automatically begin executing. The agreement by a daemon to execute a service
with given parameters is, however, binding. The daemon has acknowledged that
if requested, it will perform the computation and return the result to any re-
questers. If the input data required by a service is to be created by a previous
service on perhaps a remote machine, then the DRAMFs for the current service
cannot be made until the input DRAMF's are received. They are needed in order
to estimate the time at which the data, to which the DRAMF's point, should
become available. It is in this way that a complex processing request may be
set up. This allows, essentially, resource reservations to be made for daemons
that will participate in the processing of a request. Thus, while a processing
request may be expressed as a network of services connected by data transfer,
culminating in the production of some desired data, its execution is constructed
in reverse order. Unlike other models of resource reservation, multiple services
can be reserved on a single DISCWorld node simultaneously.

In the DISCWorld model, the partial results of processing requests are deemed
to be as significant as the final results. Therefore, in addition to sending the
DRAMFs to the nodes that may use them, they are also sent to the daemon
or client which submitted the processing request. In the case of the user client,
DRAMFs corresponding to all the partial products are returned — if the user
wishes to view the contents of the DRAMF, they can request the DRAM’s
contents. As a DRAMF represents the result of a remote computation that has
not begun execution, when the results are requested the service is started, and
the result is returned when available. When the DRAMF is inspected by the user
client or any other daemon, a request is sent to the producing daemon, which
initiates the computation.

Optimisations are allowed on the services used to satisfy a processing request.
The server may be aware of one or more servers that already possess the data
which is to be created, or have supplied DRAMFs to the data sought. If the data
is available, and the time spent transferring it will not exceed the time spent
waiting until the DRAMF can be satisfied and the data returned, then the deci-
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Local DISCWorld Node Local DISCWorld Node
[ ] pataor service I Local daemon, L Client, C i | [] pataorserice [ Local daemon, L Client, C :
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Local DISCWorld Node Local DISCWorld Node
[ ] pataor service I Local daemon, L Client, C i | [] pataorserice [ Local daemon, L Client, C :
i ' i '
Qoo {{@Q | [@@ |/ |Owwen (@@ | [@@H:
i ' i '
! - i ' - !
O omve @@ Qi | O o H@® Q!
‘ ‘ ‘ @ ‘
O Processing Request | O Processing Request @ |
T | st—— L —— | |

Remote daemon, R

DISCWorld ‘Cloud’ of
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Fig. 3. Execution sequence of process networks within DISCWorld. These show:
i) DRAM representations of available data and services are distributed around
the system; ii) user logs on to client and submits a processing request, causing
a future to be returned which represents the resultant data; iii) the future is
inspected, causing execution of the processing request to begin; iv) the client’s
request for the bulk data item F' is satisfied.

sion may be made to transfer the data from an alternative source. By the same
reasoning, if there exists another DRAMF pointing to a different data source,
and the estimated time is lower than that returned, the alternative DRAMF
may be dereferenced in the expectation that either the computation has al-
ready been requested by another holder of the DRAMF, or the data should be
available sooner due to the lower estimated arrival time. The method by which
daemons are made aware of DRAMs on different servers is beyond the scope
of this paper [iF]. Using partial or final data products of previous processing
requests allows the possibility of pruning the execution schedule for the current
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processing request. Thus, if there is no need to re-compute a data product, then
the system will avoid it if possible. Of course, the situation may arise where a
user has inspected a DRAMEF corresponding to a final data product, causing
the computation to be started, and at the same time inspecting a DRAMF to
a partial data product. If the DRAMF that is an input to the service which is
to produce the final data product has an estimated time greater than a cheaper
source of the same output data, then the data may be retrieved from the alter-
nate source, even though by inspecting the partial product DRAMF, the user
has dramatically reduced the time it would take to retrieve the data. This case is
not addressed in the current implementation — we simply make a best-estimate
of the execution times.

In the prototype version of the daemon, there is no maximum time limit between
when a DRAMF is returned from a server and the execution must be started. In
future implementations, depending on the cost that the user is willing to incur,
multiple requests may be sent out to competing data sources, in order to achieve
the fastest possible turnaround time for the processing request. Using DRAMF's
to represent the data allows the system to judge whether it is more economically
feasible to wait until a result that is to be computed at one node is available
than retrieve the data from another node, where it already exists but may be
expensive to access. The retrieval of data from another node may have one of
two effects: either the data the node was to produce now becomes redundant and
a waste of processing cycles, or the data is scheduled for use by a subsequent
service (after the service has found the data from another source). If the result
is no longer needed, depending on the node’s management policy, and usually
based on the load of the node and its storage capacity, it may choose to proceed
with the computation on the chance the data will be needed within the time
frame that the node is willing to store results for, or may decide to cancel the
production of the result. In turn, in the event of cancelling the production of the
result can be propagated up through the list of servers scheduled to create the
data that is no longer needed. Of course, the creation of data is only possible if
there are no other servers that use the data to be created. Thus, the execution
tree is pruned so that only the services that create data and those that create
the data that is required, are actually executed.

The steps by which a user processing request is executed are shown in figure H
Figure W) shows DRAM representations of the data and services being sent to
the daemon local to that from which the client submits the request. For example,
the DRAM corresponding to data D; on remote daemon R is named d4, and
the DRAMS corresponding to service S on remote daemon R; is named dg, .

When a client C' connects to the local DISCWorld daemon L a copy of each
of the DRAMS is sent to C'. Submission of a processing request @ from C to
L causes a DRAMF, d¢, representing the output of @} to be returned to C.
This is shown in figure [ii). It can be seen from this figure that the submission
of the processing request has also caused a number of DRAMs to be copied
around the system. Until the data (or program) represented by each of the
DRAMs is needed, it is not transferred between daemons. When the DRAMF is
inspected, the DISCWorld framework sends a message from the current holder
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of the DRAMF (C) to the DRAMF’s originating server (R), causing creation
of the DRAMF’s data to begin. Shown in figure B iii), DRAMF d; represents
the result of processing request @), which is executed to completion. It is at
this point in the execution that optimisation can be performed. The daemon
attempts to achieve service execution in the quickest amount of time. If the data
that is to be used as input is available from another node, or is already present
on the local node, or the current node has a DRAMF for the same data, with a
sooner estimate of availability, the daemon may decide to use the alternate data
source. One of the assumptions of the DISCWorld model is that the size of a
data item is the same no matter where it is created. Thus, if a daemon has a
DRAMD and a DRAMF to the same data, the estimated size of the DRAMF
can be updated to the (exact) size of the DRAMD. When the data to which the
DRAMEF points is actually created, F', the DISCWorld system converts the local
DRAMEF d; to a DRAMD. This is done because the data is actually available
now and the estimation time information contained within the DRAMF is no
longer relevant. Finally, the outstanding request for the DRAMF’s contents is
satisfied and the bulk data item F' is transferred to the requester C. At C the
DRAMEF is converted to a DRAMD and the processing request is satisfied. This
is shown in figure @ iv).

3 Discussion

It is also convenient to use DRAMs as a mechanism for deferred delivery of
computations. A DRAM may be delivered to a client program with an indication
that the remote data to which it refers will only be available within certain times.
This allows the token to be redeemed at some time in the future when a long
computation has completed. The concept of a deferred delivery mechanism is also
useful where a user or client program receives a token to some data that may
not yet be created or directly available. This allows the user or client to submit a
request, and upon a subsequent login to the DISCWorld environment, receive the
results. The token is used both as a placeholder for the request result, but also as
proof of authorisation to request the status of the pending request. DRAMSs are
used to implement the deferred delivery mechanism of DISCWorld, and are the
equivalent of data tokens. Common mechanisms for notifying users of deferred
delivery products in other systems include the creation of output files in pre-
defined directories, and the receipt of electronic mail bearing an authentication
key to be used to gain access to the results at a server. We believe that while these
methods are indeed efficient and perform well for their intended applications, the
DISCWorld philosophy is to abstract away from the user’s file system and to use
a more scalable, portable mechanisms such as embodied by DRAMs.

Although our original concept for a DRAM was that of a remote data pointer
in an object-oriented framework. It was convenient to extend this idea to al-
low DRAMs to have a special graphical or iconic representation in a DISC-
World client environment. Qur present implementation allows for a DRAM to
be attached to a graphical icon in the client screen area, and to be manipu-
lated using the usual mouse semantics. These include being able to drag and
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drop iconic DRAMSs onto other applications and other sensitive screen areas. We
are presently exploring collaborating graphical clients that allow two interactive
users to share a graphical workspace and to exchange data using DRAMs. Graph-
ical User Interface builder environments such as AVS and JavaStudio make use
of similar graphical semantics to move around iconic representations of code and
data items and allow these to be interconnected. Our DISCWorld service infras-
tructure lends itself particularly well to such semantics and we are also building
this capability into the DISCWorld graphical client environment. DRAMs have a
direct analogy to the way in which user queries are submitted to the DISCWorld
metacomputing environment. Service DRAMs and Data DRAMs are able to be
combined together into a process network which depicts the manner, or “recipe”
in which a result is constructed. The process network is then either serialised,
and sent to the DISCWorld server for processing, or is converted into a textual
form called Distributed Job Placement Language (DJPL) [H] before being sent
to the DISCWorld server.

4 Summary and Conclusions

We have introduced the DISCWorld Remote Access Mechanism Future
(DRAMF), which builds on our base DRAM entity. In order to facilitate the
implementation of large-scale distributed service execution, we have extended
the DRAM concept to allow data that has not yet been created to be manipu-
lated. Future data is encapsulated in the DRAM Future (DRAMF). DRAMFs
are used extensively in DISCWorld to optimise service execution time and cost,
especially as there are no guarantees on how accurate a node’s global system
state information is. Optimisation is achieved through data and service re-use
on a per-node basis.

We have shown how DRAMF'S’ ability to be independently named and manipu-
lated makes them first-class objects in the DISCWorld system. Their status as
DRAMSs allows their contents to be referenced even in the presence of tempo-
rary network and server disruptions. We have demonstrated how data futures
can be implemented in a Java environment making use of services provided by
our DISCWorld system. We believe a futures mechanism like DRAMF's is a use-
ful feature for any metacomputing environment to enable proper control and
optimal placement of directed acyclic task graphs.
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Abstract. COUPL+ is a simple and relatively complete environment
for applications that make use of unstructured and hybrid grids for nu-
merical simulations. The package automates parallelization of applica-
tions by handling the partitioning of data and dependent data. Primi-
tives are provided to maintain halo interfaces and ensure copy coherency.
This paper explores some of the algorithms behind the COUPL+ library,
analysing the performance on a cluster of P-11-450 workstations. A multi-
level partitioning algorithm for skewed data is presented, involving solv-
ing the multi-set median-finding problem. Partitioning elements over a
set of pre-partitioned nodes is explored and a novel solution is found
reducing communication requirements of the resulting distribution.

1 Introduction

For the majority of data-parallel applications there is a need to partition not
only data, but indirection lists (or connectivities) that relate the distinct sets
that the data span. Once the data and connectivities are partitioned, such ap-
plications then need to maintain data coherency across the processors using
message-passing or (virtual) shared-memory constructs.

This situation is typical of parallel PDE simulations based on unstructured
or hybrid grids, such as those occurring in computational fluid dynamics, electro-
magnetics or structural analysis. Connectivities define relationships between the
elements, faces, edges and nodes of the mesh, or the edges or nodes of bound-
ing surfaces. For example, most finite-element techniques primarily make use
of element-to-node pointers, while finite-volume techniques require edge-to-node
or face-to-element pointers. To solve resulting linear or non-linear equations,
sparse matrix representations may also be required, and connectivities may be
transformed into edge-based or irregular graph-based structures.

These problems require the management of partitioning of nodes, data and
elements. For example, having partitioned the nodes a partitioning of the el-
ements must be induced, or vice-versa. The connectivities, described by lists

* This work was partly funded by the European Community as part of the JULIUS
project under contract ESPRIT EP25050
** Smith Institute Research Fellow

M. Bubak et al. (Eds.): HPCN 2000, LNCS 1823, pp. 51-ll 2000.
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of nodes, must then have these nodes relabelled to point to the new location
of nodes following partitioning. Indeed, by creating a halo containing copies of
boundary nodes from adjacent partitions it is possible to relabel connectivities so
that all nodes mentioned appear local. The system ensures the halo is consistent.

Such tasks are non-trivial, and arise frequently in many codes, it is therefore
essential that tools be made to manage this for the programmer. COUPL+
[EESSEST Nr]I is an efficient parallel library developed to meet this need. As
well as offering a range of integrated grid-manipulation functions and iterative
methods, it provides tools for parallel I/O, including distributed algorithms for
partitioning data and connectivities, and a simple parallel loop syntax that may
be used to ensure that copies of interface data are maintained. The package is
configurable for PVM [LaRLiiud] MPT [SLELIUS] and BSP [Malil] machines.

The present paper explores some of the inner workings of the COUPL+
library, describing how a new bulk-synchronous approach to these tasks has been
implemented with optimal performance. Graph-partitioning tools are included
in the COUPL+ but are not detailed in this paper.

2 Performance Prediction

The programming model that is adopted for the COUPL+ library is BSP. In
this model the communication mechanism is only guaranteed to have completed
pending remote writes and reads at barrier synchronization points where all the
processors synchronize. The system is parameterized as follows

1. p — the number of processors.

2. g — where the time required to effect h-relations in continuous message traffic
is gh time units. A h-relation is a message pattern in which no processor
receives, nor sends, more than h words.

3. I — the minimum time between successive synchronization operations.

BSP predicts the time between successive synchronization points to be directly
related to the maximum communication traffic, A, and computation, w, seen at
any of the processors by the formula t = w+gh-+1. Algorithms have been written
in this bulk-synchronous style for portability and may be analysed effectively.

3 Geometric Partitioning

Optimal bisection of a mesh is at least NP-hard. A heuristic is to split the
3D-space by some plane: this provides the smallest boundary surface area for
a bounded region if oriented correctly. The first objective is to determine the
orientation of the plane, a number of alternatives have been previously extolled;
surveys of the area are found in [SmnUHESERA]. COUPL+ presently supports

! See 1ttp://wWwww.comlab.oX.ac.uk/oucl/work/david.lecombel
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1. Inertial bisection
(a) Compute eigenvector of inertial matrix for data [Ear=A].
(b) Bisect partition at mid-points.
(¢) Repeat (a) and (b) until number of partitions is p.
2. Slicing
(a) Compute eigenvector of entire set as above, once.
(b) Recursively bisect along this axis.

3. xyz-cutting
(a) Bisect along x-axis, then y, then z until complete.

4. User provided.

To obtain a perfectly balanced partitioning, in terms of the number of nodes,
the plane must evenly bisect the points. Consequently if we have the normal to
the cutting plane, we must find the median distance along this normal relative
to some origin. Median finding is significantly faster than sorting. Randomized
algorithms for parallel median finding are well established [ESSEEETE] with
running time O(%) with high probability for all practical parallel machines. In
the case of inertial bisection the computation of the inertial matrix and eigen-
vector is also O(%) for such machines.

It is not desirable to move data between processors at each level of the re-
cursion: this imposes O(ZM9E2) communication cost in the worst case where
each element is moved at each level before finding the destination processor. At
each stage of the algorithm elements merely move locally — data is sent to the
ultimate destination when this has been finally computed.

Definition 1. A partitioning P of a set S is defined to be a sequence
(Po,...Pr_1) of disjoint sets such that | Jy<; ., Pi = S.

Note 1. The subset of elements of a set P that reside on processor j is written
P’. Furthermore for any P, U0<i<p P'=P.

The optimality of median finding and the first stage of inertial bisection require
perfect balance in the initial data. This is true for the initial bisection into
two sets: each processor holds 2 elements of the one initial set. Thereafter, if
the bisection algorithm is applied to each element of existing partitioning P to
create partitioning Q then we risk skew in P; for each i — even though for each

processor j we have » o, |p, |P!| = = because data is not moved until after
the final partitioning. It is possible, for example, to have | P/ \ = 0 /25 2 after

the penultimate phase of blsectlng. This problem arises in the situation where
data has already been partitioned using the same method, for example.
Hence obvious algorithms require amendment; this is our first contribution.

2 §;;is 0if i # j and 1 otherwise
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3.1 p-Way Partitioning

An algorithm for computing a partitioning of S into p partitions where p = 2*
is presented, this is easily generalized to any p € IN*.

1. Initially P := (Fp).
2. Repeat the following until |P| = p.

(a) Globally, compute eigenvectors for each P; € P.

(b) On each processor j, for each node v € P/, compute its scalar value
using the eigenvector for P;.

(¢) Use a parallel multi-median finder to determine the median scalar of
each P; concurrently. _ _

(d) On each processor j re-order the elements of each P/ into sets @}, and
Qéi 41 consisting of those elements with scalar value less than and re-
spectively greater than the median of P;.

(e) P:={Qo,---)-

3. Communicate data to destination in parallel: for 0 < 4,j < p, processor j

sends P} to processor i.

Step 2(a) is performed in optimal O(n/p) time for each method provided. It is
sufficient that the “eigenvector” for each disjoint subset in P can be determined
from (i) an associative global reduction, (ii) a constant-time operation on the
result of this reduction. Thus local contributions to the reduction for every P;
are calculated concurrently without synchronization. As the total number of
locally-held elements is n/p for each processor, this is perfectly balanced. A single
synchronization is required to gather these partial results by partition to single
processors. The processor in charge of the result for partition P;, say processor
i, reduces the p partial results to a single value and computes the appropriate
vector in O(1) time. The results are broadcast to all processors using only one
synchronization. The total cost of step 2(b) is hence O(l + gp + n/p), or O(n/p)
provided { + gp = O(n/p), which is a valid assertion. Step 2(c), parallel multi-
median finding, is described later. Step 2(d) is perfectly balanced as the total
number of elements moved around locally is n/p for each processor.

Now, provided parallel multi-median finding is O(n/p) then total complexity
of the entire method is O(%(g + logp)). The g-term is incurred in the final
movement of data to the destination processor.

3.2 Parallel Multi-median Finding

Definition 2. The parallel multi-median finding problem is to find the median
of k sets Py...Px_1 each of total size n/k and distributed such that for each

0<7<p, ‘U0§i<kpij‘ :Tl/p.

In [ESSH] the median of a single evenly distributed set is computed with
computation 2n/p + o(n/p) and communication time of (1 + o(1))n/p provided
g = o(n®/log??n) for a fixed 0 < ¢ < 1/3. Their algorithm attains these bounds
with high probability (ie. 1 — O(n'~?) for some p > 1).



Algorithms for Generic Tools in Parallel Numerical Simulation 55

The crux of the algorithm in [[ES8H], and others in [Iad87], is the random
sampling of a small subset of data. The sample is then sorted. It can be shown
that the median of the whole set lies between two predetermined elements, [
and u, of the sorted sample with probability 1 — O(n!=?). The number, k, of
elements of the original data less than the lower bound, [, is then computed.
The original data lying between these [ and u are then selected. The size of this
subset is shown to be small, and hence this data is now sorted. The median can
then immediately be picked out as the element at position n/2 — k of this set.

The novel algorithm used by COUPL+ applies the technique concurrently to
all partitions in a partitioning to remove imbalance. Let ¢ = 2(%)2/3(3plogn)/3
for some p > 1. Let u = (n/k)*/3(3plogn)?/? and define I = /2 — pu and
u=t/2+ p. These parameter values follow from [ZSSH] routinely.

1. Each processor broadcasts the sizes of each subset held locally.

2. For each 0 < i < k, a subset ); of size t is chosen with each processor choos-
ing a set of size t/p. Processor, j, randomly selects elements from P; — using
the sizes returned in step ll to determine the processors required element lie
on. The elements are exchanged in one aggregated communication.

3. Using any efficient deterministic sorting algorithm, sort the sample sets con-
currently — ie. do the appropriate computation and communication for each
set before synchronizing in each phase of the algorithm.

4. Broadcast the | and u elements (I; and u;) of each sorted sample @;, from
the processors holding these elements to all processors.

5. For each of the processor j and set i compute I and ], the number of
elements in Pij less than I; and greater than u; respectively.

6. Concurrently reduce for each ¢ sum the Zg and uz Determine whether, for
all 4, the medium of P; is between [; and u;.

7. On the assumption of success in the previous step, let M; be the values held
between [; and u; for each i. Locally calculate M; for each i, j.

8. Balance these sets by randomly distributing values across processors. Using
any efficient deterministic sorting algorithm, sort these sets concurrently.

9. For each i select the required g3 — [l;|-th element from the sorted sets M;.

The cost of these steps is now detailed. Steps land Bare broadcasts of k and 2k
values from each processor. BSP reduction of a vector of width ¢ can be done in
time (cg + ¢)mp'/™ + Im for any m > 1. In practice m = 1 is selected and this
reduction takes one synchronization.

In step B each processor j determines the ¢/p elements that it needs from P;
by choosing elements uniformly from P;; to do this requires knowledge of the
local sizes P! for each [ (hence step l). This ensures a random distribution to
the elements in the sample. Near perfect balance for the sourcing of elements is
obtained, but only over the union of Fp ... P;_1. Consequently aggregating this
step into one synchronization yields complexity of (1 + o(1))ktg/p.

In steps B and B the sorting is performed in O((ktlogt)/p)=s84]. In the
latter case the result (only) holds with high probability. The initial balancing
phase of step B requires at most ktg time. Step B is certainly performed in time
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no greater than 2kgp + I. Steps @l and Bl may actually be performed together.
Furthermore, because each processor holds a total of n/p elements these steps
are completed in total time n/p. Step Bis dominated by preceding steps.

If p and g are independent of n it is now observed that ktg = o(n/p), and also
that O((tklogt)/p) = o(n/p) as tk = o(n'~¢) for any ¢ < 1/3. Consequently the
asymptotically significant stages of this algorithm are step l and ll. These two
stages require no more than two comparisons per element and thus the algorithm
has complexity 2n/p + o(n/p),

It is noted that the individual failure probability for each median finding is
certainly O(n'~"), but since there are no more than p/2 medians to find then
the failure of at least one is O(pn' =) but this is O(n'~¢) for any ¢ < p provided
p is o(logn). For fixed p then, naturally, this is O(n!=*).

3.3 Data Tracking

It is important to keep track of data as it is moved around the COUPL+ system,
for I/O purposes and in order to import values or elements associated with the
data. Partitioning information for the nodes is distributed amongst the proces-
sors — each processor holds an array A in which A[i] gives the original location of
the 7 node current stored at this processor. It is also possible to store an inverse
of this mapping which records where a node has been moved to, rather than
where it has come from. The inverse may be computed with a communication
cost of O(gn/p) if space is limited.

4 Importing a Connectivity

Having determined locations for the nodes of a mesh, the tetrahedra or other
such elements must be partitioned consistently with this distribution.

Definition 3. If E represents a set of elements then define n(E) to be the set
of nodes pointed to by E.

Assuming that the inverse mapping for nodes is available, the algorithm proceeds
as follows. Let E be the set of elements.

1. Each processor j computes n(E7), the set of nodes required by the locally
held portion of F.

. Nodes in sets n(E7) are sent to the original hosting processors of the nodes.

3. For each node received by processor j from processor k in the previous step,
send back the new destination information to k.

4. Locally, for each j and for each element of E7, relabel the nodes pointed to
by using the destination information for n(E7) received.

5. Locally, for each j and for each element e of E/ determine a destination for
e according to the following rule:
(a) If the majority of nodes are held by processor k, send e to k.
(b) Otherwise, choose a random processor from the set of processors holding

nodes of e.
6. Move the elements to their destinations.

[\
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It should be noted that the penultimate step is carried out locally. This method
raises a problem: a locally favourable move for an element is made independently
of the elements surrounding it. If, for example, elements are simply edges and the
task is to minimize the number of remote nodes that are communicated between
processors, Fig. ll shows the possible mix between partitions at a boundary
(indicated with lightly dashed line). Most edges require the import of a different
boundary node. In contrast, suppose boundary edges were grouped so that in the

it it it Bl

Fig. 1. Example partitioning of simple mesh of edges

top half of the figure the edges were assigned to the (dashed) left-hand partition
and the bottom half to the right hand. In this arrangement each boundary
node shares its remote node with another boundary edge held on the same
processor: The communication requirement is halved without a balance penalty.
For triangle-based meshes non-optimal sawtooth-like results are often obtained.

4.1 Smoothing an Imported Graph

Evidently the distribution of elements must be improved. Only boundary el-
ements need be considered — those having at least one node on another pro-
cessor — the other elements are already perfectly placed. Standard graph-based
techniques such as Kernighan-Lin [REZHFCKUHEEnTN] are inapplicable directly.
These move nodes in order to improve edge-cut. Our innovation is to use these
edge-refinement algorithms on the dual graph of the boundary elements. The
dual graph expresses dependencies between elements in the graph: two elements
are linked if they require the same node.

Definition 4. Let G = (V, E) be a graph with vertices v € V and elements
e € E. The dual graph is defined by D(G) = (V', E’) where V! = E and

E' ={(e1,e2)| e1,e2 € Een(er) Nn(ez) # 0}.
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Minimizing edge-cut in the dual corresponds to minimizing communication be-
tween elements in the source graph. There is added complication in that the
problem is not strictly isomorphic to edge-cut refinement problems: freedom to
move elements is less as this task cannot be executed in isolation to the location
knowledge of the nodes to which the elements point.

It is possible for a partitioning of the nodes to lead to imbalance when used to
import elements. This balance can be important to solvers performing computa-
tion on elements and nodes. So-called multi-constraint refinement methods may
be used, a generalization of Kernighan-Lin. This is an area of future interest.

Y
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%“'*j ;
&.‘p
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#
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Fig. 2. Imported graph (i) without smoothing and (ii) with smoothing

COUPL+ currently uses a greedy algorithm for refining the dual graph of
elements. Elements are moved if doing so improves the edge cut of the dual
graph locally — thus an element is moved to a processor that already requires
some of the the nodes which the element requires. Table [l shows that a 10%
improvement in edge cut is obtained with one pass of this algorithm. Figure[l(ii)
shows the improvement obtained over the initial partitioning of edges in a 4-way
partitioning of the M6 wing.

5 Experimental Results

The performance shown in the tables is that for an 8-node P-1I-450 cluster
using a standard PVM library. The nodes of substantial mesh, the F15, can be
partitioned into 8 sets in under 4 seconds.

Partitioning considered as a function of p is atypical of parallel algorithms —
in this case as p increases so does the work as we ask it to partition. The test
of using only seven processors is included to show applicability. Performance for
the Falcon and F15 aircraft meshes is good. The M6 wing is too small to hide
the latency when partitioned and consequently poor performance is obtained.

For comparison loading the elements of the F15 grid onto the system takes
81 seconds. In excess of half of the above running time is associated with the
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Mesh Nodes |Elements|Processors|Distinct remote nodes per processor
Initial partitioning| Post-smoothing
F15 690,991(4,247,412 8 6881 6235
4 5905 5357
2 3942 3559
M6 Coarse| 10,812 | 57,564 8 550 491
4 600 526
2 464 399
Falcon |155,932| 847,361 8 2188 1926
4 2294 2005
2 1817 1592

Table 1. Set communication requirements

Mesh | Nodes |Processors| Time (s)
F15 690,991 3.61
3.44
3.70
3.97
0.84
0.26
0.12
1.47
1.33
1.10
0.99

M6 Coarse| 10,812

Falcon |155,932

DO| | =J| OO DNOf | OO| DN| H~| =J| CO

Table 2. Node Partitioning times on P-II-450 cluster

Mesh  |Elements|Processors| Time (s)
Fi5  [4,247,412 20.69
24.26
33.68
0.32
0.37
0.52
3.46
4.56
5.81

M6 Coarse| 57,564

Falcon | 847,361

rof x| oo| no x| oo ro| x| 0o

Table 3. Edge Importing times on P-1I-450 cluster



60 David Lecomber and Mike Rudgyard

movement of data to the appropriate home, therefore little improvement on the
above would seem possible.

Mesh  [Processors| Time (s)
F15 20.04
13.63
5.88
1.50
1.37
0.68
6.05
5.05
2.63

o]

M6 Coarse

Falcon

ro| x| oo| pof x| oo o i

Table 4. Interface smoothing times on P-II-450 cluster

Interface smoothing is a costly operation. Most of the cost is incurred in
constructing the dual graph, rather than the refinement, and presently we are
examining improvements to this.
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Abstract. In many plasma physical and astrophysical problems, both
linear and nonlinear effects can lead to global dynamics that induce, or
occur simultaneously with, local phenomena. For example, a magnetically
confined plasma column can potentially posses global magnetohydrody-
namic (MHD) eigenmodes with an oscillation frequency that matches a
local eigenfrequency at some specific internal radius. The correspond-
ing linear eigenfunctions then demonstrate large-scale perturbations to-
gether with fine-scale resonant behaviour. A well-known nonlinear effect
is the steepening of waves into shocks where the discontinuities that then
develop can be viewed as extreme cases of ‘short wavelength’ features.
Numerical simulations of these types of physics problems can benefit
greatly from dynamically controlled grid adaptation schemes.

Here, we present a progress report on two different approaches that we
envisage to evaluate against each other and use in multi-dimensional
hydro- and magnetohydrodynamic computations. In r-refinement, the
number of grid points stays fixed, but the grid ‘moves’ in response to per-
sistent or developing steep gradients. First results on 1D and 2D MHD
model problems are presented. In h-refinement, the resolution is raised
locally without moving individual mesh points. We show 2D hydrody-
namic ‘shock tube’ evolutions where hierarchically nested patches of sub-
sequently finer grid spacing are created and destroyed when needed. This
adaptive mesh refinement technique will be further implemented in the
Versatile Advection Code, so that its functionality carries over to any
set of near conservation laws in one, two, or three space dimensions.

1 Introduction

Computational magnetohydrodynamics is rapidly developing into a standard
tool for investigating the behaviour of a plasma (a charge-neutral ‘soup’ of ions
and electrons). The numerical algorithms used in state-of-the-art software pack-
ages for multi-dimensional MHD studies heavily borrow on well-established tech-
niques employed in computational fluid dynamics. However, significant compli-
cations arise due to the presence of a magnetic field, together with its dynamical

M. Bubak et al. (Eds.): HPCN 2000, LNCS 1823, pp. 61- 2000.
© Springer-Verlag Berlin Heidelberg 2000
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influence. E.g., Riemann solver based methods must allow for the presence of
three basic wave modes in the plasma: a fast magnetosonic, an Alfvén, and a
slow magnetosonic signal travel outwards to communicate localized, isolated per-
turbations to further out regions. In addition, the magnetic field itself satisfies
a basic law that constrains possible solutions of MHD problems: the absence of
magnetic charges or monopoles cause the field to be solenoidal V - B = 0.

In spite of these complications, various methods have been developed and
applied successfully for simulating magnetically controlled fluid dynamics. The
resulting richness in physics phenomena often involve both long and very short
lengthscales. To name but a few recently investigated topics:

— Sunspot eigenoscillations: the natural vibration modes of sunspots, when
modeled as magnetic flux tubes embedded in unmagnetized surroundings,
include so-called leaky, resonantly damped modes [E]. These modes corre-
spond to global oscillations of the sunspot that affect the entire surround-
ings through outwards travelling sound waves, but also have internal narrow
boundary layers where energy is dissipated Ohmically.

— Secondary, induced plasma instabilities: resistive MHD studies of ve-
locity shear layers, susceptible to the Kelvin-Helmholtz instability (known
from wind-induced ripples on a pond), demonstrated how small-scale recon-
nection events can occur by secondary tearing instabilities [].

— Complex interacting bow shock patterns: numerical simulations of ide-
alized plasma flow problems around perfectly conducting, rigid objects, re-
vealed how under certain inflow conditions, the resulting bow shock consists
of several small-scale and large-scale features with interconnecting weak and
strong discontinuities [H].

It should be clear that numerical simulations of these plasma physical processes
need to employ a sufficiently high resolution to capture both the fine-scale struc-
ture and the overall dynamics. For steady problems, a priori knowledge of the
regions where a high spatial resolution is needed can be incorporated by using a
static, stretched grid. However, for unsteady problems where typically long-term
interactions are of interest, a dynamically adjusted grid resolution is needed.
Therefore, we are currently assessing the use of two different grid adaptation
schemes for multi-dimensional hydro- and magnetohydrodynamic problems. We
demonstrate the workings of a moving grid method on some MHD problems in
Sect. [, and explain in some more detail the patch-based adaptive mesh refine-
ment (AMR) scheme [l in Sect. B We are implementing the latter approach
in the Versatile Advection Code [&I] [VAC, see http://www.phys.uu.nl/ totl].
The VAC software has already demonstrated its capacities for doing multi-
dimensional magneto-fluid-dynamical simulations in a wealth of astrophysical
and fundamental plasma physical applications. The lack of adaptivity in the
mesh geometry has so far been compensated by the fact that we can run on
massively parallel platforms [BEA]. Still, to make further quantitative paramet-
ric studies into fully nonlinear regimes, an efficient grid adaptivity is desirable.
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2 Adaptive Method Of Lines

In the Method Of Lines (MOL) approach, the grid points reposition themselves
dynamically in accord with the local resolution requirements [E&i]. This means
that the new grid point positions must also be calculated simultaneously with the
physical variables (like density, momenta, energy, etc.) at these new locations.
The governing physics equations are therefore first transformed to new coordi-
nates, i.e. £ = £(x,t) and 6 = ¢ where x and ¢ denote the original cartesian
coordinates and time, respectively. In this coordinate transformation, the £(x, t)
itself obeys a suitably constructed partial differential equation that controls the
mesh movements. To obtain an efficient and gradually adjusting adaptive grid,
a so-called equidistribution principle is being used, enhanced with smoothing
procedures in the spatial and the time direction. This adaptive grid PDE, to-
gether with the transformed governing PDE model, is then semi-discretized and
one obtains a large system of ordinary differential equations. This system can
be solved with an appropriate stiff time-integrator.

Oscillating Plasmasheet N=250

Fig. 1. The grid history in a 1D MHD simulation of an oscillating plasma sheet
embedded in a vacuum. Starting with an equidistant grid of 250 grid points, the
sheet boundaries are automatically recognized as regions where grid points need
to be clustered. After this rapid initial adjustment (prior to times T" < 0.05),
the mesh clearly follows the oscillation.

We have implemented and applied this MOL-approach to various MHD
model problems [5]. The earliest study by Dorfi and Drury [@] already demon-
strated this method on one dimensional Euler shock tubes. We have successfully
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tested the method to similar MHD shock problems and are evaluating differ-
ent means to generalize the method to two and three space dimensions. The
difficulty in generalizing MOL methods to more than one space coordinate is
that the corners of 2D or 3D cells should be prevented from folding over onto
each other. Also, in multidimensional MHD applications, we must pay particular
attention to the solenoidal condition on the magnetic field.

Two results are shown here: Fig. Bl shows the time history of the grid point
locations for a 1.5D MHD problem first introduced by Téth, Keppens, and
Botchev [E]. A high density plasma sheet, embedded in a ‘vacuum’ bounded
by rigid walls, is set into motion by an initial imbalance in the magnetic pres-
sure between the left and right vacuum region. The resulting dynamics is a linear
oscillation of the plasma sheet which retains its identity. The oscillation is gov-
erned by alternating compressions and expansions of the magnetic field trapped
in the vacuum regions. In the grid line history, the originally uniformly spaced
mesh rapidly concentrates around the discontinuities that form the plasma sheet
edges, and are seen to follow the slow waving motion of the sheet.

WEISS-MODEL T=0 WEISS-MODEL T=1
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Fig. 2. A 2D kinematic flux expulsion. The left panel shows the initial cartesian
mesh and the shading corresponds to the magnetic vector potential. Right panel:
an imposed four-cell convection pattern causes the initially straight, uniform field
to distort, which is recognized and followed by the 2D grid cell movements.

In Fig. B a 2D kinematic flux expulsion is simulated. As in the original work
by Weiss [E], a prescribed convection pattern [velocity distribution V(x)] is
used in the induction equation for the magnetic field B, namely

0B

E_VX(VXB)—VX(UVXB% (1)
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where 7 indicates a magnetic diffusivity. Starting with an initially uniform field
and mesh, the field lines deform in response to perpendicular flow, while parallel
flow simply follows the field lines. The diffusion becomes important in regions of
strong gradients only. In the figure, the shading corresponds to the magnetic field
potential: field lines would be isolines in this plot. One can see that at later times,
some field lines are curled up and the grid is distorted to capture the localized
strong variations. In a forthcoming publication [3], we plan to discuss these
and other problems in detail and compare them with high resolution solutions
on static grids, obtained with the Versatile Advection Code [[. To get similarly
accurate solutions on a non-adaptive grid, many more grid points must be used
in each space direction.

3 Adaptive Mesh Refinement

One of the best known Adaptive Mesh Refinement (AMR) methods is the one
originally developed by Berger []. The AMR philosophy is to allow for a user-
defined number of grid levels (indexed by ), that have fixed refinement ratios r;
between their spatial step sizes Ax; (time steps At;), so that

Az At
AI[ - Atl ’ (2)

r=

In a patch-based approach, a refinement criterium applied to all grid patches
on level [ yields a collection of (scattered) points where a higher resolution is
needed. Such a refinement criterium can be based on physical quantities — like
a flow divergence or a current — exceeding user specified threshold values. For
efficiency, these quantities can be estimated from a low order solution on the
grids while the solution method used in the actual time integration can be of
higher order. Another refinement criterium often used in AMR implementations
is a point-to-point comparison between the conservative variables (e.g. density)
obtained by a normal, ‘fine’ step on grid patch G;; of resolution [Az;, At;] and
by a ‘coarse’ step of resolution [2Ax;, 2A¢t;]. By saving previous time steps of
the solution on patch G, this only involves one coarse and one fine time step
advance, which again can be of low order.

In all cases, the points thus flagged for refinement are clustered in groups
and surrounded by clouds of ‘buffer’ points to anticipate the expected spreading
of the dynamics over a larger area. All the resulting points are then grouped in
rectangles (in 2D), which by subsequent bisections form the most efficient next
candidate grid patches on level | + 1. Extra measures can be taken to ensure a
proper nesting of grids: each level [ + 1 grid must be entirely contained in level [
grids with at least one grid cell of a level [ grid neighbouring its sides. Exceptions
are possible near the computational domain edge.

The time integration must proceed in a well-defined order, such that all grids
at all levels agree in the physical solution after each time step t7 — t7 + Aty
on the coarsest grid(s) present. A hypothetical sequence of three subsequent
timesteps is schematically represented in Fig. l, showing the possibility for grid
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Fig. 3. A hypothetical sequence of three time steps, in an AMR simulation with
a maximal allowed nesting level of 4. Vertical ‘advance’ arrows time-integrate all
grids at that particular level; horizontal ‘update’ arrows pass the more accurate
solutions down the level tree; and ‘refine’ actions (grey circles) may lead to higher
level creation or destruction.

level creation and destruction. Starting from time ¢}, the n-th time step as
judged from the level 1 grids, the scheme is traversed from left to right, bottom
to top, and with horizontal ‘update’ arrows preceeding vertical time ‘advance’
steps. In the first time step shown, the ‘advance’ of level 1 is followed by two
‘advance’ steps on level 2, which are the only levels present at time t7. When
level 2 has caught up in time with level 1 (both arrived at time ¢} 1), the coarse
solution is ‘updated’ — indicated by a horizontal arrow — with the finer level 2
solution, where available. This process continues in the second and third time
step. However, the sequence is complicated by allowing for newly created (or
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destroyed) grids on levels [ + 1 up to a maximally allowed level (taken as 4 in
Fig. B). This happens at the locations marked by the grey circles: the grids at
that level are unchanged, but all higher level grids can suddenly appear (after the
first and halfway in the second time step), disappear (after the second timestep),
or simply get rearranged or be left unchanged (halfway in the third time step).
The criterion for when a specific ‘refine’ action (grey circle) takes place is simple:
when k timesteps are taken on a certain level, it is evaluated for refinement (k = 2
in Fig. @). However, the maximally allowed finest level 4 is never refined, and a
downward cycle of update steps should not lead to duplicate refinements.

We have a Fortran 90 implementation of an AMR scheme, usable for the Euler
equations in two space dimensions. The integrator is a finite volume, conservative
Flux Corrected Transport [H] algorithm. It should be clear that the update steps
mentioned above also involve ‘fix’ operations at boundaries between level | and
level I + 1 grids: to ensure global conservation, the fluxes as obtained by the
addition of the fine cell fluxes that make up one coarse level [ cell replace the
fluxes obtained from the level [ cells that are covered by a finer mesh.

As an example calculation, we show in Fig.lla two dimensional generalization
of Harten’s [A] shock tube problem, where the bottom right hand corner of a
rectangular domain has different constant state variables than those in the rest
of the domain. The simulation allows for four grid levels, which are automatically
created at time ¢t = 0 and nicely follow the discontinuities present. At a slightly
later time, the discontinuities in each direction develop locally in combinations
of rarefactions, shocks and contact discontinuities. Note in particular how the
hierarchically nested grid structure rearranges itself to capture the evolving flow
features. Thereby, grids can merge, disappear, shrink or grow in size as imposed
by the physics.

We will further translate the Fortran 90 code into LASY syntax [i&], so that
both 1D, 2D, and 3D applications can be run with the same source code. The
coupling with the Versatile Advection Code will open up the possibility to apply
the AMR technique to any set of (near) conservation laws, like the (resistive)
MHD equations.

4 Conclusions and Outlook

This progress report summarizes our continuing efforts to evaluate and ex-
ploit grid adaptation schemes in challenging magnetohydrodynamic computa-
tions. We demonstrated the workings of two different approaches, r-refinement
and h-refinement, for some idealized model problems. The application of MOL-
techniques to MHD problems, in particular in 2D and 3D versions, is a novel
research area which should be pursued further along the lines indicated in this
manuscript. The more established AMR technique has been applied in MHD
problems recently, e.g. see 8], but a dimension independent implementa-
tion in combination with a choice in the actual set of conservation laws to solve,
will become feasible for the first time when we finish our efforts.
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Fig.4. A 2D hydrodynamic shock tube problem. We show density p (left) and
y-velocity (right) at times ¢ = 0.0 (top) and eight CFL-limited timesteps later
(bottom). Four refinement levels, with r; = 2,1 = 2, 3,4, automatically form a
nested structure that follows the initial discontinuity. Level 1 is the full square,
and the thin lines are the boundaries of the grid patches, which are nested into
that. As time evolves, the grids adjust dynamically: note how at ¢ = 0.0, five
grids on level 4 were formed, which have merged and broadened into three level
4 grids at the last time shown. The underlying level 2 and 3 grids also changed,
always ensuring a proper nesting.
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The number of applications that become amenable to large-scale numerical sim-
ulations promise to keep us and other physicists alike busy for the years to come.
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Abstract. Irregular problems require the computation of some proper-
ties for a set of elements that are irregularly distributed in a domain. The
distribution may change at run time in a way that cannot be foreseen in
advance. Most irregular problems satisfy a locality property because the
properties of an element e depend on the elements that are ”close” to e.
We propose a methodology to develop a highly parallel solution based
upon a load balancing strategy that respects locality because e and most
of the elements close to e are mapped onto the same processing node.
We also discuss the update of the mapping at run time to recover an un-
balancing, together with strategies to acquire data on elements mapped
onto other processing node. The proposed methodology is applied to the
multigrid adaptive problem and some experimental results are discussed.

1 Introduction

Several problems in computer science require the computation of some prop-
erties, i.e. speed, position, temperature, illumination etc., for each element in
a domain of interest. The computation is iterated either to simulate the sys-
tem evolution in an interval of time or to improve the accuracy of the results.
A problem is irregular if the elements are distributed in the domain in a non
homogeneous and dynamic way that cannot be foreseen in advance.

Some important examples of irregular problems are: the Barnes-Hut method
for n-body problems [H], the adaptive multigrid method for the solution of partial
differential equations [H] and the hierarchical radiosity methods to determine the
global illumination of a scene [H].

In all these problems, the properties of an element e; depend upon those of
some other elements, the neighbors of e;. A problem dependent neighborhood
relation determines which elements affect the properties of e;, but the probability
that e; affects the properties of the e; is inversely related to the distance between
e; and e;. In the following, this property will be denoted as locality.

A key point in the development of a highly parallel solution of an irregular
problem is a load balancing strategy that maps the elements onto processing
nodes (p-nodes) while respecting locality, i.e. that maps most of the neighbors
of e; onto the same p-node of e; . Furthermore, the strategy should also define
how the mapping is updated when and if the distribution changes.

M. Bubak et al. (Eds.): HPCN 2000, LNCS 1823, pp. 71-l 2000.
© Springer-Verlag Berlin Heidelberg 2000
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Several techniques have been developed to parallelize irregular problems
on parallel architectures with distributed memory. Two different parallelization
strategy called Costzone and Orthogonal Recursive Bisection have been described
in 4], [fd] and [iF]. These techniques are based on two different kind of hierar-
chical decomposition of the domain. The ordering of domain elements throught
space-filling curves has been adopted in [H], [&f] and [£]. Another paralleliza-
tion approach for irregular problems, called CHAOS, is described in [ and
[E5]. This approach requires that the program consists of a sequence of clearly
demarcated concurrent loop-nests.

This paper proposes a parallelization methodology for irregular problems
that integrates two strategies: a load balancing strategy that respects locality
and one to collect remote data, i.e. data of elements mapped onto a distinct
p-node. The methodology is independent of the distributed memory parallel
architecture, and it only assumes that the p-nodes are connected by a sparse
interconnection network. The rest of the paper is organized as follows: sect.
B describes a hierarchical representation of the domain, sect. [l discusses the
data mapping and the load balancing technique, sect. B presents the strategy
to collect remote data. The application of our methodology to the adaptive
multigrid method and some experimental results are presented in Sect. Bl The
application to the Barnes-Hut method has already been described in [H]

2 A Hierarchical Representation of the Domain

In the following, we assume that the problem domain belongs to a space with
n dimensions. The proposed methodology exploits a hierarchical representation
of the problem domain. At each level the domain is partitioned into a set of
n-dimensional spaces. The procedure that partitions a space S is recursive and it
starts from the space that represents the whole domain. If a problem dependent
condition is satisfied, S is partitioned by halving each side to produce 2" equal
subspaces, and the procedure is applied to each resulting space. The spaces in-
cluding a large number of elements are partitioned into finer spaces than the
other ones. The whole decomposition is represented through the Hierarchical
Tree, H-Tree. Each node of the H-Tree, hnode, represents a space and the root
represents the whole problem domain. Each space S considered in the decom-
position is represented by one hnode and this hnode records information on the
elements in S. Larger spaces are paired with abstract information, while smaller
ones are paired with a more detailed information. In the following, space(N) de-
notes the space represented by the hnode N, while node(S) denotes the hnode
representing the space S. We notice that each hnode either is a leaf or has 2"
sons. If N is a leaf, space(N) is not decomposed.

Because of the non uniform distribution of the elements, two distinct sub-
trees rooted in the same hnode may have different heights. If the number of
elements and/or their distribution change during the computation, the partition
of the domain and the H-Tree are to be updated according to the current distri-
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bution. As soon as space(N) is partitioned, 2™ sons of N are inserted, while as
soon as space(N) is no longer partitioned, the sons of N are pruned.

Our methodology assumes that the H-Tree cannot be replicated in each p-
node, because of its memory requirement. Instead, we consider np + I subset of
the H-Tree, where np is the number of the p-nodes. One subset is the replicated
H-Tree, replicated in all the p-nodes. Each of the other subsets is stored in one
p-node only and it is the private H-Tree of the p-node.

3 Data Mapping and Runtime Load Balancing

To take locality into account, we propose a three step mapping: i) spaces order-
ing; i) determination of the computational load of every hnode and i) order
preserving mapping of the spaces onto the p-nodes.

The spaces are ordered through a space filling curve built on the spaces hier-
archy representing the domain decomposition. Space filling curves are a family
of curves that visit any point of a given space [&]. The curve is built starting
from the lowest level spaces, i.e. from the first partition of the problem do-
main. These spaces are visited in the order stated by the characteristic figure
of the adopted curve. If a space has been partitioned, then all its subspaces are
visited in a recursive way, before the next space at the same level. Any space
filling curve sf also defines a visit v(sf) of the H-Tree that returns a sequence
S((f)) = [No, N1, ...., Ny,] of hnodes. Alternative space filling curves may be
adopted because the curve dependent aspects of v(sf) may be encapsulated into
a function next_son(N), that determines the next son of N to be visited. If im-
plemented through a table look-up, next_son(N) is computed in a constant time.

The computational load of a hnode N is a problem dependent metric that
evaluates the amount of computations on the elements in space(N). According
to the considered problem, the load can be i) constant during the computation
and equal for all the hnodes, i) constant during the computation but distinct for
each hnode, or i) variable during the computation and distinct for each hnode.

The np p-nodes of the distributed memory architecture are ordered too. A
p-node P; immediatly precedes P in the ordered sequence SP, if the cost of an
interaction between P; and Py, is not larger than the cost of the same interaction
between P; and any other p-node. Since each p-node executes one process, Py
also denotes the process executed on the k-th p-node of SP.

To preserve the ordering among the spaces, they are mapped by partitioning
the hnodes through a blocking strategy. The sequence S(v(sf)) is partitioned
into np segments, i.e. into np subsequences of consecutive hnodes. The overall
load of a segment should be as close as possible to average_load, i.e. to the ratio
between the overall computational load and the number of p-nodes. We cannot
require that the load of each segment is equal to average_load, because each
hnode, and its load, is assigned to one process only. In the following, = (S, C),
where S is a segment and C is a constant, denotes that the load of S is as close
as possible to C. Due to the large number of elements, the difference between
average_load and the assigned workload is negligible. Then, the first segment
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is mapped onto the p-node Py, the second onto P; and so on. The resulting
mapping satisfies the range property: if the hnodes N; and N;y; are assigned to
process Py, then all the hnodes in-between N; and Ni4; in S(v(sf)), are assigned
to Py, as well.

After the data distribution, each process Py, builds the replicated H-Tree and
its private H-Tree. The private H-Tree of P}, includes a hnode N if space(N) is
assigned to Pj. The replicated H-Tree is the union of the paths from the H-
Tree root to the root of each private H-Tree. Each hnode N of the replicated
H-Tree records the position of space(N) in the domain and the identifier of the
owner process. In some problems, the intersection among the private H-Tree
and the replicated H-Tree includes the roots of the private H-Tree only. In other
problems, the private H-Trees and the replicated H-Tree are partially overlapped.

In all the problems that either emulates the evolution of a system or achieves
the required accuracy of the results through iteration, the data mapping chosen
at the #-th iteration could result in an unbalanced load at a later iteration. We
define a procedure to correct an unbalance while minimizing the correspondly
overhead. To detect when the procedure has to be applied, each process peri-
odically broadcasts its workload, and it computes max_unbalance, the current
maximum load unbalance, that is the largest difference between average_load
and the workload of each process. If max_unbalance is larger than a tolerance
threshold T, then each process executes the procedure. The threshold avoids
that the procedure is executed to correct a very low unbalance. Let us sup-
pose that the workload of P; is average_load + C, C' > T, while that of P;,
i < j, is average_load - C. To solve the unbalance P; cannot send to P; a set
S of hnodes where = (5, C) because the resulting allocation violates the range
property. The correct procedure can be sketched as a shift of the spaces that
involves all the processes in-between P; and P;. Let us define Prec; as the set
of processes [Py...P;_1] that precede P; in the sequence SP, and Suce; as the
set of processes [P;q1...Pyp) that follow P; in SP. Furthermore, Sbil(Prec;) and
Sbil(Succ;) are, respectively, the global load unbalances of the sets Prec; and
Suce;. If Sbil(Prec;) = C > T, i.e. processes in Prec; are overloaded, P; receives
from P;_; a segment S where = (S, C). If, instead, Sbil(Prec;) = C < =T, P;
sends to P;_1 a segment S where = (5, C). The same procedure is applied to
Sbil(Succ;) but, in this case, the hnodes are either sent to or received from P; 1.

To respect the range property, if [N,....N,] is the segment of hnodes it has
been assigned, P; sends to P;_; a segment [Ny....Ng], with ¢ < s < r, while it
sends to P;4+1 a segment [Ny....N,.], with ¢ <t <r.

4 Fault Prevention

Each process computes the properties of all the elements in the spaces it has been
assigned. To compute the properties of e, the process needs those of the neighbors
of e that may have been allocated onto other p-nodes. A simple and general
strategy to collect such remote data is request/answer. During the computation,
as soon as P}, needs data of a space S assigned to Py, it suspends the computation
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and sends a request to Pg. This strategy requires two communications for each
remote data, one from P, to Pk, and one from Py to Pj.

To reduce this overhead, we introduce the fault prevention strategy. Py, the
owner of the space S, determines, through the neighborhood stencil, which pro-
cesses require the data of S, and it sends to these processes the data, without
any explicit request. To determine all the data to be sent to P, P exploits
the information in the replicated H-Tree on the subspaces assigned to Pp. In
general, Py approximates the data that P, requires, because the replicated H-
Tree records a partial information only. The approximation is always safe, i.e. it
includes any data P, needs.

Fault prevention requires at most one communication for each other p-node
to collect the remote data but, if the accuracy of the approximation is low, most
of the data sent are useless. In some problems, the information in the replicated
H-Tree enables Py to determine a set of data that is not much larger than the
one required by Pj. In other problems, instead, to improve the accuracy of the
approximation, processes exchange some information about their private H-Trees
before the fault prevention phase. Also the time to compute the data to be sent is
rather important, because it cannot be larger than the one to explicitly request
the data to the other p-nodes.

5 Adaptive Multigrid Methods

Adaptive multigrid methods are fast iterative methods based on multi level
paradigms to solve partial differential equations in two or more dimensions [H],
. They may be applied to compute the turbulence of incompressible fluids
[B], for macromolecular electrostatic calculation in a solvent [E5], to solve plane
linear elasticity problems [#] and so on.

The adaptive method builds the grid hierarchy during the computation, ac-
cordingly to the considered partial differential equation. Each grid of the hier-
archy partitions the domain, or some parts of it, into a set of square spaces; the
value of the equation is computed in the corners of each square. The hierarchy
is built during the computation starting from an uniform grid, the level 0 of
the hierarchy. Let us suppose that, at a level [, a square A has been discretized
though the grid g. To improve the accuracy of the values in A, a grid finer than
g is added at level I+1. Also the new grid represents A, but it doubles the points
of g on each dimension. This doubles the accuracy of the discretization in A. As
the computation goes on, finer and finer grids may be added to the hierarchy
until the desidered accuracy has been reached in each square.

5.1 Multigrid Operators and V-Cycle

In the following, we consider the solution of the second order Poisson differential
equation in two dimensions, subject to the Dirichlet boundary conditions:
d?u  d*u

7E7W:f(x’y) N=0<z<1, 0<y<1 (1)
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u(z,y) = h(z,y) (z,y) € 082 (2)

To solve the considered equation, multigrid operators are applied on each grid
of the hierarchy in a predefined order, the V-cycle. We briefly describe the main
multigrid operators and the V-cycle; for a complete description see [[].

The smoothing (or relaxation) operator usually consists of some iterations of
the Gauss-Seidel method or the Jacobi one and it is applied on each grid g to
improve the approximation of the current solution on g.

The restriction operator maps the current solution on the grid at level [ onto
the grid at level [-1. The value of each point p on the grid at level -1 is a weighted
average of the value of the neighbors of p in the grid at level .

The prolongation operator maps the current solution on the grid at level [-1
onto the grid at level L If a point exists on both grids, its value is copied. The
value of any other points at level [ is an interpolation of the value of the neighbor
of p on the grid at level [-1.

The refinement operator, if applied to a grid, or to a part of it, at level [
adds a new grid to the hierarchy at level I+1. The new grid represents the same
square but it doubles the number of points on each dimension.

The V-cycle includes a downward phase and an upward one. The downward
phase applies the smoothing operator to each grid, from the highest level to the
one at level 0. Before applying this operator to the grid at level [, the restriction
operator maps the values on the grid at level [+ onto the one at level [. The
upward phase is symmetric to the downward one; the smoothing operator is
applied to each grid, from that at level 0 to the highest level ones. Before applying
the smoothing operator to a grid at level [, the prolongation operator maps the
values of the grid at level I-1 to the one at level L

At the end of the V-cycle, the results are evaluated through an error estima-
tion criteria. The refinement operator is applied to all the squares violating the
criteria before starting another V-cycle.

5.2 Data Mapping

The resolution of partial differential equations through the adaptive method is
an irregular problem, because the discretization of the domain and, consequently,
the distribution of the points, are not uniform and not foreseeable. Moreover,
adaptive methods are highly dynamic because the grid hierarchy is a function
of the considered domain.

The load balancing procedure should take into account two aspects of locality
because the value of a point p on the grid g at level [ is function of the values of
the neighbors of p i) on the same grid ¢ for the smoothing operator (intra-grid
or horizontal locality) i) on the grids at level [+1 (if it exists) and [-1 for the
prolongation and restriction operators (inter-grid or vertical locality).

To apply the proposed methodology to this problem, the square spaces of all
the grids of the hierarchy are ordered by visiting the domain through a space
filling curve, and they are mapped as shown in sect. H
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In the adaptive method, the hnodes at level [ represent all the squares of the
grids at level [, each hnode has either 4 sons or none and the squares associated
to the sons of the hnode N represent the same square of N, but the number of
points on each dimension is doubled.

To determine the computational load of an hnode we notice that the number
of operations is the same for each point of a grid and does not change during
the computation. Hence, the same computational load is assigned to each point,
i.e. to each hnode, and we assign to each p-node the same number of squares.

In general, the domain subset assigned to each process is a set of squares that
belong to grids at distinct levels. We denote by Do(FP},) the subdomain assigned
to process Pj. For each square it has been assigned, a process has to compute
one point, the rightmost downward corner of the square.

The private H-Tree of process P, includes all the hnodes representing the
squares assigned to Pp, while the replicated H-Tree includes all the hnodes on
the paths from the root of the H-Tree to the roots of the private H-Trees .

A hnode can belong to more than one tree, because the computation is exe-
cuted both on intermediate hnodes and on the leaves. To show that the replicated
H-Tree and the private H-Tree are not disjoint, consider a hnode N assigned to
the process Pj. If one of the descendant of N has been assigned to Py, h # k,
N belongs to the private H-Tree of Py, because P, computes the value of the
points in space(N), and to the replicated H-Tree because it belongs to the path
from the H-Tree root to the root of the private H-Tree of Pg.

5.3 Fault Prevention

Each process P, applies the multigrid operators, in the order stated by the
V-cycle, to the points of the squares in Do(P,).

Let us define Pe(Py), the boundary of Do(P}), as the sets of the squares
in Do(Py,) such that one of the neighbors does not belong to Do(Py,). Pe(Py,)
depends upon the neighborhood relation of the operator op that is considered.
To apply op to the points in Pe(Py), Py has to collect the values of points in
squares assigned to other processes. Let us define Ij, op 15, as the set of squares of
the domain not belonging to Do(P;,) and including the points whose values are
required by Pj, to apply op to the points in the subgrid at level liv of Do(P,).
Each of these squares belongs to Pe(P.), for some z # h. The values of points
in Ip op,iv are exchanged among the processes just before the application of op,
because they are updated by the operators applied before op in the V-cycle.

If fault prevention is adopted, Pj, does not compute Iy, op 1:0; instead, each
process Py determines the squares in Pe(Py) belonging to In op.iiv, Vh # k. Py
exploits the information in the replicated H-Tree about Do(P},) to determine
Ip,,0p,1iv- Since this information could be not detailed enough, Py computes an
approximation AJ of I op 1iv; in order to make a safe approximation, Py includes
in AT all the points that could have a neighbor at level liv in Do(P},) according
to the neighborhood stencil of op. Then Py sends to Pj, without any explicit
request, the values of the points in Al. To show that, due to the approximation,
some of these values may be useless for Py, suppose that Do(Py) and Do(Py)
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share a side, that Do(Py) and Do(P}) have been uniformly partitioned until,
respectively level [ and level I-m, and that the neighborhood stencil of op for the
point p involves only the points on the same level of p. Since Pj, does not know
[-m, it could send to P} some of its square on Pe(Py) at level higher than I-m
that are useless for Py, because it has no point on these levels.

To reduce the amount of useless data, we introduce informed fault prevention.
If Do(Py) and Do(Py) share a side, P, sends to Py, before the fault prevention
phase, the depth of each square in Pe(Py) that could have a neighbor in Pe(Py),
[-m in the previous example. This information allows Pj to improve the approx-
imation of the set of points to be sent to P,. The information on the depth of
the squares in Pe(Py) is sent by Py at the beginning of each V-cycle and it is
correct until the end of the V-cycle, when the refinement operator may add a
new grid. If the load balance procedure, that updates Pe(Py), is applied, then
at the beginning of the V-cycle Py has to send the depth of all the squares on
Pe(Py). Otherwise, since the refinement operator cannot remove a grid, each
process has to send information on the squares of the new grids only.

The informed fault prevention technique is applied to the refinement oper-
ator too, but in this case the set of data to be sent to each process is always
approximated. In fact, whether the process Py, that owns the square of a point
p, needs or not the square of the point ¢, owned by P, depends upon the value
of p. Since Py, at the beginning of the V-cycle, sends to P the depth of squares
in Pe(Py,), but not the values of the points, it could receive some useless values.

5.4 Experimental Results

We present some experimental results of the parallel version of the adaptive
multigrid algorithm resulting from our methodology. The parallel architecture
we consider is a Cray T3E [M]; each p-node has a DEC 21164 EV5 processor and
128Mb of memory. The interconnection network is a torus. The programming
language is C extended with the Message Passing Interface primitives [E].

The simulations solve two problems derived from the equation (@), with
f(z,y) = 0 and two different boundary conditions (@), denoted by hl and h2:

sinh(27(z +y + 2))

hl(z,y) = 10 h2(z,y) = 10 cos(2m(z — y)) sinh(87)

The solution of the Poisson equation is simpler than other equations such as the
Navier-Stokes one. Hence, the ratio between computational work and parallel
overhead is low and this is a significant test for a parallel implementation.

Figure @ compares the remote data collecting techniques. We plot the total
number of communications for request/answer (req/ans), for fault prevention
(fp) and for informed fault prevention (ifp). In both problems, the number of
communications of fault prevention and of informed fault prevention are, re-
spectively, less than 61% and 52% than those of request/answer. As previously
explained, because of the refinement operator, the number of communications
of informed fault prevention is larger than 50% of the request/answer one, but
the amount of useless data is less than 2%.
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Figure @l shows the efficiency of the parallel multigrid algorithm for the two
problems, for a fixed number of initial points, 2'4, the same maximum grid level,
12, and a variable number of p-nodes. These simulations exploit informed fault
prevention. The low efficiency resulting in the second problem is due to an highly
irregular grid hierarchy. However, even in the worst case, our solution achieves
an efficiency larger than 50% even on 16 p-nodes.

6 Conclusions

This paper has presented a methodology for the parallelization of irregular prob-
lems based upon the hierarchical structuring of the domain, a mapping strategy
based upon space-filling curves and a technique, fault prevention, that reduces
the communications overhead by preventing the data faults. This methodology
has been previously applied to parallelize the n-body problem [B]. The results of
our numerical experiments show that this approach achieves good performances
on high parallel distributed memory architectures.

We plan to extend the approach by considering other irregular problems,
such as hierarchical radiosity, in order to define a package that simplify the
developement of parallel solutions to irregular problems. A further development
concerns the evaluation of our approach in the case of networks of workstations.
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Abstract. In this paper, we address multiway network partitioning
problem of dividing the cells of network into multiple blocks so as to
minimize the number of nets interconnecting cells in different blocks
while balancing the blocks’ sizes. The sequential iterative improvement
algorithm for the problem consists of several passes each of which is per-
formed by repeatedly iterating the move operation. Therefore, the whole
execution time taken by the algorithm is greatly affected by the number
of the move operations and the execution time for each move operation.
We present a fast parallel algorithm for solving the multiway network
partiotioning problem by reducing both of them. We propose a new dy-
namic iterative method which reduces the number of move operations
executed at each pass dynamically, and hence speed up the whole algo-
rithm sharply. Moreover, we reduced the execution time of each move by
its parallelization using the proper cell distribution.

1 Introduction

In this paper, we address b-way network partitioning problem of dividing the cells
of the network into b blocks so as to minimize the number of nets interconnecting
cells in different blocks while balancing the blocks’ sizes. It has numerous ap-
plications such as VLSI layout, task assignment, placement of components onto
printed circuit boards, etc[1-5]. Since the network partitioning problem is NP-
hard, attempts to solve the problem have been concentrated on finding heuristics
which yield approximate solutions in polynomial time.

Kernighan and Lin suggested a heuristic procedure for 2-way graph parti-
tioning problem, which became the basis for most of the iterative improvement
method [i]. They solve the problem by repeatedly performing the pairwise ex-
change of cells residing in different two blocks. Several variations on their al-
gorithm have been reported and used for VLSI applications practically [PJEH].
Instead of making repeated use of 2-way pairwise exchange as in the previous
algorithms, Krishnamurthy and Sanchis proposed a multi-way network parti-
tioning algorithm which adopted the concept of cutset gain, i.e. the cell with the
largest gain in cutset cost is selected as the candidate for the one move operation
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with the objective of minimizing cutset cost[#H]. Also the candidate cell must
satisfy some size constraint so as to achieve the final size balancing. They treat
the two objectives in the network partitioning problem, i.e., minimizing cutset
cost and balancing the blocks’ sizes in not a coherent but respective ways, having
some difficulties in meeting both objectives. Kim and et. al. presented an itera-
tive improvement algorithm which can achieve the two objectives in a coherent
way by combining the cutset cost and balance cost into a single cost function of
weighted sum, and showed that their method outperforms the Sanchis]. (From
now on, we shall refer to the algorithm proposed by Kim and et. al. as KL
algorithm for simplicity.) Our parallel algorithm is based on KL algorithm.

The KL algorithm for the network partitioning problem consists of several
passes each of which is performed by repeatedly iterating the move operation.
Therefore, the whole execution time taken by the algorithm is greatly affected
by the number of the move operations and the execution time for each move
operation. We present a fast parallel algorithm for solving the multiway network
partitioning problem by reducing both of them. We propose a new dynamic it-
erative method which reduces the number of move operations executed at each
pass dynamically, and hence speed up the whole algorithm sharply. Moreover,
we reduce the execution time of each move by its parallelization using the proper
cell distribution and load balancing schemes. Our algorithm is implemented on
a hypercube network of transputers, and we shall show that ours outperforms
the sequential one in that it will decrease the overall execution time significantly
compared to the original sequential one without degrading the whole perfor-
mance of the problem.

The outline of our paper is as follows: In section 2 we explain some definitions
and notations used in the description of our algorithm. In section 3, we describe
KL algorithm, and in section 4 present a parallel algorithm for solving the net-
work partitioning problem. In section 5, we describe the experimental result. In
section 6, we give a conclusion.

2 Network Partitioning Problem

A network consists of a set of cells C = {C1,Cy,..,C.} connected by a set of
nets N={N7, No, .., N,,}. Each net connects two or more cells and each cell is on
at least one net. We denote by ¢ the number of cells in the network and by n
the number of nets. A b-way partition of a network is a partition of the cells of
the network into b blocks, represented by a b tuple B = {Bj, Bs, ..., Bp}. Each
block B; is a set of cells whose union is the set of the entire cells in the network.
The cutset of a partition is the set of nets with cells in two or more blocks of
the partition. The cutset cost W, of a partition is equal to the sum of all nets’
costs, each of which is obtained by assigning cost k —1 to each net with cells in k&
blocks. Similarly, the balance cost Wy, is defined as the sum of the balance costs
of all cells such that a partition with a lower balance cost is a better balanced
partition. The total cost of a partition is defined as W, + f - W, where the
balancing factor f is some nonnegative value which may be set by the system
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designer. The gain G(C;, By) of each cell C; in block By is defined as the value
by which the total cost decreases when C; is moved from B, to By. We shall not
describe how the gain of each cell is obtained, but refer to [&] for more detail.

3 KL Algorithm

In this section, we give a brief overview of KL algorithm. Given a network NT,
it finds a b way partition PART[1..c], where PARTi] represents a block where
cell C; belongs to. The basic approach is to start with an arbitrary initial par-
tition and to improve it by iteratively choosing a set of cells to be moved. The
description of the algorithm is shown in Algorithm KL below. It consists of a
series of passes. At step 1) of each pass, we repeatedly iterate the move operation
as many times as that of cells, and at step 2), find, from the information pro-
duced from the move operations, the partition with the smallest total cost which
shall be used as the starting partition for the next pass. Passes are performed
until no improvement in the total cost can be obtained. Initially, all the cells are
free cells with F'ree array values set to 0. The mth move operation executes the
followings: 1) updating the gains of all the free cells, 2) find the free cell C; with
the largest gain G(C, B;), 3) locking the cell C so that it may not be chosen in
the next move operation, and 4) storing the information about cell C; including
its gain G(Cj, B;) and destination block B; to be moved. After step 1), the cells
are sorted in T'mp_gain array according to their gains in nonincreasing order,
and the information about the cells, their gains and destination blocks are stored
in Tmp_C, Tmp_gain and Tmp_B arrays respectively. At step 2.1), we find a
set M), of the cells to be moved by choosing k,, which maximizes the partial sum
of gains in Tmp_gain, and at step 2.2), those cells in M, are moved to their
destination blocks by changing their corresponding contents of PART array. If
T < 0, we have arrived at a locally optimum partition, and the algorithm stops.

Algorithm KL

Input: A network NT, b and an initial partition PART[1..c|, where b is a
number of blocks and PARTYi] is a block where the cell C; belongs to.
Output: A final partition PART[1..c].

For each pass p =1, 2, ... do the following:
1). For each move m = 1,2, 3, .., ¢ do the following:
1.1). Calculate, for each free cell C;, its gain G(C;, Bj), for every block B;.
1.2). Find the cell C; with the largest gain G(Cj, B;).
1.3). Lock the cell C; by setting Freell] to 1.
1.4). Store the largest gain G(Cy, B;) into T'mp_gain[m], and ! and B; into
Tmp_Clm] and T'mp_B[m]| respectively.
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2). Find the best partition for pass p as follows:
2.1). Calculate k, which maximize T’ = Zfil Tmp_gain[i]. If T < 0, then stop
2.2). Foreachi=1,.. k&, set PART[Tmp_C[i]] to Tmp_Bl[i].

End Algorithm.

4 Parallel Algorithm

As we see in the previous section, KL algorithm consists of a series of passes, each
of which in turn iterates the move operations. Therefore, the whole execution
time taken by KL algorithm is greatly affected by the number of the move
operations and the execution time of each move operation. The basic approach
of our parallel algorithm is to reduce both of the number of the move operations
and the execution time of each move operation in order to speed up the whole
algorithm. The former is achieved by using the dynamic iterative method, and
the latter by the parallelization of each move, which shall be described in detail
in the subsequent sections.

4.1 Dynamic Iterative Method

In this subsection, we describe a dynamic iterative method which decreases the
number of move operations at each pass dynamically and hence reduces the over-
all number of move operations in the whole algorithm. We define the acceptance
ratio AR, of pass p as fL—’;, and the rejection ratio RR, as 1 — AR, respectively,
where n,, is the number of move operations at pass p. The average acceptance
ratio AAR is defined as the average of the acceptance ratios for all the passes.
For KL algorithm, n,, is fixed to c. Note that k, represents the number of move
operations which contribute to the partition of pass p. That is, only the cells C;
obtained in the first k, move operations at step 1) of KL algorithm are moved to
their destination blocks at step 2). Therefore, if we can decrease the number of
move operations down to the point that is greater than, but close to k, at each
pass p dynamically, we can reduce the time taken for the pass sharply without
degrading the overall total cost of the network partition.

Figure Ml shows an example of acceptance ratio graph for each pass of KL
algorithm, where b = 10, ¢ = 400, and n, = c. As we see in the figure, the
acceptance ratio of each pass tends to decrease rapidly as the number of pass
increases, that is, AR; = 0.73, ARy = 0.40, AR3 = 0.13, .., and so on. The
average acceptance ratio of the graph is 0.18, which tells that the algorithm
spends too much time on the move operations which shall be rejected. This is
due to the fact that the number of cells to be moved usually becomes smaller
rapidly as the algorithm approaches its optimal state. Therefore, we can speed
up each pass without degrading the performance of the algorithm by reducing
np, the number of move operations in each pass p dynamically while satisfying
the condition n, > k,. We define n, as ﬁ in our parallel algorithm, where

f(@) = i xp is a dynamic function proportional to the pass number p with
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AR

# of pass

1 2 3 4 5 6 7 8 9 10
Fig. 1. Acceptance ratio graph for a network: b = 10, ¢ = 400, and n, = ¢

constant i. Our experimental result for various sample networks shows that it
always satisfies the condition n, > k, when i = 1. As 7 increases, each pass can
be executed faster, but the condition may be violated with some loss in the cost
of the network partition at some passes, which may result in the overall delay
due to the increase in the number of passes.

4.2 Algorithm

The description of the parallel algorithm is shown in Parallel Algorithm Net-
work Partition below. Initially, the cells are distributed among PEs(Processing
Elements) so that each PE stores a subset of cells together with the informa-
tion about their network configuration. At step 1) of each pass, we repeatedly
iterate the move operation as many times as that inversely proportional to the
pass number. At each mth move operation of step 1), every PE storing the cells
updates their gains, finds the cell with the maximum gain in parallel, and dis-
tributes the maximum gain to the other PE’s for the calculation of the best
partition which maximizes the partial sum of gains. Let C'S; be a set of cells
distributed in PE i. After step 1), each PE i stores, for all cells, their gains in
T M P_gain array, and for each cell C; in C'S;, its associated move number m and
destination block B; in TM P_M|l] and TM P_B][l] respectively if C; is locked
at step 1.3). Finally, the maximum partial sum is obtained by prefix operation
at step 2.1), and the cells with gains in the maximum partial sum are moved
to their new destination blocks at step 2.2). The distribution at step 2.2 allows
load balancing among PEs such that each PE works on % elements in T'mp_gain
array for the calculation of partial sum at step 2).
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Parallel Algorithm Network Partition

Input: A network NT, b and an initial partition PART[1..c|, where b is a
number of blocks and PARTYi] is a block where the cell C; belongs to.

Output: A final partition PART[1..c].

For each pass p =1, 2, ... do the following:

1). For each move m =1,2,3,..,n, do the following:

1.1). Calculate, for each PE containing each free cell C, its gain G(C;, Bj),
for every block B;.

1.2). Find the cell C; with the largest gain G(Cj, B;).

1.3). The PE containing the free cell C; locks the cell C; by setting F'ree[l] to
1.

1.4). The PE containing C; stores its gain into Tmp_gain[m|, and m and B,
into Tmp_M ] and T'mp_B][l] respectively, and then distribute T'mp_gain[m)]
to all the other PE’s. The distribution is necessary for load balancing of
PEs such that each PE works on % elements in Tmp_gain array for the
calculation of partial sum at step 2).

2). Find the best partition for pass p as follows:

2.1). Calculate k, which maximize T = Zfil Tmp_gainli]. Each PE stores ~2
elements in Tmp_gain[m]. If T < 0, then stop

2.2). For each PE with C; such that Tmp_M[l] < k,, set PART(l] to Tmp_B]l].

End Algorithm.

4.3 Time Complexity Analysis

According to the scheme of communication between processors, parallel ma-
chine can be divided into shared memory model(SMM) and distributed memory
model(DMM) [i]. In DMM each processor communicates with other processors
through a fixed interconnection network[l]. Cube-connected computer(CCC)
and Mesh-connected computer(MCC) are the well known examples of DMM,
and have been long used in a wide variety of applications [58ICFCH FEARNCANCA] .
We shall use a cube-connected computer(CCC) as our model of parallel compu-
tation. In CCC each processor is connected to the other processors whose indices
are different in only one bit position from its index, and it takes O(logm) for
distribution and prefix operations on CCC with m processors which is faster
than O(y/m) taken on MCC or torus.

In our parallel algorithm on CCC with m processors, each move operation
takes O(%-b+logm), and hence step 1) at each pass p takes O(n,- (% -b+logm)).
Step 2) at each pass p takes O(22 + logm), since each PE works on 22 elements
of T'mp_gain array. Therefore, each pass p takes O(n,, - (% - b+ logm)). For KL
algorithm, each move takes O(bc), and hence each pass takes O(bc?). Since n,,
becomes much smaller than ¢ as the pass p increases in the dynamic iterative
method, the total number of move operations is sharply reduced compared to
KL algorithm. Moreover, the time complexity of each move operation is reduced
significantly through the parallelization of the move operations compared to that
of KL algorithm. Therefore, our parallel algorithm becomes much faster than KL
algorithm in terms of the total time complexity.
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Table 1. Average acceptance ratio for KL algorithm and our parallel algorithm

Smaz |KL algorithm Ours
1 0.169 0.513
5 0.177 0.483
10 0.149 0.466
20 0.136 0.485

Table 2. Performance comparison between KL algorithm and our parallel algo-
rithm

Ours(PE #)

b |N¢| ¢ |[Smaz|KL algorithm| 1 2 4 8 | 16
1 96.1 44.1 | 25.5 {19.1{10.1| 5.8

400( 5 68.5 38.5(23.6 [18.2]9.0 [4.1

10 93.8 44.2 124.6 [19.8{10.1| 5.7

10| 5 20 105.3 47.8 126.4 [21.2]10.8] 6.2
1 365.5 167.8] 96.0 |74.2|32.2{19.5

800( 5 427.0 182.8] 99.4 |78.5(|35.4(23.4

10 409.4 180.0] 97.9 |76.1|34.8{21.6

20 506.4 200.4|108.7|88.5(38.7(25.3

5 Experimental Result

We implemented our parallel algorithm on a network of sixteen transputers with
hypercube connection as CCC. To evaluate the performance of the proposed
algorithm, experiments with various characteristics such as number of cells(c),
number of nets(n), maximum size among all cells(s;,q. ), and averge number of
nets on a network (N, ) were performed and compared with KL algorithm. Table ll
shows the average acceptance ratio in KL and our parallel algorithm respectively
for a network with b = 10, ¢ = 400, n = 400, N, = 5. The acceptance ratio of ours
is larger than that of KL algorithm by 3 ~ 4 times, which tells that ours does
not waste much time on the unnessary move operations for the best partition
of each pass, speeding up the whole algorithm. Table B shows the comparison
of total execution time taken for KL algorithm and our parallel algorithm for
different ¢ and s,,4-. The execution time was measured in seconds. Note that
our parallel algorithm outperforms KL algorithm by more than two times when
using one processing element, and faster than KL algorithm by more than the
number of processing elements when using two or more processing elements while
producing the same result.

6 Conclusion

The execution time of the KL algorithm depends largely on the total number of
move operations and the execution time of each move operation, since the algo-
rithm consists of a series of move operations. In this paper, we have presented a
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fast parallel algorithm for solving multiway network partioning problem by re-
ducing both of them. Using the fact that a large portion of move operations does
not contribute to the partition of each pass, we have proposed a new dynamic
iterative method which decreases the number of move operations dynamically
as the passes goes on, and hence sharply speeds up the whole algorithm. More-
over, we reduced the execution time of each move by its parallelization using
the proper cell distribution. We have implemented our parallel algorithm on a
hypercube network of transputers, and have shown that ours is superor to KL
algorithm for single processor and the execution time of ours is decreased sig-
nificantly compared to KL algorithm without degrading the whole performance
of the problem. For future work, we are going to work for further refinement in
selecting the dynamic function.
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Abstract. A class of parallel incomplete factorization preconditionings
for the solution of large linear systems is investigated. The approach may
be regarded as a generalized domain decomposition method. Adjacent
subdomains have to communicate during the setting up of the precon-
ditioner, and during the application of the preconditioner. Overlap is
not necessary to achieve high performance. Fill-in levels are considered
in a global way. If necessary, the technique may be implemented as a
global re-ordering of the unknowns. Experimental results are reported
for two-dimensional problems.

1 Introduction

Krylov subspace based iterative methods are quite popular for solving large
sparse preconditioned linear systems

B 'Au=B""', (1)

where Au = b denotes the original system, and B denotes a given precondi-
tioning matrix (see, e.g., [@H]). The main operations within Krylov subspace
methods are following: sparse matrix—vector multiplication(s); vector updates;
dot products; setting up of the preconditioner; application of the preconditioner,
that is, solve w from Bw = r, for given r. As is well-known, the handling of steps
involving the preconditioner may be problematic on parallel platforms. In gen-
eral, there is a trade-off between high level parallelism and fast convergence [H,
especially when B is taken as an incomplete Choleky (IC) factorization of A
=] We refer to [@H] for a review of all commonly used techniques for achiev-
ing parallelism. Till recently, most of works (if not all) on parallel global IC type
methods concentrate on fill level zero preconditionings, for which the sparsity
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structure of A is preserved (see, e.g., [BEIITH]). We propose two techniques that
allow high fill levels in a global preconditioner. A key feature of our approach is
that adjacent subdomains have to exchange data during the computation of the
preconditioning matrix factors, and during the application of the preconditioner.
In contrast to classical domain decomposition methods, there is no overlap. A
special treatment of interior boundary layers (interfaces) allows to alleviate the
degradation of the convergence rate. In each situation, there exists an implicit
global (re-)ordering of the unknowns. Experimental results are reported for two-
dimensional problems, on a 16-processor SGI Origin 2000, showing that our
methods compare favourably with classical overlapping domain decomposition
methods.

2 Background

We consider the following self-adjoint second order two-dimensional elliptic PDE

= (Pua), = (quy), = f(z,y) in 2= (0,1) x(0,1)
u =0 on I’ (2)
Up =0 on OMNI .

I" denotes a nonempty part of the boundary 942 of 2. The coefficients p and q are
positive, bounded and piecewise constant. We discretize () over a uniform rect-
angular grid of mesh size h in both directions with the five-point box integration
scheme. The lexicographical ordering in the (z,y)-plane is used to number the
unknowns. The resulting system matrix A is a nonsingular block-tridiagonal,
irreducibly diagonally dominant, Stieltjes (that is, symmetric positive definite
and none of its offdiagonal entries is positive) matrix. A popular method for
solving such a system is the preconditioned conjugate gradient (PCG) method,
combined with an incomplete factorization as preconditioning technique (see,
e.g., [BH]). Fig. @ shows an incomplete LPL! factorization algorithm, where

D= { (ki) | lev(lg:) > L}

stands for the set of discarded fill-in entries. The integer ¢ denotes a user specified
maximal fill level. With respect to the notation of Fig. l, lev(lx ;) is defined as
following;:
0 if Ix;#0 or k=i
oo otherwise
Factorization: lev(lx;) := min{lev(lx;), lev(l; ;) +lev(ly;) +1} .

Any gridpoint j that is connected, with respect to the graph of L, with two
gridpoints ¢ and k such that j < i < k (say, l; ; # 0 and I} ; # 0) gives rise to a
fill-in entry (or a correction) in position (k,7) of L.

Initialization: lev(ly ;) :=
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Compute P and L (B = LPL'? with diag(L) =1)
Initialization phase

Piii=aii, t=12,---.n

lij=a;;, 1=23,---,n, j=1,2,---,i—1
Incomplete factorization process

doj=1,2,---,n—1

compute parameter p;

doi=j+1,5+2,---,n
l?j
Pii *= Pii — pj”]
I
l; = 2l
T Py
dok=14+1,i4+2,---,n
if (k,i) €D lpi:=1lki—lijle,;
end do
end do

end do

Fig. 1. Standard incomplete factorization (IC).

3 Parallel Incomplete Cholesky Preconditioners

3.1 Explicit Pseudo-overlap

For simplicity we assume that the grid is divided into p stripes, as illustrated on
Fig. B We impose the following conditions:

(c1) for each subdomain the computation starts at the bottom layer gridpoints,
and finishes at the top layer gridpoints. The actual computations start from
two sides: for the subdomains in the upper side of the physical domain, the
flow of computations is downward;

(c2) immediately after the computations at the bottom layer gridpoints of a
subdomain (Pj, j € {0, p—1}) have been completed, the relevant corrections
for the top layer gridpoints of the (appropriate) adjacent subdomain are
packed and sent (preferably by means of some nonblocking communication);

(c3) the numbering decreases or increases in the same way for neighbouring
points, for the bottom layer gridpoints and the top layer gridpoints of ad-
jacent subdomains. This facilitates the implementation (communication).
Each top layer gridpoint has “to know” where corrections come from.
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Fig. 2. Decomposition of the grid into stripes,and assignment of subdomains to pro-
cessors, for ny; = 32, ny, = 33 and p = 8. Arrows indicate the progressing direction of
the line numbering per subdomain. Numbers along the y-axis give an example of global
(line) ordering, which satisfy all the required conditions. Within each horizontal line,
gridpoints are ordered lexicographically.

Definition 1. Given that communication only involves the gridpoints in the bot-
tom and top layer, the union of adjacent layers is referred to as the pseudo-
overlapping region (or simply the pseudo-overlap). Equivalently, if P, has to
send data to Ps during the incomplete factorization process, we will say that Ps
is pseudo-overlapped by P,..

The rate of convergence of a parallel IC(0), executed under the conditions as
described above, will degrade as the number of subdomains increases (p > 2 for
stripes type partitionings [Aid], and p > 4 for more general partitionings [FIEd];
see also [MEAEH). In order to explain why this occurs, we make, in Fig. B a
zoom of an interface between two adjacent subdomains. We use a stencil graph
notation [E&: a diagonal entry a;; is represented by circle number 4; the edge
{i,7} (here horizontal and vertical lines) corresponds to a nonzero offdiagonal
entry a; ;. Oblique line represent (rejected) level-1 fill-in entries that are not
significantly different from the case of p = 1. Thick lines (the arcs) are the
(neglected) level-1 fill-in entries that would not arise if a global natural ordering
(or some other equivalent ordering) were used. Such level-1 fill-in entries are
responsible for the deterioration of the convergence. For IC(0), rejected level-1
fill entries determine the remainder matrix R = B — A. In the terminology of
Doi and Lichnewsky [B, the bottom layer gridpoints of Psy1 (see gridpoints
marked with * in Fig. ), which induce the additional level-1 fill entries, are
called incompatible nodes.
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Fig. 3. Part of graph of matrix A assigned to two adjacent subdomains (P, and Ps41).
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A way to improve the performance consists in accepting enough fill-in entries
generated by the parallelization strategy: increase both the pseudo-overlap width
(w = h,2h,3h,...) and the fill level (¢ > 0,1,2,...) in the pseudo-overlapping
region(s).

Definition 2. We denote by ParlC(¢; w, {) any standard IC(£) combined with
the parallelization strategy as described above. This reads parallel IC with inte-
rior fill level £, pseudo-overlap width w, and pseudo-overlap fill level {,. In the
specification of w, k will stand for kh, in order to include variable mesh size
problems and (graphs of ) matrices that do not stem from discretized PDEs.

3.2 Implicit Pseudo-overlap

The parallelization technique discussed so far may be rather tedious to ap-
ply, when some subdomains have a high number of neighbours and the grid is
not well structured. The alternative method, with an ordering induced pseudo-
overlapping strategy, that we shall describe now, may be easily used to tackle
intricate geometries and partitionings. For the purposes of our exposition, let us
think of each small (grid) square of Fig.H as a finite element, and assume that
the finite elements have been partitioned into p subdomains by means of some
automatic mesh partitioning algorithm. Then, in each subdomain, the (local)
unknowns are re-numbered class by class, consecutively, as following;:

class 1: all interior gridpoints are numbered (firstly);

class 2: next follow all gridpoints, if any, that belong to two subdomains;
class 3: next follow all gridpoints, if any, that belong to three subdomains;
etc ...

Ll o
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In doing so, we obtain a (generalization of a) reverse variant of an ordering
discussed in [H] (see also [[i]). A global renumbering of the gridpoints may
be achieved in a similar way. The computation and the exchange of data is
performed, class by class, as follows:

1. compute class 1 gridpoints;

2. exchange data for class 2 gridpoints updates; compute class 2 gridpoints;
3. exchange data for class 3 gridpoints updates; compute class 3 gridpoints;
4. exchange data for class 4 gridpoints updates; etc ...

Any step that involves an empty class must be skipped. The computation and
the exchange of data should be organized in such a way that, at each gridpoint
shared by two or more subdomains, each subdomain involved obtains the same
value, up to round-off errors, during the incomplete factorization process, and
during the preconditioning steps. This requires to drop any connection between
two gridpoints of the same class, but which belong to two different interfaces.
An illustration is provided in Fig. Bl where we give a partitioning of the physical
domain into 2 x4 boxes. In the case where the connection to be dropped corre-
sponds to some entry a; ; of the original system matrix, the dropped value may
be added to the diagonal entries a;; and a; ;. The rowsum of the system matrix
is then preserved.

—+ (arrows) flows of computation

Y interfaces between subdomains
} }
Ps3 Pr
@
} P2 Ps }
. class 1
@ e class 2
= o @class 4
f f
@
Po Pa
f f
— - X

Fig. 4. Decomposition of the grid into 2x4 subdomains, assignment of subdomains to
processors, and partitioning into classes. Oblique lines correspond to forbidden level-1
fill-in entries.
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Definition 3. Now the pseudo-overlap will be implicitly determined by the local
numberings of unknowns, and the fill level taken inside each subdomain. We shall
denote this more general parallel IC simply by ParIC(£). It can be easily extended
to include the case of subdomains with different fill levels.

4 Numerical Experiments

The zero vector is used as initial guess, and the PCG is stopped as soon as the
residual vector r satisfies |72 /[|b]]2 < 1075, The test is performed only once
| B=1r|l2 /|| B71b|l2 <107° is satisfied. The computations are carried out in dou-
ble precision Fortran on a 16-processor SGI Origin 2000 (195 MHz), using the
MPT library for communications. The preconditionings include: ParIC(¢; w, ¢,),
le > w — 1, with the stripes (or 1 x p) partitionings; ParIC(¢) with 2 x p parti-
tionings; and the additive Schwarz with overlap AS(¢; @), each local problem is
handled with one IC(¥) solve, w stands here for the actual overlap width. We use
w = hg, h, 2h, where hg means that only one line of nodes is shared by adjacent
subdomains. No global coarse grid correction has been added, as suggested in
[E254]), to improve the performance of the preconditionings involved.

Problem 1. p=q=1,I = 2, u(z,y) = z(z—1)y(y—1)e*?, and h = 1/(ny,+1).

Problem 2. I' = {(z,y); 0<z <1,y=0}, h=1/n,,
100 in (1/4,3/4) x (1/4,3/4) 100 in (1/4,3/4) x (1/4,3/4)
p=q={ f(xvy):{

1 elsewhere , 0 elsewhere .

We first collect in Figs. Band @, and in Table ll the results of our numerical
experiments performed with the stripes partitionings. We use the parallel speed-
up, which is the ratio between the execution time of the parallel algorithm on
one processor and the time on p processors.

,,,,,,,,,,,,,,,,,

140 Problem 2 (n=16256)

Problem 1 (n=16364)
100

1 2 3

T

s 6 7 8
pseudo-overlap width

Fig. 5. Effects of pseudo-overlap width w on the number of pcg iterations, for 1 x 8 processors
and ParIC(0;w,w — 1). Horizontal lines display the number of pcg iterations for sequential IC(0).
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Problem 1 (n=262144)
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Problem 2 (n=262656)
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Fig. 6. Number of PCG iterations and overall computational time for ParIC(0;1,0),
ParIC(4;5,4), AS(4,ho), AS(4,h), AS(4,2h), and 1 X p partitionins (stripes). Evolution

each preconditioner involved

of the relative residual error for 1 x 8 processors; the fill-in level £ = oo (locally) for
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Table 1. Speed-up for stripes partitionings (1 X p).

Problem 1 Problem 2
Precond. p= 2 4 8 16 2 4 8 16
ParIC(0;1,0) 2.04 4.57 10.66 19.94 1.98 4.73 10.99 19.66
ParIC(4;5,4) 1.88 4.15 9.24 17.96 1.76 3.86 8.37 15.92
AS(4,ho) 1.32 3.08 7.19 13.12 1.30 2.96 6.46 12.21
AS(4,h) 1.56 3.56 7.38 14.99 1.32 3.11 6.53 11.96
AS(4,2h) 1.58 3.56 7.29 15.46 1.35 3.08 5.78 12.26

From all the observed results, the following trends are evident. It is advan-
tageous to use increased pseudo-overlap. In particular, for difficult (large size)
problems (see Fig. @), the degradation of the performance is (more than) mas-
tered when one accepts some fill-in entries generated by the parallelization strat-
egy. ParIC(4;5,4) is in general twice as fast as ParIC(0; 1, 0). For both methods,
the speed-up is high, and in general better than for AS methods. AS methods
must be applied with a sufficiently large overlap width, in order to achieve per-
formance comparable to ParIC methods, which dramatically increases the com-
putational complexity. This holds even if each local problem is solved exactly.
Observe that, for p = 2, ParlC(00; @max, 00), which is equivalent to ParIC(o0),
becomes a direct solver, whereas AS remains an iterative one.

Table Bshows the performance of ParIC(4) combined with various partition-
ings. For stripes (or 1 X p) partitionings, ParIC(4) is mathematically equivalent
to ParIC(4;5,4). It appears that, for difficult problems, it would be interesting
to use partitionings better than the simple stripes ones.

Table 2. Problem B, h~! = 513, n = 262144. Problem B, h™' = 512, n = 262656.
Comparison of various partitionings (part). Number of PCG iterations (iter); elapsed
time in seconds for: the computation of the preconditioning matrix (fact), the solver,
and overall time; for ParIC(4).

Problem 1 Time Problem 2 Time

part iter fact pcg overall iter fact pcg overall
1 122 4.76 80.59 86.20 185 4.84 106.17 111.61
1x2 122 2.48 42.84  45.82 187 2.48 60.60 63.45
2x1 122 2.43 42.35 45.25 150 2.34 47.54 50.14
1x4 128 1.24 19.30 20.78 200 1.22 27.48 28.88
2x2 127 1.42 1946 21.18 159 1.44  22.76 24.37
1x8 131 0.65 8.50 9.32 205 0.62 12.60 13.33
2 x4 135 0.74 8.45 9.30 167 0.74 9.66 10.51
1x16 137 0.37 4.26 4.80 219 0.33 6.49 7.01

2x8 137 0.41 4.54 5.12 172 0.40 5.11 5.61
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Abstract. A block-preconditioner is considered in a parallel computing
environment. This preconditioner has good parallel properties, however
the convergence deteriorates when the number of blocks increases. Two
different techniques are studied to accelerate the convergence: overlap-
ping at the interfaces and using a coarse grid correction. It appears that
the latter technique is indeed scalable, so the wall clock time is constant
when the number of blocks increases. Furthermore the method is easily
added to an existing solution code.

Keywords: Parallel Krylov subspace methods; block preconditioner;
overlapping subdomains; coarse grid correction.

1 Introduction

Domain decomposition arises naturally in computational fluid dynamics ap-
plications on structured grids: complicated geometries are broken down into
(topologically) rectangular regions and discretized in general coordinates, see
e.g. [, applying domain decomposition to iteratively arrive at the solution on
the global domain. This approach provides easy exploitation of parallel comput-
ing resources, and additionally offers a solution to memory limitation problems.

In this paper we present a parallel implementation of a Krylov accelerated block
Gauss-Jacobi method for the DeFT Navier-Stokes solver. This research is a con-
tinuation of our work presented in [AEPZARII]. For an overview of the literature
of related parallel methods we refer to [Z2/]. We report results for a Poisson
problem on a square domain, which is representative of the pressure system
which must be solved for the pressure correction method used in DeFT.

The main parallel operations required in Krylov subspace methods are dis-
tributed matrix-vector multiplications, vector updates, inner products, and
precon-ditioner-vector multiplications. For many problems, the matrix-vector
multiplications require only nearest neighbor communications, and are very ef-
ficient. Vector updates are also easy to parallelize. Inner products require global

M. Bubak et al. (Eds.): HPCN 2000, LNCS 1823, pp. 99-, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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communication so one has to be careful in their parallel implementation. This
aspect of the Krylov subspace solver has been addressed in [H]. The paralleliza-
tion of non-overlapping block preconditioner operations is also trivial. However,
the convergence behavior of the preconditioner deteriorates considerably, when
the number of blocks increases (compare [H]).

In this paper we consider the acceleration of parallel block preconditioned Krylov
subspace methods by overlapping and deflation. The parallel implementation is
based on MPI subroutines [E]. The details of the block preconditioner and its
convergence are given in Section ll. In Section B overlapping of the subdomains
is defined, which can be used to enhance the convergence of the block precon-
ditioner. Coarse grid correction, presented in Section B is another promising
technique to accelerate the block preconditioned method. Section B contains nu-
merical experiments illustrating the convergence of the various parallel iterative
methods.

2 Block Preconditioning and Krylov Subspace Methods

2.1 The Block Jacobi Preconditioner

We consider an elliptic partial differential equation discretized using a cell-
centered finite difference method on a computational domain (2. Let the domain
be the union of M nonoverlapping subdomains (2,,, m = 1, ..., M. Discretization
results in a sparse linear system Az = b, with x, b € R"Y. When the unknowns
in a subdomain are grouped together one gets the block system:

A11...A1M I1 bl
: IR EI RN M

In this system, the diagonal blocks A,,,, express coupling among the unknowns
defined on §2,,, whereas the off-diagonal blocks A,,,,, m # n represent coupling
across subdomain boundaries. The only nonzero off-diagonal blocks are those
corresponding to neighboring subdomains.

In order to solve system (fll) with a Krylov subspace method we use the block
Jacobi preconditioner:

All
K =

Anvm

When this preconditioner is used, systems of the form Kv = r have to be solved.
Since there is no overlap the diagonal blocks A,V = Tm, m = 1,..., M can
be solved in parallel. In our method these systems are solved by an iterative
method. Since the number of inner iterations may vary in each outer iteration,
the effective preconditioner is nonlinear and varies in each outer iteration.
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We use RILU preconditioned GMRES [lfZ1] to solve the subdomain problems
to within a fixed tolerance. Additionally, a blockwise application of the RILU
preconditioner is used.

2.2 The Krylov Subspace Methods

In this paper we consider linear systems where the coefficient matrix is sym-
metric or non-symmetric. For a symmetric matrix we use a parallel version of
the preconditioned Conjugate Gradient method E3H]. For this method the pre-
conditioner should be the same in every outer iteration. This means that only
two choices for the preconditioner can be used: a block RILU preconditioner or
solving the subdomain problems with a small tolerance. In the latter choice the
preconditioner is close to K 1.

In our application, pressure correction, the pressure system resembles a dis-
cretized Poisson equation; however, the coefficient matrix may be non-symmetric.
For the non-symmetric case we use the GCR method [EJE. This is a Krylov
subspace methods which allows a variable preconditioner.

Algorithm: GCR

Given: initial guess xg

To = b— AI’O
for Kk =1,..., convergence
Solve K0 = r_1 (approximately)
G = Ab
[qk, vi] = orthonorm (§, 9, g;, v;,i < k)
Y=g e

Update: xx = x—1 + Yk
Update: ry = rp—1 — Yqx
end

The function orthonorm() takes input vectors ¢ and @, orthonormalizes §
with respect to the ¢;, ¢ < k, updating v as necessary to preserve the relation
G = A0, and returns the modified vectors g and vg. Using the conclusions of [H]
we choose the following orthogonalization methods: Reorthogonalized Classical
Gram-Schmidt when the subdomain size is small, otherwise we take the Modified
Gram-Schmidt method.

2.3 The Convergence Behavior of the Block Preconditioned GCR
Method

As a test example, we consider a Poisson problem, discretized with the finite
volume method on a square domain. We do not exploit the symmetry of the
Poisson matrix in these experiments. The domain is composed of a /p x /p
array of subdomains, each with an n x n grid. With h = Az = Ay = 1.0/(n./p)
the discretization is

2
AUij — Wig1,j — Uim1,j — Wij—1 — Wi 41 = h° fij.
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The right hand side function is f; j = f(ih, jh), where f(z,y) = —32(z(1 —z) +
y(1 —y)). Homogeneous Dirichlet boundary conditions u = 0 are defined on 02,
implemented by adding a row of ghost cells around the domain, and enforcing
the condition, for example, ug ; = —u1,; on boundaries. This ghost cell scheme
allows natural implementation of the block preconditioner as well.

For the tests of this section, GCR is restarted after 30 iterations, and modified
Gram-Schmidt was used as the orthogonalization method for all computations.
The solution was computed to a fixed tolerance of 1076, The subdomain approx-
imations will be denoted as follows:

— GMR6 = GMRES with a tolerance of 107, (preconditioned with RILU)
— GMR2 = GMRES with a tolerance of 1072, (preconditioned with RILU)
— GMR1 = GMRES with a tolerance of 10!, (preconditioned with RILU)
— RILU = one application of an RILU preconditioner.

We compare results for a fixed problem size on the 300 x 300 grid using 4, 9,
16 and 25 blocks. In Table ll the iteration counts are given: both the number
of outer iterations and the average number of inner iterations (in parentheses).
Note that for all preconditioners the number of outer iterations increases when
the number of blocks grows. This implies that the parallel efficiency decreases
when one uses more processors. In the next sections we present two different
approaches to diminish this drawback.

p=4 p=9 p=16 p=25
GMR6| 78(68.4) 83(38.7) 145(31.4) 168(26.4)
GMR2| 86(15.7) 118(15.7) 168(13.7) 192(10.9)
GMR1|139(13.6) 225(9.3) 287(7.1) 303(5.9)
RILU 341(1)  291(1)  439(1) )

437(1

Table 1. Number of iterations for various number of blocks

3 Overlapping of the Subdomains

It is well known that the convergence of an overlapping block preconditioner is
nearly independent of the subdomain grid size when the physical overlap region
is constant (see [EESANER]).

To describe the overlapping block preconditioner we define the subdomains
£27, C (2. The domain (2 consists of {2, and ngye, neighboring grid points
(see Figure ).

The matrix corresponding to this subdomain is denoted by A ... Application
of the preconditioner goes as follows: given r compute v using the steps
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1. r¥, is the restriction of r to (2},

2. solve A¥ _v* =r} in parallel,

3. form v,,, which is the restriction of v}, to (2,.

Fig. 1. The shaded region is subdomain {27 for neyer = 2

A related method is presented by Cai, Farhat and Sarkis [BH]. A drawback
of overlapping subdomains is that the amount of work increases proportional to
Noyer- Furthermore it is not so easy to implement this approach on top of an
existing software package.

4 Coarse Grid Correction

We present the coarse grid correction only for the symmetric case. In our im-
plementation we use the Deflated 1ccG method as defined in [ (see also
[EEEAE]). To define the Deflated 1¢ca method we need a set of projection
vectors v1,...,vps that form an independent set. The projection on the space
A-perpendicular to span{vy,...,vp} is defined as

P=1-VE 1AV with E = (AV)TV and V = [v;...v0] .

The solution vector z can be split into two parts z = (I — P)x + Px . The
first part can be calculated as follows (I — P)z = VE~'V Ax = VE~'VTb . For
the second part we project the solution z; obtained from DICCG to Pz;. DICCG
consists of applying ¢G to L™TL='PT Az = L=TL='PTb.
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The Deflated 1ccG algorithm reads (see Reference [Z4]):

DICCG
j=0, 7o =PTrg, p1 =21 = LT L™ #;
while [|7;]2 > accuracy do

§=i+1 a5 = R

Tj = Tj—1+ 0Dy
’IA"j = ’I:j,1 — OleTApj;
_7-Tr—1a. __(Piz)
2 = DL 0 = e
Dj+1 = zj + Bjp;;
end while

For the coarse grid correction we choose the vectors v, as follows:
(1) =1, i € 2y, and v, (i) =0, i ¢ 2. (2)

We are able to give a sharp upperbound for the effective condition number of
the deflated matrix, used with and without classical preconditioning [E3]. This
bound provides direction in choosing a proper decomposition into subdomains
and a proper choice of classical preconditioner. If grid refinement is done keep-
ing the subdomain resolutions fixed, the condition number can be shown to be
independent of the number of subdomains.

In parallel, we first compute and store ((AV)TV)~! in factored form on each
processor. Then to compute PT Ap we first perform the matrix-vector multipli-
cation w = Ap, requiring nearest neighbor communications. Then we compute
the local contribution to the restriction @ = V7w and distribute this to all pro-
cessors. With this done, we can solve é = ((AV)TV)~lw and compute (AV)Té
locally. The total communications involved in the matrix-vector multiplication
and deflation are a nearest neighbor communication of the length of the interface
and a global gather-broadcast of dimension M.

5 Numerical Experiments

5.1 Block Preconditioner Results

In Table @l we present the iteration counts for a problem on the 300 x 300 grid.
Table H contains the corresponding timing results in seconds on the Cray T3E.
The fastest solutions in each case are obtained with the least accurate subdomain
approximation - namely, the block RILU preconditioner. Therefore, we use this
choice in our timing measurements in Section B

5.2 Block Preconditioner and Overlap

We consider a Poisson problem on a square domain with Dirichlet boundary
conditions and a constant right-hand-side function. The problem is discretized
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lp=4p=9p=16p=25
GMR6| 685 178 143 79
GMR2| 167 102 63 37
GMR1| 222 118 66 39
RILU | 65 26 22 15

Table 2. Wall clock times in seconds on the Cray T3E

by cell-centered finite differences. We consider overlap of 0, 1 and 2 grid points
and use A1 in the block preconditioner. Table M gives the number of iterations
necessary to reduce the initial residual by a factor 10° using a decomposition into
3 x 3 blocks with subgrid dimensions given in the table. Note that the number
of iterations is constant along the diagonals. This agrees with domain decom-
position theory that the number of iterations is independent of the subdomain

grid size when the physical overlap remains the same (see [LECSIAIH]).

overlap
grid size 0 1
5x5 10 8
10x 10| 14 9
20x20| 19 13 1
40x40| 26 18 1

= O 00 |

Table 3. Iterations for various grid sizes

In the second experiment we take a 5 x 5 grid per subdomain. The results for
various number of blocks are given in Table ll Note that without overlap the
number of iterations increases considerably, whereas the increase is much smaller
when 2 grid points are overlapped. The large overlap (2 grid points on a 5 x 5
grid) that has been used in this test, is not affordable for real problems. In
Section =M we present results with large subdomain grids without overlap.

5.3 Coarse Grid Correction

We do the same experiments using the coarse grid correction (see Table H).
Initially we see some increase of the number of iterations, however, for more
than 16 blocks the increase levels off. This phenomenon is independent of the
amount of overlap. The same conclusion holds when block RILU is used instead
of fully solving the subdomain problems.

5.4 Timing Results of Coarse Grid Correction

Finally we present some timing results on the Cray T3E for a problem on a
480 x 480 grid. The results are given in Table ll. In this experiment we use GCR
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overlap overlap—+cgc
decomposition 0 1 2 0 1 2
2x2 6 5 4 6 4 4
3x3 10 8 7 11 6 6
4 x4 15 9 7 14 9 6
5x5 18 12 9 16 10 8
6 x6 23 13 10 17 11 9
X7 25 16 12 17 12 10
8§ x8 29 17 12 18 13 10
9x9 33 19 14 18 14 11

Table 4. Iterations for various block decompositions with and without coarse
grid correction (subdomain grid size 5 x 5)

with the block RILU preconditioner combined with coarse grid correction. Note
that the number of iterations decreases when the number of blocks increases. This
leads to an efficiency larger than 1. The decrease in iterations is partly due to the
improved approximation of the RILU preconditioner for smaller subdomains. On
the other hand when the number of blocks increases, more small eigenvalues are
projected to zero which also accelerates the convergence (see [E]). We expect
that there is some optimal value for the number of subdomains, because at the
extreme limit there is only one point per subdomain and the coarse grid problem
is identical to the original problem so there is no speedup at all.

p | iterations time speedup efficiency
1 485 710 - -

4 322 120 5 1.2

9 352 59 12 1.3

1 379 36 20 1.2
25 317 20 36 14
36 410 18 39 1.1
64 318 8 89 14

Table 5. Speedup of the iterative method using a 480 x 480 grid

6 Conclusions

From the experiments presented in this paper we conclude that overlapping of
the subdomains makes the parallel iterative method more or less independent
of the subdomain grid size. A drawback is that overlapping is not so easy to
implement on top of an existing software package
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Coarse grid correction implemented by deflation can easily be used in combina-
tion with existing software. It appears that the number of iterations decreases
when the number of processors increases. This leads to efficiencies larger than
1. So we conclude that coarse grid correction is a very efficient technique to
accelerate parallel block preconditioners.

Acknowledgment. The authors thank HPaC for providing computing facilities
on the Cray T3E.
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Abstract. Recently, substantial progress has been made in the develop-
ment of multilevel ILU-factorizations. These methods are attractive for
very large problems due to their good convergence properties. We con-
sider the parallelization of the instance MRILU, where we restrict to a
version intended for scalar problems. The most time consuming parts in
using MRILU are repeated multiplication of two sparse matrices in the
construction phase and the multiplication of a sparse matrix and a full
vector in the solution phase. Algorithms for these operations, as well as
matrix transposition, are presented and have been tested on a Cray J90.

1 Introduction

Many physical phenomena can be described by partial differential equations
(PDEs). Irrespective whether one likes to compute eigenvalues, to use implicit
time-integration methods or to do continuation on a steady solution one ends
up with a linear system to be solved, which is often very large and sparse.
In almost all cases, the solution thereof forms the bottleneck with respect to
computation time. For such problems, users like to have the availability of a
black-box linear-system solver, which can handle complicated systems of PDEs
reasonably efficient. Developing a special purpose solver may take too much time
and a direct solver is far too expensive.

An important class of iteration methods for linear systems form precondi-
tioned CG methods and among the preconditioners Incomplete LU factoriza-
tions play a dominant role. If we consider the problem Az = b then for the
ILU-factorization holds A = LU + R and the CG-type method is applied to the
preconditioned system

L7'AU g = L™, T=Ux

For the classical ILU and modified ILU factorization using the same fill as the
original matrix, the number of flops needed to gain a fixed amount of digits
increases with the grid size which is unfavorable for very large problems.

* This research has been supported by the Stichting Nationale Computerfaciliteiten
(National Computing Facilities Foundation, NCF).

M. Bubak et al. (Eds.): HPCN 2000, LNCS 1823, pp. 109-[118 2000.
© Springer-Verlag Berlin Heidelberg 2000
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The ideal case would be if the preconditioned matrix L=*AU ! is close to
identity, which is obviously the case if R is small or in other words if the factor-
ization is nearly exact. This is accomplished in the multi-level ILU factorization.
As accelerator, the classical CG method can be used when the preconditioned
matrix is symmetric positive definite and e.g. Bi-CGSTAB or GMRES when it
is not. However, it is our experience, that the choice of accelerator is far less
critical than the preconditioning.

Our multilevel ILU method MRILU (for details see [3]) has already suc-
cessfully been applied to the incompressible Navier-Stokes equations (in some
cases extended with a k-¢ turbulence model), to Rayleigh-Bénard flow, and to
convection-diffusion problems in two and three dimensions. For a comparison of
a variety of solvers including MRILU on Laplace-like equations see [2]. Similar
methods like MRILU are described in [I/8/I0]. Furthermore, there is also a link
to algebraic multigrid, e.g. [7].

As was recognized also by others, e.g. [8], multilevel ILU methods can be
parallelized. The basic steps in the factorization phase form the search of an
independent set, multiplication of two sparse matrices, transposition, and for
the solution phase the multiplication of a sparse matrix with a full vector. It
appeared that the construction of the independent set is least critical, hence we
confined our attention to the other parts. We parallelized already existing code,
in which sparse matrices are stored in CSR format (section 3), and did not want
to rewrite the whole code. We thus decided to stick to the CSR formatl.

The experiments in this paper have all been carried out on a Cray J90.
Loops which can be parallelized are coded such that the compiler automatically
generates parallel tasks for these loops. During run time execution the creation of
these tasks is handled by the operating system and does involve some overhead.
At the end of the loops all tasks have to synchronize (i.e. wait until all tasks
have finished). This introduces some overhead as well.

In the remainder of the paper we will describe MRILU and indicate the parts
to be parallelized (section 2). In section 3 we introduce data structures for storing
sparse matrices, and an extension of this format for concurrent computation.
Section 4 discusses parallel multiplications using these formats. In section 5 a
parallel transposition of a matrix is presented. The latter two sections contain
practical results obtained on a Cray J 90. Conclusions are drawn in section 6.

2 MRILU

In this section the multi-level ILU method MRILU (MR stands for matrix renum-
bering) will be described in short and we will comment on the parallelization
aspects. A more detailed description can be found in [3]. In Algorithm [ the
basic steps in the factorization process are given. For a sparse matrix the par-
titioning of step 1 can always be made by extracting a set of unknowns that

! Though the matrix-vector multiplication using CSR format is becoming part of
sparse BLAS it is currently not implemented for the Cray J90.
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Set A© = A
for i=1..M Al A
1. Reorder and partition A~V to obtain Ha2 ,
Az Az

such that the matrix A1; is sufficiently diagonal dominant.
2. Approximate Ai; by a diagonal matrix A1,
3. Drop small elements in A1 and As;.
4. Make an incomplete LU factorization { L O} [AH Al-ﬂ
T An AL T 0 AW |’
where A® = Agy — A21A1_11A~12 (Schur complement of An).
endfor

Make an exact (or accurate incomplete) factorization of A,

Algorithm 1. The basic steps of MRILU.

are not directly connected, the so-called independent set. By allowing also weak
connections, which are deleted in step 2, this set can be enlarged.

The dropping strategy used in steps 2 and 3 is based on the ratio of the
element at hand and the diagonal element, and on the amount dropped so far
in the corresponding row and column.

Since Ay is diagonal, also its inverse and consequently the new Schur comple-
ment constructed in step 4 will be sparse, which makes it possible to repeat the
process. However, the fill slowly increases in subsequent steps.

Let us discuss briefly the parallelization aspects of the respective steps. The
independent set needed to create the ordering in step 1 is not unique, and finding
the largest one is even an NP-complete problem. Hence, one usually uses some
greedy algorithm to find an independent set. This process is sequential in nature
and hence hard to parallelize, however some attempts have been made [Bl6] but
we expect that this leads to smaller independent sets. Since in our case the
independent set selection is not the most critical part we did not parallelize it.

The parallelization of the dropping in steps 2 and 3 is straight-forward. The
construction of the Schur-Complement is the more difficult one, especially the
multiplication of the two sparse matrices /~121 and /11_112112 (the multiplication
with the diagonal matrix is easy). So in general we are interested in speeding up
the multiplication of two sparse matrices.

In the solution phase the L and U factor have diagonal blocks. So solving a
system with these matrices amounts to multiplication of a sparse matrix and a
full vector (see also the level-scheduling idea in [9]). We studied this step already
for scalar equations in [4] but we will reconsider it here.

3 Data Structure

We have chosen to adopt two storage schemes. The CSR format (Compressed
Sparse Row), which stores matrices row-wise, and the CSC format (Compressed
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Sparse Column), which stores matrices column-wise. The reason for using two
formats is the difficulty one will encounter in creating the L matrix in CSR
format. In this matrix one wants to store As; in each reduction step. If L were
to be in CSR format then in each step As; has to be merged with the hitherto
formed L, which can be avoided by transposing As; into CSC format and storing
it thus in L. Efficient transposition is discussed in section 5]

3.1 CSR/CSC Format

The CSR. data structure consists of a 5-tuple (nr, nc, cf, col, beg), where nr and
nc are integers representing the number of rows and columns, respectively. The
elements cf, col, and beg are arrays. The array cf contains the non-zero entries
of the matrix, stored row-wise. These values are floating-point numbers. The
array col is of the same length as cf, and beg has length nr + 1. Both arrays
are integer valued. For entry cf (i), its corresponding column number is found in
col(#). Since entries of the same row are stored consecutively in ¢f, we only need
to know the index of the first entry of this row, and the index of the last entry.
Therefore, rows are not stored explicitly (as in the case of columns), but only
the index of the first element of each row is stored in the array beg. The index of
the first element of row i is stored in beg(7), while the index of its last element
is beg(i + 1) — 1. The array beg has length nr + 1, since we need to know the
index of the last element of row nr. In the next section this format is extended
for use on shared memory architectures. An example of the format is given at
the end of that section. The CSC format is a sort of natural dual of the CSR
format. Instead of storing entries row-wise, they are stored column-wise.

3.2 Extension for Parallelism

If we try to implement algorithms on these data structures using multiple proces-
sors (cpu’s), it is natural to split the data representation in as many (preferably)
equal sized chunks as there are cpu’s. Each cpu is assigned a chunk, from now
on called its private chunk. On a shared memory computer, each cpu can access
each memory location. In view of this machine model, it might appear a bit
strange to split these data structures in chunks, since each processor can access
the entire structure. Still it is useful to do this, for two reasons. The first is to
reduce the amount of synchronization as much as possible. If each cpu may only
modify a ‘private’ part of a shared resource, there is no need to protect this
shared resource against simultaneous updates of this resource by more than one
cpu. Such a protection is always expensive, regardless whether we program these
protections explicitly ourselves (using semaphores), or let a compiler generate a
data-parallel executable by using loop-parallelism. A second reason is that this
data-layout mimics to some extent the distributed memory model, and thus the
resulting algorithms are, with some effort, likely to be portable to distributed
memory machines using message passing.

Assuming that the most frequently used operations are multiplications of
matrices with vectors, it is natural to distribute the CSR data structure row-wise.
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We assume that the distribution of non-zero entries in the matrix is reasonably
uniform, i.e. the number of non-zero elements per row does not vary very much.
Thus, if we assign to each processor (almost) the same number of rows in its
chunk, we probably get a reasonable load-balance.

Let us assume that we deal with a matrix consisting of nr rows, and have
the availability of P cpu’s, numbered p1,...,pp. Then, we distribute the matrix
as follows. We compute ¢ = |nr/P|. If P is a divisor of nr each processor is
assigned a chunk with exactly ¢ rows. If P is not a divisor of nr, we compute the
remainder r = nr — ¢ * P. It is possible to assign a single processor to deal with
these r extra rows, but this might introduce significant load-imbalance (worst
case 1 = P — 1). Therefore, we decide that each cpu which has a processor
identification number less or equal to r is assigned ¢ + 1 rows, resulting in an
imbalance of only a single row. This results in the following simple algorithm to
compute the lower bound (lwb) and the upper bound (upb) of the chunk assigned
to processor p if the number of rows is n:

procedure chunk (n, p, nprocs : integer; var lwb, upb : integer);
c:=mn / nprocs; T :=n - ¢ * NProcs;
ifp<r
then lwb := (p— 1) * ¢ + p; upb := lwb + ¢
else lwb:= (p—1)xc+r+ 1; upb:=lwb+ c-1
end

Thus, we augment the CSR format with an integer array par which has length
P + 1, which has basically the same structure as the array beg. For processor
p, the starting row of its chunk can be found in par[p], and the last row of its
chunk can be found in par[p 4+ 1] — 1. The augmented CSR structure will from
now on be called the PCSR (parallel CSR) structure.

As an example, using P = 3, we would find for the 5 x 5 matrix A the
following PCSR representation].

nr{|d
a0b 00 nel||d
cde f O par(|l [3 |5 |6
A=19g0h 00 beg||1 [3 |7 |9 |12]15
100 4 k cfllalblc|dle |flglh|i |7 k]|l |mn
l00mn colf|1 1311231411131 141511415

For the CSC format, the same distribution technique is used on the columns of
the matrix. This format will from now on be called the PCSC' format.

4 Matrix Multiplication Algorithms

One of the most common operations on (sparse) matrices is multiplication. Two
variants are needed. Let A, B, and C be sparse matrices, and x, y be full vectors.
We have to deal with the following two cases.

2 The entries are deliberately chosen to be symbolic, instead of actual numbers, in
order to avoid confusion between entries and indices.
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— y:= A X z, i.e. a sparse matrix times a full vector, and the result is stored
in a full vector.

— C := A x B, i.e. a sparse matrix times a sparse matrix, and the result is
stored in a new sparse matrix.

4.1 Multiplication of a Sparse Matrix with a Full Vector

We have to perform nr inner products between the rows of A, and the vector
x. We choose therefore to represent A using the PCSR format. In this format
the entries are stored consecutively, and the first and last element of a row is
directly accessible, which makes the algorithm for performing this multiplication
relatively simple. The sequential algorithm is given below(left). A direct paral-
lelization of this algorithm is to distribute the outer loop using the par field of
the PCSR structure, and use private variables for r, and ¢ resulting for cpu p in
the algorithm on the right.

forr :=1tonr — for r := par(p) to par(p+1) —1 —
y(r) =0 () =0
for ¢ := beg(r) to beg(r +1) — 1 — for ¢ := beg(r) to beg(r+1) —1 —
y(r) == y(r) + cf(c) x z(col(c)) y(r) == y(r) + cf(c) x z(col(c))

Assuming reasonable load-balancing, we expect a speedup linear in the number
of processors on shared memory machines. If the architecture employs vector-
pipes to speed up vector operations the algorithm ought to be modified to gain
performance from parallelization as well as vectorization. The inner loop is vec-
torizable, however the length of this loop is of size beg(r 4+ 1) — beg(r), which
is in practical cases smaller than the length of the vector pipes. Therefore we
try to lengthen the inner loop as much as possible. This is unfortunately only
partly realizable, since row-wise addition is unavoidable. We introduce on each
cpu a private auxiliary array tmp, and initialize it such that tmp(i) = z(col (7)),
and distribute its initialization out of the inner loop, such that we can unroll
it completely. When this array has been constructed an element-wise product
tmp := cf = tmp can be computed in a fully vectorizable loop. From this new
result, it is easy to compute the final result using simple summation, in smaller
vectorizable loops. This leads to the following algorithm for processor p:

lwb := beg(par(p)); Although the length of this algorithm is
upb := beg(par(p +1)); longer than the trivial parallel solution,
for r:= lwb to upb —1 — the amount of computational work is the
f(f:%f (Q lzibmt(goigb) )_’ - same. The compiler, however, can vec-

; torize the last two loops, and thus per-

tmp(r) := tmp(r) x cf(r); . ;
for 1 := par(p) to par(p+1) — 1 — formance increase might be expected.

y(r) = 0; The amount of extra memory needed is
for ¢ := beg(r) to beg(r + 1) — 1 —| linear in the total number of non-zero
y(r) == y(r) + tmp(c) entries, i.e. the size of the array cf.

We performed a performance test, the results of which are shown in the
following table. Since absolute timings give only a measure of the performance
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of the cpu’s, and not of the algorithm itself, we only present speed-up factors
(i.e. T1 /T, where T, is the absolute time measured using p cpu’s). We computed
y = Ax, where A is a 10* x 10* matrix, with on average 10 non-zeroes per row.

NCPUS | 1| 2| 4| 6| 8| 10| 12| 14| 16
Speed-up| 1.0 1.9] 3.7| 5.0| 6.1| 7.0| 7.7| 8.2| 8.8

On a small number of cpu’s the algorithm scales almost linearly in the number
of processors. If we use more than 4 cpu’s some degradation is observed, which
can mainly be accounted for by the fact that the data structure uses several
indirections, which easily results in slightly different running times per cpu. The
total execution time however, is equal to the running time of the task which ran
longest. Also the creation of processes results in some operating system overhead.
However, even on 16 cpu’s an efficiency of more than 50% is achieved.

4.2 Multiplication of Two Sparse Matrices

We consider the ‘assignment’ C := A x B, where A and B are sparse matrices.
We start with explaining how the parallelization can be done by means of a
multiplication of two full matrices in order to not obscure the approach by details
on the handling of the sparsity. The sequential algorithm for multiplying an
M x N matrix A, with an N x R matrix B consists of three nested loops.

for r :==1to M — (% rows of A %)
for ¢ :==1to R — (* columns of B %)
c(r,c) =0
for i := 1 to N — (x dot product x)
e(r,c) :=c(r,c) + alr,i) * b(i, c)

Clearly, each iteration of the outer loop can be performed independent of all other
iterations, which allows a direct parallelization. We simply use the partitioning
of the data using the PCSR format. It is useless to parallelize the second loop
as well, since it would only interfere with the parallelization of the outer loop.

lwb := parA(p);
upb := parA(p + 1);
for r := lwb to upb—1 —
for ¢ := 1 to ncB — (x initialize row r of C %)
c(rye) :==0
for i :== 1 to ncA — (% adapt row r of C x)
for ¢ := 1 to ncB — (* all columns of B %)
e(r,c) :=c(r,c) + alr,i) * b(i, c)

In the actual implementation we have to deal with the sparsity. On each
processor we introduce a temporary full array d in which we will store all the
intermediate contributions. Using reference arrays we keep precisely track of
where elements in d are stored. To limit the length of the presentation we have
not included these operations in the following code.
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lwb := parA(p); upb := parA(p+ 1);
for ¢ := 1 to ncB — (x initialize temporary full row of C %)
d(c) :== 0;
initialize reference arrays for d
for r := lwb to upb — 1 —
for i := begA(r) to begA(r +1) —1 — (* adapt row r of C )
for ¢ := begB(col A(i)) to begB(colA(i) +1) — 1 —
d(colB(c)) := d(colB(c)) + cfA(7) * cf B(c);
adapt referencing d;
copy d to begC(p), colC(p), cfC(p) using the reference arrays;
reset d and reference arrays;

The resetting in the last step can be done using the same reference arrays in
a time proportional to the fill. In the actual implementation this is performed
together with the copying as shown in the previous program line. Indeed in this
line we see that every processor has its own begC, colC and cfC array. This is
necessary since we do not know in advance the number of nonzero entries of C
on a certain processor. Hence, afterwards we assemble the parts of the sparse
matrix into the global begC, colC and cfC' array, which can be executed in
parallel apart from a loop with length of the number of tasks.

We note that due to the fact that the reference arrays are constructed in
order of occurrence of a new fill in d that the column numbers on a row are not
necessarily ordered, which does not affect the remainder of the program.

We studied the speed-up of this algorithm on the product of two sparse
matrices of order (10® x 10®) with an average fill of 10 per row.

NCPUS | 1 2| 4| 6| 8| 10| 12| 14| 16
Speed-up| 1.0| 1.6| 3.3| 4.8| 6.3] 8.2| 8.8( 9.9/ 11

The speed-up is reasonable. This time, performance degradation is less severe
on a larger number of cpu’s. This can be explained by the fact that the amount
of computation per task is a lot larger. The waiting time at the synchronization
point at the end of the tasks is about the same as in the previous case (matrix
times vector), but it has become relatively small compared to computation time.

5 Transpose of a PCSR Matrix

In this section we consider the transposition of a sparse matrix. The input and
the output of the algorithm is a matrix stored in PCSR format. The process
of transposing a PCSR matrix consists of three stages. The first, and the last
being highly parallel, while the middle is purely sequential. The sequential part,
however, is negligible in computation time.

Let us assume we deal with an m x n matrix (m rows) A and we want to
implement B := AT using P processors. A problem is to determine the beg and
par array corresponding with the destination array B. The computation of these
arrays is done in two stages. In the first stage, each processor computes a private
histogram of the number of elements per column in its private part of the source
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Fig. 1. Parallel transpose of a matrix using PCSR format.

matrix. This is a trivial linear time loop. The size of a histogram is n integers,
and thus the total amount of extra memory is P x n. Clearly, each processor
can compute its private histogram, without any communication with any other
process. Since the amount of work per processor is almost the same, we expect
each processor to finish the first stage at approximately the same time. In Fig. [
at the left side three histograms (hi, ha, hs) are given. In the second stage, these
histograms are summed resulting in the histogram H which shows the number
of elements per column for the whole source matrix, and therefore the number
of elements per row of the destination matrix. The summing of these histograms
can only be performed when all ‘private’ histograms have been computed, i.e.
each cpu has finished the first stage. This summing is performed in the second
stage, on only one cpu. From the summed histogram H the beg array for B
is easily obtained as follows. Shift the histogram H by one index, and insert 1
at H(1). Then we have beg(i +1) = >, _, H(i) (a so-called prefix-sum), and
beg(1) = 1. This beg array gives also the begin locations of the columns to be
built by the matrix part on the first processor (i1). For the second processor we
simply have to add i; and hy to find the begin locations for the columns of the
matrix on that processor. Similarly i3 is the sum of is and ho. In the last stage,
all the elements of the source matrix are visited and copied into the destination
matrix using the data structure obtained in the previous stage. This stage, just
like the first one, scales linearly in the number of cpu’s.

We computed B = AT, where A is a 10* x 10* matrix, with on average 10
non-zeroes per row. The speed-up results are in the table below.

NCPUS | 1 2| 4| 6| 8| 10| 12| 14| 16
Speed-up| 1.0| 1.7| 3.6| 3.9| 4.4| 5.1| 5.1| 4.9| 4.6

Two stages are highly parallel, while the middle stage is sequential. Hence, the
processes have to wait for each-other when all processes have computed their
private histograms and when the global histogram H has been computed. The
merging of the private histograms into the global histogram is performed by
process 1, which also creates the other processes at startup. The speed-ups are
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similar to the expected ones considering Amdahl’s law. However, they are slightly
decreasing for a large number of cpu’s, due to process creation overhead. Besides
the amount of computation is far less than in the previous algorithms, making
the middle section relatively even more a bottleneck.

6 Conclusions

In this paper the parallelization of three essential parts of MRILU is studied:
the product of a sparse matrix with a full vector, the product of two sparse
matrices and the transposition of a sparse matrix. The matrices are all in CSR-
format which we extended to a parallel format PCSR by giving each parallel
task a number of rows of the matrix. We found that the smaller the parallel
tasks the sooner the speed-up drops as the number of processors grows. For the
transposition the speed-up drops if more than 4 processors are used and even the
runtime becomes constant due to a small sequential part. A maximum speed-up
of about 5 was observed. The matrix-vector product scales linearly for up to 4
processors and after that the speed-up increases more slowly. On 16 processors
a speed-up of about 9 was observed. The matrix-matrix multiplication has the
largest parallel task and there a speed-up of 11 on 16 processors is observed.
Thus, on average we found a speed-up of about an order of magnitude, which
will, once implemented seriously improve the performance of MRILU.
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Abstract. For the solution of the generalized complex non-Hermitian
eigenvalue problems Ax = ABz occurring in the spectral study of lin-
earized resistive magnetohydrodynamics (MHD) a new parallel solver
based on the recently developed Jacobi-Davidson [E3] method has been
developed. A brief presentation of the implementation of the solver is
given here. The new solver is very well suited for the computation of
some selected interior eigenvalues related to the resistive Alfvén wave
spectrum and is well parallelizable. All features of the spectrum are eas-
ily and accurately computed with only a few target shifts.

1 Introduction

Plasma is the single most occurring state of matter in the universe. It is charac-
terized by such high temperatures that almost all atoms are ionized completely.
In most situations where plasmas occur a magnetic field is present which will
interact with the charged plasma particles. On a global scale, i.e., on time and
length scales much larger than typical kinetic time and length scales, the interac-
tion of plasma with magnetic fields can be described by magnetohydrodynamics
(MHD). This theory is scale invariant so that it is applicable to such diverse
and utterly different objects as stellar winds, coronal loops, and thermonuclear
fusion plasmas in tokamaks, to name a few.

A key aspect of the MHD analysis of plasmas is the study of waves and
instabilities. In thermonuclear fusion plasmas the goal is to confine a dense hot
plasma for as long as is necessary to reach ignition. MHD instabilities limit the
densities that can be obtained and, hence, have a negative impact on fusion
operation. In fact, the main activity of the MHD fusion theory in the last thirty
years has been to increase this limit by optimizing the plasma profiles and plasma
cross-section with respect to stability, see for example Ref. [l]. From a plasma
physics point of view this emphasis on (in)stability does not do justice to the
importance of the stable part of the spectrum. Besides the fact that a multitude
of observed phenomena in astrophysical and laboratory plasmas are wave-like,
detailed knowledge of the spectrum of waves allows for MHD spectroscopy (see,
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e.g., Refs. [EEMA]). Free oscillations (waves) play a dominant role in MHD
spectroscopy. It is the computation of these free eigen-oscillations that we are
interested in in this paper.

Mathematically, free oscillations and instabilities of a resistive MHD plasma
are described by a large complex non-Hermitian generalized eigenvalue problem.
Until recently, the large scale spectral codes CASTOR [df] and POLLUX [{]
that we employ for the computation of tokamak and coronal loop spectra calcu-
lated them either by solving for the whole spectrum with a direct dense matrix
method like QR or using inverse vector iteration for a selection of eigenpair so-
lutions in the neighborhood of a target value [i]. The QR method is limited
to very coarse meshes (due to its storage and computation requirements) and
large values of the resistivity (to get reasonably converged results). Therefore,
the eigenvalues obtained with QR are normally used as initial guesses for the in-
verse vector iteration only. For the application of interest, viz., the computation
of the resistive Alfvén wave spectrum for realistic small values of the resistivity
(n < 1077), the QR eigenvalues are very poor initial guesses. The original ver-
sions of the CASTOR and POLLUX codes contained a two-sided Lanczos solver
with no orthogonalization [EJEN]. Since no orthogonalization is used criteria are
implemented that do away with occurring spurious eigenvalues. However, these
criteria are not bullet-proof. Not all spurious eigenvalues are removed and occa-
sionally proper eigenvalues are labeled as spurious and removed. Furthermore,
the accuracy of the computed eigenvalues is generally poor and the inverse vector
iteration has to be used to get good converged eigenvalues. We needed a more
robust iterative solver to obtain several eigenvalues at once within a specified
region of the complex plane. We have opted for the Jacobi-Davidson method.

The Jacobi-Davidson (JD) subspace iteration method is a new and pow-
erful technique for solving non-symmetric eigenvalue problems in a sequence of
steps [EREZI]. It is extremely suitable for solving the resistive Alfvén spectrum
since such a spectrum consists of many complex branches. To obtain converged
results on the interior Alfvén modes, an effective search mechanism is highly
desirable. Such a search mechanism is provided by the JD algorithm. Compared
with the Arnoldi method, where the projection matrices are always upper Hes-
senberg, these matrices in JD are transformed to upper Hessenberg each step.
This allows the restart technique of JD to be simpler. Another difference is the
fact that by selecting the Ritz value that has the maximum absolute value the
JD method can be accelerated (see also [iE2]).

In this paper we briefly describe the JD method and its parallel implemen-
tation for use in MHD spectral computations and apply it to the calculations of
some resistive MHD spectra in tokamaks.

2 Equilibrium, Spectral Equations, and Core Numerical
Problem

For the description of small amplitude waves and instabilities we exploit the
linearized resistive MHD equations for the evolution of the density p, velocity v,
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pressure p, and magnetic field B, where resistivity is denoted by 7:

0
T =V (pova), 1)
0

PO%:*VMJF(VXBO)XBlJr(VXBl)XBo, (2)
0
S = V1 VP = w0V vi+ (= D (V x By, (3)
%:Vx(leBo)—Vx(anBl). 4)

The subscripts 0 and 1 indicate equilibrium and perturbation quantities, respec-
tively. Together with boundary conditions this constitutes the spectral MHD
formulation. The equilibrium quantities obey the ideal static force balance:

Vp() = (V X B()) X B(), V- BO =0. (5)

Discretization of Egs.(HH) using finite elements in the direction across the
magnetic field and Fourier harmonics in the poloidal and toroidal directions
results in a generalized eigenvalue problem for the case of free plasma oscillations
and instabilities

Ax = )\Bx (6)

where A is an eigenvalue. Its imaginary part describes oscillations, its real part in-
stabilities and damping. Matrix B is a complex Hermitian positive definite block
tridiagonal matrix while matrix A is a complex non-Hermitian block tridiagonal
matrix. Both A and B are of size M x M with M = nN. The block size n is a
always a multiple of 16. The number of diagonal blocks is denoted by N.

3 An Eigenvalue Solver Based on the Jacobi—-Davidson
Algorithm

The Jacobi-Davidson method [EEJEIZ] is based on two concepts: the applica-
tion of a Ritz-Galerkin approach to the eigenvalue problem (@) with respect to
a subspace spanned by an orthonormal basis of low dimensionality, and the con-
struction of a new search vector orthogonal to the eigenvector approximations
that have been obtained so far.

To obtain a new search direction the JD algorithm solves a system of linear
equations called the correction equation. An appropriate preconditioner has to
be applied to obtain fast convergence such that the correction equation can be
solved to some modest accuracy using only a few steps of, e.g., GMRES [E=1].
Because A — 0B, where o is the target value in the vicinity of which eigenvalues
are sought, has relatively full blocks, due to the structure of the MHD equations,
a parallel complete block LU-decomposition has been shown to be a fast and
robust method to solve the correction equation [E2].

Both the construction and the application of L and U can be parallelized
efficiently by, prior to decomposition, reordering block rows and columns based
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on Domain Decomposition and block Cyclic Reduction (DDCR). Due to the spe-
cial block tridiagonal form of A — ¢B its LU-decomposition can be constructed
without excessive memory requirements or a large number of operations. On
account of the cyclic reduction part of the decomposition, which starts on all
processors, while half of the active processors becomes idle after each step, we
may not expect linear speed-up. However, the overall performance of DDCR  is
quite good due to the domain decomposition part (see [i]). Since the construc-
tion and application of the LU-decomposition form the most time consuming
part this guarantees good overall parallel performance as well. In Fig. [l we
show the Gflop/s rate for the DDCR-decomposition and the corresponding so-
lution process SOLDDCR on a CRAY-T3E for different block sizes and number
of diagonal blocks. From this figure it is clear that the total number of diagonal
blocks, N, has a far greater influence on the scalability than the block size n.

DDCR, n=64 SOLDDCR, n=64
50
40 15}
(2]
330 10t
kel
M 20
5,
10 * N=256 ‘
¢ ¥ o *—* N=256
00 100 200 300 400 500 OO 100 200 300 400 500
# processors # processors
DDCR, n=256 SOLDDCR, n=256
50 =
N=3072 4 N=3072 4
40 o 15t
- - - .3
330 N=2048 &=~ ‘ 0| N=2048 o- "
o =
M 20 S ] //+r~"**
N+1024 +~ N+1024 +-
10 1
0 0
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# processors # processors

Fig.1. Gflop/s-rate on a CRAY-T3E, with a single-node peak performance
of 600 Mflop/s, for the construction (left) and application (right) of the LU-
decomposition based on a domain decomposition and block cyclic reduction
method (DDCR). The results are obtained for block sizes n = 64 and n = 256.
The number of diagonal blocks varies from N = 256 till N = 3072.
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With the definition of Q = (LU) ™! B we apply JD to the standard eigenvalue
problem

Qx = px, (7)

with the inverse shifted eigenvalues p = 1/(A — o) which automatically make
the desired eigenvalues A, close to the target o, the dominant ones and, hence,
‘easy’ to compute. When the target o is close to an eigenvalue, small pivot ele-
ments can be generated in the LU-decomposition of A —oB and the application
of @ may influence the computed spectrum. In such cases using smaller toler-
ances or exploiting different target values can give information on the accuracy.
It should be noted that numerical experiments with a similar algorithm using
harmonic Ritz values applied to the generalized eigenvalue problem is a more
promising approach [EIES]. The main advantage of that approach is that the
LU-decomposition is only used as a preconditioner and not as a shift and invert
operator. However, the method exploiting harmonic Ritz values consumes more
memory and costs approximately 20% more execution time per Jacobi—Davidson
iteration step.

At the k-th step of the JD iteration algorithm the approximation of the
eigenvector can be written as Vi -s where Vy, is the M x k matrix whose columns
are the k search vectors. The search directions have been made orthonormal to
each other using the Modified Gram-Schmidt procedure. The vector s and the
approximation 6 of an eigenvalue of Vi, - s are constructed such that the residual
r=(Q- Vi —0Vy)-sisorthogonal to the k search directions. The Rayleigh-Ritz
requirement then leads to

Vi-Q-Vy-s=0s, (8)

where 0 and s are an eigenpair of the small matrix V- Q- Vy, of size k. A proper
restart technique keeps the size of the matrix on the left-hand side very small
compared to M enabling the solution with a direct method, for example QR.

The calculation of the eigenvalues and eigenvectors of the small projected
system has not been parallelized. Actually, it is performed by all processors,
because then after the calculation on each processor all information is available
without communication. The projected system (B of the Jacobi-Davidson pro-
cess contains a lot of information about the eigenvalues in the neighborhood of
the target . The question arises how much information may be thrown away
when a restart is performed, necessarily to keep the projected system small, with-
out slowing down the convergence behavior too much. Obviously, in the parallel
case the size of the projected system plays even a more important role in wall
clock time than in the sequential case. In [i&d], it is shown that it depends on
the value M/p, where p is the number of processors, whether restarts lead to a
reduction in the wall clock time for the parallel JD process.

The maximum problem size depends on the number of processors p and the
total amount of memory per processor. Our parallel implementation requires per
processor

128N,n? + 16N, (3m + Nev + 7) + 96n* + 64m(m + 1) bytes, (9)
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as is shown in [i3], where N, denotes the maximum number of diagonal blocks
on one processor, m the maximum allowed size of the projected system and Ny
stands for the desired number of eigenvalues.

4 Application to Resistive Toroidal Spectra

As an example, we have used the JD solver to solve the stable resistive spectrum
of a tokamak with circular cross-section and an inverse aspect ratio e = 0.2. The
results are shown in Fig. @
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Fig. 2. The resistive spectrum for unit toroidal mode number, inverse aspect
ratio € = 0.2, and resistivity n = 2.5 x 1075, Purely damped eigenmodes have
been left out.

The resistive spectrum was calculated with 1000 radial points and 4 poloidal
harmonics, corresponding to matrices A and B with a block size of n = 64 and
N = 1000 diagonal blocks. The acceptance criterium of a Ritz eigenpair leading
to a eigenpair of the original problem (M) is that the 2-norm of the residual is
smaller than 107° times the eigenvalue. The implementation of the JD solver is
such that it terminates when N, are found or the maximum number of iterations
is surpassed. The computations were done with Ne, = 10 to keep the size of
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the matrix occurring in Eq. (H) as small as possible. Several target shifts are
necessary to map out the spectrum and many eigenvalues were found by more
than one shift. If the target is not well-chosen, it may happen that less than
Ny eigenvalues will be found. In that case a new target based on the obtained
spectrum must be taken rather than to increase the number of iterations.

Inspection of the number of radial nodes of the eigenfunctions can be used to
ensure that all eigenvalues have been found. For smaller resistivity the topology
of the spectrum remains the same but the number of eigenvalues situated on
the curves shown in Fig. Blincreases (the number is proportional to 7~/2). One
then has the choice of enlarging N, so that more eigenvalues can be found for
one specified target shift at the expense of larger matrices in the Rayleigh-Ritz
part, or using more target shifts. The fact that new target shifts require new
LU-decompositions, which are the computationally most intensive operations,
(though well parallelizable) the first option seems the best.

Physically, the eigenvalues are converged as well: taking more poloidal har-
monics or more radial grid points into account results in changes that are smaller
than the acceptance criterium for the Ritz pairs. The physical interpretation of
resistive spectra, like the one shown in Fig. Hl, can be found in Ref. [A].

5 Conclusions and Outlook

The Jacobi-Davidson method appears to be an excellent method for parallel
computation of resistive Alfvén spectra that occur in studies of the linearized
interaction between plasmas and magnetic fields. The method discussed in this
paper is based on solving projected eigenvalue problems of an order typically
less than 30.

Within Jacobi-Davidson a parallel method to compute the action of the in-
verse of the block-tridiagonal matrix A — oB is used. In this approach, called
DDCR, a block-reordering based on a combination of Domain Decomposition and
Cyclic Reduction is combined with a complete block-tridiagonal LU decompo-
sition of A — 0B, so LU = A — oB. Both the construction of L and U and the
triangular solves parallelize well.

We have successfully applied the JD-solver to the problem of computing
branches of the stable resistive Alfvén spectrum with only a few target values o
(smaller resistivity requires more targets) and with an accuracy of 1076,

This has given us enough confidence to endeavor into the much more com-
plex field of computing the spectra for plasmas with background flows, which is
presently under taken [H].
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Abstract. In this paper, a parallel pseudo-random generator, named
PLFG, is presented. PLFG was designed specifically for MIMD parallel
programming, implemented using Message Passing Interface (MPI) in C.
It is highly scalable and with the default parameters chosen, it provides
an astronomical period of at least 22° (223209 - 1). Its scalability and pe-
riod is essentially limited only by the hardware architecture on which it is
running on. An implementation in MPI guarantees portability across the
large number of high-performance parallel computers, ranging from clus-
ters of workstations to massively parallel processor machines, supported
by MPI. PLFG has been subjected to the 2D Ising model Monte Carlo
simulation test with the Wolff algorithm. Results from the test show that
the quality of the pseudo-random numbers generated are comparable to
that of other more commonly used parallel pseudo-random generator.
Timing results show that PLFG is faster than some PPRNGs, and on par
with others.

Keywords: Pseudo-random number generator, Lagged Fibonnaci Gen-
erator, Parallel computation, Monte Carlo method, Randomized compu-
tation

1 Introduction

Even in this day and age, when parallel computing is increasingly being used
across various scientific computations, the majority of pseudo-random num-
ber generators (PRNGs) used and continue to be developed are still sequential
PRNGs. Only a small fraction of PRNGs belong to the parallel PRNG (PPRNG)
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Of the computations done on parallel machines, Monte Carlo method, or
Markov Chain Monte Carlo method in general, require the highest quality of
pseudo-random numbers []. Monte Carlo simulations are parallel by nature,
and as noted by Metropolis and Ulam in 1949 [iiii], the simulations may (theoret-
ically) be partitioned into n steps and executed on n number of processors with
minimal inter-processor communication. However, this will also require PRNG
of high quality, high speed and long period. The pseudo-random numbers used
on the each of the processors and between the processors have to be statistically
independent. Also, the period of the PRNG has to be at least the same length
as the number of pseudo-random numbers required in the simulation. If there
are n steps in the simulation but the PRNG used has a period > < n, then the
same .- points are being sampled m times, rather than sampling on all the n
points. Simulation results obtained under such conditions will be erroneous.

In this paper, PLFG, a PPRNG based on the lagged Fibonacci algorithm
developed by the authors, is shown. First, a brief outline of the lagged Fibonacci
algorithm is given. Several methods of parallelizing PRNGs are then given. The

algorithm for PLFG follow suit. Results of tests conducted are also presented.

2 Lagged Fibonacci Generators

In general, lagged Fibonacci generators (LFGs) are of the form
z; = (zi—p © xi—q) mod M

where z; is the pseudo-random number to be output, and ® is a binary operation
performed with the operands x;_, and x1_4. The values p and ¢ are called the lag
values, and p > ¢. The operand ® commonly used are addition (or subtraction),
multiplication or bitwise exclusive OR (XOR). The value of M is typically a
large integer value or 1 if x; is a floating point number. When XOR, operation
is used, mod M is dropped. An array of length p is used to store the previous p
values in the sequence.

XOR operations give the worst pseudo-random numbers, in terms of their
randomness properties [l [, [£2]. Additive LFGs were more popular than mul-
tiplicative LFGs because multiplication operations were considered slower than
addition or subtraction operations, despite the superior properties of multiplica-
tive LFGs noted by Marsaglia in 1984 [H]! Tests conducted by comparing oper-
ation execution times have shown that, with current processors and compilers,
multiplication, addition and subtraction operations are of similar speeds. Thus,
the argument preferring additive operations over multiplicative operations is
nulled and multiplicative operations should be used.

The parameters p, ¢ and M should be chosen with care, to obtain a long
period and good randomness properties. [l suggested lag values be greater than
1279. Having large lag values also improves randomness since smaller lags lead
to higher correlation between numbers in the sequence [ [, B. In LFGs, the
key purpose of M is to ensure that the output does not exceed the range of the
data type.
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Initializing the lag table before any pseudo-random numbers are generated
with the LFG is also of critical importance. The initial values have to be statis-
tically independent. To obtain these values, another PRNG is often used.

With M = 2¢, where e is the total number of bits, additive LFG have a period
2¢71 (2P —1). The period of multiplicative LFG, however, is shorter than that
of additive LFG: 2¢73 (2P — 1). This shorter period should not pose a problem
for multiplicative LFGs, if the value of p is large.

Since the LFG shown above uses two past random numbers to generate the
next, it is said to be a “two-tap LFG”. Empirical tests have shown that LFGs
with more taps, three-tap LFG or four-tap LFG for example, give better results
in statistical tests, at the minimal extra time cost of accessing the lag table and
performing the ® operation.

If a multi-tap additive LFG is used, M can be chosen to be the largest prime
number that fits in the data type [H. It can be proven using the theory of finite
fields that random numbers generated in such a manner will be a good source
of random numbers. For a complete discussion, see [H].

3 The Design of PLFG

3.1 Parallelizing the Pseudo-random Number Generator

There are several techniques for parallelizing pseudo-random number generators.
The well known ones being leap frog, sequence splitting, independent sequences
and shuffling leap frog [N, . All these techniques, except the method of in-
dependent sequence, require arbitrary elements of the sequence to be generated
efficiently [B]. While it is technically possible to parallelize LFGs with tech-
niques like leap frog, sequence splitting and shuffling leap frog, the amount of
inter-processor communication that would be required makes it impractical to
parallelize LFGs in such a manner. But LFGs can be parallelized very easily
with the independent sequence method, and may be very efficient. PRNG paral-
lelization by independent sequences is also a recommended technique [E=]. PLFG
was parallelized with this technique.

Independent sequences are obtained by having multiple generators running
on multiple processors, but seeded independently. When a PPRNG with indepen-
dent sequences is being used, it is analogous to running the simulation multiple
times, each time with a different PRNG. This is highly desirable in Monte Carlo
simulations since the variance can be reduced by +/n if n independent trials are
being carried out.

3.2 Seeding the Pseudo-random Number Generator

Some pseudo-random number generators like the Linear Congruential Genera-
tor (LCG), seen in most implementations of the standard rand() call in ANSI
Standard C, need only one parameter for initialization. However, this is not the
case with LFGs. Initialization of an LFG is by initializing the lag table, which
is an array of length > p.
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In the case of a PPRNG, for a sequence to be independent from another,
all the bits in the whole bit table of one generator has to be independent from
that of another generator at any point in time. That is to say, after n states
(i.e.: after n pseudo-random numbers have been generated), the bit in one bit
table has to be independent from that of another bit table. But for that to be
possible, the initial bits in all the bit tables have to be independent since the
bits of subsequent elements that are generated are pushed onto the bit table.
For an LCG which requires only one seed and one previous element to generate
the next element, the whole bit table is made up of the bits of that one element.
But for an LFG, the bit table is the collection of bits in all p elements of the lag
table. The stringent requirement for statistical independence between the seed
elements of the lag table on each processor cannot be stressed any further, to
avoid long range correlation [H].

Where most existing LFGs, sequential or parallel, use an LCG to initialize
the lag table, PLFG differs. In the case of PLFG, the lag tables of the sequences
are initialized with pseudo-random numbers generated by a sequential PRNG,
the Mersenne Twister [H]. The Mersenne Twister used has the Mersenne prime
period, 219937 —1, thus known as the MT19937. This generator has passed several
statistical tests for randomness, including DIEHARD [4].

3.3 The PLFG Algorithm

Mascagni et. al. in [, B B, B proposed that the PPRNG be parallelized by
splitting the sequence into its maximal periods, which each processor will gener-
ate sequences within its designated maximal period. Parallelization by dividing
the state space of the sub-maximal-period generators were also proposed. These
techniques have proven to be very useful. However, in PLFG, these steps are ig-
nored. Rather, the lag tables for the all processors are simply initialized using
the M'T19937.

For a parallel program to use PLFG, the processors on the machine will have
to be divided into two major groups: processors with a PRNG (PLFG processors)
and processors without a PRNG. In addition, the master node is set to node 0.
Such a division scheme allows the program running on p processors to have one
pseudo-random number stream per processor.

Before PLFG can be used, it must be initialized. The initialization algorithm
is as follows:

A—1 Processor 0 sets m processors to be used as PLFG processors.

A-2 List of PLFG processor IDs broadcasted to all processors by
processor 0.

A-3 Processor 0 initializes all m lag tables using the MT19937
PRNG.

A—4 Lag tables broadcasted by processor 0 to all PLFG processors.

For a PLFG processor, «;,0 < i < m, generating a vector of r pseudo-random
numbers is by simply calling the generating function. For one without a PRNG,
0, the following message passing scheme will have to be used:



PLFG: A Highly Scalable Parallel Pseudo-random Number Generator 131

B-1 Processor g requiring r pseudo-random numbers sends request
to processor «;.

B-2 Processor «; receives requesting message, generates pseudo-
random number vector of length r, then sends result back to
processor [3.

PLFG was designed to be a two-tap LFG-based generator, and the lag table
parameters were chosen to be p = 23209, ¢ = 9739. These lag values were
recommended by Knuth, in [B]. There is nothing in the design of PLFG that
prohibits the extension of the PPRNG, to have more than two taps. The round-
robin algorithm used in PLFG ensures that the actual size of the lag table is of
length p only, minimizing the concern for a large memory footprint.

Each pseudo-random number generated by PLFG is of type unsigned long
in ANSI Standard C. On 32-bit architecture machines, unsigned long will typi-
cally be a 32-bit data type. But on some 64-bit architecture machines, unsigned
long is a 64-bit data type. This dependence on machine architecture results
in the variability in the period of the pseudo-random number sequence gener-
ated by PLFG. Therefore, on 32-bit architecture machines, the period remains
to be 229 (223209 — 1), but the period is more than double this value on 64-bit
architecture machines, being 261 (223209 — 1). This apparent weakness due to
the dependency on machine architecture is indeed a feature: when machine with
wider word size becomes available, the period of PLFG automatically expands!
The issue of using PLFG for simulations running on heterogeneous workstation
clusters with workstations having different unsigned long data type sizes may
be a concern, however.

The number of processors designated as PLFG processors, m, is limited by the
period of MT19937. However, since the period of MT19937, used for initializing
the lag table, is 219937 — 1, the maximum number of PLFG processors is 2129;2;1.
This limit is not really a limit at all, in practical applications. Thus, PLFG is
in practice scalable to as many processors as may be required for a simulation.
Coupling the long period of MT19937 with the long period of each of the in-
dependent sequences in PLFG, the probability that the sequences will overlap is
minimal.

When each processor is given its own generator, it is obvious that indepen-
dent sequences can be generated easily with minimal communication. The only
communication involved is in the initialization stage when the lag tables are sent
from the master node to all the other nodes. After initialization, there is zero
communication until shutdown!

The message passing scheme used to generate the pseudo-random numbers
for processors without a PRNG may present a drawback, especially when it is
used on a cluster interconnected with a high latency and low bandwidth network.
Under such conditions, the capability of generating a vector of r pseudo-random
numbers may be used to mitigate the network communication overhead, by re-
questing for a long vector of pseudo-random numbers with each message to the
PLFG processor. However, when used on a high performance network, the mes-
sage passing scheme should not pose as a problem at all. Such a design has the
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advantage that a small number of processors can be designated as PLFG proces-
sors to generate pseudo-random numbers only, and this small pool of processors
can be shared among all the other compute processors. Alternatively, each of
the processors may have its own PRNG.

4 Tests Conducted and Current Use

PLFG has been subjected to the test using 2D Ising model Monte Carlo simu-
lation with Wolff algorithm.l The results obtained (see Table[ll) using identical
test parameters show that the quality of the pseudo-random number generator
is comparable to those provided in the Scalable Pseudo-random Number Gen-
erator (SPRNG) package developed at the National Center for Supercomputing
Applications, University of Illinois at Urbana—Champaign.

Generator Energy |Energy error
PLFG -1.442187|0.010877
SPRNG Multiplicative LFG -1.439941|0.013123
SPRNG Additive LFG -1.466406|0.013341
SPRNG Combined Multiple Recursive Generator|-1.480273|0.027208

Table 1. Comparison of results of 2D Ising model Monte Carlo simulation test
with Wolff algorithm.

As this paper is being written, work are being done to subject PLFG to further
statistical tests. Researchers are invited to test PLFG.

Timing tests for generating 10° random numbers have also been conducted.
Table @l shows results for tests conducted on both a cluster of DEC Alpha ma-
chines with Alpha 21164 500 MHz processors., connected via Myrinet, and a
dual processor Intel x86 machine with Pentium Pro 200 MHz processorsl. For
tests on the DEC Alpha cluster, 20 processors were used. From Table[ll, it can
be seen that the speed of PLFG is on par with that of other PPRNGs.

A number of research projects on Monte Carlo solutions for both sparse and
dense matrix computations [I&], Monte Carlo solutions for computational finance
problems, are now being conducted using PLFG as the PRNG. These applications
will further verify the randomness of the pseudo-random numbers. Results of
these research projects will be reported at a later time, as they become available.

! The source code for the test was ported from the Scalable Pseudo-random Number
Generator (SPRNG) package.

2 At the time of writing, SPRNG Version 2.0 has just been announced. The version
of SPRNG considered here is Version 1.0.

3 The Alpha 21164 processors have on-chip instruction and data L1 caches of 8Kb
each and 96Kb L2 cache.

4 The Pentium Pro processors have on-chip instruction and data L1 caches of 8Kb
each, and 256 Kb L2 cache
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Generator Average time (sec.)

Intel Pentium Pro|DEC Alpha
PLFG 0.614 0.251
SPRNG Multiplicative LFG 0.720 0.187
SPRNG 64-bit LCG 1.510 0.078
SPRNG Additive LFG 0.270 0.260
SPRNG Combined Multiple Recursive Generator 2.910 0.238

Table 2. Average time taken for generating 10° pseudo-random numbers.

5 PLFG Code in C

Platforms which PLFG has been tested on are shown in Table [l Since the code
does not rely on any MPI implementation-specific functions nor any system-
specific calls, it is expected to work with any implementations of MPI, on any
ANSI C Standard-compliant platforms. The code may be used in any MPI pro-
grams written in C++4, just like any other ANSI Standard C-based libraries.
PLFG does rely on the GNU Multi Precision library, which is available for a wide
variety of platforms, for large integer operations. The rationale for using the
GNU Multi Precision library is again to maintain efficiency and portability.

Architecture Operating Compiler(s) [MPI

System Implementation
DEC Alpha cluster |[DEC UNIX 4.0|DEC C 5.6-071|{MPICH 1.1.2

HP PA-RISC cluster(HP-UX 10.20 |HP C 10.32.03 [MPICH 1.1.2

Sun SPARC cluster [Solaris 2.6 Sun C 4.2 MPICH 1.0.11
Intel x86 cluster Linux 2.2.14 |[EGCS 1.1.2 MPICH 1.2.0

Table 3. Platforms on which PLFG has been tested to work.

The code can be downloaded via anonymous FTP from
[Tp.CSC.l1v.ac.uk:/pub/citan/plig/plig.current.tar.gz.

6 Conclusion

In PLFG, it is shown that splitting maximal periods of a sequence or splitting
equivalence classes onto multiple processors in order to parallelize the PRNG
may be neglected. The lag tables can be initialized with another PRNG with
good statistical qualities, speeding up the initialization of the multiplicative
LFG. From the results of the Monte Carlo solution for 2D Ising model tests
conducted, it can be seen that PLFG is comparable to other commonly used
PPRNGs. Coarse-grained parallelism employed in parallelizing PLFG and its scal-
ability makes it extremely suitable for Monte Carlo simulations.
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Further work can be done to increase the number of taps used in PLFG, and
test for statistical qualities. Work on finding larger lag table values are ongoing
at the moment.

From the programming perspective, the code can be made more flexible to
allow user specification of the number of taps to be used at run-time.
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Abstract. The self-organizing map is a prominent unsupervised neural
network model which lends itself to the analysis of high-dimensional in-
put data. However, the high execution times required to train the map
put a limit to its application in many high-performance data analysis
application domains, where either very large datasets are encountered
and/or interactive response times are required.

In this paper we present the ,.-SOM, a software-based parallel implemen-
tation of the self-organizing map, which is particularly optimized for the
analysis of high-dimensional input data. This model scales well in a par-
allel execution environment, and, by coping with memory latencies, a
better than linear speed-up can be achieved using a simple, asymmetric
model of parallelization. We demonstrate the benefits of the proposed
implementation in the field of text classification, which due to the high
dimensionalities of the data spaces encountered, forms a prominent ap-
plication domain for high-performance computing.

1 Introduction

The self-organizing map (SOM) [4] is a prominent unsupervised neural network
model providing a topology-preserving mapping from a high-dimensional input
space onto a two-dimensional map space. This capability allows an intuitive anal-
ysis and exploration of unknown data spaces, with its applications ranging from
the analysis of financial data, medical data, to time series data [4,2,11]. Another
rather prominent application arena is text classification, where documents in a
collection are clustered according to their content. However, in many applica-
tions the dimensionalities of the feature spaces to be analyzed as well as the
amount of data encountered are too large to allow a fast, interactive training of
the neural network. Still, interactive training and mapping are highly desirable,
as they open a huge field of applications in the context of data analysis in Data
Warehouses or in the field of Digital Libraries, to name just two examples. In
both cases, interactive response times are a must.

Existing hardware implementations [4, 3, 5] have not gained wide-spread ac-
ceptance because of the limitations they put both on the dimensionality of the

M. Bubak et al. (Eds.): HPCN 2000, LNCS 1823, pp. 136-145, 2000.
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data to be analyzed or the size of the map. On the other hand, high-performance
computing provides the technology necessary for the desired speedup.

In this paper we present the ,.-SOM, a software-based parallel implementation
of the SOM, using a simple asymmetric model of parallelization. Apart from the
obvious speedup gained by having the training process executed in parallel for the
various neural processing units in a SOM, we show that the use of cache effects
allows a better-than-linear speedup for the resulting implementation. We have
implemented and evaluated the ,-SOM on a number of platforms, ranging from off-
the-shelf dual-processor Celeron systems, the 16-processor SGI Power Challenge,
to the 64-processor SGI Cray Origin 2000 using an application scenario from the
digital library domain as a test-bed for our performance analysis.

The remainder of the paper is organized as follows. Section 2.1 provides an
introduction to the architecture and the training algorithm of a self-organizing
map, with a serial implementation discussed in Section 2.2. The actual algorithm
implemented in the ,.-SOM system is presented in Section 2.3. Our application
scenario from the field of Digital Libraries is introduced in Section 3, followed
by an analysis of experimental results in Section 4. Final conclusions and an
outlook are presented in Section 5.

2 Self-Organizing Maps

2.1 Architecture and Training

The self-organizing map [4] basically provides a form of cluster analysis by pro-
ducing a mapping of high-dimensional input data x,x € R™ onto a usually 2-
dimensional output space while preserving the topological relationships between
the input data items as faithfully as possible. This model consists of a set of
units, which are arranged in some topology where the most common choice is a
two-dimensional grid. Each of the units ¢ is assigned a weight vector m; of the
same dimension as the input data, m; € R". In the initial setup of the model
prior to training, the weight vectors are filled with random values.

During each learning step, the unit ¢ with the highest activity level, i.e. the
winner ¢ with respect to a randomly selected input pattern x, is adapted in
a way that it will exhibit an even higher activity level at future presentations
of that specific input pattern. Commonly, the activity level of a unit is based
on the Euclidean distance between the input pattern and that unit’s weight
vector, i.e. the unit showing the lowest Euclidean distance between it’s weight
vector and the distance between the input pattern and that unit’s weight vector,
i.e. the unit showing the lowest Euclidean distance between it’s weight vector
and the presented input vector is selected as the winner. Hence, the selection of
the winner ¢ may be written as given in Expression (1).

¢: ||z = mel| = min{||z — mi|} (1)

Adaptation takes place at each learning iteration and is performed as a grad-
ual reduction of the difference between the respective components of the input
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vector and the weight vector. The amount of adaptation is guided by a learning-
rate « that is gradually decreasing in the course of time. This decreasing nature
of adaptation strength ensures large adaptation steps in the beginning of the
learning process where the weight vectors have to be tuned from their ran-
dom initialization towards the actual requirements of the input space. The ever
smaller adaptation steps towards the end of the learning process enable a fine-
tuned input space representation.

As an extension to standard competitive learning, units in a time-varying
and gradually decreasing neighborhood around the winner are adapted, too.
According to [9] we may thus refer to the self-organizing map as a neural network
model performing a spatially smooth version of k-means clustering.

The neighborhood of units around the winner may be described implicitly by
means of a neighborhood-kernel h.; taking into account the distance—in terms
of the output space—between unit 7 under consideration and unit ¢, the winner
of the current learning iteration. This neighborhood-kernel assigns scalars in the
range of [0, 1] that are used to determine the amount of adaptation ensuring
that nearby units are adapted more strongly than units further away from the
winner. A Gaussian may be used to define the neighborhood-kernel as given in
Expression (2) where ||r. — ;|| denotes the distance between units ¢ and ¢ within
the output space, with r; representing the two-dimensional vector pointing to
the location of unit ¢ within the grid.

_lre—rqll

hei(t) = ¢ 7o 2)

It is common practice that in the beginning of the learning process the
neighborhood-kernel is selected large enough to cover a wide area of the out-
put space. The spatial width of the neighborhood-kernel is reduced gradually
during the learning process such that towards the end of the learning process
just the winner itself is adapted. Such a reduction is done by means of the time-
varying parameter ¢ in Expression (2). This strategy enables the formation of
large clusters in the beginning and fine-grained input discrimination towards the
end of the learning process.

In combining these principles of self-organizing map training, we may write
the learning rule as given in Expression (3). Please note that we make use of a
discrete time notation with ¢ denoting the current learning iteration. The other
parts of this expression are « representing the time-varying learning-rate, h.;
representing the time-varying neighborhood-kernel, x representing the currently
presented input pattern, and m; denoting the weight vector assigned to unit .

mi(t +1) = mi(t) + a(t) - hei(t) - [2(t) — mi(t)] 3)

A simple graphical representation of a self-organizing map’s architecture and
its learning process is provided in Figure 1. In this figure the output space con-
sists of a square of 36 units, depicted as circles. One input vector x(t) is randomly
chosen and mapped onto the grid of output units. In the second step of the learn-
ing process, the winner ¢ showing the highest activation is selected. Consider the



parSOM: Using Parallelism to Overcome Memory Latency 139

O

me(t+1)

Input space

Fig. 1. Architecture and training process of a self-organizing map

winner being the unit depicted as the black unit in the figure. The weight vec-
tor of the winner, m.(t), is now moved towards the current input vector. This
movement is symbolized in the input space in Figure 1. As a consequence of the
adaptation, unit ¢ will produce an even higher activation with respect to input
pattern x at the next learning iteration, ¢ 4+ 1, because the unit’s weight vector,
m.(t+1), is now nearer to the input pattern x in terms of the input space. Apart
from the winner, adaptation is performed with neighboring units, too. Units that
are subject to adaptation are depicted as shaded units in the figure. The shading
of the various units corresponds to the amount of adaptation and thus, to the
spatial width of the neighborhood-kernel. Generally, units in close vicinity of the
winner are adapted more strongly and consequently, they are depicted with a
darker shade in the figure.

2.2 Implementing SOMs in Software

A serial implementation of the SOM iterates through the training algorithm.
This involves scanning all units to find the winner and then modifying all units
to reflect the change. As the map will usually be implemented as an array of
weight-vectors, this array is traversed twice. From this, it should be clear that
a major bottleneck in a software-based implementation of a self-organizing map
consists in the memory bandwidth. During every iteration of the training algo-
rithm every unit within the map is touched twice. First, during the search for
the best matching unit within the map and then again, when the weights are
adjusted. Due to the fact that we are using high-dimensional inputs with mul-
tiple thousands of inputs, it is not uncommon that a rather small map requires
in excess of 5 MBs. A medium-sized map may easily occupy tens of megabytes.
This is beyond the capacity of most cache memories and therefore incurs large
overheads in its memory accesses. The cache thrashing can be lessened a little by
using a technique known as loop inversion. Instead of traversing the unit-array
from its beginning to its end when traversing it for the second time (i.e., when
adjusting the weights), the array is traversed backwards to exploit the cache.
Another major bottleneck results from the huge number of floating point
operations required. Training a 10x15 map of 4000 features in 20000 iterations
requires in excess of 72 billion arithmetic floating point instructions and 6 mil-
lion floating point comparisons. In order to provide high performance in such
applications, multiple processors can be used in parallel. This becomes a viable
alternative, as the distance calculation and the adaption of the weights can be
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executed independently for each unit. These independent operations constitute
the major part of the runtime, calling for a parallel implementation.

2.3 The parSOM Implementation
Two different strategies for the parallelization of SOMs are available:

— Vectorization. It is possible to use multiple processors or SIMD techniques
to operate on the vector-components in parallel. Modern microprocessors are
sometimes fitted with SIMD nodes for the benefit of multimedia applications.
For example, the Altivec unit used in the MPC7400 PowerPC RISC proces-
sor features a flexible vector unit with 32 128bit registers. It is capable of
operating in parallel on 4 single precision floating-point numbers. Although
SIMD units cut down the pure processing time, the load on the memory bus
is increased. Special compiler support is necessary for this optimization.

— Partitioning. The map is partitioned into multiple sections, which are
maintained by different processors. One of the major benefit of this strat-
egy is the distribution of required memory across multiple units. This allows
both for the handling of far larger maps than serial implementations and for
a faster execution, as multiple processors are used.

For our current implementation, we use partitioning, with one master controls
multiple slaves. As depicted in Figure 2 three major synchronization points occur
in this implementation. The data transfers are very small, as only the offset of
the input vector (within a replicated file) is broadcast; the data packets for
computing the minima consist of a Cartesian coordinate and a floating point
number signifying the error at that coordinate. The approach chosen in our
work is based on a communication-oriented computation and synchronization
model. It uses a number of information and condition broadcasts to synchronize
its operations. In addition, we view a multi-dimensional self-organizing map as
a collection of units with associated coordinates. This allows us to distribute the
units freely between the threads.

Any subsets of the units can be easily represented in a linear array. By seg-
menting the SOM into multiple regions, we can effectively distribute the memory
usage across multiple processing nodes. Since training the SOM requires the en-
tire map segment to be operated on, the distribution of the map across multiple
processing nodes with independent memories (e.g., on ccNUMA architectures)
reduces the pressure on the memory hierarchy and makes it possible to fit the
map segments entirely into L2 caches on the respective nodes.

A master thread selects an input vector and broadcasts it to all its slave
threads. All threads search for their local minima, i.e. best-matching units con-
currently. These best-matches are sent back to the master, which determines a
global match. All slaves are notified of the global match and they modify their
units relative to the location of it independently. The data packets exchanged
at the synchronization points are very small, consisting of a spatial coordinate
and an error value at most. This algorithm should scale very well to any num-
ber of processors in theory, as the search for the local minima and the training
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Fig. 2. A flowchart of the computation using an asymmetric model of parallelization.
Three major synchronization points occur in this implementation.

process account for almost the entire execution time of the program. Remember,
that both finding the local minima and training involves operations on arrays
of large vectors of floating point numbers. For this reason, the additional work
of the master thread is negligible and does not affect the overall performance.
However, for small maps and very fast processors, scalability problems may arise
due to the synchronization overheads.

3 SOMs and Digital Libraries

Information retrieval in digital libraries is often based on similarity search [1],
such that a user queries the document repository by example. A typical im-
plementation for this is based on the use of self-organizing maps (sometimes
referred to as Kohonen maps). These are a type of unsupervised-learning neural
networks, that provide the capability to the high-dimensional feature vectors
associated with documents into a low-dimensional Cartesian space. Once this
mapping in concluded, it can be used to determine a clustering of documents.
Similar documents should belong to the same or neighboring clusters. This pro-
vides a unique opportunity to visualize the clustered documents.

The quality of these clusters depends largely on the use of appropriate learn-
ing functions and distance-based feedback. Unfortunately these functions need
to be applied in an iterative manner for multiple thousands of iterations. This
is leads to execution times for every training run that fall far outside of what
can be considered appropriate for interactive operation. This implies that docu-
ments can not be clustered on the fly (e.g., for web-searches or for searches using
iterative refinement). The rapid growth of digital content outpaces the increase
of the computing power of traditional single-processor systems. However, the
most important upcoming applications of digital libraries require the just this
interactive response:
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— Web-based search-engines. A visualization of search results is possible
by mapping the documents from the result set into a 2-dimensional space.

— Fine-grained clustering of large document collections. Various types
of documents require a fine-grained clustering of large document collections
with a high number of relevant features (e.g., laws).

For the following experiments we use a collection of 420 articles from the
TIME Magazine from the 1960’s as a sample document repository. The articles
are parsed to create a word histogram representation of the documents using the
classical ¢t f x idf, i.e. term frequency times inverse document frequency weighting
scheme according to the vector space model of information retrieval [10]. We
thus obtain 4012-dimensional input vectors, which were further used for training
SOMs of 10 x 15 units. The memory required to store this map exceeds 4.5MBs.
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Fig. 3. A map trained with 420 articles from the TIME Magazine.

The resulting SOM is depicted in Figure 3. As a closer look at the resulting
mapping reveals, the SOM succeeded in producing a topology preserving map-
ping from the 4012-dimensional input space onto the 2-dimensional map space,
clustering the articles by topic. This can be easily demonstrated using the labels
automatically extracted from the trained SOM by applying a variation of the
labelSOM technique [6].

For example, we find a number of articles covering the war in Vietnam in
the lower left corner of the map. Another rather large cluster in the lower right
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corner of the map is devoted to articles on the situation in the Middle East, cov-
ering Nasser’s attempts to create an arab union. Due to space considerations,
we cannot present the complete map in full detail. However, the map is avail-
able at http://www.ifs.tuwien.ac.at/ifs/research/projects/parsom/ for
interactive exploration. For a closer analysis of the application of SOMs in the
field of information retrieval, refer to [8,7].

The resulting representation of documents due to its topical organization
offers itself to interactive exploration. However, to allow its application in an in-
formation retrieval or data mining setting, providing competitive response times
is crucial, calling for a parallel processing of the SOM training process.

4 Analysis of Experimental Results

Table 1 summarizes the execution time for training the map using ,..SOM. We
used POSIX threads, a shared address space and user-level spinlocks in our im-
plementation. The test were conducted on a number of multi-processor machines
with dissimilar memory architectures:

— Dual Celeron System. Two Intel Celeron processors using a shared mem-
ory bus with a total throughput of 264MB/s. Each processor uses a 256 KB
level 2 cache.

— SGI PowerChallenge XL. A 16-processor system with a shared-bus. Each
processor has a 2MB level 2 cache available and the total throughput to the
main memory is 1.2GB/s.

— SGI Cray Origin 2000. A 64-processor system which adheres to a cc-
NUMA architecture. The system uses 32 SMP node boards, where each
processor has 4MB of cache memory;

SGI PowerChallenge SGI Origin 2000 Dual Celeron PC

time time time
threads| €lapsed |relative|speedup| elapsed |relative|speedup| elapsed [relative|speedup
1| 1555.591| 1.0000| 1.0000| 461.940| 1.0000| 1.0000| 1521.900( 1.0000| 1.0000
2| 533.265| 0.3428| 2.9171| 209.790| 0.4541| 2.2021| 1037.850| 0.6819| 1.4664
3| 231.964| 0.1491| 6.7069| 150.223| 0.3252| 3.0750
4| 180.035| 0.1157| 8.6430| 117.100| 0.2534| 3.9448
5| 128.025| 0.0886( 11.3122| 114.930| 0.2488| 4.0178
6
7
8

117.228| 0.0753| 13.2802| 102.134| 0.2211| 4.5216
96.632| 0.0621| 16.1030{ 90.817| 0.1966| 5.0854
91.481| 0.0588| 17.0068| 83.240| 0.1802| 5.5493
9| 83.333| 0.0535| 18.6915
10[  80.993| 0.0520{ 19.2307
11| 76.701] 0.0493| 20.2839
12| 70.390| 0.0452| 22.1238

Table 1. Execution times and speedups on multiprocessor systems

The dual-processor Celeron system is a commodity personal computer. The
small cache sizes of the processors require large amounts of memory transfers.
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Due to the limited memory bandwidth, not even a linear speedup is achievable
in this configuration. The only apparent cause for the bad scalability can be
attributed to memory contention. On this system, inverting the training loop
does not cause a significant performance gain, which is further evidence that the
scalability is limited primarily by the memory bandwidth.

An entirely different performance characteristic was obtained on our prin-
cipal development platform. On the SGI PowerChallenge, which uses a shared
memory architecture, a 22-fold increase in performance could be achieved with
only 12 processors. Although this may seem paradox, it should be expected. The
performance increases very quickly for the first few threads, until the amount of
cache memory exceeds the size of the map (compare Figure 4). After that, the
performance increase continues in a linear fashion. We provided time measure-
ments up to 12 processors only, as the machine was not available for dedicated
testing. The precision of these measurements for more than 10 processors was
also affected by the background load. The scalability on this system remains
unaffected by the available memory bandwidth: the entire SOM is distributed
through the cache memories of the various processor, effectively avoiding bus
contention. Interestingly, loop inversion leads to a large increase in performance
for the uniprocessor version on this machine. This optimization resulted in a
22% increase in performance.
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Fig. 4. Performance on a SGI PowerChallenge: Cache effects on a shared-memory
system with a high memory bandwidth can lead to a better than linear speedup.

The performance gains on the SGI Origin were less impressive than those on
the PowerChallenge. Although the current implementation scales to 8 processors
and achieves a 5.5-fold performance increase, it still offers room for improvement.
This is due to our dependence on POSIX threads and how these are implemented
in IRIX 6.5. Instead of allocating a separate heap for each thread, a shared heap
is used, which has its affinity hard-wired to the processor of the main thread.
Understandably, performance degrades in such an environment, if many threads
are used, as the traffic on the memory backbone increases. Nonetheless, the
speedup between the single-processor and dual-processor implementation shows
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again how the availability of sufficient cache memory to hold the entire SOM
has a significant performance impact. We are currently working on a MPI-based
implementation to create an optimal version for this architecture. We expect
MPI to solve the performance problem on this architecture, as it provides distinct
heaps to the different processes.

5 Conclusions and Future Work

Our experiments with parallel, software-based implementations of self-organizing
maps for Digital Libraries have shown that interactive response times—even
for high dimensional feature spaces—can be achieved using supercomputing re-
sources. The used algorithms scale well and gain considerable performance due to
cache effects. Parallelism effectively becomes a method to overcome the memory
latencies in self-organizing neural networks.

We are currently adding MPI support. Dynamic load-balancing becomes a
necessity, if non-dedicated computing resources are used, as the background load
may severely affect the performance of the system. In such environments, a
dynamic redistribution of the map between nodes becomes necessary to provide
peak performance. Support for SIMD extensions to common microprocessors
and vector computers will be also be added in future versions.
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Abstract. The implantation of the virtual enterprise paradigm requires the
design and development of a flexible execution environment to support the
distributed business processes that materialize the cooperation in a network of
enterprises. A configurable architecture for such execution system is proposed
focusing the support for multi-level process coordination. A set of examples to
illustrate the adopted concepts and developed tools are discussed.

1 Introduction

The paradigm of virtual enterprise (VE) represents a major area of research and
technological development for industrial enterprises and an important application area
for web-based cooperative environments. A virtual enterprise is usually defined as a
temporary alliance of enterprises that come together to share their skills, core
competencies, and resources in order to better respond to business opportunities, and
whose cooperation is supported by computer networks [4], [7].

Two keyword elements in this definition are the networking and the cooperation. As a
result of the globalization of the economy and new market characteristics, there is a
clear trend for the manufacturing business processes not to be carried out by a single
enterprise any more. In order to reach world class, companies are forced to embark in
cooperation networks where every enterprise is just one node adding some value (a
step in the manufacturing chain) to the entire production cycle. As such, in virtual
enterprises, manufacturers do not produce complete products in isolated facilities.
Rather, they operate as nodes in a network of suppliers, customers, engineers, and
other providers of specialized service functions. Business processes (BP) take place,
therefore, in a distributed environment of heterogeneous and autonomous nodes.

The materialization of this paradigm, although enabled by recent advances in
communication technologies, computer networks, and logistics, requires an
appropriate architectural framework and support tools. Namely, it requires the
definition of a suitable open reference architecture for cooperation, the development
of a flexible and configurable BP supporting platform, and the development of
appropriate protocols and mechanisms.

M. Bubak et al. (Eds.): HPCN 2000, LNCS1823, pp. 149-162, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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2  Coordination Issues

2.1 The Need for Coordination

Coordination of processes and activities has been identified as a key element in the
operation of virtual enterprises [2], [4], [S], [9]. Coordination has to do with the
proper management of dependencies among activities [10] and correspond, in
accordance with the view of [6], to the process of “gluing” together active pieces
(enterprise activities) with a purpose.

From a bottom up perspective, activities carried out by a company are usually
organized in “clusters” of inter-related activities called processes (business
processes). The composition of each process is designed in order to achieve a (partial)
specific goal. When properly “orchestrated”, a combination of various processes
taking place in different members of the VE, i.e. a distributed business process (DBP),
will lead to the achievement of the global goal of the VE.

Alternatively, a CIM-OSA-like top down view can be considered according to which
a VE business process can be decomposed into a hierarchy of sub-business processes
and enterprise activities. The enterprise activities, that are supported by the CIM-
OSA’s Implemented Functional Operations, or the PRODNET’s services, represent
the basic building blocks (libraries of services) each enterprise per se, and the VE as a
whole, have to actually realize the assigned processes.

2.2 Need for Multi-level Coordination

As it is implicit in the notion that a VE business process can be decomposed into a
hierarchy of sub-business processes, the coordination issues must be analyzed at
different levels of abstraction. This need is clearly illustrated by the PRODNET pilot
demonstration [4] of manufacturing a bicycle in a VE environment.

According to this example, different parts of the full manufacturing process may be
assigned to different members of the VE according to their core skills, resources and
roles in the VE. For instance, one node A becomes responsible for assembling all
components in a final product, another node B is responsible for manufacturing the
metallic parts, a node C supplies the plastic components, a node D produces moulds
for plastic components, etc. Once a global business process is defined and scheduled,
and responsibilities are assigned to each individual partner, the successful
achievement of the common goal — delivery of the final product to the client —depends
on the proper and timely operation of each VE member (and each supporting service
in each VE member). A delay in one node, if not taken care of in time, may
jeopardize the common goal. Therefore, one enterprise may assume the role of VE
coordinator and manage (supervise) the interdependencies among the various
(distributed) BPs. On the other hand, inside each company, the (local) assigned
business process(es) may, on its (their) turn, be decomposed into several sub-
processes whose activities are supported (performed) by various service functions
available in the enterprises.
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For instance, a ’produce bike frame” process may involve:
”Receive order from the coordinator (via EDI)”, “design frame” (using a CAD
system); “generate process plan” (using a CAPP system), “plan production”
(using a PPC system), “supervise production” (using a shop-floor control
system); ”send periodic progress reports to the VE coordinator” (using the PPC
system), etc.

The interdependencies (sequence/parallelism, synchronization, data flow, precedence

conditions) among these activities need to be properly managed.

This “decomposition” process may continue and some activities may imply a
sequence of fine-grained activities. For instance, the “receive order” process can be
decomposed into:

”Identify arriving message”, ’parse order coded in EDIFACT format”,
“temporarily store order data”, ”ask advise from human operator on what to
do with the order”, "notify ERP/PPC of the order arrival”, etc.
Some projects, such as VIVE [15], have devoted some effort to the identification of
the major BPs and their decomposition for some key areas of manufacturing.
However, although important, modeling BPs brings little benefit to the actual
operation of the VE if not supported by an execution infrastructure — the VE
execution system.

Business
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Fig. 1. VE Execution System.

Considering the distributed nature of a VE, the structure of a minimal VE execution
system should comprise: a process execution and coordination system, a distributed
information management system, and a safe communications infrastructure.

The enterprise resources (enterprise applications, human resources, machines, etc.)
will carry out the actual execution of enterprise activities under the control of the
process execution and coordination system. By analogy with the computer systems,
this infrastructure can be seen as the “operating system” of the VE.

One aspect to retain here is the heterogeneity of the processing nodes / VE members.
The enterprises that combine efforts to form a VE pre-exist and have their own legacy
systems and distinct enterprise culture. Therefore, in addition to requirements of
portability, it is also necessary to support a high degree of configurability in order to
cope with the particular context of each enterprise. Portability is reflected as a
requirement to adopt industry standards such as WPDL (or PIF) for process
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definition, EDIFACT for the exchange of business messages, STEP for the exchange
of technical product data, etc. The configurability characteristic shall provide a
flexible way to adapt the behavior of the execution system to the specificity of each
local enterprise and to hide, to some extent, this specificity from the other members of
the network.

Another characteristic of this environment is the hybrid nature of the execution
system. Some processes may be carried out automatically by services offered by
enterprise applications (ERP, PDM, etc.), while other processes are performed by
humans. It may also happen that a given process is executed differently (automatically
or human-based) if assigned to different enterprises.

3 A Coordination Kernel

Taking these requirements into account, the PRODNET project [4] designed and

developed a prototype of an execution infrastructure for distributed BPs. From the

activity/process coordination point of view, the PRODNET coordination subsystem
considers three levels of abstraction:

— Core Cooperation Layer (CCL). The CCL is responsible for the basic interactions
among VE members offering support for safe communications, exchange of
business messages, sharing and management of cooperation information, federated
information queries, etc.

— Enterprise Management Functionalities (EMF). The EMF is responsible for the
coordination of activities at the enterprise level. In other words, the EMF deals
with coordinating the responsibilities of the enterprise towards the accomplishment
of its assigned BPs or contracts with the VE and other VE-partners.

— Virtual Enterprise Management Functionalities (VMF). The coordination aspects
at the VE level are considered in the third level. In principle, only the node playing
the VE coordinator role will use this layer to monitor, assist, and modify the
necessary activities related to the VE goal achievement. The VE Management
Functionalities (VMF) resort to the services provided by the CCL and EMF of its
node to communicate with the other nodes of the VE.

Although in its current implementation only three levels are considered, the model

can be easily generalized to any number of levels in order to cope with any BP tree. In

fact, in addition to the VE coordination role, responsible for the global BP, other
enterprises may assume the role of coordinators of sub-business processes that might
be decomposed and performed by a sub-consortium of enterprises. This idea of
dynamic formation of sub-consortia inside a community of cooperating agents (a VE)
in order to coordinate sub-business processes is being exploited by the MASSYVE

project [14].

These sub-consortia are formed for the sole purpose of facilitating the coordination of

activities involved in the related sub-business processes. Once a sub-business process

ends, the sub-consortium “dissolves” and its members may become involved in other
sub-consortia dynamically formed as the execution of the VE BPs evolves. For
instance, enterprise C (in Fig. 2) coordinates sub_VE]1 and is a member of sub_VE2.

Under this model, the formation of a sub-consortium inside a VE follows a similar
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process as the formation of the VE itself. In other words, a VE may recursively give
raise to internal sub-VEs.

Business Opportunity
B - A~
% T~ :

Sub-VE2
coordinator

coordinator

Fig. 2. Coordination and hierarchies of BPs.

3.1 Structure of the PRODNET Coordination Kernel

The two main components of the PRODNET coordination kernel are the Local
Coordination Module (LCM) [4] and the federated Distributed Information
Management System (DIMS) [1].

Similarly to some other projects (e.g. NIIIP, VEGA, WISE), PRODNET adopted a
workflow-based approach for coordination of VE-related activities. Combined with a
graphical specification language and a graphical editor, this approach proved to be an
efficient way to implement flexible and easily re-configurable, by non-programmers,
activity coordination strategies. In this way, the needs of different companies and
different business processes are properly accommodated.

The integration and management of the VE information is supported in PRODNET by
an innovative distributed / federated information management approach [1]. The
federated database approach has proven to provide particularly attractive features
addressing some challenging information management criteria such as the openness,
autonomy, heterogeneity, and information privacy, what are the main pre-conditions
for trust building among SME:s involved in a virtual organization domain.

The very tight integration of activity coordination and federated information
management provides a sound basis to support the advanced VE coordination
functionalities.

Another major component of the PRODNET execution system is the PRODNET
Communications Infrastructure (PCI) which is responsible for providing
communication channels between VE members and a set of functionalities to
guarantee safe communications, authentication, auditing services, heuristics for
communication channel selection, etc.

The execution environment is complemented by a library of service functions that
support the activities at each level of abstraction (Fig. 3). For instance, at the CCL
level, services for processing EDIFACT and STEP messages are offered. At the EMF
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level services such as product negotiation or issuing product purchase order can be
found. At the VMF level services related with the VE global coordination, such as
getting production status from VE members or search for new partners, are included.

PRODNET Cooperation Layer Examples

— GET_PRODUCTION_ORDER_STATUS
—. SEND_PRODUCTION_ORDER_STATUS
VE » DBP supervision - SEARCH_FOR_NEW_PARTNERS

Services » Federated Query Services - SENDING_CALL_FOR TENDERS

. - SENDING_BIDS
» Partners search and selection . MONITOR PRODUCT PRODUCTION

|

EMF » Contract-related Services . PRODUCT_NEGOTI ATI ON
» Legacy Auxiliary Services: — PURCHASE_PRODUCT
Enterprise ERP/PPC, PDM, ... — PURCHASE_ORDERS_MONITORING
Services » Coordination-related Service — ORDERS_FORECAST_MONITORING

— CONTRACT_CLAUSES MONITORING

CCL

» Legacy Auxiliary Services: PPC_, PDM_, — SENDING_CONDRA_MESSAGE
Core » PCl_DeliverMessage, PCI_DeliverEmail  — RECEI VING_CONDRA_MESSAGE
Services » EDI_BuildMessage, — SENDING_ORDER

i Fcogneisage B A Lo
» DIMS_ _ RECEIVING ORDER_ACCEPTANCE
» STEP_ . SENDING_DELIVERY_RECORD

- RECEIVING_DELIVERY_RECORD
-~ RECOGNIZING_MESSAGE

— SENDING_EMAIL

Coordination Kernel

|

Fig. 3. Examples of Services at Different Abstraction Levels.

A network of cooperating nodes (network of enterprises) therefore composes the
execution environment for DBPs in PRODNET and each node includes the
coordination kernel, the safe communications infrastructure, and the support service
functions.

Fig. 4. The PRODNET Execution Environment.

In terms of implementation it is necessary to take into account that enterprises that
come together to form a VE pre-exist and have their own legacy systems (ERP / PPC,
SCM, CAD, CAPP, PDM, etc.). Therefore, the implantation of the BP execution
environment has to take into account the migration of these legacy systems as they
will support many of the necessary services.

Following a common procedure in systems integration, PRODNET “recovers” the
existing legacy applications by adding to them a new layer (the PRODNET
Cooperation Layer) comprising the coordination kernel, the communications
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subsystem, and other basic services, and by establishing the necessary mappings
between this layer and the enterprise applications. The communication between PCL
and legacy applications is supported by a client-server interaction. PCL provides a
“client library” which guarantees the communication from the legacy applications to
PCL. Each legacy application provides a similar library to PCL.

Future trends, such as the OAG initiative [11], towards the “componentization” of
enterprise applications and definition of standard interoperation mechanisms among
these functions, raise the expectation that future enterprise applications can be seen as
a library of service functions that can be flexibly used by the coordination system.

3.2 Graphical Modeling of BPs

For the modeling of BPs a graphical language and an associated editor that borrows

many ideas from the workflow management systems, trying to be compliant with the

WIMC Reference Model, but including some adaptations to the VE environment is

developed (Fig. 5).

The following modeling primitives are supported:

— Sequences of activities that might invoke external services or other sub-activities.

— Sub-workflow definition, a mechanism to support nested BPs definition.

— Data flow management for parameter passing when activating services / sub-
activities, i.e. data that is essential for the process execution control flow. This is
the explicit data exchange. A form of implicit data exchange is also supported be
the DIMS module.

— Splits and joins that can be subjected to the logical operators AND / XOR.

— Simple and conditional transitions.

— Temporized and cyclic activities, providing the high-level coordination facility that
is needed for instance in the case of monitoring contract clauses among VE
members.

— Flexible configuration of catalogs of external services and relevant data.

— Workflow instances and memory spaces. For each execution of a workflow model
an instance is created with its memory space. The explicit data flow associated to
an instance (relevant data) is only valid inside the memory space of that instance.

— As an enterprise may be involved, at the same time, in various VEs, there is also a
memory space separation per VE participation.

— Management of waiting lists. Each time an instance of a workflow model needs to
wait for the conclusion of an external service it is put in a waiting list. Waiting lists
are also used for instances waiting for temporized activities. Signals can be sent to
the waiting lists manager to provoke changes in the status of workflow model
instances.

Hierarchical BPs can be represented using the concept of sub-workflow as illustrated

in Fig. 6.
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Fig. 5a. Graphical Process Modeling Primitives. Fig 5b. Graphical Process Model Editor.

Sub-workflows also provide a basic degree of reusability in the model, since a sub-
workflow can be used several times in a workflow model, like a sub-routine. The
more frequent tasks can be modeled as sub-workflows and used as many times as
necessary. This feature allows the creation of a library of sub-workflows (templates)
that model the processes frequently performed.

Main AB‘C
Activity Begin
PCL_Core_Service A PCL_Core_Service_B 10 20
Auxiliary | Activity Activity | sub-Workflow
Service X 1 2 ABC ABC 1 ABC 2

Fig. 6. Activity Implemented as Sub-workflow.

The graphical process editor associated to LCM supports a fundamental characteristic
in a VE environment that is the ability to support a gradual migration of the
company’s legacy business practices towards a VE environment operation. In a first
step, it is necessary to guarantee that the company’s privacy, autonomy as well as its
way of making business will be preserved, as far as possible. When the level of trust
between the enterprise and the VE partners increases, or a better understanding of the
VE operation is achieved, a new behavior of the cooperation layer can be defined by a
BP expert without the need of programming. One of the reasons to adopt a workflow-
based modeling approach instead of a more specialized language for coordination

such as LINDA or MANIFOLD [3] is because it is easy to use by BP experts with
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limited programming skills.The output of the graphical editor is stored as a WPDL
file, following the WfMC proposed syntax [16].

The LCM includes the process executor (enactment engine) and a monitoring and
event notification module that supports a user interface with a graphical visualization
of (and interaction with) the processes under execution (Fig. 7).

Auxiliary Graphical
Services | = | workflow (BP)
Catalog Editor
A A LCM
A A
BP Monit
A < Workflow (BP) onttor
— Executor -
(Workflow Engine) Event
Notifier
References Invocation
to services of services
Services

Fig. 7. BP Edition and Execution Environment.

4 An Example

In order to illustrate the operation of the described execution system, let us consider
an example of two enterprises involved in the business process of developing a new
bicycle and that have to cooperate in the design of a component (a pedal, for
instance). In this scenario, enterprise A prepares a first model of the desired
component using a CAD system and defines some additional characteristics for this
part using a PDM (Product Data Management) system. This technical specification is
then sent to enterprise B. Enterprise B might accept the proposed design or suggest
changes that have to be negotiated with enterprise A until an agreement is reached.

In order to support this process, there is a need for a core service (i.e. a service at the
CCL level) that takes care of sending out a message with the technical specifications
of the required part. A solution for that can be the encapsulation of a STEP model in a
EDIFACT CONDRA message. Fig. 8 shows a simplified process model (workflow
model) for this task. As illustrated in this figure, the implementation of a core service
resorts to other more basic services (the auxiliary services) offered by the PRODNET
infrastructure such as EDI_BuildMessage, DIMS_AttachReferences, etc.

Different implementation solutions can be found for this core service. For instance,
the product model may be sent using a proprietary format (agreed between the two
companies) without resorting to EDIFACT. On a similar way, specific processes
have to be modeled, at the CCL level, for each of the core services supported by the
enterprise  cooperation layer. Examples are: Send_order, Receive_order,
Order_acceptance, Send_delivery_record, etc. The graphical process editor provides
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a flexible tool for a system manager (BP expert) to define the set of core services for
each enterprise as well as the set of available auxiliary services in the installed
infrastructure. In the same way, but not necessarily following the same models, it is
necessary to define the core services of enterprise B.

CCL
Services

Sending_Condra_Message (InputParameters)

Input Parameters

EDI
BuildMessage

Input_Parameters Output Parameters

DIMS
Attach
References

References

Sending
Message

Output Parameters Input Parameters

PCl
Delivery
Message

Input Parameters

o
Output Parameters ©

DIMS Activity
DeleteData Cleanup

Fig. 8. Example of Core Service (CCL-Level Process).

Using this basic level of the cooperation layer it is possible to implement cooperation
processes between enterprises. If no other higher level services are available, then the
coordination of the higher level processes has to be done by the human operators or to
be supported by some hard-coded fixed procedures implemented in the interface of
the enterprise applications. For instance, the core service presented in Fig. 8 could be
invoked by a PDM application or explicitly launched by the PDM user. This was the
situation implemented in the PRODNET demonstrator that was sufficient to
demonstrate how complex cooperation scenarios can be implemented on top of a
basic infrastructure [4].

It is important to note that it is not the sender who decides which applications /
services will be used on the receiver’s side. A message is sent independently of the
type of processing that the destination will apply. A lookup table at each site
establishes this correspondence (Fig. 9). It is, however, necessary that a common
taxonomy of messages types is shared by all members of the VE. If a standard
protocol is used (like EDIFACT), the common set of types is guaranteed. For
proprietary types it is necessary to reach an agreement among all VE members. It is at
configuration time, when the behavior of the coordination module is defined, that a
specification of which local processes are triggered by each type of arriving message
is made. In fact this is necessary even when the messages are EDIFACT-based as
only a subset of EDIFACT messages are used for each two enterprises.

In this way, the enterprise keeps its autonomy not only in terms of deciding the
specific structure of its processes (which can evolve), but also in terms of deciding
which processes to apply to each type of event. In our opinion this is a more
pragmatic solution when compared to other approaches as the one proposed by the
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WISE project [2]. In WISE, companies declare (register) their services in a global
catalog that is then used by the BP modeler to build BP models.

o o | e——

MESSAGE

~
Process
Models
(Workfiow)

P.C.L Message |
Additional | pypp

Info.

Message
Contents

Fig. 9. Association of Message Types to Processing Services.

If the second coordination level (EMF) is available, than it is possible to implement a
flexible, automatic or computer-assisted, coordination mechanism for higher-level
processes. For instance, Fig. 10 illustrates a simple enterprise-level process describing
the steps involved, from the enterprise A side, in the negotiation of a part with
company B.

In this example, the activities “Design model” and "Prepare PDM data” are performed
by services offered by the enterprise applications CAD and PDM respectively. An
alternative to a direct invocation of a CAD (or PDM) application can be the activation
of a user interface program that notifies the human operator about the tasks to be done
(see the Event notifier component in Fig. 7). In this way, the same basic modeling and
control mechanisms can be used for automatic or manual (computer-assisted)
systems. This example also shows that the same workflow-based modeling
mechanisms can be used to model this type of BPs.

The activity ”Send product model” is performed by the core service described above
(Fig. 8). This example illustrates how lower level processes can support a higher level
process. The instantiation of a lower level workflow model is done following the
same invocation mechanism used to call application services, i.e. some input and
output parameters are used to establish the interaction between the two processes in a
similar way as the invocation of a procedure in a traditional programming language.
The LCM engine interprets the process description language, assuring the proper
parameter passing in the right memory space and right VE space.

In the case of processes mainly executed by humans, the workflow type of control is
however too rigid. People like to keep their freedom regarding the way they work.
That is the case, for instance, in concurrent engineering where a team of designers,
possibly located in different enterprises, cooperate in a joint project. Product design,
like any other creative process evolves in a kind of non-deterministic flow. Several
approaches to develop flexible workflow systems have been proposed [8]. One
solution for the coordination flexibility was first introduced in the CIM-FACE system
[13]. In this system, instead of rigid precedence rules, other types of relationships,
inspired in the Allen’s temporal primitives, are possible: start_before, finish_during,
start_after, finish_after, do_during, etc. Other constraints such as pre- and post-
conditions can be specified. These mechanisms, previously developed in CIM-FACE,
are not included, however, in the current implementation of LCM.
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Fig. 10. Example of an EMF-Level Process.
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Fig. 12. Example of Negotiation.

The “inspection” step can be performed by another process, the monitoring process”.
This can be a generic process used whenever some acceptance (or cancellation) is
required from a VE partner, as illustrated by Fig. 11. This process periodically checks
for a termination event that lets the calling process finish. Examples of termination
events are a signal coming from a lower level process (CCL event) or information
provided by a user interface (for the cases that a confirmation arrived by fax or
phone). If no termination event arrives during a specified time period, a notification is
sent out (by email, for instance).
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For the particular example of product negotiation, a specific process considering
several iterations could be used (Fig. 12). In this case the answer from enterprise B
can be a simple acceptance, a proposal for a design modification in the part (that
enterprise A may accept or propose another alternative, initiating a new cycle), or a
simple refusal (unable to perform the required task).

VE
Services

Supervise_Bike_Frame_Production (DBPConte;

Supervise_Pedal_Production (DBPContext )

Input Parameters

-

Input Parameters

BP
Product
Negotiation

BP Pedal
RawMaterial

Supervise
Bike Frame
Design

Supervise
Raw Material

Output Parameters Output Parameters

Input Parameters

Supervise BP
Pedal Mould Product
Input Parameters Design Negotiation
h.
BP m Supervise

Produce Bike Frame
Bike Frame U Production Input Parameters

Qutput Parameters

Output Parameters

BP
Produce
Pedal

Supervise
Pedal Body
Production
Output Parameters
Input Parameters

BP Supervise
Bike Assembly Bike
\_/' Assembly

Output Parameters

Fig. 13. Examples of BPs at the VEF Level.

Examples of coordination at the upper level (VE level) are shown in Fig. 13. Two
supervision processes are illustrated here. These processes use lower level processes
(such as Product Negotiation).

In the implemented coordination system the process execution history can be
maintained, resorting to services of DIMS, to be used for auditing purposes or data
mining towards process performance improvement.

5 Conclusions and Further Work

A flexible and open execution environment is a fundamental requirement for the
implementation of virtual enterprises. The PRODNET II project developed an
example of such infrastructure that combines diverse support technologies and
addresses a wide range of requirements set by the VE paradigm with particular focus
on the characteristics of SMEs. In particular, the workflow-based multi-level
coordination approach developed by PRODNET II seems particularly adapted to the
configurability and flexibility requirements.

The essential features that validate the model are implemented and tested in the
PRODNET demonstration scenario, based on a Windows-NT environment, however
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further work is required namely in terms of flexible planning and scheduling of
distributed business processes. The MASSY VE project is addressing these issues and
an effort towards an integration of results of both projects is being pursued.
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Abstract: In order to assist researchers with conducting their complex scientific
experimentation and to support their collaboration with other scientists, modern
advances in the IT area can be properly applied to the domain of experimental
sciences. The main requirements identified in this domain include management
of large data sets, distributed collaboration support, and high-perfoeman
issues, among others. The Virtual Laboratory project initiated at the University
of Amsterdam aims at the development of a hardware and software reference
architecture, and an open, flexible and configurable laboratory framework to
enable scientists and engineers to work on their experimentation problems,
while making optimum use of modern information technology approaches. This
paper first describes the current design of a multi-layer architecture for this
Scientific Virtual Laboratory, and then focuses further on the cooperative
information management layer of this architecture, and exemplifying its
application to experimentation domain of biology.

1. Introduction

The rapid improvement in the networking technology, computing systems, and
information management methodologies allow application developers ® Soine

of the problems they face when designing and developing their own complex
applications. The problems in the engineering and scientific domains are quite diverse
and complex in nature. For instance, the complexity is faced when remotely
controlling/monitoring a physical apparatus, running activities that require excessive
computational resources or parallel/distributed machines, requesting collaboration
within a distributed community that involves scientists with different interests,
looking for the necessary information requested by the application from various
information resources, or when trying to share the local results with external
applications from the outside world.

In most ongoing design and development work in the area of Virtual Laboratory,
researchers focus on certain specific aspects, for instance mostly related to the
distance problem. Here for instance, they introduce mechanisms to remotely control
devices, for the video conferencing, and file sharing mechanisms to enable the co-
working among scientists [1, 2, 3].

Depending on the application interest (e.g. education, games, experiments, chemistry,
aerospace, and government) and due to the variety of the possible application fields,

M. Bubak et al. (Eds.): HPCN 2000, LNCS 1823, pp. 163-176, 2000.
© SpringerVerlag Berlin Heidelberg 2000
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the concept of the “virtual laboratory” has been associated to many meamdgs
refers to many spectrumb the area of education for example, virtual laboratories
can be applied to start a chemical reaction, or to see the basic mechanics rules at work
while sitting in front of the computer screen [4]. In other areas, virtual laboratories
are used as a simulator to study dangerous situations, for instance in the fields of
aerospace [5] and nuclear engineering [6]. Another common usage of the “virtual
laboratory” concept is itgonsideration as seplacement fospecific task-oriented
physical facilitiesn experimental computational environment

However, most of the interpretations of the virtual laboratory concept are in fact
limited in the sense that they providesolution to some specific problem in certain
application domains/ery seldom there are cases whine virtual laboratory concept

is not restricted to one particular cased offers means to support multidisciplinary
users with uniform high-level interfaces to a general distributed and collaborative
environmentAlthough in [7] the need for such an open environment is explained and
the main requirements for such virtual laboratories are identified, we observe that this
environment is not yet developed and the scientific community still lacks a reference
framework that covers many aspects of a reallaborative multi-disciplinary
experimental environment.

The Virtual Laboratory (VL) is a fouyear project (1999-2003), initiated at the
University of Amsterdam. This paper describes our ideas on the design of a multi-
layer architecture, representing the fundamental functionalities to be supported by the
laboratory. This project aims at the design and development of an open, flexible and
configurable laboratory framework providing the necessary hardware and software to
enable scientists and engineers to work on their problems via experimentation, and
overcome many obstacles while making optimum use of the modern Information
Technology. The realization and development plan for the VL is outside the scope of
this paper and is the subject discussed in the forthcoming papers. The VL will develop
the necessary technical and scientific computing framework to fulfil the requirements
in different scientific application domains. The domains of experimentation such as
physics, biology, and systems engineering in specific are considered for which the
project will develop certain application cases during the first phase of the project
prototyping and evaluation. The project plans, on one hand, to fulfill the main
requirements of these domains as the VL generic functionalities, e.g. the sopport f
the collaboration among scientists and information management, among many others.
On the other hand, the framework will be flexible and configurable, in order to be
extended and support specific application oriented requirements. The application
cases mentioned above will be used to test this flexibility of the framework.

The remainder of the paper is organized as follows: Section 2 describes the VL
requirements and important considerations taken into account, when designing such a
framework. A multi-layer architecture for the Virtual Laboratory is described in
Section 3. The Virtual-lab Information Management for Cooperation (VIMCO) layer
of VL is described in Section 4, while an example application case for the VIMCO
layer addressing the DNA-micro array is described in Section 5. Finally, Section 6
concludes the paper.
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2. Main Considerations

When designing a generic multi-disciplinary VL framework, there are certain
requirements and considerations to take into account which are inherent in the
experimental science domains. The VL must adhere to the important characteristics
and requirements stated by these domains. Therefore, the architecture of the VL must
be able to satisfy the requirements imposed by these characteristics.

One of the most important characteristics of the experimental science domain is that
researchers need to manipulate large data sets produced by physical devices. In order
to convert this data into valuable information, different processes need fpleda

on these data sets. These processes typically demand high-performance computing
support and large data storage facility. Also, since everyday more and more scientists
are involved in the experimental science domain, the efficient utilization of the data
sets is becoming mandatory to support the collaboration among theses.expert
Furthermore, due to the enormous amount of generated data there is a need that the
data sets resulting from different sorts of measurements are combined and inter-linked
together to provide a better insight on the problem under study. These characteristics
are fundamental to the experimental science, and hence indispensable to the VL.
Considering the several application domain characteristics presented above, there are
many design issues that need to be incorporated in the VL architecture. Below, we
address three of these key issues for consideration, namely, the proper management of
large data sets, information sharing for collaboration, and distributed resource
management.

The first issue addresses the management/handling of large data sets for which the
size of data generated by the devices connected to the VL can be very large. The data
size ranges for instance between 1.2 MB for the data generated every second by a
Micro-beam device, to 60 GB for every slice scanned from a human brain tissue,
generated by a CT scanner. This excessive amount of data must be stored, filtered,
classified, summarized, merged, inter-linked, and made available to the programs
using it with the required performance [9].

Advanced collaboration facility is the second characteristic to take into account for
the VL architecture design. Not only the efficient storage and retrieval of such data is
challenging, a more challenging issue is to provide means to efficiently exchange
such large amounts of data among collaborating scientists, organizations, or research
centers. Moreover, the data is inherently of a heterogeneous nature andaheret

even exist a standard representation for such a data. One of the primary goals of the
VL is to support the increase of collaboration among scientists and scientific centers
This brings up the need for a comprehensive, advanced interoperation/collaboration
facility, which must be supported by the Internet-tools, Web-tools and other support-
tools.

Furthermore, the distributed nature of the VL together with the high performance and
massive computation and storage requirements brings up the third important
characteristic, the distributed resource management issue. Therefore, utilization of an
adequate hardware resource manager within the Virtual Laboratory must also be
considered.
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3. VL Multi-layer Architecture Design

The general design of the VL architecture is based on multiple functionality layers, so
that the application-specific and domain-specific computational and engineering
issues can be separated from the generic computing aspects. The generic computing
aspects serve a broad range of domains, and include issues related totedistribu
computing, networking, basic information management, communication/collaboration
and visualization. Further, application-specific or domain-specific issneblgoother

hand, can be defined on top of these generic issues.

As such, the VL reference architecture is primarily composed of five functional
layers, as illustrated in Figure 1. These layers are briefly described below.

Layer 1

The computing and networking layer provides the high-bandwidth low-latency
communication platform, which is necessary both for making the large data sets
available to the collaborating experts and for the physical or logical distributtbe of
connected external devices and the client community that uses the laboratory
facilities.

The gigabit networking technology being set at the University of Amsterdanthand
Globus distributed resource management system are considered for the development
of VL environment. The Globus [8] system addresses the needs of the high
performance applications that require the ability to exploit diverse, geographically
distributed resources. A low-level toolkit provides basic mechanisms for the
communication, authentication, network information, and data access. These
mechanisms are used to construct various higher level services, such as parallel
programming tools and schedulers for multidisciplinary VL applications. Since the
Globus system offers the resource management required for distributed computing, it
can be well used for the development of some VL internal components.

Layer 2

The VIMCO co-operative information management layer provides archiving services
as well as the information handling and data manipulation within the virtual
laboratory. This layer supports a wide range of functionality ranging from the basic
storage and retrieval of information (e.g. for the raw data and processed results) to
advanced requirements for intelligent information integration and federatzioada
facilities to support the collaboration and information sharing among remote centers.

Layer 3

The COMCOL layer enables the communication with external devices connected to
the laboratory, as well as the secure communication and collaboration between users
within and outside the laboratory. The Web will play the major role for the
communication.
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Net Client MRI/CT
Fig. 1. Functional layers within the Virtual Laboratory
Layer 4

The VISE layer presents a generic environment in which scientific visualization,
interactive calculation, geometric probing and context-sensitive simulations are
supported.

Layer 5

The fifth layer is the application dependent part of the VL. At this layer, interfaces
will be present and application-specific and domain-specific tools will be provided in
order to enable users to make their experiments, using the functionality proyided
the other layers in the VL.

This primary multi-layered design represents the functionalities supported by the VL,
and does not imply that the layers at the higher levels are dependent on the lower
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layers. Rather, it represents the fact that on one hand different layers can be developed
simultaneously and somewhat independently, as a part of the general design and
realization of the VL, without the need of extensive day to day interaction. On the
other hand, it provides possibilities for a clear description of the primitive laboratory
operations and components and their individual functionalities. These primitives are
later used in the design of the general VL abstract machine, to be described in
forthcoming VL publications.

In the layered design of the VL, the three main functional layers that form its skeleton
consist of the Virtual-lab Information Management for Cooperation (VIMCO), the
Communication Collaboration (ComCol), and the Virtual Simulation and Exploration
Environment (VIiSE). In order to satisfy the needs of the users of VL in scientific
domains, the integration of elements of these layers is necessary. Considering the
functionality offered by the three layers, their proper integration, together with
providing a user interface access/programming environment is vital for the Virtual
Laboratory.

In the next section, the VIMCO layer is further analyzed in more details.

4. The VIMCO Layer

The VIMCO layer is being designed as a multi-level information management system
and environment to support the classification and manipulation of the data \Wwéhin t

VL platform. Considering the wide variety and excessive amount of daidicaa

within different layers of the VL, the required information management amsins

may vary. Namely, the need for parallel database extensions, distributed database
facilities, and the cooperative/federated information management must be considered.
Furthermore, the design of the information management system shall facilitate
different kinds of features on large data sets, for instance support for struatured
well as binary data access, data integration of data from several sources location
transparency for remote data access, data mining, secure and authorized access ta
shared data among different nodes, and the intelligent data handling.

The general design objectives of the VIMCO layer within the VL cover the areas of
fundamental database research and development to support complex domains. For
simplicity reasons, only three main focus areas of development are addressed in this
paper. The first area focuses on h&a Archive; archiving the wide variety of data
necessary to be handled within the VL, supporting their categorization and storage.
The second area concentrates on the developmeARRGHIPEL; a generic co-
operative information management framework supporting the node autonomyeand th
import/export of data based on information visibility and access rigths among nodes.
The last area focuses on the analysis, modeling, and provision of support mechanisms
for the information management requirements of a specific application, the DNA
micro-array application from the domain of bio-informatics.
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4.1. Data Archive

The work on data archiving focuses on the design and development of an information
brokerage system to archive the wide variety of data with different modalities and
from different sources. This includes all the data generated through specific research
and application domains supported by the VL. For instance, a database schema for
the information handled by the VISE and ComCol layers of the VL, and a
catalogue/archive schema has been developed using the Dublin Core MetaData
standard. This catalogue/archive schema has been refined to achieve a more scalable
and extendable archive meta-schema, able to capture the raw/processed data, the
experiment and scientist related information, and hardware (devices) and software
characteristics. The designed schema is easily extendable to cope with the future
modifications with the flexible addition of new experiment types.

4.2. Archipel

The research and development performed within ARCHIPEL, a generic co-operative
information management framework, covers the fundamental data management
infrastructures and mechanisms necessary to support the forthcoming advanced
applications for the VL. ARCHIPEL is an object-oriented database manageme
system infrastructure, supporting the storage and manipulation of inter-related data
objects distributed over multiple sites. ARCHIPEL supports a dynamic and wide
variety of database configurations (e.g. distributed or federated) and unites different
object distribution strategies in a single architectural model. The framework defined
for ARCHIPEL improves the accessibility to large databases in data intensive
applications and provides access to a variety of distributed sources of information.
The architecture of ARCHIPEL has its roots in the PEER federated/distributed
database system [15], which has been previously developed within the University of
Amsterdam. PEER federated database systems and its second and third generation
developments the DIMS, and the FIMS systems are already applied to several
ESPRIT projects [10, 11, 12, 13, 14]. In the ARCHIPEL system, the nodes store and
manage their data independently, while in the case of common interest theyrkan wo
together to form a co-operation network at various ARCHIPEL levels. This nesting of
nodes at different ARCHIPEL levels allows for a variety of configurationsreylier
instance, certain kinds of co-operations are formed to enhance the performance of
data sharing, while others are formed to enhance the complex data sharing in a
distributed or federated fashion.

4.3. DNA Micro-array Application

In this focus area, information management requirements of the bio-informatics
domain are studied and the necessary functionality to support this domain is designed.
Special emphasis is paid to the nature, structure and size of the local databases as well
as the data integration with other information sources, and the nature of the user
interface in order to form a base for the effective integration with the developments in
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the other layers. The DNA micro-array application [16] is described in more details in
the next section.

5. An Example Application Case for the VIMCO Layer:
The DNA Micro-array

In general, DNA micro-arrays allow genome-wide monitoring of changes in gene
expressions; induced in response to physiological stimuli, toxic compounds and
disease or infection [16]. Depending on the organism and the exact design of the
experiment, the number of useful data points prodymadexperimentwill range

from around 12000 to 20000 for a simple organism like yeast upwards to 200000 to

300000 for man.

Today, the micro-array technology makes it possible to study the characteristics of

thousands of genes in a single experiment. Thus, it supports the following tasks:

1. Identify genes responsible for a given physiological response.

2. Monitor physiological changes occurring during disease progression or in
industrial organisms to identify cellular responses at specific stages of the
production process.

3. Better understand the mechanisms of gene regulation and identify transcription
factors responsible for coordinate expression of genes displaying similar responses.

4. Assign functions to novel genes.

5.1. The Experiment

Within each DNA micro-array experiment, one or more experimental conditions
(experimental parameters) are different and will be adjusted. These parameters may
represent different target RNA extractions or various environmental condiéans (
temperature). As shown in Figure 2, every micro-array experiment islymai
accomplished in three steps: pre-experiment, experiment, and results analysis.

i. Pre-experiment

This is the stage where the necessary information about the genes, properties of the
RNA extractions, results of current research, and images are gathered. This

information may be locally available (in the local database), or can be accessed from

remote information servers.

After gathering the necessary information, the DNA pieces (genes) to be analyzed are
prepared and placed into the array (by an array preparation device called arrayer), and
the target RNAs are extracted and labeled for hybridization.

ii. Experiment

During the experiment stage the prepared array (at the previous stage) is hybridized
(put into reaction) with the target RNA solution(s). A scanner then scans the
hybridized array. The information about the array, array spots, the target, the source
of the target, extraction and hybridization protocols used, and the informatiah ab
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the scientist submitting the experiment are stored in the database. This information
consists of:

— A table showing which gene is on which spot (including the information about the
gene on that spot)

Information about the target RNAs

Experimental conditions (parameters for the experiment)

Information about the experiment (samples used, date, protocols used, etc.)
Information about the scientist.

ii. Analysis

In this stage, the results of the experiment are received from the scanner. Currently,
this information is stored as images. The images of the experiment are fed into a
software program and compared to see the effect of a change in those parameters. The
generated data from the comparison program is stored in the database.

The locally generated data is later retrieved and analyzed. This step may also involve
retrieving data from remote information sources, and analyzing the whole set of data.

5.2. Data Management Approach

The DNA micro-array application requirements are going to be studied and addressed
as a case for the Virtual Laboratory project. In this paper, specific attention is
dedicated to the functionality required to be provided by the VIMCO layer. From the
scenario described above, two main basic requirements are identified for the proper
VIMCO information management of such a large-inter-linked scientific data:

1. Ability to compare experiment results with both local data sets and with other
results made available by external scientific centers, and ability to easily visualize
the response patterns.

2. Ability to link experiment results for each gene with other local and external
information on that gene. This information is extremely heterogeneous and may
involve a wide range of elements, being for instance a sequence (sequence variants,
mutations, possible association with disease), the predicted protein sequence, 3D-
structure, cellular location, biochemical function, interactions with other
molecules, or regulation pattern.

Besides these basic requirements, many advanced data management functions are

necessary to organize and analyze the large-scale expression data that is generated by

the micro-array experiments. Therefore, various tools need to be designed and
developed for data retrieval and analysis in order to facilitate other more specific tasks
such as:

- Management of large quantities and wide variety of data.

- ldentification of patterns and relationships on individual experiment data and also
across multiple experiments

- Interactive or real time queries.

- Data loading

— Input of data from different sources

— Interpretation of the complex hybridization results
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— Integration of external information resources

— Data mining
Furthermore, the stored results of the experiments can be made available mit Inter
by means of different web applications. These applications include:

results/summaries browser, SQL query evaluators, and image analysis.

Related to this web information access, there is also a need for remote data gathering
support. This process corresponds to the use, interpretation, and stortge of
information that is offered by other remote systems by means of web interface tools.
At this point, the information from the other remote sources is browsed, selected, and
may be partially stored in the local database or separately in another repository.

Survey of existing
information
Preparationfo Target RNA
DNA pieces specification

2 U 4

Preparation of
*| the micro-array

Target RNA
labeling and

extraction
Micro-array

Pre-experiment  device

U

- array information

- experiment information
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- protocols used
scientist information

Experiment - results ﬂ
IMAGES —
(.tif format) fe—

@ Scanner
analysis and
comparison of --3 | Analysis protocols

images

Scanning protocols

Mechanisms/protocols

Data repository

analysis of
results (data
mining)

Fig. 2. General description of the micro-array experiment case

5.3. Functionality Offered by VIMCO

After studying the micro-array scenario described above, some generabriafitti
is identified that the VIMCO layer should support for the DNA micro-array
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application. In this section, these identified requirements are briefly addressed (see
Figure 3).

= VIMCO Database Server
The VIMCO database server back-end is represented so far by the Oracle and the

Matisse database servers [17].

Data Mining
Tools/
Applications

Local DatabaseManagement
« Data Loaders, Format
Converters, Local Schema
*ODBC, XML tools
*Specialized functions

VIMCO User Management
User Profiles, modules ids,
authentication, security

VL Component
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services/parameters
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«Oracle, Matisse B

VIMCO Internet Applications(layers)
1.Basic Web-Server - Database Tools
«Java Applets, JDBC, XML
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catalogue management

High Performance Components
«Parallelization, physical data distributign,
intelligent networking, cachetechiques,
Globus

Federated
Query
Processor

Federated Schema Manager
«Export/Import/Integrated Schemals
«Inter-operable sets (I0S)

Fig. 3. General VIMCO functionality diagram.

= Local Database Management

The local database management functionality basically encompasses the “traditional”
database application services. Most of these services are already provided by the
database (DB) vendors and could be directly used by some applications. The services
include data loaders, for instance, for direct loading of ASCII files into the database,
format converters to load specific data into the database, ODBC access, XML
functions to store/get XML documents into/from the database, and specialized
functions for VIMCO to develop higher-level functions to support speojrations

on the database.

= VIMCO User Management
This functionality includes user profiles management, id-management of théeshodu

in the VL, user authentication, and security issues.
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= High Performance Components

The use of high performance techniques in the VIMCO layer needs to be applied a
different layers. The techniques include parallelization, physical data digtniput
intelligent networking and caching techniques, and functionality provided by Globus.

= Federated Schema Manager

The federated database architecture applied in the VIMCO layer is in charge of the
management of data sharing, exchange and integration from many autordateous
sources.

= Federated Query Processor

In general, the queries in a federated system need to be decomposed, sentnd differe
nodes, evaluated on their proper export schemas, results sent back to the griginatin
node and merged to make the final result. The Federated Query Processoatake

of these tasks in conjunction with the federated schema manager module.

= VIMCO Internet Applications

The use of web technology together with database techniques are required. The
services/applications include the basic web-database tools which involve the use of
already existing technology such as JDBC, XML, etc. in order to provide web access
to database information. Also other applications will be developed, such as light
internet database applications which are built on top of the first group of
applications/services, and other advanced internet database collaborativetiapglica

for specific scenarios.

= VL Components Interoperability Agent

Depending on the interoperability approach among the VL modules (e.g. based on
CORBA, RPC, sockets, etc.), VIMCO will develop specific functionalities complying
with the given “VL interoperation standard”, in order to make its services available to
other modules. The idea is to encapsulate all these interoperation tasks in one module
(agent) if possible.

= Data Mining Tools/ Applications

Once the information about the experiments is collected it must be processed,
analyzed, and the results presented in such a way that valuable knowledbéecoul
gained from the identification of patterns within the data. It is important to present all
the information together in a summarized and concise way, that allows very efficient
visual evaluation and css-comparison.

6. Conclusions

From the current trends in emerging complex application domains and their
requirements, it is foreseen that increasing computational power and using high-



Towards a Multi-layer Architecture for Scientific Virtual Laboratories 175

bandwidth network structures in the information and communication techneaiitig

play a major role in near future. Collaborative scientific application domains certainly
are in need of these technology advances. The Virtual Laboratory framework
described in this paper is a step in this direction providing an open, flexible
environment to support both current and future applications and their emerging
requirements, for the challenging field of scientific collaboration. In this framework,
the paper focuses on the design of VIMCO, the cooperative information management
layer of the VL project at the University of Amsterdam. VIMCO aims at supporting
the requirements set for the information sharing and exchange among a wide variety
of collaborating scientists in the Virtual Laboratory. The paper addresses the multi-
layer architecture of the VL development, and some details about the functionality of
the VIMCO. Furthermore one specific application case for VL, the DNA micro-array,

is described and the VIMCO functionality required to support this application is
addressed.
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Abstract. The paper presents the implementation of a railway control system,
as a means of assessing the potential of coordination languages to be used for
modelling software architectures for complex control systems using a
components-based approach. Moreover, with this case study we assess and
understand the issues of real time, fault tolerance, scalability, extensibility,
distributed execution and adaptive behaviour, while modelling software
architectures. We concentrate our study on the so-called control- or event-
driven coordination languages, and more to the point we use the language
Manifold. In the process, we develop a methodology for modelling software
architectures within the framework of control-oriented coordination languages.
Keywords. Concepts and languages for high-level parallel programming;
Distributed component-based systems; Software Engineering principles; High-
level programming environments for Distributed Systems.

1 Introduction

A number of programming models and associated software development
environments for parallel and distributed systems have been proposedg riiogin

ones providing elementary parallel constructs (such as PVM and MPI) to ones
offering higher level logical abstractions such as skeletons, virtual shared memory
metaphors (such as Linda), coordination models ([4]), software archite¢fbles

etc. It would be interested to examine the potential of those models in modelling real
life non-trivial applications and in the process develop a software engineering
methodology for their use.

In this paper we present some of the main components of implementing a railway
control system using the coordination language Manifold ([1]). It is a typical real
world problem which, apart from its operational aspects, it necessitates the addressing
of several other requirements that relaterdal-time fault toleranceand adaptive
behaviour In the process, we present a methodology for developing such real-life
applications using the control-driven coordination metaphor.

The rest of the paper is organised as follows: the next section describes briefly the
case study while the following one is a brief introduction to the coordination language

M. Bubak et al. (Eds.): HPCN 2000, LNCS 1823, pp. 177-186, 2000.
© SpringerVerlag Berlin Heidelberg 2000
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Manifold. The description of the implementation of the case study in Manifold is then
presented with some concluding remarks at the end of the paper.

2 Description of the Case Study

The scope of designing a control system is to process raw data obtainechdérom t
environment through sensing devices and gauges, determine the model parameters
that describe the environment, decide interdependencies of change of states, adap
problem solving routines, and provide control information to the users. Furthermore
other requirements to be met includenctionality, timeliness, fault-tolerance,
degraded modes, extensibilignddistribution.

In particular, we study the modelling of a railway system ([2]) consisting of
railway tracks, junctions, and platforms. A number of trains is expected to be
travelling across the network. The system should be able to monitor the position of
each of the trains, access the current situation of the trains, be able to predict and cope
with future developments, and take into account timetables (and follow the specified
schedules as much as possible). Moreover, speed variation should ledavoi
whenever possible (speed adjustments) and direction adjustments should be
supported. Other desirable features should inchadgability and extensibility(e.g.
modifying the network topology) arfdult tolerance(e.g. coping with train failures).

3  Manifold

Manifold ([1]) is a control-driven coordination language. In Manifold there are two
different types of processeastanagerg(or coordinatorg andworkers A manager is
responsible for setting up and taking care of the communication needs of the group of
worker processes it controls (non-exclusively). A worker on the othed l&an
completely unaware of who (if anyone) needs the results it computes or framitvhe
itself receives the data to process. Manifold possess the following characteristics:

» ProcessesA process is #lack boxwith well definedports of connection through
which it exchangeanits of information with the rest of the world.

» Ports These are named openings in the boundary walls of a process through which
units of information are exchanged using standard 1/O type primitives analogous to
read and write. Without loss of generality, we assume that each port is used for the
exchange of information in only one direction: either irtgit port) or out of
(outputport) a process. We use the notatin to refer to the poriit of a process
instancep.

e Streams These are the means by which interconnections between the ports of
processes are realised. A stream connects a (port of a) producer (process) to a (port
of a) consumer (process). We wrji® -> q.i to denote a stream connecting
the porto of a producer procegsto the pori of a consumer procegs

¢ Events Independent of streams, there is also an event mechanism for information
exchange. Events are broadcast by their sources in the environment, \éelkeiig
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occurrencesln principle, any process in the environment can pick up a broadcast

event; in practice though, usually only a subset of the potential receivers is

interested in an event occurrence. We say that these processasedréinto the

sources of the events they receive. We veife to refer to the everdt raised by a

sourcep.

Activity in a Manifold configuration i®vent drivenA coordinator process waits to
observe an occurrence of some specific event (usually raised by a worker process it
coordinates) which triggers it to enter a certmteand perform some actions. These
actions typically consist of setting up or breaking off connections of ports and
channels. It then remains in that state until it observes the occurrence of some other
event which causes thgreemptionof the current state in favour of a new one
corresponding to that event. Once an event has been raised, its source generally
continues with its activities, while the event occurrence propagates through the
environment independently and is observed (if at all) by the other processes according
to each observer’'s own sense of priorities. Figure 1 below shows diagramatically the
infrastructure of a Manifold process.

The procesg has two input portsr{l , in2 ) and an output on@qt ). Two input
streamsg1, s2) are connected tm1 and another ones3) toin2 delivering input
data top. Furthermorep itself produces data which via thet port are replicated to
all outgoing streamss§, s5). Finally, p observes the occurrence of the everis
ande2 while it can itself raise the evené8 ande4. Note thatp need not know
anything else about the environment within which it functions (i.e. who dirsgit
data, to whom it itself sends data, etc.).

Fig. 1.

Note that Manifold has already been implemented on top of PVM and has been
successfully ported to a number of platforms including Sun, Silicon Graphics, Linux,
and IBM AlX, SP1 and SP2. For more information on the language and its potential
uses we refer the interested reader to [1] and [5].

4  Implementing the Railway System as Components

Our aim is to construct a system that consists of static and dynamic components. The
static ones are those that comprise a railway network, namely platforms, tracks, and
junctions; we refer to them as rail components. These can be altered in the sense that
entities of this kind can be added or removed, but these operations are not continual
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and time dependent as it happens with the dynamic components. The number and
variation of both types of components directly relates to the scalability of the system.

The dynamic components are the trains themselves. There is a potential number of
trains remaining dormant, that can be activated at any moment. Their ‘course’ or
‘route’ can be seen as a collection of static objects that the train’s trip comprises.
Other dimensions of continual change are the location of the train that is time
dependent and the status of the train that is indirectly related to the status of the ‘next
one to visit' rail component. The two entities above can trigger at any time the
redefinition of part of the route, including the destination platform of the train.

The railway system model built in Manifold consists of coordinating modules at a
higher level and computational components at a lower level. In this particular
application the computational components are written in C. Due to lack of space, we
refrain from describing these modules in this paper. Irrespectively of its functionality,
each module represents a building block in the architecture of the system. At one level
the coordination components specify a number of transition pipelines that constitute
the deportment of a process. At a higher level another transition system defines the
interaction among such processes. Thus the pattern of the system formed can be
described as transitions (at a higher level) to predefined algorithms (at a lower level).
It should be made clear at this stage that the first level can have processes written in
both computational languages which have their external behaviour obsgraatble
processes written in Manifold defining different sets of transitions into the process
structure.

Here follows a description of the coordination component. We should emphasize at
this point that only the most important parts of the code are shown below in the
presented manifolds. The whole application comprises around 2,000 lines oblglanif
and C code. Thus, the presented functionality of the major components described
below is somewhat simplified. Note that the names within the boxes refer to atomic
(C code) processes, which are called by the respective manifolds and perform some
lower level (namely irrelevant to the coordination protocols used) function.

Train Coordinator Code. An instance of this Manifold receives at a port the
identification number of a train that is about to depart. For the current mosdel thi
instance has to be predefined Main, so that the particular train’s id can be
associated with a particular number of already activltath instances that can run
in parallel.

Let such aTrain instance berainl . This trainl  will have to observe
events that are only broadcast by particB&tforms  andJunctions  (which
the train in question will go through during its trip) to whichinl  sends requests
for passing. A particular input port (saxainl.rail ) is assigned for this job.
This port then is passed as a parameter to the m@meekinput whose function
is to make any process dereferenced from this input port an observable source of
events.

Similarly, provided that we have such a referenceTadn instancg&trainl
that is), connected to the input port of another process instance which in turn is also a
parameter focCheckinput ’s input port (sayplatfrom1.train ), train 1 will
be able to have its eventbservableby that other process instance. Moreover it has
to be sorted out through which port each event of another process will be made
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available totrainl  This can be done by dereferencing a local event to another
input port (saytrain 1.get ) which has to be connected to the output port of the
event it expects (sgylatform 1.send ). An example of such code follows:

Train ()

port in rail

port in getl, get2, get3./* get three different events */
portin depart  /* get train id from Actual Rail info*/

event get_thru deref getl.
event get_thru_next deref get2.
event gone deref get3.
process i is variable(1).
begin:
CheckInput(rail);
while true do {
begin:
/* steps of going through a rail component */
if (i==1) then (raise(get_thru),WAIT);
if (i==2) then (raise(get_thru_next),WAIT);
if (i==3) then (raise(gone),WAIT);
if (i==4) then (post(end)).
[*reply to events above done */
get_thru | get_thru_next | gone:i=i+1.
end:. }

Platform Coordination Code. The instances of this Manifold are activated at the
beginning ofMain() as ‘auto’ instances. Each platform instance is given its id as a
parameter at the declaration statement. In that way, each platform instance is
associated with a particular platform right from the beginning.

EachPlatform instance has to observe events which, in fact, are requests from
Train  instances. A particular input port is assigned for this purpose. This port then
is passed as a parameter to an input port giEform1.train) of the manner
Checklnput , so that any instance of a process dereferenced from that input port, is
an observable source of events.

A Platform  instance can ‘reply’ to events ofTaain instance, which in this
case can be consider as requests, when its referen@pladform 1 is connected
to the input port of that train which in turn is also a parameteCfackinput ’s
port. The platform code follows below.

Platform(Manifold Get_Block_Status(event),
Manifold Get_Block_Free, port in id)

portin train, next_id.

port out send1, send2, send3.

event OK free, OK_free_next, gone_OK, replies.
event replies.

auto process ID is variable.

auto process next_ID is variable.

begin: heckinput(train);



182  Theophilos A. Limniotes and George A. Papadopoulos

(id->ID,next_id->next_ID,post(replies)).
replies: while true do {
begin:(&OK_free->send1,
&OK_free next->send2,&gone_OK->send3).
OK_free.*train:{ event im_free.
auto process gs is
Get_Block_Status(im_free).
begin:Trip(train);
ID->(->gs,->ID).
im_free.gs:raise(OK _free).
end:.}.
OK _free_next.*train:{ event im_free.
auto process gs is
Get_Block_Status(im_free).
begin:Trip(train);
next_ID->(->gs,->next_ID).
im_free.gs:{ auto process gf is
Get_Block _Free.
ID->gf;
(raise(OK_free_next),raise(OK_free)).
}. end:.}.
gone_OK.*train:{ auto process df is
Get_Block_Free.
begin: next_ID-> ¢f;
Trip(train);

(raise(gone),raise(OK_free_next),raise(OK_free)).
Hh

Junction Coordination Code. The operation of dunction instance is basically
the same as that of a platform, and the id of the next track that the train will pass is
provided by

train.next_track->junction.next_id.
as well as
train.next_track2->junction.next_id2

which is an alternative choice for a diversion, in case that the first track is occupied.
The availability of a second choice in its route is decided by the train instance itself.
Thejunctions  instance role in this is that it checks serially for this second choice
(if it is free) if and only if checking the first choice has not preempted the control to
the im_free °’ state.



Modelling Control Systems in an Event-Driven Coordination Language183

Assembling All Components TogetherThe above described major components are
assembled together as indicated by the figure below. The following description is
concerned with the externally observable behaviour, and as all but one atemic a
activated from within the coordinator manifolds, we are not concerned with these
atomics at this level.

Train_Ids
Departures > Train

Platform Junction

Fig. 2.

To show a particular scenario, we consider a simple case (effectively a snapshot of
a more general scenario) of 3 trains travelling on a railway configuration ingavin
junction and a platform. There are two tracks connected to the junction and one tracj
leaving the junction and ending at the platform. Two of the trains are approaching the
junction travelling on either track, whereas the third one is stationed at the platform.
In Main there are two streams created that connect two output ports of a
Departure  atomic with two input ports of two other instances of ffrain
coordinator. All instances oPlatform  and Junction  controllers can accept
requests. So, there are tWeain instances running in parallel with this model,
sending out requests to the already activ@ladform andJunction instances.
For the requests and replies there should be streams hardwired between pairs of
‘send ' and ‘get ' ports of particular Platform/Junction and Train
instances respectively. Also, a guard is required to be placedraan 's
‘end_port ' in order to be able to preempt to a state that defines a new transition
configuration. Finally, we have to hardwire the reference of each instanqeafess
with the dereferenced port of the instance that it has to send an event to.

A number ofTrain instances have to be activated atltbgin state ofMain,
together with an instanceDepartures atomic. The Departures is a
computational process that reads records fronTilme_Scheduler  and produces
at its output ports train ids. These are the values to a transition between the
Departure and theTrain instances. The rest of the behaviour of the system is
then decided by the hardwired connectivity betw&eain  instances on the one
hand andPlatform/Junction instances on the other. This connectivity is
entered as sets of transitions in separate states. Control is set from one state to anothel
by guards set oifirain instances in such a way as to indicate that the procedure of
going through a component has ended. That is

guard(trainl.end_port,a_connected,new_state).

The action of this on-transitory guard is that it preempts controhéav_state
whenever there is one connection at least at the arrival side. The Main manifold for
this scenario is shown below.
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Main()
event stepl,step2, stepll, step21, step22.

auto process platfl is
Platform(Get_Block F,Get Block P,Get Block S,104).
auto process junctl is Junction(Get_Block F,
Get_Block_J,Get_Block_S,201).

process trainl is
Train(TrackInfo,Platfinfo,Get_Track,Get_ ATI_R,1).
process train2 is
Train(TrackInfo,Platfinfo,Get_Track,Get ATI_R,1).
process train3 is
Train(TrackInfo,Platfinfo,Get_Track,Get ATI_R,3).

begin: "main starts"->stdout;
(activate(trainl), activate(train2),
activate(departures),
departures.trainl->trainl.depart,
departures.train2->train2.depart,
post(step21)).

stepll: (trainl.next_track->platfl.next_track,
guard(trainl.I3,a_connected,step22),

(platfl.send->) -> trainl.go,
(platfl.send->) -> train2.go,
(platfl.send->) -> train3.go,

(platfl.send2->) -> trainl.go2,
(platfl.send2->) -> train2.go2,
(platfl.send2->) -> train3.go2,

(platfl.send3->) -> trainl1.go3,
(platfl.send3->) -> train2.go3,
(platfl.send3->) -> train3.go3,

(&platf1->) -> traini.rl,
(&train1->) -> platfi.tr,
(&platfl->) -> train2.1l,
(&train2->) -> platfi.tr).

step21: (trainl.next_track->junctl.next_track,
trainl.next2->junctl.next_track2,
guard(trainl.end_comp,a_connected,stepll),

(junctl.send->) -> trainl.go,
(junctl.send2->) -> trainl.go2,
(junctl.send3->) -> trainl.go3,

(&unctl->) -> trainl.rl,
(&train1->) -> junctl.tr).
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step22:"step22 activated"->stdout.

5 Conclusions

This case study is concerned with the implementation of a railway system using a
control-driven coordination language. There are already two implementations of a
similar system; one is based on a data-flow architecture ([7]) and the other uses
another control-driven language, namely ConCoord ([3]). In the datarfiodel all
processes act through decisions based on a Global Data Store. In that particular
application, the behaviour of control processes is based upon the event action model,
which in turn is based on the values of the above data structure. There is no direct
reflection of the system’s architecture in this, as the controller processes communicate
only with the data store.

A characteristic feature of contrdriven systems is that coordination is achieved
through changes of states in processes or through broadcasting of events. Particularly
in Manifold the Global Data Store manipulation, is left entirely to the computational
processes, which reflect changes with the raising of events. To the cooglinati
building blocks, data and their values mean nothing. All they cope with is the
handling of event occurrences with the preemption to new states, and the connection
and definition of communication in streams between such components.

Regarding the issues of precision, synchronization and interaction with the
environment, the entities requiring timing for changing their state, rely on
coordination processes, with a request-reply event system. For every routneamp
that the train has to cross, there is a check on the components’ status before the train
is allowed to proceed. The event-triggering mechanism of Manifold provides a natural
synchronization mechanism for these types of control applications. The timing
constraints imposed can exhibit (soft) real-time behaviour (albeit for lack of space we
have not elaborated in detail on this issue in this paper).

Finally, Manifold’s philosophy on coordinators being treated as black boxes, aware
only about what is happening in their immediate vicinity — namely their input and
output ports — provides a natural way for achieving extensibility and adaptability
(dynamic reconfiguration of the railway topology). Each component in the system
(trains, junctions and platforms) operates in a quite autonomous manner, agsitinuo
consulting and updating the global state and communicating with the other
components by means of events. Thus, a train only has to deal with its immediate
challenge (crossing a junction or approaching a platform), while asyncisigrtbe
global state may be changing, i.e. the railway topology may be altered, the route of
the train may be modified, etc.
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Abstract. The design and development of cooperative Internet applications
based on mobile agents require appropriate modelling of both the physical
space where agents roam and the conceptual space of mobile agent interaction.
The paper discusses how an open, Internet-based, organisation network can be
modelled as a hierarchical collection of locality domains, where agents can
dynamically acquire information about resource location and availability
according to their permissions. It also analyses the issue of how agent motion
can be ruled and constrained within a structured environment by means of an
appropriate coordination infrastructure.

1 Introduction

Mobile agents are a promising technology for the design and development of
cooperative applications on the Internet [3, 5, 12, Due to their capability of
autonomously roaming the Internet, mobile agents can move locally to the resources
they need — let them be users, data, or services — and there interact with them. This
can provide for saving bandwidth and, by embedding some sort of intelligence into
the agents, for enabling complex and dynamic interaction protocols to be defined,
needed in an open and unpredictable environment as the Internet.

Nowadays researchesn the area of mobile agents have greatly emphasised the
dichotomy between mobile, possibly intelligent agents, and static ones. On the one
hand, the community of distributed artificial intelligence has mostly focussed the
aspects of agent intelligence and of autonomous planning capability [11]. On the other
hand, the community of distributed systems has widely discussed the effectiwvEness
mobility with respect to traditional client/server solutions [8] and developed systems
to make it practical. This way, the problems mostly tackled by designers of mobile
agent applications have been how mobility and intelligence could be exploited to
achieve complex cooperative tasks (for example in the e-commerce, or in the
information retrieval area) and which technological solutions are better suited to face
issues that mobility makes more critical, such as reliable message delivery and
security.

M. Bubak et al (Eds.): HPCN 2000, LNCS 1823, pp. 187-196, 2000.
© SpringerVerlag Berlin Heidelberg 2000
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However, in order to fully exploit the potentiality of mobile agents, we argue that
also structural models for the environment where agents move and interact are needed
and have to be supported by appropriate infrastructures.

In this paper, we suggest to take more deeply into account the need of a supporting
infrastructure, and we focus on two specific issues of agent mobility:

* Most of the resources available in the Internet mayaipeiori unknown to
agent systems, and they are likely to be subject to different access control
policies. In this context, we argue that an infrastructure should be in charge of
supporting agents in the process of acquiring knowledge about the envitonmen
and the resources they need to handle.

* The Internet is not merely a flat collection of nodes, but mostly a dynamically
structured network of domains, belonging to different organisations and ruled in
different ways. In this context, we argue that the agent motion should be
governed by an infrastructure that models such a scenario.

With regard to the former issue, we believe that an infrastructure dshalp
improving agent efficiency both by driving them along specific itineraries, and by
providing them with the ability of acquiring knowledge about the structure of the
network in a dynamic way.

In our opinion, the two issues are strictly related. In this paper, we argue that the
same abstractions and mechanisms exploited by an infrastructure to make agents
aware of the network topology and of the organisation structure can be used to control
and govern their motion. Agents should have the possibility to move and interact only
with those part of the infrastructure and with those resources strictly needed to
complete their tasks. Access control techniques applied to agent interaction and
mobility should be adopted for this purpose. This topic is discussed in Section 2.

Then, in Section 3, we describe an infrastructure for mobile agent applications in
structured environments, which is taken as a case study. The proposed infrastructure,
by exploiting theTuCSoN coordination model based on programmable tuple space
[13], provides mobile agent applications with:

« dynamic knowledge acquisitipwhich let agents free from the charge of an a-

priori knowledge of the environment;

e dynamic exploration constrainingwhich forces agents to follow only
specifically authorised paths within an organisation’s network;

« uniform information-based interaction patternfor both agento-agent
communication and resource access.

Section 4 concludes the paper and briefly discusses some related works.

2 Ruling Agent Motion

In this section, we assume virtual enterprises as a case study to discuss some problems
related to agent mobility in the Internet. Furthermore, we show how an appropriate
infrastructure should support agents in the dynamic acquisition of knowledge about
the network structure and in their motion.
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2.1 The Case of Virtual Enterprises

More and more, business activities cross the boundaries of single companies and
encompass federations — possibly of a dwwvlde size — of independent partners,
working together on common projects. These federations, of either short or long
duration, require support for the electronic management of inter-organisational
business processes. This is likely to be a complex task, due to the need of @tapting
processes of single companies to the emerging ones of the federation, as well as to the
inescapable heterogeneity of data and services that the overall electronic
infrastructure of the virtual enterprise is likely to exhibit.

For these reasons, and due to the possibly world-wide area of the virtual enterprise,
mobile agents are likely to be fruitfully exploited in this context. In fact, agents can
move across the nodes of the virtual enterprise and effectively handle problems such
as the dynamic adaptation of processes or the heterogeneity of data and services, by
exploiting their embedded intelligence and the capability of locally accessing data and
resources.

However, in this context, it is unrealistic to assume that agents have a complete
knowledge of the whole infrastructure, of the enterprise’s network organisason,
well as of its resources. In fact, virtual enterprises are intrinsically dynamic, may be
highly distributed, and have no centralised authority, being composed by independent
partners. Consequently, it is very complex and often not convenient to provide agents
with the detailed knowledge about the structure of all the federation’s nodes and
resources each time a new federation is formed. Also, basic security reasons suggest
that a company is not likely to disclose all its data and resources to the virtual
enterprise applications, but only a sub-set of them (i.e., the ones required for the
processes in the virtual enterprise to proceed correctly). Thus, agasttbenable to
deal with the fact that the access to several of the resources and/or to several of the
nodes in the network might be denied.

From the virtual enterprise example, it results that a suitable infrastructure for
mobile agents in the Internet must provide two facilities:

» dynamic knowledge acquisition during the agent motion both the resource
availability and the organisation topology should be considered, in geaeral,
priori unknownor only partially known Therefore, agents should be supported
by the organisation infrastructure in the acquisition of knowledge abauiroes
availability and location in order to plan their actions and achieve their goals.

e dynamic exploration constraining both the desired destinations of a mobile
agent and the ones it is effectively permitted to reach within an organisation
network should be consideredpriori unpredictable Therefore, agents should
not be allowed to freely roam an organisation sub-network. On the contrary, their
motion and interaction should be ruled and constrained by the infrastructure
according with access control policies.

We callexploration the interaction of an agent with an infrastructure that provides for

the above two facilities, andxplorable topology the resulting interaction space,

whose knowledge an agent acquires dynamically, incrementally, and accordingly to
access control policies, by querying and moving around the infrastructure.
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2.2 Dynamical Knowledge Acquisition

In our everyday experience, if we want to search and retrieve some information from
the Web, we rarely get it directly from the first page of a site. Since we might not
know the exact location of the page we need, we usually exploit search engines and
then navigate through a set of links until some interesting information is found.

When mobile agents are involved, the scenario is likely to be the same. For
example, consider a mobile agent application in charge of retrieving information from
Internet sites by using agents that roam between Internet sites and query information
sources. Agents, in general, cannot retrieve the required information from an a-priori
known Internet host, but they are forced to explore complex structures to reach the
location where information is stored. For instance, when information about the
product of a specific company is desired, the agent could start the exploration by
migrating to the company’s main location (correspondingly to the home patipe on
Web). There the support for agent applications should allow it to produce its query
and reply with information useful to refine the exploration. For example, in the case
of a virtual enterprise composed by a main company and several subsidiaries, the
main company’s site, when required to provide information about a product, could
reply with the location of the subsidiary company responsible for the produtt itse
Then, the agent could migrate to the node of the subsidiary company and repeat its
query. There, the subsidiary’s node could provide the agent with the commercial
office location, thus incrementally augmenting the agent knowledge about the
organisation’ topology with this additional permitted destination. This way, the agent
is allowed to migrates within an infrastructure and the exploration goes on.

The point here is that information is seldom centralised and often its management is
delegated to local authorities (e.g. each of the federated subsidiary). This is true for
the Web as well as for virtual enterprises. Thus, mobile agent applications have
necessarily to deal with these situations where information are incrementally acquired
and organised within a complex network infrastructure.

Supporting agents in dynamically acquiring knowledge is also likely to reduce the
number of exceptions that agents must handle. The exploration plan coulchbd refi
or re-built as needed at each step by exploiting the information gathered, so as to
prevent agents to move to nodes that will deny them the access to their resources, thus
forcing them to handle a number of exceptions.

In order to support the dynamic exploration of agents, the infrastructure has to
model the structure of the network, to keep into account the locality relationship
(either logical or physical) between the nodes of the network. This requires different
roles to be assigned to the nodes of the network. The nodes where agents execute to
access specific data and resources play the rofdaoes The nodes exploited by
agents to acquire information about the network structure and resources play the role
of gatewaysSince a gateway provides information for a limited set of places (a single
centralised repository is unfeasible in complex and large environments), we call
domain the set of nodes composed by the gateway and the places for which it
provides information.

Moreover, a hierarchical topology of gateways seems the most manageable model
for organisational structures (see Figure 1). A hierarchical structureaihatmaps
into the typical physical structure of the Internet, where the nodes of an administrative
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domain are often protected by a firewall and possibly clustered in higher level
structures.

It is worth noting that the concepts of gateway and place do not automatically imply
the definition of a unique hierarchical structure: a place can be part of different
domains (there can be more than one gateway to provide information about that
node), and a gateway can be a place in its turn (it can have local resources, as well).
This can be very useful to model complex and dynamic network topologies, as those
deriving from virtual organisations. As a result, a virtual enterprise, fobyegveral
federated organisations, could be modelled as a composition of tree-like
infrastructures of gateways and domains.
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Fig. 1. The supporting infrastructure

The abstractions introduced above are used both to model the physical topology of a
company and to rule the motion of mobile agents [6]. Gateways are the key elements
for the support of the agent dynamic acquisition of knowledge. They are exploited to
provide mobile agents with a multi-layered description of the network topology,
where each gateway only describes a single level (the structure of its associated
domain). By allowing information about the network topology and the organidation

be acquired incrementally by need, whenever crossing gateways and entering new
domains, the task of mobile agents result simplified, because the complexity of
knowledge management is shifted from the agents to the infrastructure.

2.3 Dynamic Exploration Constraining

In the above subsection, we have described how an infrastructure can meodel th
physical and logical topology of a network and help agents in the exploration phase.
From the system viewpoint, further considerations have to be done: an agent should
not be allowed to move to those nodes which do not hold accessible resources. On the
one hand, computational resources would be wasted if agents were free to reach nodes
where no resources can be accessed. In this case, access control should be enforced b
limiting the number of unauthorised attempts of accessing local resources. On the
other hand, agents may be required to dynamically handle exceptions wherethey ar
denied access to a resource. Since exception handling negatively impact on
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application efficiency, also from the agent viewpoint unauthorised accesses to
resources should prevented.

For the aforementioned reasons, when agents have to interact with the gateway
infrastructure to acquire knowledge, gateways could also be exploited to gdide an
constrain agent movements and their access to resources. Information provided to
agents by gateways should depend from agents’ identities and from privileges that an
agent is enabled to acquire. In this acceptation, we elect knowledge about the network
structure as @irst-class information resource, to be managed accordingly to specific
access control policies, as any other network resource. Only agents which are
authorised to access to specific resources on a node will be given information about
that node and about the resources allocated there.

However, the pre-condition for applying an access control technique is that entities
whose access might be authorised (mobile agents, in our case) must be authenticated.
As a result, gateways could be also exploited for the authentication of incoming
agents on the behalf of all domains’ places and sub-gateways. Places and sub-
gateways of a given domain should reject each agent that was not previously
authenticated by a gateway. By enforcing this policy, the agent motion can be
controlled and limited within a hierarchical infrastructure. From the implementation
viewpoint, this can be efficiently built upon current security frameworks and
cryptographic tools [2].

In summary, the approach we adopted is to state that the agent motion must be
governed following the basic principle of theast privilege as usually done for the
resource access control. This means that, if a place holds resources that an agent is noi
allowed to interact with, then also the migration of the agent to that place should be
not authorised. The same consideration could be extended to a sub-tree of the whole
structure: each sub-tree of the infrastructure could be explored by an agent only if it
logically contains some resources needed by the agent to complete its task.

3 TheTuCSoN Infrastructure

In this section we describe the infrastructure that we have defined to rule agent
motion in a structured environment. The infrastructure is based oiu@&oN
coordination model, which enables the interaction between agents and resources to be
uniformly managed in an information-oriented fashion [13].

3.1 The TuCSoN Coordination Model

The TuCSoN coordination model defines an interaction space spread over a
collection of Internet nodes and built upon a multiplicity of independent tuple-based
communication abstractions callagble centre§13]. Each tuple centre is associated

to a node and is denoted by a locally unique identifier. Each node possibly hosts a
multiplicity of tuple centres, providing its own locBlCSoN name space (the set of

the tuple centre identifiers), and virtually implements each tuple centre as an Internet
service. Any tuple centre can then be identified via either its full Internet (absolute)
name or its local (relative) name. This supports the twofold role of agents askietw



Ruling Agent Motion in Structured Environments 193

aware entities explicitly accessing to a remote tuple centre, and as local entities of
their current execution node. An operation on a remote tuple centre must be invoked
specifying its full Internet name, as folD@some.node?op(tuple) , While a

local tuple centre can be accessed by specifying its local identifier only, as in
tclD?op(tuple)

To overcome the limits of the original Linda model [JUCSoN tuple centres
enhance tuple spaces with the notiobetaviour specificatianeach tuple centre can
be programmed so as to implement its own observable behaviour in response to
communication events. Instead of simply triggering the basic pattern—matching
mechanism of the Linda model, the invocation of any of TweCSoN basic
communication primitives performed by a given agent can be associated to specific
computational activities, calledeactions [7]. The result of the invocation of a
communication primitive is perceived by agents as a sistgle transition of the tuple
centre state, which combines altogether the effects of the primitive itself and of all the
reactions it has triggered. Thus, a new observable behaviour can be definegfer a tu
centre, where global coordination laws can be embedded.

Due to their programmability, different tuple centres can exhibit different
behaviours in response to the same access event. In addition, since an access event i
also characterised by the identity of the agent that performs it, the same tuple centre
can behave with different behaviours in response to the same access event performed
by two different agents. This can be fruitfully exploited to make tuple centres act both
as the media used by agent to communicate with each other (by integrating in the
form of behaviour specification any needed communication protocol) and as the
media used for accessing any resource provided by a node (by representing data in the
form of tuples and services in the form of behaviour specification).

3.2 TuCSoN as the Engine for Agent Motion and Access Control

TuCSoN tuple centres can be exploited for ruling agent motion in a structured
environment and to handle the access control policies. To support the agent motion,
and by considering the agent/gateway interaction, we have mediated both lgewled
acquisition and constraints on agents’ movements via tuple centres. Differently from
nodes holding resources, for which more application-oriented tuple centres could be
defined, each gateway is supposed to implementefault tuple centrewhich
represents the standard communication media that all the agents know and are able to
interact with (see Figure 2). Hence, when an agent arrives on a gateway, it can query
the default tuple centre to get the structure of the domain, in order to be enabled to
proceed in the exploration. The default tuple centre provides the agent with:

« information about those nodes that authorise the execution of the agent;

« information about the available resources located on the nodes, i.e. those tuple

centres that the agent can access;
» information about the privileges granted by tuple centres to the agent.

This way, the agent is dynamically informed about the structure of the network, and
bounded in the motion towards the resources it can actually access. Avoiding useless
migrations improves both agents and supporting infrastructure efficiency. Even more,
since a tuple centre can be programmed to behave differently to accesses performed
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by different agents, it is possible to provide different agents with different iafmm

about the structure of the domain, depending on the permissions these agents have.
Similarly, when an agent arrives on a place, it can access the resources via local
tuple centres. Again, a suitable programming of the tuple centres permits to develop
the required access control policies to protect local resources. This leads to a very
uniform model, where ter-agent communication, agent’s access to the resources on
a node, and agent’s access to the information about the network structure, all exploit

the same tuple-based interaction model.

Node21

~——
local resources

tuple centre A

Gateway1

‘ default tuple centre ’

l tuple centre A ] l tuple centre B ]

—

cal resou

Node11

Gateway2

default tuple centre

Node22

tuple centre A tuple centre C

local resourt al resources

Fig. 2. Tuple centres and hierarchical topology

Table 1 reports the typical pseudo-code that an agent executes while moving in a

structured network ruled by tHaiICSoN infrastructure.

Table 1. Pseudo-code for the agent exploration protoc@ii@SoN

Exploration
<goto d>

<identify>

?read(subdomlist)
?read(placelist)
?read(commspace)

<for plin
placelist do>
<goto pl>

Local interaction
<for tc in
commspace do>
tc?op(Tuple)

migration to gatewayl
d authenticates the agent on behalf of all the places of its domain

access the default tuple centre of the gateway and obtain inforn
about accessible sub-domains suljdomlist ), places|
(placelist ), and tuple centrecémmspace).

exploration of the accessible places of the domain
migration to placepl
for all the visible tuple centres of plape

ask tuple centréc of placep to execut®p on Tuple , if authorisel
by pl

ation
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4  Conclusions and Related Work

The novelty of this paper is to discuss how a homogeneous, well-balanced
infrastructure for agent systems could be arranged to deal with the topological
structure of a dynamic and unpredictable environment, the coordination of
interactions among autonomous, mobile agents, and the access control applied to the
exploration of an infrastructure. These issues have been often recogniseih@gs
relevant in agent-based systems, but not yet fully addressed in their complexity and in
their reciprocal dependencies by the agent researches. Hence, it has been described
how theTUCSoN framework allows to support that infrastructure in a coherent and
sound fashion.

Considering systems related willuCSoN, ActorSpace[10] is one of the most
relevant proposals in the area of agent-oriented infrastructures and pravides
underlying platform for agent systems that enables to control the access to, and the
management of resources. ActorSpace explicitly models the location of agents on
particular hosts and the amount of computational resources that an agent is alowed t
consume. Resource interaction are mediated by means of proxies, which are
components of the agent’s behaviour specifically customised to interact with a certain
type of resource. Differently from ActorSpace, TuCSoN agents interact in a
standard way with resources and have no need to embed component®Xies) pr
specifically tailored for the different resource types. This better manageshéhe
heterogeneity of the interaction space is one of the main benefits derived from the
adoption of a tuplbased coordination model. Moreover, issues derived from the
structure of the environment are not explicitly addressed in ActorSpace.

LIME [14] proposes an interesting way for coordinating mobile agents and hosts
(possibly mobile, too). In LIME, each mobile agent carries a tuple space. Then, when
two or more agents are co-located in a host, their tuple spaces are dynamically
recomputed in such a way that, for each mobile agent, the content of a tuple space is
logically merged with those of the other agents and the one of the host. The resulting
global tuple space is shared among all the agents and the host. Differently from
TuCSoN, LIME principally investigates problems related to inter-agent
communication, while aspects concerning the need of an infrastructure seems quite
ignored. Consequently, also problems concerning access control and topology are not
considered.

Secure Spacefl5] is a relevant proposal in the area of coordination models. It
modifies Linda in order to be able to offer security guarantees to hyutnmdrusting
programs. Some locking mechanisms to protect data stored in the tupleesbeba
developed by means of cryptographic techniques. If comparedTwit$oN's goal
of controlling the agent interaction with an organisational infrastructure, it addresses
the issue of controlling the agent access to available tuples in a shared blackboard.

Ambit[4] is a formal model that recognises the hierarchical structure of the Internet
and explicitly models the migration of active entities across protected domains. It is
one of the few works that, likdfuCSoN, considers together the structure of a
network and security problems in an agkased scenario. Differently from
TuCSoN, it is focused on the formal representation of the model, while a real
infrastructure defined in terms of effective technological solutions is not provided.
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Further work will be devoted to the identification of suitable high-level design
patterns for mobile agent [1] and to the integration with the Jini techngiagy

whose JavaSpaces coordination model is suitable to be enhanced according to the
TuCSoN'’s model.
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Abstract. A rather recent approach in programming parallel and distributed
systems is that of coordination models and languages. Coordination
programming enjoys a number of advantages such as the ability ts®xpre
different software architectures and abstract interaction protocols, supporting
multilinguality, reusability and programming-in-the-large, etc. In this paper we
show the potential of control- or event-driven coordination languages to be used
as languages for expressing dynamically reconfigurable software architectures.
We argue that control-driven coordination has similar goals and aims with
reconfigurable environments and we illustrate how the former can achieve the
functionality required by the latter.

Keywords: Coordination Languages and Models; Software Engineering for
Distributed and Parallel Systems; Modelling Software Architectures; Dynamic
Reconfiguration; Component-Based Systems.

1 Introduction

It has recently been recognized within the Software Engineering community, that
when systems are constructed of many components, the organization or architecture of
the overall system presents a new set of design problems. It is now widely accepted
that an architecture comprises, mainly, two entit@snponentgwhich act as the
primary units of computation in a system) ammhnectorgwhich specify interactions

and communication patterns between the components).

Exploiting the full potential of massively parallel systems requires programming
models that explicitly deal with the concurrency of cooperation among very large
numbers of active entities that comprise a single application. Furthermore, these
models should make a clear distinction between individual components and their
interaction in the overall software organization. In practice, the concurrent
applications of today essentially use a set of ad hoc templates to coordinate the
cooperation of active components. This shows the need for pompedination
languages([2,15]) or software architecture languageg$18]) that can be used to
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explicitly describe complex coordination protocols in terms of simple primitives and
structuring constructs.

Traditionally, coordination models and languages have evolved around the notion
of a Shared Dataspagehis is a common area accessible to a number of processes
cooperating together towards the achievement of a certain goal, for exchanging data.
The first language to introduce such a notion in the Coordination community was
Linda with its Tuple Space ([1]), and many related models evolved around similar
notions ([2]). We call these modetfata-driven in the sense that the involved
processes can actually examine the nature of the exchanged data and act accordingly.

However, many applications are by nature event-driven (rather than data-driven)
where software components interact with each other by posting and receiving events,
the presence of which triggers some activity (e.g. the invocation of a procedure).
Events provide a natural mechanism for system integration and enjoy a number of
advantages such as: (i) waiving the need to explicity name components, (ii) making
easier the dynamic addition of components (where the latter simply register their
interest in observing some event(s)), (iii) encouraging the complete separation of
computation from communication concerns by enforcing a distinction of event-based
interaction properties from the implementation of computation components. Event-
driven paradigms are natural candidates for designing coordination rather than
programming languages; a ,programming language based" approach does not scale up
to systems of evaqdriven components, where interaction between components is
complex and computation parts may be written in different programming languages.

Thus, there exists a second class of coordination models and languages, which is
control-driven and state transitions are triggered by raising events and observing their
presence. A prominent member of this family (and a pioneer model in the area of
control-driven coordination) is Manifold ([4]), which will be the primary focus of this
paper, Contrary to the case of the data-driven family where coordinators directly
handle and examine data values, here processes are treated as black boxes; date
handled within a process is of no concern to the environment of the process. Processes
communicate with their environment by means of clearly defined interfaces, usually
referred to asnput or outputports Producer-consumer relationships are formed by
means of setting ugtreamor channelconnections between output ports of producers
and input ports of consumers. By nature, these connectiongainéto-point
although limited broadcastingfunctionality is usually allowed by forming 1-n
relationships between a producer and n consumers and vice versa. Certainly though,
this scheme contrasts with the Shared Dataspace approach usually advocated by the
coordination languages of the data-driven family. A more detailed description and
comparison of these two main families of coordination models and languages can be
found in [15].

It has become clear over the last few years that the above mentioned principles and
characteristics are directly related to the needs of other similar abstraction models,
notablysoftware architectureandconfigurationlanguages such as Conic/Durra ([5]),
Darwin/Regis ([9]), PCL ([19]), POLYLITH ([17]), Rapide ([7,10]) and TOOLBUS
([6]). The configuration paradigm also leads naturally to the separation of the
component specifying initial and evolving configuration from the actual computational
component. Furthermore, there is the need to support reusable (re-) configuration
patterns, allow seamless integration of computational components but also substitution
of them with others with additional functionality, etc.
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In this paper we use thentrol- or event-drivencoordination language Manifold
([4]) to show how it can be used for developing dynamically evolving configurations
of components. The important characteristics of Manifold include compositionality,
inherited from the data-flow model, anonymous communication, evolution of
coordination frameworks by observing and reacting to events and complete separation
of computation from communication/configuration and other concerns. These
characteristics lead to clear advantages in large distributed applications.

The rest of the paper is organised as follows: The next section is a brief
presentation of the language. The following one illustrates the usefulness of the
framework for developing dynamic reconfiguration abstractions. The paper ends with
some conclusions, comparison with related work and reference to future activities.

2 The Coordination Language Manifold

Manifold ([4]) is a coordination language which is control- (rather than data-) driven,
and is a realisation of a new type of coordination models, namely the Ideal Worker
Ideal Manager (IWIM) one ([3]). In Manifold there exist two different types of
processesmanagers(or coordinatory and workers A manager is responsible for
setting up and taking care of the communication needs of the group of worker
processes it controls (non-exclusively). A worker on the other hand is completely
unaware of who (if anyone) needs the results it computes or from where it itself
receives the data to process. More information on Manifold can be found in [11] and
in the paper ,Modelling Control Systems in an BvBniven Coordination Language”

in these proceedings. Note that Manifold has already been implemented on top of
PVM and has been successfully ported to a number of platforms including Sun,
Silicon Graphics, Linux, and IBM AlX, SP1 and SP2. The language has been used
successfully for coordinating parallel and distributed applications ([14,16]), modelling
activities in information systems ([13]) and expressing real-time behaviour ([12]).

3 A Case Study in Dynamic Reconfiguration: The Patient
Monitoring System

In this section we apply control- or event-driven coordination techniques to model a
classical case in dynamic reconfiguration, namely coordinating activities in a patient
monitoring system ([19]). In the process, we take the opportunity to introduce further
features of Manifold. Due to lack of space, we consider a somewhat simplified version
of a real patient monitoring system, but we will hopefully be able to persuade the
reader that any additional functionality can be handled equally well by our model.

The basic scenario involves a number of monitors - one for every patient -
recording readings of the patient’s health state, and managed by a number of nurses. A
nurse can concurrently manage a number of monitors; furthermore, nurses can come
and go and thus an original configuration between available nurses and monitors can
subsequently change dynamically. A monitor is periodically asked by its supervising
nurse to send available readings for the corresponding patient, and it does so.
However, a monitor can also on its own send data to the nurse if it notices an
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abnormal situation. A nurse is responsible for periodically checking the patient’s state
by asking the corresponding monitor for readings; furthermore, a nurse should also
respond to receiving abnormal data readings. Finally, if a nurse wants to leave, s/he
notifies a supervisor and waits to receive permission to go; the supervisor will send to
the nurse such a permission to leave once all monitors managed by this nurse have
beenre-allocated to other available nurses. We start with the code for a monitor:

Manifold Monitor
port output normal, abnormal.

stream reconnect BK input  ->*.
stream reconnect KB normal -> *.
stream reconnect KB abnormal -> *.

event abnormal_readings, normal_readings.
priority abnormal_readings > normal_readings.

auto process check_readings is
AtomicMonitor(abnormal_readings) atomic.

begin: (guard(input,full, normal_readings),
terminated(self)).

abnormal_readings: &self -> abnormal;
check_readings -> abnormal;
post(begin).
normal_readings: &self -> normal,
check_readings -> normal;
post(begin).

A Monitor Manifold comprises three ports: the defamjput port and two
output ports, one for sending normal readings and another one for sending abnormal
readings. The streams connected to these ports from the responsible nurses have beer
declared to bd3K (break-keep) for the input port aiB (keep-break) for the two
output ports, signifying the fact that in the case of a nurse substitution the data already
within the streams to be transmitted to or from the monitor will remain in the
corresponding sttream until some other nurse has re-established connection with the
monitor. Two local events have been declaredmal_readings for the case of
handling periodical data readings aainormal_readings for handling the
exception of detecting abnormal readings. Note that, for obvious reasons, the priority
of the latter has been declared to be higher than that of the former. In the case that
both events have been raised (e.g. immediately after a periodic reading an abnormal
situation has been detected), the monitor will serve dibsiormal_readings (if
priority had not been specified, the language would have made a non-deterministic
choice). Finally, note thatMonitor  collaborates closely with the process
check _readings , an instance of the predefinedatomic Manifold
AtomicMonitor . Atomic Manifolds (and associated processes) are ones written in
some other language (typically C or Fortran for the case of the Manifold system). In
this caseAtomicMonitor ~ can be seen as the device driver for the monitor device.
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Initially, Monitor sets aguard to its input port, which will post the event
normal_readings upon detecting a piece of data in the port. This piece of data is
interpreted bymonitor as being a periodic request by the responsible for this
monitor nurse to get the data readings. It then suspends, by means of calling the
predefined primitiveerminated(self) , and waits for a notification (by means
of the corresponding event being posted) by either the guard to send periodic data
readings or the procesbeck readings  that some abnormal situation has been
detected. Upon detecting the presence of either of the two involved évenitor
changes to the corresponding state, and sends to the respective output port first its own
id (&self ) followed by the actual data readings as provided by
check_readings . It then loops back to the first (waiting) state, by posting the
eventbegin . It is important to note thdflonitor works quite independently from
its environment. For instance, it has no knowledge or concern about which nurse (if
anyone at all!) is receiving the data it sends. Nor is it affected by any changes in the
configuration of the nurses set up. The code for a nurse is shown below:

Manifold Nurse

{

port in normal, abnormal.

stream reconnect KB normal -> *.
stream reconnect KB abnormal -> *.
stream reconnect BK output ->*.

event got_abnormal, got_normal,
read_data, leave, ok_go.
priority got_abnormal > got_normal.

auto process wakeup is WakeUp(read_data,leave).
auto process process_data is ProcessData.

begin: (guard(abnormal,full,got_abnormal),
guard(normal,full,got_normal),
guard(abnormal,a_disconnected,ok_go),
ternimated(self)).

read_data: (,SEND_DATA" -> output, post(begin)).

got_abnormal: process monitor deref abnormal.
(monitor.abnormal -> process_data,
post(begin)).

got_normal: process monitor deref normal.
(monitor.normal -> process_data,
post(begin)).

leave: (raise(go), post(begin)).

ok go:.
}

A nurse has two input ports and one output port, a mirror image of how a monitor is
defined. It collaborates with two atomic processestkeup is responsible for
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periodically asking the nurse to order a monitor to send datgpruoegss_data

does the actual processing of data. Furthermma&eup also monitors how long a
nurse can be on duty. After setting guards into the two input ports (the second guard
for abnormal is explained below)purse suspends waiting for eithevakeup to

ask her for periodic readings or some monitor to send her abnormal data readings. In
the former casenurse sends a notification to all the monitors that it controls and
upon receiving back data it forwards thenptocess_data . In either of the two
cases, a monitor will first send its own id which is then being dereferenced (by means
of thederef primitive) to yield a process reference for the monitor in question. This
id is then used to connect the monitor’s appropriate output port to the input port of
process_data  so that the readings can be transmitted. This process is being
repeated untilvakeup lets the nurse know that it can now ask permission to leave.
The nurse raises the evegiat (note here that an event can either be ,posted” in which
case its presence is known only to the Manifold within which it was posted, or
Jraised" in which case its presence is known only outside the Manifold within which it
was raised), and waits for a notification that it is allowed to leave. Note also that until
such a notification has been provided, the nurse is still responsible for its monitors.
The requested notification will be provided implicitly by noting that one of the nurse’s
input ports has now no connections to a monitor. This will be detected because of the
presence of the second guard in thenormal input port with the directive

a disconnected . The nurse can then leave the system.

A number of abstractions have been introduced in the modelling of the nurse,
which are of importance to a dynamic configuration paradigm. A nurse is unaware of
the number of monitors it supervises. Thus, monitors can be added or deleted from its
list of responsibility without affecting the pattern of the nurse’s behaviour. Also, the
decision on whether a nurse should leave (which can be as simple as noting when a
specified time interval has passed or as complicated as taking into consideration
additional parameters such as specialization of work, priorities in types of duty,
redistribution of workload, etc.), is encapsulated into different components which, as
in the case of the number of monitors, they do not affect the basic pattern of behaviour
for the nurse. Furthermore, the actual processing of data, which can vary depending on
the type of monitor or the patient's case, is also abstracted away. All in all, the
policiesthat define the nurses’ behaviour have been separated from the actual work to
be done, and they can therefore be changed easily, dynamically, and without affecting
the interaction patterns between the involved components. The code for the supervisor
is as follows:

Manifold Supervisor (process setup)
event get_modify.

begin: (guard(input,full,get_maodify),
terminated(self)).

go.*nurse: (&nurse -> setup, post(begin)).

get_modify:process new_nurse deref tuplepick(input,1).
process monl deref tuplepick(input,2).
process mon2 deref tuplepick(input,3).
process mon3 deref tuplepick(input,4).
new_nurse -> (-> monl, -> mon2, -> mon3),
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monl.abnormal -> new_nurse.abnormal,
monl.normal -> new_nurse.normal
mon2.abnormal -> new_nurse.abnormal,
mon2.normal -> new_nurse.normal
mon3.abnormal -> new_nurse.abnormal,
mon3.normal -> new_nurse.normal,
activate(new_nurse), post(begin).

}

The Supervisor  Manifold is responsible for monitoring a number of nurses. It
collaborates closely with the atomic processup , which maintains and enforces
the policy of the environment with respect to issues such as how many nurses should
be active concurrently, how many monitors each nurse should be responsible for, how
can the workload of monitor responsibility be distributed evenly to the available
nurses, the minimum and maximum amounts of time each nurse should be working
before asking to be relieved from duty, etc. Upon receiving a request by some nurse to
be allowed to leaveSupervisor  passes the id of that nurse detup which,
among other things, keeps record of which monitors each nurse is responsible for. A
new nurse to take over is found and its id along with the ids of the monitors to handle
is passed back t&upervisor ; the latter then sets up the stream connections
between the new nurse and the monitors and activates the new nurse (for the sake of
brevity here we have assumed a simple scenario where the old nurse is responsible for
three monitors, all of which are passed to the new nurse; this of course does not have
to be the case). The transferring of the streams connecting the monitors to the new
nurse causes the disconnection of the input ports of the old nurse from the whole
apparatus. We recall that the nurse has set up a guard process at its input ports which
will get activated when it detects such a disconnection; upon the disconnection of its
input portabnormal from all monitors involved, the old nurse leaves the system and
its associated process terminates execution gracefully.

An initial setup with three monitors and two nurses is shown below within the
Main Manifold which is the first one to commence execution in a Manifold program:

Manifold Main()
event go, ok_go.

auto process nl is Nurse.

auto process n2 is Nurse.

auto process m1l is Monitor.

auto process m2 is Monitor.

auto process m3 is Monitor.

auto process setup is Setup (n1,n2,m1,m2,m3) atomic.
auto process supervisor is Supervisor(setup).

begin: (n1-> m1, n2 -> (-> m2, -> m3),
ml.normal->nl.normal,ml.abnormal->nl.abnormal,
m2.normal->n2.normal,m2.abnormal->n2.abnormal,
m3.normal->n2.normal,m3.abnormal->n2.abnormal).

In the above piece of code, the instances of the Manifolds forming the initial
configuration are first created and activated. In particular, the initial configuration
comprises two monitors and three nurses, where the first nurse is responsible for the
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first monitor and the second one for the restsétup process (an instance of
Setup ) is also activated and given the previously mentioned five processes as
parameters. Finally, aupervisor process is also created and giwup as
parameter. Thdegin state ofMain sets up the configuration by creating stream
connections between the appropriate input-output ports. After that, the apparatus is left
to its own devices, evolving dynamically as was described previously during the
presentation of the code fbfonitor , Nurse andSupervisor

-z
.

—
= I

Fig. 1.

We should probably clarify at this point that the actual evolution of the
configuration (i.e. the creation of new instances Nafrse to substitute other
instances) is performed within tsetup Manifold, which effectively administers the
whole environment, keeps track of changes, etc. We would expect that Manifolds with
such a complicated behaviour are atomic processes written, say, in C for convenience
and ease of expressiveness. The initial configuration is shown diagramatically below:

4  Conclusions - Related and Further Work

In [8], while describing another configuration mechanism based on I/O abstractions, a
number of desirable properties that configuration models should possess are listed.
These properties are active and reactive communication, connection-oriented and
user-specifiable configuration and support for a variety of communication schemes
such as implicit, direct, multi-way, and use of continuous streams. It is worth
mentioning here that Manifold supports all these schemes as first class citizens. In
addition, Manifold supports complete separation of computation from coordination
concerns and a control-driven specification of system transformations, which unlike
I/O abstractions, is, in our opinion, more appropriate for configuration programming.
Note that in Manifold, unlike in many other coordination models and languages, a
component is oblivious not only to bindings produced by other components but also to
whether or not communication is taking place at all or what type of communication
this is. This frees the programmer from having to establish when it is the best moment
to send and/or receive messages. And of course, the language enjoys the ability for
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dynamic system reconfiguration without the need to disrupt services or the
components having mutual knowledge of structure or location — point-to-point or
multicast communications can be configured independently of the computation
activity and mapped appropriately onto the underlying architecture.

Furthermore, the stream (or channel) connections that Manifold supports as the
basic mechanism for communication between computation components, provide a
natural abstraction for supporting continuous datatypes such as audio or video and
make this coordination model and its associated language ideal for configuring the
activities in, say, distributed multimedia environments. We are currently exploiting
this characteristic of Manifold in a recently commenced research project where the
language will be used to manage and coordinate, among other activities, the data
produced or consumed by media servers.

Finally, Manifold advocates a liberal view of dynamic reconfiguration and system
consistency. Consistency in Manifold involves the integrity of the topology of the
communication links among the processes in an application, and is independent of the
states of the processes themselves. Other languages, such as Conic, limit the dynamic
reconfiguration capability of the system by allowing evolution to take place only when
the processes involved have reached some sort of a safe state (e.g. quiescence).
Manifold does not impose such constraints; rather, by means of a plethora of suitable
primitives, it provides programmers the tools to establish their own safety criteria to
avoid reaching logically inconsistent states. Furthermore, primitives such as guards,
installed on the input and/or output ports of processes, inherently encourage
programmers to express their criteria in terms of the externally observable (i.e.,
input/output) behavior of (computation as well as coordination) processes.
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Abstract. We present here approaches of a distributed scalable Enterprise
JavaBean (EJB) server. The first approach is based on the idea of the resource
broker. By this model, the system is composed of one or several entry points
called EJB “Front” servers, a resource broker and a set of participating servers
called EJB “Back” servers. The resource broker gives the system its dynamic
load balancing capacity and its dynamic scalability by implementing a notifica-
tion protocol with the participants and providing information to the entry point
servers. An experimental version of the server has been developed and we give
some performance results achieved on it. Another approach is based on using a
Jini/JavaSpace as a coordination system. We present the design and the imple-
mentation of this system as well as the issues of developing this Jini-based ap-
proach towards the distributed EJB server. We finally propose a new approach
based on full Jini functionality.

1 Introduction

Component servers are now commonly used in multi-tier applications. The need for
these servers to become more scalable, reliable and reach better performance is
growing. One possible way to improve scalability and reliability consists in using a
distributed architecture for the component server. Several component servers can be
gathered into one distributed and scalable component server. In that way, we can in-
crease the fault-tolerance of the system. Concerning performance, we can implement a
load balancing functionality on top of this distributed server assuming components can
be instantiated or found on several nodes of the system. We present possible architec-
tures for this distributed component server, based on the Enterprise JavaBeans compo-
nent model.

M. Bubak et al. (Eds.): HPCN 2000, LNCS 1823, pp. 207-216, 2000.
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2 Background

As we chose Sun’s Enterprise JavaBeans for our distributed component model, we
explain now briefly how it works as well as some basic theoretical definitions of load
balancing. Finally, we describe Sun’s Jini architecture for distributed computing and
spontaneous networking.

2.1 Enterprise JavaBeans

Enterprise JavaBeans (EJB) technology defines a model for the development and
deployment of reusable Java server components Cimponentsare predeveloped

pieces of application code that can be assembled into working application systems.
Java technology currently has a component model called JavaBeans, which supports
reusable development components. JavaBeans is just a visual component model.
Components are linked by events. For instance, if a component raises an event then it
launches execution of one method of another component. These links can be designed
graphically with application builders. The EJB architecture logically extends the
JavaBeans component model to supperver components

EJB Server
Real EJB
implementation
<bean method> EJB Objects
— (MyBean)
Client <bean methol

N

create EJB Home

lookup (MyBeanHome)
A
Initial context
Classes provided by Classes provided by
EJB container EJB provider

Fig. 1. Simplified diagram of the Enterprise JavaBeans Architecture.The bean implementation
is never accessed directly but via the container classes.

Server componentare application components that run in an application server.
EJB technology, a robust Java technology environment, can support the rigorous de-
mands of large-scale, distributed, mission-critical application systems. It supports
application development based on a multi-tier, distributed object architecture in which
most of an application’s logic is moved from the client to the server. The application
logic is partitioned into one or more business objects that are deployed in an applica-
tion server.

This model also defines a set of clearly separated roles that applies for the server
management, so that an organisation using it can plan and attribute a specific task for
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each specialist involved. These roles akpplication Assemble, EJB component
builder, Deployer, EJB container provider, EJB server provider,

The EJB specification also defines an implementation architecture and a set of in-
terfaces that an EJB server must implement (Figure 1).

2.2 Load Balancing

Definition

Load balancing is the result of the following observatigwou analyse the workload

of a set of computers, you often reach the situation where some computers are idle

and some others are overloaded. The idea of load balancing is to execute tasks that
belong to over-loaded computers on less loaded ones. Theoretically speaking, there
are two kinds of load balancingatic anddynamic. Static load balancing is defining

how we will distributetasks in order to solve a given problem. This is based on a
priori knowledge of the problem and the resources available. Dynamic load balancing
is the task of balancing the load whenever the system needs it by finding available
resources at run time.

In a distributed object computing environment, we want to create a ‘cluster’ or a set
of computers that will manage load balancing, in order to improve global responsive
ness with respect to object activation. If one resource is busy then the new tasks it is
asked to execute will be transferred to another resource for execution. This mecha-
nism has to remain transparent from the user.

Resource Policy Issue

A number of protocols have been developed for dynamic load balancing which can be
used for this implementation. A typical model is to define a central server, acting as a
resource broker, that will keep information about the computing entities and define
some balancing criteria and an evaluation function over these criteria in order to de-
termine which computer seems to be the most suitable to carry out the client’s request.
In this protocol, the best computer(s) can be determined and the requests are distrib-
uted over the cluster of computers as fairly as possible. This model works well if one
assumes that each request takes on average the same time to be processed. We ca
also wait for a participant to tell the central server if it is able or not to process a re-
quest. In that case the central server when asked for a computer will wait for a notifi-
cation from a participant telling it that it can now process the request. This is more a
job scheduling vision of the balancing. When applying such model, a simple schedu
ing policy may not be directly applicable to component scheduling. For example, in
the context of EJB scheduling, each independent EJB server is multithreaded. Thus,
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our participant server would accept a request as long as it has remaining threads.
Hence a participant can have 10 client requests to process at the same time while an-
other one will not have any. So a simply resource policy will result in an unbalanced
system due to the servers multithreading.

2.3 Jini — JavaSpaces

Jini is a Java architecture defining a small, simple set of conventions to allow services
and clients to interact to form a flexible and dynamically changing network computing
environment. Jini enhanced Java distributed object computing model (Remote Method
Invocation, RMI) with two key componentsDiscovery/Join Protocoland Lookup
Service!

« Discovery and Join Protocat activated when a new service ( or device) is to
join a Jini network computing system (Jini Federation) . i&cbvery packets
sent to the whole net, asking for any lookup server which acts as a place where
services advertise themselves and clients go to find a service. This packet is re-
ceived and processed by theokupmechanism. Upon receipt of such a request
packet, a lookup service will exchange proxies to register the service and adver-
tise it to the whole federation.

« Lookup serverstores information about all services available. For instance, when
a printer joins the network then it registers with tlo@kupthat keeps the printer
driver or interface. If a client wants to use this printer, it will download informa-
tion (proxy) from the_ookup Hence drivers do not need to be loaded in advance
on the client.

e Jini provides other functionality dedicated to distributed programming. These
functions arel_easing,which is developed specially for introducing time to re-
source allocation and reclamatidBistributed eventsand Distributed transac-
tions

JavaSpaces is another service provided on top of all the Jini services. A JavaSpace
can realise a simple Jini system with a simple pattern-based information retrieval
mechanism [2]. That is, a space can be viewed as an associate memory where infor-
mation about services can be written into the space and retrieved (taken) based on its
contents.

3 Design

We present the resource broker-based implementation in detail as well as the current
JavaSpace implementation. We also discuss the need for a full Jini-based implementa-
tion and how it could be achieved.
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3.1 Resource Broker Approach

Architecture

Our architecture is based on the resource broker approach [3]: A distributed EJB
server consists of a set of ordinary EJB servers fitécipantg, aresource broker

that gathers information about every EJB server and one or severafr&niB
server(s) which are the entry points to the whole system. In order to set up this
“front” server, we define a new server that manages connection with the client and,
security issues like the basic server. Fundamentally, this server will have the same
signature as the EJB server but it will behave differently and will not manage any
beans. This server also contains implementations of home interfaces of aldithe av
able type of beans in the cluster of EJB servers. Hence, a client will connect to this
server, asking for a particular home interface. Then, it can invokedhtemethod of

the home interface. The implementation of home interface will askeiwarce bro-

ker for the best computer that can perform a bean creation based on a scheduling pol-
icy. Then it will invoke directly the bean creation method on the best computer and
return a remote reference on the new bean to the client.

RegisterParticipant()

Inform()

Broker Resource

client Broker
GetBestComputer;)\

Inform()

RegisterParticipant()

Fig. 2. Resource Broker architecture and integration with the system.

The Figure 3 represents bean creation, but it does not explain how ‘entity beans’
retrieval will be managed. Thesource brokemwill perform this task. We will just
invoke a method to find a particular bean type with a particular primary key and the
resource brokewill find it either by looking into its list of active beans or by asking
the best computer to activate it.
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Load indices

First we have to choose which indices we will use to decide which computer is the
least loaded one or the best one for a particular task.

The Java environment provides some inditesl amount of memory, free mem-
ory.

The EJB server implementation also defines and provides some useful iftliees:
number of active beans in a container, the number of threads currently used by bean
method invocations, the maximum number of threads for bean methods invocations.

No extra effort is required to obtain these indices, as they are already available. But
one needs more information related to computing resources s@hlhsitilisation,
idle time, swap space available, network bandwidth, throughput required, security
constraints, priority requirement

Scheduling Policy

The resource brokemill be responsible for finding the best computer. Therefore it
must define a function over the load indices described, and find the computer that
minimises this function. First we can use a single criteria function only depending on
any index. But it is quite obvious that a multiple criteria function will form a policy to
give better results. This is because a single index is not sufficient to determine whether
a computer is the best one from a list of available machines. For instance, a computer
may have plenty of free memory but many clients at the same time, and so it will
answer slowly even if it is considered as the best one using the memory criteria. Con-
versely, a computer that does not have enough free memory will not answer quickly
even though the other indices are good. Therefore, we could define a multiple criteria
function over all the available indices. Also we may like some indices to be prepon-
derant and only if these indices cannot determine the best computer, then we use other
ones. For instance, the number of free threads is quite important and a computer that
has no free threads should not be evaluated as the best one. So we will be using sev-
eral chained evaluation functions to form a scheduling policy. Also we will take into
account the security constraints and user’s priority requirement et.al.
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EJB
Back Server
n 1
EJBObject
\
<bean method>() EJBHome
create
EJB Resource

EJBHome |Front getBestComputef Broker

Server

EJB
Back Server
n.2
EJBHome

I
EJB Object

| IR

Fig. 3. Distributed EJB server architecture based on Resource Broker.

3.2 Jini/JavaSpace Approach

We now use the Jini/JavaSpace service to build the coordination system of the distrib-
uted server. The new architecture is depicted in the diagram of Fig. 4.

EJB
Back Server

/

EJB

JavaSpace
Back Server|

EJB
Back Server

Fig. 4. Architecture using the Jini/JavaSpace service

The main design issue is therefore to define how we will use the JavaSpace and
which kind of entries we are going to read and write on it. Here again different poli-
cies and protocols can be used. One approach is to choose the protocol we described
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for the resource broker model. It means that, instead of using a syeoiadr, the
JavaSpace keeps information about all the active beans. This information is kept up to
date thanks to every back server thaites or takesentries whenever their state
changes in terms of active beans. So the first type of entry will represent an active
bean. A second type of entry is needed in order to retrieve a bean home for a particular
bean type. This entry will be written by back servers depending on homes they contain
and on their capability to process a request. For instance, if a Back Server is full of
requests then no entry corresponding to homes on this computer should be available on
the JavaSpace.

Bean Entry
Home Enliy Bean name:
Sessionl
Home name: B , §
. ean reference
SessionType Home reference
Home reference ? Bean Entry
Bean name:
Entityl
Home Entry Bean Entry Bean reference
Home name: Bean name: Home reference
EntityType Session2
Home reference Bean reference

Home reference

Fig. 5. Inside the JavaSpace

The client, instead of connecting to a Front Server, will connect to the JavaSpace
and retrieve the home reference it is looking for. Here is a main difference with the
broker approach. It means that the computer is chosen when the home is retrieved and
not when a method of this home is invoked. Then the client uses this home interface as
usual to create/find/remove a bean.

3.3  Full Jini Approach

The Jini/JavaSpace based implementation is simple but suffers from the problem of
incorporating complex scheduling policy. Actually, it is impossible using the matching
mechanism of JavaSpace, to retrieve the entry that minimises an attribute. Thus, based
on the JavaSpace-based implementation, we currently investigate a full Jini-based
distributed EJB system by developindpakup service with resource awareneghis
implementation will extend the JavaSpace based implementation with more resource
information reporting and retrieval mechanism by registering EJB server together with
its resource information into lookup services. The scheduling will be done when a
component is required via a lookup request . Complex scheduling functions can be
integrated with the lookup service.
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4 Results

We based our work on an EJB Server already implemented [4] and extended it to a
resource-broker based distributed EJB Server. Some simple performance tests have
been performed on this implementation.

The first test measures the overhead due to the new EJB Server architecture. It
compares times for creating a bean and calling an empty method on the original EJB
Server and on the distributed EJB Server. As the participating servers remain pure
EJB Servers as well, we also compare the invocation time on a participant directly,
without using a Front Server and the resource broker.

Base time for bean creation and invocation (loop = 0)

700

600

Time (ms)

Previous Local Distributed
Access method

Fig. 6. Bean creation and invocation of an empty method. Times on the base EJB(Beaxver
vious) when calling a participating server directly¢al) and using the distributed EJB Server
(Distributed. Theloop parameter is an arbitrary complexity argument of the bean method
called by the client.

As expected, we can see the overhead due to additional communications between
the components of the system. But the advantage of the distributed version comes up
when the client performs multiple bean creations and invocations at the same time (the
client simulates a multi-client environment).
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Time for 2 bean creations and method invocations (loop = 50)

10000
9000
8000
7000
6000
5000
4000
3000
2000
1000

Time (ms)

Previous Local Distributed (2)
Access method

Fig. 7. The client performs two bean creations at the same time and calls a method on each
bean.Distributed(2)means that we deployed the distributed EJB Server with two participants.

This result shows the best case of using the Distributed EJB Server. Most probably
we will not, in real cases, reach this level of performance improvement.

5 Conclusion and Future Works

Performance improvement, as seen previously on the broker-based implementation,

can be achieved assuming the tasks performed on the beans are time-consuming
enough. Above a certain complexity threshold, the distributed architecture increases a
lot the server responsiveness. On top of performance, the distributed server is also
more reliable. If a participant crashes at some point, the whole system keeps working

and beans can still be created and activated on the remaining participants. Conversely,
we can add a new participant while the system is running.

Hence we have proven the potentiality of the distributed server. We also proved
the feasibility of using the Jini architecture via the JavaSpace, to replace our broker.
We now have to implement the Jini-based version and take full advantage of this envi-
ronment to enhance both scalability and performance of the server.
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Abstract. The increasing complexity and geographical separation of design
data, tools and teams have demanded for a collaborative and distributed man-
agement environment. In this paper we present a practical system, the CFMS,
which is designed to manage collaborative files on WWW. Wherever remote
developers are, they can navigate the evolutions and relationships between tar-
get files, check in and check out them conveniently on web browsers using
CFMS. The capabilities of CFMS include the two-level navigation mechanism
for version selection, the relationship model that conceptually manages the rela-
tionships between physical files as well as the prefix-based naming scheme that
can uniquely identify requested objects.

1 Introduction

The increasing complexity and geographical separation of design data, tools and teams
have demanded for a collaborative and distributed management environment That is,
companies need good management tools to leverage the skills of manipulating the
most talented and experienced resources, wherever in the company or the somewhere
they are located.

Major challenges for collaborative file management include version control, con-
figuration management, concurrency access control, environment heterogeneity, and
the dispersion of developers [1]. Take the Electronic Design Automation (EDA) para-
digm for example, design teams realize that the number of tools needed to implement
complex systems is ever increasing, and such tools are generally provided by many
different suppliers [2]. At the same time, developers at different sites would parallelize
the developments with many variants of each component, which might contain and
share many files and many versions of each file. When controlling versions, develop-
ers have to deal with versions and configurations that are organized by files and
directories. This is inconvenient and error-prone, since there is a gap between dealing

! They are also lectures of the Department of EE of Ming Hsing Institute of Technology.
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tories. This is inconvenient and error-prone, since there is a gap between dealing with
source codes and managing configurations. It is necessary for engineers to be capable
of identifying the items which they are developing or maintaining.

In this paper we concentrate on issues of developing a web-based and visualized
collaborative file management system. The web-based design has advantages of elimi-
nating the need to install and administrate client softwares, resolving the cross-
platform problems, providing the accessibility for distributed developers, and having a
uniform and compatible interface for different users. Not only does the proposed
CFMS have all the advantages of web-based environments, but also captures and
manages change requests among team members transparently. Through the proposed
two-level navigation version selection mechanism, CFMS users can define and choose
the configuration of the developed component dynamically and visually. Without
directly operating the bothersome chaos of physical files, users only need to manipu-
late the conceptual relationships between requested files on web.

The rest of the paper is organized as follows. In the next section, we discuss the re-
lated works about collaboration management tools. In section 3, CFMS system models
are detailed. Section 4 briefly introduces the CFMS system architecture. Section 5
shows the implementation of CFMS. Finally, the conclusion is given in section 6.

2  Related Work

There are several collaboration management tools in many paradigms. To illustrate,
RCS [3], SCCS [4], DSEE [5], and ClearCase [6] concern the activities for coopera-
tive system development. RCS and SCCS are the most widely known version man-
agement system. These systems are built on the notion of vault [7] from where users
must extract all of the sources, even you do not plan to change them. Besides, parallel
development will result in even more copies. These copies are not under the control of
configuration systems and may lead to more problems because they do not support
concurrency control facilities. There are several later tools, such as CVS [8], built on
top of RCS. These tools improve the management of private work areas, but do not
really solve the fundamental problem inherent in vaults.

DSEE and ClearCase are tools of the second-generation configuration management
environment, which advance upon earlier tools for defining and building configura-
tions. They solve the problems inherent in vaults through the use of a virtual file sys-
tem. Intercepting native operating system I/O calls, they hook into the regular file
system at user-defined points by user-specified rules. Intercepting system calls will
tight the private work areas with the central data center together and introduce prob-
lems encountered in traditional systems. Additionally, the rule-based configuration
mechanism is too complex to be used for web users.

To solve problems of old systems we design the CFMS as a moderate three-tier ar-
chitecture. A middle-tier is introduced to decouple the front-end users and the back-
end file system, and simplify the system complexity. In CEMS, a conceptual relation
model is proposed. Instead of the text-based or rule-based methodologies used in
traditional tools, front-end users could traverse the relationship graph to define or
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navigate configurations The web-based CFMS will promote the collaboration man-
agement paradigm into the distributed heterogeneous environment.

3  System Model

Three essential system models which compose of the three-tier model, the relationship
model and the prefix-based naming scheme for collaborative file management are
clearly identified in this section. These three models are orthogonal and are integrated
to form the building blocks of the CFMS.

3.1 Three-Tier Model

In comparison with the vault-based and virtual file design of traditional collaboration
management tools, the three-tier model looses the tight-couple relation between the
client side representations of requested objects and the back-end file systems. In the
front-end, users of different sites could define configurations for their private work-
spaces and use SCCS-like check in/out operations to access the requested files. In the
middle tier, the relationships between all the managed files are constructed and pre-
sented by a bi-direction graph. Front-end users can surf back-end files by traveling the
relationship graph. The third tier is the vast file system, which consists of many types
of files generated by different tools. Each physical file could be uniquely identified
and conceptually versioned in the second tier. That is, the second tier hides the com-
plexity of directly manipulating the physical files and provides higher flexibility and
extensibility for CFMS. Figure 3.1.1 shows the three-tier architecture of the proposed
web-based collaborative file management system. Front-end browsers show the user-
selected configuration graphs, which might share nodes in the central relationship
graph. The middle tier hides the complexity to manage the relations for the third-tier
flat files.

Change X
Request Front-end

Browsers

7 CFMS

File
System

Fig. 3.1.1. Three-Tier Architecture of CFMS.



220  Ruey-Kai Sheu et al.

3.2 Relationship Model

CFMS uses logic structures to manage files, which are organized into a three-level
hierarchical architecture and they are projects, libraries and files from the highest level
down to the lowest one. A project is the achievement of a specific objective. It in-
volves several libraries as well as stand-alone files. A library is a frequently used
group of files. The relationship model identifies the correlations between managed
logic structures and classifies them into six categories: version, build, configuration,
equivalence, hyper-link and sibling. The main contribution of this paper is to identify
and clarify these concepts into orthogonal, rather than sequential relationships.

Version: version relationships are composed of branches and derived
items, and can be represented by two-dimensional graphs. In Figure 3.2-1,
the generic version graph is described. Object A.1 is the root of the ver-
sion history for the logic structure A. Object A.1.2 is a new version of A.1l
after the creation time of A.1.1. The relationship between A.1 and A.1.2 is
the branch relation. Other edges in the version history are derived rela-
tions. The logic structure A could be a file, a library or a project.

derived

A1 A.m\\ A1.1.41

Logic
Structure A

Fig. 3.2.1. The Generic Version Graph of a Logic Structure.

Build: the build relation stands for the aggregation of a specific logic
structure. Figure 3.2.2 shows the version graph as well as the build rela-
tion of the logic structure A. The logic structure A is composed of two
logic structures, X and Y. Both X and Y could be any logic structures that
are lower or equal to the level of A in the hierarchy of logic structures.

A1 Al1 A1.1.1
Logic — — m
Structure A = =
' A.1.2 A.1.2.1
]

B

build

X.1.1 X.1.1.1

0l
O

Y.1.1.1

[sﬁ\ []\-_.\
=P
o

Fig. 3.2.2. The Build Relation of the Logic Structure A.
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Equivalence: equivalence relationships are different representations of a
logic structure in different development stages or platforms. For example,
a C++ source program could be compiled as a PC-based or workstation-
based object files. These files are of the same meaning logically, but of
different representations in the real world. In Figure 3.2.3, we assume that
X.1.Y.1 is created from X.1 and @.Y.1 is created from X.1.1.1 by tools
which take X-versioned objects as inputs and generate outputs objects of
the same type as Y. Here, edge (X.1, X.1.Y.1) and edge (X.1.1.1, @.Y.1)
are two equivalence relations. Where the ‘@’ notation is used to represent
the prefix discussed in next section.

Sibling: siblings are relationships between parallel-developed versions of
a logic structure. In other words, siblings are parallel version history paths
of a logic structure. Object Y.1, X.1.Y.1 and @.Y.1 are siblings of Y in
figure 3.2.3. When someone creates an new item of Y type from X.1.1.1,
@.Y.1 (@=X.1.1.1) is the most adequate identity of version name than
others. Neither Y.1.1.1 nor X.1.Y.1 is the parent of @.Y.1 for the derived
relation. If we connect the edge (X.1.Y.1, @.Y.1) or (Y.1.1.1, @.Y.1)
with relations rather than sibling, users will be confused with them.

L A1 A1.1.1
ogic T T
Structure A T O
i A1.2 A1.21
1

equivalence
Al AARI Y.1.1.1

Fig. 3.2.3. The Equivalence and Sibling Relation of the Logic Structure A.

Configuration: configuration relationships consist of snapshots of higher-
level logic structures. Figure 3.2.4 illustrates the snapshots of the logic
structure A. Object A.1 consists of X.1 and Y.1. Object A.1.1 is composed
of X.1.1 and Y.1. Object A.1.2.1 involves X.1.1.1 and X.1.Y.1.
Hyper-link: the hyper-link relation tights the manipulated files as well as
the documentations that describe the related information of them. In figure
3.2.4 we shows the examples of hyper-link relations that record the hyper
links to web pages describing related information, including why they are
improved, when the object is updated, who did the changes, where did the
author locate, how it is operated, etc.
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Logic B T T Hyper-linked
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Fig. 3.2.4. The Configuration and Hyper-Link Relation of the Logic Structure A.

3.3 Prefix-Based Naming Scheme

Engineers must be able to identify the items which they are developing or maintaining.
In particular, each item must have a unique name and the name must be meaningful. In
CFMS, the proposed prefix-based name has the meaning of the evolution of the item,
the logic structure type and name, and the corresponding development stages. The
prefix-based name is primarily used to help user to traverse and navigate the multi-
dimensional relation graph. It can also be used for text-based query for version selec-
tion based on logic structure names.

The followings are the productions for version name resolution, where <> stands
for non-terminals and others are terminals. Version names can be abstracted as a pre-
fix concatenating with the relationship name. To be specific, the version name of a
new item for the derived relation will be the prefix, the original old version name,
concatenating with a derived name. The prefix-based naming scheme gives each rela-
tionship a unique name, respectively. Because the prefix-based naming scheme gives a
unique identity for each orthogonal relation, the version name for each object will
guarantee uniqueness even versioned objects have the same prefix.

<version name> - <prefix>. <relation>
<relation> - <equivalence> | <derived> | <branch>
<branch> - . (number of branches + 1)
<derived> 2 .1 |<derived>
<equivalence> = <prefix>. <base>. (number of siblings + 1)
<prefix> - <base>. <derived> | <base>. <branch> | <version name>
<base> - <logic name> | <logic name>. 1
<logic name> - P_<name> | L_<name> | F_<name> | F_<name>_<stage>
<stage> = (umber of development steps + number of platforms)
<name> - string of character set excluding the dot
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4  System Architecture

Web \/ \/ \/
Browsers Site A Site B Site C
User A UserB UserC
PAN
SJED
WWW Server
Relationship Query
Collaborative Manager Manager
File Manage
System
Concurrency Control Manager D
Resource Manager
Q
Z1 & O
g
2
()

File System

Fig. 4.1. CEMS System Architecture.

The CFMS is a three-tier architecture. The front-end user interfaces are WWW
browsers. Through HTTP, users download the Java Applet into the client sites. The
Java Applet is responsible for drawing the partial relationship graph based on configu-
ration for users. The reason why Java Applet is used here is that current SGML-based
standard markup languages are not suitable to draw the complex multi-dimensional
relationship graph. In the middle tier, the CFMS is composed of relationship manager,
query manager, concurrency control manager and the resource manager. The relation-
ship manager administrates the relations between collaborative files. The query man-
ager provides facilities for text-based query. Users can submit search terms to select
the logic structures which satisfy the search criteria. Concurrency control manager is
responsible for the management of parallel developments on target files. CFMS sup-
plies the SCCS-like check in/out operations to access files. It allows multiple read
requests for a specific file at a given time. Only the user who gets the write lock can
update that file. Resource manager controls all the physical files through the physical
file I/O system calls.

S  System Implementation

We have implemented a prototype of the CFMS. The following figures show the
front-end GUI while using CFMS to navigate or define the configuration for a col-
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laborative purpose. In the prototype, a two-level navigation mechanism is designed for
version selection. The first level stands for the initialization for version selection.
Users can input a search term to get all the logic structures that contain the term in
their version names. All logic structure will be returned by default. The second level is
the visualized navigation by traversing the relation graph returned from the first-level
search. Because the relation graph is bi-directional, users can traverse the version
graph in any valid direction.

Figure 5.1 shows that a project manager is defining the configuration of version
1.1.1.1.2 for Project A. The manager first submit a query term ”A” to search Project
A. Then, he traverse the version graph of Project A. The selected items for version
1.1.1.1.2 are listed in the configuration list in the left side. Figure 5.2 is an example to
check out files. A user first submits a query term ”A” to search any logic structure that
contains ”A” in its logic name. Then, the user selects Project A from the list box in the
corner of the right side. The check-out list shows items which he wants to check out.
Figure 5.3 describes the case to check in files. While users get into the check in menu,
all the checked-out items are shown on the browser by default. Users can choose items
to check into the server-side file system.
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Fig. 5.1. CFMS Clients Traverse the Relationship Graph for Configuration.
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Fig. 5.2. CFMS Clients Traverse the Relationship Graph to Check out Files.
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Fig. 5.3. CEMS Clients Traverse the Relationship Graph to Check in Files.
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6 Conclusion

In this paper, the CFMS, a web-based collaborative file management, is proposed and
implemented to demonstrate its feasibility. The relationship model clarifies the rela-
tions between collaborative logic structures, which represent physical files. Integrating
with the prefix-based naming scheme, the two-level version navigation provides a
visualized and dynamic mechanism for version selection on WWW.

Acknowledgement

We are grateful for the many excellent comments and suggestions made by the anony-
mous referees. We also thank the National Science Council of the Republic of China
for their financial support through the project, NSC99-2213-2009-069.

References

1. Ulf Asklund: Distributed Development and Configuration Management. Licentiate Thesis,
ISSN 1404-1219 (1999) |http://www.cs.lth.se/~ulf/lic.html|

2. L. Benini et al.: Distributed EDA tool integration: the PPP paradigm. Proc. of International
Conf. on Computer Design (1996) 448-453

3. Walter F. Tichy.: RCS — A System for Version Control. Software — Practice and Experience,
15,7, (1985) 637 — 654

4. Rochkind, M. J.: The Source Code Control System. IEEE Trans. on Software Engineering, V
SE-1, N 12. (1975)

5. David. Whitgift.: Methods and Tools for Software Configuration Management. Wiley series

in software engineering practice. (1991) 89-108
. ClearCase Concepts. Atria Software Inc., Natick, Mass. (1993)
. Walter F. T.: Configuration Management. John Wiley & Sons Ltd. (1994)

8. CVS - Concurrent Versions Systems (2000) http://www.gnu.org/software/cvs/cvs.html|

~N



http://www.cs.lth.se/~ulf/lic.html
http://www.gnu.org/software/cvs/cvs.html

Adding Flexibility in a Cooperative Workflow
Execution Engine

Daniela Grigori, Hala Skaf-Molli, and Francois Charoy

LORIA, INRIA Lorraine, Campus Scientifique
BP 239, 54506 Vandoeuvre les Nancy, France
{dgrigori,skaf, charoy}@Ioria.fr

Abstract. This paper describes an approach to support cooperation in a
workflow system. It is based on the combination of a cooperative transaction
protocol (COO) and a traditional workflow model. This combination allows
activities to exchange data during their execution. It also allows some activities
to start in advance regarding the predefined control flow (anticipate) and to
exchange results with their preceding activities. All these communications of
draft results are done under the control of the extended cooperation protocol
and under the responsibility of the users. This allows for more flexibility
regarding the actual execution of the process model while keeping some control
on the way the exchanges are done.

1 Introduction

Workflow management systems are gaining a wide acceptance in the service industry
due to their ability to model and control business processes. The rapid evolution of
information technologies and the generalisation of networking allow to consider new
perspectives for different kinds of reorganisation and work organisation. dovas
it has been pointed out in many papers[1], the rigidity of current workflow systems
remains a problem in a context where people and organisations have to evolve
constantly in a moving environment. Moreover, especially in the service industry,
where activities may be creative and where people like to keep some initiative on the
way they work, introducing rigid process control is considered today as
counterproductive. The risk is that the user of workflow systems spend timare
figuring out how to by-pass rather than to follow blindly the “yellow brick road”.

To ease the acceptance of workflow management systems in organisations and to
ease process adaptation to a changing environment, several paths are frlttayed
led by different visions of what should be workflow management, whatdiheuthe
role of users in the process and how it can be executed, controlled and changed. We
can consider three main points of view that should help to get a better acceptance of
workflow : considering the process as a resource for action, adding flexibility to the
system and evolving the process model.

Considering the process as a resource for action basically means that the process is
a guide for users upon which they can build their own plan. It's not a definitive
constraint that has to be enforced. Thus, the users have all the initiative to execute
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their activities. They are not constrained by the predefined order of activities but can
be considered as being inspired by it and encouraged to do it.

The second approach uses the process as a constraint for the flow of work, but it is
admitted that it may change during its life time. The process can be dynamically
adapted during its execution.

These two approaches consider flexibility at the level of the process execution
itself. In one case, the model is a guide to reach a goal, in the another case, the model
is a path to reach the goal that may change during its course.

The third way consist in evolving the process model itself to allow for more
flexible execution. In this case, flexibility has to be modelled and is anticipatedyduri
the process modelling step. This is one of the branches that are followed by the COO
project [2] and by other similar work [3].

In this paper, we will consider a fourth way to provide flexibility to process that
won't be based on the way the process model is used or instantiated, neither on the
way it can be evolved or modelled. We propose to add some flexibility in the
workflow management system execution. The model is defined as usual with a
control and a data flow specification. The execution engine is based on a cooperative
transaction protocol that we have developed[4]. This protocol provides an optimistic
approach about concurrency control between activities. It also introduces the
possibility for running activities to provide several successive states for the same
objects[5]. This allows users to exchange data and start activities execution with some
anticipation. This approach has the advantage to be compatible with aipesals:
it does not change the way the model is interpreted, but only the way it is executed.
We will see that the degree of freedom that is added to the execution engine provides
users with some initiatives on the way they conduct their work, while retaining a large
part of the control that is required, even in a very rigid (not evolving) psaueslel.

Our goal is to reconcile the need of freedom required by users during the execution
of a process and the need of control of project managers that are accountable for the
correct execution of the process.

2 Cooperative Process

A lot of work has been done to provide definition of cooperative process[2, 6]. The
set of processes that we will consider in our approach that can be called cooperative is
characterized mainly by their properties. Some of them are related to the process
definition and some of them are related to their cooperative nature.

Processes are executed by a group of users; this is common for cooperative
processes. Moreover these users are aware of participating in these processes. The
processes have a goal, known from their participants. All (or at least mosg of th
participants acting in the process are aware of this common goal, in the achievement
of which they will find benefits. They have reasons to cooperate, communicate and
exchange information spontaneously.

In this paper, we limit ourselves to cases where the products can be mtoaed
computer and can be described in term of states so that they can be managed and
controlled by the system. Typical cases of cooperative processes that are considered
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here are co-editing, co-engineering or web site development. Moreover, coactppr

will apply best to iterative processes were feedback between users is very important
during all the stages of the process. These are the kind of processes where the
activities are not easy to execute. Their result may change depending on the
production of other activities, implying a lot of feedback and communication. This is
not compatible with the rigid approach of common production process execution as
shown in the following example.

This example is a simple process: write a paper for a conference. This can be
presented by the following workflow:

Make outline

Correction

begin end

Fig. 1. Simple Edition workflow

This workflow is described by using the “begin and end” tasks dependencies|[7]
It can be interpreted as follows: the Editing task starts when the task that makes the
outline of the paper is finished. Then a Review task takes place followed by a
correction one.

Imagine now that three researchers A, B and C from different universities want to
follow the above workflow to write a paper. To do that, A and B will write the paper
and C will review it. A, B and C decide to use a common repository to share their
results.

The ceauthor A makes the outline of the paper. At the end of this task, the paper
Editing tasks take place. A, B writes respectivplrtA, partB then they send their
documents to C who can start the review task. If C is not satisfied of the work done
by any of the co-authors, he adds comments. The correction task can $erteoe

A, B modifies respectivelpartA, partB. This gives the following workflow:

begin |

In fact, this scenario is a little theoretical. In reality, co-authors and people
involved in creative and cooperative work in general, will not use this rigid working
style[8, 9]. They adopt usually a more flexible approach. For instance, A aiitl B w
exchange drafts in order to synchronize themselves on the content and on the writing

Fig. 2. Workflow execution
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style. They will also provide early draft to C to get some feedback from him and to
take his comment into account during the first phase of the work.

This kind of execution is not supported with a classical workflow management
system. Following the predefined process, users would have been obliged to wait
before being provided with feedback on their work. They would probahlg haed
other communication channels to exchange information, out of the contitbk of
system, leading to inconsistencies between the view of the process execution as
controlled by the system and the actual events occurring for this process. Our
proposal described in the following section allows users to exchange data ttiering
execution of the process and to control how it is done, in order to be sure that no
inconsistencies will occur because of them. We will rely on a cooperative transaction
protocol developed in our earlier work [4, 5].

3 Introducing Flexibility in Workflow Execution

As we explained in the introduction, flexibility can be obtained by relaxing some of
the constraints in the data flow and in the execution dependencies that exists during
production workflow execution without changing the actual process. Thus we will
rely on a traditional process model, describing the flow of control and the fldataf

but we will provide users with some freedom on the way they can exchange data and
on the way they can execute activities, based on the original specification. This will
be made possible by the Coo cooperative transaction protocol [4].

3.1 The COO Approach for Cooperation

The COO protocol has been developed to allow exchange of intermediate results

during cooperative transaction execution. This relaxes the isolation property of

traditional transaction protocol which is considered as fundamental for long duration

transactions. Of course, relaxing isolation induces the risk of inconsistenciés due

dirty read or lost update. The Coo protocol provides mean to avoid this risk : it

obliges users to compensate dirty read before terminating their taskpratoeol

works roughly as follow:

— A set of activities are executing and share a common public database. Data in this
database are versioned.

- Each activity has a private database in which it can checkout data from the public
database (read)

- Each activity can checkin (write) data in the public database at any time of its
execution. A data written during its execution is calledrdermediate resul(a
draft for instance). A data written at the end of its execution (commit time) is
called dfinal result

- The public database always contains the final result of an object and sometimes
an intermediate result of the same object which is callecuttient value
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— If an activity reads an intermediate result during its execution, it must read the
corresponding final result before to commit. We consider that reading the final
result allows the user to compensate the dirty read done before.

- If two (or more activities) are dependent on mutual intermediate results, they are
grouped and must synchronize in order to terminate simultaneously. Users have to
negotiate in order to agree on the final value of both objects at the same time. A
grouped transaction can be considered as one transaction in which two (or more)
users interact.

It must be recalled that publishing an intermediate result will always be under the
responsibility of the writer and that reading an intermediate result is also always under
the responsibility of the reader. Thus, dependency and grouping can only dumthr if
party agree on it, and thus are knowledgeable of the risk.

3.2 Breaking Isolation between Activities

Encapsulating workflow activities in cooperative transactions allows to break the
isolation between them. During their execution, activities may communicate
intermediate results through the shared database (the process data container).

The COO protocol ensures the correctness of data exchange. It may impose
additional constraints on activities termination order for simultaneous executing
activities. For example, activities: Edit andB: Edit, in the previous example may
exchange intermediate results during their execution. They will be forced to finish
simultaneously. During the terminate phase they must read each other’s final results
and agree on them. This kind of grouping of activities is forced by the fact that both
activities are mutually dependant and could not terminate othervizedB will be
forced to cooperate in order to terminate in a way that was not specified intessr
definition but that has been decided by users. From the inside, both activities actually
execute as one cooperative activity. From the outside, the process is still going on as
usual.

3.3 Allowing Anticipation of Results

Traditional Workflow management systems impose égstart dependency between
activities. This means that an activity can be started only when the preceding ones are
finished. In a design workflow this may not be acceptable. Most of the time, activities
may overlap and start with intermediate products. Early feedback may even be
provided between two successive activities.

The flexibility we introduce in the control flow is the possibility to anticipate, i.e.
to allow an activity to start its execution earlier. Even though the conditions for its
activation may not be completely satisfied, the responsible of the activity may start its
execution. In this case, its private database contains intermediate values of its input
objets (if some of activities producing these objects have not been finished yet) or
even no value at all for some of them. The intermediate results of these activities
allow other subsequent activities to start anticipating and preceding activities to obtain
comments on their work.
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In our previous example, the Review activity can anticipate, reading an
intermediate value gbartA; it publishes some comments; thus allowing the actor in
charge of activityA:Edit to obtain them even before he finishes his work. He may
then take them into account to avoid to many comments in the correction activity.

When all activation conditions are met, an anticipating activity enters the normal
executing state. All final values of the input parameters are copied into the activity’s
private database. These data were produced by the preceding activities inrible cont
flow, as specified in the data flow. Having already been started, this activity will be
able to finish its execution earlier. It needs only to take into account the latest
modifications of its input parameters. The choice to anticipate is left to the activity
responsible. It is not modeled by the process designer.

At the same time, by starting an activity in anticipating mode, the actor assumes
the risk that his work may be useless. We refer to the case when an anticipating
activity is in a path that is actually not taken in the given instance of the process
execution (dead path).

Activities in anticipating state may even publish intermediate results in the public
database. However, intermediate results of anticipating activities must not impose
additional constraints for activities preceding them in the control flow. In our
cooperative workflow example, Edit activity precedes Review activity in the control
flow; Review may read an intermediate value pafrtA and Edit may read an
intermediate value of comments. According to the COO protocol, in the absence of
control flow definition, they would form a transaction group and would have to finish
simultaneously. But, as the control flow defines a preceding dependency order
between the two activities, we consider that the reading of the intermediate results by
the Edit activity doesn’t make it dependent on the Review activity. We relax this
requirement of the cooperative protocol, by considering that the control flow has a
higher priority over concurrency control. Since Edit precedes Review, the latter
activity will make necessary adjustments and Edit activity must assume its
responsibility of reading an intermediate result of anticipating activity.

Activities that do not have a predecessor-successor relationship with the
anticipating activity can not read its intermediate results. This restriction avoids to
make an activity dependent on an anticipating activity which is not ctathex the
former by a path in the control flow. Since no order is defined between Weican
neither require the first activity to wait the end of an anticipating activity, nor suppose
that the logic of the control flow may compensate for this reading. This also avoids
grouping between anticipating activities which may contradict the order defined in
the control flow.

Intermediate results of activities placed in a conditional branch cannot be read by
activities preceding the conditional node. Since an anticipating activity placed in a
conditional branch for which the conditional expression was not yet evaluated, may
not be executed, we prevent its influence to preceding activities. Suppose for instance
that an activity in a conditional branch anticipates and publish results to preceding
activities. If at the end, the activity cannot be actually executed because of its
activation condition, it cannot compensate for the results that may have been taken
into account by terminated preceding activities.
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These constraints assure that the exchange of intermediate results does not
contradict the pre-defined order of activities; it may only impose supplementary
dynamic order relations.

The possibility to anticipate also requires the modification of the execution model
in the execution engine. A new activity state is added: the anticipating state.

‘ executable H executing g suspended

y

‘ initial H anticipating ‘ completed

Fig. 3. State transition diagram for activities

When a process is instantiated all activities are in the initial state. They are
executable if their activation conditions are satisfied. There is no condition for an
activity to be in the anticipating state. The anticipating state is the same as the
executing state except that the activation condition are not satisfied. When in
anticipating state, an activity goes automatically in executing state as soon as its
activation conditions are satisfied (not going through the executable state). If the
activity appears to be in a dead path, its state becomes dead.

The execution model allowing anticipation ensures, at the same time, that the result
of the process corresponds to its definition. Even though activities may be started
earlier than scheduled, the order of activity termination is always respected and for an
external observer, the process seems evolve as planned. It must also be recalled that
flexibility is never imposed to users but decided by them. They are never obliged to
produce draft result, to read others draft results or to anticipate. They are allowed to
do it as they need it.

4 Related Work

Workflow flexibility is a subject of great interest in the academic research on
workflows[1]. An overview and a taxonomy for this problem area areigedvin [10,

11]. There are three main approaches: allowing for dynamic modification of running
processes, supporting a higher degree of freedom in execution by using less
prescriptive models and considering the process as a resource for action. Our
proposition is to keep workflow model simple and to allow more flexibility in its
execution. This proposition has the advantage of being compatible with other
approaches.

Research projects like ADEPTflex[12], Chautauqua[13], WASA[14] and
WIDE[15] provide explicit primitives to dynamically change running whmkf
instances. These primitives allow to add/delete tasks and to change control and data
flow within a running workflow instance; constraints are imposed on the
modifications in order to guarantee the syntactic correctness of the resulting process
instance. ADEPTflex allows to work on tasks even when the conditions for their
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execution are not yet completely satisfied. The difference with respect to our solution
is that it implies the restructuring of the process graph. Even though structural
integrity is guaranteed in these approaclaekshoc modifications represent serious
interventions in the control flow of the workflow system.

In the second approach, less restrictive models are proposed. In Mobile[16], the
authors define several perspectives (functional, behavioral, informational,
organizational, operational) for a workflow model, the definitions of persgsct
being independent of one another. Descriptive modeling is defined as the possibility
to omit irrelevant aspects in the definition of a perspective. In [17] [2] otlznghes
of descriptive modeling are presented as techniques for compact modeling. The
authors propose simple modeling constructs that better represents real work patterns
to be used, instead of a composition of elementary constructs.

Considering the process model as a resource for action implies to offer to users a
set of services as a support for their awareness, helping them to treat the breakouts. In
[18] the authors propose a formal model which allows to compute automatically the
exceptional paths and change the process model consistently to a target behavior.

In [19], the author argues that a flexible workflow model and system may permit
using the process as a resource for action or as a coordination tool, depending on the
application requirements. A three-dimensional domain space is defined for a
workflow model. The three axes are the amount of detail of the procedure description,
the conformance required by the organization and the degree of operational
abstraction. In order to address different points in this domain, the ewsrkibdel is
enhanced with goal activities and regions. A goal node represents a part of the
procedure with an unstructured work specification; its description iogngoals,
intent or guidelines. Each node in the model belongs to a region whose type is
defined by a point in the domain space. Modalities of evolving the enactment system
to support goal nodes are presented: including a virtual environment and providing
contextual assistance.

The exchange of intermediate results between activities is supported in some
workflow models[2, 20, 21]. In contrast with our approach, this exchange is included
in the model, though anticipated during process modeling step.

In [20], an event-based communication mechanism allows the exchange of
information between activities or sub-processes. Thus, activities in a sub-process that
depend on the results of activities in another sub-process, can be started as soon as
appropriate messages are received, and do not have to wait until the whole sub-
process is finished. While, here, the events are used to start an activity, we allow the
exchange of information all the time during activities execution.

[21] proposes a behavior definition for a task as the basis for modeling less-
restrictive workflows as well as supporting dynamic workflow changes. New tontro
flow dependencies can be specified; in particular the simultaneous dependency allows
controlling data exchange between simultaneous active tasks, assuring that the
dependent task does not terminate before the preceding task.
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5 Conclusion

In this paper, we described how the combination of a cooperativedtiansgrotocol
and a classical workflow management system can be used to provide a more flexible
system. This allows users to keep some initiative on how they work and how they
exchange data during their work. The cooperative transaction protocol allows data
exchanges between executing activities under the control of both the proddidbe a
reader. The protocol ensures that these exchanges are done safely. We also rely on
this approach to allow users to anticipate in their activities. It is well known that a
cooperative process cannot be executed as a flowing sequence of activities, but
contains many unpredictable exchanges that cannot be modeled in advance. The
approach we propose allows these kinds of interactions. The users are controlled by
the process model but can take some freedom on the way they exchangeidgta du
their execution and on the way activities are started. This freedom is constrained by
the fact that an anticipating activity is not an actually executing activity. But we feel
that this approach provides a good compromise between the rigidity of esgroce
model and the flexibility needed by a team cooperating on a project. Moreover, the
process model itself remains simple to understand and can still be controlled.

Of course this does not remove the need for a flexible model able to evalvg du
its life time. More specifically, we think that a cooperative process cannot be modeled
entirely at the beginning of its execution. This will be the next step of this work to
adapt the cooperative transaction protocol to a flexible model able to evolve and to be
defined incrementally as it is the case for most cooperative processes.
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Abstract. A Java-based system called the GeoJAVA System was intro-
duced in [I]. This system allows a user to remotely compile his/her own
C/C++ programs and execute them for visualization among a group of
remote users. DISPE, which stands for DIStributed Programming En-
vironment, expands on the GeoJAVA System by allowing the resulting
executables to be run on systems other than the host on which they were
compiled, thus making the system more versatile. DISPFE uses Common
Object Request Broker (CORBA) services to enable executables com-
piled on this system to invoke methods in libraries on remote sites in
an architecturally heterogeneous environment. Not only does this allow
users to compile and execute their programs remotely, but the mainte-
nance and duplication of libraries is lowered since agents are used to
search for symbols in libraries located remotely and to compile them
with the user’s source code. As long as there is an Internet connection
between the hosts on which these libraries reside, the agents can search
and compile with these libraries.

1 Introduction

The GeoJAVA System introduced in [I] is a system developed for researchers of
computational geometry to enable them to develop geometric algorithms without
the hassle of the administrative aspects of programming, such as downloading,
setting up and maintaining libraries and compiling programs. Briefly, this system
consists of web-based interfaces where users upload their C/C++ programs that
visualize geometric algorithms to the web server, compile them remotely, and
execute their program, thus broadcasting the results to remote users via the
provided visualization tool. The programs only need to provide minimal code
for the actual visualization, and the management of remote users is provided by
the system.

DISPFE expands on this system to provide a more generalized programming
environment that any researcher can use. Whereas the GeoJAVA System required
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that the user upload their files to a remote host and compile with the libraries
there, DISPFE allows the user to take advantage of mobile agents to compile the
code with distributed remote libraries. So these agents can be dispatched from
a local computer to compile the local source code with remote libraries. Work
related to DISPE will be introduced next, followed by a brief description of the
system’s design. The conclusion and future work are given in the last section.

2 Related Work

DISPE is a system that encompasses several areas. It is an extension of the
GeoJAVA System, which incorporates a visualization tool with a collaboratory,
allowing remote users to interact and solve geometric problems. It is also a
compilation system for distributed libraries, different from existing compilers
for high performance computing or parallel computers. It takes advantage of
mobile agents to search for libraries during compilation, and it uses CORBA for
dynamic, distributed execution. In this section, we discuss some work related to
the main components of DISPFE, namely agents and CORBA. To our knowledge,
no known system provides all of the functionality that DISPE does.

2.1 Agents

The terminology of agents should be discerned between agents of artificial in-
telligence (AI), which are more like robots, and agents as described later in this
article. Projects whose foci are more in the former area include work done by the
Software Agents group at MIT Media Lab[22] and Softbots at the University of
Washington[2].

Quite a few agent products are being developed, as is evident on the Agent
Society home page[11]. Many of these are agent systems that provide a framework
for agent projects. A few major ones are listed below.

Aglets [3] are the agents provided by IBM’s Aglets Software Development
Kit (ASDK), which is an environment for programming mobile Internet agents
in Java. Aglets are Java objects that can move from one host on the Internet
to another. When an aglet moves, it takes along its program code as well as its
data. DISPFE uses Aglets in its implementation.

Voyager [24] is a 100% Java agent-enhanced Object Request Broker (ORB)
that combines mobile autonomous agents and remote method invocation with
complete CORBA support and comes complete with distributed services such
as directory, persistence, and publish-subscribe.

MOA [5] was designed to support migration, communication and control of
agents. It was implemented on top of the Java Virtual Machine and is compliant
with the Java Beans component model, which provides for additional config-
urability and customization of agent systems and agent applications, as well as
interoperability which allows cooperation with other agent systems.
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2.2 CORBA

The Object Management Group (OMG) developed the CORBA standard in
response to the need for interoperability among the rapidly proliferating number
of hardware and software products available. CORBA allows applications to
communicate with one another no matter where they are located or who has
designed them.

Since the inception of CORBA, a number of different vendors have imple-
mented their own versions of CORBA, each a little different from the other,
especially where the CORBA specification was not very detailed. In implement-
ing DISPE, requirements in deciding upon a CORBA implementation included
adherence to version 2.2 of the CORBA specification, ease of use of the API,
and availability. Based on these requirements, TAO and MICO seemed the most
applicable.

TAO|23], is a real-time ORB end system designed to meet end-to-end appli-
cation quality of service (QoS) requirements by vertically integrating CORBA
middleware with operating system I/O subsystems, communication protocols,
and network interfaces. MICO [20] has a clean API that supports the CORBA
2.2 specification, and it is freely available.

There are several other popular vendors who provide CORBA implemen-
tations. A full list of CORBA implementations can be found at [21]. There
are several projects underway using CORBA, as can be seen in [14]. The ones
that seem to be the most closely related to DISPE are the DOMIS Project at
MITRE[15] and GOODE at the University of Lille[T6], the latter of which has
developed CorbaWeb[13] and CorbaScript[12].

3 Design and Implementation

The DISPE system is composed of the original GeoJAVA System plus the Com-
pilation Agents and the CORBAizer. The CORBAizer is an application that
can be downloaded and used by any user, and the Compilation Agents consist
of the Java agents which reside in Agent Contexts on each remote host. These
Agent Contexts provide a layer of security between the agents and the host so
that (1) agents do not gain unlimited access to the host’s resources, and (2) the
host cannot directly manipulate the agents and its data. Figure[I]illustrates the
general architecture for the system. The work involved in implementing these
components of DISPE is given next, followed by a brief example explaining the
general flow of the compilation process using agents.

3.1 The Agents

The Compilation Agents are Java objects that use native compilers. The main
Compiler agent communicates with several types of agents in order to obtain
information and data from remote sites and to complete the compilation process.
These other agents are the Include agent, the Client Agent and the Library Proxy
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Agent. While the main Compiler agent is stationary and remains at the original
site at which the compilation begins, the Include Agent searches for missing
include header files, the Client agent travels and searches for missing symbols
during the linking phase, and the Library Proxy Agent serves as a stationary
agent at each server host that responds to Include Agent requests for header
file locations and to Client agent requests for library locations. Library Proxy
Agents are created and disposed of by the agents who need them.

There is also a Vulture object for the Compiler agent which performs some
checks for fault tolerance. For example, if an agent somehow “dies” unexpectedly,
the Compiler agent would not know of it, so the Vulture object is used as a
separate thread which occasionally sends a “ping” message to the dispatched
agents, and if it does not receive a reply within a certain time frame, it sends a
replacement agent to the same site, or, if the site has gone down, to any existing
backup site.

In order to search for hosts, include header files, libraries and symbols, the
Compiler agent maintains a hash table of this information which is read from
disk upon startup and written to disk before being disposed of. This hash ta-
ble serves as the Directory. The advantage of this approach is that the web
server’s agent host system keeps a central database file of this information in
a simple hash table, and no new protocols or additional management software
need to be introduced into the system. Java proved to be very convenient in this
respect because of its serialization capabilities. So when the Compiler agent is
first started, it reads four hash tables representing the Host, Include, Library and
Symbol Directories containing host, header file, library, and symbol information,
respectively, collected from previous compilations.

3.2 Performing the Compilation

The compilation process performed by the agents are discussed next in a step-
by-step manner.
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Invoking the Native Compiler. The first step is to invoke the compiler. The
original gcc compiler goes through preprocessing, compilation, assembly, and
linking[9], each invoked by separate executables. The linking phase was modified
for the agents to use. In a normal compilation, the linker is automatically called
by the compiler with various flags and options, so in order to keep consistent
with the flags used during a “normal“ compilation, the flags that needed to be
passed to the linker were determined by running a sample compilation with the
verbose (-v) flag. The same flags were then used when the agent called the linker.

The linker’s main () method was modified into a method that was compiled
into a shared library, which the Compiler agent loads when it is instantiated. To
invoke the compiler, then, the Compiler agent first makes a system call to invoke
the C++ compiler with the -c flag, indicating that it should compile up to the
linking stage, but not link. Then the linker is called via the modified method in
the shared library.

Finding Header Files. Before reaching the linking stage, the compiler should
first handle missing header files. A parser is used to parse the messages displayed
during this earlier compilation phase for any messages indicating that an include
file could not be found.

For missing include header files, the Compiler agent will consult its own copy
of the Directory to see if any of the include files have been found before. If so,
an Include Agent is dispatched to the host where the include files are located,
taking along a list of the missing filenames. If these include files are not located
in the Directory, the Include Agent is sent to the Main Server, which is a central
host where libraries and other host information is stored. The Include Agent will
then begin travelling and searching for the include file names that it has been
given.

When an Include Agent arrives at a host, it searches for a Library Proxy
Agent, and if it cannot find one, it creates it. The Library Proxy Agent reads
the Directory of include files located at the host and sends the Include Agent a
formatted list of include files. When the Library Proxy Agent first starts up, it
also informs the parent of the Include Agent, whose proxy it receives from the
creating agent, of the list of hosts that it “knows” about from its own Directory.
The Compiler agent will then add any new hosts from this list. In this way,
new host information can be dispersed in a “natural” manner by the agents
themselves.

Any include files found are sent back to the Compiler agent and incorporated
into the compilation. This agent keeps track of the “repeat count” which indi-
cates how long it should wait before it should determine that the compilation
cannot continue.

Linking. Once this compilation phase completes successfully, the Compilation
agent will begin the linking phase by making a call to the modified gcc linker.
The linker will first attempt to link the source code with whatever libraries are
available on the local host.
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The linker uses a hash table to store all of the symbols in a compilation,
and within the hash table is a linked list of undefined symbols. During the
compilation, this linked list is used to merge in data from libraries to “pull in”
symbol definitions into the compilation. The agents take advantage of this linked
list for the compilation.

To illustrate a compilation procedure using Figure[], first, the Compiler agent
is instantiated upon a call for a compilation. Given the source code information,
the Compiler agent dispatches an Include agent when it detects any missing
header files in the compilation stage (before the linking stage). So the Include
agent (A) is sent to a host (based on information in the Directory on the DISPE
server), where it finds the Lib Proxy agent. The Lib Proxy agent tells the Include
agent which header files are located there based on the Directory information at
the host. If there is a match for the file that the Include agent is searching for,
the Include agent sends the header file back to the Compiler agent. If there are
missing header files remaining, the Include agent will dispatch itself to the next
host. The result of the compilation determines whether or not to continue on to
the linking stage. The linking stage will begin with a link in order to determine
which symbols are missing. If there are symbols missing, then a Client agent (B)
is dispatched to the hosts where the header files were found. These Client agents
will communicate with the Lib Proxy agents in a manner similar to that of the
Include agent. However, once a symbol is found in a remote library, instead of
sending each symbol back to the Compiler agent, the Client agent will begin its
own “mini-compilation” in order to draw in as many needed symbols as possible.
This process will result in an archive of object files containing the needed symbols
for the compilation, which is sent back (C) to the Compiler agent. When the
necessary symbols are found, the Compiler agent re-compiles the source code
with the archive(s) found, and if more missing symbols remain, a message is
sent to the Client agent(s) to find the new missing symbols (thus incrementing
the “repeat count”). The Client agents are told to dispose of themselves once
the compilation completes successfully (i.e., no missing symbols remain), or the
“repeat limit” is reached (which can be set according to the user’s wishes).

3.3 The GUI

A web interface used as a GUI to the Compiler agent is described next. We use
a daemon which creates a socket and listens for messages to create Compiler
agents. An applet connects to the socket and simply displays any messages that
it receives while listening on the socket. The daemon takes the applet’s socket ID
and passes it to the newly created Compiler aglet. Thus, the Compiler aglet can
send messages to display on the applet to indicate the status of the compilation.

Figure[2 is an instance of this web interface. Note, however, that a user can
also use these agents from their local machine as long as they have downloaded
the necessary components.
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Fig. 2. Agent Compiler GUI

3.4 Registration Tool

The Registration Tool is a Java application that the user runs when he/she
wishes to make a library available to the agents. Once a library is registered into
the system via this Registration Tool, agents can find the new library when they
arrive at the host through the Context providing the registered information. In
the case that a new host is being created, the host can be added to the system
during a compilation, where, in the beginning, the Compiler Agent will ask if
any new hosts are to be added, and the user can input the information at that
time.

3.5 The CORBAizer

Although the compilation agents can compile with static libraries, compiling with
shared, or dynamic link, libraries is a different story. Because shared libraries
are only useful (at the time of this writing) in a system where they are loadable
into the address space of the running executable [], they cannot be used in a
distributed system. In addition, we still have architecture issues where libraries
on different architectures cannot be compiled together, even if they have symbol
definitions to offer. Fortunately, these issues dissolve with the CORBAizer.

The CORBAizer is based on the Exerciser Generator introduced in the Run-
Class tool[T0]. This tool dynamically instantiates objects through the user’s com-
mands via the GUI and allows the methods within these objects to be examined.
In order for a library to be inspected, the header files of the library have to be
parsed and converted into a format that the system’s engine can understand.
The CORBAizer is based on this parser that is used in the RunClass tool.
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The CORBAizer parses the header files of a library and generates two sets of
C++ code: server code and client code. These source code files can be compiled
separately, even on separate architectures, and used to communicate with each
other via CORBA. Once the CORBAizer generates the server and client source
files from the header files, the server code is compiled with the original library
corresponding to the input header files, and the client code is used to generate
a new library that is registered with DISPE, as was described previously. The
server code can either be added to the CORBA Implementation Repository,
which is a daemon that will automatically call the server when a request for a
method in its library is called, or the server can be run manually to wait for
requests from clients. Then, once the client library is added to the system, any
program using the classes and methods defined in the original, possibly shared,
library will be compiled with the client library just generated, and when the
program is executed, the user’s program will use CORBA to make a connection
with the server program which executes the appropriate methods remotely. The
user need not be concerned with any details of the CORBA implementation since
it is all handled by the client library.

The basic idea behind the CORBAizer is that from a library’s header files, a
“skeleton” for the library’s contents can be retrieved, which is used to generate
the server and client code. The client is a copy of the skeleton with the implemen-
tations of the objects replaced by CORBA calls for searching for and connecting
with the server and invoking the “real” methods. The server code takes advan-
tage of CORBA’s tie feature [6], which allows legacy classes to be wrapped by a
CORBA class that takes the legacy class as the object of a template. The legacy
class is then called when the CORBA class in the server receives a request for a
method invocation.

4 Conclusion and Future Work

DISPE has great potential in paving the way for a new style of programming.
Much of the latest and most solid technology in computer programming has been
incorporated into the system, such as Java and CORBA. This should prove to
be a plus for DISPFE as it has been built on technology with a solid foundation.

The use of Java-based agents is indeed an innovative concept, and one that
can grow and be useful for years to come. There are no signs of the C/C++
language weakening in the future, despite the growing use of Java. Thus, the
integration of two of the most popular languages today in a distributed sys-
tem should be very beneficial for C/C++ programmers. Remote compilation,
whether using the “Traditional” or “Agent Compilation” frees users from wor-
rying about the setup of libraries and include files and their directories, allowing
them more time to focus on programming. The remote execution is all loca-
tion transparent, where groups of users at remote sites can easily demonstrate
geometric algorithms to one another, and the CORBAizer is especially useful
in allowing remote libraries to be accessed during a program’s execution. The
CORBA.Izer should be very practical for users of existing legacy libraries written
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in C/C++. It is not easy to manually develop CORBA libraries from scratch,
let alone to port a legacy library to CORBA. Thus, the CORBAizer will defi-
nitely be useful for all programmers in any field where there is a need to integrate
legacy systems with CORBA. Finally, remote debugging capabilities, a necessity
for most programmers, complete the DISPFE package. No known system provides
such a complete programming framework.

In determining how we were to implement the search for hosts and libraries
(“searching” for symbols is performed once an agent reaches a remote host and
access a library), at first, the lightweight directory access protocol (LDAP)[T918]
seemed very attractive. The attractiveness was compounded by the fact that
Sun Microsystems also announced the availability of the Java Naming and Di-
rectory Interface (JNDI)[I7] which supports LDAP. Therefore, as more hosts
and libraries are added to the system, the use of LDAP may become useful in
implementing the Directories used in the system. This would address versioning
and consistency issues related to the header files and libraries introduced into
the system.

As in any distributed system, the issue of security needs to be addressed, es-
pecially in the compilation and execution of programs that use foreign libraries.
Both the code being compiled and the libraries registered in the system need
to be checked for any potentially dangerous code such as system calls. In ap-
proaching this issue, agents may use a little more intelligence in compiling the
user’s code, perhaps by detecting any potentially dangerous methods and check-
ing with the user if the detected code should be compiled into the program. A
similar procedure may be followed during the registration and/or CORBAization
of libraries.

The CORBAizer that has been implemented generates server and client code
that is compatible with MICO’s CORBA implementation. So future work can
be put into generating code for other CORBA implementations as well.

The Registration Tool currently reads three sets of files to determine the
libraries and include files available to the compilation agents. However, in the
case when large lets of libraries and include files are residing on a system, it may
be more efficient to use a database. Therefore, the Registration Tool may make
use of a database in the future.
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Abstract. N-body codes are routinely exploited for simulation studies
of physical systems, e.g. in the fields of Computational Astrophysics and
Molecular Dynamics. Typically, they require only a moderate amount
of run-time memory, but are very demanding in computational power.
A detailed analysis of an N-body code performance, in terms of the
relative weight of each task of the code, and how such weight is influenced
by software or hardware optimisations, is essential in improving such
codes. The approach of developing a dedicated device, GRAPE [{], able
to provide a very high performance for the computation of the most
expensive computational task of this code, has resulted in a dramatic
performance leap. We explore on the performance of different versions of
parallel N-body codes, where both software and hardware improvements
are introduced. The use of GRAPE as a ’force computation accelerator’
in a parallel computer architecture, can be seen as an example of Hybrid
Architecture, where a number of Special Purpose Device boards help a
general purpose (multi)computer to reach a very high performance.

1 Introduction

N-body codes are a widely used tool for the simulation of dynamics of astro-
physical systems, such as globular clusters, and galactic clusters [£]. The core of
an N-body code is the computation of the (gravitational) interactions between
all pairs of particles which compose the system. Many algorithms have been de-
veloped to compute (approximate) gravity interactions between a given particle
i and the rest of the system [BEH. Our research is concerned with the simplest
and most rigorous method [, which computes the exact value of the gravity
force that every other particle exerts on . Unlike the well-known hierarchical
methods [, this method retains full accuracy, but it implies a computational
load which grows as N2, being N the total number of particles. Consequently
the computational cost becomes excessive even with a few thousands of particles,
making parallelisation attractive. Recently, parallelisation of N-body codes has
become an important research issue [EIEANA].

The huge computational requirements of N-body codes make the design and
implementation of special hardware worthwhile. The goal of our research is the
study of an emergent evolution in this field: Hybrid Computer Architectures.

M. Bubak et al. (Eds.): HPCN 2000, LNCS 1823, pp. 249, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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An hybrid architecture is a parallel general purpose computer, connected to a
number of Special Purpose Devices (SPDs), which accelerate a given class of
computations. An instantiation of this model is presented in [id]. In the light of
this, we have evaluated the performance of such a system: two GRAPE boards
attached to our local cluster of a distributed multiprocessor system [#]. The
GRAPE SPD [, is specialised in the computation of the inverse square law,
governing both gravitational and electrostatic interactions:

m;ms;

Fi =G (I‘j — I‘i) (1)

v —rif?

(where m; and m; are star masses in the gravity force case, and charge values,
in the Coulomb force case). The performance of a single GRAPE board can
reach 30 GigaFlop/s. Gravothermal Oscillations of Globular Clusters cores, and
other remarkable results obtained by using GRAPE, are reported in [H]. Though
some fundamental differences, like electrostatic shielding, exist, this similarity
in the force expression allows us in principle to use GRAPE for both classes of

problems.
Our research aims at understanding how such architectures interact with a
given application. For this purpose, we have used NBODY1 [# as a reference

code. It is a widely used code in the field of Computational Astrophysics. It is
rather simple, but includes all the relevant functionalities of a generic N-body
code. By using NBODY1, we can determine the scaling properties of various
parallel versions of the code, with and without use of GRAPE boards. The data
obtained are used for the realisation of a Performance Simulation model that
will be used to study a more general class of hybrid architectures and their
interaction with various types of N-body codes.

2 Architecture Description

The GRAPE-4 SPD is an extremely powerful tool for the computation of inter-
actions which are a function of 2. Given a force law like (), the main function
of a GRAPE board is to output the force that a given set of particles, the j-
particles, exerts on the so called i-particles. This is done in a fully hardwired
way, by means of an array of pipelines (up to 96 per board). Each pipeline per-
forms, at each clock-cycle, the computation of the interaction between a pair of
particles.

A GRAPE-4 system consisting of 36 boards was the first computer to reach
the TeraFlop/s peak-speed [M]. GRAPE-4 is suitable for systems of up to 10*—10°
particles, when running an N-body code whose computational complexity scales
as N2 (-) More sophisticated algorithms exist, which reduce the computing
cost to O(N - log N), at the price of a decreased accuracy, and an increased
code complexity [BEA]. The latter codes change the work distribution between

! Besides the O(N 2) complexity due to force computation, another term due to tem-
poral integration has to be accounted for. See discussion in next section.
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the GRAPE and the host, since many more computations not related to mere
particle-particle force interactions must be done by the host. This can make the
host become the system’s bottleneck, and makes interesting a study of architec-
tures where the host is a high performance parallel machine.

We connected two GRAPE boards to two nodes of our local DAS cluster.
The DAS is a wide-area computer resource. It consists of four clusters placed in
various locations across the Netherlands (one cluster is in Delft, one in Leiden,
and two in Amsterdam). The entire system includes 200 computing nodes. A 6
Mbit/s ATM line connects remote clusters. The main technical characteristics
of our DAS-GRAPE architecture are summarised in the table below:

‘ local network ‘ host ‘ GRAPE channel

Myrinet PPro 200 MHz|2 boards 30 GFlop/s peak| PCI9080

150 MB/s peak-perf.| 64 MB RAM |62 and 94 pipes per board|33 MHz clock

on-chip memory for
20.000 j-particles 133 MB/s

40 ps latency 2.5 GB disk

3 Code Description

We chose NBODY1 as the application code for our performance analysis work
because it is a rather simple code, but includes all the main tasks which GRAPE
has been designed to service. This allows us to evaluate the performance of our
system. A number of modifications have been made on the code, in order to
parallelise it, and to let it make full use of GRAPE’s functionalities. An overview
on the code is given in what follows. We made use of MPI to parallelise it.

3.1 The Basic: Individual Time-Step

The original version of NBODY1 uses individual time-steps. Each particle is
assigned a different time at which force will be computed. The time-step value
At depends on the particle’s dynamics [2]. Smaller At values are assigned to
particles having faster dynamics (i.e. those particles which have large values
in the higher order time derivatives of their acceleration). At each iteration,
the code selects that particle having the smallest ¢t + At value, and integrates
only the orbit of that particle. This reduces the computational complexity, with
respect to a code where a unique global time step is used. The individual time
step approach reduces the temporal complexity to O(N 1/3 ), whereas the global
time step approach is O(N2/3) @ ().

An effect of individual times is that, for each particle, values stored in memory
refer to a different moment in time, i.e. the moment of its last orbit integration.
This means that an extrapolation of the other particles’ positions to time ¢; is
needed, before force on i is computed.

2 These figures for the temporal complexity are valid for a uniformly distributed con-
figuration. More realistic distributions show a more complicated dependence on IV,
although quantitatively only slightly different.
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Parallelisation. Since contributions to the gravity force on a given particle ¢ are
computed from all the other particles using eq. (ll), regardless of their distances
from ¢, an uniform distribution of particles to each processing element (PE)
suffices to assure load balancing. The force computation is done by broadcasting
the coordinates of the currently selected particle i. Then each PE computes the
partial component to the force on ¢, by accumulating contributions from its own
particles. Finally such components are sent back to the PE which hosts ¢, where
the force resultant is computed, the particle’s orbit is integrated, and the new
values are stored.

To identify the particle ¢ on which force will be computed, a global reduction
operation is done, in order to find which particle has the least t; + At; value,
and which PE owns it. This information is broadcasted to all PEs, since they
must know the extrapolation time, and the ¢-particle owner.

3.2 Toward a GRAPE Code: Block Time-Step

Since its introduction, NBODY1 has evolved to newer versions, which include
several refinements and improvements (cf. [E]). In the version of NBODY1 used
in our study we implemented the so called hierarchical block time step scheme [H].
In this case, after computing the new At;, the value actually assigned is the value
of the largest power of 2 smaller than At;. This allows more than one particle
to have the same At, which makes it possible to have many i-particles per time
step, instead of only one. Using this approach, force contributions on a (large)
number of ¢-particles can be computed in parallel using the same extrapolated
positions for the force-exerting particles, hereafter called j-particles. Moreover,
when a GRAPE device is available, it is possible to make full use of the multiple
pipelines provided by such hardware, since each pipeline can compute the force
on a different particle concurrently.

Parallelisation. Having many i-particles, instead of only one, makes attractive
to use a somewhat different parallel code structure. If the i-particles reside on
different processors, distributing the particles as in the individual time-step case
could cause too convoluted communication patterns, with consequential increase
of code complexity. Therefore, we chose to let every PE have a local copy of
all particle data. The force computation is done in parallel by making each
PE compute force contributions only from its own set of j-particles, assigned
to it during initialisation. A global reduction operation adds up partial forces,
and distributes the result to all PEs. Then each PE integrates the orbits of
all i-particles, and stores results in its own memory. For what concerns the
search for i-particles, each PE searches among only its j-particles, to determine
a set of ¢-particles candidates. Then a global reduction operation is performed
on the union of such sets, in order to determine the real i-particles, i.e. those
having the smallest time. The resulting set is scattered to all PEs for the force
computation. Since every PE owns a local copy of all particle data, only a set of
labels identifying the i-particles is scattered, reducing the communication time.
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i-particles are those particles
on which force is computed.
GRAPE needs position, velo-
city and mass of those parti-
cles to compute forces and
force derivatives.

£

‘ send all particles data as j-particle:

find new i-particles and extrapolat
i-particles’ positions at current tim

‘ send i-particles data to GRAPE

j-particles are those particles
which exert force. GRAPE
needs position, velocity, ac-
| Wait for GRAPE to compute forces acceleration, acc. derivative,
mass and individual time of
those particles to extrapolate
their positions and velocities
‘ at current time, and compute
‘ integr. i-ptcls orbits and store resul*s forces

‘ send updated ptcls’ data as j-ptcls if not exit

|

-

‘ Retrieve results

@

Fig.1. Basic sketch of NBODY1 tasks. Diagonal arrows symbolise communication
with GRAPE.

3.3 The GRAPE Code

The API for the GRAPE hardware consists of a number of function calls, the
most relevant for performance analysis being those which involve communica-
tions of particles data to and from the GRAPE. Such communication operations
are: sending j-particle data to GRAPE, sending i-particle data to GRAPE, re-
ceiving results from GRAPE. A sketch of the program flow for an N-body code
which uses GRAPE is given in fig. B

Parallelisation. The presence of the GRAPE boards introduces a certain de-
gree of complexity in view of code parallelisation. The GRAPE-hosts obviously
play a special role within the PEs set. This asymmetry somehow breaks the
SPMD paradigm which parallel MPI programs are expected to comply with.
Besides the asymmetry in the code structure, also the data distribution among
PEs is no more symmetric. The force computation by exploiting GRAPE boards
is done, similarly to the non-GRAPE code, by assigning an equal number of j-
particles to each GRAPE, which will compute the partial force on the i-particle
set, exerted by its own j-particles. After that, a global sum on the partial results,
done by the parallel host machine will finally give the total force. The GRAPE
does not automatically update the j-particles’ values, when they change accord-
ing to the system evolution. The GRAPE-host must take care of this task. Each
GRAPE-host holds an ‘image’ of the j-particles set of the GRAPE board linked
to it, in order to keep track of such update. Since all force computations and
j-particles positions extrapolations are done on the GRAPE, the only relevant
work to do in parallel by the PEs set, is the search for i-particles candidates,
which is accomplished exactly as in the code described in the previous sub-
section.
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4 Results

Measurements for the evaluation of performance of the codes described in the
previous section were carried out. They were intended to explore the scalability
of parallel N-body codes. Sample runs were made scaling both N, and PEs;
the former from 1024 to 16384, the latter from 1 to 24. NBODY1 does not
need a large amount of run-time memory, just about 200 bytes per particle, but
is heavily compute-bound [H]. Our timings were carried out in order to show
the relative computational relevance of the various code tasks, and how such
relevance changes as a function of N and PEs.

Our runs were started having a Plummer model distribution as initial con-
dition (density of particles decreasing outward as a power of the distance from
the cluster centre). The gravity force is modified by introducing a softening pa-
rameter, which is a constant term, having the dimension of a length, which is
inserted in the denominator in eq. (ll). It reduces the strength of the force in case
of close encounters and thus prevents the formation of tightly-bound binaries.
In this way very short time-steps and correspondingly long integration times are
avoided. The use of a softening parameter is common practice in N-body codes.
In our runs, this parameter was set equal to 0.004. As a reference, the mean
inter-particle distance in the central core of the cluster, when N = 16384, is
approximately equal to 0.037.

4.1 Individual Time-Step Code

The essential tasks of this version of the code (hereafter called IND) are basically
the same as in the code-flow depicted in figure [l That case refers to the code
which makes use of GRAPE; in the present case no communications with the
GRAPE device are done.

As described in the previous section, the parallel version of this code im-
plements communications in the task regarding the i-particle search, and when
i-particle’s position is broadcast, and partial forces are gathered by the PE that
owns the i-particle. Figure Bl shows the timings and the related performance of
the parallel version of the IND code. Performance is defined as:

t1

P =
" n-ty,

where n is the number of PEs used, and t, the execution time when using n
PEs. Timings refer to 1000 iterations of the code. Their dependence is linear
with respect to NN, since the number of operations to compute the force on
a given particle scales linearly with N, and in each run the same number of
force computations is performed, i.e. 1000, independently of the total number of
particles. An interesting super-linear speedup is visible in fig. B, arguably due
to an optimised cache utilisation. This figure also clearly shows how this code
suffers of a communication overhead when the computational work-load is light,
i.e. for low values of the N/PEs ratio, but performs quite satisfactorily when
this ratio is high, thanks to the compute-intense characteristics of the N-body
code, and the high performance communication network of our architecture.
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Fig. 2. a: Global timings for the parallel individual time-step code, running for 1000
iterations. b: Performance of the code.

4.2 Block Time-Step Code

The basic tasks of this version of the code (BLOCK hereafter) are the same as
those described for the IND code. The only difference is that now the number
of i-particles per iteration can be greater than 1. As stated, this optimises the
force computation procedure, also in view of the use of GRAPE, but, on the
other hand, increases the communication traffic, since information about many
more particles must be exchanged each time step.

The effect of this is clearly shown in the figures presented here. Fig. ll shows
total timings and performance of this code; in this case the execution time grows
as a function of N2 because the number of i-particles, i.e. the number of force
computations, grows approximately linearly with V. Since the computational
cost for the force on each particle also grows linearly with N, the resulting
total cost is O(N?). A table listing the mean number of force computations per
iteration, to show such linear scaling with N, is given in fig. [flc. Fig. b shows

10000 12
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Fig. 3. a: Global timings for the parallel block time-step code. Here force on many
particles is computed at each time-step b: Performance of the code.
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Fig. 4. Evolution of execution time shares. a: runs with 1024 particles; b: runs with
16384 particles; ¢: Mean number of i-particles (i.e. of force computations) per iteration
in the runs of the BLOCK code.

how the performance gain of this code is less spectacular than the gain of the IND
code, since communication overhead plays a larger role in the total execution
time. This large overhead can be seen in figures Bla,b, which also show how the
execution time shares evolve as a function of PEs number. These figures show
that for the BLOCK code, almost all the computational part of the execution
time is spent in the force computation task; the j-particles extrapolation, that
takes roughly 25 ~ 30% of the total time in the IND code (data not shown),
here is reduced to a fraction of one percent.

4.3 GRAPE Code

The code version which makes use of GRAPE boards will be called GRP here-
after. A code-flow of the serial version of GRP is sketched in fig. B The com-
munication overhead of the parallel version now includes also network commu-
nications. The parallel code runs have been done by using only the DAS nodes
connected to the GRAPE boards at our disposal, thus the maximum number of
PEs in this case is 2.

It is clear from fig. ll that the parallel performance is very poor. The large
communication overhead, which dominates the GRP code as can be seen in fig.
B can explain this. Here, GRAPEO refers to the GRAPE with 62 pipelines,
and GRAPE1 to the GRAPE with 94 pipelines. Figure B shows that runs on
GRAPE1 are a bit faster, thanks to the larger number of pipelines available.
The other figure shows that, apart from the large communication overhead, the
time share spent in GRAPE computations (i.e. force computations) is quite low,
resulting in a low efficiency of this code, in terms of GRAPE exploitation. One
reason for that is of course the very high speed of the GRAPE. This device
is by far faster in accomplishing its task than its host and the communication
link between them. The figures clearly show that for our hardware configuration
the capabilities of the GRAPE will only be fully utilised for problems of over
40000 particles (for single GRAPES) and approximately double than that for
the parallel system. This number is, however, limited by the on-board memory
for j-particles of GRAPE.
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Fig. 5. Execution time for the GRP code.

Measurements [ show that most of the time spent in communication is
due to software overhead in copy operations and format conversions; analogous
measurements [B], performed on a faster host, showed a higher communication
speed, linearly dependent on the host processor clock speed. Nevertheless, even
though GRAPE boards are not exploited optimally, the execution times for the
GRP code are by far shorter than those for the BLOCK code. The heaviest run
on 2 GRAPESs is about one order of magnitude faster than the analogous run
of the BLOCK code on 24 PEs. A global comparison of the throughput of all
codes studied in this work is given in the next subsection.

4.4 Codes Comparison

In order to evaluate the relative performance of the three versions of the N-
body code studied in this work, a series of runs has been made, where both a
8192 particles system, and a 32768 particles system were simulated for 7200

1 . 1
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08 | commun. with GRAPE ] L
.g other tasks ‘g
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= 2 other tasks
k] b v
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£ £ orbit integr. I
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Fig. 6. Evolution of execution time shares. a: runs on GRAPEQ; b: runs on both
GRAPEs. Data for GRAPEL (not shown) are qualitatively very similar to GRAPEO
data.



258 P. Spinnato, G.D. van Albada, and P.M.A. Sloot

100 10

GRP —— GRP ——
BLOCK - BLOCK -
IND IND

10 + i Cmm 5 1 bt s - b

sim. time
-
e
3
i
o
=
v
\
i

0.1}

0.01 0.001
100 1000 10000 100 1000 10000

t(sec) t(sec)

Fig.7. Performance comparison for the three versions of the N-body code. a: runs
with 8192 particles; b: runs with 32768 particles.

seconds. This will illustrate our expected better scaling of the GRP code, with
respect to an increasing computational load. Initial conditions and values of
numerical parameters were identical to the ones previously specified. The fastest
hardware configuration was used in each case, i.e. 24 PEs for the IND and
BLOCK code runs, and 2 PEs (and 2 GRAPESs) for the GRP run. Figs. Ba,b
show the evolution of the simulated time, as a function of the execution time.
In such a way, the performance of each code is made clear in terms of how
long one should wait before a simulation reaches a certain simulated time. The
figures show that the GRP code outperforms the other two codes by a factor
8, when the computational load is lighter, and by a factor 20, with a heavier
computational load. In both cases the BLOCK code is 1.5 times faster than the
IND code, thanks to the optimisation of the j-particles extrapolation step. Fig.
B shows an initial overlapping of these two codes performance curves, due to a
start-up phase, which is not visible in fig. Bla, because at the first timing event
(after 60 s) this system is already stabilised.

These figures clearly show the large performance gain obtained with GRAPE.
Using only two PEs, an order of magnitude better performance was attained
compared to the BLOCK code on 24 PEs. Due to the reduction in the time
needed for the force calculation, the communication overhead for the GRP code
accounts for approximately 50% of the total execution time (cf. fig. H). Hence
an even larger relative gain may be expected for larger problems, as the rela-
tive weight of the communication overhead will become less. The difference in
performance between the two cases shown in fig. Bl clearly illustrates this effect.

5 Discussion

The main conclusions from our work are, apart from the very good parallel
performance of the BLOCK and especially the IND code, that the GRP code
shows a dramatic performance gain, even at a low efficiency in terms of GRAPE
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boards exploitation. Such low efficiency is mainly due to a very high commu-
nication overhead, even for the largest problem studied. This overhead can be
strongly reduced with the use of a faster host, and by the development of an
interface requiring fewer format conversions. The GRAPE hosts in the system
that we studied have a 200 MHz clock speed. Nowadays standard clock speeds
are 3 to 4 times faster; the use of a state-of-the-art processor would reduce the
host and communication times significantly. An extremely powerful machine as
GRAPE, in any case, can be efficiently exploited only when the problem size
remarkably increases, hence attaining the highest SPD utilisation.

The measurements described in this paper have been used to validate and
calibrate a performance simulation model for N-body codes on hybrid comput-
ers. The model will be used to study the effects of various software and hardware
approaches to the N-body problem.
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Abstract. Sophisticated on-line tools play an important role in the soft-
ware life-cycle, by decreasing software development and maintenance ef-
fort without sacrificing software quality. Using multiple tools simultane-
ously would be very beneficial; however, with most contemporary tools,
this is impossible since they are often based on incompatible methods of
data acquisition and control. This is due largely to their relative inde-
pendence, and could be overcome by an appropriately designed common
on-line monitoring system. We consider three possible platforms that
might be potentially capable of addressing this issue, and discuss the
relative merits and demerits of each.

1 Introduction

During software development and maintenance, a substantial amount of time and
effort is spent on testing, debugging, and optimizing the code. This is especially
true for parallel and distributed software [

Performing these tasks efficiently requires elaborate tool support. Among the
tools used, on-line tools provide the most benefits. On-line tools—in contrast to
off-line tools—are applied to an application while it is erecuting, enabling the
tools to adjust to the execution. In addition, such tools are capable not only
of observing target application behavior, but also of manipulating the running
application and guiding its execution trajectory. Numerous different classes of on-
line tools exist. Among the most common are debuggers, performance analyzers,
visualizers, load balancers, and steering tools.

However, there is a fundamental problem with on-line tools. On-line tools re-
quire a module termed an on-line monitoring system (or monitor) that handles
low level accesses to the target system consisting of the hardware, operating sys-
tem, programming environment, libraries, and finally application. These on-line

* This work is partly funded by National Science Foundation grants ASC-9527186 and
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monitors have to support manipulation of the target system as well as observa-
tion. This requirement plus the demand to minimize the probe effect by keeping
unwanted intrusion minimal makes on-line monitors difficult and expensive to
implement. In addition, they lack portability. To reduce costs and size, on-line
tools usually include only a minimal on-line monitor specifically adapted to their
needs. Finally, because on-line monitors access exclusive hardware and operating
system interfaces and often perform modifications (so called instrumentation) to
the target system, monitors from different tools are incompatible.

Being able to use on-line tools concurrently and utilize the synergy of coop-
eration would be desirable. E. g. a user might want to use a visualizer to analyze
the behavior of a distributed application at a high level, and at the same time
use a debugger to analyze the application’s inner workings. Similarly she or he
might want to use a performance analyzer and/or a steering tool while the ap-
plication is executing in a production environment where a load balancing tool
is active. Another example is the desire to concurrently use a debugger and a
checkpoint /restart tool in order to be able to comfortable save and reset the ap-
plication during debugging. The ability to concurrently use different, specialized
tools concurrently would also enable tool builders to create tool environments
by simply combining tool components. However, when a user tries to use two
or more on-line tools concurrently, portions of the different monitors conflict,
causing the tools, the application, or both to exhibit erroneous behavior, or
frequently, crash. Often, it is not even possible to concurrently start the tools
due to incompatibilities caused by structural conflicts or conflicts on exclusive
interfaces among their monitors.

At the user level, this is counter-intuitive and violates the principle of or-
thogonality. Aspects of the implementation (e. g. modifications performed to the
target system) of certain tools disrupt others and cause the tools to fail. It would
be desirable to be able to use tools concurrently. This is what we will term on-line
tool interoperability: tools that can be concurrently applied to the same appli-
cation and offer the possibility to cooperate. Tool interoperability affects two
levels: the monitoring level (observation and manipulation of the shared target
system) and the user level (consistency and cooperation at the user interface
level). The focus of this paper is on the more complex monitoring level.

2 Interoperability

The term interoperability is used in many circumstances, most of which don’t
relate to our area of focus. Several standards exist that address interoperability
in the wider sense, but are not usable for on-line monitoring. CORBA (Common
Object Request Broker Architecture) [ is a middleware architecture address-
ing interoperability among distributed object oriented software components.
ToolTalk [A] is a mechanism that enables different applications to communicate
and thereby interoperate. However, CORBA and ToolTalk only address appli-
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cation level aspects and are not sufficient for the purpose of monitoringl PCTE
(Portable Common Tool Environment) [H is a framework to support integrated
software engineering tool environments. It defines how different tools may share
common objects during development. Its support to access running applications
is neglectable and it is not usable for interoperable on-line monitoring. There-
fore, while technologies aimed at interoperability exist, they address scenarios
different from the monitoring situation we are addressing.

To enable interoperable on-tools, accesses to shared objects (hardware, oper-
ating system, libraries, application processes, ...) among the tools have to be
coordinated. Coordinating accesses from different independent monitoring sys-
tems is hardly possible without support from the operating system. Therefore,
the only practicable way to support coordinated accesses at the user level is
to base all tools on a common monitoring system. Thereby, structural conflicts
and possible conflicts on exclusive interfaces can also be solved through careful
implementation, enabling tools to concurrently co-exist.

Once this is achieved, logical conflicts may still be encountered when one tool
modifies an object that is assumed to remain invariant by some other tool (e. g.
when a visualizer shows a process executing on node A while a load balancer has
migrated this process to node B). This leads to a consistency problem concerning
explicit manipulations of shared objects.

On the other hand, transparency problems can occur, meaning that imple-
mentation dependent side effects from one tool are observed by another tool,
although they should be hidden, e.g. when a tool reads a trap instruction in-
stead of a normal program instruction, because another tool has set a breakpoint
at that particular code address.

Without further measures, tools cannot consistently co-exist []: in the pres-
ence of manipulations from other tools, due to logical conflicts, they cannot
preserve a consistent view of the target system. To resolve logical conflicts, the
monitor as well as the tools must be enhanced. The monitor must provide a
mechanism to notify the tools about other tools’ accesses. The tools must pro-
cess these notifications and update any internally held or assumed information
about the application to regain consistency.

Three recent on-line monitoring systems are candidates that might be used as
platforms to implement consistently co-existent and interoperable on-line tools:
DAMS/PDBG, DPCL, and OMIS/OCM. We will examine the systems in this
order. Their capabilities to solve structural and logical conflicts will serve as a
guideline to determine the level of interoperability support. Abilities to overcome
consistency and transparency problems will be examined.

3 DAMS/PDBG

DAMS is a distributed monitoring system infrastructure developed at the Uni-
versidade Nova de Lisboa, Lisbon, Portugal [Hfif]. DAMS is designed as a collec-

1 CORBA and ToolTalk, however, could be used by interoperable tools to interact at
the user level, after the problems at the monitoring level have been solved.
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tion of distributed daemons communicating via standard protocols. It includes
a clearly defined interface of how this infrastructure can be extended. The basic
structure is depicted in figure [ll
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Fig. 1. Basic DAMS architecture

The standard daemons in DAMS are the central manager and one local man-
ager per node in the distributed system. The daemons and all communication
between daemons, tools, and service extensions is handled by DAMS. As such,
DAMS does not provide any built-in service functionalities. To support specific
types of tools, the basic infrastructure has to be extended. Functionality can
be added by providing additional services. Services consist of a service module
that is linked to the central manager, and a service driver, that is a stand-alone
process connected to the local manager. Each service driver controls exactly one
application process on its node.

Tools that interact with DAMS are linked with a special library. This library
converts function calls to messages which are then passed to the central manager.
The central manager identifies the service module that is responsible for handling
the request contained in the message and forwards the necessary information.
The corresponding service module inside the central manager is responsible for
handling all distributed semantics. It takes appropriate actions and—via the
central manager—sends messages to all local managers concerned. The local
managers again forward the requests to the corresponding service drivers. Service
drivers are responsible for implementing the local semantics. There is one service
driver per application process, thus a service driver does not have to handle
issues concerning parallelism or distribution. All replies follow the same stages
in opposite order.



Interoperability Support in Distributed On-Line Monitoring Systems 265

The first service extension implemented for the DAMS system was a dis-
tributed debugger, DDBG, later replaced by PDBG []. To implement the ser-
vice extension, a debugging service module was implemented and brought into
the service manager. In addition, a debugger service driver was written that uses
gdb [£2] to control the actual application process. Thus, per application process,
there are two additional processes running: a debugger driver and gdb.

Since the DAMS infrastructure is very flexible and easy to extend, different
classes of tools can be built on top of it, e. g. debuggers or performance analyzers.
It is also possible for several tools to concurrently connect to the same applica-
tion. However, DAMS does not provide any means to coordinate actions between
different service extensions, thus tools built using different service extensions will
not interoperate.

Nevertheless it is possible to build interoperable tools with DAMS. If the
tools share the same service extension, this extension can be designed and im-
plemented in such a way that tool interoperability becomes possible. Structural
problems can be solved, enabling the tools to coexist. This has already been
done in the development of the debugging service, PDBG. The PDBG extension
offers services to control processes and to inspect and modify state, memory and
registers. This is sufficient for a variety of tools as has already been demonstrated
by basing a debugger, a test tool, and a graphical design environment on it. Be-
sides compiler generated debugging information, no additional instrumentation
like modified libraries is needed. This eliminates structural conflicts that could
occur in libraries. Because only the PDBG driver accesses a process, no conflicts
on potentially exclusive interfaces (like ptrace) occur.

To help resolve logical conflicts, PDBG allows tools to observe and get no-
tified about other tools’ actions on shared processes. Thus it becomes possible
to implement tools that may co-exist without conflicts. DAMS supports to solve
structural conflicts and logical conflicts as far as consistency problems are con-
cerned. However, some problems remain:

- The debugging service in its current form can not support a broad spectrum
of tools. E. g. its run-time overhead is far too big for the purpose of perfor-
mance analysis. Extending the service to support a broader class of tools
would require a complete rewrite of the service daemon since basing it on
gdb is no longer feasible.

- Trying to solve transparency problems would also require a rewrite of the
service.

Because transparency problems are not addressed, concurrently co-existing
tools can observe implementation dependent side effects that should rather be
hidden. Nevertheless, DAMS/PDBG is an excellent example of a contemporary
tool infrastructure that supports interoperability among tools. Future develop-
ments will enhance its capabilities and provide a promising perspective for the
future.
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4 DPCL

DPCL (Dynamic Probe Class Library) [E2I] is a project from IBM Corpora-
tion, partly in cooperation with the University of Wisconsin, Madison, and the
University of Maryland, College Park. It defines a C++ class library that offers
dynamic instrumentation of distributed applications.

The reference implementation of DPCL is built on the dyninst-API [, the
same API that was derived from Paradyn [H]. In order to support distributed
applications, DPCL adds several daemon processes that can be distributed in a
network. Clients then connect to these daemons. Similar to dyninst, a tool can
dynamically insert pieces (called probe expressions) and even load modules of
code into the application processes. The architecture of the DPCL implementa-
tion is illustrated in figure H.
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Fig. 2. DPCL architecture

dyninst

On each node of the monitored system, there is a daemon to which tools can
connect. The daemon manages all application processes on its node. A single
tool can connect to multiple daemons and through them, to nodes. Also, mul-
tiple tools can connect to the same daemon and thus to the same application,
concurrently. As in DAMS, communication and distribution are hidden by a
library linked to the tools.

According to ], DPCL is “designed to: ... increase interoperability among
tools”. Indeed, because all tools access the application through DPCL, only the
shared DPCL daemon directly accesses an application process. Owing to this
architecture and because the dyninst-API handles conflicts on process objects,
structural conflicts as well as conflicts on implicitly shared exclusive objects like
like the ptrace- or /proc-interface are solved by DPCL. Thus, tools may co-exist
within this framework.

However, DPCL does not provide any means for detection and resolution of
logical conflicts. Thus, consistency and transparency problems can not be solved,
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making it impossible to implement consistently coexistent tools based on DPCL
alone.

This means that at the current time, there is no support to build consistently
co-existing or cooperating tools on top of DPCL. DPCL primarily aims at im-
proving the portability of tools. Interoperability in the sense of this survey is a
possible future extension.

5 OMIS—On-Line Monitoring Interface Specification

OMIS (On-Line Monitoring Interface Specification) started out in 1995 as a
joint project between LRR-TUM, Technische Universtitdt Miinchen, Munich,
Germany, and Emory University, Atlanta, GA, USA. The goal of this project
was to create a standard for runtime tool development for parallel and distributed
systems [H]. The specification defines an interface of a programmable monitoring
system that is powerful and general enough to support a wide variety of tools.
To support this versatility, and in order to be able to support newer tools and
different programming environments, OMIS is designed to be extensible.

OMIS alone is only a specification. The implementation, OCM (OMIS com-
pliant monitor), was also started at LRR-TUM. It targets PVM environments
and is termed OCM/PVM. The implementation is not yet complete; the cur-
rent version serves as a platform for two tools, also developed at LRR-TUM, a
debugger (DETOP), and a visualizer (VISTOP). An initial version of a check-
pointing tool (CoCheck) is also running. The basic architecture of OCM/PVM
is depicted in figure [l

NDU I:
Tool B local I
monitor

Fig. 3. Basic OCM/PVM architecture

Node A

local
monitor

Just like DAMS and DPCL, OCM/PVM is implemented as a distributed
system of communicating processes. Tools access the monitor through a library
that hides communication details. Requests issued by the tool are first sent to a
daemon termed the NDU (Node Distribution Unit). Here, requests are parsed,
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global semantics are handled and the requests are broken up into sub-requests
that can be handled on a single node. The NDU inserts and handles all necessary
synchronization actions. Then, the sub-requests are sent to the local monitors,
one of which runs on every node in the monitored system. The local monitor
controls all application processes on its node and is responsible for handling
local requests. It does not have to handle issues relating to distribution. Replies
relating to tool requests are sent from the local monitors to the NDU, where
they are analyzed and assembled before finally arriving at the tool.

Since performance analysis tasks have to be handled extremely efficiently,
some actions are executed in the context of the observed application processes.
OCM does not utilize dynamic instrumentation, therefore, parts of the monitor
have to be linked to the application code before runtime. In addition, libraries
are instrumented with monitoring components which could potentially result in
structural conflicts.

However, OCM/PVM is designed and implemented in such a way that these
and other structural conflicts, and conflicts on exclusive objects are resolved.
All tools that share an object use the same controlling monitor process that
coordinates accesses. Therefore, coexisting tools are possible.

Since OMIS is intended for research in interoperable tools, it goes one step
further and also addresses logical conflicts. It defines events that signal accesses,
which may be used to partly overcome consistency problems. However, there are
also some shortcomings.

— The implementation is incomplete and some services required for consistency
are missing from the current implementation.

— The defined events relate to actions performed by the tools. Because the
monitor is extensible and new actions can be defined, a tool can not observe
events that relate to an extension it does not know about.

— There is no defined way to solve the transparency problem.

The remaining possible consistency problems have their cause in OMIS’ and
OCM’s extensibility. Similarly to DAMS, transparency problems are not yet
being addressed. Nevertheless, OMIS/OCM is also a promising foundation for
further interoperable tools research.

6 Summary

Today, several approaches exist that provide starting points for research in in-
teroperable on-line tools. To support interoperable tools at the monitoring level,
structural as well as logical conflicts have to be solved. All three systems exam-
ined in this paper can solve structural conflicts. Two of the systems also address
logical conflicts and thus allow to overcome the consistency problem. However,
support for the transparency problem is still unsatisfactory.

Recent developments try to address the transparency problem. While it is
questionable whether all problems relating to tool interoperability can be solved
satisfactorily, we expect that truly interoperable tools that further facilitate soft-
ware development and maintenance will soon become available.
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Abstract. High computational demands are one of the main reasons for the use
of parallel architectures like clusters of PCs. Many parallel programs, however,
suffer from severe inefficiencies when executed on such a loosely coupled archi-
tecture for a variety of reasons. One of the most important is the frequent access
to remote memories. In this article, we present a hybrid event-driven mimgjtor
system which uses a hardware monitor to observe all of the underlying trans-
actions on the network and to deliver information about the run-time behavior of
parallel programs to tools for performance analysis and debugging. This monitor-
ing system is targeted towards cluster architectures with NUMA characteristics.

1 Introduction

Parallel processing is a key technology both for commercial and scientific applications.
Besides traditional multiprocessor and multicomputer systems, clusters of PCs are gain-
ing more and more acceptance. Due to the synchronization and communicti@eh
processes as well as unbalanced allocation of processors, however, the parallel perfor-
mance is often not as excellent as expected. This situation is more seriimgsgnained
parallel systems due to the management and organization overhead. In order to obtain
high system performance, it is therefore necessary to develop tools which will improve
the locality of memory references and balance the load distribution among processors
Growing complexity of hardware, however, makes performance evaluatibclzar-
acterization more difficult. This is especially true for PC-Cluster with DSM character
as in those systems any communication is handled implicitly without the ability for
a direct observation. The challenge is to design a powerful performance monitoring
framework, which is able to deliver detailed information about the run-time communi-
cation behavior and to help the run-time system make correct decisions concerning the
partitioning and redistribution of data and threads. Such a monitoring infrastructure has
been developed for the SMILE (Shared Memory in a LAN-like Environment) project at
LRR-TUM.

The SMILE project @] investigates in high performance cluster computing. As the
limited communication performance over standard LANSs restricts performance-of pa
allel applications, the high-speed low-latency Scalable Coherent Interfalyef]

* Jie Tao is a staff member of Jilin University of China and is currently purshargPh.D at
Technische Universitat Mtichen of Germany
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is taken as interconnection technology. With hardware Distributed Shared Memory
(DSM) and high performance communication characteristics-I&Sed PC clusters

are very suitable for High Performance Computing (HPC). Otherwiskedéda access

and communication among cooperating threads within applications requires detailed
information about the behavior of the system. Monitoring the dynamic behavior of a
compute cluster with hardware-supported DSM like the SMILE PC cluster, however, is
very challenging as communication might occur implicitly on any read or write. This
fact implies that monitoring must be very fine-grained, making it almost impossible to
avoid significant probe overhead with software instrumentation. A hardware monitor is
needed. The SMILE hardware monitor provides the programmer or the system software
with detailed information about any memory transactions on the network and the oc-
currence of user-defined events. With this information, the user or the systevarso

is able to determine why a program runs slowly and how data and threads should be
partitioned or redistributed. The hardware monitor, however, is not at its final stage.
Performance tools must be developed which will analyze the observed behavior and
manipulate the applications in order to achieve a more efficient execution. Based on
a tight cooperation between monitor and tools, memory locality will be improved and
load balancing mechanisms will be implemented. This article presents the design of the
overall system.

The remainder of this paper is organized as follows. In Seflion 2 the SMild= har
ware monitor will be introduced, followed by an experimental evaluation using a few
typical DSM applications in Sectidll 3. The monitor infrastructure is then described in
Sectiorlilt. Finally, we conclude in Sectilln 5 with a short description of related work
and a brief summary.

2 The SMILE SCI Hardware Monitor

The SMILE cluster consists of a number of PCs connected via SCI to a parallel system
with NUMA characteristics (Non-Uniform Memory Access). Each node is equipped
with a PCI-SCI adapter which can be attached by a hardware monitor. The node archi-
tecture of the SMILE PC cluster is shown in Fig. 1.

The PCI-SCI adapter, described in detaill#h [2], serves as an interface between the
PC'’s I/0 bus and the SCI interconnection network. Like any other available PCI-SCI
adapter the SMILE PCI-SCI adapter consists of three logical parts: a PCI unit which
interfaces to the PCl local bus, a Dual-Ported RAM (DPR) in which thenmieg and
outgoing packets are buffered, and an SCI unit which interfaces to the S@bnket
and performs the SCI protocol processing for packets. The PCI unit reected to the
DPR via the DPR bus and the SCI unit via the B-Link. Here, the B-Link, a 64-bit-wide
synchronous bus, serves as the carrier of all incoming and outgoing packets to and from
the SCl interface. Control information is passed between the PCI unihaf8iG| via a
handshake bus.

The SMILE hardware monitoll,8] as part of the event-driven hybrid monitoring
approach is attached to the PCI-SCI adapter as an additional PCI card. As shown i
Fig.1, it consists of three modules: B-Link intack, ounter module, and PCl intexte.

The B-Link, a central point on which all remote memory accesses can be monitored
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Fig. 1. The SMILE SCI node architecture: £RSCI adapter and the hardware monitor
card installed in a PC

is designed to acquire information from packets through the B-Link. The information
includes: transaction command (read, write, lock, unlock), source and destination IDs,
memory address (page number and offset), and other characters (incoming, outgoing,
response, and request).

As part of the hardware monitor, tikReunter modulés responsible for the recording
of the monitoring results. Its three components — an event filter, a static counter array,
and an associative counter array — allow the programmer to utilize it in two working
modes for performance analysis: the static and the dynamic mode. The static mode al-
lows users to explicitly program the hardware for event triggering and action piogess
on definable SCI regions. This can be used to monitor given data structures or parts of
arrays and will likely be applied in combination with language specific profiling ex-
tensions for detailed studies. Here, the event filter is used to allow the programmer to
define events and the static counter array is used to record the frequency of events.

The eventfilter comprises gage tableand anevent stationThe descriptors of all
pages to be observed by the hardware monitor in a node are storedpagbdable
The accurate events, which specify packets including data from certain datiasts
or arrays, are described in theent stationTheevent statiois page framdield points
to a page descriptor in thpage tablavhile thebottomand theopaddress fields specify
the range within the indexed page. Tin@nsaction typelescribes the relevant opera-
tion to that page. Thevent selectois used to decide when to begin and to end the
monitoring of an event. Theounteris used to count the event. When the information
about a packet arrives from the B-Link intack, first the page number and destination
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ID will be compared with the page number and node number irpége table With

the index of thepage tablehe corresponding entries of theent statiomre checked. If

the event matches one of the count events defined by the programmer (and the event has
been previously enabled), the corresponding counter is incremented. The programmer
can also specify events in their programs to enable or disable the couhtingeeent
defined in theevent stationin case a counter overflow, its value will be spilled to a
userdefined ring-buffer, which is also used by the dynamic mode.

Thedynamicworking mode is designed to deliver detailed information to tools for
performance evaluation. In this mode, all packets passing the B-Link will be monitored.
In order to be able to record all remote memory accesses to and fnaaleawith only
limited hardware resources, the monitor exploits the spatial and temporal locality of
data accesses in a similar way as cache memories do. The hardware monitor contains
a content-addressable counter array managing a small working set of theecergty
referenced memory regions. If a memory reference matches a tag in the counter array,
the associated counter is incremented. If no reference is found, a new counter-tag pair
is allocated and initialized to 1. If no more space is available within the counter array,
first counters for neighboring address areas are merged or a counter-tag pair is flushed
to a larger ring buffer in main memory. This buffer is repeatedly emptied bgykieem
software in a cyclic fashion. In the case of a ring buffer overflow, a sigresrs to the
software process urging for the retrieval of the ring buffer's data.

With typical PC 1/O bandwidths of around 80 MB/s (PCl's bandwidth of
133 MBytes per second can only be reached with infinite bursts), morgtoepre-
sents a more 0.8% of the system’s bus load and shouldn’t influence program execution
too much.

3 First Results from the Memory Behavior Tests Using the SMILE
Monitor

We have noticed that some parallel applications don’t run efficiently upon our SMILE
cluster due to too many remote memory accessés [14]. In ordexderstand the mem-
ory behavior of parallel programs in detail we have tested a few applicaftiom the
SPLASH-2 benchmarks suitE16]. As the physical implementation of the hardware
monitor is currently under development, a simulator of the hardware monitor and its
appropriate driver have been implemented. The simulator is based on the multiproces-
sor memory system simulator LimeSi10], which allows to produce a trace file during
the simulation of the parallel execution of an application. The trace file contains all
packets which are transfered in the case that the application runs natively on an SCI-
based cluster. The monitor simulator reads the trace file and treats every ipaitieet
same way as a hardware implementation would. The monitoring results are collected
by the driver and offered to the user. Fig. 2 and Fig. 3 provide a few examples of such
statistics of the memory behavior of the FFT, LU, RADIX and OCEAN programs of
the SPLASH-2 suite LL6].

The results indicate that each page has a different access behavior. Some pages are
accessed much more frequently by local processor while some ones are accessed more
often by remote ones. There are also pages which are accessed evenly by all of the
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Fig. 2. The number of memory accesses of a single pageoaie O related to different
applications

processors. The tests also reveal that for each application the remote memosgscces
take a great proportion of all memory transactions. For FFT, e.g., among the total 93372
memory accesses to shared data by all of the fmges the remote ones are 48139
times, i.e. 51.6% of the total accesses. For the LU program, the ratio ofee@mcesses

to total ones is even 79.1% (4415847 remote, 5582318 total).

4 The Software Infrastructure of the Monitoring System

The results shown above dramatically demonstrate the necessity of memory locality
optimization. In addition to a tool for this task, other tools like a dynamic load balancer
are necessary to reach a close to optimal parallel execution. THigMogdimizer needs
information about memory behavior from the hardware monitor and the load balancer
needs the CPU states of the processors from the operating system, etc. These tools
work sometimes simultaneously and the communication among them is also at times
necessary. Therefore, an interface must exist to connect the tools together and the tools
with the lowtlevel environment together. OMIS / OCM is just such an interface allowing

the safe interoperability between arbitrary OMIS compliant tools.

The OMIS(On-line Monitoring Interface Specificatioffl] [4] project at LRRM
provides the basis to integrate individual tools and the low layers of the computers into
a single environment. OCNLIL5], an OMIS Compliant Monitoring system is a standard-
ized interface which allows different research groups to develop tools that can be used
concurrently with the same program. The OMIS/OCM system has twdégts: one
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Fig. 3. The number of memory accesses of all different pages of Ldaute 0

for interaction with the different tools, the other for interaction with the program and
all system underlying layers which keep the program running. The interaction between
tools and OMIS/OCM system is handled via asynchronous procedure calls. Thre tool
vokes a service request and either waits for results coming back from the OMIS/OCM
system or specifies a call-back to be invoked when results are available. OGNS/
provides means to extend these interfaces.
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Fig. 4. The Software Infrastructure of the Monitoring System

With OMIS / OCM we have designed a whole monitoring infrastructure which is
shown in Fig.4. This infrastructure consists of three main components: Tools, OMIS /
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OCM, and a Lav-level Environment. As described above, the tools need information
about the low-level environment such as node status and mescoegs behavior etc.,
which will be offered by the SMiLE-HW monitor, the program code, libraries, and the
operating system. These are summarized as the Low-level Environment.

The information delivered from the SMILE hardware monitor is purely based
physical addresses and does not suffice for the evaluation of applications. In order to
make the information readable from the application level the translation of physical
addresses seen by the monitor into virtual addresses visible from the application level
must be realized. The translation of virtual addresses into physical address, on the other
hand, also has to be supported as any event definition for the hardware monitor requires
physical addresses. This translation is controlled by the DSM layer, in this case the SCI
Virtual Memory(SCI-VM) [[15]. This layer extends the virtual memory management of
the operating system to a cross-node memory resource control and is responsible for
setting up the correct virtual address mappings to both local and remote memory. It
therefore is able to directly provide the required information to the monitor system and
also the information which aid in the performance evaluation of applications. While
the hardware monitor lacks the ability of monitoring synchronization primitives, which
generally have a critical performance impact on shared memory applications, the Sync-
Mod module delivers various statistical information. This ranges from simple lock and
unlock counters to more sophisticated information like mean and peak lock times and
peak barrier wait times. This information will allow the easier detection of bottlenecks
in applications.

To connect the Low-level Environment with OMIS / OCM system so thataire
served information about system behavior can be delivered to various envisioned tools
an OMIS SCI-DSM Extensiois needed that is responsible for the realization of all
the service requests related to hardware monitor, for the address translation in both di-
rections, and for supplying the information about synchronization primitives. Another
module, théProgram Extensiois responsible for abstracting the virtual addresses from
the symbol-table of the compiler.

Although the user can utilize the monitor information to optimize execution of their
applications it is also important and necessary to develop tools to improve the efficienc
of parallel programs transparently. From the results of the tests described in section 3
we notice that it is necessary to redistribute the data among processors in order to de-
crease the effect of remote memory accesses. A special tool for this purpose, ayMemor
Locality Optimizer, is currently under development.

The Memory Locality Optimizer focuses on an optimization that can significantly
reduce remote data accesses in DSM system. The performance of a parallel system
with DSM character depends on the efficient exploitation of memory locality. Although
remote memory accesses via hardwarpported DSM deliver high communication
performance compared to traditional systems, they are still an order of magnituele mor
expensive than local ones. Therefore, powerful tools have to be introduced to exploit
data locality. The Locality Optimizer consists of a decision-making subsystem and a
data- and thread-migration subsystem. The first subsystem analyzes all memory trans-
actions in order to recognize which part of the global memoagtessed frequently by
which thread. Based on this analysis and also based on information avéitabléhe
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compiler, the user, the@3-VM, and the synchronization system, it decides which page
or thread should be moved. The migration subsystem will then automatically and trans-
parently migrate data and threads at run-time. In this case the communication among
parallel threads will be minimized.

In the following a few strategies that aid in partitioning and redistribution of data
and threads are introduced:

1. Two or more logically unrelated data objects that are used by different application
components (threads) should not baqad on the same page.

2. A page that is accessed frequently from a single remote thread but rarelgtine
ers should be migrated to node executing this thread. However, when local threads
also access this page frequently then the pagels not be migrated and it will be
taken into consideration whether the remote thread should be moved to the node on
which the page is located.

3. A page that is accessed often by more than one thread can be: a) distributed among
threads with that each threads has only a part of this page in its local memory;
or b) placed only in one memory; or c) replicated ontoraltles. In the late case
additional consistency enforcing mechanisms have to be introduced.

4. A thread which access only different pages of a memory on a procesgoeifitty
should be migrated onto this processor.

Each node of the cluster executes a Memory Locality Optimizer which is in charge
of counting the accessed frequency of every active local page. For the LU program
in the SPLASH-2 suite, for example, if page 9 in node 0 is moved to node 2 instead
staying on node 0, the remote memagcesses afode 2 to node 0 would be lowered
for 35.5% while the remote accessesnofle 0 would be increased only for 0.1%.

Good locality, however, is not the sole property needed to achieve optimal perfor-
mance, load balancing is of equal importance. Another tool, the Load Balancer is there-
fore also being developed at LRR-TUM for the SMILE project. This tool is used to
increase the utilization of system resources and improve the performance by balancing
the load. The main goal is to split the work evenly among all processors. It consists of
two parts: a static and a dynamic load distribution mechanism. The static mechanism is
responsible for the initial assignment of load, i.e., finding the most appropriate proces-
sor for a being created parallel thread according both to the varying systenilitigsab
and the application varying needs, while the dynamic one deals with the load redis-
tribution after startup, i.e., transferring load from an overloaded host to an idle or an
underloaded one. Static load distribution strategies are only effective when applied to
problems that can be partitioned into tasks with uniform computation and communica-
tion requirements. There exist, however, a large number of problems with non-uniform
and unpredictable computation and communication requirements. Therefore, itis essen-
tial that a DSM system is adaptive to dynamic changes in the environment and is able to
respond to varying needs of an application by adopting dynamic load distribution mech-
anisms. Dynamic load distribution mainly means thread migration, but this work must
be done with the consideration of data locality as there is a potential conflict between
data locality and load balancing. The threads that are chosen to be migrated bythe loa
balancing policy must be selected with care, in order to minimize the resulting remote
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memory accesses. The destination of the migration must be also consideredlycaref

and the choice of the most lightly loaded processor is not sufficient aopapphbce-

ment of threads might degrade performance due to the high communication overhead.
In order to connect tools by OMIS / OCM, thool Extensiormodule must be

defined adding a description of the new service requests of the tools into OMIS / OCM

system.

5 Related Work and Conclusion

Over the last years, monitoring support has become increasingly available on research
as well as on commercial machines. The SHRIMP hardware performance monitor has
been developed to measure the running behavior of the SHRIMP PC cluster, which is
connected with special network adapters capable of performing remote ujightes [12]. In
contrast to our hybrid hardware monitor, it has a DRAM in the monitor card to record
the complete access histograms and run-time measuremeniarohg applications.
Similar to the SMILE approach, these measurement can be used to modify mutable
parts of the system hardware and to help with software development and application
tuning. Trinity College Dublin has designed a trace instrument for SCl-based systems
['Z1] that allows full traces of inteomnect traffic. This instrument provides hardware
designers and software developers with a tool that allows a deeper understanding of the
temporal behavior of their hardware and software. In contrast to the SMiLE monitoring
system, however, this trace environment can not be used for on-line tools due to the
large amount of trace data.

Tool environments for DSM-oriented systems, however, are less wide-sjr=ad [3,7].
On-line tools based on hardware monitors with the purpose to improve system perfor-
mance have, to our knowledge, not yet been presented. We believe that performance
data provided by a hardware monitor should not only be utilized by programmer or off-
line tools to the analyzation of system performance, but also by on-line tools to enable
the run-time manipulation of parallel executions. Data migration based on observed
memory transactions, for example, can improve the performance of an applidedion
matically. The combination of the hardware monitor and on-line tools therefore offer a
great potential for High Performance Computing.
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Abstract. With the rapid expansion in the use of distributed systems the need
for optimisation and the steering of application execution has become more
important. The unquestionable aim to overcome bottle-neck problems,
allocation, and performance degradation due to shared CPU time has prompted
many investigations into the best way in which the performance of an
application can be enhanced. In this work, we demonstrate the impact of using a
Performance Prediction Toolset, PACE, which can be used in Dyn&@mnic (
The-Fly) decision making for optimising application execution. An example
application, the FFTW (The Fastest Fourier Transform in the West), is used to
illustrate the approach which itself is a novel method that optimises the
execution of an FFT. It is shown that performance prediction can provide the
same quality of information as a measurement process for application
optimisation but in a fraction of the time and thus improving the overall
application performance.

Keywords:Performance Optimisation, Dynamic Performance Prediction,
Performance Modeling, Application Steering, FFTW.

1 Introduction

Advances in technology, increasing user interaction with complicated systeans, an
the existence of powerful communication networks, have all made it easier to create
high performance solutions. However, the ease in which these solutions can be
formulated is highly dependent upon the complexity of the available resources, and
the nature of the applications involved. A significant amount of work is being
undertaken to ease this process — much of which is based on the use of performance
information to guide the application execution on to the target systems. The promise
of Information Power GRIDS [1] relies on the availability of systems and the
utilisation of performance information to guide application execution.

Several performance tool-sets have been proposed and implemented dealing
mainly with performance instrumentation and measurement. Tools such as Fajlcon [2]
Paradyn [3], and Pablo [4] are being used to assist in the performance tuding an
identification of bottlenecks in applications. These tool-sets typically include various
features to allow application instrumentation at various levels, data colleatidn,
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interrogation through visualisation modules. Most of the performance monitoring
tools are used for gpb-mortem analysis — i.e. to investigate the performance after the
event has occurred. This may be in the analysis of the performance datacaéted th

of application execution, or dynamically as the application is being executed. Other
performance tools are being used to identify bottlenecks that may be inherent in the
application design on particular systems. For example TASS is concerned with the
relationship between parallel algorithms and architectures [5].

There has been very little work on dynamic optimisation using performance
prediction while an application is being executed. Modelling approaches have the
potential to provide the same performance information but without measurement on
the systems. Accuracy of the performance information is important, and should be
gualitatively the same as the measurements.

Several performance prediction tools are being developed including PAMELA
[6,7] which enables a performance model to be constructed at compile time and
combined with applications. This allows access to performance information whilst the
program is executing.

In this work, we demonstrate the impact of using Dynanm@mn-The-Fly
performance prediction to guide the execution of sequential applications. An example
high performance application, the FFTW (Fastest Fourier Transform in the West)
from MIT [8,9], is used to illustrate the possible use of this approach.

The toolset being developed at Warwick, PACE (Performance Analysis and
Characterisation Environment) [10,11] encompasses the performance aspects of
application software, its resource use and mapping, and the performance
characteristics of hardware systems. It enables performance models to be constructed
using an underlying performance specification language, ¥H(Bharacterisation
Instrumentation for Performance Predication of Parallel Systems) [11], and to be
evaluated dynamically requiring only a few seconds of CPU time. The madéleca
compiled into a self-contained binary which can be executed and linked with an
application.

In this paper we show how a PACE performance prediction model can be used to
dynamically determine the execution behavior of an application. The FFTW is used to
demonstrate this capability but the approach is general and could be used in systems
which are dynamic in nature such as the Information Power GRIDs. The overall
performance of the FFTW can be improved due to a reduction in time required to
determine the best FFT calculation method for a given target processor. The outcome
of this work is to provide a performance modelling approach which can befarsed
dynamic decision making, and also provides improvements to the FFTW
performance.

The use of dynamic performance prediction is introduced in Section 2. An
overview of the PACE toolset is given in Section 3. In Section 4, the FFTW package
is described and the use of PACE models are illustrated in Section 5. Results
comparing the default behavior of the FFTW and the FFTW with PACE performance
models are given in Section 6. These show that dynamic performance prediction can
be used to accurately undertake the decision making processes to optimise the FFTW
execution.
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2 Application Steering Using Performance Prediction

There are a number of decisions that a user has to make in order to execute an
application. These are traditionally specified through the use of two types of
application parameters, broadly classed into two categories:

Problem parameters those that specify the format of the data to be processed e.g.
data size, and the type of results required such as accuracy in a numerical
calculation, the number of iterations required in an iterative solution etc.

System parameters those that specify how a target system will be utilised, e.g. in
specifying the number of processors to be used in a high performance, grstem
possibly also to specify the platform to be utilised when several are available.

The problem parameters need to be specified by the user (always) and depend o
the calculation required. However, the system parameters are used to determine the
mapping of the application onto the available system, and are normally used to reduce
execution time. By coupling a performance model into the application, predictions
can be automatically made to determine these system parameters.omtbsefly
decisions can be made with negligible overhead in comparison to the total application
execution time if the performance model is rapid in its evaluation.

In addition, there are many applications in which numerical routines are used
which may have many methods available for solution. Consider the situation depicted
in Fig. 1a where an application has several methods of solution and two target
systems are available. In this scenario, the user traditionally specifies the problem
parameters, decides on the actual code to be used, and the target system along with
relevant system parameters.

The use of a performance model in this example can be used to determine which
code should be executed, on which target system, along with the relevant system
parameters, based on achieving the minimum execution time. Thus, the user need
only specify the problem parameters, with the performance model dgettie
application execution. Fig. 1b illustrates this situation, and shows the chosen code and
system (solid arrows), and other available choices (dotted arrows).

Implementation System
Decision Decision User Parameters
{Problem} — Pe”Mo”Salnce
User Parameters | Application oog

{Problem}—,
{System} —p| G Code 1 |

ol

]

Fig. 1. Execution of an application having multiple code implementations and availabdensy
(a) User directed approach, (b) Performance directed approach.

The decisions made by the performance model require a number of separate
scenarios to be evaluated. Each scenario is a function of the mapping, the
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implementation, and the available system(s). The best scenario is taken to be that
which results in a minimum predicted execution time over the total number of
scenarios evaluated. Thus, rapid performance model evaluation time is required

The FFTW is an example code having multiple implementations which minimise
the execution of a Fast Fourier Transform using an extensive measurement procedure
[8,9]. It is shown in Section 4 how this measurement procedure can be depticg
performance prediction.

In addition, individual performance models can be used collectively within a task
scheduling environment in which a scheduler is responsible for maintaining useful
activity on system resources. The scheduling process is enhanced by use of predicted
execution times, and mapping information from each task, e.g. [12].

3 The Performance Analysis and Characterisation Toolset
(PACE)

PACE is a modelling toolset for high performance and distributed applications. It
includes tools for model definition, model creation, evaluation, and performance
analysis. It uses associative objects organised in a layered framework as a basis for
representing each of a system’s components. An overview of the model organisation
and creation is presented in the following sections.

3.1 Model Components

Many existing techniques, particularly for the analysis of serial machines, use
Software Performance Engineering (SPE) methodologies [13], to provide a
representation of the whole system in terms of two modular components, namely a
software execution model and a system model. However, for high perf@manc
computing systems, the organisation of models must be extended to take into account
concurrency. The layered framework is an extension of SPE for the characterisation
of parallel and distributed systems. It supports the development of several types of
models: software, parallelisation (mapping), and system (hardware). Thifisnot

the layers are:

Application Layer— describes an application in terms of a sequence of subtasks. It
acts as the entry point to the performance study, and includes an interface that can
be used to modify parameters of a performance scenario.

Application Subtask Layer describes the sequential part of every subtask within an
application that can be executed in parallel.

Parallel Template Layer describes the parallel characteristics of subtasks in terms of
expected computatiecommunication interactions between processors.

Hardware Layer collects system specification parameters, micro-benchmark results,
statistical models, analytical models, and heuristics that characterise the
communication and computation abilities of a particular system.
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In the layered framework, a performance model is built up from a number of
separate objects. Each object is of one of the following types: application, subtask,
parallel template, and hardware. A key feature of the object organization is the
independent representation of computation, parallelisation, and hardware.

Each software object (application, subtask, or parallel template) is comprised of an
internal structure, options, and an interface that can be used by other objects to
modify its behaviour. The main aim of these objects is to describe the system
resources required by the application which are modelled in the hardware object.

Each hardware object is subdivided into many smaller component hardware
models, each describing the behaviour of individual parts of the hardware system. For
example, the memory, the CPU, and the communication system are considered in
separate component models e.g. [14].

3.2 Model Creation

PACE users can employ a workload definition language (CHIP3S) to describe the
characteristic of the application. CHIP3S is an application modelling language that
supports multiple levels of workload abstractions [11]. When application source code
is available the Application Characterization Tool (ACT) cami-automatically
create CHIP3S workload descriptions. ACT performs a static analysis of the code to
produce the control flow of the application, operation counts in terms of SUIF
language operations, and the communication structure. This process is illustrated in
Fig. 2. SUIF (Stanford Intermediate Format) [15] is an intermediate presentation of
the compiled code that combines the advantages of both high level and assembly
language. ACT cannot determine dynamic performance related aspects of the
application such as data dependent parameters. These parameters can b& obtaine
either by profiling or with user support.

Source
Code
SUIF

Front End

Fig. 2. Model Creation Process with ACT.
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The CHIP3S objects adhere to the layered framework. A compiler translates
CHIP3S scripts to C code which are linked with an evaluation engine and the
hardware models. The final output is a binary file which can be executed ragdly.
user determines the system/application configuration and the type of output that is
required as command line arguments. The model binary performs all the necessary
model evaluations and produces the requested results. PACE includes an option to
generate predicted traces (PICL, SDDF) that can then further analyzed by
visualization tools (e.g. PABLO) [16].
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4  The Fastest Fourier Transform in the West (FFTW)

FFTW is a Portable C package that computes one or more dimensional complex
discrete Fourier Transform (DFT) [8,9]. It is claimed that the FFTW can compute the
transform in a faster time than other available software due to its self-configuring
nature. It requires a sequence of measurements to be made for it's software
components (codelets) on the target system, and then uses a configuration of these to
determine how best to compute the transform of any given size. There are three
essential components that make up the FFTW, shown in Fig. 3.

Codelets:These are a collection of highly optimized blocks of C routines, which are
used to compute the transform. The codelets are generated automatically. There
are two types of Codelets:

Non-Twiddle:codelets that are used to solve small sized transforms (N <= 64),
and

Twiddle: codelets that solve larger transforms by the combination of smaller
ones.

Planner: The planner determines the most efficient way in which the codelets can be
combined together to calculate the required transform. Each individual
combination of codelets is called a plan. Typically 10’s of plans are available for a
specific FFT size.

Executor: The execution of each plan is performed and measured by the Executor.
This results in the rutime cost of each plan on a specific system. From this, the
best plan can be determined —i.e. the plan with the minimum execution time.

B System Specific --------------------1 >
@ T (min) @
N — | Planner |—» | —» Executor | = e
(Array Size) (@
Possible Plans Plan Tx Best Plan

&

Fig. 3. Main components of the FFTW

For example, for the FFTW to compute the transform of a complex array with a
sizeN, theExecutorfactors it first intoN = N;N,. Then,N, transforms ofN;, andN;
transforms ofN, are recursively computed hence calculating the exact transform of
the complex array recursively.

Assuming that a complex array of side64 is to be transformed, the number of
possible FFTW plans is 20 as shown in Table 1. The plans are forwarded one by
to the Executor for measurement on the target system. The resulting execution times
from each plan are included in Table 1 for a SUN Ultra 1. In this plans 1 to 6 contain
only a twiddle codelet, and the remaining plans contain both a Twiddle and Non-
Twiddle codelets. Plans that compute the full transform are numbers 1, and 16-20
(the remaining plans represent transforms of smaller sizes and may be a pgaet of ot
plans). In this case, the best (fastest) plan to solve the N=64 transform is Plan 16,
which is computed by the Non-Twiddle Codelet 2 and Twiddle Codelet 32.
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Table 1. Example FFTW plans for N=64 (Timings for SUN Ultra 1)

Plan # 1[ 2[ 3[ 4 5 6 7 8 9|10| 11| 12| 13| 14| 15| 16| 17| 18| 19| 20
1 1 1
1| Non-Twiddle 16)
2 Codelets X KROX|O| X XX X
3 .
O Twiddle
o 4L codees ||® 0| RO Xlo| [®| |o
N
7] 6
8 7
g 8 X O O O | X X O
S 9
10
16 X (0] (0] X
32 X (0] X
64 | X
Time pS| 65 | 27 | 11 5 2 1 7(11) 14| 20| 24| 29| 41| 45| 51| 63| 88| 92| 96 | 112

The performance of FFTW relies heavily on the successful selection of the best
plan. The procedure for selecting the optimum configuration comes with a high initia
cost that involves the measurement of every plan, a process that needs to be repeatec
several times in order to remove measurement noise induced by system load. The
initial tuning stage cost is exponentially increases when the size of the problem grows
due to the resulting larger number of possible transformations.

5 Dynamically Predicting the FFTW Performance

The measurement procedure required by the FFTW to select the best plan for a
specific system can be replaced by using a set of PACE performance models.
Separate models can be formed of individual codelets, and the operation of the
planner implemented by selecting the minimum predicted execution time of an

appropriate set of codelet models.

The model that represents the initial tuning stage of the FFTW includes a single
application task that mimics the operation of the Planner. The models for the
individual codelets are automatically generated by analyzing the existing codelet
codes by ACT. A subtask represents an individual codelet called by the planner to
produce a possible solution.

The PACE performance model generates and evaluates all possible plan models,
instead of actually executing the codelets on the target platform. The planner uses the
individual codelet model predictions to combine them to overall plan performance
predictions. The planner keeps a record of all plan predicted times in order toyidentif
the fastest combination. The predicted optimum plan is then used by the FFTW
executor to perform the transformation. The evaluation of each plan can be performed
for a range of systems and problems sizes. The evaluation time for thisspiece
orders of magnitude smaller than the corresponding measurements. An overview of
the prediction process is shown in Fig. 4.

The validity of the PACE optimization depends on the selection of the optimum
plan. To achieve this the performance models require accurate prediction of each
FFTW plan’s execution time. The advantage of using PACE models is to minimize
the initial measurement time that FFTW requires for each data size and each new
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target system. Another advantage of using PACE to predict the best plan istheduce
influence of background loading which may effect the measurement procedure.

B System Specific -------------------- >

(@) Model TT (i)
(Arra)|>l Siz_e)> AH @@’ e v a/uation —> - @@

Possible Plans Plan Tx Best Plan

. PACE Model o
Fig. 4. Components of the FFTW using PACE performance prediction.

6 Results

In this section we present a comparison of plan execution times (measured from
FFTW) versus plan predicted times evaluated from PACE models for a rangayof arr
data sizes and workstations. In all cases PACE and FFTW best plans are calculated to
be the same.

Four sets of comparisons between measurements and predictions for the execution
of the FFTW for different configurations are shown in Figs. 5a to 5d. In all chses, t
X-axis includes all the plans generated by the FFTW planner. Note that the plans
generated include combinations of codelets that might not successfully compute t
entire FFT. The FFTW planner generates redundant plans assuming that they might
be needed by future twiddle codelets.

Table 2. Comparison of plan execution time (s) versus model evaluation times for a range of
array sizes running on SUN Ultra 10 and SUN Ultra 1 workstations.

SUN Ultra 1 SUN Ultra 10
Size FFTW (s)[  PACE (s) FFTW (s) PACE (s)
256 0.006 0.007 0.003 0.005
2K 0.059 0.010 0.032 0.006
128 K 7.069 0.130 3.842 0.009
196 K 16.537 0.028 8.761 0.018

Table 2 shows the time required for the FFTW executor to measure all plan scenarios
vs. the time required to evaluate the plan models for several problem and system
configurations. The array size varies from small arrays (256 elements) to more
realistic cases with 196K elements. Timings are provided for the Sun Ultra 10 and
Sun Ultra 1 workstations. With the exception of the 256 elements case the PACE
model evaluation times are orders of magnitude faster than the executionTimes

using PACE models results in a performance improvement to the FFTW.
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Fig. 5. Comparison of FFTW execution times and PACE Performance Predictions.

7 Conclusion

In this work we have shown how a novel performance prediction system may be
applied for on-the-fly performance prediction to steer the execution of appiiea

The PACE system enables a performance model to be incorporated into an
application executable and can be used in a decision making procedure tangeterm
how the application can be executed on the target system. Accurate predictions can be
produced using this toolset, and rapid evaluation of the performance moddesenab
on-the-fly use.

The FFTW high performance application was used to illustrate the approach. The
existing application contained a costly measurement process to determine how best to
calculate the transform on the target system. By incorporating a PACE performance
model, it was shown that the same process could be undertaken using performance
prediction in a fraction of the time, but resulting in the same transform calculation.

The PACE system is currently being extended to provide support for performance
prediction in computational environments which may be dynamically chanaimty
to aid the scheduling of multiple applications on available resources. This codlespo
in part to the challenges currently posed by the development of Computational GRIDs
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Abstract. The Skel-BSP methodology provides an adaptive support for
skeleton programs aiming to achieve performance portability for paral-
lel programming. The adaptivity is obtained by choosing templates and
implementation parameters according to the target machine character-
istics. Each choice is made using an optimization theorem demonstrated
using EAD-BSP cost predictions. The work presents several strategies to
optimize the pure data parallel subset of Skel-BSP. Data parallel pro-
grams can be written in Skel-BSP combining map, reduce and scan
skeletons. Analogous results have been already derived for the stream
parallel subset of the language (pipe, farm).

1 Introduction

A renewed diffusion of parallel platforms, from symmetric multiprocessors to
PCs clusters, encourages the efforts aiming to provide parallel software with
traditional sequential software properties as modularity, code reusability and
portability across platforms. The paper concentrates on a further aspect, spe-
cific to the parallel programming context: the so called performance portability.
Parallel computers performance can not be modeled using a single parameter, as
in the sequential case, and the design of parallel application should be somehow
specialized to fit the characteristics of the target architecture. This means that
many applications must be heavily restructured, when ported on different ar-
chitectures, to run efficiently. Several abstract models have been proposed: BSP,
LogP [BH] but they have rarely been used in connection with some high level,
structured programming system. The work presents the Skel-BSP methodology
as a solution providing a skeleton language, which is a subset of P3L [H], with
performance portability. The methodology uses an extension of the BSP model
(the EAD-BSP) developed to this purpose. The paper presents the main results
on how to optimize the data parallel subset of a skeletal language made by the
three skeletons: map, reduce and scan.

2 The Skel-BSP Approach

Skel-BSP forces the programmer to concentrate on exposing a “parallelization
strategy” more than a parallel algorithm. The programmer knowledge and ex-
pertize is exploited in the direction of writing a strategy as the composition of

M. Bubak et al. (Eds.): HPCN 2000, LNCS 1823, pp. 290, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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already defined parallel patterns (skeletons). The optimal implementation is then
devised by the Skel-BSP compiler which relies on three additional components:

— a set of implementation templates,
— a set of performance equations,
— the EdD-BSP parameters of the target architecture.

The general scheme of the Skel-BSP compiler is shown in Fig. ll The “local”

T Pr ogr anmer vi ew

cost nodel
EdD- BSP

Opti m ser Per f or mance

mul tivari abl e
Equati ons

1
1
1
| Tenpl at es
1
1
1

0

I rpl enent ati on
Tenpl at es
<« 00

Fig. 1. The scheme for performance portability in parallel programming

optimizations are stored in a set of “already optimized” and reusable compo-
nents (templates). The optimizer is charged of adapting the program structure
to the target architecture using the EdD-BSP parameters and the performance
equations derived for the implementation templates.

3 The Edinburgh-Decomposable-BSP

Skel-BSP makes use of the EAD-BSP model, a BSP [§] variant, as a general
framework in which programs performance is predicted. A BSP computation is
organized as a sequence of supersteps. Each superstep has a local computation
phase and a global communication phase concluded with a barrier synchroniza-
tion. The cost of each superstep is given by Eq.

Tsstep =W+ hg + L (1)
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Where W is the maximum amount of work performed in the local computation
phase, and A is the maximum number of messages sent or received during the
communication phase. The parameters g and L are the classic BSP parameters
to measure the cost to send a single message and to perform a barrier synchro-
nization. The EdD-BSP variant introduces two extensions of the BSP model:

1. the Hookney technique introduced in BSP by Miller in [@];
2. the decomposability proposed by Kruskal et al. in [A].

The first extension introduces two parameters: go, and Ni,p in place of the
g parameter of the standard BSP definition. The second extension introduces
the partition and join operations to create and destroy BSP submachines
which can synchronize independentely. The peculiarity of EAD-BSP is that the
parameters to compute the cost of a submachine superstep do not depend on the
size of the machine. EdD-BSP admits two kinds of supersteps: the computational
supersteps whose cost is given by Eq. H

Nij2

T =W + hgoo .

+1)+L (2)

and join/partition supersteps which cost is simply L. The main limitation of
the model is that it does not account for locality, nevertheless the accuracy of
the model when applied to skeleton programs has been demonstrated [EIH]. We
claim that EdD-BSP provides the reasonable trade-off between accuracy and
simplicity needed for our purposes.

4 Optimizing Skel-BSP Data Parallel Programs

The Skel-BSP data parallel skeletons are: map, reduce and scan. A sequence
of data parallel modules can be implemented using the comp skeleton. The map
skeleton models a generic domain decomposition pattern in which a collection of
input data structure (typically multidimensional arrays) are distributed among a
grid of virtual processors, each virtual processor performs a sequential computa-
tion on its local partition then the results are collected. An input data structure
can be distributed using three different strategies:

— broadcast: which replicates the structure on all the virtual processors;

— scatter which partitions the structure among the virtual processors;

— multicast which partitions the structure and then broadcasts each partition
to a subset of virtual processors.

The general scheme of the implementation template written using the BSP-lib
[d] is shown in Figll The performance model of map assumes that the following
parameters are known:

— ty: time to compute the local computation in a virtual processor;
— tunpack: time to extract the data partition for a virtual processor;
— ny: number of processors utilized as parallel workers.
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Fig. 2. The general scheme of the map template

The completion time T34, can be written as:
Tmap = Tdist + Tcalc + Tcoll (3)

where:
Tdist = Tscatter + Tbrodcast + Tmulti

We assume that the sizes of the structures to be distributed are: dy, ds and d,,
The components of the distribution cost can then be written as:

Tscatter(nw) = dsgoo(dN/l:f + 1) (4)
_ N1/2

Tbroadcast (nw) - nwdbgoo( + 1) (5)

Tmulti (nw) = PdeOO(p M2 + 1) (6)

"w

Assuming that the size of the result is d,. we can write the time for collection as:

Tcoll = (nw) = drgoo(dN/l:f + 1) (7)
and the time spent for local computation as:
d,

Tca e = —t 8

l nw ¥ (8)

The parameter p, is the factor of replication associated to the particular multicast
strategy and defined as: p = m”w . Finally variable ¢, in Equation B is the time
per element to unpack and compute the results defined as t, = t5 + tunpack-
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Since p < p a simple upper bound for the completion time of the map module is
given in Eq. @

dyt
Tnap = oo [w(dm + do + 3N1/2) + (ds + d;)] + n—p + 2L (9)
The Skel-BSP compiler can choose the optimal number of processors using
the Theorem [}

Theorem 1 (Map Optimization) The minimum completion time of a
generic instance of the map skeleton: map ([t¢, tunpack], [P, db, ds, dm, dr]) on a
EdD-BSP computer (goo, N1/2, L, p) is obtained using nop processors, where:
Nopt = Min(p, n) and:

N tpdr
n =
Goo (3N1/2 + diy + dp)

Proof 1 Using the approximate expression in Eq. B, we can derive a simple
expression of the derivate of the completion time and then it easy to prove that:

Trnap(f) =0

and that:
T .. (1) >0

map

Finally, since Trap(ny)’ > 0 in [1,7], if p < 7 the minimum of the completion
time is in p and the Theorem is proved.

The Skel-BSP reduce models the parallel “reduction” of an array by means
of a binary associative operator opn. The reduce skeleton is implemented in
Skel-BSP by choosing between two distinct templates. The compiler selects the
template according to the instance of the problem and the characteristics of
the target architecture. The first superstep of both the templates is a scatter
distribution. Each processor receives a subset of the structure of n/p elements.
The first template uses two more supersteps:

1. each processor performs the reduction of the local partition using and sends
the partial results to the collector;
2. the collector computes the result reducing the p partial results.

The second template uses a number of supersteps logarithmic in the processors
count. In this case the p partial results are reduced using a binary tree. The cost
analysis of the reduce templates uses the following parameters:
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— top the time to compute the binary operator;
— n number of elements of the structure to reduce;
— d size of the elements of the structure.

The cost of the distribution superstep is:

Tiist = ndgoo (42 +1) + L (10)

D

The EAD-BSP cost of the two-phase technique is given in Eq. Bk

n
Tooqt = Ston + dgoo (M2 4 1) + L + pt,p (11)

The EdD-BSP cost of the binary-tree technique is given in Eq. Bk

Tyeas = gto,, +1og p(top + dgoo(X42 + 1) + L) (12)

The choice of the template is made exploiting the following Theorem:

Theorem 2 (Reduce Template Optimization) A reduce ([t,p), [d,n]) in-
stance can be implemented on a EdD-BSP computer (goo, N1 /2, L, p) with mini-
mum completion time using the two-phase algorithm when:

to N
fp <dgoo(=2 +1)+L
Where:
- logp —1
p—logp

Proof 2 Follows from Eq. Bl and B

The choice of the optimal number of processor to optimize the completion time
of reduce is given by the following Theorem:

Theorem 3 (Reduce Processors Optimization) The minimum completion
time for an instance reduce ([top],[d,n]) on a EdD-BSP computer
(9oos N1y2, L, p) is obtained using nop; processors where: nops = Min(p, 1) where:

/ to . to N
mlf ﬁp<dgoo(%+1)+lz

A=
7”’22%1“4’ otherwise
and:
a = 2goc N1 /2

b= top +gooN1/2 +dMgoo +L
¢ = niopt
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Proof 3 From Theorem B we have that when:

top
11

the compiler selects the two-phase template and then cost of the computational
part of reduce is given by Eq. [, in this case it is easy to prove that:

~ to
;ed(n) = ;ed( \/ gml\z/zp+top) =0
T/ (7)) = Tl y(y ) ——2e—) > 0
red red oo N1/2+top

Since T, ;(nw) < 0 in [1,7] the minimum of Treq in [1,p] is in Min(f,p). In
all the other cases, we have that Trequce 1S computed using by Eq. Bl and we can
prove that:

<dgoo (2 + 1)+ L

T;ed (ﬁ) = T;ed( L 21212+4ac) =0
T4 (3) = T (52 5

Since T 4(nyw) < 0 [1,7] the minimum of the completion time is in Min(f, p)
and the Theorem is demonstrated.

The Skel-BSP scan skeleton models the parallel prefixes (or suffixes) of an
array structure using an associative operator opn. The scan skeleton is imple-
mented by choosing between two distinct implementation templates. The com-
piler selects the template according to the instance of the problem and the
characteristics of the target architecture. In both the templates is distributed so
that each processor receives a subset of size n/p. The first template requires two
more supersteps:

1. step: each processor computes the prefixes on the local portion of the struc-
ture and sends the rightmost element of the prefix array to all the processors
with greater index.

2. step: processor i > 0 computes the ‘" segment of the prefix using i + n/p
operations. The results are gathered by processor 0.

In the second template a number of supersteps logarithmic in the number of
processors is employed. During step ¢ processor 0 > j < p— 2 sends its rightmost
value to the processor j + 2°. During superstep i 4+ 1 processors 2° < j < p
computes the prefix of their array with the received value. The cost analysis of
the scan templates uses the following problem dependent parameters:

— top the time to compute the binary operator;
— n the number of elements of the array to scan;
— d the size of the elements of the structure to scan.
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The cost of the distribution and collection are:

Tuist = ndgoo (542 + 1) + L (13)
Teou = ”dgoo(NLd{Z +1)+L (14)
The EdD-BSP cost of the two-phase com;utation is:
Tiwo = E L2 (o= g B 1) 4 L (15)
The cost for the logarithmic computation is:
Tiog =108 p(tap + dgoc(if2 +1) + L) (16)

The choice of the best template is made according to the following Theorem:

Theorem 4 (Scan Template Optimization) An instance of the Skel-BSP
construct scan ([top), [d,n]) can be implemented on top of a EdD-BSP computer
(9oos N1y2, L, p) with minimum completion time using the two-phase template
when n > Nywo with:

(P — Dtop +dgos(CH2 + 1)(p = A) = AL
Ntwo =
Aop
and:
A=logp—1

Proof 4 Follows from comparing Eq. 2 and El

Once the best template is selected we can optimize the number of processors
using the following Theorem:

Theorem 5 (Scan Processors Optimization) The minimum completion
time for an instance scan ([top), [d,n]) on a EAD-BSP computer (goo, N1/2, L, p)
is obtained using nep: processors where: nop = Min(p,p) and

Ptwo when n > Ntwo
p =
DPlog when n < Nwo

Where:

- 2ntqp
Prwo = \/top + 3900 N1/2 + dargoo
And piog such that:
api,y + bPiog
log prog — 1

with:
a= 2900N1/2
b=dmgso +gooN1/2 +L
c=ntyp
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5 Conclusions, Related, and Future Work

The Skel-BSP methodology to achieve performance portability for skeleton pro-
grams has been introduced. The extension of the BSP model (EdD-BSP) uti-
lized to predict programs performance is presented. The paper describes the
optimization techniques employed by the Skel-BSP compiler in the case of data
parallel programs. The Theorems introduced provide an example of the power
of using a simple abstraction as the EAD-BSP model when optimizing parallel
programs. The optimization techniques can be easily embedded in the structure
of a language compiler such as P3L or SKIE to provide a first layer of “local”
optimizations. This layer is to be combined with a “global” optimization layer
needed when the program is a skeletons composition. Other results on stream
parallel optimization under EdD-BSP have already been published [M] while fur-
ther results on optimizing data parallel composition, and nesting of stream and
data parallel programs have been submitted for pubblication. A new interesting
approach to optimize stream parallel skeleton has been proposed in [@] while a
base for global optimization has been exposed in [H]. The next step of this work
is to perform a set of validation experiments using our templates (written using
the BSP-1ib) [i] on a range of parallel platforms having different performance
characteristics.

References

1. M. Aldinucci and M. Danelutto. Stream parallel skeleton optimization. In pro-
ceedings of the 11th IASTED International Conference on Parallel and Distributed
Computing and Systems, MIT, Boston, USA, November 1999. IASTED/ACTA
press.

2. D. Culler, R. Karp, D. Patterson, A. Sahay, K.E. Schauser, E. Santos, R. Subramo-
nian, and von T. Eicken. Logp: Towards a Realistic Model of Parallel Computation.
In Proceedings of the 4th ACM SIGPLAN, May 1993.

3. M. Danelutto, R. Di Meglio, S. Orlando, S. Pelagatti, and M. Vanneschi. A method-
ology for the development and the support of massively parallel programs. In D. B.
Skillicorn and D. Talia, editors, Programming Languages for Parallel Processing.
IEEE Computer Society Press, 1994.

4. P. De La Torre and C. P. Kruskal. Submachine locality in the bulk synchronous
setting. Lecture Notes in Computer Science, 1124:352-360, 1996.

5. S. Gorlatch and S. Pelagatti. A transformational framework for skeletal programs:
Overview and case study. In Jose Rohlim, editor, Proc. of Parallel and Distributed
Processing. Workshops held in Congunction with IPPS/SPDP’99, volume 1586 of
LNCS, pages 123-137, Berlin, 1999. Springer.

6. J. M. D. Hill, B. McColl, D. — C. Stefanescu, M. W. Goudreau, K. Lang, S. B.
Rao, T. Suel, T. Tsantilas, and R. H. Bisseling. BSPlib: The BSP programming
library. Parallel Computing, 24(14), 1998.

7. R. Miller. Two approaches to architecture-independent parallel computation. PhD
thesis, Oxford University Computing Laboratory, 1994.

8. L.G. Valiant. A Bridging Model for Parallel Computation. Communications of the
ACM, 33(8):103-111, August 1990.



9.

10.

11.

Skel-BSP: Performance Portability for Skeletal Programming 299

A. Zavanella. Optimising Skeletal Stream Parallelism on a BSP Computer. In
P. Amestoy, P. Berger, M. Dayde, 1. Duff, V. Fraysse, L. Giraud, and D. Ruiz,
editors, Proceedings of EURO-PAR’99, number 1685 in LNCS, pages 853-857.
Springer-Verlag, 1999.

A. Zavanella. Skeletons and BSP: Performance Portability for Parallel Program-
ming. PhD thesis, Dipartimento di Informatica Univesita di Pisa, 2000.

A. Zavanella and S. Pelagatti. Using BSP to Optimize Data-Distribution in Skele-
ton Programs. In P. Sloot, M. Bubak, A. Hoekstra, and B. Hertzberger, editors,
Proceedings of HPCN99, volume 1593 of LNCS, pages 613-622, 1999.



Self-Tuning Parallelism

Otilia Werner-Kytold and Walter F. Tichy

Karlsruhe University, Department of Computer Science
Am Fasanengarten 5, 76128 Karlsruhe, Germany
tichy@ira.uka.de

Abstract. Assigning additional processors to a parallel application may
slow it down or lead to poor computer utilization. This paper demon-
strates that it is possible for an application to automatically choose its
own, optimal degree of parallelism. The technique is based on a simple
binary search procedure for finding the optimal number of processors,
subject to one of the following criteria:

— maximum speed,

— maximum benefit-cost ratio, or

— maintaining an efficiency threshold
The technique has been implemented and evaluated on a Cray T3E with
512 processors using both kernels and real applications from Mathe-
matics, Electrical Engineering, and Geophysics. In all tests, the optimal
parallelism is found quickly. The technique can be used to determine the
optimal degree of parallelism without manual timing runs. It thus can
help shorten application runtime, reduce costs, and lead to better overall
utilization of parallel computers.

1 Introduction

Users of parallel supercomputers are primarily concerned with speed, which
means they opportunistically employ all available processors for their applica-
tions. While this heuristic often works, there are applications that would actually
run faster with fewer processors. This situation arises whenever an application
scales poorly, due to high communication overheads or insufficient problem size.
To find the optimal degree of parallelism, users would have to manually schedule
a sequence of timing runs varying both processor set sizes and problem sizes.
We show that an application can automatically tune the size of the processor
set it uses. If the application scales well, this strategy will, of course, choose the
maximum number of available processors.

A related consideration is that parallel applications may be subject to the law
of diminishing returns: Increasing the number of processors may improve appli-
cation runtime only marginally, while efficiency drops. Hence, opportunistically
choosing the maximum number of available processors may have a negative ef-
fect on the overall utilization of a parallel supercomputer. While poor utilization
is not an issue for personal computers, it is a concern for to supercomputer ad-
ministrators and users who have to pay for resource consumption. For example,

M. Bubak et al. (Eds.): HPCN 2000, LNCS 1823, pp. 300, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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suppose we run an application with n processors in time t¢ achieving an effi-
ciency of less than 50%. Suppose furthermore that running the same application
with n/2 processors increases runtime only marginally, say by a factor of 1.3.
However, with n/2 processors we can run two applications at the same time, or
schedule two runs of the same application, on two different data sets, at once.
When doing so, we need 1.3t time units to do the work that would otherwise
take 2t time units. Thus, improving machine utilization can be beneficial for all
users of a scarce computation resource.

To address these issues, we have developed a system called ParGrad that
automatically tunes the degree of parallelism of an application according to the
following criteria:

— maximum speed,
— maximum benefit-cost ratio, or
— maintaining an efficiency threshold.

The authors’ research group in Karlsruhe pioneered the idea of dynamically
tuning the degree of parallelism for shared memory machines [IEH]. The present
article extends this work to distributed memory. It solves the problem of auto-
matic redistribution of data whenever the degree of parallelism changes. It also
extends the set of optimization criteria.

ParGrad works for parallel programs written in C++ for both shared and
distributed memory parallel computers. The technique could also be incorpo-
rated into Fortran or other languages. We assume that the application program
has already been parallelized. The programmer merely indicates the optimiza-
tion criterion, which parallel loops should be tuned, and the data structures that
are touched by these parallel loops. ParGrad requires no compiler modifications.
Instead, the self-tuning procedure automatically executes parallel loops with
varying numbers of processors and measures the actual run times and efficien-
cies. A database saves the optimal processor assignments for each application
and problem size. Later executions of an application thus start up with the
optimal parallelism immediately.

2 Related Research

We do not address the problem of processor allocation on a multiprocessor, which
is a well known problem with adequate solutions, e.g. [Ed], =], and [&]. This re-
search assumes that allocation services are available. For comparing research in
choosing the degree of parallelism, we developed the classification scheme shown
in Table Ml An important criterion is the memory model, which distinguishes
between parallel computers with shared memory (Sha) and distributed memory
(Dis). The adaptation level describes whether the degree adaptation is embed-
ded in the operating system (Sys) or takes place at application level (Pro). A
further question is whether the data for making decisions about the degree of
parallelism is obtained dynamically during execution time (Dyn) or statically
at compile time (Sta). The adaptation can be implemented through a library
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(Lib), a runtime system (Run), or through program transformation (Tra). Fi-
nally, some research addresses the problem of data redistribution (+), but most
work ignores it (—). The accepted programming languages are listed in the last
column of the table.

Table 1. Classification of related research

)
&D
S
- £ 2
S| £ 3
sl8| 2| § |2 H
3 < < 2 =
Critri AHEIE -
riterion S = ) g =
/ S22 B 8
Work g g3 a8 éﬁ
=2 l<| E |2 &
This work Dis|Pro|Dyn| Lib,Tra [+ C++
Reimer Sha|Pro|Dyn| Lib,Tra |— Fortran
Hall and Martonosi Sha|Pro|Dyn| Run |— C
Squillante et al. Dis|Sys|Sta| Run |- any
McCann et al. Sha|Sys|Sta| Run |— CH++
Yue and Lilja Sha|Sys| Sta | Tra,Run|— Fortran
Tucker and Gupta Sha|Sys|Dyn| Run |—|any with threads
Edjlali et al. Dis|Sys|Dyn| Lib,Tra [+ HPF-like
HanBgen Sha|Pro|Dyn| Lib,Tra |— C
Downey Sha|Sys|Sta| Run |— any
We build on the ideas of Reimer [&], who first demonstrated the feasibility

of automatic parallelism tuning. We extend this work to distributed memory by
triggering an automatic data redistribution whenever the degree of parallelism
changes and adding a database to collect performance data. We also introduce
the benefit-cost ratio as an optimality criterion and develop an execution-time
model that can be used as a predictor. Finally, we provide an extensive experi-
mental analysis of the technique using a set of kernels and full applications.

Hall and Martonosi [[] propose a run-time mechanism for shared memory
machines that dynamically adjusts the number of processors in an application
employing threads. The only criterion used is the speed-up and the technique is
limited to shared memory.

Squillante et al. [EEA] determine the parallelism degree statically based on
heuristics instead of dynamically, as we do. Since the degree of parallelism does
not change at runtime, redistribution of data is unnecessary.

The work of McCann et al. [iF] differs from ours along the criteria memory
model, adaptation level, and analysis method.
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Yue and Lilja [Z1] base the adaptation on the system load and a statical
forecast of the work in a parallel loop, while our work uses measurements at
execution time.

Tucker and Gupta [54] assume that a program reaches its best performance
when the number of processes is equal to the number of processors in the system.
They develop a technique which allocates a similar number of processes to all
runnable programs. This approach can lead to poor results for some programs.

The goal of parallelism tuning differs significantly from the goal of Edjlali et
al. [B]. They describe a method through which a program executes in an envi-
ronment where the number of available processors changes over time. According
to their method, a program will allocate or release processors, depending only
on the total number of available processors, without checking whether this is
appropriate for the performance of the program or for the overall utilization of
the parallel system.

HénBgen [ works with recursive programs on shared memory machines.
With recursion, the available parallelism is unpredictably large and extremely
fine-grain. HanBgen uses measurements and simulations to reduce the amount
of parallelism for optimizing execution time.

Downey [H] suggests adapting parallelism at the operating system level based
on heuristics, without taking application characteristics into account.

In summary, our work deals with the full generality of distributed mem-
ory. Only one other approach, Edjlali’s, addresses dynamic data redistribution.
ParGrad collects actual runtime information and adapts parallelism at the ap-
plication level.

3 The Technique

ParGrad makes the following assumptions: The program of interest has been
parallelized for a computer with shared or distributed memory, using the SPMD
or data parallel model. The tuning function relies on the assumption that speed
and efficiency can be optimized by varying the number of processors assigned to
parallel loops, whose extent is determined by the size of the data structures or
the input data, i.e., the problem size. We assume a homogeneous parallel com-
puter with identical processors, memory sizes, and communication channelsll As
programming language we chose C++, but the technique could be implemented
in most other programming languages. Compiler modifications are not required.

The steps to be carried out when using ParGrad are illustrated in Fig. ll
First, the user identifies the tuning goal: maximum speed, maximum benefit-
cost relation, or maintaining an efficiency threshold. This choice is specified
by setting the variable STRATEGY in the class My_UserModule (see Fig. B).
This class is a control class that collects all parameters for the tuning process.
Second, the user identifies the parallel loops where adaptation takes place. These
are typically the outer loops in the program, although inner loops can also be

! With a somewhat more complex search function, processors of different speeds could
also be handled.
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Fig. 1. Overview of the tuning steps

optimized. All that is needed for the programmer is to insert a call to ParGrad()
at the end of each loop, or, if the program should be optimized as a whole, at
the end of the entire program. Finally, a few additional parameters should be
set. Chief among these is the data structures that the parallel loops work on. On
a distributed memory machine, these data structures need to be redistributed
whenever the number of processors changes. ParGrad automatically redistributes
vectors and arrays. It can handle other data structures as well, but requires that
the programmer code redistribution methods. The interface of these methods
is specified by the object-oriented architecture of ParGrad. ParGrad then calls
these methods automatically.

Figure B is a trivial SPMD program for adding two vectors. This program
is started simultaneously on several processors. Each processor has a section of
each array stored locally. The call to ParGrad() sets up a timer and periodically
changes the number of processors until the optimum is found. Figure ll shows
that the data distribution is set to block distribution and the data structures
involved are the one-dimensional arrays a, b, and c. The goal of the tuning process
is to maintain an efficiency of at least 70%.

After completing this instrumentation, the parallel program is ready to com-
pile. When executed, it will automatically find the max