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Abstract

Multi-disciplinary Problem-Solving Environments (M-

PSEs) are developed to support sharing of services across

multiple application domains. A PSE is, by de�nition,

aimed to support problem solving in a given application

domain. However, the infrastructure used to maintain and

develop a PSE is not, and various common themes emerge

when considering applications across domains. This is the

predominant reason for developing M-PSEs, and creating a

service layer that can be shared by multiple domain-speci�c

PSEs. An agent-based infrastructure for M-PSEs is

described, which enables the integration of legacy codes,

specialised visualisation services, numerical libraries and

repositories, and resource management systems, such as

LSF and Codine. Each \service" in the M-PSE is a

dynamic component, that can vary its behaviour based

on interactions with other components, or its operating

environment.

1 Introduction

Problem Solving Environments (PSEs) can vary in
their complexity and size, and range from programs
for general scienti�c/mathematical analysis and visu-
alisation, such as MatLab, Mathematica, and Maple,
to large scale distributed environments based on com-
ponent technologies (CORBA, COM+, Enterprise Jav-
aBeans/Jini) such as the WebFlow/Gateway [1], AD-
VICE [2], and ARCADE [24] systems. What is of-
ten missing from these systems is the ability to inte-
grate these disparate systems, or results generated from
them, together under a uni�ed framework. Hence, re-
sults generated by MatLab, or simulations performed
with ADVICE, cannot be easily shared with other
systems, unless a developer modi�es �le formats or
changes de�nitions used by various systems manually.
What is needed is the ability to combine problem-

speci�c PSEs, facilitating interoperability between var-
ious tools and specialised algorithms that each PSE
supports. Houstis et al. refer to the infrastruc-
ture for developing these as \Multidisciplinary PSEs",

which can combine PSEs for tailored, 
exible multidis-
ciplinary applications [6]. Based on this general frame-
work, they describe a collection of interacting solver
and mediator agents, which can partition large scale
problems into a collection of interacting solvers [9, 7].
We extend this notion of collaborating agents to cover
code mobility [11], whereby numerical algorithms can
be migrated across a network, avoiding the need to mi-
grate large quantities of data. Integration with data
sources that are structured, such as object or relational
database management systems, are also often missing
from scienti�c software, where the emphasis is gener-
ally on parsing �les using a custom format speci�c to
the application. Data management is often missing in
most high performance computing applications, even
though the speed at which data can be moved in and
out of secondary or tertiary storage systems is an or-
der of magnitude less than the processing rate. Citing
a 1998 NCSA report, Kleese claims that although high
performance computers can operate at the TeraFlop
range, I/O operations run closer to 10 million bytes
per second [13].

A review of what a PSE should contain is �rst pro-
vided, based on requirements identi�ed within other
existing projects (currently underway or which have
recently completed). A brief overview of these projects
is also provided. The agent based infrastructure is then
identi�ed, and services that must be supported within
such an infrastructure are de�ned. Two applications
are described which make use of this infrastructure.
The paper emphasises the importance of agent based
services within a distributed PSE, and the novel as-
pects of this paper are the agent based infrastructure
for using services across PSEs, and emphasising the im-
portance of `knowledge' services which extend beyond
the data/syntax level services generally de�ned in sys-
tems such as CORBA and Java (both of which are core
implementation tools within existing PSE projects).
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2 What should a PSE contain?

A PSE should contain: (1) application development
tools that enable an end user to construct new applica-
tions, or integrate libraries from existing applications,
(2) development tools that enable the execution of the
application on a set of resources. According to this de�-
nition, a PSE must include resource management tools,
in addition to application construction tools, albeit in
an integrated way. Component based implementation
technologies provide a useful way of achieving this ob-
jective, and have been the focus of research in PSE
infrastructure (as described in section 2.1). Data man-
agement support is also important, especially when us-
ing a control or data 
ow graph to represent an ap-
plication. In this case data management must be sup-
ported for each component in the graph, for the data
generated locally at each component. Such support is
often missing from existing PSE projects. Based on the
types of tools supported within a PSE, we can identify
two types of users: (1) application scientists/engineers
interested primarily in using the PSE to solve a par-
ticular problem (or domain of problems), (2) program-
mers and software vendors who contribute components
to help achieve the objectives of the category (1) users.
The PSE infrastructure must support both types of
users, and enable integration of third party products,
in addition to application speci�c libraries. Other im-
portant services required within a PSE include security
for access control and managing software licenses, sup-
port for checkpointing component states, support for
debugging and exception handling, and component in-
tegrity checking.

Existing PSE projects handle these requirements to
varying extents. The component paradigm has proven
to be a useful abstraction, and has been adopted
by many research projects, making use of existing
technologies such as CORBA, Enterprise JavaBeans
and DCOM/COM. Automatic wrapper generators for
legacy codes that can operate at varying degrees of
granularity, and can wrap the entire code or sub-
routines within codes automatically, are still not avail-
able. Part of the problem arises from translating
data types between di�erent implementation languages
(such as complex numbers in Fortran), whereas other
problems are related to software engineering support
for translating monolithic codes into a class hierar-
chy. Existing tools such as Fortran to Java transla-
tors cannot adequately handle these specialised data
types, and are inadequate for translating large appli-
cation codes. For PSE infrastructure developers, inte-
grating application codes provides one goal, the other
being the resource management infrastructure to exe-

cute these codes. The second of these can include work-
station clusters, or tightly coupled parallel machines.
We therefore see a distinction between these two tiers
of a PSE, (1) a component composition environment,
(2) a resource management system.
A loose coupling between these two aspects of a PSE

will be useful where third party resource managers are
being used, whereas a strong coupling is essential for
computational steering or interactive simulations. A
more detailed description can be found in [32].

2.1 Existing PSE E�orts

In this section existing PSE projects, which have be-
come popular and employ some aspects of the infras-
tructure described previously, are brie
y described.
The Gateway project [1] introduces a component based
system implemented using JavaBeans and utilising
data
ow techniques to represent an application as a di-
rected graph. The Gateway system chooses to use the
Abstract Task Descriptor (ATD) as its lowest level of
granularity of instruction, and to subsequently build up
the instructions that de�ne the application. The NCSA
\Data to Knowledge" (D2K) [3] project also uses the
data
ow approach for integrating components for data
mining and knowledge discovery. The Adaptive Dis-
tributed Virtual Computing Environment (ADViCE)
project [2] is another system that provides a graphi-
cal user interface that enables a user to develop dis-
tributed applications and specify the computing and
communication requirements of each task within the
task graph. Unlike the Gateway system, but similar
to our own, the ADViCE system has its own sched-
uler that allocates tasks to resources at run time. The
Arcade project [24] uses a slightly di�erent approach
in that the system has a three tier architecture, with
the �rst tier consisting of a number of Java Applets
that are used individually to specify the tasks (either
visually or through a scripting language), to specify re-
source needs, and to provide monitoring and steering.
Each of these Applets then interacts with a CORBA
interface which in turn interacts with the �nal exe-
cution user modules distributed over a heterogeneous
environment. SCIRun [19] [22] provides a program-
ming environment to support interactive construction,
de-bugging, and steering of large-scale scienti�c appli-
cations. The focus in SCIRun is on computational
steering, supporting application, algorithm and perfor-
mance steering. The Distributed Problem Solving En-
vironment Component Architecture Toolkit (CAT) [25]
is a component-based toolkit for integrating heteroge-
neous software components. Aimed speci�cally at sci-
ence and engineering, a CAT component can be dynam-
ically inserted into the system and be made to interact
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with other CAT components, regardless of di�erences
between architecture, operating system, and program-
ming language. The end-user interacts with this PSE
through a graphical interface, which provides a visual
workspace in which components can be created and
connected. Before the user can decide which compo-
nents and machines to employ, she must have access to
information about the hardware and software resources
available on the system. This facility is provided by
the CAT Resource Information Service (RIS). The RIS
comprises an \Information Server" which maintains
an LDAP database, and stores hardware and software
meta-data, and an \Information Browser", a graphi-
cal tool packaged with the CAT that allows a user to
search and browse the contents of the LDAP database.
The Netsolve project [23] enables the user to de�ne
problems in a specialised language, not dissimilar to
Matlab. Interfaces are also provided for Fortran, C
and Java. Netsolve also supports access to both hard-
ware and software based computational resources dis-
tributed across a network, supporting load-balancing
and resource discovery using a collection of interact-
ing agents. The Parallel ELLPACK project [27] is a
PSE for PDE based applications. Implemented using
the ELLPACK language and sequential solver libraries,
it also contains �nite element methods, third party
solvers, and a graphical interface for problem speci�-
cation. Support is also provided for running the gener-
ated application on parallel machines.

Other projects which share features of a PSE, but
do not provide both a program integration/generation
tool and a resource manager include PARDIS [29],
PAWS [20], and various resource management systems.
Based on existing projects, a PSE must therefore: (1)
allow a user to construct domain applications by plug-
ging together independent components. Components
may be written in di�erent languages, placed at di�er-
ent locations, or exist on di�erent platforms. Compo-
nents may be created from scratch, or wrapped from
legacy codes; (2) provide a visual application construc-
tion environment; (3) support Internet-based task sub-
mission; (4) employ an Intelligent Resource Manage-
ment System to schedule and eÆciently run the con-
structed applications; (5) make good use of industry
standards such as middleware (CORBA), document
tagging (XML); (6) must be easy for users to extend
within their domain. Domain speci�c additions could
be undertaken by application scientists to include new
solvers or data sets, or by developers to include new
resource or data managers, for instance.

Facilitator

Database
Database

Database

Database

Parallel Machine

Neural Network

Instrument

Security Manager

PDESolver

Figure 1: The `Agent Grid'

2.2 Agent based PSEs

Agents can be seen as an extension to objects and com-
ponents. An agent provides:

� a collection of services (methods in objects),

� behavioural rules (based on o�ered services) which
can change with time and interactions,

� an interaction language,

� a data model (an ontology) that de�nes a common
vocabulary for interactions,

� a strategy or long term goal that the agent intends
to pursue.

In this scenario, each agent provides a particular ser-
vice to other agents, although multiple agents can o�er
similar services. The o�ered services or roles for agents
can be: (1) resource monitors, (2) match makers, for
matching application/task requests with resource ca-
pabilities, (3) Partial Di�erential Equation (PDE) or
other numerical solvers, (4) tertiary storage managers,
(5) data format converters, (6) security managers, (7)
user pro�lers, etc. These roles are supported by an in-
frastructure that enables agents to communicate using
FIPA ACL [10] { a domain independent agent com-
munication language, and extends the notion of `Com-
putational Grids' [14], to include a wider range of dy-
namic information services. Figure 1 illustrates a gen-
eral `Agent Grid' (AG) comprised of agents undertak-
ing di�erent roles, wrapping legacy databases, or man-
aging task execution on a parallel machine.
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2.3 Information Grids as Infrastructure for
PSEs

Information `Grids' provide a useful abstraction for
connecting and sharing di�erent types of informational
resources, which can range from people to applica-
tion software, and parallel hardware. Generally, there
may be a hierarchy of grids, where local grids federate
and provide services to a global infrastructure. Local
grids in this context may support specialised software
libraries or protocols, which are then integrated into
some global services. One of the objectives of o�er-
ing grid services, is to facilitate the pervasive provi-
sion of such services, and consequently the automatic
discovery of services within a given context. We may
infer various kinds of information grids, that could con-
tribute towards multi-disciplinary PSEs, such as:

� Computational Grids: These are the most com-
monly used grid concepts advocated by the high
performance computing community, and brought
together in the edited work by Foster and Kessel-
man [14]. Computational grids provide meta-
computing toolkits, which range from Globus and
Legion for managing resources, high throughput
computing infrastructure such as CONDOR, to
application-level scheduling mechanisms. This
view covers resource description, management,
load balancing, data management, leading eventu-
ally to the aggregation of computational resources.

� Geo Grid: Geographical maps and GPS based in-
frastructure constitute the Geo Grid, which en-
ables grids to be viewed as cross hatching coordi-
nate systems. Detailed maps provide viewpoints
which can range in complexity from building lay-
outs to the entire Earth. Various segments of the
Geographic Information Systems community, such
as the \Earth Observation Information System"
and the \National Image and Mapping Agency",
provide and make use of the Geo Grid, for applica-
tions in command and control, area demographics,
and vegetation and biomass studies.

� ABIS Information Grid: The Advanced Bat-
tlespace Information System (ABIS) provides a
global information grid, as part of the the DARPA
I*3, BADD and AICE programs, to connect a
large number of data sources to a large number of
query sources across the globe. This type of grid is
aimed primarily at data integration and manage-
ment from various di�erent sources, each of which
can have a local database schema. An equivalent
project in the commercial domain is MCC's InfoS-
leuth project.

� Software Grid: The most widely deployed grid ser-
vices constitute the \software" grid, which is com-
posed of web servers, email servers and a wide
range of other services which can be accessed from
geographically dispersed locations. In this con-
text, logical grids operate over a physical infras-
tructure composed of Ethernet, ATM, Fibre and
recently, wireless links. The physical infrastruc-
ture is composed of network components, such as
routers, gateways, hubs, whereas the logical infras-
tructure is composed of software services based on
distributed objects (CORBA, COM+), Java ap-
plets, and a host of other proprietary software and
protocols.

� CoABS Grid: The DARPA \Control of Agent
Based Systems" (CoABS) project [15], is most
closely related to our approach, where agents of-
fer various services which can range from com-
ponent interaction managers, database wrappers,
traders/brokers, to resource planners and user in-
terfaces. The scope of the CoABS project is wide,
and at present few services are available that may
can be integrated e�ectively with computational or
Geo grids. A more detailed account can be found
in [16].

Integrating these various types of grids, we can iden-
tify some common themes and usage requirements:

� The ability to connect computational resources
of di�ering complexity, to improve resource util-
isation, and enable pervasive access to these re-
sources. Computational resources and applica-
tions may dynamically enter or leave the grid, and
be o�ered at various levels of granularity. Re-
sources can include computational and visualisa-
tion engines, data repositories, and scienti�c in-
struments.

� Connect geographically dispersed users to soft-
ware and hardware resources in a transparent way,
whereby users can perform complex mathematical
operations remotely. As a consequence of perform-
ing these mathematical operations, to also manage
storage resources in an eÆcient way, to divide the
recorded data between tapes and disks in a hi-
erarchical manner, and subject to some eÆciency
criteria.

� Connect to newer and legacy systems simultane-
ously, and undertake format conversions between
data stored in �le systems at geographically dis-
tributed sites.
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� Make use of existing numerical and scienti�c soft-
ware, in libraries such as the Guide to Available
Mathematical Software (GAMS) [4], and execute
the software on-demand, at the point of data avail-
ability.

� Con�gure and re-organise software components
to create applications dynamically, where compo-
nents are self-identifying, contain constraints on
their licensing needs, and are self-documenting to
identify their particular features.

PSE projects must therefore make use of grid ser-
vices where possible, rather than create their own ver-
sions of these. This is particularly important if re-
sources and data sets need to be shared between users,
or if multi-disciplinary research needs to be undertaken
where data sets from prior experiments need to be fur-
ther analysed. Data fusion is becoming increasingly im-
portant in the context of scienti�c applications, where
data gathered by di�erent instruments, or generated
from multiple experiments, must be integrated.

3 Service Integration for Multi-
Disciplinary PSEs

We suggest the extension of the component model to
agents, where an agent can contain behaviour rules,
and interacts with other agents using a specialised com-
munication language. From this viewpoint, agents be-
come both application generators and managers, and
resource managers that must execute these applica-
tions. Each agent may make use of grid based services,
such as PDE solvers, which are also implemented as
agents. All interactions are therefore either requests for
services, or responses carrying results. Users interact
with a presentation agent, which is responsible for gen-
erating an application on a visual canvas. Once com-
pleted, the application is subsequently analysed for er-
rors or omissions by another agent, which interact with
agents providing grid services to �nd suitable solvers
or data sources User agents can cater for the two cat-
egory of users identi�ed previously. Hence, agents for
application developers can facilitate the `checking in' of
components into repositories, or ensuring that the pro-
vided service adheres to a common data model. Sim-
ilarly, agents for application scientists can help users
locate services of interest, locate data sets of interest,
or translate data formats to be usable by particular
solvers. Where multiple services are o�ered, a market
(auction) protocol, such as the Contract Net or WAL-
RAS [17] protocol, may be used to resolve the con
ict
within a given number of message exchanges.

The following services need to be provided, in order
for the agent based approach to work:

� A domain vocabulary to support semantic interop-
erability between interacting agents. Each agent
must utilise terms that another agent can under-
stand, and this will be aided by the development
of specialised ontologies for scienti�c computing.
These ontologies can vary in granularity, from rep-
resenting specialised terms within a given scienti�c
domain (such as Molecular Dynamics), to common
terms which may be applicable across a wide range
of domains, such as matrix solvers, PDE solvers,
for instance. In cases where a domain speci�c term
cannot be resolved, the participating agents should
automatically revert to a domain independent on-
tology, closest to the domain speci�c one. Domain
ontologies may be encoded in XML, for instance,
and be carried as a reference within each message
that is communicated between agents.

� Identi�cation of services which are domain inde-
pendent and those that are domain speci�c, and
correspondingly the identi�cation of specialised
roles that need to be undertaken within PSEs.
These roles can vary in granularity and complexity,
and must be described using the common ontologi-
cal terms, to enable utilisation by applications and
by other grid services.

� Wrap computational and data resources as agent
services, describing resource capabilities and ap-
plication requirements. The class advertisement
approach adopted in CONDOR provides a useful
way of achieving this objective, however the onto-
logical scheme should be consistent.

� Associate a goal with each resource, based on the
role undertaken by the resource. The goal can be
to improve utilisation over a given time frame for
a computational resource, or it may be to com-
plete speci�c task within a given time. The use
of goals will enable each resource to operate in a
de-centralised manner, although goals of multiple
resources (such as in a cluster) may be combined.
Goals re
ect management policies for a given type
of software or hardware resource, and can also vary
with time, based on a change in the environment
within which the resource operates.

4 Applications

We describe two applications which make use of the
agent infrastructure previously de�ned. An image pro-
cessing application which supports on-demand process-

0-7695-0981-9/01 $10.00 (c) 2001 IEEE 5

Proceedings of the 34th Hawaii International Conference on System Sciences - 2001

Authorized licensed use limited to: Riva Laughlin. Downloaded on November 25,2025 at 23:27:43 UTC from IEEE Xplore.  Restrictions apply. 



Figure 2: Agent based system for the Synthetic Aper-

ture Radar Atlas. See section 4.1 for abbreviations and

details.

ing of images, and a resource management system
which can deal with computational and storage devices.

4.1 Synthetic Aperture Radar Atlas (SARA)

We �rst describe an application based on a set of col-
laborating agents for processing images generated by
Synthetic Aperture Radar. The SARA images are
generated by transmitting electromagnetic pulses to
the surface of the Earth at three wavelengths (L-band
(23.5cm), C-band (5.8cm) and X-band (2.5cm)), and
measuring the corresponding backscatter, which is sub-
sequently collected and analysed. This approach makes
use of a Geo Grid and aspects of Computational Grids.
We combine these services to propose an Agent Grid,
where agents undertake services generally o�ered by
disparate systems, such as a BeoWulf cluster, an HPSS
storage system, a Geographic Information System, and
a web interface for presentation to the user.

In the SARA system [8], the user selects a region of
the Earth by drawing a polygon to identify the region
of interest on a map. This request is then submitted
to a metadata server, where the latitude and longitude
values for the positions identi�ed by the user, are con-
verted into �les names on the HPSS/Unitree system.
The retrieved image is then analysed using approaches
ranging from principle component analysis to neural
networks. In the proposed system, we wrap all of these
resources as collaborating agents, as illustrated in �g-
ure 2. Hence, a User Request Agent (URA) is gener-
ated from the user interface, and carries an analysis
algorithm to the data source. The URA represents a
mobile agent, which enables the migration of an analy-
sis algorithm to the point of data. The URA interacts
with a Local Security Agent (LSA) at the remote site,

which authenticates the incoming agent, and provides
a shell within which the URA can operate. This shell
determines security levels that must not be violated
by the incoming URA, and if they are, the URA is
terminated. Once the check has been completed, the
operation requested by the URA is examined by the
Local Assistant Agent (LAA), to ensure that the re-
quired data source is on-line and accessible. On suc-
cessful veri�cation, the URA connects to a Local Re-
quest Agent (LRA) which interacts with the local data
store to execute the analysis algorithm on the image.
The LRA hides the complexity of retrieving data from
the secondary/tertiary storage, and schedules disk and
tape requests to storage media under its control. Once
the required operation has been performed, the URA
can either take the processed image back to the user,
where a User Presentation Agent (UPA) can display it
to the user, or the URA can migrate to another site,
containing a Geographic Information System to over-
lay the processed image with geographic features such
as towns and roads.
In this case, each agent undertakes a particular

role, and is responsible for achieving the role within
a given time. Each agent therefore has a goal func-
tion that is connected with its role, and each agent
o�ers a service within a given context. In the SARA
system, agents communicate through specialised mes-
sages, which carry a role speci�c ontology, and a com-
mon domain ontology. For instance, the LRA must be
able to receive a request to process an image, the LAA
must be able to interpret a request to check the avail-
ability of a data source, and the LSA must be able to
check the security certi�cate of the incoming URA. In-
teractions between agents use tagged messages, which
are divided into a \performative" and a \content" part.
A \performative" identi�es a particular operation that
the recipient agent must undertake, and are de�ned by
the ACL standard [10]. The \content" portion con-
tains variable declarations, identifying constraints or a
reference to a common domain ontology that the com-
municating agents must use. For instance, the URA
and the LRA interact as:

(ask-one,

sender: URA:o.f.rana:131.251.42.111,

receiver: LSA:saraserv:131.215.49.4:8755,

in-reply-to: ID,

content: (BAYES ?image,

source: BAYES CART,

language: Java,

ontology: href:131.215.49.4/analysis.xml)

ontology: sara-XSIL,

language: Java

)

where the URA requests the LRA to perform a partic-
ular query on its behalf, on the data source contain-
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ing the images. The ask-one performative indicates
that the URA only requires one response from the LSA,
in case multiple matches are found. Other performa-
tives can include ask-all, or tell (where no response
is required). The content �eld constrains a variable
image, which must be analysed by a Bayesian CART
algorithm, which is carried with the URA, written in
Java, and adheres to a domain ontology analysis.xml,
for analysis algorithms. The href tag identi�es where
the particular ontology can be found. There is also
a domain speci�c ontology for the particular applica-
tion within which this analysis algorithm is being used,
which is the sara-XSIL ontology. Hence, the URA
can delegate responsibility for performing the Bayesian
analysis to the LSA, and expects the LSA to send back
an image on completion. All other agent interactions
are similarly de�ned.

4.2 Resource Management and Discovery

A second application is a decentralised resource man-
agement system that makes use of `resource capabil-
ities' and `task requirements' to �nd suitable alloca-
tions. Our system can deal with a dynamically chang-
ing environment, which could include new tasks created
at run time, or new devices added to existing clus-
ters. The approach makes use of various algorithms
that use similarities between devices to �nd approx-
imate matches of tasks to resources. Each resource
administrator is required to describe the resource us-
ing a policy description scheme, which is subsequently
used by a MatchMaker agent to �nd suitable alloca-
tions. Resource selection or discovery generally in-
volves identifying suitable computational engines from
a pool, mostly homogeneous, based on criteria rang-
ing from licensing constraints to processor(s) capabil-
ity(ies) and background workload. In task-parallel pro-
grams, di�erent tasks may need to be mapped to di�er-
ent resources, whereas in the data parallel case, data
decomposition becomes signi�cant. Existing resource
management systems, such as the Load Sharing Fa-
cility (LSF), for instance, involve a queueing facility
to which application tasks are submitted. Such sys-
tems are primarily aimed at managing a homogeneous
cluster, rather than a heterogeneous resource pool. In
addition, the process of identifying a suitable queue
to which tasks must be submitted is delegated to the
user (either directly or via a job control language). The
proposed approach uses the object-oriented description
mechanism in Legion [26], but is most closely related to
the `class advertisement' mechanism in CONDOR [31].
The following steps show how the MatchMaking ser-

vice operates. Rj is an arbitrary resource manager; M
is the centralised MatchMaker; DR is a resource doc-

ument; DT is a task document. An arbitrary task is
de�ned as Ti. Hence:

1. Each Rj sends an asynchronous message to a pre-
de�ned MatchMaking service `M' (running on a
host with a �xed IP address) to indicate its avail-
ability within a cluster. Each message is tagged
with the resource type: (1) computational resource
`C', (2) data storage resource `S', (3) visualisa-
tion resource `V', or (4) scienti�c instrument `I'.
For compound resources which can be of multiple
types, the letters can be aggregated.

2. On receiving the message, the local `M' responds
by sending a document specifying the required in-
formation to be completed by the resource man-
ager at Rj . This information is encoded in an
XML document, and contains specialised key-
words that correspond to dynamic information
that must be recorded for every device in the pool.
The form also contains a time stamp indicating
when it was issued, and an IP address for the
MatchMaking service. The form can either be au-
tomatically completed using agents running on the
resource (similar to daemon processes, but aimed
at interacting with the MatchMaker), or it can be
completed manually by a systems administrator.

3. The manager for Rj completes the document, and
sends it back to `M', maintaining a local copy.
The document contains the original time stamp
of `M', and a new time stamp generated by Rj .
Some parts of the document are static, while oth-
ers can be dynamically updated. Once this has
been achieved, the new device is now registered
with the resource manager, and will continue to
be a suitable candidate for task allocation until it
de-registers with `M'. If a device comes o�-line or
crashes, `M' will automatically de-register it when
it tries to retrieve a new copy of the document.
We de�ne each resource document as DR.

4. Similarly, a user wishing to execute an application
uses a request document based on requirements
of each task Ti within an application, and classed
using either `C', `S', `V' or `I' annotation to the
MatchMaking service `M' within the local cluster.
This results in a set of documents being sent to the
user, for each Ti in the application. The user has
complete control over the granularity of Ti, and
tasks may be grouped based on known dependen-
cies. Each document must now be completed by
the user, either using pre-de�ned scripts or manu-
ally. This issued document contains a time stamp,
and on subsequent return to `M', contains a time
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Figure 3: Sequence diagram between MatchMaker and

other services

stamp from the user. We de�ne such a document
as DT .

5. `M' now tries to �nd a match between eachDT and
DR based on a pre-de�ned match making criteria.
This criteria can include a direct syntax match be-
tween the keywords in the two documents, or a
classi�cation ontology maintained by the Match-
Maker. The ontology de�nes device capability and
task requirements, based on keywords in the doc-
ument (as de�ned below). Each time a suitable
match is made, `M' sends the generator of DT and
DR their corresponding identities. The matched
participants must now activate a separate proto-
col to complete the allocation, and this process
does not involve `M'. The matched Rj must now
de-register itself, or request a new DR.

6. If a local `M' within a cluster cannot ful�l a re-
quest based on the submitted DR from resources
to which it is connected, it can forward this request
to an `M' within another cluster. The MatchMak-
ing services are therefore federated, and register
with each other using a pre-de�ned document DM ,
which identi�es their IP address and start time.

The interactions between various participants in the
resource management system are illustrated in the se-
quence diagram of �gure 3. For instance, when a re-
source agent sends a message to the MatchMaker, the
later should be able to look at it's acquaintance ta-
ble (stored advertise messages DR) to retrieve the con-
tent, which is an achieve performative, and would be
sent back to the resource agent. This would cause
the resource agent to complete its DR (as it exists at
that time) and return this to `M'. If multiple messages
need to be exchanged between `M' and the resource
agent, a reply-with and a in-reply-to performative

R
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D
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2
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D

MatchMaking Service (M)

MatchMaking Service (M)
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Figure 4: MatchMaking architecture

is used to keep track of the conversations. In this
case, a conversation object in JKQML (an imple-
mentation of KQML in Java, available from IBM [5])
connects exchanged messages with conversation iden-
ti�ers. Hence, a resource agent would send a message:

(advertise

:sender parian.cs.cf.ac.uk:8100

:receiver url://parian.cs.cf.ac.uk:20001

:reply-with km.getInitialID()

:language ACL

:ontology resource

:content ( (achieve

:sender parian.cs.cf.ac.uk:20001

:receiver parian.cs.cf.ac.uk:8100

:reply-with km.getInitialID()

:language ACL

:ontology resource

:content ( ) ) ) )

A message exchange between a resource agent and `M'

Figure 4 illustrates the MatchMaking architecture,
comprising of a single MatchMaker within a clus-
ter. `M' consists of three core components, (1) an
information service, (2) a veri�cation service, (3) the
matchmaking service itself. The information service
is responsible for obtaining dynamic parameter values
within documents, and can interact with a local re-
source manager or a user to obtain these parameters.
At any given time, the �nal version of a document is
always maintained with the MatchMaker, and the in-
formation service merely acts to facilitate the gathering
process. The veri�cation service is used to check in-
formation maintained on a given resource by invoking
the information service, and is used to check submit-
ted documents to ensure that all necessary information
has been supplied. As illustrated, a user or resource can
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submit multiple documents, corresponding to di�ering
granularities within the application or the resource.

The veri�cation service contains an XML parser and
a Document Type De�nition (DTD) for DR, DT and
DM . All submitted documents can be veri�ed prior
to processing by the MatchMaker. Further, modi�ca-
tions may be made to any of these documents, and the
next resource to register will get the newer version of
the document, with a change in the document version
number sent to the resource or task.

Each resource can also store a usage history in a
local database, based on the DR schema, at intervals
determined by the resource administrator. In addition,
based on a local policy, an Administrator may refuse to
record certain parameters within DR. MatchMakers in
di�erent domains/clusters can interact with each other,
and only do so if locally generated tasks cannot be ex-
ecuted on local resources. The usage history database
can also be used to maintain composite metrics, such as
load averages over a given time period. The resource
manager can either extend DR with additional tags,
or query the MatchMaker to supply a more detailed
document for completion. DR, on which the resource
ontology is also based, is de�ned as:

<resource>

<name value="parian.cs.cf.ac.uk"

short="parian.cardiff">131.251.42.5</name>

<type compound="true" value="0">C</type>

<type compound="true" value="1">S</type>

<operatingsys>Solaris7</operatingsys>

<arch>SUN Ultra</arch>

<loadavg type="DYNAMIC">0.332</loadavg>

<idletime type="DYNAMIC" value="seconds">1442</idletime>

<processcount type="DYNAMIC" value="NULL">120</processcount>

<memfree type="DYNAMIC" value="MB">64</memfree>

<memory type="cache" value="MB">4</memory>

<memory type="RAM" value="MB">128</memory>

<storage type="disk" value="GB">8</storage>

<mmtimestamp>01.01.2000.15.15</mmtimestamp>

<submittimestamp>02.01.2000.23.22</submittimestamp>

<docversion>1.0</docversion>

<permission value="allow">cs.cf.ac.uk</permission>

<permission value="allow">doc.ic.ac.uk</permission>

<permission value="prevent">ecs.soton.ac.uk</permission>

<constraint type="KIF">

<memfree value="MB"> gt 64</memfree> &&

<idletime value="seconds"> gt 1000 </idletime>

</constraint>

</resource>

The system has been implemented using JKQML. Fig-
ure 5 illustrates the resource document The system
has been demonstrated for matching computational li-
braries running on particular workstations, with tasks
which have been dynamically created from a user in-
terface.

Figure 5: Interface for resource agent { completing the

resource documented DR

5 Conclusion

We propose an agent based integration of services
needed to create a multi-disciplinary PSE infrastruc-
ture. Agents enable computational, data and applica-
tion resources to be viewed in a uni�ed way, enabling
the abstraction of implementation details from appli-
cation scientists and engineers. We identify common
services that must be provided to enable such an in-
frastructure to operate, and use two applications based
on collaborating agents to demonstrate the concepts.

The agent based approach provides the most cost ef-
fective way to bring together people, software and hard-
ware resources to construct PSEs. This is due to the
use of an \agent" abstraction, that can be universally
applied within the system, for software and hardware
resources and for user support. Existing numerical and
scienti�c software can be wrapped as an agent, and run
in its native environment. Hence, no re-writes are nec-
essary for existing codes. The agent wrapper provides
a interaction layer to communicate with other agents,
and execution support rules which modify when and
how access to the scienti�c code is achieved. In this
case, wraping is not to translate between data types
in di�erent programming language (converting Fortran
to Java, for instance), but for adding aditional functi-
nality to an existing code. The communication layer
can trigger execution of the original numeric or sci-
enti�c code, giving no loss in performance. Applica-
tion scientists can then make use of various numerical
solvers, computational hardware, data sources, visual-
isation tools, and access these services via portals that
may be �xed or mobile.
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