The Australian BioGrid Portal:
Empowering the Molecular Docking Research Community

Hussein Gibbins Krishna Nadiminfi, Brett Beesoh Rajesh ChhabtaBrian Smith, Rajkumar Buyya

! Grid Computing andistributedSystems Lab % Structural Biology
Dept. of Computer Science and Software EngineeriWgalter and Eliza Hall Institute
The University of Melbourne, Australia Parkville, Melbourne

Email: {hag, kna, raj}@csse.unimelb.edu.au Email: bsmith@wehi.edu.au

®High Performance Computing, Information Technol@gyvices
High Performance Computing,
Queensland University of Technology, Australia
Email: {b.beeson, r.chhabra}@qut.edu.au

ABSTRACT

This paper presents the Australian BioGrid Pottat fims to provide the biotechnology sector intal& with ready access to
technologies that enable them to perform drug-leadloration in an efficient and inexpensive manoer national and

international computing Grids. Access will be pdrd to docking applications and a wide variety bérical databases. In
addition, analysis of the screening results willnhede possible using web-based tools, along withieal of these results. The
portal aims to become a complete molecular dockif@esearch platform, from user management, thrdagbxperiment

composition, execution over grid resources, andltewvisualization. One of the most sought aftanctionalities in the Grid

Portals today is ‘Persistence’ and this paper pitsse solution which not only offers persistence &lgo provides portability

across the other JSR168 compliant portal contain@itsis portal also offers a mechanism for usersasily manage multiple
projects.

1. INTRODUCTION

Grid computing [1] is not simply a means for resbars to do existing research faster, it promieemta
number of new capabilities. While the ability tarty out existing experiments in less time is dédig
beneficial, other facilities such as working inlabbrative environments, reducing costs, and ggiattess

to an increased number of resources and instrupmataw/s for more advanced research to be carnigd o

In order to achieve these goals, a lot of work besn put into Grid-enabling technology, includingdG
middleware [4], authentication mechanisms [3], vese schedulers [5], data management [6] and
information services [7]. These technologies faha basic services for achieving the higher goélthe
Grid — creating e-Research environments [2]. A benof initiatives, such as APAC Grid [8], EGEE [9]

and NGS [10], have been started in country or oenti wide efforts to build Grid infrastructure, whiwill



offer these basic services for use by research eomtids. However, providing this infrastructureosly
part of the solution. It is only really once allraponents of the Grid are integrated seamlesslintedn
single user-interface, that we can begin to fullypewer research communities, researchers can dotbac

focussing on their research, and the true valieeRésearch can be realised.

The Australian BioGrid Portal, a support projectlud APAC Grid, is a web portal that aims to previtde
biotechnology sector in Australia with ready accesgechnologies that enable them to perform deagH
exploration in an efficient and inexpensive manuosmg grid-based methods. It aims to build on the
previous efforts of The Virtual Laboratory [11],gmiding access to docking applications and a wigleety

of chemical databases. In addition, analysis ofsttreening results will be made possible using hated
tools, along with archival of these results. Thil be a complete molecular docking e-Researclfquian,
from user management, to experiment compositiorcion over grid resources, and eventually results

visualization.

The rest of the paper is organized as follows. écti®Sn 2, we provide an overview of what molecular
docking is and identify some of its challenges, #m&ltypes of issues it presents, to better unaleisthe
requirements (Section 3) of the portal. In Secdomne present the overall system architecturepfeed by
the design and implementation (Section 5). IniSedd we give a walkthrough of how a biologist waul
interact with the portal. Finally we discuss therent status of the project and outline the futdirection

of the portal (Section 7).

2. MOLECULAR DOCKING
Drug discovery is an extended process that candakaany as 15 years from the first compound sgighe

in the laboratory until the therapeutic agent, rugd is brought to market.



In silico, or computer-based, screening techniques [17]evecreening very large numbers (of the order
of a million) ligands or molecules in a chemicatatese (CDB) to identify a set of those that aremdal
drugs. This process, called molecullxcking helps scientists in predicting how small molesulguch as
substrates or drug candidates, bind to an enzyragautein receptor of known 3D structure. Dockaagh

molecule in a chemical database is both a compwdelata intensive task.

Since the process of docking individual molecukesndependent from one-another, this problem lends
itself to parallelisation and can thus be impleredrés a master-worker parallel application. Theans
that we can take advantage of HPC technologies asatiusters and Grids to improve overall execution
time and allow for large-scale data explorationhis lour goal to use Grid technologies to provideap and
efficient solutions for the execution of moleculdoncking tasks on large-scale, wide-area parallel an
distributed systems. This project will improve @ssibility to thesén silico techniques to regular biologists
by reducing the cost of utilising HPC technology ari licensing the docking software, as well asucsag

the level of technical expertise needed to conduch advanced experimentation.

3. REQUIREMENTS

The broad requirement for the Australian BioGridtRlois the creation of an e-Research environmeam;
that enables biologists to perform their moleculacking experiments through a web portal and to
eventually be deployed over the APAC Grid infrastowe. Further details on some of the project’s
requirements, which for the most part are also iegple to other research domains, help support our

approach.

User ManagementThe portal needs to provide support for simultaseaccess by multiple biologists,

single sign-on, and individual workspaces in whiablogists can experiment safely.



Project ManagementBiologists need the ability to run multiple simuléus experiments. Long running

experiments need to be able to continue runnireg afbiologist logs out.

Improve AccessibilityTo hide complexities of the Grid infrastructureteigration of a service to support

automated resource discovery, allocation and aamegsol details (Virtual Organisation [12]) is eged.

Security: The molecule data within chemical databases andrewpntation results are often sensitive, and
need to be protected. Therefore Grid securitymipartant, and data communication between resources

should be secure.

Visualisation: Once an experiment is complete, it is useful faldmists to have immediate access to
visualization tools that allow them to visualise tiesulting interactions between the screened mlgsand

the target.

Accounting and Quality of Serviceln production, services will not be free, so resoad resource usage
need to be kept so that usage can be billed aetyraBiologists should then have some control dvewr

much they are willing to pay for a given experimastwell as how long it should take to finish.

4. ARCHITECTURE
The high level architecture for the system involaeseb portal and its interaction with the undewy(rid

infrastructure, shown below in Figure 1.

Biologists interact with the portal, which in tuoordinates their work and interacts with the Grid
infrastructure on their behalf. There are numerocosponents within the system, which can lead to it
becoming complex and difficult-to-maintain. Weigrfor an architecture which groups these comptmen
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into subsystems with well-defined interfaces. Egample, we use the Grid Service Broker to hanlile a
Grid execution details. A quicker alternative wabble to tightly couple these details within the lagapion
specific portal. However, this means we would havehange user interface when the underlying Grid

software changes causing code reuse and sharbegtone much more difficult.

Australian BioGrid Portal
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Figure 1 : Architecture of The Australian BioGrid Portal

Following is a description of the different compatseewhich make up the architecture.

4.1 The Portal

Our web portal can be divided into four major comgats: user and project management, experiment
composition, experiment execution, and visualizatand analysis. In our implementation there is a
separation between the docking specific (compasiiad visualization) and more generic functionality

(project management and execution), such as pnejanagement and experiment execution.



4.1.1 User and Project Management

The portal provides a mechanism for Grid basedrggowhile hiding the details from the biologisiThe
Authentication module is used to log the user th® portal, while at the same time obtaining tlg&ird
proxy [18]. The Grid proxy will then be used amaans of authentication to Grid resources and aligw

for secure communication.

The user management module will be used to managegtsts and similarly the project management
module will be used by individual biologists to nage projects. During experiment composition and
execution, links will be made between experimenadand the project being worked on, and this dalla w

be stored in the database.

Grid middleware such as the Globus Toolkit provittescapability to perform low-level Grid tasks buas
copying files, executing processes and monitoringc@ss output. The user interface will provide an
environment where biologists can work at a higlesel, hiding the underlying complexity by lettiniget

Grid Service Broker handle the communication witid@niddleware.

4.1.2 Experiment Composition
Within the experiment composition, a biologist [Heato set up their experiment by uploading inplasf
and assigning values to docking-specific parametBxsring experiment composition the biologist dsila

blueprint for the experiment with all the detaitsidg stored in the database for access by othepaonemts.

4.1.3 Experiment Execution

The job of the execution component is to retridvedetails of the experiment from storage, as destiby

the biologist, and use these details to coorditfaeexperiment over the Grid. This component aido
provide execution monitoring, scheduling based earsl quality of service needs, and fault tolerance.
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Interaction with the Grid accounting mechanismlspancluded here. Results of execution will bered

along with other project information creating a g@ete description of the experiment.

4.1.4 Visualisation and Analysis
This component provides the ability for researcherview the results of their experimentation. tPos

processing and visualization tools can be invokethfwithin the portal to help with analysis.

4.2 Virtual Organisation
The Virtual Organisation (VO) will contain informah about which resources the biologist has acteess
This will remove the need for individual biologist&ving to setup and maintain accounts on various

resources. Access to Grid resources will be maatesparent.

4.3 Accounting and Auditing Services
An audit trail needs to be kept to provide a reaofrdvho, what, where and when execution has ocdurre
during an experiment [13]. Not only will this asisbiologists in understanding exactly what ocalirre

during their experimentation, but this servicelsbamportant for billing usage.

4.4 Grid Service Broker

The Grid Service Broker aims to absorb some ofdbplexity inherent in the Grid environment. It
coordinates the execution of the experiment or3hd, interacts with the VO service to discoverikalde
resources, manage the execution of docking on ehtliie compute nodes, records execution details wit
the auditing service and make sure usage of ressusdeing charged, amongst other things. Ewvaungtin
low-level Grid middleware provides us with the astructure for submitting and monitoring singlegdbe

Grid Service Broker will provide a simple API orptof which we can develop.



5. DESIGN AND IMPLEMENTATION
Our architecture is not specific to our applicatidfor the application-specifmomponentspur technology
choices are limited. For the Grid components jtfmature state of Grid technology means that teldgyo

choices are both high-risk and time-consuming, sawetail our choices and possible alternatives.

Our technology selections are presented in Tabl€hk system is primarily Java based.

Component Technology Used Comments

Portal GridSphere Portlet Framework Reusable wehpoments. Standards
compliant. Open source. Offers some
support for running Grid applications.

Virtual Organisation (User MyProxy Currently only considering authentication

Authentication) duties of VO

Accounting & Auditing GridBank Provides the ability charge for resource
usage. This has not been integrated yet.

Resource Service Broker Gridbus Broker 2.0 Cootdmaxecution on the Grid

Compute Nodes Globus 2.4 Provides support for atittetion and
submitting and monitoring jobs to compute
nodes.

Database MySQL [19] Open source, relational dambas

Visualisation AstexViewer [15] Applet for visualimy chemical structures

Docking Software DOCK 4.0 [16] Software to performlecular docking.

Table 1 : Technology Choices

Portal Implementation: For the implementation of the Portal, we've decideduse portlet technology.
Portlets were chosen because they are reusablecdfeponents. Having reusable components will be

beneficial in building new portals in the future.

In recent years JSR168 [24] has emerged as a ij#ioih for developing portlets, and has been widel
adopted by industry and within the portal commumtgeneral. Industry leaders in this arena suclBis
Sun, BEA, Apache and Vignette are supporting tpisciication and have developed JSR168 compliant
portlet frameworks. Many open source portlet cordes have also been developed from various pattseof
world showing growing community support for the I8RB standard. GridSphere [25] is one of the open
source JSR168 compliant portlet containers, andbleas adopted as a standard toolkit for Grid p®rtal
development in the Australian APAC Grid Program.e Wave chosen GridSphere to develop the BioGrid

Portal. Most importantly we are supporting the J&R$tandard and are open to evaluating other portle
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containers in the future. Today GridSphere is dssnone of the best open source toolkits avaddor

developing ‘Grid’ Portals.

JSR168 specification was developed as a generitepanvironment and it doesn’'t deal with the
“persistence” requirements that most Grid Portailé nequire. Persistence is important for Grid Rdst
since Grid-based jobs are expected to be lengthyeasuring that information is not lost at runtime
critical. GridSphere uses an open source objeatioglal persistence service for Java called Hikder{i26]

as a layer to bring persistence to their Grid Pardome other Portal developers have also usedas]

to bring that persistence layer to the Grid Portdlsis portal presents a persistence solution wisch

portable to other portlet containers since it gasated from the container itself.

The portlet framework chosen was GridSphere becauwgas open source and JSR 168 compliant. Recent
surveys [21][22] of portlet containers showed tkatdSphere is comparable with other popular portlet
containers (such as uPortal, LifeRay and Plutobsxia broad range of criteria. As the name implies
GridSphere has many Grid-specific features unltkeiocontainers which are more generic. While many
these features are not portable, discussions \iéhdevelopers have reassured us the inter-container
operability will be implemented in the coming mosithGridSphere already complies with JSR 168, which

means that our code can be shared and deployeffaredt portlet containers.

Each piece of functionality was developed as arsépagortlet or a small group of related portlefgo
increase portability, inter-portlet communicatios riestricted, and information sharing occurs via th
database. Figure 2 illustrates the separationdstveach component and also their interaction thith
database via the DBQuerier class. This indepersdemeans that if a new improved set of experiment

composition portlets were developed, they couldyehs plugged in to replace the existing ones.
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Figure 2: UML diagram of The Australian BioGrid Por tal.

Authentication and single sign-onGridSphere offers the ability to create custom antication modules
that are invoked once a user logs into a genegia Iscreen. When logging into a GridSphere podalser

is authenticated using the authentication modulénel@ for that portal. There is also the concept o
chaining modules, so that if one module fails tthanticate the user, other methods can then e thie
order to achieve single sign-on, we needed to ereat own module that would retrieve a biologigt'exy
certificate and store it in the database to besssgklater. A custom authentication module wasenfad
the portal that contacted a MyProxy server, dowsdoathe biologists proxy certificate based on the

username and password supplied at login, and satethe database.

Data Storage:Although we use a single database for both userexpeériment data, this data could be
separated if required. For example, we may latshwo user a dedicated database server to store
experiment data such as molecule structures. My®&Qtpen source and is a popular choice for Java
development, although other implementations sudhaasgreSQL (Posgres) could be used in its place.
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The molecules to be used for screening are impartea the database along with user, project and
experiment data. There was no convincing reasaseanultiple databases (one for the moleculeard
for other application data) at this stage, nor thase an advantage of using a combination of SQabdee
and SRB (for files). It was decided that if scalabever became an issue, techniques similarhtzse
adopted by high-demand web sites or Grid database] always be applied later. We also made thaie
nothing was written to the database used by Grid&plas this would reduce the portability and ity

of the portal.

Project and Experiment CompositionExperiment composition is just a means of gettitigthtee data
required to perform the experiment into the databa#& number of portlets were created to allow the
biologist to upload input files, modify experimgudrameters, and select a set of molecules to lzkfase

screening.

Experiment Execution and Monitoring:The changing nature of Grid software means the nlyidg
middleware like Globus will soon change. In aduhtio our architecture requirements, we must beldéal
from such change. Most Grid development has fatosdower level middleware, so Grid Service Braker
are relatively immature. The Gridbus Broker hasrbased in a number of projects already [23][2&] an
has been designed with extensibility in mind. ©thkers, such as Nimrod-G, could be used butva Ja
interface makes development within the portlet Bmmnent easier. This type of functionality is poad
by resource brokers such as the Gridbus Brokemtwisi why we have chosen to use it for the expertme
execution within the Australian BioGrid Portal. Bistence of user data (such as jobs running) enéas

If our portlet container crashes we must not Idss tnformation. As mentioned earlier, GridSphere
provides persistence via Hiberate, but it's cuttyentt portable. By keeping persistence at thalGervice
Broker level, we can change portlet contaiaued still have persistence.
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When executing an experiment, we store executireptts of the experiment within the portlet contégme
Java Virtual Machine (JVM). That is, instanceshed Gridbus Broker are stored in the memory ofvieé
server. However, experiment management can bemsyssource intensive. To avoid this, the Gridbus
Broker will be migrated to a web-service while kiegpthe existing interface. With such a system,cae
have dedicated resources for experiment manageamehiensure that restarting or changing the portlet

container doesn’t destroy experiment execution.

Due to the separation of components, we could awagply plug in a different set of experiment

execution portlets if we wanted.

Efficient Data ManagementWhen docking is performed, it is common for mukipésults to be generated
for each molecule in a database. With generalejsthg resource broker would send input files ta Gr
nodes and then retrieve results after executionoutr scenario however, we wanted to reduce unsapes
data communication as much as possible. The brkterg as a middle man between the database and th
compute resources causes a problem. The brokds ne¢ransfer files locally and then forward thes&o

the required recipient. If the broker is running its own separate Grid resource, then the overloéad
passing inputs and results via the broker creatgeat overhead. This led to the creation of aanaghich

Is sent to a resource the first time it is askeddavork. The agent then allows the resource lfottathe
database directly for retrieving input and storaxgcution results. The job of the broker then bezpone

of informing the agent of which inputs to retriessed where to store the results.

Result Visualisation and AnalysisThe AstexViewer applet is currently used to viszmlthe output. To
visualize a result, the result stored in the dataldar a particular molecule needs to be extra¢tedtarget
protein also needs to be extracted, the resuitpsraimposed onto the target and given to the Japkefor
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visualization. It is intended for other visualimat options to be available. Results can alsodventbaded

locally if required.

Docking Software: The DOCK molecular docking software from UCSF wastalled on each of the
compute nodes. Optionally the executables couldthdged to a resource at the start of executiono T
reasons for avoiding this are: 1) the executablegatentially very large and may require configiors, 2)

because of licensing issues it is assumed compakesrhave the software installed.

6. A DOCKING EXPERIMENT WALKTHROUGH

Here we will walk through the process taken by@dsl biologist as they interact with the portalle have
set up the molecular docking environment, and ltimoyed it on different Grid resources distribubedh

nationally and internationally, shown in Table [ this experiment we have chosen to use the paieo

enzyme ‘thermolysin’ as the target, and have s@éénagainst a sample chemical database contairig

molecules.
Component Resource
Biologist's Desktop gieseking.cs.mu.0z.au
Grid Service Broker & Portal manjra.cs.mu.oz.au
Authentication (MyProxy server) its-hpc-ibm1l.itlstgut.edu.au
Database bart.cs.mu.oz.au
Grid Resources (compute nodes) brecca-2.vpac.org,

Icl.apac.edu.au,
c20.besc.ac.uk,
c21.besc.ac.uk,
belle.anu.edu.au,
belle.physics.usyd.edu.au,
belle.cs.mu.oz.au,
manjra.cs.mu.oz.au

Table 2 : The Molecular Docking Grid Environment

6.1 Getting started
A biologist has just found a new target protein arghts to search an existing chemical databasaedahy

molecules that dock favourably with it. The biakigorepares the input files and accesses thelporta
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Logging in: The biologist logs into the portal by supplying ithesername and password. The username
will first be used to verify that the biologistasregistered user of the portal, and then botlusieename and
password are used to download the biologist’'s @raky from the MyProxy server. Once the proxy is
obtained it is stored in the database for lateiendl. This achieves a single sign-on mechanisat &lso

hides the usage of grid proxies from the biologist.

Creating a new projectOnce logged in, the biologist is presented witfsting of their projects. Since the
biologist will be conducting a new experiment, avr@oject is created by specifying the new projeane.
The biologist creates a new project called ‘my expent’. The new project is then selected as tireent

project.

<:!| - E:> - @ @ I“ http:ffgieseking, cs.mu, oz, au: 9090/ gridsphere/ aridsphere?cid=login j @ (=) IIQ, - 8 X

The Australian BioGrid Portal Logout

Welcome, hussein
l-w Dock lGndbus Broker lOthEr Tools ...

S 7 Project Creator

Mew Project Name | |my experiment create I

&£ 7 Project Info = 0O

Mo Project Selected

Project Browser

i [MaME |crREATED (DATE) [acTION
[z0 [thermalysin = [select
[21 ftarget 1 [ [zeleer

Figure 3 : Creating a new project.

6.2 Experiment composition
Now the biologist needs to set up the docking erpant. The biologist selects the ‘Dock’ tab to raov

onto the experiment composition. This area isi§ijpgo molecular docking.

Chemical databaseThe biologist is allowed to select from a set ohitable databases. These could be
public databases accessible to all biologists,atentially they could have been uploaded by théolist
for private use, or even shared from another u3ée biologist selects a database, linking it ® ¢hrrent

project.
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Input files: There is a set of docking input files that needoéouploaded. Each are described for the
biologist. When uploaded, each of these inpusfile stored in the database and linked to the wurre

project.

Figure 4 : Uploading input files.

Grid.in and Dock.in parameter filesAnother set of input files to be uploaded by theldmist are the
grid.in and dock.in files. These files contairaege number of parameters used for controllingixthg each
molecule is docked. Once uploaded, the biologiggiven the ability to modify any of these paransete
within the portal interface. As with the other utgiles, these files are stored in the databaskeaaa linked

to the current project.

6.3 Executing the experiment on the Grid
Once the experiment has been set up, all details haen stored in the database. The biologisbwg n

ready to run the experiment on the Grid.

Setting quality of service requirement$:the results of the experiment need to be madelahe as soon
as possible, the biologist can enforce a strictiea (the experiment must be complete within teatr?

hours), while allowing for a relaxed budget (spasdnuch money as necessary).
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Figure 5 : Setting QoS attributes

Running the experimentThe biologist now selects ‘run’ to start running gxperiment.

Monitoring execution: Once the experiment execution has begun, the bstlegll want to see that the

experiment gets started successfully.

Figure 6 : Monitoring execution.

The biologist is able to view the status of all jbles in this experiment. The execution resournayg need
to be prepared before jobs can be run (ie. stagugy any common files). Once prepared, jobs well b
scheduled and executed on the resources untibled are complete (or the QoS parameters have been

violated). The biologist can also find out furtlgitails about each job or resources, such asnigedach
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job started, what time it finished, which resourtcexecuted on, the average time each resoureisg to
execute a job and so on. Once the experimenhismg, the biologist can log out of the portal @odtinue

on with other work.

6.4 Results and Visualisation
Recalling experimentThe biologist can log back into the portal to vidwe results. The biologist logs in
the same way as before, but instead of creatingwaproject they select ‘my experiment’. The biotdg

can then view the results.

Results Visualisation:The biologist views a listing of the molecules imetdatabase selected for the
experiment and any available output files. By cttg the view option, visualization software ivaked

which displays the molecule docked onto the tapgetein.

Figure 7 : Visualisation of results.

Experiment StatisticsThe statistics for the experiment execution arevshioelow in Table 3. Since the
fork-based execution service provided by Globugmeh nodes was used, only the head nodes of the

clusters were utilized.
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Experiment start time: June 9, 2005 10:47:44 AM
Experiment end time June 9, 2005 11:16:48 AM
Total time taken: 29 minutes, 4 seconds.
Average job computation time 70.5 seconds

Site Hostname Configuration Docked
APAC, Canberra Icl.apac.edu.au 154 node, 156 CBGHZ Dell P4 Linux cluster 11
VPAC, Melbourne brecca-2.vpac.org 94 node, 194 &Rbn 2.8GHz Linux cluster 9
GRIDS Lab Uni Melb. belle.cs.mu.oz.au SMP with telrKeon CPUs 3
GRIDS Lab Uni Melb. manjra.cs.mu.oz.au 13 node, kiBbix cluster 3
Belfast e-Science Centre, UK  c20.besc.ac.uk 48 ot x86 based IBM SP2 cluster 9
Belfast e-Science Centre, UK  c21.besc.ac.uk 48 ot x86 based IBM SP2 cluster 65

Table 3 : Experiment statistics showing the numbeof molecules docked on each resource.

7. CONCLUSIONS AND FUTURE WORK
Currently The Australian BioGrid Portal allows logists to conduct molecular docking experimenta in
simple e-Research environment. We have succegshdt a number of the requirements set out for this

project, and we will be refining our solution basedfeedback from real biologists.

While the complexity of building rich e-Researchvieonments, from the hardware up to the end user-
interface is high, the immense benefits to reseapchmunities are clear. By reducing costs, redutine,
promoting collaboration, and increasing the scdpb@research, there is bound to be a great aévartbe
research carried out by various research commanitid/e have made progress towards achieving this
vision with The Australian BioGrid Portal, howevere plan to continue improving upon our work in
collaboration with the molecular docking researommunity within Australia. We intend on havingestt
group of biologist trial the system and feed ushwiew requirements for the system. Once the sysem

running at a satisfactory level we will make itdito other biologists in the community.

Initially we intend on improving the integration twiVirtual Organisation services to allow for usecess
control and resource discovery. We will also wmwards including accounting services via the GadB

Grid banking service. A number of other featuneshsas tracking of experiment history and compiista
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security are still to be incorporated into the egst Grid security is continually being added tpmurting

technologies, so software like GSI enabled MySQQ] jaay be incorporated in future.

ACKNOWLEDGEMENTS

We would like to thank those involved with the Udaterface & Visualization Infrastructure Support

Project of the APAC Grid. We would also like tafttk Ashley Wright of QUT for providing us with agse

to a MyProxy server, all of those who provided asc® compute nodes used in our test bed for rgnnin

docking experiments, and Srikumar Venugopal hisatalle comments.

REFERENCES

(1]
(2]

(3]
(4]
(5]

(6]
(7]
(8]
9]
(10]
(11]

(12]

(13]

(14]

(15]
(16]

(17]
(18]

(19]

I. Foster and C. Kesselman, The Grid: Blueprintadtuture Computing Infrastructure. Morgan Kaufm&ublishers, 1999.

T. Hey and A. E. Trefethen, The UK e-Science CamgRamme and the Grid, Journal of Future Generafiomputer Systems (FGCS),
vol. 18, no. 8, pp. 1017-1031, 2002.

J Novotny, S Tuecke, V Welch, An Online Credentapository for the Grid: MyProxy, Proceedings oé tR001 International
Symposium on High Performance Distributed CompuiigDC 2001), IEEE CS Press, Los Alamitos, CalifartuSA, 2001.

I. Foster and C. Kesselman, The Globus ProjecttaduS Report, Proceedings of IPPS/SPDP'98 HeteeogsnComputing Workshop,
1998, pp. 4-18.

S. Venugopal, R. Buyya, and Lyle Winton, A Grid Bee Broker for Scheduling Distributed Data-Oright#&pplications on Global
Grids, Proceedings of the 2nd International Worksbin Middleware for Grid Computing (Co-located wiitiddleware 2004, Toronto,
Ontario - Canada, October 18, 2004), ACM Press420GA.

C. Baru, R. Moore, A. Rajasekar, and M. Wan, The&sS[5torage Resource Broker, in Proceedings of CASZ®) Toronto, Canada,
Nov 1998.

J. Yu, S. Venugopal, and R. Buyya, A Market-Orien®&rid Directory Service for Publication and Diseoy of Grid Service Providers
and their Services, Journal of Supercomputing, Kiuacademic Publishers, USA, 2005

APAC Grid Program, http://www.apac.edu.au/progr&fiD/, accessed June 2005.
Enabling Grids for E-SciencE (EGEE), http://puldic-egee.org/, accessed June 2005.
The UK National Grid Service (NGS), http://www.ngs.uk/, accessed June 2005.

R. Buyya, K. Branson, J. Giddy, and D. Abramsone Mirtual Laboratory: Enabling Molecular ModelingrfDrug Design on the
World Wide Grid, The Journal of Concurrency and @amation: Practice and Experience (CCPE), Volumeld$ue 1, Pages: 1-25,
Wiley Press, USA, January 2003.

I. Foster, C. Kesselman, and S. Tuecke, The anatdrthe grid: Enabling scalable virtual organizaso International Journal of High
Performance Computing Applications, vol. 15, nopf3, 200-222, 2001.

A. Barmouta and R. Buyya, GridBank: A Grid Accougti Services Architecture (GASA) for Distributed &ms Sharing and
Integration, Workshop on Internet Computing and dr@erce, Proceedings of the 17th Annual Internati®arallel and Distributed
Processing Symposium (IPDPS 2003), IEEE ComputeieSoPress, USA, April 22-26, 2003, Nice, France.

J. Novotny, M. Russell, O. Wehrens, GridSphere: catgb framework for building collaborations, Jourr@ Concurrency and
Computation: Practice and Experience, Volume 16)d$5, Pages 503 - 513, 2004.

AstexViewer, http://www.astex-technology.com/AstéaWer/, accessed June 2005.

Ewing A (ed.). DOCK Version 4.0 Reference Manualnivérsity of California at San Francisco (UCSF),SIA., 1998.
http://www.cmpharm.ucsf.edu/kuntz/dock.html.

Kuntz I, Blaney J, Oatley S, Langridge R. FerrinATgeometric approach to macromolecule-ligand adgons. Journal of Molecular
Biology 1982; 161:269-288.

V. Welch, I. Foster, C. Kesselman, O. Mulmo, L. Bean, S. Tuecke, J. Gawor, S. Meder, F. Siebeif09 Proxy Certificates for
Dynamic Delegation3rd Annual PKI R&D WorkshqR2004.

MySQL, http://www.mysql.com/, accessed June 2005.

19



(20]
(21]
(22]
(23]

(24]
(25]
(26]
(27]
(28]

GSI Enabled MySQL, http://www.star.bnl.gov/STAR/qoi@rid/MySQL/GSI/, accessed June 2005.
R. Allan, C.Awre, M. Baker, A. Fish, Portals andrfRets 2003, Technical Report UKeS-2004-06
R. Crouchly , A. Fish, R. Allan, D. Chohan, SaEaaluation Exercise — Summary

B. Beeson, S. Melnikoff, S. Venugopal, D.G. BarngsPortal for Grid-enabled Physics, 5th IEEE/ACMédmational Workshop on
Grid Computing

JSR168, http://www.jcp.org/en/jsr/detail?id=168cexsed June 2005

GridSphere, http://www.gridsphere.org/gridsphetidgphere, accessed June 2005
Hibernate, http://www.hibernate.org/, accessed 2005

Castor, http://castor.codehaus.org/index.html, ssmd June 2005

B. Hughes, S. Venugopal and R. Buyya. Grid-base@ximg of a Newswire Corpus, Proceedings of thelGEE/ACM International
Workshop on Grid Computing (GRID 2004, Nov. 8, 20B#tsburgh, USA), IEEE Computer Society Press Atamitos, CA, USA.

20



