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Preface

Medical image computing raises new challenges related to the scale and complexity of the required analysis,
for example in studies that require the federation of large data sets or in complex models and processing.
Grid technology are addressing problems related to large data sets manipulation over wide computing net-
works, providing tools for exchanging data and computing power and additionally serving as a vector for
structuring the user communities as they enable cross-enterprises collaborations. In the medical imaging
area, grids provide a foundational layer that can be exploited e.g., to build patient-specific models, reduce
computing time to meet clinical practice constraints, algorithms validation and optimization, or collabora-
tive studies on rare diseases. Specific grids initiatives are emerging worldwide, demonstrating a growing
interest from the health community for such infrastructures and impacting the way to conduct medical re-
search. However, deploying medical image analysis applications on grid infrastructures requires a proper
understanding of the specific needs in this area.

The Workshop onMedical imaging on grids: achievements and perspectives (MICCAI-Grid) was organized
with the goals of providing an opportunity to demonstrate the current achievements of grid technologies
within the medical imaging community; identifying the fundamental problems limiting the adoption of ex-
isting systems and methods; and stimulating the community to build new collaborations by taking advantage
of the sharing capabilities of grids. The workshop was organized in conjunction with the MICCAI confer-
ence in New York, USA, in 2008. Seventeen papers were submitted to the workshop, representing research
developed in 10 countries around the globe. Each paper has been reviewed by three independent reviewers
from an international scientific committee with representatives from Europe, North and South America, and
Asia.

The final program consists of seven papers selected for full presentations, three papers selected for short
presentations, and additionally two invited talks. The invited talks by Stephan G. Erberich and David Manset
illustrate successful stories from projects in the USA and Europe that are applying grid technologies for
medical imaging applications, namelyGlobus MEDICUS, Health-e-Child andneuGRID. The papers discuss
a large variety of topics, including frameworks for sharingimaging data and algorithms [Tromans et al.
(page 43)], workflows for medical image analysis [Glatard etal. (page 33), Krefting et al. (page 23)], and
aids to run and manage medical imaging software on grids [Ruiz et al. (page 13), Acher et al. (page 95)].
The presented work additionally illustrates how the large computing capacity of grids have enabled medical
imaging studies that would not have been possible to accomplish otherwise [Pernod et al. (page 55), Aoun et
al. (page 75), Soleman et al. (page 65)]. Finally, the papersalso report about the deployment of grid systems
in clinical environments [Niinimaki et al. (page 3)] and explore the potential of grid-enabled simulators of
imaging devices for virtual radiology [Camarasu et al. (page 85)].

This interesting program represents the end of a journey that was possible due to the collaboration of many
(organizers, reviewers, invited speakers, authors, sponsors). The MICCAI 2008 organization provided shel-
ter to this workshop in this important conference. The members of the program committee promptly and
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enthusiastically embraced the idea, prepared high-quality reviews of the papers and (!) returned them sharp
on time. The invited speakers were willing to leave their busy routines and share their expertise at the
workshop in NY. The authors trusted the workshop, submittedtheir research work, sending materials in the
indicated format, within the page limit, at the requested time (!). And last but not least, the workshop spon-
sors (Virtual Laboratory for e-Sciences project, NL and GDRASR, CNRS, FR) provided funds to facilitate
the trip of the invited speakers.

We wish the MICCAI-Grid workshop will leave up to this promising start.

New York, 6 September 2008

Johan Montagnat and Diane Lingrand
I3S Laboratory
CNRS / Univ. Nice-Sophia Antipolis
France
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Academic Medical Center
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Globus MEDICUS - A HealthGrid Platform for
Diagnostic and Therapeutic Medical Image

Exchange in Clinical Research and Healthcare

Stephan Erberich

Director Center for Health Informatics (CHI), University of Southern California (USC)
erberich@usc.com

Invited talk

Summary

Medical image management remains one of the most challenging fields in health informatics. Both clinical
and research image workflows require some form of publication, storage, and discovery. Data scale and
appropriate semantic description /annotation of images create significant complexity of these workflows.
On the other side expectations of the user community are demanding distributed access and reliable unin-
terrupted workflows reusing existing applications and infrastructure. In addition regulatory compliance, e.g.
HIPAA and FDA conformance, are required specifically for clinical and research use.

Radiological imaging presents the advantage that standards for storage and communication of images exit
and thus present an ideal candidate for middleware solutions. The Digital Imaging and Communications in
Medicine (DICOM) standard (www.nema.org) defines the imageand meta-data format and the network pro-
tocol between medical imaging devices. Since then DICOM hasbecome the de-facto standard for medical
imaging adopted by all medical equipment vendors.

The latest DICOM standard, release v3, defines the image format and a peer-to-peer network transport pro-
tocol. DICOM objects contain meta information about patient, study, series, and image attributes. Together
image format, meta data, and network model, define a medical image specific application domain, referred
here as DICOM domain.

Healthcare image management comprises primarily (i) storage, (ii) availability (fault-tolerance and disaster
recovery), and (iii) recently interoperability and information exchange. However DICOM does not provide
image management, but leaves it to the vendors to implement.As a consequence, we see a variety of
silo implementations today making it almost impossible to achieve interoperability. The Integrating the
Healthcare Enterprise (IHE, www.ihe.net) initiative has be created to address the issue of interoperability
with the approach to interface existing silos with significant success in recent years. The latest interface, the
cross-enterprise document exchange (XDS) and its medical imaging cousin XDS-I are taking shape.

However XDS and XDS-I only address interoperability. Stillmissing is an open standards based architec-
ture that provides an overarching and scalable infrastructure to implement all aspects of healthcare image
management (i-iii). Such an infrastructure must keep the integrity of DICOM intact to preserve compatibil-
ity to existing and future investments into imaging devices, Picture Archiving and Communication Systems
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(PACS), and display workstations a $1.9 Billion annual business.

Globus Alliance Grid technology (Globus Toolkit, www.globus.org) is an open Grid architecture providing
reliable industry standards for the most challenging problems associated with network collaborative en-
vironments: (i) high-speed reliable data transport utilizing high-bandwidth networks (cite), (ii) enterprise
level security (data, authentication, authorization), (iii) large scale data management and replication, and
(iv) publication, discovery, sharing, and use of distributed, independently owned and operated computa-
tional, storage, and data resources federated in the Grid asweb-services (WS, www.oasis-open.org). The
Grid paradigm spawns a virtual organization (VO) over public and/or private networks between resource
providers, e.g. imaging devices, and consumers, e.g. radiologists or researchers.

The Globus MEDICUS project (Medical Imaging and Computing for Unified Information Sharing) is a
seamless integration of DICOM devices into Grids. As such MEDICUS builds on the overarching Grid
infrastructure to implement (i-iii). In the Grid, medical images become transparently available anywhere
within a VO, comparable to a Regional Health Information Organizations (RHIO) of hospitals or practices,
and between VOs.

Because the images are available within the Grid infrastructure, standards based WS, e.g. storage, image
processing, data mining, become easier to develop and to deploy. We believe that such an overarching open
standards infrastructure, like MEDICUS, will enable imageavailability at the point-of-care and thus helps
to eliminate redundant imaging to the benefit of the patient and subsequently reduces cost.

Two image workflow use-cases will be described using the Globus MEDICUS platform: (i) Patient Centric
Authorization clinical workflow with County, State, Federal PKI credentialing and (ii) Multi-Center Clinical
Trial image workflows in the Childrens Oncology Group (COG) 40 sites production Grid.
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Building a Community Grid for Medical Image
Analysis inside a Hospital, a Case Study

Marko Niinimaki1, Xin Zhou1, Adrien Depeursinge1, Antoine Geissbuhler1, and
Henning Müller1,2

1Medical Informatics Service, Geneva University Hospitalsand University of Geneva, Geneva, Switzerland
2Business Information System, University of Applied Sciences Sierre, Switzerland

Abstract

This paper describes steps taken to create an internal Grid network to support medical image analysis at
the Geneva University Hospitals. While computing resources today are inexpensive, the real bottleneck
of their usage in many institutes is the difficulty to harnessthem for a particular application and to
maintain an infrastructure. To overcome this problem we have created a community Grid that provides
the researchers a simple interface to a computing cluster inside the hospitals. The fact that no data
has to leave the institution for the computation makes the access to the resources easier for researchers
and removes some of the security constraints. Reusing existing computers on the hospital network, an
automatic setup to distribute the software, using conceptualization techniques, and using a robust Grid
solution based on Linux and ARC (Advanced Resource Connector) all limit the required maintenance
and can quickly give researchers access to computing power.

We describe the components of our setup, its usage with a realapplication, and demonstrate its
performance.

Contents

1 Introduction 3

2 Challenges for creating a computing infrastructure inside a hospital 5

3 Solution guidelines 6

4 An application 8

5 Conclusions 10

1 Introduction

Modern hospitals produce enormous amounts of data in all departments, from images, to lab results, medica-
tion use, and release letters. Since several years these data are most often produced in digital form, making
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them accessible for researchers to optimize the outcome of the care process and analyze all the available
data across patients. The Geneva University Hospitals (HUG) are no exception to this with its daily radiol-
ogy department’s output of over 70’000 images in 2007, majority of them tomographic slices, sometimes
in temporal series with a relatively small size (around 512 kB). Other departments such as cardiology, der-
matology, or pathology, likewise produce large amounts of visual data that need to be stored and could be
analyzed for diagnostic aid tools [4].

Content–based medical image retrieval in general has the goal to allow for retrieval of similar images or cases
over very heterogeneous image collections to help the diagnostic process [15, 20]. For large collections, this
is a time consuming process, even if for single images feature extraction is often fast [21]. Parallelization of
the processing is needed to keep up with the flood of images.

Different technologies can be applied to parallization. In[14], we utilized the Parallel Virtual Machine
software tool to embed in the program code how to distribute the processing in a few (locally connected)
computers. Cluster computing systems, or Local Resource Management Systems (LRMSes), like Condor
[11] provide a higher level command language in order to, typically, send a program and its input to be run
in any computer of the cluster. Grid technologies enable us to connect several clusters, even if they run
different kinds of LRMSes.

With their security infrastructure, standardized job execution and data access interfaces, Grid technologies
provide tools for complicated distributed tasks. “Gridified” image retrieval has been proposed several times,
most often using external clusters made available by large–scale research projects in the domain [12, 16].
Sustainability of these solutions and a business model still need to be developed.

Most approaches for image retrieval on Grids concentrate onthe visual feature extraction as this is generally
the most time–consuming part. Projects such as caBIG1 also allow for image retrieval in Grid environments
but rather relate to text–based retrieval, which is less computationally expensive.

Previously, the medGIFT2 group at the Medical Informatics Service at the HUG successfully gridified their
GNU Image Finding Tool (GIFT3)–based medical image retrieval application [17, 8]. However, the ac-
tual usage of this gridified version was limited to a single quad–core server, or external Grid resources, as
described in [21], made available by the KnowARC4 EU research project.

While Grids in general can be characterized as resource sharing in multi–institutional organizations [7], Grid
technologies can be applied to access resources inside justone organization, as in our case. The benefits of
this are (1) conformance with the controlled and strict access policies needed in organizations that handle
confidential data, (2) the possibility to connect resourcesat different sites within the organization — for
instance in different subnetworks in buildings that can be many kilometers apart, and (3) the possibility of
later expanding the analysis to an inter–organizational level while using the same interfaces.

Like most hospitals, the HUG do not have any central computing infrastructure at the moment that would
allow researchers to run computationally intensive applications, for instance in a cluster of dedicated com-
puters or a mainframe computer. However, over 6’000 desktopcomputers are available on the network of
the hospital for computation, and another 5’000 on the University of Geneva network. Even a partial use
of these resources, for example at night or on a voluntary basis, could help to fulfill the most urgent com-
putational needs for medical image analysis that would allow much more advanced algorithms. Currently,
most of these computers are mainly used to access patient records from central databases, an activity that
consumes only very little of the resources of the computers.At the same time, care must be taken that the

1http//cabig.nci.nih.gov/
2http://www.sim.hcuge.ch/medgift/
3http://www.gnu.org/software/gift/
4http://www.knowarc.eu/
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analysis tasks do not exhaust the hospital network resources.

In this paper we demonstrate that the creation of a computingGrid within a hospital organization (such
as ours) is possible, despite the many technical and particularly political concerns. We have built a test
bed consisting of standard hospital desktop PCs running a LRMS (Local Resource Management System)
that is capable of accepting jobs from the ARC (Advanced Resource Connector) Grid middleware [5]. The
LRMS runs inside virtual machines, so that the software needed for distributed computing tasks can be run
in an isolated environment. Our test bed setup was designed so that it can be controlled by the hospital IT
administrators and requires minimum intervention from thepart of the researchers. Existing infrastructures
for software distribution as well as security policies wereall taken into account.

The rest of the paper is organized as follows. In Section2 we describe the challenges met for harnessing
the desktop computing resources of a large hospital with a sometimes complicated security and political
structure. In Section3 we present our solution based on the given constraints. In Section 4, we discuss
our GIFT–based application and demonstrate its performance in our internal hospital Grid. Conclusions are
drawn in Section5.

2 Challenges for creating a computing infrastructure inside a hospital

Several problems for creating Grid networks inside medicalinstitutions were already known before the be-
ginning of the project [13, 17]. These concern mainly the little flexibility of a large institution towards
research projects that are clearly not the main objectives of the teams managing the infrastructure. This is
quite understandable since the smooth running of the hospital network, networked appliances and applica-
tions is certainly a priority in an organization where people’s lives can depend on them. Data security and
confidentiality are similarly important and our applications can not compromise them.

On the other hand, Grid software is often relatively demanding to its environment, often requiring e.g.
computers with static IP (Internet Protocol) addresses andaccess to specific TCP (Transmission Control
Protocol) ports. While these are not difficult to be providedwithin hospital local area networks (LANs),
they may still contradict hospital policies. Grid and LRMS systems tend to be fairly intrusive as well,
requiring dedicated computing resources, whereas we wouldfavor a setup where computing can use only a
part of the resources of a normal user’s desktop PC.

Thus the main problems are related to infrastructure (I) andGrid software (G). Political problems (P) form
an additional factor. We can summarize these three categories and the requirements that they pose to our
solution as follows:

I1 All applications within the hospital are behind a rigid firewall that does not allow us to have direct
connections outside of the hospitals: all TCP ports other than 80 (http - Hypertext Transfer Protocol)
and 443 (https - Hypertext Transfer Protocol over Secure Socket Layer) are blocked, and access to
http/https is only possible through a proxy. The only way forus to get access to the University network
was via a VPN (Virtual Private Network). Requirement: our Grid setup should not rely on external
resources.

I2 Research applications such as GIFT (GNU Image Finding Tool) and also Grid middlewares are often
developed under Linux, whereas Linux was not allowed to be installed on the hospital desktops at the
beginning of our project. Requirement: do not assume a Linuxenvironment.

G1 For an inexperienced programmer and system administrator, Grid systems are hard to install, maintain,
and interface. Grid certificates can be difficult to obtain. Requirement: allow sufficient time for
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learning, use external expertise, use a temporary certificate authority, if needed.

P1 Grids are relatively unknown in hospital network departments. The lack of knowledge creates a
rejection of technology for the responsible persons as theyare afraid to not be able to control the
infrastructure. Requirement: involve hospital IT, createa test bed for such new technology.

P2 The fragmentation of the structure of the hospital into very independent entities results often in very
strict decision hierarchies and rather a tendency to rejecttechnology and remain with an existing,
restrictive structure; it is sometimes hard to find the responsible person for a particular decision and
often response times for requests can be long due to the fragmentation. Requirement: be patient. Try
to employ a solution that does not need much of the IT personnel’s involvement.

3 Solution guidelines

Despite the problems, we were able to establish a test bed andbased on it demonstrate the benefits of Grids
in the domain of the hospital. A wider distribution inside the hospital is planned to be deployed for research
projects in the future.

Briefly, our solution can be described as running a computingnode inside Virtual Machines that, in turn, are
run in desktop computers. Job submission to these computingnodes is managed by the ARC middleware.
Currently, users who want to submit jobs, log in to a Linux computer that has the both the ARC server and
its job submission interface. More computers can be added later both for job submission and running ARC,
removing the “single point of failure”. Virtualization waschosen as the processes running in the virtual
machines can be in another operating system than the host (inour case Linux) and the processes running in
a virtual machine have no access to potentially confidentialfiles on the host operating system.5

The requirements were considered in the solution as follows:

I1 A local Grid information system was employed inside the hospital network to control the information
of the cluster. No external connectivity is required. However, the solution can support job submission
to both internal and external resources, when available. The internal computing resources do not need
any external connectivity.

I2 The desktops run the hospital standard issue Windows XP, completely controlled by the hospital
IT (by standardized distributed installation images). A specific distribution package was created for
these computers, containing VMPlayer6 and the Virtual Machine image. The image contains a Debian
Linux, with all the software packages required for image analysis, and the LRMS for receiving packets
to be computed and sending back the results. The Linux image was to be kept as small as possible to
limit its influence on the network traffic when installing theimages on a larger number of desktops.

G1 Our decision to use ARC and the Condor LRMS was based on the project personnel’s expertise in
these tools, and enabled us to create a working Grid and cluster setup quickly. Our own certificate
authority (CA) was used when getting certificates from official Grid CA’s took too much time.

P1 Before our Grid system could potentially be deployed in the hospital at a larger scale, a smaller set
of desktop PCs was assigned for this purpose. The network administrators wanted to assure thorough
testing before any larger–scale use. For our test bed, 20 desktop PCs of the type Compaq Evo 510

5These are often cited as benefits of a Virtual Machine Grid, see e.g. [6]. For an overview of virtualization techniques see [1].
6http://www.vmware.com/
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(Pentium 4, 2.8 GHz) were made available to us.7 A standard hospital installation of Windows XP
with antivirus software was used as the operating system. The network connectivity of these comput-
ers was, likewise, the same as for any hospital desktop, i.e.they belong to the same sub network as
other desktops in the main hospital area, and gain their IP addresses from the same address pool.

P2 Originally, we wanted to run Linux in the Virtual Machine images with Network Address Translation
(NAT); they were able to initiate connections to the networkthrough the host computer, but incoming
connections would be impossible. Therefore, the Virtual Machine images would not have needed to
have site–wide IP addresses managed by the hospital IT.

The LRMS, in our case Condor, is run inside the virtual machines and communicates with the Manager node.
In a setup called Bridged Model, virtual machines can have IPaddresses that are accessible from the other
nodes. However, this means that the Virtual machines need togain their IP addresses from the hospital’s
DHCP (Dynamic Host Configuration Protocol) server, and thatis strongly discouraged for administrative
reasons. Some workarounds exist, including a VPN (Virtual Private Network) tunnel from the execution
nodes to the manager, and Condor GCB (Generic Connection Broker) [19]. We originally relied on GCB in
the following setup. The worker nodes were configured to establish connections to a computer running GCB
(actually this is the same computer as our Condor Manager butthis is not important in this context). GCB
then forwards the connections to Condor Manager, letting the execution node and the Manager communicate
as if there was no NAT. However, this approach did not prove tobe reliable enough. If the connection was
dropped due to network lags or other minor problems, it failed to re–establish. Our current model forces a
MAC (Medium Access Control) address to the Virtual Machine at startup, and the DHCP (Dynamic Host
Configuration Protocol) administrator has allocated IP addresses for these specific MACs. However, this
adds unnecessary administration overhead to the system andanother solution is envisioned for the future to
allow for a better scalability.

In practice, the setup of our environment is shown in Figure1. One local ARC server is currently in produc-
tion. The same computer acts as a manager node for the Condor LRMS. By installing more ARC/Condor
servers in the hospital, we will supply redundancy so that the system will work even if one of the servers
fails. A Grid Index Information Service (GIIS) contains thedetails of the ARC servers, including number
of active nodes, and the runtime environments (like Java) provided by these servers.

A grid job description contains the input images for furtherfeature extraction, the GIFT system as source
code, and a small program to compile and run GIFT with the images. ARC’s GridManager receives the
requests and pushes them to Condor. ARC then supervises their execution and receives their output. The
output is stored at the ARC server until the user issues a download command.

Condor execution nodes are run in Virtual Machines (VMs), asshown on the left side of the figure. The
Linux system inside the VM contains a C compiler and other tools needed to compile and execute GIFT
feature extraction.

Since the execution nodes are run in desktop PC’s, the systemmust be resistant to failures – after all, PC
users regularly re–boot their computers. Here, we have useda job manager called GridJM8. In the case of
failure, the job manager simply re–submits the job until it succeeds or a re–submit limit has been reached.

Grid users log in to the same Linux computers where we run the ARC servers, i.e. job submission is done
in those computers, too. This is not an optimal solution, butneeded since the user’s in general have only
Windows desktop computers and job submission is easier using Linux.

7It should be noticed that the processor of these computers does not support virtualization extensions thus making the virtual
machines run slower than more recent hardware; for details about hardware level virtualization support see e.g. [9].

8http://www.tcs.hut.fi/ aehyvari/gridjm/
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Figure 1:The main components of our setup.

Finally, the hospital IT administration controls the Windows operating system environment completely.
The VMware installation and Linux VMware images are automatically installed in the computers using an
automated installation system provided by the hospital.

4 An application

Our setup was created for the needs of the MedGIFT group of theMedical Informatics Service and the
application uses a gridified version of the GNU Image FindingTool (GIFT) created in a research project
at Geneva University several years ago. In practice this means the data from a large image database is
re–packaged in chunks of N images, the packages and their processing instructions are sent to computing
nodes where they are processed in parallel, and the results are recovered from the nodes. A job description
language, in our case ARC’s XRSL (Extended Resource Specification Language, see [18]), is used to request
the computing.

In line with out previous research ([21]), we have used the ImageCLEF (see [3]) database of almost 50’000
images with a package size of 1’000 (except for the last package, naturally). The flow of a single job is as
follows:

• the user submits the job to the ARC node;

• the ARC middleware pushes the job to the LRMS;

• execution in the LRMS takes place in the virtual machines; the virtual machines are waiting for jobs
since they have been deployed by the hospital installation system;

• the user runs a command to receive the output of the job.
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4 CPU server 709 min
37 CPU remote clusters 537 min
20 CPU local VM cluster 240 min

Table 1: Comparison of running jobs in a local 4 CPU cluster, remote clusters of the KnowARC project, and
our hospital VM cluster.
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Figure 2:Comparison of the time consumption with remote (a) and local (b) infrastructures.

In the case of a single job it is important to evaluate (a) the performance of a VM–based Linux installation
compared to a native one in an identical computer and (b) delays imposed by job preparation by the middle-
ware and the LRMS, and the transfer of the package to the execution node. The exact figures (32 minutes
in native Linux, 41 minutes in the virtual machine, 45 minutes per average by remote ARC resources) show
that the overheads caused by the virtual machine, ARC, and the LRMS are negligible compared to actual
computing time.

A more concise result is shown in Table1. It consists of running a large set of image analysis jobs under the
control of a GridJM, as describe in our previous paper [21]. In practice, a job generator creates the packages
and the XRSL job description files. They are passed to GridJM that submits them to the ARC resources that
are available to the user, resubmits in the case of a failure,and recovers the results.

In Table1, we compare feature extraction in a quad–core server and a small Grid of 37 CPUs in remote
locations in several countries. In all these cases, the number of image packages is 50, containing 1’000
images each (the last package slightly less), each package about 190 MB. Here, we compare the results of
that paper in a situation where we have the same data sets executed in our Virtual Machine cluster.

In [21], we presented the execution with remote Grid resources, and predicted that using a local cluster
will largely reduce the overall execution time. Figure2 shows a comparison between using remote Grid
resources and the local cluster, which proves this assumption. The local cluster used in this test consists of
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20 desktops (five–year–old Compaq Evo desktop computers with Pentium 4–2.8 GHz, 768MB memory).
However, since our package generator could not supply packages fast enough, only a maximum of 10 jobs
run in parallel.

An identical Virtual Machine image was used in each of the desktops used taking 300MB of memory. From
Figure2 we can see that the time spent on execution is quite uniform (“flat lines”), as each computing node
is set up in the same way. The main benefit comes from the time gained from scheduling, queuing, and
transfer of data. This overhead is reduced from 10 minutes onaverage per package (in the case of remote
resources) to only 1 minute. With only 10 desktops employed in the local cluster for testing, the total time
is reduced to less than half. No jobs were required to be resubmitted, either.

The results can be improved easily by using a smaller packagesize, so that package generation does not
become a bottleneck.

Finally, we present some technical details about the Virtual Machines. The VM “image” that contains the
Linux system runnable inside the VM is distributed as a single, compressed 317 MB file. The Linux system
in the Virtual Machine image is based on Debian 3.1. The principal software packages and their sizes are
as follows: GNU compiler, linker and header files – ca. 30 MB; ImageMagick image conversion software –
ca. 27 MB; the Java environment – ca. 170 MB; and Condor – ca. 100 MB.

The impact of running the analysis was not significant for thenetwork, since only 50 files of size 190 MB
(and small result files) were transmitted. The impact for thedesktop users will be more visible: when
the Virtual Machine is running, half of the PC’s memory is used by it. Moreover, we measured the CPU
performance using NovaBench software, first when no other software was running in the PC, and later during
the analysis. The results indicate that the analysis used about 50% of the PC’s CPU capacity, too.9

5 Conclusions

In this paper we have demonstrated the feasibility of an internal hospital Grid. We discussed the challenges
imposed by strict requirements of the organization, and howto find solutions to the various problems. An
application in content–based medical image retrieval using our Grid cluster is described and performance
measurements are shown.

This article solves several problems that exist in many medical institutions. Data are produced in quickly
increasing quantities and analyzing these data is requiredto improve care process. Unfortunately, very few
central computing resources exist in hospitals for research projects to analyze such large amounts of data
using modern, complex algorithms. Desktop computers on theother hand exist in large quantities in most
medical institutions and reusing them for computation seems a good idea. Our setup using virtualization for
the Grid solves several problems:

• the Linux operating system can be used for the image analysis;

• security is improved as the virtual machine does not have access to the host operating system;

• the user remains in control and can stop a virtual machine in case the processing is slowing down the
computer or he needs the computing power for other tasks.

After all, our experiences with these Grid technologies arevery positive. The setup of the Grid using the
standard automatic software distribution system of the hospitals was very quick. Maintenance of such a

9Without the VM: 35 Mflops/s, 6.4 M integer operations/s, whenanalysis running in the VM: 18 Mflops/s, 2.3 M integer
operations/s.
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system is also relatively easy as a maximum of steps for setupand maintenance are automated. Maintaining
the software environment in the virtual machines, too, has been easier than expected since we have been
able to provide a single virtual machine image, containing all the components needed for image analysis
jobs. It should be foreseen that the maintenance will becomemore demanding if completely different type
of analysis, with different software components, will be needed in the future. However, so–called dynamic
runtime environments (see [2]) for Grid middleware will facilitate such tasks.

Overhead when using external Grid resources caused by job scheduling and transmissions of large datasets
are also reduced significantly. The system is thus ready for alarger deployment and the use for other research
projects than only image retrieval. For the time being, we have only tested our system with tasks containing a
single step (e.g. feature extraction from a set of images) running in parallel. In the future, more complicated
workflows with jobs producing output for other jobs are likely to enter the scene. In order to execute these
kinds of work flows in our Grid, ARC integrated with Taverna workflow manager (see [10]) will be tested.
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Abstract 
 

The field of high performance computing (HPC) has provided a wide array of strategies for supplying additional computing 
power to the goal of reducing the total “clock time” required to complete large scale analyses. These strategies range from the 
development of higher performance hardware to the assembly of large networks of commodity computers. However, for the non-
computational scientist wishing to utilize these services, usable software remains elusive. Here we present a software design and 
implementation of a tool, Grid Wizard Enterprise (GWE; http://www.gridwizardenterprise.org/), aimed at providing a solution to 
the particular problem of the adoption of advanced grid technologies by biomedical researchers.  GWE provides an intuitive 
environment and tools that bridge this gulf between the researcher and current grid technologies allowing them to run inter-
independent computational processes faster by brokering their execution across a virtual grid of computational resources with a 
minimum of user intervention.  The GWE architecture has been designed in close collaboration with biomedical researchers and 
supports the majority of every-day tasks performed by computational scientists in the fields of computational biology and 
medical image analysis. 
 
Acknowledgements: This research was supported by National Institutes of Health (NIH) grants U54-EB005149 (National 
Alliance for Medical Image Computing) and U24-RR019701 (Biomedical Informatics Research Network) 

Contents 

1 Introduction ........................................................................................................................................................13 

2 Grid Wizard Enterprise (GWE)........................................................................................................................15 

3 Usage and Integration with External Applications..........................................................................................17 

4 Future Work .......................................................................................................................................................22 

 

1  Introduction  
Research in the computational sciences seems to proceed, roughly speaking, in distinct phases. As an 
initial idea for a computational protocol is refined, a researcher will iteratively debug and improve 
applications on a small amount of handpicked data, tweaking parameters and inspecting output for 
correctness. Once the idea returns plausible results and can be considered publication-worthy, the 
program gets run on more and more data, often involving a new round of debugging as new classes of 
pathological inputs are discovered. During this phase, the computational protocol undergoes systematic 
characterization: for what parameter ranges does it return valid results? Can any immediate conclusions or 
further hypotheses be derived from running on publicly available data? Finally, once the computational 
protocol is ready to be released to the scientific community, a researcher must decide how to distribute the 
code.  
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It is a lucky coincidence that the research process falls into the already useful class of embarrassingly 
parallel problems, that is to say, resource-intensive computational problems that can be broken into 
independent subunits that can run in parallel. A researcher who faces such a problem must deal with a 
number of tedious issues: how to determine what work needs to be done and how it should be broken into 
meaningful units (workload definition); how to assign individual work units to resources (application 
scheduling1,3); how to run and monitor executables (grid execution; e.g. Globus2); and how to deal with 
system-related and program-related failures (failure detection). As an example, current application 
scheduling frameworks (e.g. Condor1, SGE3) would appear to provide the end user with an easy to use 
platform to broker the execution of his processes, however, unless his processes are extremely 
straightforward and trivial, the end user faces a daunting challenge. Most real application scheduling 
requests require the resolution of issues that, even in the presence of a powerful resource manager, have 
to be resolved by the end user: uploading the data to be processed to the cluster (localization); submit all 
processes to compute nodes (queue jobs in resource managers); monitor processes execution progress 
(real time and querying on demand); send / receive custom alert notifications (certain interesting 
conditions reached such as a percentage of processes completed execution); failover and recovery from 
cluster and environment related problems; failover and recovery from processes related problems; 
gathering and compilation of processing results; uploading result data to the storage resource of your 
choice; cleaning up the original and result data from the cluster data storage resource. 
 
Though each of these problems can be solved in a straightforward way, the combined solutions to all of 
them leads to a maintenance problem, interferes with distribution, and presents an additional barrier to a 
scientist trying to investigate a particular problem. Two different solutions have evolved, as a way to 
bridge this gap: users gathering a considerable level of technical knowledge, which takes time and effort 
away from their actual domain problems; and the creation, (by technically savvy users and/or IT 
departments), of highly customized scripts and applications tailored to specific parallelization problems.  
Both these avenues don’t provide the broader community of biomedical researchers with the ability to 
easily harness the growing number of clustered computational resources available to them. It is our view 
that a researcher expert in a particular scientific discipline should not need to also become an expert in 
grid computing in order to produce an application that uses grid technology. It is also our observation that 
the bulk of computational scientists do not have at their disposal dedicated programmers and system 
administrators to plan, install, configure, and maintain customized scripts or a complex heterogeneous 
network of computers.  
 
To reflect these needs we have designed a system, Grid Wizard Enterprise (GWE) that facilitates the 
above considerations, which we derived based partly on our own experiences performing computational 
science in bioinformatics and partly on observing others doing the same. It is important to note that GWE 
is not meant to be another grid middleware package, rather, it is meant to be a large-scale job launching 
and management tool that bridges the gulf between the biomedical researcher and current grid 
middleware by: 
 

• Providing the researcher with the ability to easily configure the heterogeneous clustered/grid 
resources that they have access to. 

• Allowing a researcher to easily specify large parametric computational jobs using the same 
general syntax as is used in the command line invocation of the analysis algorithms (e.g. see 
P2EL in Section 4) or through integration with community developed biomedical applications 
(e.g. see Slicer in Section 5). 

• Managing the most common house keeping tasks required to ensure end-to-end success of a 
computation thereby relieving the researcher of this burden. 
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2  Grid Wizard Enterprise (GWE) 
GWE is a distributed enterprise system (Figure 
1) that was designed to be a practical solution 
for end users to easily and effectively 
parallelize and broker the execution of their 
inter-independent processes on clustered or 
grid environments they have access to. This 
system provides a solution for the issues 
previously mentioned in Section 1 and with a 
high degree of modularity which allows third 
parties to extend and customize the GWE 
system. In order to lower the barrier for use by 
the typical biomedical researcher, the only 
requirements the system has over the 
environment it would be running on are to have 
available java 1.5 or higher and operate over a 
SSH enabled network. 

2.1  Distributed System 
From a user’s perspective, GWE is composed 
of two subsystems. The first is the GWE client 
– the system running on end users machines to 
communicate with a ‘GWE Grid’ in order to 
query the execution status of previously 
submitted requests and submit new ones. This 
client can be access through the command line 
or integrated within a biomedical application. 

The second is the GWE daemon – the 
system(s) running on clusters’ head node to 
serve  as a listener for end user requests, as a 
job dispatcher and as a monitor for the respective cluster.  In addition, GWE daemons can communicate 
with one another when a user has requested a computation to be executed on multiple clusters. Typically, 
end users would connect to a particular ‘GWE daemon’ (running on a host on a reachable TCP/IP based 
network) using a ‘GWE client’.  A GWE client’s configuration consists of: the list of clusters that 
compose the user’s accessible grid resources, SSH authentication information of all the networked 
resources to be accessed (clusters, file systems, etc) and locations of applications to auto-deploy. 
 
GWE daemons are easily deployed through an automated process in the GWE client distribution and can 
be installed by any user with a valid SSH account on a cluster head node. At runtime, GWE daemons will 
silently spawn low level ‘agent type’ sub-systems, which are scheduled to run on the compute nodes (one 
‘agent’ per allocated compute node) by the local cluster’s resource manager. These ‘agents’ will be in 
charge of the actual execution of the processes, monitoring status/progress/results and reporting back to 
the respective “daemon”. A GWE daemons’ configuration consists of multiple behavioral parameters. 
Among the most important are the ones used for its ‘compute node allocation policy’, such as queue size 
(maximum number of compute nodes allocated at any given time), “hijack” timeout (maximum time a 
compute node can remain allocated with active jobs before “releasing” its controlling agent) and “idle” 
timeout (maximum time a compute node can remain allocated with nothing to do before “releasing” its 
controlling agent). 

Figure 1: GWE Grid 
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2.2  Architecture & Design 
All GWE subsystems have been architected as a 
set of independent modules and frameworks, 
glued declaratively using the ‘Spring’ application 
framework. Such modules have been designed 
with a robust and scalable infrastructure and with 
multiple levels of abstraction to provide a high 
degree of extensibility. 
 
One of the most common extensible modules is 
the “GWE Client API” (Figure 2); used to build 
GWE client applications or empower applications 
with GWE client capabilities. Currently there are 
a few GWE client applications built using this 
API and they will be reviewed in more detail 
later in this paper. Internally this API contains 
many extensible sub-modules most of which 
have been further developed to reduce the effort required to add/change functionality. An example of this 
is the “abstract job descriptor” component; which can be extended to support languages other than P2EL, 
or even workflows with inter-dependent jobs.  
 
Finally, one set of extensible modules, which are 
a part of both the client and daemon (Figure 3), 
that deserve a special mention are the ‘grid 
related resource drivers’. These drivers provide 
GWE with means to support new types of file 
systems, network protocols and cluster resource 
managers (which are auto detected per cluster 
when a GWE daemon is deployed). GWE comes 
out of the box with drivers to support the 
following ‘resources’: File Systems such as 
Local, HTTP and SFTP; Network Protocols such 
as Local and SSH; and Resource Managers such 
as Condor, SGE and PBS. GWE daemons include 
other robust enterprise level features such as 
highly multithreaded services to avoid wait 
cycles and achieve maximum performance; embedded database to persist operational data (users, orders, 
jobs, clusters, etc) and automatic failover and recovery from cluster, environment and process specific 
related problems. 
 
However, the GWE system was designed to allow any biomedical researcher to easily access their 
available compute resources with tools they normally utilize: the command line, SSH and domain specific 
applications. Therefore, the GWE inter subsystem communications infrastructure has been architected as 
a secured RPC backbone using a Java RMI network tunneled over SSH. This tunneling infrastructure 
consists of a framework, which transparently injects a series of hooks (socket proxy, heartbeat emitters 
and heartbeat checkers) into the communications using interceptors and AOP (aspect oriented 
programming).  

Figure 3: GWE Daemon Architecture 

Figure 2: GWE Client Architecture 
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3  Usage and Integration with External Applications 
The following section details GWE based solutions for the testing of a medical imaging algorithm 
through GWE. It is a common scenario for researchers to fine-tune an algorithm by running it over the 
same data set with different values for its algorithmic parameters (large scale parameter exploration). It is 
also a common scenario for researchers to have large set of files they want to process using the same 
behavioral parameters. The example we are going to explore in this section is a combination of both 
cases. 

3.1  Setup 
All GWE clients described below have the “GWE Client API Module” bundle installed (or pre-installed) 
under a specific path (by simply unbundling it there), and the GWE_HOME environmental variable set to 
such specific path. Under “$GWE_HOME/conf”, one finds GWE’s configuration information; which is 
customized to fit the computing environment: 
• gwe-grid.xml. Contains information about the clusters to be used (head node addresses mainly).  
• gwe-auth.xml. Contain the user’s authentication information to access the networked resources 

including cluster head nodes, remote file systems, etc.  
• gwe-apps.xml. Contain information about the applications the user wants pre-installed in clusters 

before executing his/her orders (bundle locations, bundle architecture, reference id, etc.) 

3.2  P2EL (Process Parallelization Execution Language) 
In order to provide the semantics for users to easily and effectively describe a group of process 
invocations including all related parallelization meta-instructions, a simple but powerful language (P2EL) 
has been designed for GWE (and an appropriate interpreter built into it). This language is a combination 
of pseudo bash and pseudo VLT (Velocity Template Language). This language has semantics to define: 
• Process Invocation Templates are Bash like, meta-templates containing iteration variables 

references (substitution expressions). These templates will be used to generate all the process 
invocations of the respective P2EL statement. 

• Substitution Expressions are “bash like” variable expressions embedded in the template to be 
replaced by the corresponding value-space. 

• Iteration Variables are variables associated with a value-space set, which when applied to a process 
invocation template, generate a collection of processes invocations. This construct gets its values 
explicitly or implicitly through numerous ways including runtime value resolving functions.  

• System Variables are variables associated with a system and/or contextual property resolved at 
runtime for a specific job (e.g. the iteration number generated by GWE and user home). 

• Staging Files Instructions and Locations instruct how to stage remote files into the context of 
process invocation (before executing it) and how to stage files produced by the process invocation out 
to selected destination locations.  

3.2.1  Medical Imaging Algorithm Example 

Problem 
Slicer’s “BSpline Deformable Registration” is a medical imaging algorithm; which resamples a “moving” 
image using a “fixed” one and a set of algorithmic parameters. The following is an example of this 
command submitted from a regular OS shell for a single invocation: 
 
Slicer3 --launch /usr/Slicer3/lib/Slicer3/Plugins/BSplineDeformableRegistration 
--iterations 10 --gridSize 5 --histogrambins 20 --spatialsamples 500 
--maximumDeformation 1 --default 0 
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--resampledmovingfilename out.nrrd  
f.nrrd m.nrrd 
 
It is obvious the immediate complexity a researcher faces when trying to process multiple “moving” 
images against a “fixed” one using multiple parameter set values (download moving images, iterate over 
them and over the parameter values, check for temporary storage space, save resulting images in 
temporary storage space, upload resulting images, persist execution logs, etc). 

GWE Solution 
Using GWE, a researcher only needs to submit a workload description (utilizing a P2EL command); 
which has the same general form as the associated OS shell command (above) using the generic GWE 
command lines clients (or an equivalent workload description using other tools such as GSlicer3 
described later in this paper). The following P2EL command illustrates a real use case; which are 
equivalent to 125 actual analyses per moving file found in the specified location: 
 
${ITER}=[10..50||10] ${HIST}=[20..100||020] ${SAMP}=[500..5000||1000] 
${MOV}=f:expand(sftp://srcHost/srcDir/moving-*.nrrd) 
Slicer3 --launch /usr/Slicer3/lib/Slicer3/Plugins/BSplineDeformableRegistration 
--iterations ${ITER} --gridSize 5 --histogrambins ${HIST} --spatialsamples ${SAMP} 
--maximumDeformation 1 --default 0 
--resampledmovingfilename f:out(sftp://destHost/destDir/out-f:sys(ITER_ID).nrrd) 
f:in(f.nrrd,http://otherSrcHost/otherSrcDir/fixed.nrrd?view=co) f:in(m.nrrd,${MOV}) 

GWE Solution Details 
This command instructs GWE to run Slicer’s “BSpline Deformable Registration” for each moving image 
that matches the wildcard pattern ‘sftp://srcHost/srcDir/moving-*.nrrd’ against the fixed image 
‘http://otherSrcHost/otherSrcDir/fixed.nrrd?view=co’, for each possible combination of values for: 
iterations (ITER = 10, 20, 30, 40 and 50), histograms (HIST = 020, 040, 060, 080 and 100) and  samples 
(SAMP = 0500, 1500, 2500, 3500 and 4500).  The output is saved under the remote directory 
‘sftp://destHost/destDir/’ with the name ‘out-[ITER_ID].nrrd’, where ‘[ITER_ID]’ is the unique auto-
generated identifier of the job. Transparently, GWE carries on many implicit multithreaded tasks such as: 
• Determines user authentication information, and requests the user to login if SSH keys are not 

utilized, to the remote file system in order to be able to query it. 
• Queries the remote file system to resolve the files that match the pattern used in variable ${MOV}. 
• Expands the command into a set of inter-independent jobs to be processed in parallel using every 

possible combination of the ${ITER}, ${HIST}, ${SAMP} and ${MOV}. Each one of those jobs is a 
Slicer “BSpline Deformable Registration” invocation. 

• Creates a virtual file system in the home directory of the user submitting the command to store 
downloaded files, resulting files, files to upload, log files, etc. 

• When a compute node is assigned to process a job, the GWE agent scheduled on that node by the 
cluster’s scheduling framework: downloads a copy of its requiring files to the virtual file system 
cache (if a copy is not already downloaded) and creates a working copy of it for the particular job; 
creates a placeholder file in the virtual file system for the files to upload (f:out); uploads the necessary 
files when finished processing; updates job status, save logs and results in DB, cleans up virtual file 
system; and logs for each of the processes executed (job) are saved in GWE’s internal DB, so 
researchers can retrieve them, and output files are stored in the locations specified. 

 
The previous task breakdown is an overview of what happens within a GWE system, however, we feel it 
is a good a description detailed enough to provide the reader with a feeling of the high level tasks GWE 
carries out on their behalf in order to get the processes executed. 
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3.3  GWE Generic Client Applications 
The above example details the use of GWE through its generic client implementation.  Two such clients 
exist. The GWE Terminal is a console application which keeps a live connection to a particular GWE 
daemon and allows the user to interactively query status information and submit requests. This 
application is ideal when the user is going to interact for a while with a GWE daemon. Alternatively, 
GWE Commands are Java command line applications meant to give the end user the capabilities to access 
a particular daemon, issue a particular command and exit. Usage of these applications is slightly more 
expensive than using the GWE Terminal since a brand new network connection has to be established 
every time they are invoked. However, they provide quick command line access to a GWE daemon and a 
basic API for integrating GWE requests programmatically through scripts. 

3.4  GWE-Slicer3 Integration (GWE Slicer3 Client Application)  

3.4.1  Slicer3 
The National Alliance for Medical Image Computation’s (NA-MIC) Slicer34 (http://slicer.org/) is a “free, 
open source software package for visualization and image analysis. Slicer's capabilities include: 
interactive visualization of images, manual editing, fusion and co-registering of data, automatic 
segmentation, analysis of diffuse tensor imaging data, and visualization of tracking information for 
image-guided procedures. Some of the core functionality that enables these applications include the 
capability to save and restore scenes using a format called MRML, a plug-in architecture to interface to 
external programs including ITK, a sophisticated statistical classification environment based on the EM 
algorithm, capabilities for rigid and non-rigid data fusion and registration, and processing of DTI MRI 
data.”5  

3.4.2  Objective 
Researchers often encounter the need to run medical imaging algorithms over a large set of values to be 
permutated for different arguments (see P2EL example above), from algorithm calibration parameters to 
sets of images (i.e. sets of images utilized for testing an algorithm to large collections of images collected 
as part of a study that are ready to be processed). Executing all these processes on a single computer may 
take a really long time depending on the amount of processes and the number of file transfers.  In 
addition, the gathering of results  requires a lot of manual work and is highly prone to error. 

Figure 4: Slicer3 /GSlicer3 Architecture Comparison 
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Slicer3, provides an infrastructure to easily integrate medical imaging applications (‘modules’) as self-
describing pluggable components. Taking advantage of this feature, GWE can be generically integrated 
with Slicer3 to allow researchers to execute their set of processes in parallel across a distributed 
environment while handling all the ‘side’ tasks that otherwise would have to be done manually.  

3.4.3  Design 
 
Slicer3 modules execute as regular command 
line applications, which must conform to a 
straightforward, proprietary specification. This 
specification requires these modules to “self 
describe” when invoked with the predefined 
reactor argument of ‘--xml’ which results in the 
generation of a proprietary XML descriptor 
stating the module’s arguments metadata (flags, 
types of values, label, etc). Slicer3 uses this 
metadata to dynamically render an appropriate 
UI to collect the values for each argument and 
to generate the module command line 
invocation when needed to run the module per 
a user’s request. 
 
The integration effort consists of installing the 
‘GWE Client API’ inside a Slicer3 installation and generating new Slicer3 modules (Figure 5), one for 
each ‘regular’ Slicer3 module intended to be leveraged with grid computing capabilities. These new 
modules are called “GWE CLMPs” (command line module proxies) and the user can utilize them when 
trying to run a set of processes in a distributed grid environment, otherwise they can work as usual with 
the ‘regular’ versions. This effort includes a ‘bundling’ utility, which installs GWE inside a Slicer3 
distribution, introspects it to discover all its pluggable modules and dynamically generates a 
corresponding GWE CLMP for each of them. The end result is the grid-enabled version of Slicer3, which 
we will refer to as GSlicer3. 
 
When GSlicer3 is launched, the end user will notice that (in the available modules menu) for every 
regular module, there is another named exactly the same with the additional suffix of “ – GWE Powered” 
(Figure 6). These correspond to the CLMPs modules that have been auto generated by the ‘bundling’ 
utility. GWE CLMPs are intelligent agents, 
which conform to the Slicer3 module 
specification responding as required to the 
predefined reactors and have an explicit 
association to their corresponding ‘regular’ 
version module. The proxied module creates 
its “self description” by retrieving the “self 
description” of the associated ‘regular’ 
module and enhances them with the 
appropriate GWE related descriptions. Using 
these dynamically generated “self 
descriptions”, GSlicer3 is able to render a 
suitable UI  (Figure 6) to capture the 

Figure 5: Grid enabled modules 

Figure 6: Grid enabled module UI 
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necessary arguments to execute invocations of the associated module via GWE. Also, such UIs support 
P2EL semantics so value added functions (file transfers, wildcard resolution, etc) are all available. A 
CLMP is in essence a “GWE client application” which at runtime will carry on the following tasks:  
• Retrieve, add and modify the XML tags of their proxied CLM's XML descriptor in order to add 

arguments, add fields to set, and capture specific GWE parameters and P2EL value types. 
• Generate a GWE order with the P2EL command corresponding to the user’s input appropriately 

translated to the selected cluster resource (e.g. Slicer3 location, user home directory, etc). 
• Install a customized Slicer result parser to the GWE order. 
• Submit the GWE order created to the selected cluster resource, over the secured RPC GWE network. 
• Monitor, in real time, the execution progress of the localized proxied CLM invocations (from the 

GWE order) on the selected cluster. This real time monitoring is also performed over the secured 
RPC GWE network. 

• Keep track of the CLMP progress as a ratio of the number of proxied CLMs invocations already 
executed divided by the total amount of proxied CLMs invocations associated with the GWE order 
submitted. 

• Notify Slicer3 of this progress using Slicer3 XML based progress API (<filter-XXX > tags sent to the 
standard output of the CLMP). 

 
This integration effort provides a generalized, easy to use grid computing enabled interface to all Slicer3 
CLMs that are “Standard Execution Model” compliant.  

3.4.4  Usage 
As described in the previous section, every GWE CLMP has an associated UI where the user can input 
values for its parameters (Figure 6). This UI supports the input of parameters expected by its associated 
‘regular’ version module and/or P2EL semantics (see P2EL section). Using these values, the GWE CLMP 
generates a P2EL command and submits it to the selected cluster (Figure 7). The selection of the cluster is 
done by selecting one of the possible clusters, defined in the gwe-grid.xml file (Section 3.1), shown as 
radio buttons on top of the UI. For example, using the “BSpline Deformable Registration” CLMP a user 
can submit the order described in section 4.2 via the GSlicer3 user interface. 

Figure 7: GSlicer3 Execution Flow 
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4  Future Work 
This system is currently in its 4th alpha release. The current project plan is to release a new version every 
6 weeks and release the first feature complete beta version in the beginning of 2009. In order to reach the 
beta release, the product is going through extended testing with biomedical researchers to elicit usability 
and functional requirements. As a result of this testing the following features are being finalized (a-d), 
implemented (e-h) and tested: 

a. Application registry framework - provides capabilities to auto-deploy applications to running 
clusters on an as needed basis. Currently the Slicer3 integration described above assumes that 
Slicer3 is installed on the running clusters. 

b. Multi-cluster module - provides true grid abstraction through the ability of GWE to distribute jobs 
to a specified set of clusters in a “daisy chain” configuration. 

c. Array of iteration variables feature - provides the means to specify a set of values-sets to apply all 
at once as a single variable. For example: VAL_SET=[(0,10,20),(15,27,-3)] would create 1 
permutation with the first set of 3 values and a second permutation with the second set. 

d. Parametrical order behavioral logic - provides the means for end users to customize execution 
aspects of the jobs associated with an order, such as, job timeouts, launch mode, file system clean 
up policy, maximum concurrent jobs running, etc. 

e. Alert notification module - provides the means for end users to specify job runtime conditions 
under which the system shall send notifications to customizable recipients (typically an email to a 
specified email address). 

f. Job result parser framework - provides an infrastructure for the end user to create his/her own result 
parser to inject into a specific order so it can extract meaningful structured data out of the job 
results. 

g. Additional grid related drivers for file system drivers (i.e. SRB, XCEDE based XML file catalogs, 
and GridFTP) and resource managers (e.g. Torque). 

h. Portal client integration as JSR-168 portlets that can be deployed to any standards based portal 
container. 
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Abstract

Complex analysis of large amounts of medical image data quickly exceeds storage capacity and
computing power of single workstations or small local networks. When limited hardware resources
impede full utilization of medical image analysis, a possible solution is the usage of computing grids,
the collaboration of distributed resources across institutional borders. Many existing image processing
problems would benefit from parallel processing, e.g. on single image or volume slice level. Such coarse-
grained parallelization can easily be achieved by implementation into a grid infrastructure. Furthermore,
grids allow distributed users to share their code, promoting collaborative projects. In this paper, we
describe the grid implementation of existing code using grid workflows. The workflow management
system is able to execute all tasks related to grid communication, such as authorization, scheduling and
monitoring. It remains to the developer to make the code accessible for the workflow manager, and to
define, where the code is found on the grid and what to do with it. We describe the procedure how to
bring the code to the grid and show exemplarily the implementation of segmentation and registration
algorithms for transrectal ultrasound guided prostate biopsies.

1 Introduction

Many scenarios in medical image processing demand high computing power and storage capacity. Increas-
ing usage of high resolution images and multidimensional data, like volume sequences or multi-modality
data, amplify hardware requirements. When results are required within a certain time, compromises between
accuracy and computing time are unavoidable on limited resources. Furthermore, new algorithms developed
by research groups are often hardly available or adaptable for related research problems. A promising solu-
tion to overcome these barriers are modern grid networks. A grid infrastructure is defined as a collaboration
of possibly inhomogeneous, distributed hardware resources across administrative borders [4]. The network
is virtualized as a single resource providing scalable hardware resources and a variety of applications. The
management of the network is realized by the middleware, an abstraction software layer between the grid
network and the applications.

Many medical image analysis tools process consecutively image series, volume slices or tiles, or loop over a
range of input parameters, e.g. multiscale analysis. The computing time of such processing steps scales with
1/n (n = number of frames, slices, or tiles), when coarse-grained parallelized and implemented to a distribute
computing system with more than n CPUs. Due to transfer times, when reuniting intermediate results for
integrated analysis, the resulting compute time savings are reduced, but in most cases notable. Especially in
the development state of image processing algorithms, where large parameter scans are realized, distributed
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Figure 1: Implemented MediGRID system architecture.

computing may save days of waiting for results. But not only time saving aspects may be relevant when
considering to use grids for medical image applications. Access to distributed image databases or distributed
software with particular hardware requirements can easilybe achieved. If a grid portal - a webbased user
interface - is set up, users may start, stop and check grid jobs from every place with internet access. How-
ever, if the expected effort for the grid implementation is estimated to outbalance the (near-term) benefit,
interested researchers are discouraged to use grid resources. The method proposed in this paper allows the
grid implementation without deep knowledge of the underlying grid infrastructure. Quick results can be
achieved by basic implementation using XML-based workflow descriptions. The implementation can later
be enhanced regarding user friendliness by integration into a grid portal.

2 Methods

2.1 Grid architecture and middleware solutions

The implementation is realized within the German MediGRID infrastructure, which is part of D-Grid[15, 8].
D-Grid offers generic middlware components for a variety ofuser communities, from high energy physics to
linguistics. MediGRID uses basic services from D-Grid, e.g. user management, but has extended the hard-
and software to satisfy community specific requirements. Itis aGlobus(GTK4) based grid infrastructure,
which is the de facto standard for modern grid architectures[7]. It provides built-in security mechanisms,
data transfer (gridftp) and generic job submission (GRAM).A grid portal, based onGridSphere, allows
for easy access from different sites even behind strict firewalls[19]. The main extensions above the core
infrastructure are the Grid Workflow Execution Service (GWES)[10], the Storage Resource Broker (SRB)
for distributed data storage[21], and gridDICOM for medical image transfer[23]. The implemented system
architecture of MediGRID is given in Fig. 1.
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Figure 2: A simple petrinet (left), modelling the executionwith two inputs and one output, e.g. biopsy
needle segmentation (right).

2.2 GWES

GWES is a workflow manager established within the K-WF-grid[5]. In contrast to other scientific workflow
systems, such as Condor’s DAGMan tool[6] or LONI[22], it is specifically targeted for WSRF-standardized
grid usage and allows to create complex workflows without detailed knowledge of the grid infrastructure.
The core of the GWES is the Grid Workflow Description Language(GWorkflowDL), which is an XML
based standard for describing workflows as a Petri net. A Petri net is a mathematical formalism to describe
discrete distributed systems and allows to model the workflow with a few basic graph elements. As such,
Petri nets are often easier to use and more intuitive than other workflow languages, such as the widely
known BPEL (Business Process Execution Language)[2], which has the disadvantage of posessing complex
and rather informal semantics and an extensive syntax. Other graph-based languages mostly base on directed
acyclic graphs (DAGs) and offer only a limited expressiveness so that it is often hard to describe complex
workflows (e.g., loops cannot be expressed directly). For the actual workflow descriptions, GWES uses an
extension, high level Petri nets (HLPN). They can be directly used to model transfer, execution and storage
of any kind of input and output data as well as control data (e.g. the exit status of a workflow step). Data is
modeled astokens, located at aplace, and program execution is represented as atransition. In contrast to
control-centric languages, like BPEL, GWES is data driven and the Petri net representation corresponds to
the pure data flow. Additionally, the flow can be controlled through user contraints to the processor, which
is a benefit over other data-flow languages like Scufl/XScufl[13].

The basic workflow description provides the definition of transitions and their input- and output places.
Figure 2 gives a simple example of a Petri net. It consists of one transition, represented by a square, two
input places (Place 1 and Place 2) and an output place (Place 3). Places are represented by open circles.
Directed arcs connect places and transition and define the flow relation. Tokens are represented as black
dots. This Petri net might - for example - model the segmentation of a biopsy needle in an ultrasound image.
Then Place 1 models the US image, Place 2 models a predefined region of interest, the transition models
the execution of the segmentation algorithm and Place 3 models the result. At the current initial state of the
processing, tokens are located at the input places. Within runtime of the workflow, tokens on input places are
consumed and sent to output places. Highlevel Petri nets cando anything that can be defined in terms of an
algorithm [12]. We found them perfect to map the image pipelines of our applications. GWES descriptions
can be realized on several abstraction levels, which are then concretized during runtime. It provides basic
resource brokering and scheduling. The information about available hard- and software is provided in the
XML-based D-Grid Resource Description Language (D-GRDL),and is stored in the resource database[1].
GWES also offers fault-tolerance strategies for reliable process execution. If an execution step fails, the
error is reported and the transition is rescheduled to another resource up to an adjustable number of retrials.
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The generic GWES web interface (GWUI) allows to upload of workflow descriptions and monitoring of
running workflows. An automated visualisation of the workflow layout and the live status are also offered.
This is particularily helpful in the development and testing phase, as workflow layout and implementation
errors immediatly become visible.

3 From command line program to a grid application

In this section we describe the different steps that have to be processed by the developer to bring an ex-
isting image processing program onto the grid. We will focushere on automated image processing steps
to demonstrate the basic implementation method. Moderate user interaction like workflow suspension and
restarting is provided by the GWES webinterface. Further usability can be realized completely webbased by
integration of the workflow into the grid portal. The grid implementation encompasses the following steps:

1. Deployment of the software to the gridnodes
2. Generation of a wrapper script
3. Registration of the software
4. Creation of a workflow description
5. Optional: Integration of the workflow into the user portal

3.1 Deployment of the software

The easiest way to make software available on the grid is to deploy it as appropriatly compiled code. All
software related to the specific application is stored at a separate directory on each frontend of the connected
clusters in the used infrastructure. The frontends are accessible viagsissh, a grid enabled version of ssh.
Developers can log on to these machines and manage their application directories. As of today, there is no
effective automatic deployment of the software. We use a version manager (subversion) to ease the update
process of the grid nodes[3].

3.2 Writing GWES wrapper scripts for the software

During workflow execution, the GWES workflow manager calls the programs designated by the transitions
of the workflow’s Petri net. In the call, the name of the transition denotes the executable and the connected
input tokens specify the input parameters. As the tokens in the net adhere in no particular order, GWES
passes the parameters as key/value pairs and uses the edge-expression of the token’s arc as the key (i.e.
program-name -edgeexpr1 token1 -edgeexpr2 token2 ...). Since most existing programs do not conform
to this plugin convention, it proved good pratice for the developer to provide a small wrapper script which
is called instead of the actual program. In the wrapper script the parameter values are extracted from the
key/value pairs and mapped to the application specific program call. This also adds an additional layer of
abstraction, as the script can be changed more easily than the workflow or may contain auxiliary commands.

3.3 Registration to the resource database

To publish the new software to the grid, a resource description file is generated and stored in the database.
The resource description contains the internal GRDL name ofthe software and the path of the wrapperscript



Krefting et al.Simplified Grid Implementation of Medical Image ProcessingAlgorithms. 27

<resource xmlns:xsi=”http://www.w3.org/2001/XMLSchema-instance”
xsi:noNamespaceSchemaLocation=”http://www.gridworkflow.org/kwfgrid/src/xsd/resource-d-grdl.xsd”
uri=”software:medigrid-wrapperscript”>

<ofClass uri=”urn:dgrdl:software:medigrid-wrapperscript”/>
<name>wrapperscript</name>
<description>Medical image application: Example of a wrapper script</description>
<simpleProperty ident=”executable” type=”string” unit=””>
/wpath/wrapperscript.sh

</simpleProperty>
</resource>

Figure 3: Example of a GRDL resource description.

on the gridnode. An example for the scriptwrapperscript.sh, located at/wpathis given in fig. 3. An XML-
element, containing the URI of the software, is added to the hardware resource description files to let the
system know where the software is available.

3.4 Creation of a workflow description

The workflow description is also an XML document, using GWorkflowDL. This part of the implementation
might need some familiarization for user who are inexperienced with XML. The workflow definition consists
of the following parts

1. Header: provides properties and execution information for the GWES.
2. Place elements: defines places and initial assignment with tokens.
3. Transition elements: defines the software to be executed and its input and output places.

An example can be found in MediGRID project’s deployment guide[11].

3.5 Visualization and execution of a workflow

The workflow description can now be uploaded to GWES using theweb interface, where the underlying
Petri net is visualized. If the resulting layout is as expected, the workflow can be started. The actual state
of the places (occupying tokens) and transitions (available and chosen hardware resource, state) as well as
possible error messages or warnings are monitored. The upload of the workflow description is the default
for development and testing. The disadvantage is, that the initial tokens have to be defined directly in the
workflow description. This is fine for quick implementation,if the programs are used by the developer. A
more userfriendly method is to integrate the generation of the workflow into a graphical user interface.

3.6 Using workflow templates

Graphical user interfaces are implemented mainly as grid portlets within the used grid infrastructure[14].
When integrating the workflow into such a GUI, users can upload data or select them from available data
storage (PACS and SRB). Additional parameters can be set or modified. The desired image processing
workflow can be started at the push of a button. A workflow template stored within the portal is then
automatically complemented and transferred to the GWES. This is the most convenient solution for the end
user, but requires of course more development time for writing the grid portlets[20].
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Figure 4: Single registration workflow with status control.
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Figure 5: Runtime distribution of 214 single registration workflows.

4 Implementation of image processing algorithms

To date, the described method was used to successfully implement completely different applications to the
grid, as parallelized preprocessing of functional MRI data, hemodynamic simulations, gene prediction or
biosignal analysis of polysomnographies. Here, we presentthe implementation of algorithms to be used for
analysis of transrectal ultrasound images taken during prostate biopsies. Prostate cancer is the most common
cancer in men. Current goldstandard for prostate cancer diagnosis is ultrasound guided prostate biopsy[9].
Monitoring the prostate by transrectal ultrasound (TRUS),tissue probes are taken from different parts of
the prostate. The present application determines and visualizes the position of the tissue probes within the
prostate volume. The localization is done by automated segmentation of the biopsy needle in the guiding
2D ultrasound images and subsequent registration of the 2D images into a previously taken 3D ultrasound
volume[16]. The algorithms are developed inMatlab andc/c++ usingITK,VTKandMITK[17, 18]. While
segmentation and registration are mainly independent, therespective workflows are modeled separately.
2D-3D image registration of the transrectal ultrasound images turned out to be a difficult task, as many
local minima exist in the used costfunctions (normalized correlation and mutual information). Furthermore,
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Figure 6: Petri net of the segmentation workflow. Image transfer and ROI calculation are already finished,
the segmentation will be executed next.

the optimization algorithms implemented inITK show poor performance in optimization of rotation angles.
Therefore a parameter scan of up to 600 single registration runs with different inital rotation angle values
is performed. A single registration run for maximum allowed1000 iteration steps needs in average 20
minutes. As an example, our workstation (AMD 64 X2 Dual Core Processor 4200+, 2Gb RAM) requires a
processing time of about 4 days to complete the scan. The single registration run on the grid can be devided
in the following processing steps:

1. Volume and 2D image transfer from SRB.
2. Registration execution.
3. Storage of the results in SRB.
4. Download of the results.

Fig. 4 shows the workflow layout and the status information for the registration workflow provided by
the GWES web interface. The many input places of the central transition, which denotes the registration
execution, are the variety of additional parameters which are passed to the algorithm, e.g. the costfunction
and optimizer used for registration. With grid implementation, we were able reduce the total runtime down to
12 hrs, which is approximately 8 times faster than using the workstation. A detailed look to a scan consisting
of 214 initial parameter sets gives more insight into the performance. Fig. 5 shows the distribution of total
runtimes of the registration runs. Total runtime includes the waiting time before scheduled, the queue time
on the selected gridnode and the CPU time. The total runtime reaches from 20 minutes up to 220 minutes
(3.7 hrs), which determines the total runtime of the complete scan. The difference between the ”fastest” and
the ”slowest” single registration run is mainly waiting time due to high load on the gridnodes, which can
be accessed by all users of the D-Grid and is extensively usedfor jobs running approximately 12 hrs. The
average load on the sites used, encompassing 580 cpus, was between 80% and 100% during the runtime of
the workflows. The completion time was more than 9 times faster than the approximate runtime of 35 hrs on
our workstation, but still a factor of 10 of the “optimum” of 20 minutes, which would be the pure cpu-time
with vanishing queue times. Current expansion of the grid resources and implementation of advanced local
scheduling algorithms are let us expect further reduction of the overall runtime. At the current state of the
infrastructure, failure rates of up to 5% are experienced. The relatively high number of failures is mainly due
to the fact, that the infrastructure itself is still under development and middleware components are restarted
frequently.

The needle segmentation consists of the following steps:
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Figure 7: Screenshot of the segmentation portlet. Input image sequence can be selected from the PACS, the
SRB, or can be uploaded. After image selection, the workflow can be initiated.

1. Image retrieval from a PACS.
2. Calculation of the Region of Interest (ROI) on the first image of the series.
3. Segmentation of the image series.

The workflow layout is given in Fig. 6. The code was written inMatlab and was compiled using Matlab’s
Compiler Toolbox. The time saving of grid usage is here on image sequence level. Each biopsy procedure
encompasses 10 individual tissue probes at different prostate locations which are then sent to different grid
nodes, depending to the actual load. Since the segmentationitself only needs a few minutes and transfer
load would be quite high (each single image needs the ROI and the statistical model), parallelization on
image level was abandoned in the segmentation. An application specific portlet was developed. The image
series can now be selected interactively and the results arevisualized on the grid portal. A screenshot of the
portlet is shown in Fig.7.

5 Discussion

The use of the workflow manager makes it easy to integrate existing code without deeper knowledge of
grid computing and the underlying system architecture. Automated medical image processing problems
with high coarse grained paralellization potential (parameter scans, image sequences) can profit from grid
use with low implementation offset. Basic implementation of new algorithms can be performed from de-
velopers even with little experience in less than a day. If the applications are used repeatedly or shall be
available to end users, integration of workflow templates into application specific grid portlets is strongly
recommended. A portlet with basic functionality may be developed within 2 days, but advanced user inter-
action may need development time up to a few weeks. The additional effort is rewarded by ease of use and
full application control from all sites with internet access, even from institutions with strict firewall settings,
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e.g. clinical environments. The presented grid infrastructure is mainly used for research purposes. Besides
implementation of further applications, current developments focus on security, reliability and usability to
allow grid use for clinical applications.
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Abstract

In this paper we investigate the benefits of moving from monolithic script implementations to work-
flows for performing functional magnetic resonance imaging(fMRI) experiments on the grid. In par-
ticular, we focus on the case of the FSL fMRI Expert Analysis Tool (Feat). Concrete pros and cons of
both approaches are provided to fMRI analysts, and lessons learned from the study of a quite complex
grid workflow use-case are reported to grid scientists. Bothusability and performance are studied. The
problem of output presentation is described in details. Simulations results show that the performance
improvement yielded by the workflow implementation in a job farming experiment is limited, whereas
it is significant for parameter sweeps. Even if hard-coded ad-hoc solutions can yield benefits for some
specific use-cases, using workflows for such a widely scoped application is still challenging in terms of
description, usability and performance.

1 Introduction

Experiments performed in functional magnetic resonance imaging (fMRI) are nowadays reaching a scale
that motivates the adoption of grid technology to address performance and experiment management is-
sues [9, 1]. Meanwhile, workflow has emerged as a paradigm forgridifying applications in medical image
analysis [10] as in several other scientific fields [3, 2]. In this paper we discuss the implementation of fMRI
analysis using a workflow approach.

The FMRIB software library (FSL) [12], Statistical Parameter Mapping (SPM) [4], Brain Voyager [7] and
Analyis of Functional NeuroImages1 (AFNI) are among the representative packages used for the analysis of
fMRI data. In this work, we focus on the FSL fMRI Expert Analysis Tool Feat, a tcl script gluing together
calls to several FSL command-line utilities to implement fMRI analysis. This script is highly parametrised,
at the same time hiding details of the complex image analysispipeline underneath and enabling the user
to choose subsets of the analysis to be performed in a particular invocation. Nevertheless, it is fair to say
that the Feat application as a whole is seen by the users as a “monolithic program” that is invoked with a
large list of parameters grouped into the “design file”. One can think of at least two advantages of moving
from such a monolithic to a workflow approach: usability and performance.Firstly, workflows allow more
flexibility to the application. For instance, replacing part of the application (e.g., a registration method) for

1http://afni.nimh.nih.gov/afni
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experimental purposes is easier with a workflow. Grid workflows also improve application management
such as version maintenance (through the use of remotely maintained components) or error detection and
handling. Moreover, workflow descriptions are also more suitable for execution on grids, as parallelism
is naturally expressed.Secondly, workflows are expected to yield gains in terms of execution time due to
exploitation of intrinsic parallelism in a trivial way (andwithout user intervention). Performance improve-
ment may come from computation savings, in particular in parameter sweep experiments. In monolithic
implementations, the whole analysis is computed for each parameter combination, even if some steps do not
depend on the varied parameters (such as performed in [9]), whereas such a redundancy is naturally avoided
with workflows.

Based on the experience of porting a representative application as a workflow, this paper discusses concrete
pros and cons about moving from a script-based to a workflow implementation of FSLFeat, while reporting
some lessons learned from the study of a quite complex grid workflow use-case. A workflow implementation
of the Feat application is first described in Section 2. In the rest of thepaper we then address two aspects
that turned out as important in the context of this work, namely the organization of outputs generated by
the workflow (Section 3) and performance analysis (Section 4). Section 5 closes the paper with preliminary
conclusions of this exercise.

2 Workflow description

We focus onFeat “first-level” analysis, which aims at calculating brain activation maps of the fMRI scan of a
subject in response to stimuli imposed during the acquisition. Using the General Linear Model (GLM),Feat
determines the voxels of the fMRI scan whose intensity variation along time is correlated to the stimulus
signals. Stimulus signals are also calledmodel Explanatory Variables (EVs) and linear combinations of
them are denotedcontrasts, being used for example to study the independence of the EVs.Normalization
of the fMRI scan to a standard or template brain is also performed to allow group studies in further steps
(“high-level” analyses inFeat). We considered FSL version 3.3 for this study. Recently, the FSL developers
in Oxford released version 4.0 of the software package in which Feat leverages the Sun Grid Engine to job
farm across subjects.

2.1 Implementation

Figure 1 presents an impression of our implementation of theFeat application workflow. A valid description
of the workflow in the Scufl language [8] is available from the myExperiment community web site2. This
workflow runs on the grid infrastructure of the Dutch VL-e project3 and its output has been checked to be
identical to the one produced by the script version ofFeat. Details about Scufl are available on the Taverna
website4. The workflow consists of 30 grid processors corresponding to executables from FSL that were
wrapped for the grid using the Generic Application Service Wrapper (GASW) [5]. Processors implementing
basic functions like arithmetic operations or string concatenation were wrapped as local Java Beanshells5.
The 41 inputs correspond toFeat parameters, as specified in the design file used by the script version. The
65 outputs are resulting files stored byFeat in a directory tree.

Three sub-workflows are identified in figure 1: normalization, pre-processing, model computation. The

2http://www.myexperiment.org/workflows/176
3http://www.vl-e.nl
4http://www.mygrid.org.uk/usermanual1.7/scufl_language_wb_Features.html
5http://beanshell.org/
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Figure 1: Workflow corresponding to the first-level analysisimplemented by theFeat application from FSL.
Triangles denote inputs and diamonds outputs. Boxes are processors executed on the grid and ellipses are
local ones. For the sake of the legibility, we represented multiple data dependencies by single arrows, and
processor ports and iteration strategies are omitted. Green dotted boxes indicate sub-workflows.

normalization of the fMRI scan (input936) to the standard brain (input88) is composed of 3 registration
steps. First, a high resolution anatomical scan of the subject (input 91) is independently mapped to the
standard brain and to the fMRI scan. Then, both registrationresults are combined to produce the fMRI-
to-standard-brain transformation. The inner sub-workflowdeals with pre-processing of the fMRI scan,
including motion and time correction, brain extraction andspatial filtering (a, b, c andd processors). The
remaining sub-workflow corresponds to the computation of the model and activation statistics. They are then
rendered (thresholded, clustered and overlaid on the fMRI scan) and an analysis report in HTML is finally
generated. This workflow was executed on an analysis exampleinvolving all the implemented steps and
validated against results obtained with the script implementation. We used a modified version of the Scufl
“dot product” iteration strategy [6] to correctly describejob farming over several fMRI scans and sweeps
over model parameters.

We chose to adopt a quite fine granularity to represent this workflow because it allows for more flexibility,
since each component of the workflow (from the registration method to the results plotting format) can be
customized. In a next step, granularity could be coarsened by gathering components in expandable sub-
workflows.

Expressing a tool likeFeat as a workflow is quite unwieldy, even when the underlying principle of the
analysis is grasped. The application comes out of the FSL package as a 3,500 lines script, and its translation
into a workflow representation is quite error-prone and difficult to validate. In the future, this kind of
translation step could be avoided by directly developing such high-level applications as workflows from
basic components of the software suite.

6The input numbers are given for the sake of completeness, since they are only well visible in the digital version of the paper
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2.2 Discussion

A first glimpse at this workflow suggests that performance gains could be expected by exploiting intrinsic
parallelism between sub-workflows. Sweeps over model parameters (inputs of processor111) may also save
CPU time and data storage size with respect to the monolithicimplementation by computing normalization
and pre-processing only once. In Section 4 we discuss in moredetail the potential performance gain based
on a simulation study. Note that theFeat script also allows for selectively performing analysis steps; doing
so for large experiments, however, involves some error-prone parameter settings, whereas a workflow engine
manages it automatically.

Limitations remain though. Firstly, the management of workflow output proved to be more difficult than
expected (see more details in Section 3). Secondly, the translation of the script into a workflow described
in Scufl was not trivial. Some steps of theFeat first-level analysis have not been implemented in the work-
flow yet, for exampleB0 unwarping, contrast masking, denoising and perfusion subtraction, which would
increase the complexity and size of the workflow significantly. Additionally, we detected limitations in the
expressiveness of the adopted workflow language to describevariable parameters. Generally speaking, “dy-
namic” workflow patterns are still difficult to describe in Scufl. Take the example of the number of EVs and
contrasts, which have impact on model-related steps and thenumber of inputs and outputs. The number of
input stimulus files (in case of custom-shaped stimuli signals) and the number of other parameter instances
(such as the phase of the signal convolved to the stimulus) depend on the number of EVs. The cardinality of
some other parameters may even depend on both the number of contrasts and EVs, such as for instance the
weights given to the EVs in the contrast vectors. Ideally, all parts of the workflow should be dynamically
adjusted to the number of contrasts and EVs. In practice, these are fixed parameters in the workflow, limiting
its applicability to this particular fMRI experiment.

Lists manipulations could be envisaged to allow dynamic EVsand contrasts cardinality. Yet, if even possible,
correctly assembling/splitting lists all along the workflow would burden the description a lot. This kind of
problem is not specific to this particular fMRI use-case. It has been identified on several other applications
and thus deserves thorough investigations.

Subtle changes in the experimental setup can also have significant impact on the workflow description. For
instance, this implementation considers that each fMRI scan has one anatomical scan associated with it.
One could wish to run experiments where a single anatomical scan is registered to all the fMRI scans of the
same person. To be used for such a case, the workflow iterationstrategies must be adapted.

3 Output organization

In order to be usable for real applications, a workflow systemshould not only be able to compute the results
but also to deliver them in a suitable format. The workflow represented on figure 1 has 65 outputs that are
stored as grid files for each run of the application. The workflow engine automatically stores the generated
outputs as grid files with unique names, keeping track of provenance data. Even small parameter-sweeps
or job farming experiments easily produce thousands of files. Depending on the nature of the underlying
experiment, one could be interested only in a subset of thosefiles that should be rapidly retrievable and
accessible. Moreover, users may want to represent results from the same workflow in different ways. For
example, one could focus on the influence of some parameter for a given contrast whereas the other would
compare various contrasts for a given parameter set. An SPM user may also want to compare his/her
results with output from FSL, thus requiring a different results organisation than a traditional FSL user.
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Figure 2: Directory structure adopted by theFeat
script implementation to store results. Extensive de-
scription is available from the FSL website.

Image analysis software has been addressing this
problem for years by nicely organising output files
in meaningful directory structures. For instance, the
Feat application adopts the structure sketched in fig-
ure 2. Such a structure is semantically rich for the
user: for example, checking the correctness of the
registration procedure can be done easily by pick-
ing up files from directoryreg. Summaries such
as HTML reports can also be produced by the ap-
plications, thus helping to keep track of the vari-
ous results produced by the execution (for instance
.../report.html). However, when dealing with an
experiment involving several runs of the application,
it is then up to the scientist to organise the outputs in the most appropriate manner. Experienced users and
other programs, however, may still require theFeat “native” output structure.
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Figure 3: Classical data management architecture on
production grids. A file is uniquely identified by a
Grid Unique Identifier (GUID) to which n Logical
File Names (LFN) may correspond in a file cata-
log (LFC). The file may be physically replicated on
one or several sites, each of them providing a Site
Unique Resource Locator (SURL).

Obtaining such a directory structure from grid work-
flow executions is not trivial. In this section we dis-
cuss alternatives to organize outputs of the workflow
implementation. We assume that a workflow is made
of independent components that can read/write files
on a grid infrastructure. Files are supposed to be man-
aged according to some grid middleware featuring (i)
replica management among several grid sites and (ii)
unified view of distributed storage through a unique
file catalog. Figure 3 depicts the terminology used to
refer to the various representations of a file, following
the gLite middleware7.

For instance a framework with such features could be
a Scufl workflow made of Web-Services that submit
jobs to the EGEE grid8. Each workflow component
may be iterated several times during the execution,
thus replicating part of the output directory structure.
For instance, sweeping over a model parameter would
generate severalstats directories corresponding to

a singlereg directory. One could then choose either to create severalstats directories in the same
analysis directory (analysis.feat/{reg,stats-1,stats-2,...}) or to replicate the analysis directory
for all the parameters (analysis-1.feat/{reg,stats}, analysis-2.feat/{reg,stats},...). Such
choices should be made by the user. In any case, uniqueness ofthe file names produced by the work-
flow components should be guaranteed, which is difficult as components are independent from each other.
Moreover, write permissions must be taken into account on shared environments.

7http://glite.web.cern.ch
8http://www.eu-egee.org/
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3.1 Existing approaches to workflow output organization

The most convenient way for a workflow to store grid files is to use exclusively GUIDs. No name collision
will occur among independent components and catalog permission problems are avoided. However, the file
organization provided by GUID is completely meaningless and absolutely intractable for large numbers of
files.

Information about the path of a result in the catalog could beset into the description of the workflow com-
ponent that produces it. For instance, it could be specified that theflirt component of theFeat workflow
always writes LFNs in$diri/reg, where$diri is given as its input. This is the solution adopted in the
GASW wrapping system that we used [5]. In practice, inconsistency problems rapidly arise from such
a strategy and a global check of output paths is required. At some point, unique identifiers or workflow
global variables (e.g. specifying the root directory of a workflow run) need to be generated. Besides, hard-
coding the directory structure either in the component description or in the workflow representation itself is
cumbersome and drastically limits reusability.

Another approach is to use workflow provenance to keep track of the relations between the produced data.
The user is then able to navigate in a graph whose vertices arefiles and edges relations between them [13].
For the user the name of a file and its path in the result directory tree makes more sense than the list of the
inputs that were used to produce it. Navigating across largedata provenance graphs is also difficult.

A higher-level approach relies on results annotation and metadata browsing [11]. This better captures the
semantic of an experiment than a directory structure. One could then retrieve files based on requests like
”Find anatomical-to-standard-brain transformations computed using X degrees of freedom”. However, in a
grid environment, metadata consistency issues coming fromfile move, deletion or replication are difficult to
handle.

None of the existing solutions completely satisfy the need to provide alternative and user-friendly ways to
organize the files generated by a workflow.

4 Performance comparison of workflow and monolithic implementations

Comparing the performance of workflow and monolithic implementations can be envisaged on two different
use-cases, job farming and parameter sweep.Job farming corresponds to the iteration of the complete
workflow on a set of input data whereasparameter sweep corresponds to the iteration of the workflow on a
range of parameters, given a single dataset. We assume that job farming replicates the whole workflow and
parameter sweep only repeats parts of it. This holds in the FSL Feat workflow presented in Section 2.

Themakespan of a workflow is the considered performance metric. It denotes the total elapsed time between
the submission of the first job of the workflow and the completion of the last one. The number of computing
resources (denotednR), the number of processed files (nF ) and/or parameters (nP) are considered. In the
following, we present some simulations with respect to those parameters, also studying the impact of data
transfers and latency. They were conducted on theFeat FSL workflow presented in section 2 and performed
by implementing a classical list scheduling algorithm. Resources are supposed to be homogeneous. Task
execution times used in the simulations were measured on a Dual-Core AMD Opteron 2613.427 MHz with
3.5GB of RAM. Data transfer times have been measured betweena cluster and an external Storage Element
of thevlemed Virtual Organisation of the Dutch Virtual Laboratory for e-Science project9.

9http://www.vl-e.nl
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Figure 4: Simulation of the makespan of theFeat application fornR = 10 resources. Left: ideal case. Right:
including data transfers.

4.1 Simulations for the job-farming case

Ideal case. In the ideal case, data transfers are neglected and any free resource is supposed to be immedi-
ately available for computation (no latency). Under those assumptions, the workflow implementation cannot
be less performing than the monolithic one, provided that a decent scheduling algorithm is implemented and
neglecting the workflow management system overhead. Figure4-left plots the evolution of the makespan
of the Feat application with respect to thenF

nR
ratio for nR=10 resources. The monolithic implementation

exhibits a step shape. The height of each step is constant, and corresponds to the total CPU time to execute
all the tasks in one run of the workflow (denotedTWF ). The workflow version reaches linear speed-up from
nF
nR

=3. Both implementations perform the same for integer fractions nF
nR

, in which case an optimal usage
of resources is guaranteed. Apart from those particular cases, the workflow version clearly outperforms the
monolithic one. Best gains are achieved fornF+1

nR
and are upper-bounded byTWF . This gain remains constant

with respect tonF . This performance improvement comes from the exploitationof the intrinsic parallelism
in the workflow, in particular due to the registration steps.Note that finer granularity of the tasks also allows
better scheduling.

Impact of the data transfers. Figure 4-right plots the evolution of the makespan of theFeat application
taking into account data transfers and fornR=10. This simulation has been obtained by increasing work-
flow tasks sizes by the duration of the data transfers they require, which assumes that data transfers are
homogeneous among the grid nodes. Although not completely realistic, this assumption can be reasonable,
in particular when considering production grids, where input/output data has to be fetched/registered from
external data storage servers. Both the workflow and the monolithic implementations exhibit comparable
performance fornF

nR
in [0,3]. Beyond this interval, the monolithic version performs better. Extra data trans-

fers coming from the workflow implementation can be visualised on the graph at integer values ofnF
nR

. In
particular, we can notice atnF

nR
= 3 that the overhead coming from those extra data transfers isabout a third

of TWF .

Latency and data transfers. Here latency is defined as the time needed to access a free CPU on the infras-
tructure. It includes for instance the submission and scheduling time, but excludes queueing time in case of
a loaded infrastructure. Figure 5-left depicts the comparison of monolithic and workflow implementations
taking into account both data transfers and various values of the latency and fornR = 10 resources. As it
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version outperforms the monolithic one for latency values lower than 3 minutes.

could be expected, the impact of the latency is much more dramatic on the workflow implementation than on
the monolithic one. For a 1-minute latency (green curves), the performance of the workflow implementation
is still comparable to the monolithic one fornF

nR
in [0,1] while this range is [0,3] without latency (red curves).

Then, the monolithic version rapidly outperforms the workflow, in particular at higher latency values (blue
and pink curves). As already mentioned, we chose to adopt a quite fine granularity in this workflow, for
reusability reasons. Coarser granularity would limit the impact of latency and data transfers, for example,
by job grouping strategies as adopted in [5]. Yet, powerful strategies are still challenging to elaborate in the
general case.

Increasing CPU performance. Increasing average CPU performance of the infrastructure certainly will
affect the gain yielded by the workflow implementation. It can be noticed from left of figure 4 that a
reduction of the CPU timeTWF will decrease the height of the steps in the monolithic curve, thus reducing
the gap to the workflow red curve. Similar conclusion can be made when data transfers are taken into
account: in this case, their impact would be increased by a improvement of the average CPU performance
of the infrastructure.

4.2 Simulation for the parameter sweep case

Figure 5-right plots a simulation of the makespan of the application for the parameter sweep use-case for
nR=10 resources. It takes into account data transfers and represents the makespan for several different la-
tency values (denoted by the different colours). In spite ofthe data transfers, the workflow implementation
clearly surpasses the monolithic one when resources are accessible without any latency (red curves). Be-
sides, this gain increases with respect tonP

nR
. The performance of the workflow implementation then gets

closer to the monolithic one when the latency value increases (green and blue curves). When the latency
reaches 3 minutes (pink curves), the monolithic version starts to outperform the workflow one for all values
of nP

nR
.



Glatard et al. From gridified scripts to workflows: the FSL Feat case. 41

4.3 Discussion

The fact that grid latency impacts job-farming much more dramatically than parameter-sweep comes from
differences in the number of grid jobs implied in those use-cases. Adding a file to a job farming experiment
(i.e. incrementingnF ) leads to the submission of 30 additional grid jobs (1 per workflow processor) whereas
adding a parameter to a sweep experiment (i.e. incrementingnP) only generates 10 jobs (1 per processor of
the model computation sub-workflow on figure 1).

Figure 5 gives an idea about how the monolithic and the workflow implementations would compare on
different kind of infrastructures. Red curves might correspond to clusters or small scale grids, and green to
pink curves would denote grids with increasing sizes or loads. In practice, we commonly observe a one to
two minutes latency on the infrastructure of the Dutch VL-e project. Thus, this simulation suggests that, in
most practical cases, sweeping over a model parameter wouldbenefit from a workflow implementation.

The simulation results presented here were computed only for nR=10 resources. A formal proof is out of the
scope of this paper, however we can show that only thenF

nR
ratio (or nP

nR
for parameter sweeps) matters to the

performance. Moreover, we can state that once the workflow makespan has reached linear behavior (as it is
the case on figures 4 to 5), it will no longer deviate from it forlarger values ofnF

nR
.

5 Conclusions

We presented a grid workflow implementing theFeat application of the FSL package. The description of
this quite complex application was possible using a state-of-the-art workflow language, Scufl. The workflow
implementation was validated on the grid infrastructure ofthe Dutch VL-e project.

This exercise was important to identify the pros-and-cons of workflow implementation for complex (image
analysis) applications. Contrary to the expectations, simulations reveal that the performance improvement
yielded by the workflow implementation in a job farming scenario is limited. Only a fixed gain is obtained
on ideal grid infrastructures, and in practice, data transfers and latency rapidly take it down. Reducing
the granularity of the workflow, for example by grouping of components, could be beneficial, however
it is difficult to achieve in the general case. Conclusions are quite different when considering a model
parameter sweep experiment, however. Despite the data transfers, the workflow implementation outperforms
the monolithic script, even for large latencies.

This study also identified additional problems to be tackled. Firstly, the generality of this implementation
is still limited. VariousFeat use-cases require ad-hoc workflow modifications to implement changese.g. in
the number of contrasts or in the experimental set-up. This workflow rapidly produces thousands of files
for a simple experiment, which makes intuitive output organization a challenging problem. Hard-coding a
directory structure in workflow components is feasible, butit drastically limits the reusability of both the
workflow and its components. We are currently investigatinghow to map data-level workflow provenance
to a grid file catalog directory structure that is more intuitive to the end-user. Lessons learned from this
study lead us to state that the results structure specification should be independent (i) from the workflow
components, (ii) from the workflow description and (iii) from the workflow execution.

Thus, using workflows for such a widely scoped application isstill challenging in terms of description,
usability and performance. Hard-coded ad-hoc solutions can yield good benefits for some specific use-cases
but further research to improve generality and reusabilityhas to be considered. All in all, well designed
(monolithic) applications such as FSL Feat are still hard tobeat with generic workflow management systems.

Expected benefits of workflow management on the work style of neuroscientists make this challenge worth
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considering though. Apart from the performance and usability items mentioned in this paper, one could
forecast advantages ranging from data and knowledge management to experiment setup and execution. Data
produced by a workflow could be automatically annotated, enabling queries such as ”find any experiment
conducted on brain region X considering fMRI task Y”. Moreover, once analysis packages are described
as workflows, customizing them to particular use-cases becomes accessible for end-users, who will then be
able to conduct analysis experiments more autonomously.
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Abstract 
 

We describe the application of a framework for secure access to, and sharing of, data from disparate data sources. The approach 
ensures that data is shared only in circumstances permitted by the data owner.  In a healthcare context, such circumstances are 
often limited by legal and ethical concerns. Moreover, our approach allows for the aggregation of data from disparate data 
sources.  The approach offers the potential to contribute to the ideal of fully connected healthcare.  The specific use case of 
Digital Mammography is discussed. 
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Since May 2006, the authors (and other colleagues) have been working on a collaborative research 
project, GIMI (Generic Infrastructure for Medical Informatics), which aims to develop a secure computer 
infrastructure to support medical applications.  The project consists of a middleware development team as 
well as three application teams, with the focus of the middleware being the facilitation of secure and 
ethical aggregation of distributed data from remote sources. The middleware must be interoperable in the 
sense that it is able to interface with the wide diversity of existing (and future) health information systems  
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in place around the world, and to provide both secure access and secure transfer of data.  The middleware 
is based on the principles of [1], and its implementation is termed sif  (service-oriented interoperability 
framework) [2]. 

The application teams are contributing to the validation of sif through the input of requirements and 
evaluation of prototypes. An iterative development cycle is helping to ensure that the framework meets 
the needs of a wide variety of applications.  Within the project, the applications are: the use of the 
technology in studying patients suffering from long-term conditions such as diabetes and asthma; 
mammography training and auditing; and image analysis for cancer research.  This paper describes the 
latter application, and particular attention is given to the analysis of mammographic images.  Although 
this paper focuses on a particular application, we stress that the sif architecture is generic in that it can 
expose data from a wide variety of data sources. 

Medical research, in particular studies of an epidemiological nature, or those in which an algorithm needs 
to learn from a sufficiently comprehensive training set, require large datasets in order that sufficient 
statistical power be attained, that is it should include a comprehensive sampling of the total, clinically 
significant variation present within the population.  Since it is extremely rare that a single institution can 
provide such a comprehensive sample, such studies typically necessitate multiple institutions, spread 
sparsely geographically. (A particular example of this is a phase 3 clinical trial of a drug, or PMA testing 
of a new device or software system.)  In such circumstances, an efficient and secure data transfer 
infrastructure is essential if data is to be shared effectively in real time (which, for example, it is typically 
not in the case of a phase 3 clinical trial).  In this paper we describe such a study we are preparing to 
conduct for the evaluation of a technique we have been developing over the past five years for measuring 
radiodensity in mammographic images.  The image processing algorithm is first to be assessed through 
synthetic phantom experimentation: the imaging of test objects for which the radiodensity is known 
precisely, and thus the accuracy of the technique in describing reality may be established.  When the 
experimental results deem the performance of the normalisation software to be acceptable a study will 
commence with our clinical partner on a 1.25 terabyte patient dataset [3].  The dataset consists of all the 
digital mammographic images acquired over a two year period at their clinic (using an IMS Giotto full 
field digital mammography unit), and it is hoped that these will all be processed and subsequently 
analysed.  Analysis will aim to identify any relationship between the observed normalised radiodensity 
measures and the underlying pathologies of both tumour and healthy tissue, as well as the assessment of 
risk as currently considered in breast density.  Currently, radiologists identify possibly malignant lesions 
through “contrast features”, for example dense lines emanating from a density (termed spicules) 
suggesting invasion of the surrounding tissue by a malignancy, or small bright round densities, which are 
possible microcalcifications.  The use of radiodensity adds yet another weapon  into the armoury to verify 
that the feature identified is in fact that which is suspected.  For example, in the case of a 
microcalcification, a measurement of the radiodensity in the small region of interest, relative to its 
surroundings, can be checked to ensure the feature is exhibiting the likely attenuation properties of 
calcium.  This paper describes the use of sif to support the continued development of this algorithm, and, 
in particular, its clinical assessment and validation. 

1 Measuring Radiodensity in Mammographic Images 

For several decades the correlation between radiological features of the breast and the likelihood of the 
breast containing, or subsequently developing, a malignant lesion, has been studied in the field of research 
termed breast density.  Work in this area was pioneered by Wolfe in 1969 [4] who proposed a four 
category classification for assessing mammographic parenchymal patterns: in particular the prominence 
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of ductal patterns and the occurrence of connective tissue hyperplasia.  Wolfe presented findings showing 
that each of the four groups, from lowest to highest density, had breast cancer incidence rates of 0.1, 0.4, 
1.7 and 2.2 [5].  Since Wolfe’s pioneering studies, much work has been contributed to the field by many 
different authors.  However, the most sustained and significant of these contributions is that made by 
Norman Boyd and his colleagues.  In 1982 Boyd et al [6] defined a six category classification (SCC) 
which focuses on mammographic hyperplasia, and through the use of this assessment technique reported 
good results in discriminating between images on the basis of their likelihood of acquiring breast cancer.  
However, these measures suffer a shared limitation, namely reader subjectivity: one highly experienced 
radiologist may place an image in one category, whilst another may argue that it falls into a different one.  
This led Byng et al [7] to develop an interactive thresholding technique to segment, and thereby quantify, 
mammographic hyperplasia.  Such measures are termed “area measurements” since they treat the 
mammogram as a 2D image, ignoring the third dimension (depth through the breast), and treat the 
projected image as entirely representative.  In fact, mammograms are integrated x-ray attenuation maps of 
the breast, which is tightly compressed to spread dense tissue patches that may be indicative of cancer.  A 
mammogram results from projecting the real 3D compressed breast to a 2D image, thereby losing all 
depth information between the plates. 

To take account of the three-dimensional breast, “volumetric measurements” of breast density have been 
developed.  Such measures quantify the tissue present in the cone between a detector pixel, and the x-ray 
focal spot, using the likely x-ray attenuation coefficients of the constituent tissues.  In 1996 Highnam and 
Brady proposed [8] the hint representation which measures volumetric density.  They developed a model 
of image formation considering the path of x-ray photons from point of emission in the x-ray tube, to 
absorption at the detector.  Several alternative techniques of measurement have been subsequently 
proposed, for example Kaufhold et al [9], whom approximate a transfer function describing imaging 
formation gleaned from tissue equivalent phantom images. 

Inspired by Highnam and Brady’s work [10], we have developed a second generation of their model [3, 
11, 12].  The extra power made available by modern computers, and advances in medical physics,  has 
enabled the removal of many of the simplifying assumptions in their model, leading to a more 
comprehensive image formation model.  The developed algorithm consists of an image formation model 
considering the production of x-ray photons in the tube, their interactions through absorption and 
scattering phenomena within the breast, the selective absorption process occurring dependant on angle of 
incidence as they pass an anti-scatter grid, and their subsequent detection at the image receptor pixel.  
This model is used to calculate the equivalent thickness of reference material required to create the 
observed intensity at each pixel within the image, independent of scattered radiation.  This thickness, 
divided by the ray traversal distance, yields the normalised radiodensity measure, which is thus 
independent of the incident photon flux characteristics, the detector response, and the breast thickness.  
To overcome the limitations in anatomical representation we highlighted in [12] an alternative normalised 
measure has been adopted in which the attenuation of the breast per unit traversal distance is compared to 
that of a reference material.  This is analogous to the universally used Hounsfield unit (HU) in Computed 
Tomography (CT).  Figure 1 shows one of the tissue equivalent test objects used for validation in a 
partially assembled state, and the clinically installed IMS Giotto full field digital mammography unit. 
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Figure 1 The mammographic test object manufactured from tissue-equivalent resins used for algorithm 
validation, and the IMS Giotto MD. 

2 The sif Architecture 

The sif architecture was developed to fulfil the need to share distributed data in a secure, federated and 
data-agnostic fashion.  Its design was influenced by the eDiaMoND [13] and MammoGrid [14] projects, 
both of which the first two authors were involved in. 

Following [1], sif has a clear requirement to facilitate fine-grained access control to data sources, with 
policies being determined locally by data owners; there is also a need to guarantee secure transfer 
between endpoints. A key driver has been the joining of data sources to provide “bigger and better” 
research and healthcare: fundamental to this is the presentation of a federation of multiple data sources as 
a single entity as described in [15]. In order to develop a generic solution we have taken a data-agnostic 
approach, by which we mean that sif is capable of “plugging in” to a variety of data sources regardless of 
underlying technology or data format. (See [2] for an overview of the motivation for sif.) 
It is, perhaps, worth reflecting upon the philosophy behind, and the current status of, the middleware. 

Some of the requirements that have informed the design and development are described below. 

• Facilitating buy-in:  In the ‘real world’, complexity and cost are factors that significantly 
influence procurement decisions.  Yet, they are often not mentioned in the health grid context.  It 
has been important to us that researchers should be able to utilise data sources---without requiring 
them to be ported to new operating systems or database management systems, or requiring the 
data to be transformed into a new structure to facilitate interoperability.  This is contrary to the 
approach adopted in the eDiamond and Mammogrid projects, and the “Grid image workflow 
paradigm” followed by Globus MEDICUS [16], where fixed data schemas have been designed 
and implemented within which the DICOM data is stored upon the grid nodes themselves.  It has 
also been important to us that application developers should be able to ‘pick up and play with’ sif: 
to this end, data is accessed through a simple API. 
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• Abstraction:  Through experience, we have come to the conclusion that it is only through a 
loosely-coupled approach that the delivery of more genuinely generic solutions are possible. 
Thus, one of our drivers is the facilitation of technology-agnosticism for application developers 
via the data-agnosticism philosophy of sif. 

• Interoperability:  If one were to take a simplified view, one might characterise the issue of data 
interoperability as facilitating both database interoperability (between Dr Smith’s breast cancer 
research database in San Francisco and Dr Thomas’ colorectal cancer research database in New 
York) and database management system interoperability (between the IBM DB2 database 
utilised by Dr Smith and the Oracle database utilised by Dr Thomas). Our concern is the latter; 
the issue of what we might term semantic interoperability is left to application developers.  This 
leads to a ‘bottom-up’---as opposed to a ‘top-down’---construction of virtual organisations, which 
we shall explore in the next section. 

• Security:  In a health grid context, one can think about security in terms of storage, access and 
transfer.  With respect to a sif deployment, the responsibility for secure storage resides with the 
data owner; as such this is not a concern here.  Secure access and transfer, are, however, essential 
concerns.  With respect to the former, access policies are constructed by data owners; with 
respect to the latter, secure channels are established between external nodes.  The requirements 
for secure access and transfer have been influence by relevant UK and European legislation. 

At the heart of sif is a plugin mechanism, through which the goal of interoperability across diverse 
systems is realised.  Each plugin is capable of connecting to a particular resource, presenting a 
standardised interface to the middleware, which in turn provides a federated view to applications.  All 
communications between the resource and the client pass through the middleware using the standard 
interfaces provided.  The middleware thus provides a decoupling between client and resource: that is, the 
exact details of the resource are abstracted away from the client. The middleware, acting as an 
intermediary, provides encrypted client connections to ensure secure data transfer across public and 
private networks, as well as client user identification and authorisation.  The identification mechanism 
utilises secure signed certificates, and once authenticated, a user is subject to the data access restrictions 
set by the data owner. 

There are three types of plugin: 

• Data plugins are concerned with interfacing queryable data sources to the middleware.  Examples 
of such data sources include relational databases and XML databases. 

• File plugins are concerned with interfacing file systems, be they local file systems, or network 
file systems (such as NFS or CIFS). 

• Algorithm plugins are concerned with the facilitation of the (possible remote) execution of 
algorithms on data. Examples of algorithms include basic image processing or reconstruction 
routines. 
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Figure 2 An overview of the plugin architecture. 

Through the adoption of a standard interface for each of the three types of plugin it becomes possible to 
add heterogeneous resources into the infrastructure. These can be managed by the application developer 
who has the ability to install, uninstall, and update plugins.  Importantly, there is no need for the resource 
being advertised through the plugin system to directly represent the physical resource. What is advertised 
as a single data source may come from any number of physical resources, or even another distributed 
system. 

Figure 2 shows the overall architecture of the plugin system, with particular focus on two algorithm 
plugins. A client is interacting with an application running on their local workstation. The application 
communicates with the server via the sif client API, which is standard for all applications. The application 
uses the GetInfo method to obtain the definition of the algorithm input and outputs which are represented 
as XML schemas. The client provides appropriate inputs which are then passed through the sif API to the 
server as an XML document. The requested algorithm plugin is then executed with the given inputs 
contained within the XML document. In the example diagram, Algorithm 1 is executed locally and 
Algorithm 2 is executed on a remote machine. In the case of Algorithm 2 the job of the plugin is to 
communicate with the external algorithm server. The results of the execution (which must be consistent 
with the output schema) are returned to the client application which then handles them as appropriate. 

In a distributed context, sif acts as a federation layer: if a user runs a query across several data nodes, then 
the middleware will distribute that query to the nodes and aggregate the results.  However, the reason that 
sif can expose a wide variety of data sources is that it makes no assumptions about structure or semantics: 
while sif facilitates distributed queries, it is up to the end-user (or application) to ensure that the queries 
(and results) are meaningful.  This, of course, makes the task of federation much easier.  Other issues, 
such as guaranteed consistency and replication are also irrelevant in this context: the former because 
access is read-only; the latter because that is the responsibility of the data owner---each site is considered 
autonomous. 

Figure 3 depicts the operation of the federation functionality. The client first formulates a federated query, 
which is made up of sub-queries and details of how their results should be combined. Each sub-query 
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contains details of the server which hosts the plugin, the plugin identifier and the query to be executed.  In 
step 1 the client application utilising the API sends a query to the client's local node.  The local node then 
decomposes the overall query into its individual query elements.  These individual queries are then 
forwarded to the relevant remote nodes (step 2), or processed locally, if appropriate. Each node then 
processes each individual query it has received before returning (step 3) the results along with additional 
information about the success of the processing to the originating local node.  Once a result has been 
received by the local node from all the nodes processing queries, the resulting data is then combined as 
requested by the original query submitted by the client.  In addition, all the information relating to the 
success (or otherwise) of each of the sub queries is aggregated.  This combined data and report on the 
processing is then returned to the client application (step 4). 

 

Figure 3 A federated query 

3 Connectivity within the Clinical Trial 

As alluded to earlier, there are, within the GIMI project, three application areas that are helping to 
validate the development of sif.  In this section we describe one of these applications, which pertains to 
the analysis of mammographic images.  In particular, the application is concerned with the validation and 
continued development of the algorithm described in Section 1.   

The Giotto Image MD, like most digital mammography systems, incorporates DICOM 3.0 
communication standards [17] allowing it to fit into any RIS/PACS environment.  Our clinical partner has 
the unit connected to a full PACS system to which all acquired images are sent.  As well as the image, the 
PACS system holds the associated metadata, some of which is patient sensitive, names, dates of birth, 
identification numbers and such. 
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The short-term goal driving the application of sif that is described in this paper is to facilitate direct access 
to image data from the PACS server of our clinical partner, by overlaying it with both a file (for transfer 
of image data) and data plugin (for querying the metadata to establish which studies to request via the file 
plugin).  So, for example, in the event of a phantom acquisition being required, this could be acquired by 
a local radiographer, sent to the PACS system, and then be available to a researcher immediately—in 
contrast to the current arrangement of writing recordable media, such as a DVD, and sending it via the 
public post (which raises issues of integrity and reliability).  In the longer term, we would hope to use a 
similar approach to gain access to anonymised patient images and associated metadata. 

Of course, consideration must be given to protecting patient privacy and confidentiality: simply adding an 
AET (application entity title) for the researcher is not appropriate, since this only allows very coarse 
restrictions on the basis of IP address and TCP port.  The approach to access control provided by sif—
whereby fine-grained authorisation policies can be constructed locally by data owners in accordance with 
their needs (and, in some cases, obligations)—has the potential to provide assurance to these data owners 
that any access granted will be restricted appropriately.  This, then, has the potential to offer functionality 
over and above that afforded by the all-or-nothing approach of the addition of an AET. 

Currently, we are utilising file, data and algorithm plugins to refine the existing algorithm on legacy data 
sets.  Two DICOM operations are of primary interest in this respect: 

• C-MOVE.  This operation is used to move image data.  The C-MOVE SCP (Service Class 
Provider) is requested to act as a C-STORE SCU (Service Class User) and to copy composite 
instances to a requested AET, which may or may not be the original C-MOVE SCU (although it 
normally is).  Interfacing to this operation has been successfully implemented as a file plugin. 

• C-FIND.  This operation is akin to an SQL query, whereby a data set is passed from the SCU to 
the SCP containing two sorts of attribute: 

o those which need to be matched (equivalent to the WHERE clause of an SQL query); and 

o those to be returned to the SCU (equivalent to the SELECT clause of an SQL query). 

Interfacing to this operation has been successfully implemented as a data plugin. 

The algorithm plugin facility allows us to share our image processing and normalisation algorithms with 
our clinical partners.  Figure 4 shows the output of the segmentation algorithm used as an input to the 
normalisation routines, which has been shared in this way.  Efficient bidirectional communication is thus 
possible which provides an iterative development cycle in which new versions of an algorithm may be 
made available instantly to the clinical users, who are then able to apply it to the available images, review 
the output, and subsequently report back the success or limitations of the refinements.  Complications of 
keeping many different potentially remote computers up-to-date are thus reduced.  In addition, it 
facilitates access to an algorithm without the need to distribute the code or a binary executable (which 
might be reverse-engineered): this, then, has the potential to enable collaboration without risking the loss 
or compromise of intellectual property. 
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Figure 4 The output of the algorithm to segment the breast-air boundary and inner periphery at which the 
breast begins to occupy the full separation between the compression paddles. 

4 Discussion 

The vast upsurge in the popularity of digital mammography, and in digital imaging in general, has led to a 
need for secure and scalable computing infrastructures that can provide secure and ethical access to 
remote and distributed data to those who have a legitimate usage requirement.  The middleware described 
in this paper, though it continues to be under development, shows considerable promise in fulfilling this 
need.  The development of sif within the GIMI project is being undertaken in collaboration with a number 
of application teams, drawn from a variety of domains.  This close user involvement is ensuring that the 
framework developed meets the needs of a diverse community.  In this paper, we have concentrated on 
one such application, pertaining to image analysis of mammograms.  Currently, this application of sif is 
helping to validate and refine a normalisation algorithm; in the longer term the framework has the 
potential to facilitate genuine, real-time “joined-up” healthcare. 
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Experiences from the Health-e-Child and

neuGRID European Projects

David Manset
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France
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Invited talk

Abstract

Based on a recent survey of ongoing eHealth European projects, this
presentation will draw some interesting conclusions on thedifficulties
faced in the adoption of Grid technologies. These conclusions will be
supplemented with concrete results from the ongoing Health-e-Child and
neuGRID projects.

• Health-e-Child project:http://www.health-e-child.org/

• neuGrid projet:http://www.neugrid.eu/
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Abstract

Automatic brain MRI segmentations methods are useful but computationally intensive tools in med-
ical image computing. Deploying them on grid infrastructures can provide an efficient resource for data
handling and computing power. In this study, an efficient implementation of a brain MRI segmentation
method through a grid-interfaced workflow enactor is proposed. The deployment of the workflow en-
ables simultaneous processing and validation. The importance of parallelism is shown with concurrent
analysis of several MRI subjects. The results obtained fromthe grid have been compared to the results
computed locally on only one computer. Thanks to the power ofthe grid, method’s parameter influence
on the resulting segmentations has also been assessed giventhe best compromise between algorithm
speed and results accuracy. This deployment highlights also the grid issue of a bottleneck effect.

1 Introduction

The segmentation of lesions on brain MRI is required for diagnosis purpose in multiple Sclerosis (MS) [15].
Moreover, the lesion burden is also used in MS patients’ follow-up and in MS clinical researches [5]. Differ-
ent methods of lesions segmentation are available in the literature [18]. Most of them are based on complex
algorithms and require numerous computations. Furthermore, medical images treatments need more and
more computation power due to the increase of image size and resolution. Medical image databases also
contain an increase amount of MRI subjects to analyze. The use of grids might help us to reduce computa-
tion time. For example, an evaluation framework for analyzing the accuracy of rigid registration algorithms
has been made possible using a grid [9]; Action potential propagation on cardiac tissue simulations have
also been performed on grid to accelerate multiple executions [1].

In this paper, we focus on the MS application aiming at segment MS lesions in brain MRI images. This work
is part of the NeuroLOG project1 [11] which aims at federating medical data, metadata and algorithms, and
sharing computing resources on the grid.

This MS lesion segmentation algorithm has been developed byDugaset al. [2, 3]. First, brain MRIs are
normalized (spatially and in intensity) and skull-stripped. Then, a segmentation of the brain into the dif-

1NeuroLOG,http://neurolog.polytech.unice.fr
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ferent healthy compartments classes (White Matter (WM), Gray Matter (GM), Cerebro-Spinal Fluid (CSF))
is realized using an Expectation Maximization algorithm. Resulting segmentations are used to segment le-
sion on the T2-FLAIR sequence. The expectation-maximization algorithm consists in iterating two steps:
labelization of the image (Expectation step) and estimation of the Gaussian class parameters (Maximization
step). In this last step, the class parameters are computed from the intensities of the different voxels. In
order to improve the algorithm speed, only a part of the imagevoxel can be taken into consideration thanks
to a ratio parameter. This parameter fix the percentage of voxel which is used. However, if the algorithm is
applied on less voxels, the class parameters change and therefor the segmentation too.

To assess the influence of the ratio parameter, the deployment of the pipeline (until the brain segmentation),
on the EGEE production grid using MOTEUR [8] as interface, will be presented. First, the brain segmenta-
tion algorithm will be acquainting as well as grid and MOTEURtools. Then, the deployment of the pipeline
will be described and validated. Finally, the grid will be used to assess the influence of the ratio parameter
on the algorithm.

2 The Brain MRI segmentation pipeline: a preliminary step towards MS-lesions
detection

The segmentation and the characterization of healthy tissues in multi-spectral MRI is the first step in order
to separate them from lesions. This section describes the pipeline used for the brain segmentation.

The database of patient images is consistent: Each patient data set is composed by MRI sequences T1, T2
and Proton Density (PD) weights. The data is processed following the pipeline illustrated by Figure1. We
detail here the main sub-processes.

Registration T2 and PD sequences are intrinsically co-registered but this is not the case of T1 which has
moreover a higher resolution. To limit partial volume effect caused by the re-sampling, a rigid registration
of T1 on T2 is performed using the algorithm described in [14]. Furthermore, the classification algorithm
needs initial values of the probability of each voxel to belong to one of the healthy tissue compartment. This
is given by the MNI atlas2 but imply an affine registration of the atlas on the patient data.

Skull-stripping To isolate brain healthy compartments, the skull-stripingmethod described in [4] is applied.

Expectation Maximization The first call to the EM-classification in our pipeline is for the intensity normal-
ization. MRI images are often affected by bias [17]. A first classification (with the EM framework) of the
brain into WM, GM and CSF classes is realized without bias compensation. From these segmentations, the
parameters of the bias field are computed.

Later, the EM framework is used once again to classify brain MRI voxels from unbiased images. The EM
algorithm gives the probability for each voxel to belong to each class. To obtain binary segmentations, each
voxel is classified to the most probable class.

Unbias Using parameters extracted from the first EM classification,intensities are corrected using the
Expectation Maximization (EM) framework described in [16].

2http://www2.bic.mni.mcgill.ca
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3 The EGEE grid and MOTEUR

A grid is a network of shared computing and storage resourcesconnected in a grid topology [6]. In this
paper, experiments were done on the EGEE production grid3(Enabling Grid for E-sciencE), the largest
multi-disciplinary grid infrastructure in the world, which connects more than 68000 CPUs to some 8000
users.

We express pipelines as workflows of services, described in the Scufl language (using the Taverna de-
signer [13]). Each service corresponds to one of the sub-process described earlier and presents inputs and
outputs that are connected together.

A Web-Service Description Language (WSDL) file describes a Web-Service by specifying two kinds of
XML tags: Tags describing what has to be invoke and tags describing how to invoke it. In our framework,
a generic web service description is used. Then, services are wrapped using a Generic Application Service
Wrapper (GASW) [7].

Operators acting on the data flow itself define the iteration strategies over the input port of a service. In fact,
when a service owns two inputs or more, an iteration strategydefines how to compose data from different
inputs. Two different data composition operators have to beconsidered: the one-to-one (Dot operator) and
the all-to-all (Cross operator) data composition operator[12].

The services are executed on the EGEE grid through the MOTEURenactment engine [8], hiding to the user
the complexity of individual services submissions and management.

The MOTEUR enactment engine allows three different kind of parallelism that are relevant for our applica-
tion:

• Workflow parallelism which corresponds to the execution of two self-supporting services on two
independent data (the different images can be unbiased in parallel).

• Data parallelism which corresponds to the competitor execution of independent data by a single ser-
vice (the EM-classification using ratio parameterp1 can be run in parallel of the EM-classification
using ratio parameterp2).

• Service parallelism which corresponds to the concurrent execution of two independent data items by
two services linked by a precedence constraint (the first EM-classification using parameterp1 can be
run in parallel with the skull-stripping of data from next patient).

4 Gridification of the application

This section describes the creation of the MS brain MRI segmentation workflow step by step, from the used
pipeline to the executable workflow. Then results validations and time performances are proposed. And
finally, thanks to the possibility of large multiple executions given by the grid, a study of the influence of the
ratio parameters (from the classification step2) on the results has been done.

3EGEE,http://www.eu-egee.org
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4.1 Creation of the workflow

For enabling the execution of services workflow, it is first necessarily to describe our pipeline as a workflow.
Concretely, the pipeline has to be splitted into services correctly linked together. Then, iteration strategies
have to be described between services in order to structure the workflow.

Splitting the pipeline The brain segmentation pipeline has been divided into different blocks, reflecting the
description given in2 and the already existing division of the pipeline in different legacy applications. For
each block, inputs and outputs have clearly been defined, in order to define the corresponding service.

Web-service generation For each service, a Scufl file has been created including: an enumeration of inputs
and outputs, as well as the name and the localization of the binary file, corresponding to this service. And if
necessarily the name and the localization of the shell file script encapsuling the binary file.

In practice additional shell scripts are needed in some cases. In fact, binary files may have many outputs or
may take fixed filenames as inputs. However, for MOTEUR, outputs from a service have to be listed and are
automatically renamed. Consequently, shell scripts provide a good solution to overcome these problems.
Furthermore, this is also helpful in case of different callsof the same service’s definition. For example,
three registrations are needed for the MS lesion segmentation algorithm2 and they don’t have the same list
of arguments. But only one description of the service is usedwith a text file (listing the parameters) as an
additional input. Then, these files are read in the shell script in order to correctly execute the software.

Services validation Before any transformation of the pipeline into a workflow, a first validation of the
services has been made. They all have been independently executed and tested on the grid.

These tests reveal that even if the software are written in a generic language like C++, compiling it directly
on a Computing Element (CE) of the EGEE grid without shared libraries is highly advised to avoid any kind
of execution problems.

Workflow structure creation Then, Taverna has been used to structure the workflow: imagesand parameters
text files have been defined as inputs, the four different healthy compartments classes as outputs and all
services have been correctly linked together and to their corresponding Web-Service description. Figure1
is a simplified scheme of the workflow.

Iteration strategies To allow consecutive execution of the workflow, each serviceinput has been correctly
composed with Dot and Cross product operators. Data concerning a patient, either workflow inputs or
intermediate results, are composed with a dot product to avoid cross-road composition from images from
one patient with images from another and are then composed with a cross product with others data. A tag is
used in the input file to express the fact that tagged inputs are referring to the same patient. For example, in
the case of the rigid registration of T1 on T2 sequence. Threedifferent cases are possible with two patients
(A and B):

• All inputs have the same tag. So they are composed by Dot products. In this case we will have in
inputs: {T1A,T1B};{T2A,T2B} and{parametersA, parametersB}. And the results will be obtained
from the compositions:{T1A,T2A, parametersA} and{T1B,T2B, parametersB}
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Figure 1: Simplified workflow of the brain segmentation process: a preprocessing step for multiple sclerosis
detection.

• T1 and T2 only have the same tag. So they have to be composed by aDot product and then are
composed with a Cross product with the input parameters. In this case we will have in inputs:
{T1A,T1B};{T2A,T2B} and{parameters}. And the results will be obtain from the compositions:
{T1A,T2A, parameters} and{T1B,T2B, parameters}

• All inputs are composed with Cross product. In this case we will have in inputs: {T1A,T1B};
{T2A,T2B} and{parametersA, parametersB}. And the results will be obtain from the compositions:

{T1A,T2A, parametersA};{T1A,T2A, parametersB};{T1A,T2B, parametersA};
{T1A,T2B, parametersB};{T1B,T2A, parametersA};{T1B,T2A, parametersB};
{T1B,T2B, parametersA} and{T1B,T2B, parametersB}

4.2 Workflow execution and validation

In this section, we compare results obtained locally and from the grid. For this purpose, a ratio parameter
equal to 1 has been used (all voxels from the image are taken for the maximization stepcf. 4.3) and execu-
tions were done with images of 256×256×64 voxels for T2 and PD sequences and 256×256×152 for T1
sequence (see Figure2). We verified that the results are absolutely identical.

Figure 2: Output binary segmentations from the workflow on the EGEE grid : a) White matter, b) Grey
matter, c) CSF, d) PVE.
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Time performance Local executions have been done on a 2.0 GHz computer. We report the mean value
over many “one-patient executions”. As expected the local execution time evolves linearly in function of the
number of input datasets (Figure3). This is not the case for grid execution time. First, the execution time of
the workflow can change depending on the resources availability and variations. To address this point, the
workflow has been run several time on the same number of input datasets and the mean value has been com-
puted. Secondly, the execution time is not constant (as it could be expected in case of complete parallelism).
Indeed, the multiplication of inputs generate more transfers, so waiting time is more consequent. We can
observe that for this application, using the grid appear to be efficient for more than 5 or 6 input datasets.

Figure 3: Mean execution time and its variations with respect of the number of input datasets. Compar-
ison between local execution on a single computer and EGEE grid executions. Concerning EGEE grid
executions, all points have been computed 3 times in order tocompensate the workload variations.

Potential issues The EGEE grid is actually using the gLite middleware4 which provides a framework for
building grid applications. In this framework, the Resource Broker (RB) is among others in charge of
accepting user jobs and then assigning them to the most appropriate CE. This choice is done by selecting
CE which, first fulfill the requirements expressed by the userand then have the highest rank. On the EGEE
grid, it appears that the rank is reflecting the response timeof a CE. This choice can be discussed because
the fastest responding CE is not necessarily the most powerful one, and above all, not necessarily directly
available. Hence the workload management becomes sometimes a bottleneck for our application.

Moreover, the workload on the EGEE grid is highly variable thus leading to high and variable latencies and
many faults, impacting the total execution time. After a delay, jobs have to be canceled and resubmitted.
Optimizing job submission strategies is still on a researchstage [10].

Of course, in between single computer and production grid, we could have envisaged the use of a cluster,
improving the execution time for several (5 or 6) datasets without encountering production grid problems.
However, this is not in our scope for different reasons. The first reason is we have in focus to be able to
support large databases of patients; increasing the numberof patients will conduct to cluster saturation. The
second reason is that we are targeting final users that do not necessary have access to a cluster, even for
small extend experiments; managing a grid access is thus a solution.

4Lightweight Middleware for Grid Computing,http://glite.web.cern.ch/glite/
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4.3 Application

In the EM step the maximization consists in the estimation ofthe Gaussian parameters for each healthy
tissue compartment class. These assessments are computed from the voxels intensities of the MRI. A ratio
parameter define the fraction of voxel to be used (e.g. if the ratio is equal to 1 then the 100% of the voxel
is considered). In this part, we will use the percentage of voxels considered. The relation between this
percentage and the ratio is given by equation1:

percentage of voxel considered= 100∗ 1
ratio parameter (1)

In this section, we are targeting to assess the influence of ratio parameter on the pipeline results (Figure
2). In fact, by taking only a part of the image voxel, the speed of the algorithm could be improved but it
could also affect the accuracy of the resulting segmentations. This is reason for studying the relationship
between this parameter and the compromise between accuracyand speed is interesting for further works.
To quantitatively evaluate this impact, WM segmentations have been generated for different ratio and have
been compared to the segmentation of reference (i.e. ratio equal to 1) by computing the sensitivity and the
specificity described in equation2:

sensibility = true positives
true positives+false negatives

specificity = true negatives
true negatives+false positives

(2)

Executions This experiment was made on images from two different patients affected by Relaps-
ing/Remitting Multiple Sclerosis and one normal subject. The results of this experiment are similar. The
graphic presented as illustration of this section was obtained from one MS patient.

It is important to underline that voxels are chosen randomlyin the 3D image. Consequently, different results
can be obtained for a same ratio parameter. To minimize the influence of this effect, many executions have
been done and means values of the sensibility and the specificity have been computed. The Figure4 displays
these values in function of the percentage of voxel considered with the variations around mean values.

For this application, the power of the grid provides an efficient help to generate all the results (9 executions
per ratio value). Indeed, the ratio parameter was written inan input parameter text file and has been as-
similated as a relative to the patient (see Figure1). Acting this way allows us to test all the different ratio
parameters with each patient’s MRI (case 1 of the iteration strategies in4.1).

Discussion Due to the skull-stripping step, the segmentation of the different healthy compartments is done
on approximately 830.000 voxels. On Figure4, we observe that the sensibility is decreasing while the
percentage of voxels considered is decreasing. The specificity is more stable but those two quantities are
more and more variable. Taking less than 1% of the voxels in our algorithm leads to results with too high
variability: we cannot accept that different execution (with random voxel selections) lead to different results.

First, in this case, a WM segmentation with a specificity of 100% would mean that each voxel defined
as belonging to (resp. not to) the white matter is really belonging to (resp. not to) the white matter in
the segmentation of reference. But this doesn’t mean that our segmentation results are accurate for low
percentage ratio. Indeed, in our case, specificity and accuracy should not be confused because there are far
more true negatives (voxels out of brain) than true positives (voxels really belonging to WM).
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Figure 4: Mean sensibility and specificity of white matter segmentations in function of the percentage of
voxel considered, and their variations. Each point corresponds to a mean of 9 executions (where voxels are
randomly chosen).

Secondly, the drastic decrease of the sensibility means an increase of the number of false negative which
corresponds to the voxel really belonging to the WM but not labelled as such. This reveals that after a certain
threshold value of the ratio, there are not enough voxels anymore in order to be able to define the Gaussian
class parameter from the class estimation step of the EM.

Finally, these results reveal that using only 1% of the voxels of the image in the Expectation Maximization
method would divide its execution time by 3 or 4 (compared to the execution with 100% of the voxels),
without impacting the WM segmentation quality (Figure5).

Figure 5: White matter binary segmentations from the workflow for different ratio percentage values : a)
100%, b) 0.2%, c) 0.002%.

5 Conclusion and future work

In this paper, a description of our method of brain segmentation into healthy compartments classes and its
deployment on the EGEE grid has been presented. Experimentsdemonstrate that this application is well
adapted to grid and provide a sizeable gain of time in multiple executions. Results of the workflow have
been confronted to local results and have been successfullyvalidated. Moreover, the power of the grid
allows us to test the limit of our method of segmentation in order to improve the algorithm speed.

Our main finding is that in the expectation-maximization algorithm, taking only a part of the voxels doesn’t
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affect severely the estimation of the Gaussian class parameter until a critical value. Thus, if needed, the
brain healthy compartments classes could be generated faster while keeping a good accuracy. Indeed, tests
have been repetitively done on a same patient with differentvalue of the ratio of voxels and segmentation
have been then compared.

The result of this experiment may be used for the following step which is the deployment of the segmenta-
tion of MS lesion, in the framework of the project NeuroLOG. This application is using the brain healthy
compartments classes to segment lesion on the T2-FLAIR sequence. Future work will also improve the
workflow execution speed on the grid, regrouping small services (to lower the number of resource requests)
and testing different gLite parameters to increase the performance.
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Abstract

Functional magnetic resonance imaging (fMRI) analysis is usually carried out with standard soft-
ware packages (e.g., FSL and SPM) implementing the General Linear Model (GLM) computation. Yet,
the validity of an analysis may still largely depend on the parameterization of those tools, which has,
however, received little attention from researchers. In this paper, we study the influence of three of those
parameters, namely (i) the size of the spatial smoothing kernel, (ii) the hemodynamic response function
delay and (iii) the degrees of freedom of the fMRI-to-anatomical scan registration. In addition, two
different values of acquisition parameters (echo times) are compared. The study is performed on a data
set of 11 subjects, sweeping a significant range of parameters. It involves almost one CPU year and
produces 1.4 Terabytes of data. Thanks to a grid deployment of the FSL FEAT application, this compute
and data intensive problem can be handled and the execution time is reduced to less than a week. Results
suggest optimal parameter values for detecting amygdala activation, as well as the robustness of results
obtained for the difference between two studied echo times.

1 Introduction

Functional magnetic resonance imaging (fMRI [12]) is a noninvasive method for detecting brain activation
that is now applied extensively in neuroscience, neurosurgical planning and drug research. fMRI detects
changes in oxyhaemoglobin/deoxyhaemoglobin ratio resulting from increased local perfusion in the brain
following a rise in neural activity, the so-called blood oxygenation level dependent (BOLD) contrast. Func-
tional MR data can be acquired rapidly and spatial resolution is high, so that large data sets are generated.
fMRI data is usually analysed with software packages such asfMRIB Software Library (FSL) [13] and
Statistical Parametric Mapping software (SPM) [8]. Although the GUI of these packages conceals much
of the complexity of the image analysis process, the choice of parameters still plays an important role in
fMRI analysis. Most researchers perform the analysis usingstandard (default) parameter settings without
questioning the role of these parameters. Comparing results for different parameter setting is in most cases
impractical due to the huge amount of computing resources required for analysis and data storage.

1This work was carried out in the context of the VL-e project, which is supported by a BSIK grant from the Dutch Ministry of
Education, Culture and Science (OC&W) and is part of the ICT innovation program of the Ministry of Economic Affairs (EZ).
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Figure 1: Simplified representation of FSL FEAT (fMRI ExpertAnalysis Tool) emphasising steps that are
most relevant in this study. White boxes are processing steps, blue boxes are input files, and grey boxes are
parameters investigated in this study.

In this paper we present a practical example of a parameter study in fMRI in which we varied three different
parameters in a standard data preprocessing procedure and General Linear Model (GLM) analysis. We
used for this example an emotional-provoking task which is known to activate the amygdala: a brain area
mainly involved in proccessing of emotional reactions and memory. We also investigate the effect of one
image acquisition parameter, namely echo time. The analysis is performed on a grid infrastructure, enabling
this compute and data intensive problem to be tackled withina reasonable amount of time. This example
illustrates the usefulness of such methodological experiments that employ massive computing resources to
investigate the optimal parameters settings and the robustness of results obtained with fMRI.

The paper is organised as follows. Section 2 presents details of the fMRI problem and the designed pa-
rameter sweep experiment. The implementation of this experiment on a grid infrastructure is presented in
Section 3. fMRI and grid performance results are presented and discussed in Sections 4.1 and 4.2. Section 5
presents initial conclusions of this study.

2 fMRI Parameter Study

In this study the data was analysed with FSL, version 3.3 [13], using its software tool fMRI Expert Analysis
Tool, version 5.63 (FEAT). Each fMRI data set is first individually submitted to first-level analysis, which
calculates brain activation maps as a result of several image analysis steps. The most relevant ones for
this study are illustrated in figure 1 and briefly presented below. After pre-processing (including motion
correction, brain extraction and slice-timing), the fMRI scans are spatially smoothed using a kernel of size
S. Then, the GLM analysis is performed taking into account theHRF delayH. In GLM, a model is
created to fit the fMRI scan data with respect to the timing of the stimulation paradigm employed during
the scanning session. It is assumed that a good fit between themodel and the data means that changes
in BOLD-signal are causally related to the stimulation paradigm [12]. The output of an fMRI analysis
is a brain activation map containing standardised activation probabilities (Z-scores). Normalisation to the
standard brain is performed in two steps, the first of which being the alignment of the fMRI data to the
anatomical scan taking into account a number of degrees of freedomD. The parameters of interest areD, S
andH, which were investigated with a parameter sweep experiment.
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2.1 Parameters of Interest

The first part of the parameter sweep concerns the normalisation to a standard brain. To compare individual
scans at a group level it is necessary to align the individualscans to a predefined template brain. In this
study, it is the standard MNI152 brain distributed with FSL.As shown in figure 1, the normalisation to
the standard brain is performed through 3 different registrations. First, the high-resolution T1-weighted
scan is mapped to the standard brain and to the fMRI scan usingtwo independent registration procedures.
Then, those two results are combined to produce the fMRI-to-standard-brain mapping. Thedegrees of
freedom (D) investigated in this study only concern the fMRI-to-T1 registration. The fMRI-to-standard-
brain registration is always performed using 12 degrees of freedom. Depending on the amount of correction
needed it is possible to restrict manually the transformation type by adjustingD to a lower level (in FSL one
can choose between 12, 9, 7, 6 or 3) to prevent failures (e.g. complete flip of an image). A wrong choice of
restriction will result in a poor registration and different brain areas will be compared with each other.

The second part of the parameter sweep concerns spatial smoothing. Reducing the spatial resolution of
fMRI data increases the signal to noise ratio (SNR), which improves the sensitivity. On the other hand,
when using largesmoothing kernels (S) the spatial resolution will be lost without gaining any profit with
regard to sensitivity. In many cases a smoothing kernelS= 6 mm (full width at half maximum) is used for
a typical voxelsize of approximately 2-3 mm.

The third part of the parameter sweep concerns thedelay of hemodynamic response (H). Functional
MRI provides an indirect measure of brain activity, since fMRI detects changes in blood oxygenation level
resulting from increased local perfusion following a rise in neural activity. Therefore, fMRI analysis need
to correct for this delayed hemodynamic response. This is performed by convolving the modeled activity
pattern in the brain with a hemodynamic response function (HRF). In general a hemodynamic delayH = 6 s
is used, although there is evidence that this value may vary within and between subjects [15, 1].

Apart from the effects of parameter manipulation, we are also interested in comparing MRI sequences.
An important parameter in an MRI sequence is theecho time (T), indicating the time window between
the transmission of a radiofrequency pulse and the signal acquisition in fMRI. In general, the usage of
a sequence with a shorter echo time will result in higher signal and smaller susceptibility artifacts in the
images, whereas the contrast between high and low brain activity states will tend to decrease [6]. However,
it is difficult to predict from theoretical considerations which acquisition scheme should be used to obtain
optimal results. In addition we suspect that the differencebetween these two protocols might also depend
on the parameter values used for fMRI analysis.

2.2 Experiment Design

Data Acquisition. To assess both research questions we used data of healthy volunteers acquired on a
Philips 3.0 Tesla Intera scanner during an event-related task paradigm (viewing of emotional pictures, Inter-
national Affective Picture System (IAPS) [9]). The task waspresented twice during a session with different
echo time: 28 ms and 35 ms. The order of presentation was counterbalanced between subjects. Whole brain
imaging was performed by scanning axial slices with an in-plane resolution of 1.9 mm and a slice thickness
of 3.0 mm. ForT = 28 ms andT = 35 ms we used a repetition time (time between successive volumes)
of 2.7 s and 3.1 s respectively. Except for the echo times and the repetition times, all scanning parameters
were kept identical. In total 22 fMRI scansFi,T were acquired for 11 subjectsPi, i ∈ [1,11] with echo times
T ∈ {28,35}.
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CPU time Input size (MB) Results size (MB)

Indiv. analysis 49 min 104.5 150
Group analysis 8.6 min 1650 30.5

Group difference 22.8 min 3300 55.5

Table 1: Characteristics of the individual and group analyses. CPU times have been measured on a Dual-
Core AMD Opteron 2613.427 MHz with 3.5 GB of RAM. Groups summarise results of 11 individuals.

Data Analysis. Each scanFi,T was analysed individually using FSL FEAT first-level analysis with
varying parameters: HRF delayH ∈ {2.5,3.5,4.5,5.5,6.5,7.5,8.5,9.5}, smoothing kernel sizeS ∈
{2,3,4,5,6,7,8,9,10,11,12}, and degrees of freedom for registrationD ∈ {3,6,7,9,12}. Results of this
phase consist of activation mapsαi,T(H,S,D) obtained with each combination of parameter values(H,S,D).

After all the individual activation maps were computed, an average activation map was calculated for groups
of results using FSL FEAT high-level analysis. Results obtained for all Pi with identical (T,H,S,D) are
averaged, generating group activation maps denoted asγT(H,S,D). Finally, the results obtained with two
echo times were compared using FSL FEAT group difference analysis in a similar way. The generated
difference maps are denoted∆(H,S,D).

Results Evaluation. The comparison of results obtained with different parameters was performed based on
a region of interest with robust activation for the adopted stimulus. The IAPS is a picture set containing
emotion-provoking pictures, both positive (e.g. erotic scenes) and negative (e.g., mutilations, attack scenes),
which has often been used in emotion research. Previous studies have shown that viewing IAPS pictures vs.
baseline activates regions within the brain that are involved in emotional processing such as the amygdalae
[3, 10]. The amygdalae are almond shaped groups of nuclei within the left and right medial temporal lobe
which are one of the key elements of emotion processing. Therefore, the mean Z-scores in both of the amyg-
dalae were used as reference to compare activation maps obtained with different parameter settings. The
amygdalae were located with a predefined anatomical atlas (AAL, [14, 7]) on the MNI152 template and the
created mask was applied to the group activation mapsγ28(H,S,D), γ35(H,S,D) and∆(H,S,D), to extract
the Z-scores within this region of interest and calculated their mean denotedµ28(H,S,D), µ35(H,S,D) and
µD(H,S,D).

3 Grid implementation

The designed experiment involves large computation effort. The individual analysis is the most compute-
intensive one due to pre-processing, registration and linear model computation. The group analysis is the
most data intensive one, since it needs to access all the individual analysis results for averaging (See sum-
mary in table 1). Parameter sweeps are costly: in particular, when the parameter space has several dimen-
sions (three in this study), widening the range of one of themswiftly increases the size of the computing
problem. As a side effect, storing the produced data is oftennot manageable without a specific infrastruc-
ture. The total estimated resources for this study add up to almost one CPU-year and 1.4 Terabytes of data.
Obviously, this experiment could not have been performed without a high performance infrastructure.

Production grids have been designed to support such computing and data needs, but they are still seldom used
by medical imaging researchers for such studies. Roadblocks need to be identified and carefully targeted by
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Figure 2: Individual analysis workflow described in Scufl. Iteration strategies are drawn in red (� is the
cross-product and� is the dot product). Scufl iteration strategies allows for easily distinguishing sweeping
parameters from data-related inputs.

the grid community with new developments. To do that, the Dutch Virtual Laboratory for e-Science (VL-e1)
set up a tight interaction between domain scientists and grid developers and grid service providers. The
project gives access to a Proof-of-Concept grid infrastructure that is part of EGEE. It also offers a fertile
ground for exchange of expertise to develop and deploy grid-enabled applications in answer to real demands
of domain scientists as it is the case in this fMRI study.

3.1 Grid Application Design

As part of the VL-e software distribution, the FSL package ispre-installed in all computing nodes, therefore
scripts can be submitted directly as grid jobs to perform FSLFEAT or other image analysis tasks. The gLite
command line utilities could have been used to submit and monitor jobs on the grid, however this approach
was found to be too unfriendly. Instead, we adopted a workflowapproach by wrapping image analysis
tasks as web-services, composing workflows to describe the parameter sweep experiment, and enacting the
workflows on the production grid. More details are presentedbelow.

The Scufl workflow language from the Taverna workbench [11] was used to describe workflows. Even
if this use-case does not exhibit strong workflow requirements (like complex data dependencies between
components), using such a language is useful to describe theparameter sweep in an elegant way. In short,
Scufl supports lists to be indicated as inputs, and the workflow is iterated for each list element. Operators
specify how list elements should be combined as workflow inputs. The “cross product”A�B indicates that
the workflow is iterated for all combinations of elementsai ∈ A andb j ∈ B, and the “dot product”A� B
indicates that the workflow is iterated for pairs(ai ,bi). Using such a generic workflow framework instead
of ad-hoc scripts is a step towards an autonomous usage of thegrid by end-users, which is an important aim
of our research. Two workflow descriptions were used to implement the parameter sweep experiment, one
for the individual analyses and one for the group analyses.

The individual analysis workflow takes 10 inputs and produces a single output (see figure 2). The per-
formed task consists of FSL FEAT first-level analysis and some data logistics (download/upload data). Six
of the inputs correspond to the fMRI scanFi,T (100 MB) and other subject-related data: MRI acquisition
parameters (1.5 MB), the high resolution anatomical (T1-weighted) scan (1.5 MB) and 3 files with stim-
ulus timing information (500 bytes each). Three other inputs correspond to the parameters(H,S,D) to

1http://www.vl-e.nl
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sweep upon. The last input (design file) contains all the parameters for FSL FEAT that remain constant in
all analyses. Each individual analysis produces a single directory with all the output files (150 MB when
compressed), one of them being the brain activation mapαi,T(H,S,D) used in group analyses. In this ex-
periment, the inputs assume lists of values associated withdifferent scans, subjects, and parameters. The
iteration strategies of Scufl allow to express the sweep on individual analysis tasks in a simple way: the 6
first data-related inputs are combined with the dot product operator, and the other parameters are swept with
the cross product.

The group analysis workflow used to calculate average activation has 13 inputs and two outputs – see
figure 3. Besides running the FSL FEAT high-level analysis, this workflow also calculates the mean value
in the amygdalae using with the FSL AVWMATHS utility. Eleveninputs indicate directories containing
pre-computed results of individual analyses for 11 fMRI scans Fi,T . These inputs are provided by lists
in which the elements correspond to directories with results computed with the same parameter settings
(H,S,D). The dot product is used to guarantee that the activation maps averaged during the workflow
iteration areαi,T(H,S,D), i ∈ [1,11]. The remaining inputs are constant in this experiment, namely the
design file with parameters for FSL FEAT, and the mask indicating the voxels in the amygdalae. The
group analysis produces 2 outputs: a directory with results(30 MB when compressed), including the group
activation mapγT(H,S,D), and a file containing the mean Z-scoreµT(H,S,D) in the amygdalae region.

Similarly to the above, a workflow with 23 inputs and 2 outputsis used forgroup difference analysis
to compare results obtained with different echo timesT. Twenty two inputs indicate directories with pre-
computed individual analyses corresponding to two groups fMRI dataFi,28,Fi,35, i ∈ [1..11] acquired with
different echo times. The outputs include the difference activation maps for these two groups (∆(H,S,D))
and the mean values in the amygdalae (µD(H,S,D)).

3.2 Application Deployment

The grid infrastructure of the Dutch VL-e project was used torun the experiment. At the time the experiment
was performed thevlemed Virtual Organisation (VO) had access to 687 CPUs spread over4 sites through
8 batch queues federated by the gLite middleware. As a production grid, it is shared among several VOs,
therefore there is no way to control the number of available CPUs at a given instant. Four Storage Elements
(SE) accessible through an SRM interface are also availableand files can be organised in a single Logical File
Catalog (LFC) independently from their physical location.In addition, a gridFTP and a Storage Resource
Broker servers are also available.
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Figure 4: Influence of degrees of freedomD in the mean activation in the amygdalae as a function of delay
for T = 28 ms using smoothing kernelsS= 5 mm (left) andS= 11 mm (right).

Porting the image analysis application to the grid was easily done using the Generic Application Service
Wrapper (GASW) [4], which integrates executables in Scufl workflows via a command-line descriptor
and the Web Service Description Language (WDSL). The FEAT script was wrapped as shipped by the
Fhttp://www.thefreedictionary.com/timeSL distribution. Workflows are executed on this infrastructure us-
ing the MOTEUR workflow engine [4] and adopting the software architecture detailed in [5]. The various
storage resources are accessed via the homogeneous VirtualFile System interface provided by the VL-e
software Toolkit2.

4 Results and Discussion

4.1 fMRI results

Figure 4 illustrates the mean activation within the amygdalae using different degrees of freedomD for
the fMRI-to-anatomical scan registration. The plot shows that no significant activation differences were
observed, a pattern that is also observed for other smoothing kernel sizes. In particular, it should be noted
that a registration withD = 3 (translation only) produced similar results as obtained with D = 9 andD = 12.
Given that both scans belong to the same subject and have beenacquired during a single scanning session,
only minor differences are expected, which could explain why only translations seem sufficient to capture
them. The main contribution to the normalisation process islikely to be the anatomical-to-standard-brain
registration, the second step in the registration process,which was fixed to 12 degrees of freedom in this
study. A further analysis of the complete registration process will be part of our future work.

Figure 5-left shows the mean activation within the amygdalae obtained with different spatial smoothing
kernel sizes and HRF delays. Note that a maximum for the Z-score is obtained for a delay ofH = 8.5 s,
which differs from the value adopted by default in FSL feat (H = 6 s). The figure also shows an activation
increase when using larger spatial smoothing kernels. A visual inspection of the results (figure 6) suggests
that with S= 12 mm spatial resolution is still acceptable and that even larger smoothing kernels might
further increase sensitivity.

2http://www.science.uva.nl/ ˜ ptdeboer/vlet
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Figure 5: Results obtained for group analyses for varying smoothing kernel sizesSand HRF delaysH. Left:
Mean activation (Z-scores) in the amygdalae forT = 28 ms,D = 12. Right: Mean differences between
amygdalae activation withT = 28 ms andT = 35 ms.

Our second research question concerns the effects of manipulating echo time (T). Pairwise T-tests were
used to compare results obtained with both echo times. No significant differences in activation between the
scan sequences could be detected, as shown in figure 5-right:none of the parameter combinations cross the
threshold of significance. We used a Z-value of 2.33 (which equals a probability of 0.01) as threshold to
distinguish noise from an actual signal. ([16]).

4.2 Grid performance

Table 2 presents a summary of performance results of the individual and the group analyses grid application
as measured during the execution of this parameter study on the VL-e grid. A total of 9680 individual
analyses, 880 group analyses and 440 group differences was computed. CPU time was benchmarked on a
node of the infrastructure with representative performance.

Individual analyses were submitted in 4 batches of about 2500 jobs each to avoid infrastructure flooding.
The global speed-up of 115 times enabled us to compute the individual analyses in less than 3 days. Note that
this is a compute-intensive experiment, therefore the speed-up value provides an indication of the number of
CPUs that were used concurrently. Note also the small job failure rate of 0.5% measured for this experiment.

Although pleasantly parallel, group analyses faced quite poor speed-ups (global 2.9). One of the reasons is
they are dominated by data transfers, since all individual analyses are downloaded to the worker node before
executing FSL FEAT. Even if each analysis only transfers about 1 GB, concurrently initiating hundreds of

Figure 6: Impact of the smoothing kernel size forH = 2.5 s andD = 12. Left and Centre: slice of the brain
activation map respectively forS= 5 mm andS= 12 mm smoothing. Right: slice of the amygdalae region
of interest (in blue) overlaid on the template brain.
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#Pi #T #S #D #H # Analyses CPU Data Elapsed Speed # Submit Failure
(days) (TB) (hours) -up Jobs (%)

Individual Analyses
batch 1 11 1 5 5 8 2200 74.9 0.31 14.9 120.5 2200 0.00
batch 2 11 1 6 5 8 2640 89.8 0.38 11.6 186.6 2642 0.08
batch 3 11 1 6 5 8 2640 89.8 0.38 32 67.38 2687 1.75
batch 4 11 1 5 5 8 2200 74.9 0.31 10.2 176.8 2203 0.14

total 11 2 11 5 8 9680 329.4 1.38 68.7 115 9732 0.53

Group Analyses (MB)
batch 1 1 6 5 8 240 1.4 7.1 8.0 4.3 401 40.15
batch 2 1 6 5 8 240 1.4 7.1 9.5 3.6 240 0.00
batch 3 1 5 5 8 200 1.2 6 14.9 1.9 200 0.00
batch 4 1 5 5 8 200 1.2 6 11.3 2.5 600 66.67

total 2 11 5 8 880 5.2 26.2 43.7 2.9 1441 38.93

Group Difference Analyses (MB)
batch 1 11 5 8 440 7 23.8 44.3 3.8 2650 83.40

Table 2: Performance results for individual, group and difference analyses for each job batch: number of
subjects, echo times, smoothing sizesS, degrees-of-freedomD, HRF delaysH, and successful analyses;
total CPU time, amount of produced data, total elapsed time from first submitted to last completed job,
speed-up of the experiment (CPU/elapsed), and job failure rate ( (#submitted - #successful) / #submitted).

such data transfers rapidly reduces the data servers throughput. Moreover, one of the Storage Elements
limited the number of concurrent connections, causing jobsto fail and partially explaining the high 38.93%
global failure ratio. This problem was even larger in the case of group difference analyses, where each of the
440 jobs concurrently attempted to download more than 3 GB. The global failure rate here was 83%. In spite
of these problems, the experiment could be carried out in a reasonable time in the end, which could not have
been possible without adopting a grid implementation. All in all, those failure ratios look good compared
to other medical experiments conducted on EGEE (seee.g. [2]). Two main reasons can explain such a
difference. First, our experiment is set up in a quite controlled environment, with pre-installed software and
strong support team on every grid site. Second, it has been carefully tuned in order to avoid some of the
problems encountered in [2]: for instance, the total workload has been split into batches of reasonable size
to avoid proxy expirations.

5 Conclusion

In this paper, the benefit of performing parameter sweeps formethodological fMRI studies has been estab-
lished by assessing amygdala activation for different analysis parameter choices. Detecting activation in
this brain area is in general cumbersome, emphasising the need of a good choice of parameters to obtain
reliable results. Our initial results indicate that the optimal values deviate from the default parameters that
are typically used in this type of analysis in FSL FEAT. In thefuture we plan to perform this analysis for
different fMRI paradigms and different brain areas and expect to find different optimal parameter values.
Additionally, we could study the robustness of the difference between two different MRI scan protocols over
different parameter sets for analysis. Results indicate that the observed difference between the considered
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echo times is not significant and does not depend on the parameters used for analysis.

Although the grid implementation enabled the experiment tobe completed within a reasonable time, the set-
up is still far from ideal. Data transfers, rather than computation, seem to be the limiting factor now and data
distribution or even replication among several Storage Elements might be a way to improve their reliability.
Then, a proper strategy would have to be determined in order to avoid blind replication of terabytes of data.
Moreover, failure management is still a challenging issue in grid applications deployed in production grids,
with the consequence that much (expert) manual intervention is still needed to complete the experiment.
This not only causes a significant overhead in the managementof this experiment, but also makes the dream
of having end-users performing medical image analysis on grids seem further away than we initially hoped
for. We continue to work on improvements in the grid application to support the many experiments to come
motivated by the promising results obtained in the study reported here.
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Abstract 
 

Monte Carlo simulations are nowadays widely used in the field of nuclear medicine. They are valuable for accurately 
reproducing experimental data, but at the expense of a long computing time. An efficient solution for shorter elapsed time was 

recently proposed: grid computing. The aim of this work is to validate a Monte Carlo simulation of the Biospace small animal γ 
Imager and to confirm the usefulness of grid computing for such a study. Simulated data obtained by the validated model of the 
gamma camera will enable to investigate new algorithms such as scatter and attenuation correction, and reconstruction methods. 

Good matches between measured and simulated data were achieved and a crunching factor as high as 70 was achieved on a 
campus grid. 
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1 Introduction 

Preclinical small animal researches have become a major focus in nuclear medicine [1]. New therapeutic 
and diagnostic studies are first investigated and validated on mice or rats before their application to 
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patients. In consequence, we can find many dedicated small field of view scanners for SPECT (Single 
Photon Emission Tomography) [2, 3] and PET (Positron Emission Tomography) [4] which have been 
designed in the last decade for these purposes. SPECT images have a very poor quality because generally 
used models do not incorporate all physical interactions such as scattering (30% of photons in SPECT 
images are scattered). Monte Carlo Simulations (MCS) have greatly contributed to these developments 
thanks to their accuracy and utility in the field of nuclear medicine. The use of the MCS has limitations in 
computing time. Different strategies have been suggested to reduce the computing time such as the 
acceleration techniques [5]. Another solution to speed up MCS is to combine Monte Carlo and non-
Monte Carlo modelling [5]. A third option that has recently been explored is the deployment of 
computing grids, also known as the parallelization of the MCS [6]. The parallelization consists in sub-
dividing a long simulation into short ones. Each MCS uses a Random Number Stream (RNS) to produce 
the physical interactions in question. The distribution of MCS on multiple computing resources requires 
that the generated streams are independent. In this work, we report the validation of the Biospace 
dedicated to small field of view SPECT scanner using the GATE MC simulation toolkit on the CIMENT 
Grid, a grid deployed on the university campuses in Grenoble. 

The paper is organized as follows: 

Chapter 2 presents the materials and methods used in this study: we introduce CiGri (CIMENT Grid), the 
GATE MCS toolkit, the gamma camera we studied and the methods we used to deploy the simulations on 
the grid and to validate the simulated results compared to experimental measurements. Chapter 3 
proposes an analysis of the results of simulation as well as an overall view of the grid performances. 
Chapter 4 presents a conclusion and perspectives. 

2 Materials and Methods 

2.1 CiGri grid 

CiGri (CIMENT Grid) is a lightweight grid which exploits the unused resources of the CIMENT clusters 
on the university campuses in Grenoble (France) [7]. It manages by using the OAR resource management 
system [8], the execution of a large set of parametric tasks (typically more than 100K) by submitting 
individual jobs to each cluster batch scheduler. One of the rules is that CiGri jobs shall not disturb the 
local users. CiGri jobs are treated as a zero priority jobs. Thus, a CiGri job is executed only if there is an 
idle cluster resource. Furthermore, if a local user requests a resource on which a CiGri job is running, then 
the job will be killed and automatically resubmitted later probably on another cluster. This approach is 
based on the concept of “best-effort” tasks. CiGri software is composed of several independent modules 
interacting with an SQL database. Each module is in charge of a specific task: scheduling jobs, submitting 
jobs, cluster synchronizing, monitoring jobs, collecting results, logging errors and killing jobs. The CiGri 
infrastructure is accessible through a User Interface (UI). The accessibility was simplified by adopting the 
same services and configurations on all interconnected clusters, that’s why CiGri is called a lightweight 
grid. In order to launch a job, a JDL file (Job Description Language) and a multi-parameter file are 
requested. Output files are first collected automatically by CiGri from the different clusters, then gathered 
in a compressed file and finally put in an output directory on the UI, so that the user can easily retrieve 
them. Users have the possibility to monitor and to control their set of jobs through a web interface. CiGri 
middleware is a free software under GPL licence (http://cigri.imag.fr/). 
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2.2 Monte Carlo simulation toolkit 

GATE (Geant4 Application for Tomographic Emission) [9] is a new Monte Carlo simulation toolkit 
based on the general-purpose simulation package Geant4. It was developed in order to model treatment 
and diagnosis examinations such as radiotherapy, SPECT and PET in the field of nuclear medicine. 
GATE is an open source code which uses approximately 200 C++ classes from Geant4. User does not 
have to program in C++ thanks to an extended version of Geant4 scripting version. Thus, the user can 
easily build a simulation (macro) by using a script language. Many researchers have been using GATE for 
its flexibility and its accurate modelling of different detector designs and very complex geometries. The 
major drawback of GATE is the computation time especially when simulating realistic configurations 
such as voxelized emission and attenuation maps. Several solutions were proposed to accelerate some of 
the GATE simulations: (i) setting thresholds for the production of secondary electrons, x-rays and delta-
rays, (ii) limiting the emission angle to a certain range, (iii) replacing the disintegration scheme by a 
source of monoenergetic gammas, (iv) parametrizing replicas for the collimator hole arrays (SPECT), (v) 
compressing voxelized phantom, (vi) techniques such as variance reduction, bootstrapping and 
jackknifing, (vii) splitting the simulation on a cluster, and recently on the grid [10]. 

 
  Total GATE availability (max) GATE availability (average) 

  Clusters CPUs Clusters CPUs Clusters CPUs 

Day 11 886 7 430 7 125 
Nights and Weekends 11 866 7 555 7 215 

Table 1 Number of clusters and CPUs available to use GATE on CiGri. 

Nowadays, the ‘gridified’ version of GATE is adopted by a growing number of users. The success of this 
method is related to the fact that the user is able to generate a large number of events using voxelized 
geometries and to obtain results in a reasonable time. To distribute a long sub-divided simulation on 
multiple processors, one should also sub-divide the associated long RNS into short ones. However, these 
short RNS have to be independent because any intra or inter-sequence correlation could lead to inaccurate 
results. The parallelization of the RNS was accomplished by using the sequence splitting method (also 
known as the random spacing method). The pseudo random numbers generator (PRNG) James Random 
(period 2144) implemented by default in GATE was replaced by the Mersenne Twister PRNG due to his 
huge period (219937) [11]. The work described in this paper was done by using GATE 3.1.1 built upon 
Geant4.8.1. Table 1 shows the number of clusters/CPUs on which GATE was installed. The GATE macro 
contains a unique random number status and an output filename. These two parameters are renamed 
according to their appropriate value during the distribution process. Output files were analyzed with the 
ROOT object oriented data analysis framework. 

2.3 The γ Imager: system configuration 

The γ Imager is a high resolution planar scintigraphic camera which associates a 4 mm thick NaI(Tl) 
crystal and a PSPMT Hamamatsu R3292 which leads to a circular 100 mm diameter field of view. While 
most high resolution cameras use a pixilated crystal, the scintillation crystal of the γ Imager has a 
continuous 120 mm diameter with a 100 mm circular diameter active area. An aluminium protection 
layer, 0.8 mm thick, is placed in front of the crystal. The 5 Inch diameter PSPMT is equipped with a 
bialkali photocathode, 11 multiplication dynodes, 1 reflective dynode and a multiwire anode with 28 (X) 
+ 28 (Y) wires. The readout of the 56 anode signals enables to calculate the spatial position (X, Y) and 
the energy for each event. A removable low-energy high-resolution parallel hole collimator with 35 mm 
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thickness is used. The flat-to-flat distance of the hexagonal holes is 1.3 mm and the septum thickness in 
all directions is 0.2 mm. The whole detection head is surrounded with a 15 mm thick lead shielding. The γ 
Imager consists of two detector heads, only one head was used in this study. 

 

 

 

 

 

 

 

Figure 1 (a) The Biospace small animal camera modelled with GATE, (b) contribution of the scattered 
photons in each component of the simulation where the source is placed at 2 cm from the collimator. 

2.4 Simulation of the Biospace gamma camera 

The geometry of the γ Imager was accurately described in GATE. Figure 1 (a) shows the model of the 
detector head. The dimensions and the material of each part of the real camera were modelled as 
realistically as possible. The detector head simulation was thus composed of the lead collimator, a 1.2 mm 
air gap space, the aluminium protection, the NaI(Tl) crystal and the lead shielding of the whole head. As 
the plate scintillation crystal is 4 mm thick, about 38% of the 140 keV incident photons pass through the 
crystal without interacting. Thus, a significant number of photons will not be detected if we do not take 
into account the back-compartment. A 10 µm thick gold layer is placed behind the crystal, followed by a 
0.39 mm Epoxy layer which separates it from the 1 mm light guide made of quartz. Another 0.15 thick 
Epoxy layer is positioned behind the light guide followed by the PSPMT, modelled as a 2 mm 
borosilicate glass entrance window and a 110 mm nickel backpart. The back-compartment of the detector 
was ended by a 15 mm rear lead shielding. Figure 1 (b) illustrates the relative scattering contribution of 
each layer in the model (source at 2 cm from the collimator), by counting the scattered events in each 
particular part divided by the total number of scatter events. During the acquisitions, a solution containing 
99mTc, a photon emitter at 140 keV was put in a glass capillary of 1.4 mm inner diameter and 1.8 mm 
outer diameter and 6 mm length. The capillary was held by a Pyrex Ruler (150 mm x 40 mm x 3 mm). 
The Ruler and the capillary were also simulated. 

2.5 Validation of the small animal camera 

The validation of the small animal SPECT camera is based on the comparison of four parameters 
measured experimentally with the corresponding simulation data ; Energy Spectra, Spatial Resolution 
(FWHM), Sensitivity and Image of a capillary phantom. The three first parameters represent three basic 
features of a gamma camera, while the image of an inhomogeneous phantom allows a visual comparison 
between experimental and simulated data. 

Experimental set-up 

In this study, 16 planar acquisitions were made altogether. The radioactive background was first measured 
during 30 minutes without any activity and was subtracted from all the other measurements after 
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normalizing it to the same acquisition duration. Then, 14 acquisitions were performed using a liquid 
source of 99mTc (140 keV) which was put in a thin capillary (1.4 mm inner diameter and 6 mm long) 
which was considered as a point source. Total activity was 70 µCi (2.59 MBq). The capillary was first 
placed in the air at 2 cm, 7 cm, 10 cm and 16.5 cm from the detector’s surface. Then, the capillary at 16.5 
cm was positioned above a cylindrical beaker (10.5 cm inner diameter and 15.6 cm long) which was put 
on the collimator. The beaker was used three times: empty, filled with 400 ml (46.2 mm height) and filled 
with 1000 ml (115.5 mm height) of water. All the seven configurations were performed in a first set of 
measurements with the source at the center of the camera Field Of View (FOV), and a second set was 
performed with the source 2 cm off-centered. The sixteenth configuration was performed so as to evaluate 
the image of the capillary phantom. The phantom consisted of four parallel capillaries (1.4 mm inner 
diameter and 31.5 mm long), with a capillary-to-capillary distance of 5 mm. The capillaries were filled 
with 99mTc solutions of different activities (from the least (right) to the most (left) radioactive) (cf. Figure 
5 (a) and (b)): 81 µCi, 129 µCi, 220 µCi and 611 µCi. The phantom was 15 mm far from the scintillation 
camera. Events were recorded in an energy window between 40 and 186 keV for a duration of 5 minutes 
for each acquisition. The size of the projections was 256 x 256 pixels (pixel size ~ 0.39 mm). 

GATE simulations 

The fifteen configurations mentioned above were accurately reproduced using GATE. Monoenergetic 
gamma rays (140 keV) were emitted in 4 π steradians. The physical processes involving photon 
interactions (photoelectric effect, Compton scattering and Rayleigh scattering) were modelled using the 
low-energy electromagnetic package of GEANT4, while gamma-conversion was disabled. The energy 
resolution Full Width Half Maximum (FWHMe) of the camera was modelled by the convolution of the 
output data using a Gaussian distribution with user-defined mean and FWHM as stated by the 
manufacturer (11.5% FWHMe at 140 keV). The intrinsic spatial resolution FWHMi was also modelled in 
the same way (2.2 mm FWHMi at 140 keV). 

Parallelization of the simulations 

Many models of the camera have been tested in order to obtain the most realistic detector. A big 
simulation of one billion events was generated for each configuration. The simulation was split into 1000 
small simulations, 1 million emitted events each, and was then distributed on CiGri. The 1000 small 
output files were collected from the grid, merged into one file (on a local CPU) and finally analysed using 
ROOT. Simulating 1 million events takes 10 minutes on a local CPU (Pentium IV, 3.2 GHz, 1 Go RAM) 
and requires ~ 30 million random numbers. Thus, a global sequence of more than 30 billion PRN was 
used for each simulation (which is small for the used Mersenne Twister). 

Comparison parameters 

Experimental and simulated data were compared basing them on the following quantities:  

• Energy Spectra.     The energy spectra of events recorded in the whole FOV (40-186 keV), was 
sketched for five configurations: (i) in air: source placed 2 and 10 cm from the collimator, (ii) in 
water: source placed at 16.5 cm from the collimator above the empty beaker which then is filled 
with 4.62 cm and 11.55 cm of water. 

• Spatial Resolution.     The FWHM of the point spread function (PSF) was calculated for the 14 
configurations by drawing a 6 pixels thick profile (~ 2.345 mm) through the point source. Events 
were detected in the photopic window (126-154 keV) to reduce the noise effects. 
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• Sensitivity.     The system sensitivity, defined as the number of detected events divided by the 
number of emitted events, was evaluated for the 7 configurations where the source is placed in 
the center of the FOV. Data were acquired in 3 energy windows: (i) photopic window 126-154 
keV, (ii) Compton window 92-125 keV and (iii) total Field Of View (FOV) window 40-186 keV. 

• Image of a capillary phantom.     The image of the capillary phantom was acquired in the whole 
FOV in the energy window 40-186 keV. A 6 pixels thick profile was also drawn through the 4 
line sources seen on the image. 

3 Results and discussions 

3.1 Energy Spectra 

Figure 2 shows the experimental and simulated energy spectra of the 99mTc point source placed in the Air 
at 2 and 10 cm from the collimator: contributions of the simulated photons scattered within different 
components of the detector head and within the capillary and the ruler are also plotted. The experimental 
and simulated energy spectra were normalized to the same number of counts detected at 140 keV. As 
illustrated in figure 1 (b), including a back-compartment model was essential as well as the simulation of 
the capillary and the ruler to obtain a good agreement between measured and simulated spectra between 
80 and 120 keV. The contribution of the scattered photons within the capillary and the ruler is clearly 
higher in figure 2 (a) (source at 2 cm) than in figure 2 (b) (source at 10 cm) especially between 70 and 80 
keV. The smaller the ruler-collimator distance, the more the detected back-scattered photons in the ruler. 

 

 

 

 

 

 

 

 

Figure 2 Experimental and simulated energy spectra for a 99mTc source positioned in Air at (a) 2 cm and 
(b) 10 cm from the camera. 

Good agreements between experimental and simulated energy spectra can be noticed especially in the 
photopic and Compton window. Differences could be observed in figure 2 (a) between 60 and 100 keV. 
These differences are relatively the same between 90 and 100 keV in figure 2 (b) but decrease between 60 
and 90 keV where the ruler has the biggest impact. Thus, the difference between 60 and 90 keV could 
come from the imperfect estimated shape and material of the ruler. For the other difference between 90 
and 100 keV, the ruler and the back-compartment have the most important influence according to the 
figures. It couldn’t derive from the ruler because this difference is relatively the same in figure 2 (a) and 
(b). Otherwise, the number of scattered photons would increase for the source at 2 cm from the 

(a) (b) 
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collimator. Thus, the difference between 90 and 100 keV could be the consequence of the unawareness of 
a layer which was not modelled behind the crystal. Energy spectra obtained for the 99mTc point source at 
16.5 cm from the collimator, with 0, 4.62 (400 ml) and 11.55 cm (1000 ml) water thickness are shown in 
figure 3. The scattered photons contributions were also drawn. The scattered photons within the phantom 
have increased, as expected, proportionally to the water thickness. Good agreements between 
experimental and simulated energy spectra could be observed for the two configurations with the empty 
beaker which then is filled with 4.62 cm thick of water. The same differences with the source in Air 
between 60 and 100 keV were maintained in figures 3 (a) and (b), which confirms that a back-
compartment component was not modelled. Significant fluctuations were displayed in figures 3 (b) and 
(c) because of the low detected events in the corresponding images. This could explain the difference at 
the top of the photopic in figure 3 (c). The disagreement in figure 3 (c) between 70 and 80 keV and 
between 110 and 120 keV could be the result of the impurity of the real water used in the measurements. 

 

 

 

 

 

 

 
 
 

Figure 3 Experimental and simulated energy spectra for a 99mTc source positioned at 16.5 cm from the 
collimator above a beaker filled with (a) 0 cm, (b) 4.62 cm and (c) 11.55 cm of water. 

3.2 Spatial Resolution 

 
Centered Source Off-centered Source Distance source-collimator   

(water thickness) 
Experimental 

FWHM        
(mm) 

Simulated 
FWHM        
(mm) 

Difference 
(%) 

Experimental 
FWHM         
(mm) 

Simulated 
FWHM      
(mm) 

Difference 
(%) 

2 cm  3.34 3.22 3.64 3.58 3.20 10.5 
7 cm  4.53 4.54 1.89 4.75 4.53 4.49 
10 cm  5.32 5.40 1.47 5.61 5.39 3.95 
16.5 cm  7.25 7.34 1.30 7.64 7.37 3.49 
16.5 cm (0 cm water) 7.27 7.39 1.63 7.63 7.38 3.32 
16.5 cm (4.62 cm water) 7.26 7.32 0.91 7.62 7.26 4.69 
16.5 cm (11.55 cm water) 7.58 7.65 0.91 7.83 7.61 2.85 

Table 2 Comparison between experimental and simulated spatial resolution for the centered and off-
centered sources placed at: 2, 7, 10 cm and 16.5 in air; 16.5 cm with three water thickness 0, 4.62 and 
11.55 cm. 

(a) (b) (c) 
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Table 2 shows the experimental and simulated FWHM of the PSF respectively for the centered and off-
centered sources positioned in the Air at 2, 7, 10 and 16.5 cm from the collimator. Experimental and 
simulated FWHM of the PSF for the centered and off-centered sources placed above the phantom (0, 4.62 
and 11.55 cm Water thickness) at 16.5 cm from the collimator are also shown. Experimental FWHM for a 
centered source were well reproduced by the simulations. The disagreements between experimental and 
simulated FWHM for an off-centered source is lower than 5%, except the source at 2 cm. The 5% 
differences might be due to the imperfect modelling of the PSPMT non-uniform response in GATE. The 
approximate modelling of the ruler was also noticed as the disagreements of the FWHM for the source 
centered and off-centered at 2 cm is clearly higher than the other configurations. An excellent agreement 
between experiment and simulated FWHM can be observed for the centered sources in water and a 
disagreement within 5% is obtained for the off-centered sources. 

3.3 Sensitivity 

The Biospace small animal camera sensitivity values obtained in Air in three energy windows (total FOV 
40-186 keV, photopic window 126-154 keV and Compton window 92-125 keV) with GATE compared to 
the measured values are plotted in Figure 4 (a) for the 4 source-collimator distances 2, 7, 10 and 16.5 cm. 
Relative differences between experimental and calculated values were respectively: (i) 40-186 keV: 6.8%, 
4.6%, 4.1% and 5.7%; (ii) 126-154 keV: 7.9%, 6%, 5.9% and 7.2%; (iii) 92-125 keV: 8.1%, 4%, 1.4% 
and 5.9%. The results of the system sensitivity with the phantom (empty, 400 ml and 1000 ml) derived 
from the experiment measurements and the simulations are drawn in figure 4 (b) for the source placed at 
16.5 cm from the collimator where events were detected in three energy windows (Total FOV 40-186 
keV, photopic window 126-154 keV and Compton window 92-125 keV). Relative differences between 
experimental and simulated values for the different water thickness (0, 4.62 and 11.55 cm) were: (i) 40-
186 keV: 1.5%, 3.8% and 3.1%; (ii) 126-154 keV: 3.2%, 4.4% and 1.9%; (iii) 92-125 keV: 0.3%, 0.5% 
and 5.6%. The simulation was unable to reproduce the system sensitivity very accurately for the seven 
configurations described above. This difference could result from the inhomogeneous materials of the 
different components of the detector which only the constructor accurately knows. 

 

 

 

 

 

 

 
Figure 4 Comparison between experimental and simulated system sensitivities in three energy windows 
for the centered source placed at: 2, 7, 10 cm and 16.5 in air; 16.5 cm with three water thickness 0, 4.62 
and 11.55 cm. 

3.4 Image of a capillary phantom 

Figure 5 shows a visual comparison between experimental (a) and the simulated (b) images of the 
capillary phantom as well as the horizontally drawn profiles (6 pixels thick ~ 2.345 mm) through these 
images (figure 5 (c)). The comparison of the two images and profiles shows a good agreement. However, 
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the simulation was unable to perfectly reproduce the local distortion which could account for the 5% 
differences between the experimental and the simulated FWHM for an off-centered source. 

 

 

 

 

 

 

 
 
Figure 5 Comparison between experimental (a) and simulated (b) image of a four capillaries phantom 
filled with different 99mTc concentrations and horizontal profiles through the middle of these images (c). 

3.5 Calculation time 

Table 3 contains the computation time of a long simulation (1000 jobs) on a local CPU (Pentium IV, 3.2 
GHz, 1 Go RAM) and on CiGri: during the day, during nights and weekends and an estimated average of 
the CPUs availability. CiGri has reduced the duration of a simulation compared to 1 CPU computation by 
a factor of respectively 42, 67 and 56. Resubmitted jobs rate on CiGri, defined as the number of 
resubmitted jobs divided by the number of executed jobs, is also represented in the box at the right of 
table 3. 16.9% of the jobs were killed and then were resubmitted by CiGri during the day which is as 
expected higher than the 10.2% resubmission rate during the nights and weekends. The estimated average 
of the resubmitted jobs is 13.4%. Each long simulation corresponds to one configuration. The material 
composition and the thickness of many components of the detector weren't exactly known (PSPMT, Gold 
layer…). In consequence, about 200 simulations were carried out in order to optimise the model of the 
Biospace camera. All these simulations would have taken 4 years of computation time on a local CPU, 
but on CiGri it took only 25 days (table 3). In the ideal case, where no job is killed, the 200 simulations 
would have taken about 22 days on CiGri. Thus, the 200 simulations would not have been feasible on a 
local CPU. Reducing the number of simulations would have altered the quality of the results. So the 
deployment of the Grid was crucial in this study to get accurate results. 

 
  1 simulation (1000 jobs) 200 simulations Gain Resubmission 

percentage (%) 
Local CPU 167  h 1392 days (~ 4 years)  1 0 

CiGri – day 4  h 37 days 42 16.9 
CiGri – nights and weekends 2.5  h 21 days 67 10.2 
CiGri – estimated average 3  h 25 days 56 13.4 

Table 3 Comparison between computing time of 1 and 200 simulations on a local CPU and on the CiGri 
Grid with the percentage of the resubmitted jobs (in the box at the right). 

 

(a) (c) (b) 
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4 Conclusions and perspectives 

Nuclear medical imaging needs a better physical model to improve the quality of the reconstructed 
images. Our study has brought into light that the Monte Carlo simulations toolkit GATE was able to 
accurately model the Biospace small field of view γ Imager. The camera model can thus be used for 
future researches such as developing new attenuation and diffusion correction algorithms. This paper has 
also proved the interest of grids in order to obtain accurate results within reasonable elapsed time. 
CIMENT GRID was an essential tool to carry this study to a successful conclusion. One of our coming 
studies will be the development of an iterative reconstruction algorithm in which long GATE simulations 
should be carried out at each iteration. For such studies, a higher scale of computation power is needed. 
The EGEE (Enabling Grid for E-sciencE) [12] Grid with a next multi-core processor generation should be 
able to meet our requests. 
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Abstract 
 

The proposed Virtual Radiological Platform (VRP) project aims at providing realistic multi-modal medical images with ‘ground-
truth’ knowledge. It relies on medical image simulators which often represent heterogeneous and computing demanding 
applications dealing with large amounts of medical images. In this context, computer grids are interesting architectures providing 
large computing power and a valuable collaborative framework. In this paper, the analysis of medical imaging applications 
gridification, based on several experiences, enables us to target key points for a contributory integration of grid architectures 
within a VRP framework.  
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The paper begins with an overview of the Virtual Radiological Platform (VRP) defining its aim, usage 
and requirements. Chapter 2 briefly describes the two key elements of the grid contribution to such a 
VRP. Our experience feedback regarding medical application porting on grid infrastructures is 
summarized in a step-by step gridification approach in Chapter 3. Finally, we discuss problematic issues 
and draw the conclusions in Section 4.  

1 OVERVIEW OF THE VIRTUAL RADIOLOGICAL PLATFORM   

1.1 VRP Objective 

As illustrated in Figure 1, the VRP aims at providing realistic medical images relying on multi-modal 
simulators and taking as an input a virtual model. Such a model is a parametric description of an object of 
interest (organs, body…) in accordance with the simulation process (proton density, diffusion absorption 
parameter etc.). The following modalities are targeted: Magnetic Resonance Imaging (MRI), Magnetic 
Resonance Spectroscopy (MRS), Ultrasound (US), XRay and Computed Tomography (CT), Positron 
Emission Tomography (PET) as well as Radiotherapy and Hadrontherapy.  

 

Figure 1 - VRP Overview. 

Note that for these modalities a certain number of simulators have already been developed and used: 
Simri [1] which is a 3D MRI Simulator, Field [2] for the US simulation, Gate [3] and Sorteo [4]  in the 
PET field and ThIS [5] for Hadrontherapy. In view of the VRP, recent tests have been performed using 
the specific simulation of MR and PET images of a breathing thorax and beating heart [6]. 

In a similar context, GEMSS (GRID-enabled Medical Simulation Services) [7] was a two and a half year 
project which started in 2002 and aimed at enhancing healthcare by bringing a variety of medical 
computing and resource services into the user’s environment and providing access to advanced simulation 
and image processing services. The project led to the development of a grid middleware integrating a 
certain number of services. Their architecture was based on standard web services.  

Note that GEMSS was mainly oriented towards developing an innovative middleware, whereas we are 
more oriented towards using existing grid middleware for building an architecture (VRP) allowing for a 
unified and user-friendly usage of multi-modal simulators. 

1.2 VRP Usage 

Simulators are particularly useful in the field of medical imaging, as they can serve different purposes. 
Figure 2 summarizes some of the main functionalities of the VRP: 
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• Treatment planning: for example ThIS [5] is a software dedicated to the Monte-Carlo simulation 
of irradiations of living tissues with photons, protons or light ions beams for cancer therapy 
planning [8].  

• Theoretical understanding of physical phenomena: a MRI simulator like Simri [9] is naturally 
suited to acquire theoretical understanding of the complex MR technology. It can also be used as 
an educational tool in medical and technical environments.   

• Acquisition Protocol Definition/Optimization: in the case of MRI for example, because of the 
complexity of the in-vivo MRI acquisitions, the MRI protocol definition and optimization are 
extremely difficult, but they become accessible through a simulator 

• Assessment tool for image analysis methods: simulators produce realistic images that can be 
used to evaluate the results of image processing algorithms as the ‘ground truth’ is available 
through the virtual model of anatomical structures 

 

Figure 2 - VRP Use Cases. 

At a larger scale, we can imagine a complete simulator of a Virtual Physiological Human [10], i.e. a 
multi-scale human modeling for a preventive and predictive personalized health. This kind of project is 
only possible if existing heterogeneous medical imaging applications and especially simulators can be 
brought together and rendered interoperable on a same platform. Such high level objective is the long-
term goal of the FP7 NoE VPH project.  

1.3 VRP Requirements 

Simulators interoperability and easy plug-in of new simulators are the main requirements for the VRP. In 
the last few years, a certain number of simulators have been used and developed inside the medical 
community. Their usage is unfortunately restricted because of their non-interoperability and of their 
heterogeneous requirements (dependencies, interface, parameters etc.).   

Another important aim is making the simulators and the data accessible to everyone. Such a platform 
should allow users to run simulations without having to install them on their own computer.  

Moreover, the platform should have access to distributed architectures providing important computing 
and storage resources. This will lead to a faster execution for time consuming applications and to a 
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discharge of the user work station. Parallel and distributing computing will also ensure scaling 
capabilities, i.e. the possibility of supporting a large number of users and jobs simultaneously. However, 
the parallel and distributed computing platform has to be transparent to the end user, who does not need to 
acknowledge the complexity of the underlying infrastructure.  

In the next section we will explain how grids can meet these VRP requirements. 

2 GRID CONTRIBUTION TO VRP 

As presented previously, the VRP has to be able to offer both a collaborative platform and computing 
resources for the medical image simulators execution. These two requirements can be met with the help 
of grid infrastructures exploited in various medical and non-medical projects. The next two paragraphs 
will illustrate this through the example of several medical imaging projects using grid infrastructures for 
building collaborative platforms and for intensive computing. 

2.1 Example of collaborative platforms 

In the context of breast cancer, the MammoGrid project [11] developed a distributed platform for a 
community of radiologists. They used the grid infrastructure in order to support collaborative medical 
image analysis, to enable radiologists share standardized mammograms, compare diagnosis etc.  Thus 
different sites from Udine, Geneva, Cambridge and Oxford contributed at creating an international 
mammogram database like illustrated in Figure 3. In their implementation a lightweight Grid middleware 
solution (called AliEn) is used. They also developed a set of services called the MammoGrid Services 
(MGS) for managing mammography images and associated patient data on the grid [12]. 

 

 

Figure 3 – Illustration of the distributed 
platform developed within the MammoGrid 
Project. 

 

 

Figure 4 - Database and processing 
partitioning. 

Still on breast cancer, the MAGIC-5 Project [13] also used a dedicated AliEn Server for their database 
architecture allowing for images to be acquired in any site available to the Project. Data are stored on 
local resources and recorded on a common service, known as Data Catalogue, together with the related 
information (metadata).  
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2.2 Intensive computing  

Grids are also extremely valuable for their computing resources. In the case of a VRP, a certain number of 
medical imaging simulators are needed. Grid computing parallelism allows then for important speed-up 
for such computing intensive applications. We can refer to it as processing partitioning. As illustrated in 
Figure 4, processing partitioning can be coupled with database partitioning for higher efficiency of the 
medical applications which deal with large amounts of data (e.g. medical image indexing and retrieval).  

If the database is partitioned in bags of images to be analyzed, each bag can be processed by a single 
computing job. If one bag represented one image so that all images were processed in parallel, then the 
execution time would be the maximum of the execution times of each image processing [14]. However, 
for large databases this hypothesis is not realistic, as thousands of processors cannot be available 
simultaneously on a shared grid infrastructure concurrently exploited by a large number of users.  

Processing partitioning is studied in [14]. The strategy for choosing the granularity of the tasks submitted 
aims at reducing both the total execution time and the number of submitted sub-jobs (for infrastructure 
optimization). A probabilistic model is proposed and validated based on experimental results. A more 
detailed study on submission strategies optimization can be found in [15]. This paper studies the influence 
of various parameters as for example execution site, resource broker or day of the week. It shows that the 
grid latency is closely related to the choice of a resource broker or a computing element and that 
information concerning these two parameters may be both sufficient and accessible for job submission 
and system performances optimization.  

3 EXPERIENCE FEEDBACK ON APPLICATION PORTING  

A large number of medical imaging applications including simulators have been implemented without 
having taken into account a possible future grid usage. However, we have nowadays the possibility of 
using distributed architectures for these applications if we succeed in adapting them for grid usage, which 
comes within the scope of the VRP. This section summarizes our experience feedback regarding medical 
application porting on grid infrastructures in a step-by step gridification methodology. This methodology 
will also serve for future work needed for integrating new applications into our grid oriented VRP.   

After several years of experience with porting applications on distributed architectures (starting with the 
European DataGrid Project in 2001), we can say that the gridification process requires several layers of 
adaptability: 

3.1 Basic adaptability – successful execution 

The application has to be able to run on the grid environment, i.e. operating system, file system, shared 
resources etc. The configuration of the distant grid nodes is often very little known to the grid user and 
does not necessarily correspond to the user’s local configuration. Therefore, the basic adaptability can 
refer both to the distant grid node environment and to the application to be executed on it. 

The distant environment often needs a certain ‘customization’ before job execution. The customization 
can vary from variable definition to file downloading from accessible sources. These operations can be 
done through a shell script that launches the application after the necessary environment customization. 
Depending on the used platform and on the user’s access rights, there will be a certain number of 
restrictions that may not allow for all the changes the users would like to bring in order to run his/her 
application. In this case, he will have to customize the application.    
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This may be the case for applications requiring a certain number of libraries that are not present on the 
distant nodes. ThIS [5] for example is based on the Geant4 [16] toolkit for the simulation of the passage 
of particles through matter. Geant4 is used in different application areas, mainly in high energy, nuclear 
and accelerator physics, but also in medical and space sciences. ThIS uses a certain number of the Geant4 
libraries which may be installed on some of the grid nodes, but not necessarily on all of them. Moreover, 
Geant4 can build shared libraries to which ThIS can be linked. The solution we adopted in order to 
achieve a basic adaptability for ThIS was to re-build all dependencies without shared libraries and then 
compile ThIS by linking it statically to the required libraries.  

Another possible solution is to copy the shared libraries on the nodes together with the executable or to 
create the necessary environment for compiling our application on the target execution node.   

3.2 Intermediate adaptability – application parallelization 

Grids are particularly efficient for intensive computing applications that can be parallelized. This is often 
the case for medical image applications. However, parallelization is sometimes not taken into account at 
the conception phase of the application. We will consider the example of Simri and ThIS which are two 
simulators parallelized in two different ways. Simri uses an MPI (Message Passing Interface) 
implementation, whereas ThIS deals with Monte-Carlo simulations.  

MPI parallelization is transparent to the end user: task parallelization and message passing between the 
tasks executing on different processors is handled automatically if the application has been developed 
using one of the MPI implementations like for example LAM/MPI or MPICH. MPI is often used on 
computer clusters, where users have access to multiple processors simultaneously. Simri is a typical 
example of application that has been modified in order to be parallelized with LAM/MPI [17]. It can now 
be executed on a single PC, as well as on parallel machines, on a small internal cluster and even on larger 
infrastructures like the EGEE Grid.  

The experience of using both infrastructures for Simri showed that MPI is more adapted for cluster usage 
than for grid usage. A first issue when using grids concerns the previous adaptability point: the different 
computing elements which can be distributed geographically all over the world and have different 
administrators may not support the needed MPI implementation. A second issue is that usually the same 
application cannot be split between different computing sites. This means its parallelization is limited to 
one structure and cannot benefit from the free resources elsewhere. This limitation could be overcome 
with wrappers and we can then speak of a higher layer of adaptability. 

ThIS is a Geant4 based software dedicated to the Monte-Carlo (MC) simulation of irradiations of living 
tissues with photons, protons or light ions beams for cancer therapy. For reliable results, a large number 
of particles are simulated, leading to intensive computing. However, this large number of particles needed 
for one complete simulation can be split into sub-simulations with fewer particles which are thus less 
computing intensive. The condition to observe when splitting one simulation is that each sub-job must use 
a different random seed number. This allows the sub-simulations to be statistically independent and to be 
thus run concurrently. The parallelization in this case is achieved naturally by simulating fewer particles 
concurrently on multiple processors. For example, if we want to simulate 50 M particles, the simulation is 
divided into 50 sub-jobs, each with 1 M particles to simulate.  However, additional tools are needed for 
job splitting and result merging. 

In conclusion, the parallelization technique depends essentially on the application. For independent MC 
particle simulations the splitting and merging are straightforward and therefore they can be done with 
external generic tools as presented in the next section. On the contrary, in the case of the MRI simulation 
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splitting and merging requires image partitioning and reconstruction which cannot be achieved easily with 
the same tools. MPI parallelization solves this problem and renders the splitting and merging process 
transparent to the user, which explains our choice for the parallelization technique. Even if MPI may not 
have been conceived for usage on grid architectures, in practice a strong MPI demand has been observed 
within the biomedical community of the EGEE project. Their experience shows that for a large number of 
biological applications MPI is the most accessible parallelization technique, allowing for the code to be 
executed without any further effort on different architectures: parallel machines, clusters and grids. 

3.3 Advanced adaptability – wrappers/descriptors 

Advanced adaptability is meant to help the user take full advantage of the grid resources and application 
parallelism by bringing a certain degree of automation in the process of job parallelization and result 
retrieval. This can be achieved with additional tools like wrappers or even new software layers.    

3.3.1 Parallel job submission, monitoring and retrieval 

The previous section presented two means allowing for applications to be executed on multiple processors 
concurrently. However, both have their own limitations that can be overcome with additional tools.    

In the case of MPI, the different processes of a same job could only execute on the processors of a same 
cluster. One of the topics covered by the Interactive European Grid is advanced MPI usage on the 
int.eu.grid infrastructure [18]. In this field, they developed several tools in order to enhance workload 
management features for MPI, as well as a cross broker allowing for cross-site MPI.  

A natural parallelization like the one used in the case of ThIS can benefit from automatic handling of job 
splitting and result merging. The usefulness of his approach has been acknowledged so that today there 
are several tools that have been designed to implement it. The Java Job Submission (JJS) [19] tool for 
example can be used for easier job submission, monitoring and result retrieval. It hides most of the grid 
complexity from the user and also allows for simultaneous submission of similar sub-jobs called 
parametric jobs. However it does not take into account actual job splitting and merging. Ganga [20] is 
another interesting tool which includes a job splitter and merger. Moreover, it allows users to interact with 
multiple and different computing backends in a very similar way through the Ganga interface. 

Grid middleware integrates basic tools for job submission, monitoring and retrieval on the grid. On the 
EGEE grid infrastructure for example, the Workload Management System (WMS) is used. The WMS is a 
very useful tool; however it is often not sufficient. The WMS allows for job submission and monitoring 
‘manually’ with command lines. This requires a large amount of work for status querying for every job, 
then manual retrieval and merging of results. Despite its simplicity, the WMS also has a certain number 
of advanced functionalities among which we can cite the ‘parametric job’ type that allows the automatic 
submission of a number of very similar jobs through one job description file. However, this advanced 
feature still requires further improvement on certain aspects like global job status. At present, for 
example, if one submits N jobs at a time with one job description file for parametric jobs and some of the 
jobs are done and the others fail, the global job status stays ‘Running’. In conclusion, more sophisticated 
tools like Ganga or JJS are often needed for more efficient job management.    

3.3.2 Middleware compatibility 

The multiple computing backend issue brings us to another important aspect that could be handled as an 
advanced adaptability layer: middleware interoperability, as different technologies not only co-exist but 
are also changing and evolving continuously. In our case for example, Simri has access to the EGEE grid 
deploying the gLite middleware and to an internal cluster deploying PBS. The same application can be 
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executed on both platforms due to a home-made tool (a portal) that translates user requests into the right 
language and deals with job submission, monitoring and retrieval depending on the backend. 

3.3.3 Integration into service platforms  

Last but not least, advanced adaptability can also refer to wrapping applications for integration into a 
service platform.  On a service oriented platform heterogeneous applications need to be presented in a 
normalized language. The GEMSS project mentions application descriptors [21]. An application 
descriptor is an XML document that provides meta-data about an existing application and is usually 
supplied by the service provider. The information provided in an application descriptor defines the 
semantics of the operations of a generic application service and enables the service framework to expose 
an application automatically as a Web service. An application descriptor usually specifies the input/output 
files, the script for initiating job execution, scripts for gathering status information, and a finish file, 
which indicates that a job has been finished.  

3.4 End-user adaptability 

On top of these adaptability layers, there is a user-adaptability layer which is a high level interface 
allowing users with no grid specific knowledge to use the available services. Grid architectures usually 
offer transparent access to resources to grid users but they lack a generic user- friendly interface at a final 
user level. This hinders their use by physicians and researchers who would need secure and easy-to-use 
portals for submitting their jobs. 

This problem has been acknowledged by different communities who have already developed a certain 
number of portals such as Genius [22], GridSphere [23] etc. A few communities have developed their 
own portals for specific needs. The Simri portal [24]  has been developed for example for the Simri 
simulator. This 3 layer architecture portal was developed in Java and PhP. More information on the 
technical implementation can be found in [25]. Experience shows that the development of a specific 
portal for a given application is not a tremendous task. However, creating and especially maintaining a 
new portal for every application rapidly becomes a very time consuming job. The challenge thus becomes 
conceiving a more generic tool, i.e. a portal easily re-configurable for similar applications.  

4 OPEN QUESTIONS AND CONCLUSION  

Grids are promising architectures that can bring different solutions to medical image storage and intensive 
computing problems. Their growing interest is reflected through numerous projects and grids initiatives 
emerging worldwide. However, grid issues limiting the adoption of existing systems still exist. 

In the previous section we tackled a step-by-step approach for medical application porting on grid 
architectures emerged from our own experience which shows that porting and deploying applications on 
grid infrastructures is not a straightforward process. Moreover, although this approach is meant to be 
general, different applications have different structures and requirements making it impossible to have a 
recipe 100% valid for all applications. The difficulty of the task is therefore increased. 

For example, one problem that we still find difficult to overcome and that could be considered as an 
advanced adaptability issue concerns large input and output file management. Most grid middleware 
incorporate file catalogues and data management services, but job parallelization often requires multiple 
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copies of data from storage elements/databases to the working nodes. This problem is particularly 
important for medical applications.  

Last but not least, we noticed that an important element which seems to significantly hinder the growth of 
the grid user community is a higher user interface. In order to really render a gridified application 
accessible in practice one has to invest important resources for the user interface and support issues.  

The VRP architecture should therefore take into account all these problems and facilitate the integration 
of medical simulators into the grid environment. Among the main requirements of the VRP platform we 
can cite the access to grid architectures and distributed data, easy plug-in of new simulators and 
personalized models, as well as a user-friendly interface. Designing and implementing the VRP’s 
architecture represents thus a very challenging project. At present our team works on designing the first 
draft of the VRP architecture, which relies on Web services and the XML language.  
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Abstract

In medical image analysis, there exist multifold applications to grids and service-oriented architectures
are more and more used to implement such imaging applications. In this context, workflow and service
architects have to face an important variability problem related both to the functional description of
services, and to the numerous quality of service (QoS) dimensions that are to be considered. In this
paper, we analyze such variability issues and establish therequirements of aservice product line, which
objective is to facilitate variability handling in the image processing chain.
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1 Introduction

For several years now the clinical area has been investigating grid computing to deal with many problems
related to large medical data sets manipulation, usually heavily fragmented, on very wide distributed in-
frastructures. In medical image analysis, there exist multifold applications to grids, from validation and
optimization processes of specific algorithms to overall reduction of computing time. In the same time, im-
age analysis tool pipelines are undergoing homogenization, strongly motivated by the need for mutualizing
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software development and easily comparing results. A medical image processing library such as ITK or
the statistical tool SPM are examples of these efforts. In both cases however, these approaches assume that
codes are fully integrated and thus tightly coupled. Harnessing the full power of the grid implies to be able
to deploy different variations of algorithms while being independent of the heterogeneity of existing codes.
Moreover, these codes are often not limited to a single algorithm but are expressed as processing pipelines.

A service oriented architecture (SOA) is especially adapted to adress these requirements, with services in-
herently decoupled and abstracted from technical platforms, and workflows to design composed algorithms.
It enables users to partially overcome the division of clinical centers and medical imaging laboratories. But
building on SOA also implies to tackle two major problems in its usage on realistic use cases. First, code
maintainers have to provide basic imaging services from heterogeneous codes, including detailed informa-
tion enabling their composition to construct new pipelinesand the control of their deployment on the grid.
The second problem concerns the management of the numerous non functional properties that have to be
exploited during deployment or run times, in order to ensurea quality of service (QoS) adapted to the user.
These QoS properties expose different forms of variabilityas they may be related to a service itself (re-
liability, availability, cost, expected execution time...), to its provision on the grid (parallelism grain, data
handling protocol, adaptability to resources...) or to some user needs (emergency of a computation, ex-
pected output quality...). The two problems put together lead to strong limitations in the application of SOA
principles to the grid for medical image analysis. We identify these two problems as being related to an
important variability in the service functionalities — there are similar basic services to choose from to build
a complete workflow — and an even more important variability in the QoS related properties of the service
— these properties can be about execution time, cost, quality of results,etc . —. This concept of variability
is now an essential design elements in software engineering[2, 13]. Its realization can be seen as a way to
describe the whole generality of an entity (a software artefact) through the specification of commonalities
and differences. This approach allows software architectsto i) describe the structure and the behaviour of
a single entity, with the possible common parts that may exist between several similar entities; ii) propose
variants of one entity and therefore specify possible variations within the structure and the functionalities
that are provided; iii) define optional parts for both structural and behavioural aspects; iv) describe assembly
and runtime constraints between entities (main types of constraints are mutual exclusion and dependancy
constraints), and v) define behavioural variations that areimplied by the specification of entity variants.

In our context, the management of variability concerns boththe services and the resulting composed pro-
cesses. Our long term goal is to provide a completesoftware product line [2] that describes major variations
in functional and non functional properties of medical imaging services and workflows. A software product
line applies the general industrial notion of engineering family of similar entities. The main focus is on
ensuring or verifying appropriate properties on the instantiation of a single entity from the product line. As
a start, our ongoing work is limited to a software product line handling only variability on the description
of imaging services [7]. In this paper, we present the first analysis and specifications of such a software
product line. We analyze the different aspects of variability in some medical imaging services, and we focus
on relevant QoS properties, taking the segmentation services as a running example (Section2). We then
present the main principles of a software product line framework that would handle the identified variability
points (Section3). It notably has to enable service providers and workflow experts i) to capture the com-
monalities and the differences of legacy services, ii) to efficiently build the right service according to these
commonalities and differences and iii) to use the line to select appropriate services according to functional
and non functional criteria. We also describe how Model-Driven Engineering (MDE) techniques are used
to build the service product line as a model of the manipulated services so that description, selection and
compatibility checking can be made through the product line. Finally we discuss some identified open issues
related to the implementation of the product line (Section4).
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2 An Analysis of Variability in Medical Imaging

Let us consider a general pipeline in medical imaging. For a same type of image processing there are most of
the time several ways to build it and numerous services are available to the workflow experts for each step in
the imaging process. Functional aspects supported by theseservices are highly variable: for instance, there
are many algorithms for the segmentation stage that are designed for a specific image acquisition modality.
Neverthless, the variability mostly concerns thequality offered by the service (QoS), which describes in
which conditions functional aspects are provided. Indeed,a segmentation algorithm may perform very well
for SPECT images when considering the accuracy criteria, while another one could be less accurate but
much faster for the same input. These services may provide the same functionality, but optimize different
QoS dimensions. It is thus not sufficient to only consider functional characteristics of services. We now
analyze how and which QoS properties are computed and quantified in the medical image analysis area,
considering one essential technique, namely segmentation.

2.1 Segmentation

The goal of segmentation is to select perceptual units of an image that correspond to the real anatomy of the
patient, and which need to be measured or visualised by the clinical user. The process of segmentation is a
crucial (and often preliminary) step for medical imaging analysis and diagnosis. Unfortunately, automatic
segmentation is a problem without general solution, as segmentation results depend on many factors, such as
modality acquisition, image noise level, organs / body region extracted, pathology,etc. Selecting an accurate
and efficient segmentation technique can avoid or minimize inappropriate results. Consequently the need of
a standard quality measure has been highlighted [20] in order to evaluate different qualities of segmentation
algorithms.

Different evaluation methods have then been proposed and weidentify them as a first degree of variability.
First, theanalytical methods directly consider principles and properties (suchas requirements, utilities,
complexity,etc.) of algorithms. Analytical methods have not received much attention, considering that they
cannot obtain fine-grained properties, they only work in a particular context and they have difficulties to
compare algorithms. Second,goodness methods compute image-specific properties of the segmentedobject
such as intra-region uniformity, inter-region-contrast,entropy, shape, edge quality,etc . As pointed in [5],
this approach implies the subjectivity of selected properties, but they do not require an explicit reference
knowledge and they may give a fast evaluation in some cases. Finally, discrepancy methods rely on a
gold standard. The availability of a reference segmentation, supposed to be an ideally segmented image,
allows discrepancy to measure the agreement between a segmented object – the result of the segmentation
process – and references. Similarity or difference measures between segmented and reference images are
then computed.

2.2 Analysis of QoS Variability in Segmentation

We identify several variability points in QoS related to segmentation.

First evaluation methods have to specify theapplication domain under consideration, which according to
[17] is determined by three entities: the goal of the segmentation (the task), the body region and the imaging
protocol. For instance, a particular segmentation method may have high performance in determining the
volume of a tumor in the brain on an MRI image, but may have a lowperformance in segmenting a cancerous
mass from a mammography scan. It is thus necessary to introduce specific information about images and
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anatomical structures users want to identify, and this can be expressed through several choices (alternatives).

This survey of evaluation methods show that the QoS is context dependent: the absence of a reference image
prevents using discrepancy methods, whereas the knowledgeof both clinical context and medical objectives
can largely improve QoS measurements. Statistical (or empirical) analysis, which considers mostly discrep-
ancy methods defined above, must propose common criteria (metrics) to compare segmentation algorithms.
But these metrics do not make any sense if they are not computed in a particular context. This is clearly
expressed through constraints between alternatives.

Another important aspect is that the quality of the evaluation itself has to be considered [20]. Some evalua-
tion methods focus on specific measures: validation metricsin medicine, such as sensitivity and specificity,
have drawbacks not only for medical image processing but also for evaluation of medical tests. Moreover,
the metrics selected are subjective or objective and this isanother variation point. Complexity involved
for evaluation may be important if, for instance, a monitoring process is used to control algorithms. Eval-
uation requirements are also considered. All those parameters lead to describing and handling complex
interdependencies.

In many research works, the main quality considered isaccuracy (aka fidelity), which refers to the degree to
which the segmentation results agree with the “true” segmentation. We claim that the influence of various
parameters cannot be measured accross this single quality dimension. It is more relevant, as proposed
in [15][17] specifically for segmentation algorithms, to consider many dimensions to give a meaningful
answer to the performance of segmentation algorithms. Thiswould help the expert specifying high level
specification of QoS, more adapted to the context, and thus improve the selection of algorithms. For instance,
if an algorithm cannot cope with certain kinds of inputs, then it should be well-documented, so that its
robustness can be known before invoking the algorithm. In [17], the authors consider precision (reliability),
accuracy (validity), and efficiency (viability) and describe a framework for evaluating image segmentation
algorithms.

These research works are closely akin to common examples of validation criteria proposed in [11]. Finally, it
should be noted that precision, accuracy, and efficiency factors have a complex interdependency: an attempt
to increase accuracy may imply a decrease in efficiency and/or precision [15].

2.3 Impact of Variability for Grid Services

Managing QoS on the grid is a crucial issue as providing end-to-end qualities is one of the topmost user re-
quirements [10]. QoS issues have not been addressed very well in most Grid workflow management systems
while supporting QoS at both specification and execution level becomes increasingly critical [19][4]. In ad-
dition to the QoS related to the grid infrastructure, attention must be put on the QoS offered by the services
themselves. QoS-aware workflow engines are able to ensure that each application meets its user require-
ments. To do so, five relevant QoS dimensions are generally considered: time, cost, fidelity, reliability and
security [19][6]. These are high level concepts that should be refined into fine-grained QoS characteristics.
Moreover, QoS grid concerns such as reliability, latency orsecurity can be expressed through this classifi-
cation. The analysis of variability in medical imaging has shown that such dimensions are also considered
in the domain [11], and especially the fidelity dimension.

The QoS variability of medical images segmentation services impacts various operations in the management
of workflows. For instance, for a given task of the workflow, the most adapted service can be selected
considering QoS attributes of the service and the clinicianrequirements. Our service product line must
facilitate QoS management in relation with workflow engines, so that:
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• Some resulting QoS of an application can be computedbefore making the service available to cus-
tomers. Application of statistical methods are likely to beconducted in this case.

• The selection (statically or dynamically) of services through their QoS can be made by the workflow
engine. Scheduling of computational tasks on the grid is a complex optimization problem which may
require different criteria to be considered [18]. Few research works propose a scheduling approach for
multiple criteria on QoS parameters, and they mainly focus on QoS aspects of the grid infrastructure
itself [3]. Our aim is thus to manage QoS on medical imaging characteristics and on properties of the
grid at the same time. Just as segmentation algorithms can beprovided with variable QoS attributes
and deployed on the grid, the service product line should enable one to use such a scheduling approach.

• The appropriate QoS monitoring is implemented. Monitoringsystems can control the fulfillment of
QoS criteria and moreover offer error detection and recovery. For instance, discrepancy methods
can dynamically check the process results and an erroneous segmentation process should be detected
early. Consequently, the service product line should handle fine enough information on QoS so that
monitoring constraints can be described and reused.

• Adaptation strategies can be implemented as well. In response to unexpected behaviour – detected
by the above monitoring system – or technical conditions (delay, latency), it is necessary to adapt or
reschedule a workflow, considering a set of alternative services. The service product line should be
also usable in this context.

3 Building the Service Product Line

In this section we first present the concept of software product lines, which objective is to handle the identi-
fied variability points. We specify the architecture of intendedservice product line and discuss open issues
regarding its implementation and integration.

3.1 Software Product Lines

Manufacturers have long employed analogous engineering techniques to create a product line of similar
products using a common factory that assembles and configures parts designed to be reused across the
product line. For example, automotive manufacturers can create tens of thousands of unique variations
of one car model using a single pool of carefully designed parts and one factory specifically designed to
configure and assemble those parts. Similarly, software product lines (SPL) refers to engineering methods,
tools and techniques for creating a collection of similar software systems from a shared set of software
assets using a common means of production. A SPL must supportthe concepts of variability in order to
describe not only one specific entity but a family of entities. This means to be able to choose en entity
between several possible variants and to select optional parts. This process is called the derivation process.
If we compare it to the concept of generic class in object-oriented languages, the description of one family
of entities corresponds to the description of a generic class and the derivation process corresponds to the
instantiation of the generic class. Like the instantiationprocess needs to check for the type compatibility
of generic parameters, the derivation process needs to check that the constraints that exist between several
optional parts or variants (either mutual exclusion or dependancy) are verified by the user choices. At the
code level, conditional compiling and aspect-oriented programming have been studied to manage variability
at implementation and compile time [1]. More recently, variability management has gained attention in the
earlier steps of the software development [21]. In [14] we have proposed to introduce variability into an
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Aspect-Oriented Modeling (AOM) approach and use it to design SPL. Besides this approach is now getting
more attention in the SOA domain [7].

Therefore, we want to provide to software architects capabilities to manipulate an imaging service not only
as one service but as a service product line, which allows them to build easily derived services that include
the functionalities and the QoS properties matching their requirements. Considering the mentioned require-
ments, our purpose is to tackle the determined variability issues by including services within a product line
architecture. In our context, Model-driven engineering (MDE) techniques are intended to be used to capture
the description of service variability and product-line capabilities. MDE constitutes the most recent evolu-
tion of models usage in software engineering [12]. MDE generalizes the usage of models and put them at
the core of the software development process. Moreover, MDEis a promising approach to address platform
complexity and to express domain concepts through domain-specific modeling languages described using
metamodels. Models transformation ensure the consistencybetween application implementations and anal-
ysis information associated with functional and QoS requirements captured by models (i.e transformation
of platform independent models into platform-specific models). Finally, we will use those models in order
to generate the intended SPL behaviour on various grid infrastructures.

3.2 Principles

Figure 1:Overview of the Software Product Line Framework

Figure1 sets the principles of our approach. It relies on i) a serviceproduct line framework (SPLF) de-
scribing the business domain, ii) a service repository, containing legacy services of the business domain
and iii) metamodels, which capture the knowledge of the SPLF. Some metamodels specify SOA and QoS
information for handling variability and other ones describe valuable information from grid infrastructures,
which have an impact on SPL variability.
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The software product line framework (SPLF). It describes possible workflows for the domain of medical
imaging. It considers two levels of variability,i.e workflow variability and service variability. At both levels
there are:

• a set of common properties (a structured list of assumptionsthat are true for all members of the
domain). For example, any service for image segmentation requires a medical image as input;

• a set of possible differences. For example the format of medical image may vary depending on the
service that is chosen (DICOM, Nifti, Analyze,etc.), so that it is necessary to record that a service
supports or not a given format. This is an example of a variation point identified at the service level.
The choice to insert or not one type of service (for example registration or segmentation) is another
variation point, but at the workflow level.

The service repository. Services of the repository are making a collection of algorithms for image pro-
cessing. According to the SPLF description, one or several services may participate to one of its possible
workflows. In this repository one can find for example a subsetof services which are dedicated to image
segmentation. Intuitively these services may be handled through an actual service (a service interface) of
typeSegmentation, which is included in one SPL description. It makes possibleto consider commonalities
and to set the properties corresponding to the variation points of this type of service. In other words, one
service of the repository can be considered as the result of aderivation process of a dedicated service product
line. Consequently, a line of services can be seen as a service that is able to provide access to multiple ser-
vices, members of the line. The result is the construction ofa generic interface, which describes indirectly
multiple interfaces [9].

Metamodels. Variability of grid services for medical image analysis is captured in a metamodel. It makes
possible to reason on services and to achieve the operationsalready mentioned in section2, such as selec-
tion, adaptation and monitoring. The SPLF relies on this metamodel to represent a software product line,
which corresponds to one of its instances. As the metamodel could describe all possible software product
lines of the business domain (medical imaging), it is able torepresent all functional and non-functional com-
monalities and variations of the services belonging to the repository. Each service of this repository, which
belongs to the software product line, must conform to a givenmodel and by extension (transitivity) to the
metamodel. Thus, the software architect can infer a software product line considering some services of the
repository. Our metamodel helps to structure the necessaryinformation associated to services. Semantics
and knowledge are used to enhance Grid functionalities: ontology-based semantic modeling is used to en-
hance service-based programming on the Semantic Grid. Besides, in our preliminary implementation, we
rely on an ontological approach already developed and whichprovides medical imaging knowledge [16].
We use feature models technology and part of our metamodels can be seen as a view on this ontology [8].
For instance, medical imaging computation experts will be able to express that a segmentation algorithm
has been designed to treat brain MRIs images in DICOM format and in a precise acquisition context (e.g
acquisition equipment).

To handle the strong needs on QoS variability, a subset of themetamodel is dedicated to QoS. For instance
such information is intended to be used to compare the QoS of the members of a software product line. In
section2, the analysis of evaluation mechanisms for segmentation algorithms exhibits an important variabil-
ity. The variability of QoS processing mechanisms also impacts the operations to select services, control or
adapt the workflow. Selecting a service according to QoS constraints implies that the service can evaluatea
priori the QoS dimensions. On the contrary, a few services are only able to support dynamic computation
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and requires the knowledge of the output; and in this case, these services are well-adapted to perform appro-
priate monitoring at runtime. That is why our metamodels expresses also variability in QoS mechanisms.
Besides, the impact of the grid on the SPL is intended to be handled through another metamodel that records
information of the grid infrastructures.

Product derivation process. Thanks to the SPLF, the repository and the metamodels, it is possible to derive
services from a given software product line. The main focus during product derivation is on satisfying com-
plex dependencies,i.e dependencies that affect the binding of a large number of variation points, such as
quality attributes. A key aspect in resolving these dependencies is to have an overview on these complex de-
pendencies and how they mutually relate. An example of a complex dependency is a restriction on memory
usage of a software system. An example of a relation to other dependencies is how this restriction interacts
with a requirement on the performance. These examples show the need for the first-class representation of
dependencies, including complex dependencies, in variability models and the need for appropriate means
to model the relations between these dependencies. Thus, the SPL provides to software architect a generic
interface describing the set of functional and non functional characteristics and means to express constraints
in order to choose the most adapted service for each workflow task.

3.3 Open Issues

According to the principles described in Section3.2, the service product line framework is intended to
provide several functionalities, but their realization makes some open issues arise. We plan to tackle all
these issues by the provision of specific operations on the service and QoS models used by the SPLF. We
summarize these issues as the capability:

• to specify non functional properties toward different perspectives, according to multiple levels of ab-
straction, and used by all actors of the grid. Moreover, different views of QoS may cooperate. In par-
ticular, the proposed framework should allow one to transform high-level QoS properties, described
by the pratictioner and guided by the clinical context, intofine-grained non functional properties of
medical imaging services. For this purpose, model transformation – a key notion in the MDE approach
– will be used.

• to provide to the workflow middleware means to select the bestservices of the repository, from the
software product line, considering specific QoS properties. One possibility is that workflow engines
ask to the software product line qualities offered by its members. The workflow scheduler then gets
information elements in order to reason on abilities of members of the software product line. Another
option is that the reasoning process is directly delegated to the software product line, which would be
able to instantiate the member of the line most adapted to theassociated context and constraints.

• to infer a software product line considering some of the services of the repository, by detecting auto-
matically their common elements and their variation points.

• to master (statically or dynamically) in the derivation process i) the uncertainty of the behaviour of
medical imaging services, for instance the subjectivity oreven the impossibility to compute the QoS
of services, ii) the context-dependency (i.e medical or grid context) of elements of services, iii) the
intradependencies between the elements of the service (i.e intradependencies between QoS offered by
services).
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4 Conclusion

This paper has proposed to tackle the variability issues in grid services for medical imaging by using an
approach based on software product lines. Functional and non functional variability of imaging services
have been analysed using the segmentation step as a running example. As a start, we focused on issues in
building a product line on services only, providing a service product line framework. This line will notably
enable service providers and workflow experts to capture thecommonalities and the differences of legacy
services and to use the line to select appropriate services according to functional and non functional criteria.
The service product line framework is currently undergoingimplementation. All metamodels are currently
operational and first validation on specific medical imagingworkflows are going to start. Our long term
goal is to provide a completeservice product line that would describe major variations in functional and non
functional medical imaging service specifications, as wellas in process chains described through workflows.
As the medical imaging field exacerbates the variability problems, we also expect that the resulting solutions
are going to be applicable to other data-intensive uses of grid infrastructures and general service oriented
architectures.
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