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Abstract

In the postgenomic era, high-throughput screening methods have identified a large number

of genes which still lack functional characterization. Fluorescence microscopy can be used

to localize labeled proteins from those genes in determining their functional role in cellular

processes. In order to perform a systematic analysis of the generated microscopy images,

structured storage of the data and organized documentation of its experiments are inevitable.

To address this problem a platform independent computational environment for handling mi-

croscopy data, named Scientific MIcroscopy Laboratory Environment (SMILE), was developed.

The project oriented workflow of a typical experiment guides the design of the software for

data storage, data retrieval and consistent chronological documentation. This approach inher-

ently leads to structured recording of the experiment, conserving the complete experimental

context of data records at any time. State-of-the-art software technology was used to imple-

ment a multi-tiered J2EE application offering an intuitive Web-based user interface. The SMILE

application back-end can be accessed through a generic programming interface and is open

for integration of external imaging tools, such as ImageJ. Computationally intensive tasks for

server-side image processing and analysis are transparently delegated to an adequate high

performance computing infrastructure, and results are stored within the underlying relational

database management system.

The SMILE computational environment offers researchers an integrative software platform for

scientific collaboration, while hiding the necessary complexity of data management and IT in-

frastructure. Because of its modular and flexible architecture, SMILE is ready to face the future

challenges of microscopy data management.

Keywords: microscopy, experiment workflow, SMILE database, J2EE, high performance com-

puting
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Chapter 1

Introduction

The sequencing of the human genome [International Human Genome Sequencing Consortium,

2004; Venter et al., 2001] identified thousands of as yet uncharacterized genes. With the local-

ization of their transcribed proteins in subcellular components, it is possible to draw conclusions

about the functional roles of these genes [O’Rourke et al., 2005]. Due to the steady develop-

ment of fluorescence microscopy, reliable tools for assessing protein locations have become

available [Giepmans et al., 2006].

Experiments using such methods to address significant biological questions result in image

data which must be processed, analyzed, quantified and stored over long time periods on an

adequate infrastructure. The necessity for a data management system is clear, and several

initiatives were started to standardize the way of describing and storing microscopy data output

[Goldberg et al., 2005; Swedlow et al., 2003, 2006]. Several database systems for specific

applications [Carazo et al., 1999; Gonzalez-Couto et al., 2001; Kals et al., 2005; Liang et al.,

2002] have been developed, but most of these focus on a targeted experimental setup and are

not universally applicable.

The Open Microscopy Environment (OME) project [Swedlow et al., 2003] is the most actively

developed scientific database project for universal microscopy data management, devoting no-

ticeable effort into standardizing methods of image storage [Goldberg et al., 2005]. OME has in-

troduced a new tiff-based file format, which contains XML formatted data about the creation and

development of an image. Several microscopy software packages from industry and academia

are already able to read the format and to access OME’s server back-end. Technologically,

OME is offering a Perl interface, used for back-end image storage and the implementation of a

data-centric lightweight Web interface. Recently, OME was extended by the J2EE-based server

application OMERO, which also handles the management of image data and is accessed by a

standalone Java client, named Schoola. OME is particularly focused on handling image data

but lacks an easy-to-use Web interface for data acquisition during the development of experi-
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mental protocols.

To the best of our knowledge, there is no academic microscopy data management system

available, that is able to generically store experimental data in a workflow-oriented manner in-

dependent of the file format. This includes primarily image files, but also experiment-related

documents from literature research over analysis documentation to comparison and experimen-

tal notes. Therefore, the idea of an intuitive software package, named Scientific Microscopy Lab

Environment (SMILE), was born. SMILE should follow the typical workflow of an experiment

and should map every working step to a discrete step in the software. If SMILE is used on

a regular basis, the organization of data in a chronological and experiment-oriented way is

continuously built up as data is acquired. Such acquired data always remains in the original

experimental context. The workflow is the central starting point of this thesis, and will be ana-

lyzed and described in more detail in the next section.

Furthermore, recent initiatives defining minimum standards for describing microscopy experi-

ments (e.g. MISFISHIE [Deutsch et al., 2006]) need to be supported in a manner where existing

researchers are aware of the specific parameters and settings, which are required for standard-

ization of data exchange. In this way, data sharing between groups and the reproducibility of

data should be guaranteed.

Additional requirements should be fulfilled by an experiment management system

[Jakobovits et al., 2000]: it should be possible to integrate the system in a heterogeneous envi-

ronment. Remote collaboration over the Internet between working groups, intuitive navigation

within the system, advanced file format support and their data integration all need to be con-

sidered. SMILE tries to address these requirements with a Web-based interface, which allows

platform independent access to the system. For more sophisticated tasks like multiple file trans-

fer, which can’t be handled with regular Web-form based interfaces, SMILE uses Java and its

Applet features. The system has an integrative characteristic and offers simple interfaces in a

necessarily complex IT infrastructure (e.g. numerically intensive analysis performed on a high

performance computing (HPC) cluster). The real-world application of such a system will show

to what degree this workflow oriented and integrative approach is accepted by the scientific

community. The first biological projects exploring the nuclear organization of cells, and a large

scale screening project in yeast, are already in the planning phase which will demonstrate the

potential value of the concept.

1.1 Workflow analysis

In order to define software requirements, the lab work and its different stages have been ana-

lyzed to establish a complete workflow oriented model. Observations suggest that the lab work

can be divided into five principal steps:

2
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Figure 1.1: Workflow phase: project and experiment definition

• project definition

• data acquisition

• data analysis and processing

• data comparison

• data retrieval

These five steps explain how SMILE can be used to track the data evolution in the experimental

stage.

Project definition In general, scientists start by asking biological questions, to which the

answers are of special interest but largely unknown. A detailed literature research should de-

termine whether others have already satisfactorily solved the specific questions. If not, the next

stage is set up a hypotheses that can be tested and thus proven or disproven.

Starting from such considerations, a new project should be defined and captured in digital form.

It is necessary to describe the new project by: giving it a descriptive name; defining which

questions should be answered and establishing what the solution strategy should look like.

Documents collected during the literature research stage should be collated with the project

definition for later review or for sharing with other researchers.

Data acquisition With the establishment of a hypothesis, the detailed design of experi-

ments can begin. Experimental work follows well established (standard) protocols which may

have to be optimized for specific conditions. It must be possible to define well established pro-

tocols as a sequence of steps, each of which is defined just once but reused each time the

same protocol is followed. However, well established protocols must be kept flexible in a way
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that particular conditions can be changed. Those changing parameters of standard protocol

steps (e.g. fixation times, temperature changes etc.) are important to record as they are used

to improve the biological reliability of a protocol.

Armed with a collection of standard protocols, an experiment can be started and defined in

SMILE at the start of the workflow. The name of the experiment, its description and specific

aims, must all be provided in order to be able to distinguish different experiments. The exper-

iment itself is described by its current working protocol (CWP). If the experiment is following a

standard protocol exactly, the CWP needs not to be defined again but can be created by copy-

ing the steps- and parameter definitions of a corresponding standard protocol. A sequence of

input masks (wizard) should assist the input of the CWP and its step parameters.

Sometimes, however, after completing a sequence of protocol steps, experiments split up into

different sub-branches (e.g. cells are treated with different drugs in order to study their re-

sponse). Therefore, software like SMILE must be able to handle the insertion of such “splitting

steps”, leading to different branches of the experiment workflow.

Cell treatments or time-series experiments result in one or more different digital files that are

acquired with a special device and at a special step during the protocol. As a lab has only

a limited number of devices used during experiments, the definition of the devices needs to

be performed just once and can be reused by every user within SMILE. The facility manager

should insert the devices with their name, their descriptions, and their documentation files.

Facility managers are also the persons with the most experience of using the devices. They

should be able to define the mandatory and optional device parameters that must be inserted

during an experiment. In this way, all necessary information, such as the objective magnifica-

tion, etc., can not be lost.

For data acquisition, SMILE offers the possibility to store all generated files acquired by differ-

ent devices. The file transfer of one or more results files should be as simple as possible. By

selecting a specific file or directory, it should be possible to connect these files to specific steps

or entire protocols. All the internal linkage to the steps should be handled internally without

confronting the user with these details.

Finally, data acquisition comprises not only files but also observations made during the exper-

iments. Often, these disappear into notebooks and are lost to digital systems. Therefore, for

every protocol step and every file obtained during the experiments, the ability to file observa-

tions in textual form should exist. To improve the search functionality, an observation should

consist of some keywords, which are automatically added to a dictionary, along with a detailed

description of the observation. As the files are attached to a protocol and an experiment, the

overall context is conserved and the reproducibility of the same conditions and the same results

is maintained.
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− curves

content:
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owner (user, project, organization)

Data object:
name, time stamp

SCIENTIFIC WORKFLOW: SMILE:

Figure 1.2: Workflow phase: data acquisition

Data analysis and processing After storing the raw result files, their analysis and post-

processing steps are performed. In order to extract useful information and to combine it in

a statistically meaningful manner, multiple microscopy images of different cells have to be ac-

quired. The data files, for example from a Fluorescence Recovery After Photobleaching (FRAP)

experiment, are image stacks. For example, the temporal increase of intensity values in areas

with Green Fluorescence Protein (GFP)-tagged proteins must be quantified after bleaching.

This can be done with an external program that is optimized for this measurement. The output

result file is a table with values of intensities from the bleach-spot, background, etc. With SMILE

it is possible to describe such external analytical steps, so that the files resulting from the ex-

ternal analysis software can be assigned to the original raw-data files. The aim of the external

analysis steps is to keep track of the development of data collected using third party software.

Such analyses should have a suitable name, a short description and detail the parameters used

during the operation. Another example of the use of external programs for post-processing are

deconvolution packages for improving the image quality by numerically eliminating out-of-focus

light from images. During these post-processing steps parameters must be adjusted to obtain

improved results. These can be stored with the analysis steps as optional or required param-

eters. The data generated at the analysis stage can be easily connected to the raw data by

using a platform independent upload client, which allows connection of the data files with the
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Figure 1.3: Workflow phase: data analysis

original experimental context.

To improve the productivity of frequently performed analytical tasks, SMILE offers the possibility

to integrate analysis modules (e.g. simple numerical operations like background corrections,

etc.). Such analytical steps should be accessible from the server-side via the Web interface.

SMILE offers a plug-in system so that additional server-side analysis steps can be added eas-

ily. The plug-in should implement a well-defined interface, enabling communication with SMILE

(e.g. transferring the input file, running the analysis, and returning the result as a SMILE data

object).

Data comparison Following data analysis, different results must be aggregated and com-

pared before any interpretation of results can begin. Unexplained differences or unexpected

similarities form the basis for new directions in planning further experiments. Sometimes it may

not be possible to recognize connections between experiments, but it is important to keep notes

of the comparisons already performed. SMILE should also be able to handle such notes for

comparisons.

To perform a comparison within SMILE, the comparison must be first described. A descriptive

name and the objective should be entered at the beginning of the comparison. Then one should

be able to select the appropriate files or data objects to compare, and these should appear in

a visual way. Images, either appearing next to each other, or curves, displayed on the same

plot, should give an informative overview enabling pertinent conclusions to be drawn. Such
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Figure 1.4: Workflow phase: data comparison

conclusions must be entered in SMILE to keep a record of the comparisons. Keywords should

also be entered to enable comparisons via a searchable keyword index. These comparisons

are usually parts of the same project and link together different experiments within a project.

Data retrieval If SMILE is used regularly, the organization of data in a chronological and

project-oriented way is continuously registered during daily acquisition. An additional advan-

tage is the ability to search through the data. Researchers frequently have to search through

notebooks to find previously uninterpretable observations. Subsequently, as the project devel-

ops, the researchers gain a different perspective and recognize that prior observations could

lead to new discoveries. SMILE offers easy to use interfaces that allow searches through ob-

servation notes, comparison notes or even changes performed during protocol observations.

However, full text searches commonly result in numerous hits and the information disappears

in the noise of the data. Searches with keywords, which are inserted during acquisition and

analysis, should partly address this. The user should get an index of existing keywords, similar

to a dictionary, with which one can search the stored data for experiments with similar obser-

vation or comparison notes. Experimental comparison and keyword-specific data retrieval is

Search

...

D
at

a 
re

tr
ie

va
l

Full text search:
− protocols, protocol changes
− observation notes
− comparison
− project−, experiment−, user− scope

Keyword index:
− find experiments, protocols steps

using these keywords

SCIENTIFIC WORKFLOW: SMILE:

Searchmasks:

Figure 1.5: Workflow phase: data retrieval

intended to be a future extension, but is not part of this thesis. Nevertheless, the data model
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behind SMILE must be able to accommodate these future extensions.

Other aspects Particularly during the first productive use of SMILE, it is absolutely nec-

essary to gain the user’s trust in the software. Consequently, it should be possible to export all

acquired data from SMILE into text form, so it can be printed and inserted into a conventional

notebook folder. The most convenient form of export is the PDF-format, where documents,

protocols, etc., can be exchanged independent of the platform or operating-system.

User management Scientific work is commonly conducted in a team that needs to share

protocols, experiments and results internally, but not necessarily with a wider community. Dif-

ferent people should be able to work together in a group, but should see only the projects that

they belong to. To realize this protection from unauthorized access, a user management sys-

tem must be introduced in SMILE.

To implement this, SMILE should offer the possibility to manage different independent groups

which have completely separate file and operation spaces. These groups are termed organiza-

tions, which use SMILE on the same server but do not want to share anything with other organ-

isations. Within an organization, different people work together on different projects. Therefore,

every user belongs to at least one organization within which shared projects are worked on.

The owner of the project and project administrator can assign additional people within an orga-

nization to a project.

Stored files should be also accessible directly via file system operations on a shared volume.

To keep consistency within the SMILE database, only read-only file system access is allowed.

Additionally, privacy between organizations must be preserved.

8
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1.2 Objectives

The aim of this thesis is to develop a workflow-oriented computational environment for uni-

versally handling data in a microscopy laboratory. This comprises the structured storage of

experimental imaging data and its development, including associated data generated by lit-

erature research, experimental design, quantification, analysis and observation. The project

oriented workflow of a scientific experiment should be used as a guideline to achieve a consis-

tent and context-specific work documentation. Microscopy experiments must be handled from

the beginning of planning through the analysis, comparison and data retrieval stages.

Therefore, it is necessary to evaluate innovative technologies and to combine them with the

proven J2EE platform. The architectural design should create a modular and extendable sys-

tem. The required IT infrastructure, from enterprise-scale storage systems, to centralized data

management within a relational database, to the high performance computing infrastructure,

needs to be integrated into a single environment. Nevertheless, the resulting complexities

should be hidden, as best as possible, from typical users of the system.

Finally, the resulting system needs to a be platform-independent environment, which organizes

data for researchers collaborating within the biological microscopy community.

9



Chapter 2

Results

2.1 Overview

In order to achieve the previously described objectives, the following software components were

implemented:

• Scientific MIcroscopy Laboratory Environment (SMILE) is a database centric J2EE

application for handling experimental data based on the workflow of typical microscopy

experiments. SMILE offers an intuitive Web interface for acquiring and accessing accu-

mulating data, and additionally gives the possibility to access stored data from third party

applications via a platform independent Simple Object Application Protocol (SOAP) Web

service.

• JClusterService is a multipurpose component framework for the integration of high per-

formance computing infrastructure into a Java centric IT environment. Challenging re-

quirements regarding computational power and storage requirements, forced this trans-

parent delegation of resource intensive tasks from server- and standalone applications to

adequate external HPC systems.

• Back-end Infrastructure For a clean integration of the aforementioned services into an

existing bioinformatics environment, it was necessary to implement back-end software

components (e.g. integration in a central user management system with Single Sign On

Support or tools for intuitive and platform independent data exchange).

Every module with its application-specific capabilities contributes to the resulting computational

environment. This environment builds a collaboration platform for local laboratory users as well

as for scientific collaborators over the Internet.

10
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2.2 Scientific MIcroscopy Laboratory Environment (SMILE)

2.2.1 Functionality overview

In order to demonstrate the functionality of SMILE, a real microscopy experiment detailed in

2.1 was used. The aim of this experiment was to localize and estimate the number of actively

transcribing RNA polymerase II foci within the nucleus of the hMads cell system [Rodriguez

et al., 2004]. A basic protocol for immunofluorescence labeling was applied to tissue culture

cells, which started by fixating the cells with para-formaldehyde and permeabilizing the cell

membrane for primary antibody labeling. The secondary antibody was added afterwards and

fluorescence images were taken from the prepared cells. In the course of the experiment par-

allel protocol steps were performed for realizing positive and negative controls. The experiment

ended by performing post-processing steps using 3D deconvolution to enhance the visual qual-

ity of the image.

Figure 2.1: SMILE: experimental image data kindly provided by Dietmar Rieder

The functionality offered by the SMILE Web interface can be classified by the following main

activities:

• General organization This part of the user interface, which covers the first step of the

experimental workflow described in the introduction. The definition of projects and exper-

iments consists solely in inserting the required descriptive parameters via a Web form. In

doing so, a hierarchical structure with projects, sub-projects and experiments is created

and displayed in the SMILE overview. This overview is the main starting point of SMILE,

from which almost every activity can be initiated. By navigating through the tree, an in-

formation box appears alongside. This box details information about the current node in

the tree and the operations which can be performed on the database managed object

represented by the node. Already in this early stage, collateral files derived from literature

research can be uploaded to projects and experiments, and ongoing observations can be
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Figure 2.2: SMILE screenshot: main overview

stored using the general note dialog. If multiple files must be associated with projects and

experiments, a Java applet can be used to conveniently upload the files to the generated

project/experiment structure. SMILE can manage all files independent of their file type,

and can thus be considered as a generic document management system. File types only

need to be considered for subsequent processing and data extraction.

• Standard protocol definition When starting experimental work, the SMILE facility man-

ager should define commonly used standard protocols using the protocol creation masks.

Therefore, a sequence of steps must be defined which describes the typical ongoing ex-

periment in detail. Dynamic parameters, which may be adapted for protocol optimization

during the experiment, can be associated with the pre-defined steps. These parameters

can be either numerical values, descriptive text or predefined enumeration types, all of

which can be preset by default values and marked with appropriate units. In order to force

the acquisition of critical parameters in the wizard, parameters can be marked as required.

The initial definition is fairly laborious but necessary to improve the creation of working

protocols within experiments. It is recommended rather to define small and reusable stan-

dard protocol units, which can be used as building blocks during the experiment-specific

protocol assembly. Additionally, automatic internal versioning guarantees that changes to
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Figure 2.3: SMILE screenshot: standard protocol step definition mask

standard protocols do not affect dependent protocols used in previous experiments.

• Current working protocol As soon as the standard protocol templates are defined they

can be used to define the current working protocol, describing the precise way the exper-

iment is accomplished. Similar to the definition masks of the standard protocols, steps

can be created as single steps, step groups or split steps. The latter step-type describes

a situation in which the experiment splits into different sub-steps that must be performed

in parallel. Parallel ongoing step sequences are again grouped together.

Once the current working protocol is specified according the scheduled experiment, the

protocol can be exported as a PDF file and printed. This document can be used as a

guideline in the lab and has the advantage that the experimenter already knows, which

step parameters are required for later experiment description within the wizard [Fischer,

2006].

• Acquisition wizard As images are collected throughout the course of the experiment, the

necessary data for describing the project must be inserted using a comfortable wizard.

This Web interface leads the user through the current working protocol. On every step the

user has to fill out the value fields for required parameters and can attach files and notes

13
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Figure 2.4: SMILE screenshot: current working protocol of an experiment

to each of the steps. During the CWP definition activity, it is important to name those

steps to which files are attached in a descriptive way. The name of the file-containing

steps appear as named node in the SMILE overview. Files that are directly connected

to experimental steps are considered as raw-files and are protected against deletion, as

further analytical steps can be easily repeated to produce the same results. The effort in

reproducing experimental raw files is very high.

• Analysis and post-processing The analysis and post-processing steps are recorded

in SMILE by either reusing existing analysis templates or describing new analysis steps

applied to the previously uploaded raw-files. According to the file type, internally im-

plemented analysis steps or the description of externally performed analysis steps are

associated with the raw-files. Results files from analysis programs together with the used

parameters can be easily attached to analysis definitions. As an example, a server side

analysis tool was implemented for deconvolving three dimensional stacks, executed on a

remote HPC cluster node using the JClusterService as application link.

• Integration of external programs In order to create a proof of concept implementation

for externally accessing programs using the Web service API, a custom plugin for the
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Figure 2.5: SMILE screenshot: data acquisition wizard with one step open

widely used image processing software, ImageJ, was implemented [ImageJ, 2007]. This

Java plugin enables ImageJ to transfer the image files directly from SMILE to the client

machine. This functionality appears as regular dialog in the graphical user interface of

ImageJ, and allows upload of results files back into SMILE in a transparent manner.

Additional Web interfaces, such as the management of facility internal devices and the ability

to specify user defined display preferences, are rudimentary implementations, but need further

integration into the existing application modules. For improved usability, icons and colors are

used consistently to signal in which part of the program the user is currently active. The data

model in the back-end considers the persistence of comparison steps and advanced ontology-

based keyword search, although the Web interfaces for accessing these functionalities are not

yet implemented.

2.2.2 Architectural design and implementation

SMILE is a multi-tier client-server application and can be subdivided into different functional

modules which interact as self-contained units according their defined responsibilities. The

presentation tier within SMILE is formed by a Web interface, using Tapestry as the model view

controller and an Axis Web service, which allows programming access to parts of the applica-

tion logic. Thus, on the client side, a user requires an Internet connection and a recent Web

browser with Java support, available for almost every platform. In order to provide a simple,
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Figure 2.6: SMILE screenshot: mask for defining an analysis for one specific file

consistent but also attractive Web interface, SMILE follows internal institute guidelines for cor-

porate design and uses Web 2.0 technologies for dynamic content generation.

The presentation tier exclusively accesses objects of a service facade, which hides the con-

crete realization of the application functionality. In between the presentation and business tier,

a transparent ACEGI security layer prevents unauthorized calls on externally accessed meth-

ods. The service facade acts as a translator of view-related requests to the business tier and

returns the results of the requests as serializable value objects. By doing this, the presentation

tier does not directly communicate with instance objects of the persistence tier, and thus per-

sistence technology can be replaced without changing code in the presentation tier.

The business tier is realized as view-independent application logic, which stores and retrieves

datasets by communicating with the persistence layer. The internal management of files is also

handled from a central service component, which persists the meta-information for acquired

files to the database, and stores the file content in a file-system-based data hierarchy. The

business layer also holds asynchronous services for application-internal JMS messaging and

for integration of external computing resources, such as an HPC cluster. All services of this

layer are implemented as Spring beans, for which the Spring-internal interceptor classes pro-
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Figure 2.7: SMILE screenshot: ImageJ while accessing SMILE using the transfer plugin

vide transactional integrity.

Datasets that must be stored in the database are passed to the persistence tier, which offers

data access object (DAO) classes for creating, retrieving, and updating the internal state of non-

volatile data objects. The concrete implementation of the DAOs are derived from Spring DAOs,

which access via Hibernate a PostgreSQL database. RDBMS specific SQL code was strictly

avoided during the development process. Thus, the support for additional RDBMS should be

possible without causing problem.

The business tier and the persistence tier are bound by the Spring J2EE lightweight container,

which manages the component-object life cycle. Furthermore, the Spring context is trans-

parently integrated into the Servlet context of Tapestry using the HiveMind container back-

end. Hence, Spring service beans are managed by Spring and can be directly accessed from

the Tapestry pages by calling adequate annotated getter methods. Integrative glue code for

lookups into the Spring container was avoided. Since SMILE uses Spring instead of EJB

related components, the deployment of the application only requires a standard conformed

Servlet container. Therefore, the Servlet container Tomcat is used, which offers not only Servlet

functionality but J2EE infrastructure services such as centrally configured datasources and

transaction management. This makes the deployment of SMILE on different servers easier,
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Figure 2.8: SMILE overview: software architecture

because machine-specific settings for different production environments are kept outside the

application configuration. Internally, Spring takes care of acquiring the proper connection and

configuration parameters from the J2EE environment. During startup of the application, the

Spring container and the Tapestry Servlet are initialized automatically by the Servlet container

and provide immediate Web access.

The SOAP Web service interface for external programmatic access is realized by combining the

Web service framework Axis with corresponding SMILE components. These inherit the basic

Web service functionality from the corresponding Spring Web service endpoint implementation,

and have solely to consider the business functionality. The Web service operates as an external

access point for Java Applets within the Web application, as well as for external analysis and

processing applications such as ImageJ.

In order to reduce coding and to increase the long term maintainability, AndroMDA is used to

generate almost all components of the persistence layer and recurrent parts from the service

facade. The annotated SMILE UML-model is translated into Spring/Hibernate DAO classes,

value objects, Hibernate configuration files and Spring configuration files. Due to the flexibil-
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ity of AndroMDA, also application external services, such as the user management system,

have a clean integration in the model. Dependencies of internal service components on ex-

ternally defined services are cleanly managed by the build system. The portability of SMILE

to other RDBMS is additionally improved by the fact that data retrieval is modeled with the

OCL language. The OCL query statements are translated by AndroMDA into platform specific

query statements. By changing the build parameters in the AndroMDA configuration, different

RDBMS specific code for data retrieval is generated. Furthermore, technology lock-in regard-

ing the implementation of the service facade was also addressed by using AndroMDA, as the

implementation of the service facade can be switched during the build process from Spring

based components to EJBs. Limited effort is required to deploy the business and persistence

layer into a EJB container, which could be necessary for large-scale business environments. At

present, SMILE is operating on one local machine and, providing the usage scenarios don’t de-

mand it, this architectural configuration will remain. However, chosen technologies are known

to work on Web server farms and the crucial distribution of HTTP sessions among server nodes

is transparently performed by Tapestry MVC.

The asynchronous handling of business processes is realized in SMILE with message-driven

Plain Old Java Objects (POJOs). Hence, application tasks, such as the generation of image

previews, can be performed asynchronously. If performed immediately, these would unneces-

sarily block the responsiveness of the Web front-end. SMILE delegates tasks via JMS mes-

sages to back-end components, which perform the necessary processing actions in the back-

ground. These services are UML-modeled service components and receive messages handled

by the JMS provider, ActiveMQ. ActiveMQ is manually integrated in the Spring context and per-

sists automatically the message states into the same database, which handles the application

data. If back-end tasks consume too many calculation resources, the separation of Web front-

end and JMS message receiving services can be realized by copying the applications onto two

different servers and changing the Spring JMS configuration.

2.2.3 Universal back-end infrastructure

During the implementation phase, some common features for Web interface development had

to be implemented which can be reused in almost every J2EE application.

2.2.3.1 Multiple file transfer

The transfer of multiple files between a client machine and a server in an efficient manner

is a frequently demanded use-case. An exclusively HTTP-based solution would consist as

a repeated HTTP-form upload, which is unacceptable for transferring, for example, 30 to 50

microscopy images at one time. Therefore, a Java based client has been developed, which
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allows universal transfer of files from a client machine to a server endpoint using the SOAP

Web service technology Axis, combined with MIME encoded attachments. The client back-end

uses this technology in a special streaming mode, so that even the transfer of large files in

the gigabyte range remains efficient and does not demand a large amount of memory from

the client and server side. The Graphical User Interface (GUI) of the multiple file transfer

client can be used as a Java Applet, which is started within a Java enabled browser or as

a Java standalone application, started in a normal Java virtual machine. The third field of

Figure 2.9: SMILE screenshot: embedded multiple file transfer Java applet

application for exactly the same GUI component can be found within the plugin code of third

party applications such as ImageJ. In order to react to the changing requirements of each

application, the core behavior behind the GUI is designed in such a modular manner that it

can be replaced during startup. Hence, the same GUI is opening a regular “save dialog” for

storing a file into a local directory, if the “Download” button is pressed in the applet mode, and

a ImageJ-specific “image opening dialog” is appearing, if the same button is pressed in the

ImageJ plugin mode.

On the server side, a Servlet container is necessary to house the gateway application, which

acts as a dispatcher between the client software and multiple J2EE business applications.
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The gateway application passes the requests of the multiple file transfer client to a specified

destination application. The destination application has to implement a simple Java interface

and to expose it in a Spring-remote-able manner (RMI, Hessiod, Burlap etc.) to the gateway

application. There is no necessity for a developer who wants to integrate multiple file transfer

functionality in the own Web application to worry about Java Applet technology or Axis Web

service technology, which is completely hidden behind the gateway Servlet.

The customized interface for selecting files to upload is an adapted Java file chooser dialog,

which allows users to add and remove multiple files from multiple directory hierarchies while

having the possibility to apply filtering patterns to filenames and date attributes.

2.2.3.2 Spring ACEGI integration into Genome authentication and authorization system

At the Institute for Genomics and Bioinformatics user related data, credentials and authorization

rules are centrally handled by the user management system Genome Authentication Authorza-

tion System [Maurer et al., 2005]. This user management system covers all ranges of credential

checks from Windows/Samba domain service authentication to a Single Sign On solution for

Web authentication and authorization. Its integration into the SMILE and JClusterService, de-

scribed later, was performed using a thin abstraction layer, named UsermanagementUtils. This

layer allows the application administrator to switch the implementation of user management by

changing one configuration parameter. This additional encapsulation of gathering user and au-

thentication information guarantees that SMILE can be smoothly integrated in an existing user

management infrastructure. The necessary data is retrieved from the external system during

the first login into SMILE and is stored for performance reasons in a local database table. The

authentication process itself is independent from this cached information and is performed us-

ing the original external user management system.

The Web interface and the service facade within SMILE uses the security library ACEGI for

authorization. In order to combine the ACEGI technology with Tapestry and the Single-Sign-On

functionality of Genome AAS, it was necessary to implement a HTTP-form based authentica-

tion filter. Consequently a Servlet filter was developed which universally handles the automatic

SSO login, ACEGI context integration and the integration of user credentials into the Tapestry

HTTP session. This can be reused for every Servlet-based Web application which uses ACEGI

for security enforcement. Therefore, different implementations of back-end user management

are provided by the UsermanagementUtils layer, and these are described in a later section.

21



COMPUTATIONAL ENVIRONMENT FOR CELLULAR IMAGING BY FLUORESCENCE MICROSCOPY RESULTS

2.3 JClusterService

JClusterService is a Java Application Programming Interface (API) developed in the course of

this thesis for delegating the execution of resource intensive tasks (numerical or storage) to

a remote high performance computing (HPC) cluster system. JClusterService consists of a

client and a server component that are used to communicate with the HPC cluster. The server

is a J2EE application implemented with Enterprise Java Beans technology. A pooled state-

less session bean is remotely accessed as a SOAP Web service, using the aforementioned

library Axis. A central XML based configuration file defines which applications are offered for

swarmed execution on the HPC cluster. Because of the flexible implementation of this config-

uration, every command line oriented tool, which can be started without a graphical display on

a Linux/Unix system, can be integrated as a remote service within minutes. The definition of

a service comprises the definition of possible execution parameters, but also the definition of

multiple required input- and output files. Dependencies between multiple jobs can be specified

in such a manner that the sequential execution of multiple dependent applications can be com-

bined to an execution pipeline (e.g. output files from the first task can be used as input files for

the next application, and so on).

The client-API part of the JClusterService submits an execution task for running an application

on a cluster node to the server side. Therefore, the programmer needs to specify the param-

eters and the input files which are necessary for the remote execution. The client transfers

transparently all files to the server over a secured HTTP connection. The server retrieves the

files, stores them in a central file-based directory structure and composes the queuing system-

specific job execution file by using the XML job definition, the received parameters and the

input files. The job execution file is committed to the locally installed queuing system, which

passes the computation task to a particular compute node. The client API offers the possibility

to continuously poll for the current status of the job execution. As soon as the application has

finished its calculation on the node, the client can retrieve the result and output files. Finally, the

application programmer using the client API is responsible for cleaning up the files previously

generated during the submit and execution process.

The queuing systems Sun Grid Engine, Torque and a JMS based in-house developed sys-

tem are supported by the JClusterService, and support for additional queuing systems can be

added on demand. The installation of the service does not require a database management

system as it manages the jobs internally in a file-based manner. By doing this, JClusterService

is completely uncoupled from the queuing system and, if a job finishes the execution, the ap-

propriate files are generated on the node. To authenticate and authorize users to the service,

the aforementioned UsermanagementUtils library was developed. Because the cluster system
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is completely decoupled from the internal system, it was necessary to implement a XML-based

“SimpleUsermanagement”, which can hold all user data in a locally stored file. In addition,

the Genome AAS offers an export functionality in order to generate a data file with which the

SimpleUsermanagement can be synchronized on a regular basis. If JClusterService has direct

access to a Genome AAS instance, it can be switched to this authentication system solely by

changing a configuration parameter. The UsermanagementUtils library was also integrated in

the J2EE application CarmaWeb [Rainer et al., 2006], which offers a comprehensive R- and

bioconductor-based Web service for microarray data analysis.

The ease of use of this remote procedure call approach has already convinced several pro-

grammers to use the HPC cluster within their J2EE- or Java-Stand-alone applications. Users

do not have to deal with the complexity of an HPC cluster infrastructure and can perform the ex-

ecution of external applications using the HPC resources as it would be performed locally. The

“separation of concern” is completely fulfilled. The following sections describe use-case sce-

narios for the transparent integration of JClusterService within SMILE and within other in-house

applications.

2.3.1 Analysis module for SMILE

JClusterService is used to delegate computationally intensive tasks of image post processing

and analysis from the Web-server hosting the SMILE Web application to the attached HPC

cluster. The remote deconvolution of 3D image stacks by using the text-oriented scripting

functionality of the software package “Scientific Volume Imaging, Huygens” is a good example

for such an analysis module. SMILE submits the two necessary image-related files, the runtime

parameters and the scripting file to the cluster master, which in turn submits the task to a

specific cluster node using the queuing system. This node has Huygens software installed and

can start the calculation. During the calculation, a JMS based software component surveys the

execution. After the job is finished, results files are transferred back to SMILE. In this way, the

user does not need to install the software locally, and can proceed normally with the work. The

results are calculated in the background. Results files can be re-opened within SMILE (e.g.

with the ImageJ plug-in).

2.3.2 Application in comparative transcriptomics and genomics

The JClusterService has proven to be a stable and effective HPC back-end library in a large

scale comparative genomics study [Sturn, 2005]. Therefore, the standalone Java application

Genesis [Sturn et al., 2002], which originally offered an intuitive tool for cDNA microarray anal-

ysis, was extended by a comparative genomics pipeline. A principal objective of this thesis was

to develop a comprehensive and efficient bioinformatics platform for large-scale transcriptomic
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studies. The platform facilitates comparative analyses of human diseases and corresponding

mouse models by integrating gene expression data with genome sequence information.

Numerous standalone bioinformatics applications, such as NCBI-BLAST [Altschul et al., 1990],

BLAT [Kent, 2002], REPEATMASKER [Smit, 1993; Smit et al., 2007], GENEWISE / PRO-

MOTERWISE [Birney et al., 2004], CLUSTALW [Thompson et al., 1994], PROF [King and M.,

2000] and CHROMOMAPPER [Rieder, 2005], have been integrated as remotely executable ap-

plications through JClusterService. Additionally, biological sequence databases had to be avail-

able on the HPC storage infrastructure to run these algorithms and to perform high-throughput

sequence comparisons. In order to get an idea about the stability and scalability of the JClus-

terService API, Sturn states that 4.965.990.400 sequence comparisons for human and

4.712.591.872 sequence comparisons for mouse could be conducted in a little over one hour

on the 48 processor computing cluster. This equates to more than 1.300.000 sequence com-

parisons per second.

2.3.3 Application in proteomics

During the aforementioned study, it was frequently necessary to manage different biological

sequence databases comprising multiple versions of the same database. This requirement

was addressed in the course of development of the J2EE application MAss SPECTRometry

Analysis System (MASPECTRAS) [Hartler et al., 2006], which is a platform for management

and analysis of proteomic masspectrometry data. The JClusterService contributes to this appli-

cation with a flexible Java-based management service for flat-file sequence databases, for ex-

ample Swiss/Uni-Prot [Apweiler et al., 2004] and MSDB [MSDB, 2006], which can be remotely

accessed, enabling fast sequence retrieval operations. “Regular expression”-based identifier

extraction and large scale indexing mechanisms were implemented in order to achieve accept-

able flexibility and responsiveness of the system.

In addition, computationally intensive tasks, such as distributed protein quantification using a

modified ASAPRatio algorithm [Li et al., 2003], protein clustering using Markov Clustering and

multiple alignment algorithms, were implemented using the JClusterService as the back-end

infrastructure.
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2.4 Production environment

Currently, the production environment in which SMILE is integrated consists of the following

hardware components:

• A database server, a V880 with 4 Sparc CPUs and 8 GB of RAM from Sun Microsystems,

handles the central RDBMS infrastructure using the operating system Solaris 9. Besides

the PostgreSQL database, this machine additionally hosts an instance of Oracle RDBMS,

which could also be used as a database back-end for SMILE. The portability will be tested,

after the first release of SMILE. The server is heavily used by other J2EE applications that

manage the data from the in-house microarray facility within MARS [Maurer et al., 2005]

and masspectrometry data within MASPECTRAS [Hartler et al., 2006].

• The production instance of the SMILE J2EE application is deployed on a V20z dual AMD

Opteron machine from Sun Microsystems, and runs under Linux CentOS 4.0 in the Java

Virtual Machine 1.6 equipped with 8 GB of RAM. The RAM consumption of SMILE is

around 500MB. However, as the production server handles several productive J2EE appli-

cations, the hardware must be adequately adapted to the requirements. Similar hardware

is used for the central work group server that hosts the central Genome AAS.

• The storage infrastructure, on which the database and external application data is stored,

resides on a SAN Enterprise Virtual Array from HP, which currently offers a capacity of 4

TB. The capacity will be extended by an additional 4 TB in the near future.

• The HPC cluster consists of one master node, with 2 Intel Xeon 2.60GHz processors and

4 GB of RAM, which serves to 24 computing nodes with the same CPU equipment as a

central file server for user data over gigabit Ethernet. The main NFS data storage is a Ne-

tApp Filer F820 that supplies 1TB of disk space for bioinformatics applications as well as

for image processing to the compute nodes. The master and the compute nodes are in-

stalled with Rocks Clusters Linux. Fast interprocess communication can be performed via

the high speed Myrinet network. The master holds the installation of the JClusterService

production instance, which is accessed from the SMILE application server via gigabit Eth-

ernet using an encrypted connection via HTTPS. The queuing system Sun Grid Engine

(SGE) handles the distribution of the jobs on the HPC cluster.

• Within the cluster compound, an additional V20z AMD Opteron system is responsible for

remote 3D deconvolution, accessed from SMILE using the scripting Version of Huygens

VSI software.
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Chapter 3

Discussion

In the postgenomic era, high-throughput screening methods have identified a large number

of genes which still lack functional characterization [O’Rourke et al., 2005]. Fluorescence mi-

croscopy can be used to localize labeled proteins for determining their functional role in cellular

processes [Giepmans et al., 2006]. In order to perform a systematic analysis of generated mi-

croscopy images, structured storage of the data and organized documentation of experiments

are inevitable [Eisenstein, 2006]. Therefore a platform independent computational environment

for handling microscopy data was developed.

The project oriented workflow of a typical experiment guides the design of the software for data

storage, data retrieval and consistent chronological documentation. This approach inherently

leads to structured recording of experiments, conserving the complete experimental context

of data records at all times. State-of-the-art software technology was used to implement a

multi-tiered J2EE application, offering an intuitive Web-based user interface. The SMILE appli-

cation back-end can be accessed through a generic programming interface, and enables the

integration of external imaging tools such as ImageJ. Computational intensive tasks for server-

side image processing and analysis are transparently delegated to a suitably high performance

computing infrastructure, and results are stored back into the underlying relational database

management system. In the field of microscopy, database management systems for structured

data storage have been been established for many years. Such management systems can be

subdivided into two different main categories:

• Specialized databases for specific experimental applications These databases focus on

presenting and archiving image data produced by a specific homogeneous and well es-

tablished experimental setup. High-throughput microscopy studies on the “Omics” level

[Kumar et al., 2002; O’Rourke et al., 2005] and protein localization screening methods

[Glory and Murphy, 2007] demand the creation of such specific data retrieval systems for

optimized access and processing. These are most often targeted to a specific application
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such as IMRIS [Liang et al., 2002] or [Bonetto et al., 2004; Dai et al., 2003], which focus

on the high-resolution 3D reconstruction and its data management. Additionally, archiv-

ing storages like [Gonzalez-Couto et al., 2001; Habeler et al., 2002; Kals et al., 2005] are

very useful for making finalized results publically available so that published data may be

used as a basis for further research.

• Generic databases for managing image data within a microscopy facility

Generic database systems such as OME [Swedlow et al., 2003], BioImage Database

[Carazo et al., 1999] or [Lindek et al., 1999], focus on the generic description and man-

agement of microscopy images. Besides commercial products, the Open Microscopy

Environment (OME) is the most vital scientific initiative in this field, which attempts to

establish a standardized system for the universal description of microscopy experiments

[Goldberg et al., 2005; Swedlow et al., 2006].

SMILE fits best into the latter category of databases, and can be seen as a workflow-oriented

experiment management system with a particular focus on microscopy. SMILE absolutely does

Figure 3.1: SMILE and OMERO: a possible combination to unite both projects into one J2EE
environment

not compete with OME and a convergence of both projects could be achieved. This is possible

as OME changed the back-end architecture to a Java based J2EE application named OMERO.

Synergy effects of using both projects at the same time could be achieved in the merged config-
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uration described in figure 3.1. Because of its modularity, SMILE could use the OMERO server

application as a possible image storage back-end for files which are recognized as images and

were, until now, handled in a hierarchical file system structure. This would result in image files

stored in a standardized OME-conforming manner, although the workflow oriented acquisition

and the exact conservation of experimental context is performed with SMILE.

In order to support recent initiatives for standardizing the description of microscopy experi-

ments, such as Minimum Information Specification For In Situ Hybridization and Immunohis-

tochemistry Experiments (MISFISHIE) [Deutsch et al., 2006], SMILE can be used to force the

acquisition of the necessary data. This can be attained by defining a standard protocol, which

defines the experimental workflow according to the mandatory information. For further data

to be exported in a standard conformable manner, it is only necessary to define the proper

mapping between mandatory protocol step parameters and the parameters demanded by the

standard.

Currently, SMILE is optimized for evolving exploratory experiments in a microscopy facility, al-

though these experiments can end up in large-scale high-throughput studies. In order to provide

optimized access to the high-throughput data, adequate extensions in the direction of a data

warehouse are necessary, and these can be added.

The software architecture of SMILE is ready to address issues for implementing aforementioned

extensions, as it uses the model driven code generation framework, AndroMDA in central parts

of its development. By extending the existing UML model with new service and persistence

classes, SMILE can offer additional storage functionality for new use-cases. Frequently used

functionality can be introduced by revising code templates. After rerunning the build process

of AndroMDA, the centrally performed changes affect all dependent Java classes. This model-

based generative development process introduces additional complexity, but subsequent devel-

opment benefits from the software maintainability and flexibility. A switch from a Spring-oriented

platform to Enterprise Java Beans could be realized, but is not necessary.

The Spring programming model introduces much less complexity than Enterprise Java Beans

(EJB) in Version 2.1, and demands cleaner programming against custom interfaces. Support

for “InversionOfControl”- and “Aspect Oriented Programming” patterns, the possible use of reg-

ular plain old Java objects, support for transparent transaction handling, increased testability

outside the J2EE container, close but clean integration of frequently used Java libraries and

consistent persistence exception handling over different object relational mapping frameworks

are just some of the reasons why Spring technology was favored over EJB technology. Ad-

ditionally, Spring profits from a large and agile developer community, which offers for every

enterprise use-cases adequate solutions (e.g. security framework ACEGI, workflow engine,

etc.). For persistence, Hibernate convinced because of its better performance compared to
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container managed bean persistence.

Solely in distributed transactional environments like the JClusterService the introduced over-

head of EJB technology could be justified and could be seen as complementary technology for

special applications. With the introduction of the new EJB 3.0 standard [Sriganesh et al., 2006],

several of the advantages of Spring are reduced, although the development of this standard

was strongly influenced by the advantages of Spring over older Versions of EJB. For reasons

of reduced complexity, functionality and expense, we favored the use of Spring as opposed to

EJB in the development of SMILE.

Before beginning the development of SMILE, a careful evaluation of freely available Web tech-

nology frameworks was performed. The Web framework Struts, the component based Web

framework Echo, the novel Web technology Java Server Faces (JSF) and Tapestry were all

taken into consideration. However, Struts did not offer a flexible component based program-

ming model and is based on an outdated low level request and response programming model.

JSF and Echo, new frameworks at the time of development, lacked stability and support for an

integrated development environment. The reasons for the decision to favor the Web framework

Tapestry are: its underlying component-based programming model; the reasonable amount of

pre-existing dynamic Web 2.0 components and; its long history as a component-oriented Web

framework with a very active developer community. By necessity, the decision was a trade off

between innovation, stability and usability.
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Chapter 4

Outlook

Due to the ongoing development of biological- and IT technologies, there are continuously

changing needs and requirements from the users of a computational environment. The imple-

mentation of such systems can never be seen as finished, and ideas for future improvements

are already in development.

Initial requirements for experimental and analytical comparison, as well as sophisticated key-

word- and ontology- based searching will be implemented. The persistence layer and the

database scheme already provides the necessary back-end functionality for realizing these

aims; appealing graphical Web interfaces will follow. Additionally, future versions of SMILE

should contain a read-only publishing functionality so that complementary material for scientific

publications, documented within SMILE, can be offered directly to the scientific community. Ad-

equate access rights for published data must be specified. Published data should be migrated

in a separate extension of the data model, which should grant optimized read access compa-

rable to a data warehouse solution.

Server-side analysis modules within SMILE must be continuously maintained and adapted ac-

cording to future evolving biological questions. Nevertheless, the flexible framework for generi-

cally storing server-side and third party analysis steps in the database could be extended by a

customizable plug-in system. Similar to the plug-in system of ImageJ [ImageJ, 2007], it should

be possible for a researcher versed in Java to implement their own analyzing classes. After

uploading the Java classes to the server, these custom plug-ins should appear as additional

analysis modules in the Web interface of the user. Concerns about security related issues for

such extensions must be reviewed thoroughly.

The integration of Matlab [Matlab, 2007] as an image processing engine for analysis purpose is

also a feature which could be realized on demand within a reasonable time frame. Integrative

code and experience with this software were gathered in a pilot project, offering a Web frontend

for classifying FRAP data with the algorithm described in [Sprague et al., 2004].
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For future extensions of the image-specific data storage, the capabilities of existing standard-

ized storage solutions should be evaluated, such as the OMERO server back-end of the OME

project or the more generic approach using implementations of [JSR 170: Content Repository

for JavaTM technology API, 2004]. The first possibility would inherently address the desired

OME-XML export functionality. The latter approach could grant additional flexible access to the

files via the WebDAV access protocol. The modular design of the storage strategy within SMILE

enable the replacement or augmentation of the existing file-system-based approach used by

these solutions.

Read-only accessibility of the stored files from Windows clients are already conceptually sup-

ported for the Linux platform. This solution for Linux-based SMILE server systems will use

the SAMBA server software [Samba, 2007] for sharing internally stored files over the Com-

mon Internet File System (CIFS) protocol. A “shadow tree”, which is created by SMILE with

Unix-native symbolic links, needs to be implemented for this purpose. This feature introduces

a platform-dependency towards Unix systems and must be kept outside the core application as

an optional and configurable extension.

From the long-term point of view, SMILE will support the export of stored data in order to archive

unused data. This can reduce the rising and frequently underestimated efforts in managing a

production system concerning storage capabilities, database performance and backup strat-

egy. A possible archive format could be the OME-XML [Goldberg et al., 2005] format. Further

extensions and changes will be strongly influenced by the field test in the in-house microscopy

facility and in facilities of collaboration partners. Ongoing projects using SMILE are exploring

the influence of nuclear organization on gene expression, high throughput protein screening

within yeast populations and the management of Fluorescence Recovery After Photobleaching

(FRAP) experiments.
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Chapter 5

Methods

5.1 Computational system components

5.1.1 Java 2 Enterprise Edition J2EE

Java 2 Enterprise Edition J2EE [Armstrong et al., 2005], or the new incarnation JavaEE [Ball

et al., 2006], consists of a set of specifications and technologies which define a software ar-

chitecture for a more standardized development of stable, platform independent, secure and

portable business applications [Stark, 2005].

The basis of J2EE/JavaEE is its application model, which is a modular and component based

system. Its components interact with each other through standardized interfaces which estab-

lish a flexible and complex network of interacting modules. Because of the loose coupling of

the components, further extensions and services can be easily integrated and the distribution

of services on different dedicated systems can be implemented almost transparently. To re-

duce increasing system complexity, the J2EE application model introduces multiple tiers and

suggests a three-tier architecture [Ball et al., 2006]:

• Presentation tier is the application layer which handles communication with the exterior

of the system. This can be a Web application accessed by the clients browser or a Web

service accessed by external collaboration partners. The components of the presentation

tier must be mostly implemented by the programmer using additional programming frame-

works or J2EE internal APIs to avoid low level implementation (e.g. HTTP communication

with the Servlet API, Java Server Pages, Web service APIs etc.)

• Business tier components run in a J2EE environment and execute actions initiated by

internal business-process-specific components or directly by external client actions trans-

mitted through the presentation tier. The application logic is implemented by the pro-

grammer and this accesses other components within or outside the container, as well as
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standard system services provided by the J2EE environment.

• Enterprise information system (EIS) tier comprises enterprise internal back-end systems

which are essentially relational data management systems for data persistence. These

can also act as resource planning systems (ERP) or other legacy systems, which must

be informed by the actions implemented in the components of the business tier.

In the presentation tier, as well as in the business tier, the developer can use J2EE internal stan-

dard services provided by the J2EE runtime environment; i.e. the containers. Each container

has its type-specific tasks to fulfill [Ball et al., 2006]:

• J2EE server is the basic container which configures and starts the Web container, even-

tually the Enterprise Java Bean (EJB) container. This server also manages the central

resources and J2EE services described below.

• Enterprise Java Beans (EJB) container implements the EJB specification and takes care

of the EJB specific life cycle of EJB business components.

• Web container manages the Web tier by deploying and running the servlet components

for J2EE applications.

• Application client container is the container located on the client side of an application.

For example, if a business partner requires direct access to internal business compo-

nents, they can access the components directly from their own application client con-

tainer. This container always operates outside the business application.

• Applet container is the container which accesses the application and its business com-

ponents within the Java runtime environment of the client browser plug-in.

It is good practice to separate the latter two containers from the internal business application

with a service facade in order to hide business internals from the outside. By separating ap-

plication parts into different layers, the modularity, maintainability and scalability of the system

can also be discretely handled (“separation of concerns”).

The primary target platform and programming language of J2EE is Java. Several open source

[Glassfish, 2006; JBossAS, 2006; JOnAS, 2006] and commercial [Bea, 2006; OracleAS, 2006;

Websphere, 2006] implementations of the J2EE standard are produced by different container

providers. These offer more or less strict implementations of J2EE services according to the

J2EE specification. The aim of these services is to relieve the developers from often repeated

and complex but necessary code for low level actions, such as transaction management, re-

source pooling or multi-threading. Container services, described later in more detail, can be

easily used within the business components, in which developers can concentrate exclusively
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Figure 5.1: Schematic overview on the J2EE architecture, kindly provided by Daniel S. Haischt
Creative Commons

on business-process-specific actions. Creation of services, dependencies on other services as

well as central resource pooling are all performed by the container. Each can be centrally con-

figured once for every application in the J2EE runtime environment. The most common J2EE

services and APIs are:

• Java Naming and Directory Service (JNDI) is used as a directory service for registering

and locating components as well as shared resources within the J2EE environment by

using unified names.

• The transaction management via Java Transaction API (JTA) is crucial for distributed

components to coordinate actions which must be performed as a single unit. If multiple

actions have to be performed within one transaction, this service allows the monitoring of

the ongoing actions. In case of failure, role back actions of inner transactional changes

can be performed.

• J2EE Security is a service which offers authentication and access control mechanisms

to its components using the Java Authentication and Authorization API (JAAS) for grant-

ing restricted access to dedicated users. This declarative access control system allows

developers to reuse the same component within different applications, applying different

access restrictions depending on the area of application. This is a typical example where

the reusability and modularity of components can be demonstrated.
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• Java Management Extension (JMX) is an API which allows the on-line management of

components such as stopping or starting without restarting the complete J2EE environ-

ment. This is particularly important for high-available enterprise applications for which

long down times cannot be accepted.

• Java Messaging Service (JMS) deals with the processing of asynchronous messages

(e.g. if the duration of an action takes more than a client is willing to wait). The client

can proceed without having finished the task, which can be performed asynchronously

in the background. Therefore, a message can be sent from one component to a queue

of message-receiving components, which process the messages depending on the mes-

sage type and content. The queuing of messages is necessary as multiple components

can send messages at the same time and a coordinated processing of messages can be

attained.

• In this context, J2EE defines the J2EE Connector Architecture, the standard for integrat-

ing J2EE external components such as JMS providers into application servers, without

the underlying restrictive constraints applied, for example, to EJB containers.

• Management of components, such as business objects during their life cycle, is a central

part of J2EE from initialization during instantiation, through activation, to pooling and

destroying of reusable component instances. The strictly-defined life cycle of Enterprise

Java Beans in EJB containers is a good example of this J2EE task.

• The support for automatic deployment is another central part of the J2EE container, which

demands strict directives on how a project is structured and where the internal configura-

tion of accessed resources and libraries are found.

• The J2EE container also offers access encapsulation for local resources provided by the

operating system, such as database connectors over Java Database Connectivity (JDBC)

or file system access.

• One important characteristic of J2EE components is the possibility of distribution over

multiple hosts within different Java virtual machines. Therefore, J2EE offers several tech-

nologies of more-or-less transparent inter-component communication. The most often

used communication technology in J2EE 2.1 is Java Remote Method Invocation (Java

RMI), which is responsible for direct inter-EJB-communication and remoting. Methods of

remote Java business components can be invoked directly from other components using

serialized parameters without modifying or truncating their Java types.

Additional remoting functionality via XML and HTTP were considered by introducing new
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or adopting existing Web service standards, technologies, APIs and integrated Web ser-

vice services:

– Simple Object Access Protocol (SOAP)

– Java Architecture for XML Binding (JAXB) for mapping XML schemata to Java clas-

ses

– Java API for XML processing (JAXP)

– Java API for Remote Procedure Calls (JAX-RPC) for standardized remote access of

RPC services

– Java API for XML Registries (JAXR) for transparent access to Web service directory

services, such as UDDI, etc.

• For HTTP communication within the Web container, J2EE defines the Java Servlet API,

which relies on a request response programming model. On this basis, Java Server

Pages, which are Java Servlets compiled from templates, and Java Server Faces support

easier Web application development.

• Another commonly used service is the Java Mail services. This facilitates email commu-

nication from within business applications in a standardized and coordinated way.

• Enterprise Java Beans (EJB) are described in more detail in the next section .

The commonly held opinion that J2EE consists only of EJB and its life cycle management was

inherent over many years but has changed with time [Johnson, 2002; Johnson and Hoeller,

2004]. Several frameworks and light-weight J2EE containers [HiveMind, 2006; Spring, 2006]

use and partially implement J2EE standard services. In so doing, the container developers

avoided some of the accepted drawbacks of EJB containers described in the following section.

The strategy of just using EJBs when are reasonable and necessary was applied during the

implementation of SMILE. To conclude this overview of the J2EE platform, Stark describes

J2EE as the following [Stark, 2005]:

J2EE is the most spread “operating system” for (Web) applications.

5.1.2 Enterprise Java Beans (EJB)

The Enterprise Java Beans (EJB) specification [EJB, 2006] describes a framework which en-

ables the distributed processing of transaction-oriented business logic [Stark, 2005]. The EJBs

depend on an EJB container that provides the necessary runtime environment with the afore-

mentioned J2EE services and APIs. Without the container, the EJB can not be instantiated.
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The basic EJB-object consists of a Java class that holds the functionality and runs in the mem-

ory of a local or remote back-end server. Directly associated with the Java bean class is

a Remote-Interface, which describes the method functionality for externally-accessing appli-

cations and a Local-Interface for faster Java-Virtual-Machine internal access. To be instanti-

ated and initialized properly by the container, an EJB object must also implement a predefined

Home-Interface to offer the container pre- or self-defined life cycle methods. In order to inform

the container of the existence of a bean, a deployment descriptor must be defined for each

EJB in a XML-formatted configuration file. The interface between external clients and the con-

tainer is built by the bean context, which works as mediator between the client application or

component and the EJB-object. Instance pooling, the monitoring of the EJB life cycle, the tran-

sition between different activation states of EJB-instances, low level remote communication,

transaction management and internal service lookup details, for example, are all hidden behind

the container and its application context and need not to be considered by the business logic

developer. However, the EJB programming model introduces a reasonable communication and

programming overhead, which slows down not only the runtime performance but also the de-

velopment progress of an application.

Depending on the necessary functionalities of EJB and their application area, the EJB specifi-

cation distinguishes the following basic types of distributed components:

• Entity Beans are used to facilitate the persistence and retrieval of business data from and

to relational databases. Java Objects as well as composite objects and their relations can

be persisted directly into database tables, whereas the low level JDBC communication,

creation of tables and instance caching, for example, can be managed by the container.

Unfortunately, this type of bean accessed remotely decreases application performance

due to the communication overhead, and, unless it is hidden behind adequate access

patterns, it should be avoided [Bien, 2003; Fowler, 2003].

• Stateless Session Beans (SLSB) are business logic centric components accessed from

outside that offer business functionality through their (remote) method invocation. The

typical application for this type of beans are business processes with multiple operations

on different persisted objects and executed within one transaction. It is important to note

that a SLSB is not associated with a server side state and can not hold session depen-

dent status variables. It performs the execution of the remotely called methods using the

applied parameters and keeping transactional integrity. Increased scalability and the abil-

ity to pool multiple instances of the same SLSB makes them very efficient and ideal for

use in stateless session facades [Bien, 2003].

• Stateful Session Beans (SFSB) are service objects which are associated with a special
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client communication. For each client, a dedicated stateful session bean must be instan-

tiated. In this way, status variables and frequently used datasets can be cached and

reused without fetching them again from the database. The drawback of this bean is the

increased memory consumption.

• Message Driven Beans (MDB) behave similar as stateless session beans, but execute a

sequence of business relevant actions asynchronously. The event driven communication

between client and MDB is done via Java Message Service (JMS). A client, for example a

facading SLSB, sends a message to the JMS message queue in order to start an action

executed by one of the MDBs. The client SLSB ends its execution and its associated

transaction after having submitted the message to the JMS Service and is ready for the

next request. The JMS service delivers the message from the queue to the MDB and

guarantees, due to internal persistence, that messages do not get lost while awaiting

processing in the JMS queue. This special type of SLSB is very useful in increasing the

system response for a user while executing long lasting jobs or resources that can be

accessed sequentially.

All of the described EJB types are used in three-tier applications such as MARS [Maurer et al.,

2005] and GOLD.db [Hackl et al., 2004], and partially within SMILE and the JClusterService

described in detail in result section. The specification of EJB 3.0, with all its changes and

improvements, are not detailed here as there was no final specification or implementation at

the initiation of SMILE. EJB version 2.1 is described herein.
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5.1.3 Spring, Java/J2EE Application Framework

Spring [Spring, 2006] is a lightweight programming framework that mainly focuses on the eas-

ier development of multi-tiered J2EE applications but can be used for the development of stan-

dalone Java applications as well. The advertising motto of its developers is shortly:

“Spring aims to help structure whole applications in a consistent, productive manner, pulling to-

gether best-of-breed single-tier frameworks to create a coherent architecture.“ [Johnson et al.,

2005]

Spring can be seen as a open source lightweight container which describes a universally us-

able, non-invasive and integrative meta-framework. Non-invasive means that the Spring pro-

gramming model does not introduce mandatory code conventions like the EJB-programming

model is doing it with its Remote- / Home- / Local interfaces. Reusable application code im-

plemented as Plain Old Java Objects (POJOs) can become transparently a managed business

object or enterprise service and is treated within the Spring environment as such. This includes

life cycle management, declarative transaction management and dependency lookup as well

as automatic dependency injection achieved by separating the configuration management from

the business code. More details about this topic follow in the section ”Inversion of Control”.

Integrative meta-framework means in this context, that Spring does not reimplement application

specific features which can be provided by already existing and well proven frameworks but in-

tegrates them in a consistent way. This is achieved by introducing implementation-independent

abstraction layers most often in form of Java-interfaces which define the basic functionality

e.g. data access objects (DAOs) [Johnson, 2002; Johnson and Hoeller, 2004]. Additionally

Spring offers different implementations of the interfaces realizing them with existing Object Re-

lational Mapping (ORM) frameworks like Hibernate [Hibernate, 2006], iBatis [iBATIS, 2006], etc.

Cleaner programming against interfaces and modular “separation of concerns” as form of good

programming practice is introduced by Spring almost automatically due to the implementation

of its configuration management.

5.1.3.1 Inversion of Control (IoC), dependency injection

The central paradigm within most common lightweight containers like Spring is the “Inversion

of Control” which describes a way of separating the creation and configuration of application

components from the utilization within the components.

An EJB 2.1 container would also fulfill this definition because it also cares about the life cycle of

business objects and services but it does it in an intrusive way demanding the EJB management

methods from the application programmer. Additionally the EJB programmer has to care within

the business code how to reach dependent EJB business objects defined in the container de-

ployment descriptor. Using the Service Locator pattern can abstract the container-API-specific

39



COMPUTATIONAL ENVIRONMENT FOR CELLULAR IMAGING BY FLUORESCENCE MICROSCOPY METHODS

lookup from the the business code but it still must be implemented by the developer.

In this context Martin Fowler coined the term of “dependency injection” in his article [Fowler,

2004] narrowing down the meaning of generic “Inversion of Control” to the fact that business

object dependencies are configured externally within the container configuration. The business

code itself just accesses the dependent external business objects or services via component

internal methods or variables. The lightweight container takes care about the initialization of

every business component according to its configuration mechanisms. The most used forms of

dependency injection are:

• Setter Injection While using setter injection the component programmer must implement

an empty object constructor and public property-access-methods (getters and setter) for

dependent components. These methods follow the JavaBean naming convention “get-

PropertyName” and “setPropertyName”. The property variables are populated during the

initialization process of the lightweight container via calling the setter methods without and

using any container specific API. This kind of dependency injection finds broad support

from Integrated Development Environments (IDEs) because getter and setter creation for

instance-variables can be performed automatically. Compared to the constructors Java

can also inherit the getter and setter methods to child classes. On the other hand setter

injection has the drawback that the programmer can not influence the order of variable

initialization by the container and an incomplete configuration leads to unrecognized un-

defined variables which are only detected during runtime.

• For constructor injection every container managed component must implement a Java

constructor with all its external component dependencies as constructor arguments. The

lightweight container passes the external dependencies to the constructor and there the

developer can decide how to deal with the external components during the instantiation

process. The main advantage of constructor injection is that every dependency is set

during construction time and every business object is in a consistent initialized state.

Additionally “writing less code” compared to the setter injection can be also mentioned as

an advantage. If the amount of dependencies of one module is reasonable high, this kind

of injection leads to unmanageable multi-argument constructors. Further on constructor

argument names can not be accessed via Java introspection and optional fields result in

multiple constructors which are not inherited to sub classes.

Spring supports both kind of dependency injection which are used in SMILE dependent on their

advantages.
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5.1.3.2 Spring modules

The Spring application framework can be divided into several functional distinct units which are

tied together via the Spring Core. The typical modular and layered structure was consistently

put into practice during the implementation of Spring itself. Thus it uses internally the same

techniques for defining, creating, initializing and managing business components and services.

Figure 5.2: Overview on the Spring framework, from Spring reference [Johnson et al., 2006]

• The Spring Core is the central “Inversion of Control” container facilitating the flexible con-

figuration management for custom-defined POJOs as well as for services provided by

additional Spring internal modules. The complexity of the individual POJOs and its gran-

ularity depends on the developers. The framework just resolves the external dependen-

cies and passes them to the dependent POJOs via “Dependency Injection”. [Johnson

and Hoeller, 2004]

During the startup of the container Spring uses a BeanDefinitionReader to get an inter-

nal meta-configuration used by a BeanFactory to instantiate the defined POJOs, Spring

beans. The meta-configuration model is useful to provide different methods of configura-

tion like XML-file or property-file configuration but also code integrated annotation config-

uration. Each bean can be instantiated either as singleton, what defines the Spring bean

as factory-wide unique object, or as prototype object, which is a poolable object that can

be instantiated multiple times to improve performance reducing instantiation overhead.

Different implementations of BeanFactories can be instantiated in every tier of a multi-tier

application and introduce in that way automatically a layered structure.
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• Spring Application Context extends the BeanFactory and introduces in Spring J2EE con-

tainer qualities. Integrative message lookup for internationalization (i18n), eventing mech-

anisms, capsuled file- and resource access [Johnson et al., 2006] are some features

which this module provides.

Further on the Spring context offers consistent integration of enterprise services like

JavaMail, data source management for databases, JNDI-access infrastructure, external-

framework-based scheduling, but also sophisticated remoting possibilities. This is the

basis for accessing distributed components running on different servers like EJBs in a

local or remote container. The communication specific part of remoting is hidden from the

developer behind a generic abstraction layer which allows to exchange transparently the

underlying communication technology. The application developer gets from a communi-

cation technology specific proxy factory [Johnson et al., 2005] a proxying object which

implements the remote service interface and delegates each method call to the accessed

service. Method arguments, return values but also exceptions are passed back and forth

between the proxy interface and the calling client object.

Spring offers RMI communication integration for remote EJB access, but also more light-

weight communication frameworks like the binary protocol Burlap, or the XML-based pro-

tocol Hessiod are available. Additionally a simple HTTP invoker interface, which transfers

Java-serialized objects via HTTP, and acts as a simple replacement for Hessiod imple-

mentation, can be used. Finally Spring has also integrated SOAP/Web service remoting

using the JAX-RPC specification.

Due to the flexible proxy implementation Spring can transparently integrate remote ser-

vices and creates a flexible access strategy for components like EJBs. Both technologies

must not be harshly competitive but can be used complementary to separate service

implementation and its access in a elegant way [Wengatz, 2005].

• Spring Aspect Oriented Programming (AOP) takes most of the responsibility for Spring

not being intrusive. By implementing AOP-“method interception” Spring enables the pro-

grammer to add additional functionality before and after the call of an object method.

This additional functionality might be logging- or performance-tracking-code but can also

be more complex like declarative transaction management, or method/rule-based access

control (see section with ACEGI). The latter two functionalities add transparently the typi-

cal J2EE service aspects to simple POJOs and are therefore very important for replacing

the EJB programming model by the lightweight Spring approach. The basic functionality

of POJOs can be simply tested outside the J2EE environment as a separate unit. Af-

ter that the integration into Spring makes a service bean with transactional integrity etc.

out of the regular bean. AOP used with method interception can be seen as a powerful
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completion of the object oriented way of thinking. Spring uses internally dynamic proxies

and CGLIB byte code generation at runtime for the internal AOP class enhancements. It

integrates also AspectJ, AspectWerkz and JBossAOP as external frameworks.

• Spring DAO One strength of Spring is its way of offering advanced abstraction and help

on the persistence layer which should separate the business logic from the underlying

implementation of persisting. Therefore Spring has a clean implementation of the Data

Access Object pattern described by Johnson [Johnson, 2002]. The business components

just use the basic data-persistence and -retrieval methods on a business object basis and

are not getting in touch with relational databases and their exceptions. This unique data

access exception hierarchy is used in a very consistent way for all methods of Spring ac-

cessing a relational database. From JDBC, to Hibernate, from iBatis to JDO, the principal

way of persistent data management remains the same. The different implementation of

DAOs are using the optimized framework strength just behind the DAO layer.

• Spring Object Relational Mapping ORM One commonly used strategy of persisting data

using an object oriented programming language like Java is the object relational map-

ping. This method cares primarily about mapping Java objects and their inheritance hier-

archy into a relational database schema but also about mapping Java datatypes into ven-

dor specific SQL datatypes of different relational database management systems. This

functionality is offered by several ORM frameworks like Hibernate, JDO, Oracle TopLink,

Apache OJB, etc. but they are all hidden behind a common OR mapping layer. Ses-

sion management for efficient and proper transaction management, data source resource

management integrated transaction management exception wrapping and easier testa-

bility are some reasons that justify the significant added value of this layer [Harrop and

Machacek, 2005]. In a J2EE environment the combination of Spring and Hibernate is

used very frequently and emerged to be the persistence stack of choice for SMILE.

• Spring Web and Model View Controller (MVC) offers out of the box Web related utility for

the Web presentation layer and a complete implementation of the Model View Controller

pattern evolved to address the limitations of former de facto standard Struts. Spring

integrates also different additional frameworks like velocity template engine for template

based JSP generation, iText for PDF generation etc. for easier handling with different

presentation requirements. Features from this modules are just used for integrating the

Spring container into the Tapestry presentation layer of SMILE.
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5.1.3.3 ACEGI Spring security and Genome authentication and authorization system

The ACEGI Security project [Acegi, 2006] is the Spring security framework and takes care

about most of the security precautions an application has to provide. It features the basic

requirements like user authentication and authorization, but also more advanced requirements

like service layer security, domain object instance security and its access control, Web request

security, channel security and human detection capabilities.

The authentication mechanism within ACEGI introduces three core interfaces:

• The Authentication interface is a Java interface which defines a security class, containing

identity specific data like unique user names, session IDs and its credentials but also

the application specific authority attributes the authenticated user has obtained from the

administration.

• The Authentication Manager is the central interface for a class which processes an au-

thentication request. This authentication manager gets an authentication object and

checks the credentials using an implementation specific authentication provider. If the

authentication process was successful the authentication manager populates also the

authority attributes of the authentication object.

• The Authentication Provider decouples the authentication implementation from the ACE-

GI authentication process itself. ACEGI offers out of the box several types of authentica-

tion providers accessing different types of user back-ends:

– DAO Authentication Provider using predefined Spring internal data access services

with locally stored users from database tables (using JDBC) or from XML-files.

– Container based authentication using JAAS and JBoss authentication

– Common Authentication Service (CAS) Provider from Yale University which provides

a widely used and full featured user management system with broad platform sup-

port.

– Principal Authentication Provider

– The Lightweight Data Application Protocol (LDAP) provider offers a generic integra-

tion of users stored in de facto standard and universally usable LDAP repositories

like Active Directory from Microsoft or Novell E-Directory.

If this existing authentication back-ends are not sufficient or an application has to authen-

ticate its users against a legacy user management not internally supported by ACEGI

e.g. Genome AAS [Maurer et al., 2005] the developer can implement the Authentication-

Provider Interface for authentication purpose. If authorization is also managed centrally by
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an external user management, an AuthenticationManager must be additionally extended

with the appropriate features.

This back-end authentication providers can be used for several authentication mechanisms

like HTTP-form-based authentication, basic HTTP authentication, HTTP digest authentication,

anonymous authentication (if no user is really required), X509-certificate based authentication

and CAS-single-sign-on authentication. Depending on the access technology ACEGI offers its

direct integration with wrapper classes, HTTP transparent authentication filters and context in-

tegration filters.

When the authentication process is finished successfully through one of the above mentioned

mechanisms, the authorization is also supplied with ACEGI mechanisms. It can be distin-

guished between pre-invocation handling and post-invocation handling. Pre-invocation han-

dling means when security constraints are checked and, if not allowed, denied before execut-

ing a method call. Post-invocation handling means when after a method call the instances of

object instances are checked according internally managed Access Control Lists (ACL). Object

instances which should not be accessible by the authenticated user are filtered out after the

method is called.

The integration of both handling types is realized Spring-typically in an non-invasive manner.

Method security on a service access level can be achieved via security interception, where the

business object is enhanced by security relevant aspects. For each method the external Spring

configuration can define access constraints which guarantee that only authorized users can

access the method. Therefore the business object code must not be adapted if security rele-

vant changes have to be implemented. Other forms of ACEGI security integration in technology

specific manners, like tag-libraries for the model-view-controller Struts or flexible Java5 security

annotations but also SSL channel security, are directly provided by ACEGI as well.

5.1.3.4 Message driven POJOs

The concept of Message Driven POJOs (MDP) can be seen as Spring replacement for Mes-

sage Driven Beans described in section “Enterprise Java Beans”. Spring uses technologically

the same concepts of Java Message Service API in order to realize a loosely coupled com-

munication between business components. The communication is handled by a JMSProvider

which represents a Java Message Oriented Middleware (MOM) service and offers two models

of message communication [Johnson et al., 2005]:

• The JMSQueue is a point to point communication channel which receives JMSMessages

from a JMSProducer. After receiving the message the JMSQueue queues the JMSMes-

sages persistently for being delivered sequentially to a JMSConsumer. Queued JMSMes-

sages remain in the JMSQueue until a JMSConsumer is reading them out.
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• On the other hand the JMSTopic is a “publish- and subscribe”-based communication

channel where JMSProducer can publish JMSMessages. The JMSTopic works on a

subscription basis and if there are multiple JMSConsumers registered, they all will get

delivered the published JMSMessages. If no JMSConsumer is registered the JMSMes-

sage gets lost.

Message Driven POJOs are JMSConsumers which have not to implement any Business Inter-

face like Message Driven Beans and can be easily developed and tested outside the container.

They accept Java serializable objects used as JMSMessages and react on them. This is fre-

quently used in a Web environment when the user interfaces submit long lasting or computa-

tional intensive actions to the background business objects. Hence the user interface is not

blocked and can regularly continue the work while the message receiving MDP is processing

the JMSMessage. This can happen immediately, at a later time point or even externally. In

earlier versions Spring supports the developer just with offering JMS client functionality where

a JMS template facade is hiding the real JMS communication from the business code. The

server side of JMSProvider services [Harrop and Machacek, 2005] has do be integrated into

Spring via third party lightweight JCA containers like Jencks [Jencks, 2007] with embedded JM-

SProviders like ActiveMQ [ActiveMQ, 2007]. J2EE platform specific transaction management

can be used directly via transaction interception and realizes therefor a full featured replace-

ment for Message Driven Beans.

Since version 2.0 a clean and direct integration of JMSProviders is supported within Spring and

will be used within SMILE as soon as the version upgrade is possible. This integration of JMS-

Provider services would not have been necessary if a typical J2EE application server would

have been used, because it would come with an already integrated JMSProvider service.

5.1.4 Relational database management system

The basic aim of J2EE multi-tiered business application like SMILE, MARS [Maurer et al., 2005]

or GOLD.DB [Hackl et al., 2004] is collecting and permanently persisting data in a structured

and organized way. Sophisticated relational database management systems (RDBMS) are

used as back-end for managing the efficient storage and retrieval of data. An RDBMS is a

software package which allows to create and delete databases, to define their structure via a

Data Definition Language (DDL) and manipulate the containing data via a Data Manipulation

Language (DML). The third task of an RDBMS is providing a Data Control Language (DCL) in

order to control data access and to define data storage and commit strategy [Kuhlmann and

Müllmerstadt, 1999]. The American National Standards Institute has defined the Structured

Query Language (SQL) to unify these manipulation languages for RDBMS from different man-

ufacturers. Unfortunately, almost every RDBMS product uses its own SQL dialect and makes
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database independent programming difficult. Beside offering a SQL-based data access, the

RDBMS has also to care about data integrity, data security and business constraint safety for

independent and often concurrently accessing database clients.

A database defined by the DDL comprises a collection of two-dimensional tables so called rela-

tions, which represent real world objects mapped with its describing attributes into a relational

data model. The columns of a table describe the attributes of a mapped object called entity

and the table rows describe stored entities identified by unique keys. The tables can be linked

together according to their real world dependencies as one-to-one, one-to-many or many-to-

many relations. The links between this tables are established by adequate primary keys, foreign

key rows or reference tables.

To avoid redundancy during data storage the data derived from real objects must be analyzed

and transformed in normalized form. The basis of this normalization process and its resulting

relational data model was developed by E. F. Codd [Codd, 1990]. He applied mathematical

principals like set theory and predicate logic to achieve flexible and systematic data collection

and functional data retrieval. The original relational model approach was realized by different

commercial manufacturer [MSSQL, 2006; Oracle, 2006] and open source projects [MySQL,

2006; PostgreSQL, 2006] and is still state of the art.

The internal representation of data, the implementation of indexing for faster search processing

and the key generation management differs from RDBMS to RDBMS and has to be addressed

either by the database accessing application itself or by an intermediate data access layer.

Java solves the generic relational database access and datatype conversion by using the Java

DataBase Connectivity (JDBC) API. The JDBC API offers relational database access classes

generically written for arbitrary Java client applications. Each RDBMS manufacturer imple-

ments customized JDBC drivers for the optimized access to their specific back-end implemen-

tation. The application developer on the other hand has not care about the implementation

details and can use transparently the dynamically plugged in JDBC Driver through the JDBC

Driver Manager. The JDBC architecture is strongly inspired by the Open DataBase Connec-

tivity (ODBC) API which can be seen as the de facto standard for platform and programming

language independent, SQL-query-based database access.

5.1.5 Object relational persistence with Hibernate

JDBC solves the problem of generic database support very well but offers only SQL-query

based access to database entities. Simple persistence functionality as Creating, Reading,

Deleting and Updating (CRUD) has to be reimplemented by hand coded JDBC individually

for every persistent Java class. To reduce the manual programming effort Object Relational

Mapping (ORM) frameworks were introduced. Johnson describes the underlying principal
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as follows: “O/R mapping is the attempt to map the state of Java objects onto data in an

RDBMS providing transparent persistence” [Johnson, 2002]. In this context Johnson coins

also the term “Object/Relational Impedance Mismatch” which describes the discrepancies be-

tween the object-oriented programming model of Java and the table-oriented model of relational

databases. Questions for the degree of granularity for object mappings into tables (when to use

just additional columns or new tables), questions for the mapping from SQL-query results to re-

sult objects, but also questions for the mapping of object relations and their inheritance have to

be answered [Bauer and King, 2004]. Caching and retrieval-deepness strategies on object level

but also aggregate functions and transparent persistence of contemporaneously accessed ob-

jects are some more problems which implementations of ORM tools have to face. The criteria

for choosing an ORM tool out of the range of persistence frameworks depend mainly on how

the manufacturers have solved the problems of paradigm mismatch and its intuitive usage.

Hibernate [Hibernate, 2006] is one of the wide spread ORM frameworks, which has solved the

problem of automatic and transparent persistence. Also the problems of paradigm mismatch to

a large degree avoiding the drawbacks of bean- or container managed persistence are consid-

ered. It is an open source project, which has realized the mapping of the data representation

from arbitrary POJO objects to relational data representation by using descriptive XML mapping

files. Out of these meta data Hibernate creates individually for almost every RDBMS optimized

SQL statements which are taking advantage of the specific capabilities of the underlying man-

agement system. Differences between SQL dialects can be observed during the selection of

adequate SQL datatypes for class attribute mapping, in the various strategies for primary key

generation and at non-SQL-conform peculiarities of different RDBMS. The developer just spec-

ifies in the central configuration file hibernate.xml the SQL dialect and the framework is taking

care of the SQL specifics. Also on the Java side the POJOs don’t have to fulfill special re-

quirements like derivation from specific persistence super classes or implementation of special

interfaces. Various inheritance mapping strategies are supported as well as different asso-

ciation types like one-to-one, one-to-many or many-to-many object relations. The developer

can even specify the directionality of associations, different caching mechanisms for repeatedly

accessed objects and their associations (lazy initialization). Hibernate can operate in J2EE

environments and in standalone applications without any restrictions and considers neverthe-

less different kinds of environment-dependent transaction management for conserving data

integrity.

Data retrieval can be performed in Hibernate by using three different approaches:

• The Hibernate Query Language (HQL) is a SQL-like query language which represents

the consequent continuation of the object oriented approach for data retrieval. The com-

plete persistence cycle of the internal state of objects can be performed directly on an
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object basis without knowing the underlying relational database details like tables and

columns. Objects are populated and persisted automatically using SQL-close keywords

and clauses. Select conditions on objects and their properties return again result objects

or object sets on which SQL-typical functions like aggregate functions or sorting clauses

can be additionally applied. Advanced features like result pagination, object fetch joins,

cartesian products or stored procedure calls are implemented in HQL. The range of reg-

ular, SQL-typical functionalities are extended by polymorphic queries which integrate the

object oriented inheritance idea in the retrieval strategy of Hibernate.

• The second data access strategy can be seen as Query by Criteria (QBC) and Query

by Examples (QBE) which represents a powerful template based retrieval system using

the Hibernate internal criteria API. Partially set properties of a template object are used

internally as criteria for the object selection.

• Finally also native SQL can be used to access objects from the database via Hibernate.

Performance, scalability, reliability and a huge user community of Hibernate influenced strongly

the further development of other persistence frameworks in the J2EE environment. Even some

implementations [JBossAS, 2006] of the new EJB 3.0 bean persistence rely on the capabilities

of Hibernate.

5.1.6 J2EE Web services

A Web service can be described as a communication method using XML documents to ex-

change information between loosely coupled applications over the Internet. The big advantage

of Web services relys on the fact that Web service consumer and producer operate on arbi-

trary XML documents which can be processed independently from its runtime platform and

programming language. To guarantee a standardized interaction between Web services the

Simple Object Access Protocol (SOAP) [SOAP, 2003] defines the formal packaging structure

of the exchanged XML messages and its processing model. SOAP wraps all data into an XML

envelop which again contains a header and a body section. The header contains contextual

information how the processing pipeline at the document consumer side should treat the body

of the message. This includes information about Web service routing, transactional process

integrity but also information about authentication, integrity via digital signatures and authoriza-

tion. The body section of a SOAP message contains the data to exchange, which must be

encoded according the SOAP standard. Erroneous and misdirected messages and the mis-

match of protocol version lead to fault messages, which can contain numerical error codes,

textually described error details and involved actors [Snell et al., 2002].

Typical application scenarios for Web services are Remote Procedure Call (RPC) constellations
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and Electronic Document Interchange (EDI) processes. During the Java based RPC commu-

nication the Web service client invokes methods on remote Web services by sending SOAP

messages formatted according the JAX-RPC standard and containing method name, method

arguments and their type description. Results of such remote method calls are sent back to the

client via SOAP messages and conclude the procedure calls. JAX-RPC is extensively used in

the high performance Grid computing field but also in the area of business process communi-

cation and customer integration. The EDI scenario on the other hand focuses on the exchange

of electronic documents which must be transferred in a platform independent way from the

producer to the consumer Web service. The exchange of automatically generated contracts

or of cryptographic key files between public key infrastructure providers are examples for the

application of EDI [Snell et al., 2002].

Web services are typically using the Hyper Text Transport Protocol (HTTP) for the XML docu-

ment exchange, but the SOAP document content is independent from the underlying transport

protocol. Therefore FTP, SMTP but also Instant Messaging Protocols can be used for transfer-

ring the SOAP XML documents. Beside SOAP there are additional programming technologies

and standards involved in Web services: the Web Service Description Language (WSDL), the

Universal Description, Discovery and Integration (UDDI), the SOAP with Attachments API for

Java (SAAJ), the Java API for XML Registries (JAXR) and the Java API for XML Process-

ing (JAXP) [Monson-Haefel, 2004]. WSDL is used for describing platform independently the

data content transfered in the body between Web services. This ranges from descriptions of

method requests and their responses, over argument descriptions to default and custom de-

fined datatypes. Starting from the WSDL description SOAP clients can be generated almost

automatically in different programming languages like Java, .Net or Perl. In dynamic business

environments UDDI defines standardized methods to publish location information about public

Web services to central Web service registries. The access of UDDI registries is facilitated by

using the JAXR programming interface. The process of SOAP conform message generation is

supported by the SAAJ API which is a low level SOAP programming interface and additionally

allows to attach Multipurpose Internet Mail Extensions (MIME)-encoded files to the SOAP mes-

sage envelop. This feature can be used for transferring files of reasonable size in an efficient

way bypassing the memory intensive XML parsing effort.

The open source project Apache eXtensible Interaction System (Axis) [Axis, 2007] was one of

the first Java frameworks which supported the Java Web service development regardless of

implementing the server side or the client side. On the server side Axis can be integrated in

every Java Web container which supports the Java servlet specification. Once integrated in the

server Axis can easily expose business objects as SOAP Web services. Just by defining a Web

Service Deployment Descriptor (WSDD) Axis can directly access existing business code which
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can be implemented with numerous different back-end technologies like EJB Stateless Ses-

sion Beans or Spring Beans. Axis offers a stable API hiding the SOAP internal communication

details from the application developer. Beside the unproblematic integration on the server side

Axis offers also the possibility to extract the WSDL definition of the SOAP exported business

object. This generated WSDL file can be used as a input file for the Axis utility WSDL2Java

which automatically generates the client code for accessing the defined Web service. Changes

in the API of the exposed Web services can be considered on the client side by rebuilding

the artifacts of the generated client classes. Once the developer has overcome the steep

learning curve of creating the WSDD for the Web services, Axis improves the productivity and

reduces the effort of API changes in the development process appreciably. Finally it must be

mentioned that Axis supports the transfer of files via SOAP RPC using a powerful implemen-

tation of MIME encoded file attachments. The JavaMail API is internally used to recode the

file content into MIME encoding and the file is added as attachment to the SOAP envelop of

the method call. The use of this RPC/attachment implementation leads to a memory optimized

high-performance file transfer which can handle files in the range of gigabytes without reaching

memory or timeout limits.
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5.1.7 Tapestry, a component oriented Web framework

Tapestry is a component oriented Java framework for the development of dynamic Web ap-

plications [Tapestry, 2006]. It can be simply integrated into a J2EE environment via the Java

Servlet API and can therefore operate in a full-featured J2EE application server as well as

in a standalone servlet container like Tomcat [Tomcat, 2007]. By using one central servlet

which takes all browser requests the Tapestry servlet acts as a typical Front controller [Fowler,

2003, pp. 344–349] which separates the Web tier of an application from its Business tier. The

literature describes this distinct separation of presentation tier (view) and the presentation-

independent application tier (model) via a controller as Model View Controller (MVC) pattern

[Fowler, 2003, pp. 330–332]. Unlike other Web frameworks [Struts, 2006] Tapestry hides the

typical request/response programming model originated from the Java Servlet API behind an

event driven component model [Springmann and Tiggers, 2005].

The front controller servlet takes an incoming request and extracts all necessary information

for further processing from the request URL, the request parameters and the persisted HTTP

session values. With the help of this information the servlet identifies internally the responsible

Web page, its containing components and the necessary services which are instantiated and

initialized dynamically according to the request. Components are the basic units of Tapestry

and are objects which inherit internally used life cycle methods from a common super class.

This is necessary to hide the completely transparent component pooling and guarantees in-

creased performance and scalability of the framework due to the reuse of pre-instantiated com-

ponents. In addition, each component object itself is responsible for its individual rendering

behavior and has to implement a rendering interface. The methods of this interface are called

recursively from the Tapestry servlet on each involved component during the creation of the

HTTP response. The idea of the reusable component oriented approach, which has its roots in

the development of rich client Java applications, is realized consistently within the framework.

Even the Web pages internally are components which can recursively contain predefined or

self-defined components [Lewis Ship, 2004].

The rendering of Tapestry pages and its components is supported by the implementation of

the Template View pattern [Fowler, 2003, pp. 350–360]. A page but also a component can

be defined by an HTML template, an XML-specification file and a Java class. The HTML tem-

plate defines the layout of the Web page and can be created by regular Web designers without

knowing about the dynamic content. In this template file HTML tags are augmented by the

naming attribute “jwcid” in order to be replaced dynamically by the framework. The name used

for the jwcid attribute is used in the XML-specification file as the link between the component

instance object and the layout. The specification XML-file is used during the initialization phase

for “binding” component arguments. It defines the assembly of dynamic components, static text
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and above mentioned component objects. Even the browser events are routed to the respon-

sible components and listener methods using the binding information from the specification

file. The method arguments of the view-related page/component objects are bound during

the request processing cycle by the Tapestry servlet and the execution of the event listener

methods is performed. Within these methods the component objects access the presentation-

independent model classes and retrieve all necessary business information for rendering the

Web page. A clear separation of concerns with a distinct tier structure (browser view, servlet-

based view controller and business model) can be realized inherently without getting in touch

with HTTP requests and responses. The developers have not to care about typical tasks in

the Web application field like URL generation, session state persistence or page dispatching

according URL parameters. An other advantage especially in projects with bigger teams brings

the separation of design and page logic where Web designers can concentrate on the layout

and the application logic developer can concentrate on the programming domain.

A set of predefined base components form the necessary tools to build regular HTML Web

applications. They can be separated by their functionality in two main classes:

• The layout components are responsible for producing visual output. Typical examples

for layout components are the Tapestry component equivalents for almost all HTML tags.

The Shell component can be seen as envelop of a typical Web page where commonly

used HTML header settings like JavaScript inclusion and CSS layout referencing takes

place. Within the Shell, the Body and its derived components can include simple HTML

components like Table-, Image-, TextField-, TextArea-, PropertySelection-, RadioGroup-

or Checkbox structures and more complex dynamic structures like DatePicker-, Rollover-,

Tree-, Datagrid- or Pallette components.

In addition to HTML components Tapestry offers also Wireless Markup Language (WML)

components for applications accessed via the Wireless Application Protocol (WAP). This

protocol is especially designed for the use with mobile devices and can be used within

Tapestry to offer an additional view on the same model.

• The page control components introduce loop constructs like For/Foreach- loops, condi-

tional constructs like the If/Else- components, or RenderBlock / RenderBody for grouping

and dynamically updating of multiple layout components. In addition view logic for page

navigation can be directly integrated via special HTTP links, which call listener methods

on Component or Page objects. Besides calling listener methods dynamic Form com-

ponents offer an universal validation of form values on client and server side. Validation

is automatically performed by the framework just by specifying value constraints for the

input fields.
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Besides the framework internal components Tapestry can additionally resort to several third

party libraries provided by the strong user community. These libraries offer ready to use static

components [JSCookMenu, 2007] but also dynamic components relying on Asynchronous

JavaScript and XML (AJAX) [Tacos, 2007]. Due to the long history [Onstine, 2006, chap.1]

of Tapestry the developer can find for almost every problem an already existing component

which can be simply reused and adapted to the requirements of the Web application. The

power of custom defined components can be demonstrated when self-defined components are

defined for repeatedly used layout groups. Code and layout maintenance is quite simple be-

cause changes on those frequently used layout components can be performed once and the

changes are taking effect in every place where the component is used.

The back-end infrastructure in Tapestry is managed by HiveMind [HiveMind, 2006], an Inver-

sion of Control container which was initially created to meet the special requirements of the

Web framework. Meanwhile it evolved to a separate Apache Foundation project which can be

universally used for the configuration and management of Java application modules. Different

instantiation strategies (singleton instantiation, just in time instantiation and instance pooling),

Inversion of Control-based object initialization and non intrusive thread safety are some of the

strongest features of this lightweight Java container framework. Starting from XML configu-

ration files the HiveMind micro kernel combines simple, almost independent Java modules to

an interacting POJO service environment which is designed for the deployment within a J2EE

environment. The creator of HiveMind describes the framework as follows: “HiveMind allows

you to create more complex applications, yet keep the individual pieces (the individual services)

simple and testable. HiveMind encourages the use of common best practices, such as coding

to interfaces, separation of concerns, and keeping code highly testable without a special con-

tainer.” [HiveMind, 2006].

Even the integration of an additional Inversion of Control container like Spring [Spring, 2006]

can be achieved by adding a bean provider service definition to one of the configuration files.

Thus HiveMind unites the advantages of both IoC container frameworks and integrates them

transparently into the Tapestry controller servlet. Pages and components can access Spring

service objects from the business tier either via a binding prefix (“spring:”) in specification files

or within the program code via service-injecting Java annotations. Also Spring ACEGI method

security can be assured in Tapestry’s listener method calls just by adding Java annotations to

the method code.

The development process with Tapestry is supported by returning always clear feedback with

line precise error reporting [Tong, 2005]. The automatic integration of internationalization, JSR

168 Portlet support, Object Graph Navigation Language (OGNL)-support, automatic variable

persistence on the client and server side, and bookmarkable URLs are additional Tapestry
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features. OGNL is used for directly accessing Java objects and their properties within the text-

based Tapestry templates and specification files. Further details in [Lewis Ship, 2004; Tong,

2005; Tapestry, 2006].
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5.1.8 Model Driven Architecture

The Model Driven Architecture (MDA) standard initiative was created by the Object Manage-

ment Group (OMG) [OMG, 2006] to handle the continuous change in technology and business

requirements over time. The concept of MDA has been established on the basis of a clear sep-

aration of layers which describe the same software project on different abstraction levels. This

method promises better maintainability and easier technology migration because functionality

and application behavior is defined on higher abstraction level. Technological implementation

details on the other hand are hidden behind lower abstraction levels.

The basis of Model Driven Architecture are models which describe the target system on differ-

ent abstraction levels [Seidewitz, 2003]:

• The Computational Independent Model (CIM) is the mental model out of the mind of

software architects and put down on paper. It represents a textual description of the

system and its basic functionalities.

• Platform Independent Model (PIM) On the next abstraction level the PIM describes the

business processes of the system and its functional units without any platform specific

implementations details using UML as structured language.

• Platform Specific Model (PSM) The PSM goes into the details of platforms and provides

already a platform dependent view for architectural aspects and services.

• The Code Model (target Platform) represents the final implementation of a system within

a platform, using the platform specific programming language and deployment configura-

tion of the target runtime environment e.g. Java EE [J2EE, 2006] or .Net [MSDOTNET,

2006].

The MDA development process [Mellor et al., 2003] comprises the generation and the suc-

cessive transformation [Sendall and Kozaczynski, 2003] of these models from a higher abstrac-

tion level to a lower ending up in a coded application. In order to build consistent, exchangeable

and vendor neutral standards for the application of model-driven software development OMG

has released an MDA Guide [Miller and Mukerji, 2003]. In this guide OMG uses internally de-

fined standards like Unified Modeling Language (UML), the Meta Object Facility (MOF), XML

Metadata Interchange (XMI), and the Common Warehouse Metamodel (CWM) to describe this

complex evolutionary process.

Current research is going on in finding standardized ways how to describe and perform trans-

formations of models using different intermediate meta models and transformation languages

[Seidewitz, 2003]. One recent standard from OMG, the Query/View/Transformation (QVT) [Ign-

jatovic, 2006; MOFQVT, 2006], addresses this problem in a generic way. There exist already
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implementations of these transformation languages and their applications are in preparation

[Bohlen, 2006].

The model- transformation- process can

Figure 5.3: MDA overview by OMG from [OMG,

2006]

be realized to some extent in an automated

way and results in partial or complete code

generation. By combining the model-driven

and the generative software development,

MDA reaches its aim of increased reusabil-

ity, portability and longevity to a high degree.

During recurring tasks it additionally reduces

the error source “human” and increases the

productivity of code generation because of

the higher level of automation. Refactoring

during code maintenance is started on the

model level and is performed due to the au-

tomated generation process in a consequent

way. Finally, by continuously changing the model an up-to-date description of the current sys-

tem is permanently available and can be seen as part of the documentation for developers

maintaining projects. This advantages of MDA have been convincing over the last years in

small software projects as well as in more complex projects [Friese and Bohlen, 2006]. Despite

the MDA standard, recent literature is using in this context the term Model-driven Software

Development (MDSD) which describes a more generic but practice oriented way of building

software based on models. Regarding this, MDA can be seen as a a special case of MDSD

and is according to [Stahl and Völker, 2006, p. 4] “a standardization initiative of the OMG fo-

cusing on MDSD”.

5.1.9 AndroMDA

AndroMDA is a software development environment which combines the model driven program-

ming paradigm with generative software development. The result of this combination is a MDA-

based code generation framework which creates artifacts for multiple target platforms. Similar

to the MDA approach, software developers start with describing the architectural structure of

a software on higher abstraction level using UML. Already existing Computer-Aided Software

Engineering (CASE) tools like MagicDraw [MagicDraw, 2007] are used to design the Platform

Independent Model (PIM). With the help of AndroMDA-specific UML profiles the collaborating

components within the PIM are set into a functional context. By adding UML stereotypes and

tagged values a component gets a special functionality which is still independent from the real
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Figure 5.4: AndroMDA build process, derived and extended from [Schulz, 2006, pp. 4]

implementation and platform. If a UML class gets the stereotype � Entity �, the attributes

of the class are “somehow” persisted and can be retrieved afterwards. It is not specified which

technology, which database or which framework is used. A model annotated in this manner can

be automatically translated with AndroMDA into a Code Model skipping the manual creation of

a Platform Specific Model proposed by the MDA specifications. Thus the author of AndroMDA

describes this kind of enhanced modeling and code generation as the “MDA light” approach

[Bohlen and Starke, 2003].

AndroMDA build process Figure 5.4 gives a detailed overview on how the build process is

realized in AndroMDA version 3.1. The starting point is the annotated model, which is cre-
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ated by software architects, using an UML tool of their choice. For better collaboration within a

developer team the model can be divided in logical sub units, called modules, which together

form the PIM. The UML tool must support external UML profiles for component annotation and

it must be possible to save the model modules in XML Model Interchange (XMI) files. From

that moment the build process is taken over by the project- and build-manager Maven 1 which

is steering the successive build steps using the core engine classes of AndroMDA. At the entry

point the UML model is read and validated to guarantee its formal correctness and complete-

ness. For this purpose a model server can be started which performs an online validation

simultaneously to the modeling process. Detailed information about invalid components in the

model are reported immediately to the software architects. Internally this server provides the

already parsed UML model as Metadata Repository (MDR) [MDR, 2007] to the build process.

This repository is compliant to the MOF repository definition from OMG, which is part of the

MDA standard.

Out of the MDR repository the AndroMDA core engine creates internally used metamodel in-

stances which are processed by cartridge units. Cartridges are responsible for the platform

specific generation of source code and configuration files. They consist of a bundle of Java

classes (metafacades) and template files. Out of the metamodel the metafacade classes ex-

tract all necessary build information for the artifacts of a specific platform. This includes the

evaluation of relational expressions defined with the Object Constraint Language (OCL) on the

UML class level. OCL expressions are processed with translation libraries in order to gener-

ate, for example platform specific object query code with the Hibernate Query Language or

EJB Query Language. Through the metafacades the gathered and translated build informa-

tion is offered to a template engine which generates the target source- and configuration-files

according the build instructions in the code templates. By decoupling the templates from the

metamodel with metafacades a clear “separation of concerns” is achieved and the templates

get their necessary information without knowing how it is gathered.

Different template engines can be used within AndroMDA but existing cartridges are using

mainly the template engine Velocity [Velocity, 2007]. This is because AndroMDA is imple-

mented completely modular and almost all modules within the AndroMDA core engine can be

replaced by customized implementations. The build process can be influenced by the devel-

oper using a central configuration file that defines for which platform which cartridge must be

used. Additionally this configuration file contains platform and framework specific configuration

parameters for the cartridges like SQL dialect of the productive RDBMS environment etc. The

outcome of this build process is to one part dynamically generated code and to one part stati-

cally generated code artifacts. The last named code frames are just generated during their first

build process and remain untouched by successive build cycles. The domain specific business
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logic, which must be still manually programmed, can be coded within these classes. Subse-

quent changes in the UML model lead to a complete rebuild of the dynamically generated code

artifacts which have the changes incorporated automatically. The manual classes are derived

from the continuously generated dynamic classes using the inheritance mechanisms of the

specific platform and programming language. Thus the changes in the dynamically generated

super classes influence the sub classes and their capabilities through the Java class inher-

itance. If the changes influence also parts of already existing manual code, the developers

have to adapt the code by hand.

During the last years this mixed concept of using MDA-based code generation for repeated

code and manual implementations for application specific business code turned out to be a pro-

ductive and successful approach. Big projects (for example with the German airline Lufthansa)

could be realized within reasonable time, producing less costs and cleaner coding style [Friese

and Bohlen, 2006].

Predefined implemented patterns With AndroMDA one can generate clean and ready to

use architectural structures (patterns) for several use cases. One typical use case is a data

centric application like SMILE which has to deal with multiple real world objects that must be

stored in a database. Developers can realize the complete persistence layer using modeled

data entities. Out of this class definitions marked as � Entity �, AndroMDA generates the

complete palette of components which are necessary for a typical persistence layer. Classes

which realize the Data Access Object (DAO) pattern [Bien, 2003, pp. 180] [Johnson and Hoeller,

2004, pp. 285] offer a clean access to data in database tables on an object basis. Besides

modeled accessors and finder methods defined with the Object Constraint Language (OCL),

stored object entities can be converted transparently to generated Value Objects [Bien, 2003,

pp. 85]. The Value Object pattern is very frequently used for transfer objects [Fowler, 2003,

pp. 401] which are assembled in a DAO from one or multiple database entities and sent to a

external view tier. The code generation comprises not only Java code but also configuration

files, deployment descriptors and SQL database definition scripts, considering always platform

specific features of the target environment. Another feature of the persistence cartridges are

persisted enumeration type objects, which are stored in the database and can be used as

regular enumeration object during program execution and persistence.

The Service Facade [Johnson, 2002, pp. 373] pattern is also realized within AndroMDA and can

be seen as hiding front-end for the business tier. Internal implementation details are not directly

accessible from the outside and requests to the business tier must be passed through a service

facade object. Transaction management within this service facades, security access restriction

but also Web service implementations are generated automatically by adding the appropriate

stereotypes like � Service � to the model components. The platform specific realization
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can be almost transparently switched from one target platform to another. Just by changing

the target platform the service facade can be either implemented as Stateless Session Beans

(SLSB) or as Spring Beans. The persistence layer can be realized either with DAOs using

Entity Beans or Hibernate.

Supported Platforms and Technologies AndroMDA has its historical roots in the J2EE envi-

ronment (UML2EJB) and was initially designed to generate different well proven J2EE patterns

with Enterprise Java Beans technology. The range of supported platforms was steadily ex-

tended and comprises now cartridges for Enterprise Java Bean implementations, Spring with

Hibernate persistence and also Microsofts .Net implementations. The main focus of the project

is still on enterprise applications in the J2EE environment. It shows up with solutions for par-

ticular enterprise use cases like remote services protected with distributed transactions, Web

services realized with the Axis framework, generation of CRUD pages with Web front-end using

Model View Controller like Struts, Java Server Faces and business process modeling with jBPM

and BPM4Struts. Within the SMILE project AndroMDA is mainly used for the implementation of

the persistence tier with Spring and Hibernate and for the implementation of Service facades

with ACEGI Security integration.
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5.1.10 Software configuration management

The software development process can be massively supported by the use of suitable devel-

opment tools. The following tools are used for the development of SMILE:

• The Computer-Aided Software Engineering (CASE) tool MagicDraw [MagicDraw, 2007]

is used for the visual creation of UML models which act as input files for the automatic

code generation process of the AndroMDA generation framework. Its commercial version

supports the modular separation of UML models into sub packages and therefore permits

easier collaboration within a heterogeneous development team. The models created by

the modeling software are stored in XMI format. Version 9.6 is the last version supporting

the XMI version 1.1 demanded by AndroMDA 3.1. The platform independence of Magic-

Draw is an additional criteria which was considered by the selection of the UML modeling

tool.

• The open source project Maven 1 is the central software package driving the automated

build process of AndroMDA. Outgoing from a centrally configured project object model

(POM) Maven runs the model integrity checks, generates the code according the car-

tridges, compiles and packages the project artifacts.

• Manual coding is performed with the support of the Integrated Development Environment

(IDE) Eclipse [Eclipse, 2007] which consists of a flexible core application and its exten-

sions. This core application alone offers basic project management, editing and debug-

ging functionality. It additionally provides a very flexible plugin system for custom exten-

sion. The flood of modular plugins unfolds the application core to a powerful development

tool integrating development functionality for different programming languages like Java,

C/C++ or Perl. J2EE extensions like MyEclipse [MyEclipse, 2007] take care about the in-

tegration of most incarnations of J2EE containers, lightweight container frameworks, Web

based MVCs etc. into Eclipse IDE. Eclipse plugins improve the development process and

productivity to a large extend e.g. by providing syntax highlighting, code validation, code

completion, simple creation wizard for complex J2EE framework applications or version

control.

• Tomcat [Tomcat, 2007] is a servlet container released under the Apache open source

license and can be configured or extended on demand with additional J2EE functional-

ity like central database connection pooling, transaction management etc. Because it is

the reference implementation of Suns Java Servlet API several EJB application server

integrate Tomcat as their internal Web container. On the other hand Tomcat can be also

used as standalone Web container for the realization of multi- tiered Web applications
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using J2EE lightweight container like Spring and HiveMind for transaction management-

, remoting- or messaging- services. Tomcat is technically mature and its short startup,

deployment and shutdown cycles increase the productivity during the development com-

pared to full-featured application servers.

• PostgreSQL [PostgreSQL, 2006] is a wide spread representative of open source relational

database systems which supports most of today’s operating systems. It turns out to

be a reliable Atomicity Consistency Isolation and Durability (ACID) compliant database

environment which tries to be ANSI-SQL 92/99 standard conform regarding datatypes

and data manipulation functionality. Besides regular datatypes also binary large objects

are supported within tables. Some more data definition and retrieval features are: sub

queries, different transaction isolation levels, sequences for primary key generation, key

constraints and references etc. For more details about its functionality see [Douglas and

Douglas, 2005]. The PostgreSQL database comes with native client support for most of

the commonly used programming languages like Java, C/C++, .Net, Perl, Python, PHP,

Ruby, Tcl. From the administrative view necessary enterprise features for mission critical

production environments are also part of the PostgreSQL capabilities e.g. Multi-Version

Concurrency Control (MVCC), online backup functionality, asynchronous replication and

nested transactions.

• Subversion (SVN) [Subversion, 2007] is a free version control system which can be

used for centrally tracking the change of files and directories within a project, over time.

Changes on SVN shared projects are stored as numbered revisions by which older status

of files and directories can be reconstructed. Its main field of application lies in the man-

agement of source code especially if teams of multiple programmers have to collaborate.

Subversion offers local and remote repository access using either the own binary proto-

col or the more common WebDAV protocol [Collins-Sussman et al., 2004]. File locking

for locking shared access to files and renaming of files and directories by keeping their

history are important characterisitcs of this system.
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5.1.11 High performance computing with Rocks Clusters Linux

The methodologies used for studying biological processes changed during the last years from

predominantly manual to semi automatic and automatic investigations. Besides holistic ap-

proaches like whole genome sequencing, which have to deal with huge amount of sequence

data, also the microscopy field experienced a noticeable increase of image data. This can be

explained by improved sensitivity of devices but also by automatic acquisition of experiments

from three dimensional to five dimensional space [Andrews et al., 2002]. Sophisticated pro-

grams to process and analyze hundreds of images consume computational power which can’t

be provided by a single machine within reasonable time.

This problem can be solved by integrating a High Performance Computing (HPC) infrastructure

[Thallinger et al., 2002] into the experiment and analysis workflow. A HPC cluster consists in

a PC-based compound of compute nodes which communicate over a high speed interconnec-

tion. One PC in the cluster takes over the functionality of the dedicated cluster master, which is

the gateway for remote access to the nodes. Administrative installation, configuration and user

management but also the development and submission of parallel programs are done on the

master system. The programs running on a cluster can be separated into two categories:

• Special custom made parallel programs are designed for parallel execution using dedi-

cated HPC communication libraries for interprocess communication like MPICH [Gropp

et al., 1996], LAM/MPI [G. et al., 1994] or PVM [Geist et al., 1994]. The program logic

itself has to partition the tasks into subtasks by following the paradigms of either domain

decomposition or functional decomposition [Thallinger et al., 2002]. The implementation

of such programs needs in depth scientific domain experience as well as programming

know-how, but returns fast and optimized applications.

• Unmodified regular programs, which can be executed on a single machine, can be run

also on a cluster system. The dividing of the computational problem into subtasks hap-

pens here during job submission, e.g. the overall processing task of multiple Microscopy

images can be run in parallel by submitting one image to each compute node. There

the calculation is performed as it would run on a single machine sequentially and the re-

sults are collected after all images are processed. This kind of parallel execution is called

swarming and is the easiest way of using an HPC cluster. The user must not have an

in depth domain-specific knowledge to perform legitimate computing decomposition. The

submission of program execution to the nodes but also the load balancing on different

nodes is supported by queuing systems which guarantee an optimized usage of HPC

cluster.
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The main argument for using HPC computing cluster compared to monolithic Symmetric Multi

Processing (SMP) machines with the same amount of CPUs is the reasonable prize for hard-

ware. On the other hand the costs for the necessary administrative effort and know-how to

manage this kind of infrastructure especially regarding the software installation should not be

underestimated.

The San Diego Supercomputing Center has developed a free Linux distribution named “Rocks

Clusters” [Papadopoulos et al., 2001; Rocks, 2006], which is dedicated and optimized for large

scale HPC cluster systems. Rocks Clusters in the version 4.0 uses the free Linux distribution

CentOS [CentOS, 2007] or, if commercial support is necessary, the binary compatible coun-

terpart Redhat Enterprise Server as basis for the operating system. The installation process

must be performed manually on the cluster master from CD and for cluster nodes automatically

over the network. The Preboot Execution Environment (PXE) offers a comfortable way to boot

a basic operating system from remote servers and to start the installation on compute nodes.

The Redhat KickStart installer is running completely unattended and without any user interac-

tion whereas necessary packages are gathered via the HTTP protocol from the cluster master.

The installation of the cluster master and its nodes results in a fully configured and ready to

use cluster system where user- and node specific data is stored in a central MySQL [MySQL,

2006] database. Cluster users are created on the cluster master and the user information is

distributed to the nodes by the internally developed password system 411 [Sacerdoti et al.,

2005]. Rocks Clusters basic installation can be extended with application specific software

bundles, so called rolls [Bruno et al., 2004]. Rocks Clusters comes with HPC rolls for different

queuing systems like SGE [SGE, 2006] or Torque [Torque, 2006], parallelization libraries and

with more domain specific software for visualization, bioinformatics, grid computing [Foster and

Kesselman, 1997] or Java development. From the hardware site Rocks Clusters supports na-

tively x86-PC systems with one or more 32- and 64-bit CPUs from AMD and Intel. Special high

speed interconnect networks with low latency for fast interprocess communication like Myrinet

[Boden et al., 1995] or Infiniband can be integrated smoothly by just adding rolls from the dif-

ferent hardware manufacturers. No additional configuration for Myrinet nodes is necessary and

the programmer can just use different node names in order to route the communication traffic

over the Myrinet network. In addition to this Ethernet tunneling over Myrinet special hardware

optimized communication libraries for the MPI are available, which don’t use the Ethernet stack

for communication but direct Myrinet interconnect functionality. The cluster hardware and its

load can be online-monitored by the pre-installed Ganglia [Sacerdoti et al., 2003] system which

offers a Web interface for statistical evaluation of the work load. Special customizations for local

environment conditions to compute nodes can be integrated by adapting the XML configuration

files of KickStart installer and by copying the additionally necessary self made packages for the

65



COMPUTATIONAL ENVIRONMENT FOR CELLULAR IMAGING BY FLUORESCENCE MICROSCOPY METHODS

Redhat Package Manager to the installation directory. Changes of the configuration are forcing

the new installation of all nodes which takes for one node approximately 5 to 15 minutes. Addi-

tional services like Web services for accessing the cluster can be easily installed according the

Linux installation procedures.

66



COMPUTATIONAL ENVIRONMENT FOR CELLULAR IMAGING BY FLUORESCENCE MICROSCOPY METHODS

5.2 Basic overview of fluorescence microscopy

During the last years fluorescence microscopy has undergone a remarkable revival in life sci-

ences [Yuste, 2005]. Strong evidence of this trend-setting development can be adduced by

searching the central publications database PubMed for the term “fluorescence” and “fluores-

cence microscopy” [PubMed, 2006]. Since February 2005 more than 27.000 articles containing

the term “fluorescence” either in title or in the abstract and more than 6.200 articles with “fluo-

rescence microscopy” were published (search performed in February 2007).

The underlying physical principle, discovered already in 1852 by Sr. G. G. Stokes, is based on

the fact that fluorescent molecules can be excited from a lower energy state to a higher energy

state by absorbing light of a particular wavelength. Fluorescent molecules are not able to rest

in this excited state and transform immediately the absorbed light in vibration energy and emit-

ted light of a longer wavelength. Excitation and emission wavelength depend on the chemical

and physical composition of the fluorescent molecules. By filtering out the excitation light and

detecting solely the emission light, the region of interest marked with fluorophores is shining in

high contrast to the dark background [reviewed by Conchello and Lichtman, 2005]. Drawbacks

like bleaching is addressed by developing modified fluorophores with more stable fluorescence

behavior. The principle of fluorescence has found broad application in life science, where var-

ious biological substances including DNA, RNA and proteins can be detected by labeling with

fluorophores.

A major mile stone for fluorescence microscopy was the isolation of the green fluorescent pro-

tein GFP from the jellyfish Aequoria vitoria and it’s encoding sequence [Chalfie et al., 1994;

Tsien, 1998]. The coding sequence of GFP or of a member of the homologous fluorescent pro-

tein family [Lippincott-Schwartz and Patterson, 2003] is cloned into gene regions where mRNA

for target proteins is transcribed. In this manner proteins translated from the resulting modi-

fied RNA are genetically tagged with fluorescent regions and can be localized in fixed cells as

well as in living cells. The analysis of protein localization within subcellular compartments can

lead immediately to a better understanding of the protein function [reviewed by Andrews et al.,

2002].

By recording time series during life cell imaging, even dynamic processes like protein traffick-

ing between subcellular compartments [McNally et al., 2000] and between different cells can

be traced. Numerous different techniques have been developed for characterizing different

behavior of proteins. E.g. using Fluorescence Recovery After Photobleaching (FRAP) or Flu-

orescence Loss in Photobleaching (FLIP) the kinetic behavior and mobility of tagged proteins

within living cells can be measured [Giepmans et al., 2006]. Fluorescence Energy Transfer

(FRET) is used for examining the binding behavior of interacting proteins [Vogel et al., 2006].
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Fluorescence microscopy grants a unique global perspective on the specimen under in vivo

conditions using noninvasive methods.

A second possibility for transferring fluorescent dyes to a cellular region of interest is using im-

munolabeling techniques in fixed cells [Allan, 2000]. It is necessary to fix and permeabilize cell

membranes in order to create entrance points for antibodies targeted against proteins of inter-

est. For the detection of a specific protein, a two-step method is commonly used. A primary

antibody detects specifically the protein of interest and contains an additional binding site for a

secondary antibody. This second antibody is binding to the primary antibody and carries the

detectable fluorophore region to the target location. This procedure can be applied for localizing

multiple different proteins at the same time in the same cells. To achieve this it is necessary to

use different fluorescent dyes with non overlapping excitation/emission spectra to avoid cross

talk excitation between the different fluorophores.

Futher on, in order to increase the efficiency of immunofluorescence methods quantum dots,

which are inorganic nanocrystals with good fluorescence behaviour, have been attached to an-

tibodies. This results in a sharp and discrete wavelength of the fluorescence light by higher

extinction coefficient and good quantum yield [Giepmans et al., 2006].

The emitted fluorescence light can be collected with different types of microscopes and digital

detection systems [Inoué and Spring, 1997, chapter 6] which produce images and store them in

files. Existing technologies like video microscopy [Evanko, 2005; Inoué and Spring, 1997] were

initially applied and optimized but also novel techniques have evolved. Some highlights of the

arising microscopy disciplines with different technological focus are: the confocal microscopy

[Conchello and Lichtman, 2005], the two-photon microscopy [Denk et al., 1990; Helmchen and

Denk, 2005], computational approaches like three-dimensional (3D) deconvolution microscopy

[McNally et al., 1999] and 5D quantitative fluorescence microscopy [Andrews et al., 2002].

Recent developments in fluorescence microscopy are going into the direction of holistic ap-

proaches where Proteomics initiatives try to systematically combine localization information,

gathered by large scale localization studies, with typical Proteomics datasets [Davis, 2004;

O’Rourke et al., 2005]. This is only possible if modern methods of high-throughput microscopy

[Glory and Murphy, 2007] are applied for automatically generating and analyzing resulting mi-

croscopy images.
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AAS Authentication and Authorization System

ACEGI Acegi Security framework (1st,3rd,5th,7th,9th character in the alphabet)
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ACL Access Control Lists

AOP Aspect Oriented Programming

API Application Programming Interface
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CASE Computer-Aided Software Engineering
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DCL Data Control Language
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EIS Enterprise Information System

EJB Enterprise Java Beans

ERP Enterprise Resource Planning systems

FISH Fluorescence In-Situ Hybridization

FLIP Fluorescence Loss in Photobleaching

FRAP Fluorescence Recovery After Photobleaching

FRET Fluorescence Resonance Energy Transfer

GFP Green Fluorescence Protein
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GID Global Image Database

GUI Graphical User Interface
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IDE Integrated Development Environment

IoC Inversion of Control

IT Information Technology

J2EE Java 2 Enterprise Edition
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JAXB Java Architecture for XML Binding

JAXP Java API for XML processing

JAXR Java API for XML Registries

JAXRPC Java API for Remote Procedure Calls

JDBC Java Database Connectivity
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JMS Java Messaging Service

JMX Java Management Extension

JNDI Java Naming and Directory Interface

JSP Java Server Pages
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LAM Local Area Multicomputer Messa Passing Interface
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MIME Multipurpose Internet Mail Extensions

MOF Meta Object Facility

MOM Java Message Oriented Middleware

MPI Message Passing Interface

MVC Model View Controller

ODBC Open DataBase Connectivity

OGNL Object Graph Navigation Languag

OME Open Microscopy Environment

ORM Object Relational Mapping

PDF Portable Document Format

PIM Platform Independent Model
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POJO Plain Old Java Object

POM Project Object Model

PSM Platform Specific Model

PVM Parallel Virtual Machine

QBC Query By Criteria

QBE Query By Example

RDBMS Relational Database Management System

RMI Remote Method Invocation

RPC Remote Procedure Call

SAAJ SOAP with Attachments API for Java

SFSB StateFull Session Bean

SLSB StateLess Session Bean

SMILE Scientific Microscopy Lab Environment

SOAP Simple Object Access Protocol

SQL Structured Query Language

UDDI Universal Description, Discovery and Integration

UML Unified Modelling Language

WML Wireless Markup Language

WSDL Web Service Description Language

XMI XML Metadata Interchange
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The value of high-throughput genomic research is dramatically enhanced by association 
with key patient data. These data are generally available but of disparate quality and not 
typically directly associated. A system that could bring these disparate data sources into a 
common resource connected with functional genomic data would be tremendously 
advantageous. However, the integration of clinical and accurate interpretation of the 
generated functional genomic data requires the development of information 
management systems capable of effectively capturing the data as well as tools to make 
that data accessible to the laboratory scientist or to the clinician. In this review these 
challenges and current information technology solutions associated with the management, 
storage and analysis of high-throughput data are highlighted. It is suggested that the 
development of a pharmacogenomic data management system which integrates public 
and proprietary databases, clinical datasets, and data mining tools embedded in a high-
performance computing environment should include the following components: parallel 
processing systems, storage technologies, network technologies, databases and database 
management systems (DBMS), and application services.

Disease phenotypes arise from complex interac-
tions of organisms with their environments.
While there is a long history of associating genes
and gene defects with a large number of diseases,
a growing body of data suggest that many disease
phenotypes arise from gene–gene interactions
and the interactions of genes with their environ-
ments – including the genetic background in
which those genes are expressed. With the
sequencing of the human genome [1,2], the
genomes of model organisms, and development
of high-throughput technologies, for the first
time there is the means to dissect complex phe-
notypes and develop novel diagnostic, prognos-
tic, therapeutic and preventive strategies.

While the principles of the underlying high-
throughput technologies (e.g., cDNA microar-
rays [3]) are relatively simple, the challenges asso-
ciated with examining thousands of data points
and presenting those data in a usable form are
substantial. Further, the true value of the data lies
not in the result of any single experiment or study
but rather in examining correlations across multi-
ple experiments and study groups. Moreover, the
value of high-throughput genomic research is
dramatically enhanced by association with:

• key patient data
• clinical lab results [4]

• X-ray and magnetic resonance imaging (MRI)
data

• serum enzyme levels
• patient history including lifestyle

These data are generally available but of dispa-
rate quality and not typically directly associated.
If the patient name can be coded to ensure confi-
dentiality, a system that could bring these dispa-
rate data sources into a common resource
connected with functional genomic data would
be tremendously advantageous. The prerequisite
for personalized medicine or pharmacogenomics
will be achieved by combining these clinical data
sets with genome information management sys-
tems. However, disparate data sources, like pub-
lic or proprietary molecular biology databases,
laboratory information management systems
(LIMS) and clinical information management
systems (CIS) pose significant challenges to inte-
grating and querying these data. Furthermore,
high-throughput genomic technologies require
the nontrivial development of information man-
agement systems embedded in a high-perform-
ance computing environment. An integration of
clinical and accurate interpretation of the gener-
ated functional genomic data requires the devel-
opment of information management systems
capable of effectively capturing the data as well as
tools to make that data accessible to the labora-
tory scientist or to the clinician.

In this review these challenges and current IT
solutions associated with the storage, manage-
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ment and analysis of high-throughput data are
highlighted. Having in mind a heterogeneous
audience of clinicians, R&D professionals and
decision-makers in the pharmaceutical and bio-
tech industries and not technology specialists,
the focus is on general systems rather than spe-
cific turnkey pharmacogenomic solutions. It
should be pointed out that both information
technologies and high-throughput genomic
technologies are rapidly developing areas. Thus,
rather than being a comprehensive overview of
the current IT solutions, this review represents a
guide for better communicating and under-
standing the IT infrastructure needs for a phar-
macogenomic laboratory.

The amount of data generated by modern
molecular biology is precedented only by high-
energy physics, climate modeling, geophysics
and astronomy [34]. The efforts associated with
adequately planned and properly structured
resources for a professional bioinformatic prac-
tice are not always fully appreciated. As of June
2002, 90 GB of disk space is required solely for
the uncompressed GenBank files and the volume
doubles every 14–18 months [5,29]. The volume
of a small selection of public databases that the
authors are using in their laboratory [101] includ-
ing their index files and different formats is 250
GB. Although a number of public and private
websites offer access to the databases, it is argued
that a local installation and maintenance of the
most important databanks including GenBank
[5], SWISSPROT [6] and PDB [7] is required in
order to enable: 

• integration with the clinical data
• integration of functional genomic data gener-

ated in the local institution
• complex queries across the various databases

Local installation and maintenance is necessary
for the three reasons: 

• First, public websites have certain limitations
regarding the size of the files that can be
down- or uploaded and usually do not allow
processing of hundreds or thousands of jobs in
a batch mode. 

• Second, integration of proprietary local and
public remote databases is not easily possible.

• Third, optimization of certain computational
processes that are relevant to the problem of
interest can only be achieved if access at the
level of system administrator is guaranteed.

Over and above local installation and mainte-
nance of public databases, a number of standard

sequence analysis algorithms (e.g., BLAST [8],
FASTA [9], HMM [10]) and specific bioinfor-
matic tools (e.g., analytical pipeline for gene
expression profiling or mass spectrometry data
analyzes) also have to be set up on-site and
administered. Clearly, setting up a pharmacoge-
nomic data management system that integrates
public and proprietary databases, clinical data
sets and data mining tools requires a high-per-
formance computing environment including: 

• parallel processing systems
• storage technologies
• network technologies
• databases and database management systems

(DBMS) 
• application services

In the following paragraphs the necessary com-
ponents for storage, management and analyses of
high-throughput data generated in genomic
studies are highlighted.

Parallel processing systems
The analysis of the enormous amounts of data
requires parallel architectures [23] and methods
[20] to solve the computational problems of
genomic applications in a reasonable time. Three
different architectures are distinguished to
implement parallel processing on current com-
puter platforms:

• shared memory systems
• distributed memory systems
• combination of both systems

The main characteristic of shared memory sys-
tems is a central memory (e.g., 16–32 GB) that
is accessed directly through a fast bus system
from multiple processors (Figure 1). Therefore,
significant parts of the data (e.g., databases) can
be loaded into that global memory at once, and
all processors connected to this memory can
solve the numerical problems sharing the same
database at the same time. The communication
between the processors is performed using the
shared memory pool with efficient synchroniza-
tion mechanisms. This kind of systems is limited
by the number of processors that can be com-
bined (generally 4–16) and the bandwidth of the
memory bus used for interprocess communica-
tion. The high costs of such systems are limiting
factors for organizations with restricted financial
possibilities. If there is need for high computing
performance for an application, which can not
be distributed, these systems are the first choice.
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The second possibility to achieve parallel
computation with lower costs is the distributed
memory solution (Figure 2). In general, these sys-
tems consist of a cluster of serial computers, so-
called nodes, that solve dividable numerical
problems. These nodes normally run under open
source operating systems (e.g., Linux, FreeBSD)
that can be easily extended by special cluster
environments, like the BeoWulf-Project [102] or
MOSIX [103], running parallel applications with
communication libraries like PVM (Parallel Vir-
tual Machine) [58-60] or MPI (Message Passing
Interface) [61,82]. Every node contains:

• an off the shelf processor (32-bit or 64 bit)
• local memory in the order of 1–4 GB
• a local hard disk (for intermediate storage of

input data or results)

Data required for the computation, like interme-
diate results from other nodes, has to be
requested via a high-performance communica-
tion network. This is the characteristic property
of distributed memory systems and can also be
their bottleneck. If an algorithm needs to access
centrally stored data, the nodes of the distributed
memory system have to communicate perma-
nently via network-messages. This can result in
network congestion, decreasing the overall sys-
tem performance. As a direct consequence, dis-

tributed memory systems are ideal for atomic
numerical computational intensive problems
that have a low communication/calculation time
ratio. To increase the performance, this type of
architecture is simply extended by connecting
additional nodes to the computing network. An
additional improvement is to keep genomic
databases or at least parts of them locally stored
on the disk of every node with the disadvantage
of increased administrative effort.

A new approach of distributed parallel-com-
puting was recently developed: GRID-Comput-
ing [16], i.e., a network of IT-resources placed
over various locations, working together on
numerical problems via the Internet. For every
computational problem the appropriate comput-
ing facility in a worldwide resource pool can be
harnessed to contribute to its solution. Manage-
ment of work distribution and the combination
of multiple administrative computing domains
depending on their availability, capabilities, per-
formance and costs are topics of ongoing
research [33]. A computing GRID differs from
the earlier described cluster topology mainly by
the fact that there is no central resource manage-
ment system. In a GRID every node has its own
resource management system and its own distri-
bution policy. Conventional cluster systems can
be nodes of the computing GRID but are not

Figure 1. Shared memory architecture.

A shared memory  architecture consists of several microprocessors (CPUs) processing data that is stored in a 
large randomly accessed memory pool.
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GRIDs per se. Currently ongoing projects like
‘The Virtual Lab’ [35], ‘Virtual screening project’
[36], ‘Folding@Home’ [37]  and ‘BioGrid’ [104] try
to use globally available computing power by
using different GRID software like Globus, Cac-
tus, GridBus etc. [33].

All systems mentioned represent multiple
instruction multiple data (MIMD) devices. These
systems run multiple instructions on different
processors working with multiple data. A differ-
ent approach represents single instruction multi-
ple data (SIMD) systems. A typical SIMD
machine consists of 100–1000 simple processors
with small local memory calculating at the same
cycle of the processor, the same instruction on dif-
ferent data [14,18]. In this way algorithms are hard-
ware-implemented on processors and data can be
processed in parallel [38]. Such a SIMD system has
the drawback that it is dedicated only for special
purposes (e.g., calculation of Smith-Watherman
algorithm) and cannot be used for other calcula-
tions. 

On MIMD parallel hardware every serial pro-
gram can be run sequentially. However, in order
to use the parallel features of the computing facil-
ity, the software has to meet parallel demands too.
A numerical problem that has to be solved in par-
allel must be divided into subproblems that can
be subsequently delegated to different processors.
This partitioning procedure can be done either
with so-called ‘domain decomposition’ or ‘func-
tional decomposition’ (Figure 3).

The term ‘domain decomposition’ describes the
approach to partition the input data and  process
the same calculation on each available processor.
Most of the parallel-implemented algorithms are
based on this approach dividing the genomic
databases into pieces and calculating the sequence
alignment of a sequence on a subpart. The second
and simplest way to implement the domain
decomposition on a cluster system is to take
sequentially programmed applications and run
them on different nodes with different parameters
for example, run the well known BLAST with dif-
ferent sequences against one database by giving
every node another sequence. This form of appli-
cation parallelization is called swarming and does
not need any adaptation of existing programs. In
this context it is very useful to have a survey pro-
gram that manages the job distribution automati-
cally (see the swarming applications).

On the other hand ‘functional decomposition’
is based on the decomposition of the computa-
tion process. This can be done by discovering
disjoint functional units in a program or algo-
rithm and sending these subtasks on to different
processors. Interactions between the processing
units and exchange of intermediate values have
to be implemented with interprocess communi-
cation either via a network or global shared
memory pool. Finally in some parallel imple-
mentations combinations of both techniques are
frequently used, so that ‘functional-decomposed
units’ are calculating ‘domain-parallelized’ sub-

Figure 2. Distributed memory architecture.

In a distributed memory architecture the various computing devices (e.g. PCs) have their own local memory, and perform calculations on 
distributed problems. Input data and results are exchanged via an inter-process communication network.
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tasks. An overview of the widely used parallel
applications in bioinformatics concludes the sec-
tion about parallel processing.

FASTA
FASTA [9] is one of the frequently used sequence
homology search tools based either on heuristic
search protocol (fasta, fastx, etc.) or Smith-
Waterman local alignment algorithm (SSearch).
The standard FASTA distribution contains a
parallel implementation of both alignment algo-
rithms, which supports the communication
libraries MPI and PVM. It is sufficient to com-
pile the alignment programs with parallel sup-
port and run them in the prepared parallel MPI
or PVM environment. It is noteworthy that only
the master process must have direct access to the
database sources and the nodes get the data from
this controling process. This reduces the network
file system (NFS) load on the fileserver, which
holds the databases but can congest the commu-
nication network [105].

ClustalW
This multiple sequence alignment tool [21,106]

has a parallel implementation supported only
on SGI platforms [106]. Current development
targets into the direction of parallel implemen-

tation for all platforms. A new dynamic-pro-
gramming-improved and multithreaded
implementation of ClustalW is already availa-
ble for several platforms [107] and an MPI-ver-
sion should follow soon.

HMMER
HMMER is an implementation of profile ‘Hid-
den Markov Models’ (HMM) methods for sensi-
tive database searches using multiple sequence
alignments as queries [108]. This application is
programmed with multithreading support and
can also be run on PVM-Cluster compounds.

BLAST
BLAST is the most famous algorithm for
sequence alignment [8,19], it has two main imple-
mentations, one developed at the National
Center for Biotechnology Information (NCBI)
[109] and  the other at Washington University,
USA [110]. Both of them have an option for mul-
tithreading support and the NCBI-version is
used by several commercial solutions to build
distributed systems and cluster enabled turnkey
solutions. Gene or protein databases and query
sequences are split into pieces and ‘blasted’ on
distributed nodes. After the calculations are fin-
ished the results are collected and combined into

Figure 3. Data and functional composition.

a. Data decomposition is a computational paradigm where data to process is distributed and processed on different nodes. b. Functional 
decomposition divides the computational problem in functional units, which are distributed onto different working nodes processing the 
same data.
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one result similar to the one that is calculated by
one single BLAST on the whole database. Some
MPI and PVM solutions for BLAST were in
development while this article was in prepara-
tion, but there was no public release available.
Known parallel approaches (BeoBLAST [15],
TurboBLAST [39]) implement parallel BLAST by
swarming single BLAST jobs through different
job-queuing systems on distributed memory sys-
tems. SGI has augmented BLAST in the form of
HT-BLAST [40] targeting an increased through-
put of BLAST alignment by adapting the stand-
ard implementation from NCBI to their shared
memory environment. Different instances of
BLAST get 10–25 input sequences from a distri-
bution system and align sequences against
shared, memory mapped databases within differ-
ent threads. In this way a continuous stream of
sequences can be BLAST-aligned without the
penalty of the setup delay during the start of a
BLAST process.

Swarming
The simplest way of processing the vast amount
of input-files on a cluster consists in swarming
the atomic serial- or multithreaded-programmed
applications onto the cluster. The following
applications can be used.

Ppmake
Ppmake is a PVM enabled parallel make clone,
that spreads makefile execution over a PVM
cluster. It does not require any changes to normal
makefiles or the make executable but it must
have access to all source files and executables
from every node [111].

Multiblast
Multiblast is used for the efficient processing of a
large number of query sequences against a
BLAST database. It consists of a collection of
scripts that split the input sequences into directo-
ries. An MPI-control program assigns to every
working node a directory and surveys the execu-
tion of BLAST for all entries in the directory [112].

MPI-swarm
This MPI swarm program, like multiblast, takes
all files from an input directory. The job dis-
patcher acquires working nodes via MPI and tells
the node which program to invoke, together
with the input file and destination for the out-
put. After the worker finishes one job it gets a
new input file from the master process until all
files from the input directory are processed [113].

These algorithms produce, especially for large-
scale approaches on big databases, megabytes of
output that is manually not manageable. There-
fore, preprocessing of the sequences to reduce
redundant information and postprocessing of
the results is inevitable and will be the challenge
in the future. Benchmarks on some of the above
can be found elsewhere [41-43].

Storage technologies
Within the last few years there has been a dra-
matic growth in storage data. Industry experts
estimate that the amount of data stored is
increasing at a rate of 70–80% every year [31].
With development of IT and the use of comput-
ers in every segment of life, science, government
and corporate world generate terabytes of user
data. This is the reason why in the last few years
new storage architectures have been emerging on
the market. Currently, the following solutions
are in use:

• Directly attached storage (DAS)
• Network attached storage (NAS)
• Storage area networks (SAN)
• Internet SCSI (iSCSI)

Directly attached storage
This is historically the first and very basic method
for attaching storage to a computer system. Such
storage can be seen today in every PC, like hard
disk, floppy disk or CD-ROM attached with
short internal cables with the main host. In the
mainframe arena storage devices, hard disk drives
or tape drives are separate boxes connected with
cables to the host. From a functional perspective
this is the same configuration as for a PC.

Network attached storage
Storage systems, which optimize the concept of
file sharing across the network, are known as
NAS. NAS is defined by the Storage Networking
Industry Association (SNIA) [121] as storage ele-
ments that connect to a network providing file
access services to computer systems. NAS devices
are connected directly to the existing local area
networks (LAN) using standard TCP/IP proto-
cols. Therefore, the storage is not restricted to
attach to a specific server and any-to-any con-
nectivity is provided. NAS devices exploit the
existing LAN topology and any user running any
operating system can access them. To provide all
these services NAS has a built in intelligent con-
troller, which is actually a small server with a
striped operating system running on it (for
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example Linux or Windows). Storage is directly
connected to this server, usually with a SCSI
connection and at present time, Fibre Channel
connections are becoming more popular. The
advantages and disadvantages of NAS are out-
lined in Table 1.

Storage area networks
A SAN is a specialized, dedicated high-speed
network (Figure 4). A SAN is defined by SNIA as
a network whose primary purpose is the transfer
of data between and among computer systems
and storage elements. Like a LAN, a SAN allows
any-to-any connections across the network,
using interconnect-elements, such as routers,
gateways, hubs and switches. Fibre Channel is
the de facto SAN networking architecture,
although other network standards could be used.
The advantages and disadvantages of SAN are
outlined in Table 2. Communication inside SAN
happens between these elements:

• Server–storage: communication as in direct
access storage configuration, the only differ-
ence is the distance that can bridged by the
connection.

• Server–server: providing high-speed commu-
nication between servers.

• Storage–storage: very convenient for server-
less backup and storage mirroring.

Internet SCSI 
iSCSI is a new technology, which has been pro-
posed as an industry standard by IBM and Cisco
to the Internet Engineering Task Force (IETF).
The idea behind iSCSI is the encapsulation SCSI
commands in TCP/IP packets and sending them
through standard IP based networks (Gigabit
Ethernet, FDDI or ATM – see more on this in
the network technologies section). With this
approach iSCSI storage elements can exist any-
where on the LAN and any server with an iSCSI
host adapter can access them.

Which storage network?
Each of the storage network solutions is opti-
mized for a differing but sometimes overlapping
environment:

• DAS is optimized for single, isolated proces-
sors, delivering good performance at a low ini-
tial cost.

• SAN is a robust storage infrastructure, opti-
mized for high performance and enterprise-
wide scalability.

• Integrated NAS appliances are discrete pooled

Table 1. Advantages and disadvantages of NAS.

Advantages Disadvantages

As one box solution, NAS is easy to configure and 
install. It is plugged in the existing LAN and configured 
with IP address from the subnet.

Because of high-level access to NAS devices, there is software overhead 
impact on the performance. TCP/IP as a protocol is designed to bring data 
integrity in Ethernet networks, which consumes processing power.

Exploits existing IP network infrastructure. Since it is 
connected to the existing LAN infrastructure there are 
minimal costs of implementation and staff with existing 
skills can carry out the installation and configuration.

LAN networks, especially Ethernet, are tuned for short burst 
transmissions and not large continuous data transmissions. For NAS 
devices in the LAN sufficient spare bandwidth should exists.

NAS devices can be easily upgraded in capacity and 
performance within the appliance’s configuration limits.

Backup and restore can generate increased traffic in the network and 
thus, implicate significant performance downsides on user applications.

Storage decision is separated from server decision, thus 
providing users with more choices for their needs.

Because of its file I/O access NAS devices are not usually suitable and 
often not supported for large database models that rely on block level 
access.

NAS backup is common support for major software 
backup programs.

NAS devices support multiple client file systems. Many 
organizations have diverse and mixed platform 
environments and with NAS it is not necessary to obtain 
server for each environment. Heterogeneous file 
sharing is enabled with translation between NFS and 
CIFS.

Because of its LAN connection, NAS can provide any-to-
any connectivity.

I/O: Input/output; IP: Internet protocol; LAN: Local area networks; NAS: Network attached storage; TCP: Transmission control protocol.
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disk storage subsystems, optimized for ease-
of-management and file sharing, using lower-
cost IP-based networks.

• iSCSI is very new technology and not many
products are present on the market, but it
may play a bigger role in the future.

Networking technologies
Modern organizations depend on their LANs
to provide connectivity for a growing number
of complex, mission-critical desktop comput-
ing applications (Figure 4). However, as the
volume of network traffic increases, the band-
width offered by a typical 10 Mbps Ethernet
LAN quickly becomes inadequate to maintain

an acceptable performance. Currently, two
network technologies can accommodate the
need for high-throughput and high-band-
width in a LAN:

• Gigabit Ethernet
• ATM

Fiber distributed data interface (FDDI) as the
first high-throughput LAN technology, will not
be discussed in this review, since it has lost its
market share significantly in the past several
years.

Figure 4. Management system infrastructure using SAN. 

The SAN requires dedicated networking architecture, usually a Fibre Channel network, and allows any–any connections across the 
network, using routers, hubs and switches.
SAN: Storage area network.
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Gigabit Ethernet
Behind Gigabit Ethernet is one of the most used
and proven technologies for LAN – Ethernet.
According to Interntional Data Corporation
(IDC) [123] by the end of 1997 >85% of all
installed connections were Ethernet. The
remaining network connections are a combina-
tion of Token Ring, FDDI, ATM and other pro-
tocols. Gigabit Ethernet is an evolution in LAN
technologies, continuing the development of
Ethernet, beginning with 10Base-T and Fast
Ethernet. It employs the same Carrier Sense
Multiple Access with Collision Detection
(CSMA/CD) protocol, same frame format and
same frame size as its predecessors. This means
easy and low cost upgrade path to Gigabit Ether-
net, while keeping the existing networking
equipment. Gigabit Ethernet supports new full
duplex operating modes for switch–switch and
switch–end–station connections. By itself, Giga-
bit Ethernet does not provide quality of service
(QoS), as Ethernet in general defines only data
link Layer 2 of the OSI protocol model. Since
QoS is becoming an important issue in LAN
environment RSVP (resource reservation proto-
col) has been defined as a new standard by the
Internet Engineering Task Force (IETF) [120].

Asynchronous transfer mode
Asynchronous transfer mode (ATM) is a replace-
ment of the previous, inefficient synchronous
transfer mode (STM). ATM is based on switch-
ing of fixed sized cells, in contrast to the variable
length frame used by Ethernet, Token Ring and
FDDI. The switching of ATM cells can be done
in hardware instead of software resulting in a

much higher transmission speed. Since individ-
ual cells can be positioned anywhere within the
datastream they have to be reassembled at the
receiving station. ATM currently works with
speeds between 155 Mbps– 2.5 Gbps. ATM is
very flexible and allows transmission of various
media types such as voice, video, data files etc. As
each of the media types requires different net-
work settings, ATM provides individual QoS
settings at the connection stage. ATM allows
dedicated circuits with guaranteed bandwidths
and differing requirements to be set up simulta-
neously. This is achieved by dividing the net-
work traffic into low and high priority traffic.
During network or switching congestion low
priority traffic is discarded in favor of high prior-
ity traffic.

A key advantage of ATM is that it can carry
traffic of different types, like voice, video, data
etc. Traffic management in ATM supports this
by appropriately providing QoS for different
types of traffic resulting in an efficient band-
width utilization of the network [114].

Gigabit Ethernet versus ATM
Gigabit Ethernet is the network of choice for
easy installation and configuration. It is identical
with it predecessors using same frame format, so
training for users and skilled administrators to
establish the new network is not necessary. Giga-
bit Ethernet equipment fits easily and coexists
with the current fast Ethernet or Ethernet
switches, hubs and routers. In contrast, ATM is
more costly, more complex and needs educated
network administrators to install and manage it.
Currently, > 80% of existing LANs are Ethernet

Table 2. Advantages and disadvantages of SAN.

Advantages Disadvantages

Single storage solution for all companies' data with access from 
multiple servers.

Expensive solution, since a new dedicated network has to be 
built from scratch.

Nondisruptive scalability, easy storage upgrade with no 
downtime independent of servers.

Lack of standards in comparison with Ethernet, which is long 
and proofed technology.

High performance through the use of SCSI-3 protocol and 
current speeds of up to 80 MBps. With new 2 Gbps Fibre 
Channel hardware emerging on the market even higher transfer 
rates are possible.

Special knowledge and skills are needed for implementing, 
configuring and maintaining SAN.

Tape devices in SANs can be used by any device connected to 
the SAN.

SAN enables for server clustering as single storage accessible 
from all connected cluster nodes.

Possibility for disaster tolerance and site mirroring.

SAN: Storage area network.



REVIEW

660 Pharmacogenomics (2002)  3(5)

based, meaning that by most installations when
ATM is chosen, upgrade should be performed.
ATM cards are more expensive then Gigabit
cards as well as other networking equipment and
it is not compatible with the existing Ethernet or
fast Ethernet topology. However, if audio and
video streaming in the network is used, ATM is
the technology of choice. ATM has built in sup-
port for defining reserved and guaranteed band-
width and there are many mechanisms inside the
protocol that can increase efficient bandwidth
utilization. Another of ATMs strong points is its
scalability: it can be used either as wide area net-
work (WAN) or LAN solution or both. This
means seamless integration of ATM LAN net-
works into future WAN configuration.

In conclusion, Gigabit Ethernet is the easiest
and most affordable network upgrade, whereas
when more sophisticated, controlled and dedi-
cated network traffic is needed, ATM is the bet-
ter choice.

Databases and database management 
systems
Genomic data has to be stored in and needs to be
easily retrieved from appropriate databases,
which are either publicly available and/or propri-
etary. The major problem is the integration of
the heterogeneous data sources, whose number is
steadily increasing [30]. Flat files (GenBank,
SWISSPROT, EBML-Bank [29]) with widely var-
ying formats and relational databases based on
disparate relational models and/or different
object semantics (e.g., PDB, ArrayExpress
[27,115]) need to be integrated. Several efforts are
underway to standardize either relational models
and/or objects semantics. In the area of microar-
ray databases [27,28], the MGED (Microarray
Gene Expression Data) Society [115] proposes
with MAGE an object model [22] and with
MIAMI [24] minimum information required to
unambiguously interpret and verify microarray
experiments. The Gene Ontology Consortium
[117] tries to provide a structured and standard-
ized vocabulary to describe gene products in any
organism [25,26]. Recently, an object model for
the data stored in PDB has been finalized [52].

There are two main approaches for data storage
in a genomic information management system,
one using a data warehouse with data marts and
the other uses a federated database system (FDS).

Data warehouse
A data warehouse is a copy of transaction data
specifically structured for querying and reporting

[11]. It acts as a centralized repository for all
information related to the management system.
Data has to be imported from various sources to
the data warehouse at regular intervals to keep
information up-to-date. Applications query the
data warehouse and present the results to the
user. A data warehouse is accompanied by
smaller ‘data marts’, which contain information
related to special task. Data marts duplicate
information already present in the data ware-
house, which are structured in a different way to
support faster responses for specialized queries
than the data warehouse itself. There are several
limitations to the data warehouse approach:

• The timeliness of the information depends on
the interval the external sources are imported
to the data warehouse. Changes to the data
sources are reflected only after a successful
data import.

• Data imports can be time consuming since
the data has to be indexed heavily to allow fast
responses to queries.

• Information is replicated and stored multiple
times in different locations, resulting in higher
storage requirements and operating costs.

• Searches already present for data sources have
to be reimplemented in the data warehouse.

Federated database system
In a FDS ‘external’ data sources are not imported
to a centralized information repository but
accessed directly through a federated database
server. No replication of data is necessary; the
integration of data sources can either be com-
plete (all data can be accessed) or partial (only
information needed is available through the
server). The basic components of a FDS [12] are:

• a common data model that should be flexible
enough to represent different kinds of infor-
mation from different sources and cope with
missing or wrong information 

• a common language that could be used to sub-
mit queries to the integrated system

Shortcomings of a FDS are that queries spanning
different data sources can be slow and the feder-
ated database server is quite complex. In spite of
these shortcomings, a FDS is the architecture of
choice for a genomic information management
system, since it avoids data duplication and over-
heads of a relational DBMS in the case of flat
files. The sequence retrieval system (SRS) [53,54]

initially developed at EMBL and EBI uses this
approach in a modified form by heavily indexing
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the genomic flat file databases. This leads to
retrieval times, which are 10–100 times faster [55]

compared to the retrieval of the same data using
an RDBMS. SRS is installed at academic institu-
tions and utilized in commercial companies [56].

Application services
Some of the less complex tasks in pharmacoge-
nomics (e.g., microarray image analysis or gene
expression clustering with < 10,000 genes), can
be performed directly on a user workstation. The
applications are installed locally on the client and
required databases are accessed directly through
the different database servers. As soon as the
tasks become more complex and time consum-
ing or the number of users increases substan-
tially, this approach (often called the ‘fat client’
approach) has serious drawbacks:

• Workstation power has to be increased to
achieve reasonable response times for complex
tasks.

• The throughput of each of the different data-
base servers has to be increased either by load
balancing and/or clustering.

• Applications and database clients have to be
deployed and kept up-to-date locally on each
workstation.

• Parallelization of applications is not easily pos-
sible.

Most of these drawbacks can be avoided by mov-
ing from this two-tier client-server architecture
to a three-tier system with an application
server(s) as its central component (Figure 5). The
application server is the ‘middleware’ between
the clients and the backend database servers. It
provides all the necessary business logic to per-
form the tasks required at a central location. Cli-
ents interface the application server either
through a Web browser or a thin client applica-
tion basically providing the user interface. This
client application can access services either using
an application programming interface (API) or a
standardized interface like CORBA. Confining
the business logic of the information system in
the application server leads to several advantages:

• Complex queries over several databases can be
optimized.

• Access to database servers can be rescheduled
depending on the priority of a task.

• It is possible to split tasks and distribute them
on a computing cluster.

• Maintenance is much easier and upgrades to
business logic have to be deployed on the
application server only.

Application server architecture provides inherent
scalability to support an increasing number of
users and more demanding tasks, by clustering
the application servers and distribution of the
server load through load balancers. Load balanc-
ing can be performed by front-end servers,
which distribute the client requests to the availa-
ble application servers in the cluster.

Web Services
A logical extension of the application services
over the Internet are web services [44,17]. While
access to application services is in general limited
to clients on the LAN, web services can be uti-
lized from anywhere on the Internet. A web serv-
ice is a ‘self-contained, modular applications that
can be described, published, located and invoked
over a network, generally, the Worldwide Web'
[45]. They are based the following standards:

• Extensible markup language (XML) [46] as the
formatting language for the data.

• Simple object access protocol (SOAP) [47] as
the protocol between the client using the serv-
ice and the server providing the service.

• Universal description, discovery and integra-
tion (UDDI) [48,49] the ‘yellow pages’ for web
services.

• Web services description language (WSDL)
[50] providing descriptions of the Web services,
their location and specification on how to
invoke them.

The main limitation of web services is the net-
work speed, especially when the transfer of a
large amount of data with a request or response
is necessary, which is quite common for genomic
applications. An additional limitation is the use
of SOAP as the protocol, since it is based on
XML and HTTP, which degrades performance
compared to other protocols like CORBA [51].
As soon as the average network speed over the
Internet increases, applications can take advan-
tage of the well-defined functionality web serv-
ices can provide.

Finally, the distributed annotation system
(DAS) [13], which allows decentralized sequence
annotation, can be seen as an example for web
services in the genomics field. The DAS viewer
retrieves annotations from various annotation
servers and displays them together with the
sequence map from the reference sequence
server. While based at the moment on a proprie-
tary protocol utilizing HTTP and XML, future
versions are likely to use SOAP as the underlying
protocol.
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Expert opinion
A pharmacogenomic data management system
has to combine public and proprietary genomic
databases, clinical data sets and results from
high-throughput screening technologies. Data
mining tools have to be provided, which require
high-performance computing environment. As
far as networking infrastructure and storage solu-
tions are concerned, the requirements are satis-
fied by existing or emerging technologies like
Gigabit Ethernet or SAN and NAS solutions
from various vendors. Shipped storage capacity
increases by 70–80% per year [31], data density
on hard disks doubles every year [32] and network
speed increases by an order of magnitude every
5 years. In the authors’ opinion, the IT chal-
lenges in designing and implementing a pharma-
cogenomic information management system are
faced on the software side. Database integration
and access has to be optimized and new algo-
rithms for improved search capabilities have to
be designed and implemented. Existing algo-
rithms have to be parallelized to take advantage
of high performance computing clusters.
Although a variety of promising approaches exist

already, they have to be combined to fulfill the
demands made on a data management system.

An even bigger challenge represents the inte-
gration of key patient and genomic data. IT sys-
tems for storing, managing and analyzing clinical
data are heterogeneous to a great extent, even
within a single clinical setting. For example, due
to the high degree of automation, blood chemis-
try data is readily available in a digital form
whereas digitally available imaging data coming
from NMR or CT sources is difficult to handle.
Over and above, regionally varying regulatory,
administrative and financial requirements make
it difficult to implement a single standardized
system. Thus, it will be necessary to design, test,
implement and manage customized pharmacog-
enomic IT infrastructure for a certain location
and/or a certain disease.

The efforts and costs associated with the
design, implementation and maintenance of an
IT infrastructure for pharmacogenomic applica-
tions is not adequately appreciated. In general,
the following rough rule can be applied: setting
up an IT infrastructure is equivalent to setting
up a genomic laboratory, i.e., the costs for hard-
ware and housing (including appropriate air con-

Figure 5. Load balanced genomic information management system utilizing a cluster of application servers.

In the case of thin clients the bulk of the data processing occurs on the server whereas fat client is a client that performs the bulk of the 
data processing operations. The data itself is stored on the server.



www.pharmaco-genomics.co.uk 663

REVIEW

ditioning, power supply and uninterrupted
power supply) are similar to the costs of the cor-
responding data generators using high-through-
put technologies (microarray and proteomic
facilities). The cost for software and database
licenses are equivalent to the material costs, i.e.,
microarray slides and reagents. However, assum-
ing that Moore’s law (the number of elements in
an integrated circuit doubles every 18 months)
directly influences the half-life time of the hard-
ware (18 months), IT investments pose a signifi-
cant challenge for the private sector and funding
agencies.

Outlook
Current estimates suggest that the proteome will
require Petabytes (1000 Tbytes) of storage space
and that a system for personalized medicine will
be in the range of Exabytes (1,000,000 TBytes)
[57]. Currently, small genomic laboratories work
with several Terabytes and only a few large labo-

ratories can handle hundreds of Terabytes of
data. Since technology is the driving force for
modern molecular biosciences, it is believed that
personalized medicine, i.e., the development and
use of patient-tailored therapy, will soon be a
reality. Assuming that storage capacity continues
to double every year, in 10 years working with
Petabytes will be standard procedure in many
institutions and some will even hit the Exabyte
range.

It is evident that high-throughput genomic
technologies rely on high-performance comput-
ing infrastructure. An increasing use of high-end
computational infrastructure in a clinical setting
will be seen. Integration of patient archiving sys-
tems for imaging data (PACS), genomic and
pharmacogenomic databases, as well as other
laboratory and patient-relevant data will require
novel solutions. Integration of patient databases
will represent significant challenges for designers
and administrators of pharmacogenomic infor-
mation management systems. The lack of inter-
national standards in CIS, patient care and
management and different accounting systems
will require the development and installation of
country-specific (or even regional-specific) sys-
tems. Security issues arising from the sensitivity
of certain types of information need to be
addressed and solved in a proper manner. All
these problems can be solved with current and
emerging hardware and software technology.
However, the design and testing of complex
pharmacogenomic systems will be laborious and
the long-term commitment of the decision-mak-
ers will be necessary to fully exploit the promises
of the postgenomic era.
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Highlights

• High-throughput genomic technologies require high-performance 
computing environment and appropriate information management 
systems to store, manage, and analyze the generated data.

• A pharmacogenomic information management system includes: parallel 
processing systems, storage technologies, network technologies, 
databases and database management systems, and application services.

• An information management system in pharmacogenomics has to 
combine public genomic databases with propriatary databases containing 
patient related data.

• The main challenges in the integration are faced on the software side of 
the integration, since the requirements on the storage and networking 
side are satisfied by existing and emerging technologies.

• Standardization efforts on the object model of genomic databases will 
ease the integration of these databases

• Due to the varying data sources and requirements as well as lack of 
standards, it will be necessary to develop customized pharmacogenomic IT 
infrastructure for a certain location and/or a certain disease.

• Design and testing of information management systems for 
pharmacogenomics and laborious and long-term commitment is 
necessary to fully exploit the promises of the postgenomic era.
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Explanation of terms

Term used Explanation

10Base-T One of several adaptations of the Ethernet (IEEE 802.3) standard for LANs. The 10Base-T standard (also called Twisted-Pair 
Ethernet) uses a twisted-pair cable with maximum lengths of 100 meters.

Application server Also called an appserver: a program that handles all application operations between users and an organization’s backend 
business applications or databases. Application servers are typically used for complex transaction-based applications. To 
support high-end needs, an application server has to have built-in redundancy, monitors for high-availability, high-
performance distributed application services and support for complex database access.

Bandwidth The amount of data that can be transmitted in a fixed amount of time. For digital devices, the bandwidth is usually expressed 
in bits per second (bps) or bytes per second. For analog devices, the bandwidth is expressed in cycles per second or Hz. The 
bandwidth is particularly important for I/O devices. For example, a fast disk drive can be hampered by a bus with a low 
bandwidth.

Bus A collection of wires through which data are transmitted from one part of a computer to another. When used in reference to 
personal computers, the term bus usually refers to internal bus. This is a bus that connects all the internal computer 
components to the CPU and main memory.

CIFS A network file system access protocol originally designed and implemented by the Microsoft Corp. under the name Server 
Message Block protocol and primarily used by Windows clients to communicate file access requests to Windows servers. 
Today, other implementations of the CIFS protocol allow other clients and servers to use it for intercommunication and 
interoperation with Microsoft operating systems.

Clustering Connecting two or more computers together in such a way that they behave like a single computer. Clustering is used for 
parallel processing, load balancing and fault tolerance. Clustering is a popular strategy for implementing parallel processing 
applications because it enables companies to leverage the investment already made in PCs and workstations. In addition, it is 
relatively easy to add new CPUs simply by adding a new PC to the network.

CSMA/CD A physical layer data transmission protocol used in Ethernet and fast Ethernet networks. Carrier sense refers to arbitration for 
a shared link. Unlike ‘always on’ physical protocols, carrier sense protocols require a node wishing to transmit to wait for the 
absence of carrier (indicating that another node is transmitting) on the link. Multiple access refers to the party line nature of 
the link. A large number of nodes (up to 500 in the case of Ethernet) share access to a single link. Collision detection refers to 
the possibility that two nodes will simultaneously sense absence of carrier and begin to transmit, interfering with each other. 
Nodes are required to detect this interference and cease transmitting. In the case of Ethernet, each node detecting a collision 
is required to wait for a random interval before attempting to transmit again [118].

Database A collection of information organized in such a way that a computer program can quickly select desired pieces of data 
(electronic filing system).

Data mart A database or collection of databases. Whereas a data warehouse combines databases across an entire enterprise, data marts 
are usually smaller and focus on a particular subject or department. Some data marts, dependent data marts, are subsets of 
larger data warehouses.

Data mining A buzzword for a class of database applications that look for hidden patterns in a group of data. The term is commonly 
misused to describe software that presents data in new ways. True data mining software does not just change the 
presentation but discovers previously unknown relationships among the data.

Data warehouse A collection of data designed to support management decision making. Data warehouses contain a wide variety of data that 
present a coherent picture of business conditions at a single point in time. The term data warehousing generally refers to 
combine many different databases across an entire enterprise.

Ethernet A LAN architecture developed by the Xerox Corp. in cooperation with DEC and Intel in 1976. Ethernet uses a bus or star 
topology and supports data transfer rates of 10 Mbps. The Ethernet specification served as the basis for the IEEE 802.3 [119] 
standard, which specifies the physical and lower software layers. Ethernet uses the CSMA/CD access method to handle 
simultaneous demands. It is one of the most widely implemented LAN standards.

Fat client In client/server architecture, a client that performs the bulk of the data processing operations. The data itself is stored on the 
server.

Fibre Channel A set of standards for a serial I/O bus capable of transferring data between two ports at up to 100 MBytes/second, with 
standards proposals to go to higher speeds. Fibre Channel supports point to point, arbitrated loop and switched topologies. 
Fibre Channel was completely developed through industry cooperation, unlike SCSI, which was developed by a vendor and 
submitted for standardization after the fact [119].

Flat file database A relatively simple database system in which each database is contained in a single file.

Hub A communications infrastructure device to which nodes on a multi-point bus or loop are physically connected. Hubs are 
commonly used in Ethernet and Fibre Channel networks to improve the manageability of physical cables. Hubs maintain the 
logical loop topology of the network of which they are a part, while creating a ‘hub and spoke’ physical star layout. Unlike 
switches, hubs do not aggregate bandwidth. Hubs typically support the addition or removal of nodes from the bus while it is 
operating.

I/O The term I/O is used to describe any program, operation or device that transfers data to or from a computer and to or from a 
peripheral device. Every transfer is an output from one device and an input into another. Devices, such as keyboards and 
mouse are input-only devices while devices, such as printers are output-only. A writable CD-ROM is both an  I/O device.
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IP IP specifies the format of packets, also called datagrams and the addressing scheme. Most networks combine IP with a higher-
level protocol called TCP), which establishes a virtual connection between a destination and a source. IP by itself is something 
like the postal system. It allows you to address a package and drop it in the system but there is no direct link between the 
sender and the recipient. TCP/IP, on the other hand, establishes a connection between two hosts so that they can send 
messages back and forth for a period of time.

Latency The amount of time it takes a packet to travel from source to destination. Together, latency and bandwidth define the speed 
and capacity of a network.

Memory Internal storage areas in the computer. The term memory identifies data storage that comes in the form of chips and the word 
storage is used for memory that exists on tapes or disks. Moreover, the term memory is usually used as shorthand for physical 
memory, which refers to the actual chips capable of holding data. Some computers also use virtual memory, which expands 
physical memory onto a hard disk. Every computer comes with a certain amount of physical memory, usually referred to as 
main memory or RAM.

Network A group of two or more computer systems linked together.

NFS A distributed file system and its associated network protocol originally developed by Sun Microsystem Computer Corporation 
and commonly implemented in UNIX systems, although most other computer systems have implemented NFS clients and/or 
servers. The IETF is responsible for the NFS standard [120].

Processor, 
microprocessor 
(CPU)

A silicon chip that contains a CPU. In the world of personal computers, the terms microprocessor and CPU are used 
interchangeably. At the heart of all personal computers and most workstations sits a microprocessor.

QoS A technique for managing computer system resources such as bandwidth by specifying user visible parameters such as 
message delivery time. Policy rules are used to describe the operation of network elements to make these guarantees. 
Relevant standards for QoS in the IETF are the RSVP and COPS protocols. RSVP allows for the reservation of bandwidth in 
advance, while COPS allows routers and switches to obtain policy rules from a server [120].

RDBMS A type of DBMS that stores data in the form of related tables. Relational databases are powerful because they require few 
assumptions about how data are related or how it will be extracted from the database. As a result, the same database can be 
viewed in many different ways. An important feature of relational systems is that a single database can be spread across 
several tables. This differs from flat-file databases, in which each database is self-contained in a single table.

Router A device that connects any number of LANs.

SCSI A collection of ANSI standards and proposed standards which define I/O buses primarily intended for connecting storage 
subsystems or devices to hosts through host bus adapters. Originally intended primarily for use with small (desktop and desk-
side workstation) computers, SCSI has been extended to serve most computing needs and is arguably the most widely 
implemented I/O bus in use today.

Server A computer or device on a network that manages network resources. For example, a file server is a computer and storage 
device dedicated to storing files. Any user on the network can store files on the server. A print server is a computer that 
manages one or more printers and a network server is a computer that manages network traffic. A database server is a 
computer system that processes database queries.

SNIA Storage Networking Industry Association [122].

Switch A network infrastructure component to which multiple nodes attach. Unlike hubs, switches typically have internal bandwidth 
that is a multiple of link bandwidth and the ability to rapidly switch node connections from one to another. A typical switch 
can accommodate several simultaneous full link bandwidth transmissions between different pairs of nodes.

TCP TCP is one of the main protocols in TCP/IP networks. Whereas the IP protocol deals only with packets, TCP enables two hosts 
to establish a connection and exchange streams of data. TCP guarantees delivery of data and also guarantees that packets will 
be delivered in the same order in which they were sent.

Thin client In client/server applications, a client designed to be especially small so that the bulk of the data processing occurs on the 
server.

Token ring A type of computer network in which all the computers are arranged (schematically) in a circle. A token, which is a special bit 
pattern, travels around the circle. To send a message, a computer catches the token, attaches a message to it and then lets it 
continue to travel around the network.

COPS: Common open policy service; DBMS: Database management system; Hz: Hertz; I/O: Input/output; IP: Internet protocol; LAN: Local area 
networks; NFS: Network file system; QoS: Quality of service; RDBMS: Relational database management system; RSVP: Resource reservation 
protocol; TCP: Transmission control protocol.

Explanation of terms
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ABSTRACT
Summary: ClusterControl is a web interface to simplify
distributing and monitoring bioinformatics applications on
Linux cluster systems. We have developed a modular concept
that enables integration of command line oriented program into
the application framework of ClusterControl.The systems facil-
itate integration of different applications accessed through one
interface and executed on a distributed cluster system. The
package is based on freely available technologies like Apache
as web server, PHP as server-side scripting language and
OpenPBS as queuing system and is available free of charge
for academic and non-profit institutions.
Availability: http://genome.tugraz.at/Software/ClusterControl
Contact: zlatko.trajanoski@tugraz.at

INTRODUCTION
With the introduction of high-throughput technologies,
e.g. sequencing and microarrays for expression profiling the
amount of data that has to be stored, managed and ana-
lyzed increased dramatically. Very soon, it became necessary
to implement computer-intensive bioinformatics applications
for analyzing the flood of data on multi-processor computing
systems. As most of these applications are not parallelized,
they have to be distributed and monitored using a queuing
system. Several web interfaces (Jenuth, 2000; Ferlanti et al.,
1999; Stoesser et al., 2003; Blanchet et al., 2000) and more
generalized approaches (Letondal, 2001) for universal gener-
ation of web interfaces based on textual xml descriptions have
been developed previously to enable delivery of calculations
on a computing server. However, since these web interfaces
were developed for execution on the same server on which the
web server is installed, they are not able to use efficiently the
power of computing cluster systems.

The first approach to combine distributed calculations using
a low-cost PC computing cluster and a web server has
been implemented by the BeoBLAST (Grant et al., 2001)

∗To whom correspondence should be addressed.

project. However, this system is limited to the BLAST
(Altschul et al., 1990) applications and there is currently no
freely available tool, which enables integration of other com-
mand line oriented programs like HMMer (Durbin et al.,
1998) or FASTA (Deshpande et al., 1995). Therefore, the
objective of this work was to develop a platform-independent
web interface for distributing and monitoring bioinformatics
applications on PC-based cluster systems.

PROGRAM OVERVIEW
The modular framework of this system enables integration
of every command line-driven tool (Fig. 1). By adding a
web-form (that includes all required parameters of the pro-
gram which should be integrated) and an additional PHP file
(that assembles the appropriate command line), the frame-
work can be extended by any user with moderate programming
skills. The delivery to the queuing system and collection of
the results are managed by the framework in the background.
Hereby, single process oriented applications are supported
as well as real parallel applications programmed with spe-
cial communication libraries like MessagePassingInterface
(MPICH). After obtaining the results, it is also possible
to run a post-processing tool to improve the visualization
of the result files. An example for an integrated applic-
ation of this framework is the existing NCBI-Blast mod-
ule that can be tested on http://genome.tugraz.at/Software/
ClusterControl/Demo. Currently, the list of supported applic-
ation modules contains NCBI-Blast, Fasta, WU-Blast and
HMMer. Customizations of existing modules can be easily
done by using simple but well-defined interface classes and
procedures. Unsupported applications can be added imme-
diately and can extend the functionality of ClusterControl
by following the short instructions on how to write new
modules.

For time-consuming applications, the user can log out from
the web interface and can login later to monitor the status
of the calculation. If the calculation is still running, an auto-
matically refreshing web page will show the current status

Bioinformatics 20(5) © Oxford University Press 2004; all rights reserved. 805
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Fig. 1. Schematic overview of ClusterControl. The user can submit jobs through the applications front-ends and monitor the current status
of the cluster. After submission, the job will be distributed through the backend PHP classes and the OpenPBS queuing system on the cluster.
The job also appears in the Results section and shows its current status. After calculation, a visual improvement of the results can be performed
and the final result will be shown in the Results section.

of this submitted job. Otherwise, the processed result will be
presented immediately to the user.

An additional feature of this web interface is the ability
to monitor all cluster nodes attached to this cluster sys-
tem. To provide the real-time status and functionality of
every calculation node, a lightweight program is installed on
every calculation node within the cluster. For the transfer of

this status information to the web interface a text protocol
was defined, which allows request for information, such as
system-, processor-, memory-load, etc.

For the management of the users two different systems are
supported: a Lightweight Data Application Protocol (LDAP)-
Server or an Unix-like password file that can be used as source
of user-accounts. Thus, local cluster user and virtual user
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stored in the password file can access the cluster system simul-
taneously without having direct access to the data, sequences,
etc. of each other.

The object-oriented application programming interface
(API) of ClusterControl can also be used in PHP scripts for
farming out program execution outside the web server con-
text. Similar to the Mollusc-API (Hokamp et al., 2003), which
is programmed in Perl and wraps up distributed program exe-
cution, the backend library of ClusterControl can be used to
submit calculation jobs from a PHP script run in a regular
Unix shell.

INSTALLATION
For local installation, ClusterControl requires a running
installation of the web server Apache (http://www.apache.org)
with PHP (Version 4) and LDAP support, that comes with
nearly every Linux distribution and a local installation of
the queuing system OpenPortableBatchSystem (PBS), which
can be downloaded from www.openpbs.org. If an LDAP-
Server is already available for user management of the cluster,
it can be easily integrated by modifying the configuration
file. To activate the monitoring mechanism of ClusterControl,
a status collecting server-process must be started on every
cluster node. With the adaptation of one well-documented
configuration file the installation process is completed. This
web application is freely available and can be downloaded
from http://genome.tugraz.at/Software/ClusterControl. It is
licensed under the Gnu General Public License (GPL;
http://www.gnu.org/licenses/gpl.html).

FUTURE DEVELOPMENT
Future development of ClusterControl will provide exten-
sions of the already existing application set, improvements
in integration of features of OpenPBS for job management
and extension to other queuing systems. Beside already sup-
ported MPI implementations, some parallel bioinformatics
applications are still using the parallelization software PVM.

Therefore, support for this platform is also in preparation.
Additional enhancements in the form of new modules by
the scientific user community are encouraged and will be
integrated in the open source distribution of ClusterControl.
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Abstract
Background: The GOLD.db (Genomics of Lipid-Associated Disorders Database) was developed
to address the need for integrating disparate information on the function and properties of genes
and their products that are particularly relevant to the biology, diagnosis management, treatment,
and prevention of lipid-associated disorders.

Description: The GOLD.db http://gold.tugraz.at provides a reference for pathways and
information about the relevant genes and proteins in an efficiently organized way. The main focus
was to provide biological pathways with image maps and visual pathway information for lipid
metabolism and obesity-related research. This database provides also the possibility to map gene
expression data individually to each pathway. Gene expression at different experimental conditions
can be viewed sequentially in context of the pathway. Related large scale gene expression data sets
were provided and can be searched for specific genes to integrate information regarding their
expression levels in different studies and conditions. Analytic and data mining tools, reagents,
protocols, references, and links to relevant genomic resources were included in the database.
Finally, the usability of the database was demonstrated using an example about the regulation of
Pten mRNA during adipocyte differentiation in the context of relevant pathways.

Conclusions: The GOLD.db will be a valuable tool that allow researchers to efficiently analyze
patterns of gene expression and to display them in a variety of useful and informative ways, allowing
outside researchers to perform queries pertaining to gene expression results in the context of
biological processes and pathways.

Background
The excessive consumption of high calorie, high fat diets
and the adoption of a sedentary life style have made obes-
ity and atherosclerosis major health problems in Western
societies. In the USA, over 50% of the population are over-
weight (BMI > 25) and close to 25% are considered obese

(BMI > 30) [1,2]. As a consequence, a large fraction of the
population is at risk to develop a broad range of common,
life-threatening diseases including non-insulin dependent
diabetes, various hyperlipidemias, high blood pressure
and atherosclerosis. Vascular disease including coronary
heart disease and stroke is currently the major cause of
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death in the United States and in other industrialized
nations.

At the root of obesity and atherosclerosis is an excessive
deposition of neutral lipids. Adipose tissue accumulates
predominantly triglycerides, whereas macrophages along
the blood vessel wall mainly accumulate cholesterol and
cholesteryl esters. Accordingly, a detailed understanding
of the molecular mechanisms that govern the balance
between lipid deposition and mobilization is fundamen-
tally important for the prevention and improved treat-
ment of disease. In addition to the apparent
environmental components involved in the pathogenesis
of disorders related to lipid and energy metabolism, a
large number of studies have provided undisputed evi-
dence that susceptibility genes contribute around 50% of
the phenotype. These genes encode products involved in
the cellular uptake, synthesis, deposition and/or mobili-
zation of lipids. However, characterization of many if not
most of these genes and their products remains rudimen-
tary. Deficiencies in the current level of understanding
extend to key enzymes such as important triglyceride
hydrolases in adipose tissue [3] or cholesteryl ester hydro-
lases in macrophages, hormones, signal transduction
pathways, and the regulation of the transcription of rele-
vant genes.

While medical molecular biology traditionally associates
single genes and gene products with diseases, a growing
body of evidence suggests that several common disease
phenotypes arise from the delicate interaction of many
genes as well as gene-environment interactions. To eluci-
date the development of obesity and atherosclerosis, it
will be necessary to analyze patterns of gene expression
and relate them to various metabolic states. To discover
novel genes, processes and pathways that regulate lipid
deposition and mobilization, a departure from hypothe-
sis-driven research and turn to a discovery-driven
approach is necessary. The application of high-through-
put technologies and genome-based analysis will provide
the tools for the analysis of gene-gene and gene-environ-
ment interactions in a systematic and comprehensive
manner.

To facilitate genomic research we have initiated the devel-
opment of a system for storing, integrating, and analyzing
relevant data needed to decipher the molecular anatomy
of lipid associated disorders. In order to provide a refer-
ence for pathways and information of the relevant genes
and proteins in an efficiently organized way, we have cre-
ated the Genomics Of Lipid-Associated Disorders data-
base (GOLD.db). The GOLD.db integrates disparate
information on the function and properties of genes and
their protein products that are particularly relevant to the

biology, diagnosis management, treatment, and preven-
tion of lipid-associated disorders.

Construction and content
The main goal of the GOLD.db was to provide biological
pathways with image maps and visual pathway informa-
tion. For each element in the pathway, specific informa-
tion exists including structured information about a gene,
protein, function, literature, and links. The GOLD.db pro-
vides also the possibility to map gene expression data
individually to each pathway. Additionally, analytic and
data mining tools, reagents, protocols, references, and
links to relevant genomic resources were included in the
database.

The GOLD.db was implemented in Java technology [4].
Hence, the pathway editor, as well the web application are
platform independent. The web application of GOLD.db
is build in Java Servlets and JavaServer Pages technology
based on the Model-View-Controller Architecture [5]. For
the implementation, the freely available struts framework
[6] was used. This code can be easily deployed in any Serv-
let Container. We used the Servlet Container Tomcat (also
freely available at [7]) which is accessible from all web
browsers. Oracle 9i was used as database management
system. The interface between the Java and the Database
management system was established using Java database
connectivity (JDBC) 2.0. Therefore, migration to other
freely available DBMSs like mySQL can be easily done. For
additional storage and communication between the path-
way-editor components, the markup language XML con-
taining structured, human readable information, was
used. The provided pathways can be downloaded as Scal-
able Vector Graphics (SVG) [8], a standard for describing
two-dimensional graphics in XML, and can be visualized
in this format on the client side with the web browser
using a plug-in for SVG.

For tracking the repository of the reagents like clone
resources and libraries which can be used for microarray
studies, we have developed a relational database. Infor-
mation about the vector, the sequence and length of the
clone insert, primers for the PCR amplification, tissue,
organism, accession number, library, container, storage
information, date and person and access to other clone
bases (e.g. IMAGE Consortium) can be stored. Users of
the GOLD.db can list these clones and get all the informa-
tion about each available clone. With restricted access,
clone information or even clone lists can be uploaded and
selection lists can be created and deleted. The input mask
is designed in such way that the user can choose one of the
elements of the created selection lists.

In order to deal with the huge amount of data associated
with large scale studies and to perform sequence based
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and microarray analysis, several bioinformatic tools were
integrated or can be downloaded. Sequence similarity
search against databases can be performed with BLAST
(Basic Local Alignment Search Tool) [9], FASTA [10] or
HMM (Hiden Markov Models) [11] on a 50 CPU Myrinet
Cluster. The sequence retrieval system SRS (LION Bio-
science AG, Heidelberg, Germany) was included to enable
rapid, easy and user friendly access to the large volumes of
diverse and heterogeneous data [12]. The latest version of
the PathwayEditor for the construction of biological path-
way diagrams can be downloaded. For microarray analy-
sis the platform independent JAVA tools ArrayNorm [13]
for normalization of microarray data and Genesis [14] for
clustering and analysis of large scale gene expression data-
sets were made available.

Utility and discussion
Pathways
In order to construct the biological pathways of interest,
we have developed a pathway editor [15] and an extended
version to map gene expression data (pathway mapper).
This drawing tool provides the possibility to draw ele-
ments – typically representing a gene as part of the path-
way – and the connection between those elements. The
benefit of this tool is that information can be appended to
each element via an input mask. This information can be
accessed by clicking on the corresponding element in the
image map within the pathway mapper or when saved
and uploaded via the web interface to the GOLD.db. To
design this pathway service as flexible as possible, features
are provided for the remove, up- and download of rele-
vant pathways (image maps) including the underlying
additional information of the elements. However, this
service is on a restricted basis to prohibit unauthorized
access. Since some pathways tend to become very detailed
an option to search for genes or gene accession number,
respectively, within the pathways was built in. The path-
way editor is executable as a standalone application and is
available from [16]. Currently annotated pathways are the
insulin signaling pathway, the IGF-1 pathway and the adi-
pogenesis regulatory network. Other pathways of lipid
metabolism will follow in the near future. Available
KEGG pathways can also be adapted with the pathway
editor based on the provided XML files [17] and uploaded
in the same way. All relevant KEGG pathways for different
organisms are provided. Moreover, pathways from Bio-
Carta were made available within the GOLD.db and
HTML files [18] were parsed to provide additional meta-
information of the pathway elements.

For each element in the pathways a specific information
field exists. The field includes structured information
about a gene, protein, function, literature, and links to
well-curated and annotated databases. Besides the gene
name and the symbol name – for human the HUGO sym-

bols and gene names and for mouse the MGI nomencla-
ture were used – RefSeq numbers for the transcript and the
protein as well as a link to SwissProt/UniProt and
LocusLink is available. For the elements of the KEGG
pathways a link to the provided enzyme or product infor-
mation was given. The description, localization and clas-
sification of the factors are entered by the annotator in
plain text and are accessed in the same format. The refer-
ences used to generate the content of the database entries
can be appended, including a link to the PubMed entry.
There is also the possibility to create a list of reference
entries for the pathway. If a clone for a specific gene is
available in the clone resources, the clone name will be
displayed automatically and a link with optional informa-
tion about this clone is provided.

Mapping of gene expression data sets to pathways
Through the integration of several types of biological
information deeper insights into the molecular mecha-
nisms and biological processes can be gained than just by
the analysis of one type of experimental results. In the
GOLD.db it is possible to map gene expression data (for
instance results of microarray studies) to the correspond-
ing elements of the available pathways similar to previous
efforts [19]. Either an individual or a provided gene
expression data set can be used to visualize the gene
expression at different experimental conditions sequen-
tially or all at once in the context of a pathway. If an ele-
ment (gene) of the pathway is included in the data set, the
related symbol in the image map is color coded according
to the relative gene expression or the log ratio in two color
microarray experiments, respectively.

As key for the mapped relation the RefSeq number [20] is
used. Hence, only those elements in the data set file are
mapped, where the RefSeq number in the data set is spec-
ified. For the KEGG pathways each element classified by
the enzyme classification number (EC) is virtually subdi-
vided into different corresponding RefSeq entries, since
one EC is represented by one or more RefSeq entries.

Curated gene expression data sets
Analysis of gene expression patterns in animal and cell
models for lipid-associated disorders will help to under-
stand the fundamental gene relations and regulatory
mechanisms responsible for the development of obesity
related diseases. The huge amount of data associated with
the analysis of large scale gene expression analysis raises
the demand of tools for storing, processing and retrieving
complex information. Although a number of studies have
been published and despite the requirements of some
journals to deposit microarray data in public databases
like GEO http://www.ncbi.nlm.nih.gov/geo/ or ArrayEx-
press http://www.ebi.ac.uk/arrayexpress/, it is still very
difficult for researchers to obtain the original data. Web
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sites with Supplementary information are not maintained
and/or not further developed. Hence, a database with a
large collection of curated datasets will be enormously
valuable for the community. Approaches to upload and
retrieve gene expression data were pursued within the
GOLD.db. Large scale gene expression data sets can be
uploaded in form of tab delimited text files (Stanford file
format) [21] as used for cluster analysis programs together
with additional information about the experimental con-
ditions and the citation for already published data sets.
Within those data sets the search for specific genes is pos-
sible to provide integrated visualization of gene expres-
sion levels in different studies and experimental
conditions.

Example for using GOLD.db: regulation of Pten during 
adipocyte differentiation
Recently, it was shown that insulin sensitivity, energy
expenditure, and thermogenesis were enhanced in adi-
pose-specific Pten-deficient (AdipoPten-KO) mice. Body
and adipose tissues weight in these mice were significantly
lower than those of control mice in spite of a larger food
intake [22]. We addressed the question how is the expres-
sion of the Pten gene regulated during adipocyte differen-
tiation in different models and experimental setups and in
which pathways is PTEN involved. The workflow for the
analysis is described in Figure 1. Pten (phosphatase and
tensin homolog deleted on chromosome 10) is known as
tumor suppressor gene and is a protein and lipid phos-

Various result tables from using GOLD.db to address the question  how is PTEN regulated during adipocyte differentiation (top left: result of search in SRS for phosphatase and tensin homolog; top right: pathways, in which PTEN is involved; bottom left: rel-ative  gene expression levels of PTEN in different datasets; bottom right: PTEN dependent cell cyle pathway with mapped gene expression levels)Figure 1
Various result tables from using GOLD.db to address the question  how is PTEN regulated during adipocyte differentiation (top 
left: result of search in SRS for phosphatase and tensin homolog; top right: pathways, in which PTEN is involved; bottom left: rel-
ative  gene expression levels of PTEN in different datasets; bottom right: PTEN dependent cell cyle pathway with mapped gene 
expression levels)
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phatase with the major substrate phosphatiylinositol
3,4,5-triphosphate (PIP3), as indicated in the annotated
insulin signaling pathway within the GOLD.db. In fact,
Pten regulates negatively the insulin signaling pathway in
3T3-L1 adipocytes [23].

During adipocyte differentiation cyclin dependent kinase
inhibitors, like p21 leads to a hypophosphorylation of the
Retinoblastoma protein (Rb) which allows binding to the
E2F transcription factor, causing cells to permanently exit
the cell cycle – a required step in adipocyte differentiation
called mitotic clonal expansion – before entering the ter-
minal differentiation state. pRb interacts physically with
adipogenic CCAAT/enhancer-binding proteins and posi-
tively regulates transactivation by C/EBPβ and therefore
plays a pivotal role in adipocyte differentiation [24,25].
Hence, since a) PTEN is expressed during adipogenesis
(Figure 1), b) is involved in the regulation of Rb [22], a
major player in adipogenesis, and c) is an important com-
ponent in cell cycle arrest and apoptosis (Figure 1), it can
be postulated that PTEN plays an important role in fat cell
development.

Thus, using recently identified key player for food intake
and weight control and using the GOLD.db, it is possible
to address relevant questions and generate testable
hypotheses on the molecular mechanisms of fat cell
development.

Conclusions
The vast quantity of gene expression data generated in
genomic studies presents a number of challenges for their
effective analysis and interpretation. In order to fully
understand the changes in expression that will be
observed, we must correlate these data with phenotype,
genotype, metabolism and other information including
the tissue distribution and time course expression data
gleaned from previous studies. The goal of our work was
the development of a specialized database and tools that
allow researchers to efficiently analyze patterns of gene
expression and to display them in a variety of useful and
informative ways, allowing outside researchers to perform
queries pertaining to gene expression results in the context
of biological processes and pathways. The uniqueness of
the GOLDdb database we have developed is threefold: 1)
the inclusion of annotated pathways, 2) the availability of
curated datasets and 3) the possibility to map experimen-
tal data on biological pathways. The upcoming challenges
will be to include data from functional analysis and pro-
teomics data, which will give us new opportunities in
understanding mechanisms of different applications and
lipid-associated disorders in particular.

Availability and requirements
The GOLD.db database should be cited with the present
publication as a reference. Access to GOLD.db is possible
through the world wide web at http://gold.tugraz.at. The
pathway editor and the clone tracker are available free of
charge to academic, government, and other nonprofit
institutions.
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Abstract
Background: Microarray analysis has become a widely used technique for the study of gene-
expression patterns on a genomic scale. As more and more laboratories are adopting microarray
technology, there is a need for powerful and easy to use microarray databases facilitating array
fabrication, labeling, hybridization, and data analysis. The wealth of data generated by this high
throughput approach renders adequate database and analysis tools crucial for the pursuit of insights
into the transcriptomic behavior of cells.

Results: MARS (Microarray Analysis and Retrieval System) provides a comprehensive MIAME
supportive suite for storing, retrieving, and analyzing multi color microarray data. The system
comprises a laboratory information management system (LIMS), a quality control management, as
well as a sophisticated user management system. MARS is fully integrated into an analytical pipeline
of microarray image analysis, normalization, gene expression clustering, and mapping of gene
expression data onto biological pathways. The incorporation of ontologies and the use of MAGE-
ML enables an export of studies stored in MARS to public repositories and other databases
accepting these documents.

Conclusion: We have developed an integrated system tailored to serve the specific needs of
microarray based research projects using a unique fusion of Web based and standalone applications
connected to the latest J2EE application server technology. The presented system is freely available
for academic and non-profit institutions. More information can be found at http://genome.tugraz.at.

Background
Microarray analysis has become a widely used technique
for the study of gene-expression patterns on a genomic
scale [1,2]. Oligonucleotide and cDNA arrays have been
utilized to study mRNA [3] and protein levels [4], to deci-

pher protein-DNA interactions [5], to analyze the DNA
copy number [6], to detect methylated sequences [7], and
to analyze gene phenotypes in living mammalian cells [8].
Microarrays represent a very complex, multi step tech-
nique involving array fabrication, labeling, hybridization,
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and data analysis. Currently, most laboratories are using
either one labeled sample (Affymetrix microarrays) or two
labeled samples (cDNA microarrays) for hybridizations,
but several applications have been established were three
color microarrays are used [9,10]. State-of-the-art micro-
arrays can have from several hundred up to tens of thou-
sands of elements annotated by dozens of parameters.
Information on details of the bench work, typically kept
in lab notebooks or scattered files, as well as information
regarding spotting, reliable tracking of the spotted mole-
cules, scanning, and image quantification settings, is
important for the computational analysis and reproduci-
bility of experiments. Every step generates a wealth of data
spanning tens of megabytes and in each of them errors
may occur or protocols might need optimization to
improve results. Moreover, all these information must be
archived according to accepted scientific standards, which
allow scientists to share common information and to
make valid comparisons among experiments. For this rea-
son the Microarray Gene Expression Data Society
(MGED) [11] is focusing on establishing standards for
microarray data annotation and exchange, facilitating the
creation of microarray databases and related software
implementing these standards. MGED is heavily promot-
ing the sharing of high quality, well annotated data within
the life sciences community. Their initiatives – MIAME
(Minimum Information About a Microarray Experiment)
[12], MGED Ontology [13], and MAGE-ML (MicroArray
Gene Expression Markup Language) [14] – maximize the
value of microarray data by permitting greater opportuni-
ties for sharing information within scientific groups and
thus for discovery. These will ultimately affect the descrip-
tion, analysis, and management of all high throughput
biological data.

The 'list of genes' resulting from microarray analysis is not
the end of a microarray experiment. The major challenge
is to assign biological function and to generate new
hypotheses. The simplest way to find genes of potential
biological interest is to search the normalized data for the
highly expressed ones. Additionally, identifying patterns
of gene expression and grouping genes into expression
classes can provide greater insight into their biological rel-
evance. For this purpose several supervised or unsuper-
vised clustering algorithms like support vector machines
(SVM), hierarchical clustering, k-means, self organizing
map (SOM), or principal component analysis (PCA) are
in use. The annotation of genes or gene clusters can be
achieved by mapping them to the Gene Ontology (GO)
[15] in order to provide insights into relevant molecular
functions, biological processes, and cellular components
[16]. Another way to identify genes of biological interest
is to map the normalized data or gene expression clusters
[17] to known metabolic pathways as provided e.g. by
KEGG [18] or BioCarta [19].

Several academic as well as commercial systems are avail-
able that address at least some of the needs such as labo-
ratory information management systems (LIMS) [20],
microarray databases [21-24] and repositories, normaliza-
tion, clustering, pathway or GO mapping tools or expres-
sion analysis platforms [25]. However, freely available
systems which integrate all the aspects mentioned above
are rare and may lack important issues like usability, scal-
ability, or standardized interfaces. Furthermore, for such
integrated systems it is desireable to use a uniform and
state-of-the-art software architecture in order to enhance
setup, maintenance and further development.

We have therefore developed a Microarray Analysis and
Retrieval System (MARS) using latest Java 2 Platform,
Enterprise Edtition (J2EE) software technology. MARS
provides modules mandatory for microarray databases:

• a laboratory information management system (LIMS) to
keep track of information that accrues during the microar-
ray production and biomaterial manipulation

• MAGE-ML export of data for depositing to public repos-
itories e.g. ArrayExpress [26], GEO [27]

For these components already existing projects [21,23,26]
have been evaluated. Their advantages as well as disad-
vantages have been taken into account for the design of
MARS. Widely used concepts have been taken into consid-
eration and accepted standard libraries like MAGE-STK
[11]have been used whenever possible. Additionally, we
extented this solid foundation and added novel features
which can be highlighted as distinct advantages of the
MARS system.

• a quality management application storing necessary
quality control parameters indispensable for high-quality
microarray data

• Web services to connect several well established tools
such as normalization, clustering and pathway annota-
tion applications

• applications for microarray normalization, gene expres-
sion clustering, and pathway exploration that are tightly
integrated into the microarray analysis pipeline

• a novel, comprehensive, and Web based user manage-
ment system to administrate institutes, groups, users, and
their corresponding access rights

Implementation
Software architecture
MARS is based on a three tier architecture (Figure 1) using
the Java 2 Platform, Enterprise Edition (J2EE), which
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defines a standard for developing multi tier enterprise
applications. The J2EE platform simplifies the develop-
ment of enterprise applications using on standardized,
modular components like Enterprise JavaBeans (EJB),
Java Servlets, Java Server Pages (JSP), and XML
technology.

A relational database (Oracle or PostgreSQL) builds the
data- or Enterprise Information System tier. In the middle
tier the J2EE compliant application server JBoss [28] is sit-
uated. It manages the access to the relational database as
well as the interaction with the data. The Web server in
conjunction with a servlet-container is responsible for the
presentation tier. All the servlets and JSPs are executed to
enable input and output of an application and to manage

the applications workflow logic. An advantage of a multi
tier architecture is that different tiers can be deployed to
different servers, enabling load distribution as well as
scalability.

Systems
The database schema, the business logic, and the Web
interface can be subdivided into five major groups:

1. Microarray production
To address the needs of many laboratories which produce
their own microarrays, MARS includes a generic array pro-
duction LIMS. It manages data regarding the substances
(clones) and their localization in microtiter plates, the
array design spotted on the support, as well as single

Three tier Java 2 Enterprise Edition software architectureFigure 1
Three tier Java 2 Enterprise Edition software architecture. The J2EE platform simplifies the development of enterprise 
applications by providing standardized modular components like EJBs, JSP and Servlets. Furthermore it is providing a complete 
set of services to those components.
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arrays and array batches. The flexible and generic database
design facilitates mapping of the steadily changing labora-
tory workflow. Additionally, each plate can be assigned to
a library, which designates the organism and contains
details about the cloning vector, forward and reverse
primer and standard molecule annotations including
gene name, accession number, UniGene number, and
sequence. Substances stored in microtiter plates may
undergo certain manipulations such as PCR amplifica-
tion. Therefore a PCR amplification event can be assigned
to a plasmid plate in order to generate a PCR plate in the
database.

After entering the information necessary for spotting, a
file is generated and prepared for download. This file is
used by the spotting robot software to generate an array
design file. After the spotting run has been completed, the
array design file has to be uploaded into MARS. For each
spotting run an array batch has to be created in MARS, and
all slides spotted by this spotting run have to be assigned
to this array batch. Additionally, important parameters
regarding the spotting run such as temperature, duration,
or humidity can be assigned to this array batch. Barcode
tracking is employed for plates as well as for arrays to
reduce possible input errors. Laboratories using commer-
cial arrays have to upload the array design instead and
define an array batch afterwards.

2. Sample preparation
Samples can be annotated in a user-customizable manner.
MARS allows the annotation of biological descriptions
such as the source and characteristics of a sample (e.g. tis-
sue and disease), any genetic and chemical manipulation
and stimulation. Performing such annotations in free text
fields leads to large undefined vocabularies and makes
them difficult to query. Thus, three different annotation
types are provided: 1) enumeration enabling the usage of
defined vocabularies or ontologies, 2) numbers to allow
scoring and counting and 3) free text. Annotated samples
will be linked to an extract, enabling a lab worker to anno-
tate the extraction method, protocol, concentration,
purity, and quantity. The labeled extract stores informa-
tion on used extract quantity, the label and the labeling
protocol.

3. Hybridization and raw data management
The hybridization page archives parameters regarding the
hybridization tool and method and is linked to the used
labeled extracts. In contrast to several other microarray
databases MARS can handle any number of labeled
extracts and thus allows the storage of multi color experi-
ments. Resulting images from hybridized scanned slides
can be uploaded to MARS and added to a hybridization
record. It is noteworthy that a hybridization can have sev-
eral image sets associated with images of different scanner

settings. After analyzing the images several different raw
datasets analyzed with different program settings can be
uploaded and added to the appropriate image set.

4. Experiment annotation
A set of hybridizations forms an experiment. To store the
experimental design these hybridizations can be divided
into classes, paired, and flagged as a dyeswap hybridiza-
tion. Additionally, an experiment can be annotated using
MGED Ontology definitions (Figure 2) to specify the per-
turbational, methodological, and epidemiological design,
as well as the biological properties. Transformed datasets
can be added to classes and their corresponding raw
dataset.

5. Quality management
To ensure high quality data and to allow the detection of
possible sources of errors, a powerful quality management
system has been integrated into MARS. This system is
based on standard quality control procedures conducted
during microarray production as well as during sample
preparation, extraction and hybridization. In order to
control the quality of PCR and purified PCR products gen-
erated during probe production, authorized users can
upload gel images and analyze the bands according to a
predefined schema (Figure 3). Based on this schema, PCR
products can be identified later as a source of bad or miss-
ing spots on a slide. Quality annotation can be viewed by
any user.

Slides can be scanned after fixation and/or after staining
and parameters like spot walking or the number of miss-
ing spots are used to determine slide quality. In addition
to array production quality controls, it is also necessary to
check the quality of samples and its extracts. Data gained
from an Agilent Bioanalyzer or gel images can be
uploaded and analyzed either automatically (Bioanalyzer
file) or manually (gel images) (Figure 4). Labeled extracts
can be measured with a spectrophotometer to assess the
efficiency of dye incorporation. Results of these measure-
ments can be entered into MARS and the corresponding
efficiency is calculated automatically. Finally, the quality
of a hybridized slide is analyzed by extracting and display-
ing several statistical parameters from the raw data result
file and by examining positive and negative controls
printed onto a slide.

Data interfaces
One of the most important parts for the acceptance of a
database is the data import interface. To allow the import
of generic file formats, we have implemented a user defin-
able parser that allows to read any tab delimited text file.
The user has to define a file format where file columns are
assigned to appropriate database fields. MARS allows to
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define file formats for importing plates, raw datasets,
transformed datasets, and array designs.

Any file that has to be imported, linked, or used has to be
uploaded to MARS at first. Afterwards these data can be
analyzed by the users at their office desk without having
to use another central storage system. Uploaded files are

stored on the servers file system where MARS has been
installed. Additionally, links to these files are maintained
in the relational database to prevent the deletion of
already imported, linked, or used files.

The implementation of other Web based applications and
more important, the usage and correct linkage of their

Experiment annotationFigure 2
Experiment annotation. Web interface to define microarray experiments according to the MGED Ontology.
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stored data have been addressed by an External Applica-
tion Connector Interface. Additional applications like
supplementary quality checks can be added without any
additional coding in MARS. The MARS user interface is
dynamically displaying links to all former registered
applications.

The Microarray Gene Expression Markup Language
(MAGE-ML) has emerged as a language to describe and
exchange information about microarray based experi-
ments [29]. MAGE-ML is based on XML (eXtensible
Markup Language) and can describe microarray designs,
microarray manufacturing information, microarray

Quality controlFigure 3
Quality control. A gel image from PCR products can be scored and associated to a plate.
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experiment setup and execution information, gene expres-
sion data, and data analysis results. By using the Java
MAGE-STK (Mage Software Toolkit) [11] MARS is able to
export samples, extracts, labeled extracts, arraydesigns,
raw datasets, or whole experiments including several
hybridizations.

Web service
In order to grant users access to MARS with software they
are familiar with (e.g. BioConductor [30] or Matlab [31]),
MARS provides a well defined Simple Object Access Pro-
tocol (SOAP) interface. SOAP is an XML-based communi-
cation protocol and encoding format for inter-application

Quality controlFigure 4
Quality control. Bioanalyzer analysis to check the RNA quality for a given RNA extract.
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communication. After minor software adaptions these
interfaces allow to authenticate against MARS, to browse
own and shared datasets, to download raw data, to filter
the data, and to insert transformed datasets into MARS. To
take advantage of the SOAP Web service we provide a Java
library called MARSExplorer, that allows software devel-
opers to extend their programs with data access function-
ality to MARS. Additionally, if no firewall is located
between the client software and MARS, the MARS API
(Application Programming Interface) can be used to
access public accessible methods via the RMI (Remote
Method Invocation) interface.

Access control
To avoid unauthorized database access in a multi user
environment the control of user access is a crucial crite-
rion for the acceptance of any database managing func-
tional genomic data. Furthermore, the definition of
several fine grained user access levels that allow to visual-
ize, edit or delete data (e.g. expression and sample data,
protocols) based on the user rights is mandatory. There-
fore we have developed an extensible and easy to use
authentication and authorization system (AAS) which
rests upon the same technology as MARS. In addition to
its Web based management interface, the AAS provides
software libraries that enable existing and new applica-
tions the integration of highly sophisticated authentica-
tion and authorization mechanisms. Moreover, the AAS
provides single-sign-on to all its connected Web based
applications. Since this AAS can also be used in various
projects or institutions relying upon freely available soft-
ware, MySQL has been choosen as database management
system. If desired, this AAS can also manage Windows and
Unix accounts using SAMBA [32] and LDAP (Lightweight
Directory Access Protocol) [33]. For instance, at the Insi-
tute for Genomics and Bioinformatics all Web based
applications and user accounts are administrated by one
single instance of the AAS.

Results
Database
All MARS user interfaces are providing a consistent look
and feel and are very intuitive to use. In general, the Web
based user interface can be divided into two types of user
interaction pages: The first one is an input form, where a
user can record required and optional data according to
the MIAME standard. Required fields are marked in
magenta and are validated for correct input. The second
allows to list all stored records. To keep the information
on a page simple, a user can hide unnecessary datafields.
Furthermore it is possible to query for specific records
(Figure 5) using the MARS report query tool. Because all
Web pages are linked together, MARS permits to follow all
conducted steps from the transformed data back to the
corresponding well in a microtiter plate and to visualize

the results of quality controls. The description of an exper-
iment including hybridizations and their raw datasets is
typically the starting point for further analysis.

Analytical pipeline
The usability of MARS and the functionality of the pro-
vided interfaces and APIs (Figure 6) are revealed by the
integration of MARS into an analytical pipeline of micro-
array analysis, beginning with image analysis, normaliza-
tion, gene expression clustering, and finally mapping of
gene expression data onto biological pathways.

After entering all required information into MARS, the
first step is to normalize the raw data gathered from the
image analysis software in order to remove systematic and
random errors inherent in the data. ArrayNorm [34], an
application for visualization, normalization and analysis
of two-color microarray data facilitates these essential
steps. Raw data including the definition of experiment
classes (biological conditions) and pairs (replicated or
dye swapped slides) from whole experiments can be
loaded from MARS into ArrayNorm. After visualization
and applying different normalization methods like linear
regression, LOWESS, or self-normalization, the trans-
formed intensities can be written back to MARS, including
the history of the applied methods. The next step in the
analytical pipeline is usually gene expression cluster anal-
ysis to extract the fundamental patterns inherent in the
data and to organize genes with similar expression pat-
terns into biological relevant clusters. Normalized gene
expression data can be loaded into Genesis [35]. Genesis
allows to cluster the dataset using various similarity dis-
tance measurements and different clustering algorithms
like hierarchical clustering, k-means, self-organizing
maps, principal component analysis, correspondence
analysis, and support vector machines. Moreover it is pos-
sible to perform one-way ANOVA to identify differentially
expressed genes and to incorporate the Gene Ontology
(GO) to map gene expression clusters to GO terms.
Results can be written back into MARS.

Finally, the Pathway Editor [36] provides the opportunity
to access MARS and to map data either from whole exper-
iments or from gene expression clusters to specified path-
ways in order to get an overview of gene expression
changes and their influencing factors. All aforementioned
applications have integrated MARSExplorer to connect to
MARS and to query, up- and download datasets.

Discussion
The database design, state-of-the-art software technology,
well designed user interface, and its application interfaces
make MARS a powerful tool for storing, retrieving, and
analyzing multi color microarray data. The fusion of Web
based and standalone applications provides researchers
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with an unique set of computational tools for genomic
and transriptomic data.

The main strengths of MARS are:

1. Data interfaces
Fundamental for the acceptance of a database are the data
interfaces. In principle two types of data interfaces for
human computer interactions can be distinguished. Stan-
dalone applications allow better program-user interac-
tions while having the drawback that several or even very

Typical MARS interface listing stored recordsFigure 5
Typical MARS interface listing stored records. It allows to query for specific records using the user friendly query tool.
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old versions are in use. On the other hand Web based
applications can be easily used on every computer with-
out any installation effort and they provide the same and
newest version to all users with the cost of limited user
interaction. To ensure data integration and good usability
we have developed the core data manipulation and stor-
ing functions using Web based technology and for data
analysis we are using robust applications.

2. Application interfaces
Excellent usability does not only account for primely data
interfaces. The ability to easily import data and the avail-
ability of well defined application interfaces are also cru-
cial. Different institutions use diverse, mostly self tailored

applications with proprietary and varying data formats.
MARS provides several data and application interfaces. To
import data we provide user definable and manageable
parsers. When a user is uploading data, MARS tries to find
an appropriate parser based on the file data or format
header. Once the data is uploaded and stored, the data can
be analyzed using the provided applications. For scientists
who would like to analyze their data with other software,
MARS provides also a Web service data interface. After
some slight adaptations, users can authenticated and
down- or upload data. Providing a Web service interface
allows through its wide spread and platform independ-
ence to be implemented in all well-established program-
ming languages and in tools like Matlab or BioConductor.

MARS system interactionsFigure 6
MARS system interactions. MARS and MARS-QM are deployed in a J2EE compliant application server. Interaction is possi-
ble either with a standard Web browser or an application supporting the SOAP or RMI protocol. The External Application 
Connector Interface (EACI) facilitates to connect to data from additional Web applications. SOAP and http/https enable MARS 
access also through firewalls.
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Existing Web applications can be plugged-in using the
EACI that enables the linkage between data provided by
the plugged-in application and data stored in MARS.
Moreover it is possible to extend MARS without having to
amend the MARS source code.

3. Quality management
In order to assure high-quality data and to understand or
optimize lower value data it is important to be able to
trace back all conducted quality control steps. MARS
traces several quality measurements performed during the
microarray production as well as during the sample prep-
aration, extraction, and hybridization process. These qual-
ity checks are implemented as an additional application
called MARS-QM, which is tightly integrated into MARS.

4. Data sharing and export
MARS enables users to share their datasets with other
users. Supplementary to the user oriented data manage-
ment an institution oriented level has been introduced.
This amelioration allows several institutes to store their
data into one data repository without having to share
common settings and resources such as scanners, but
offering the possibility to share the data among them.

Besides the sharing of microarray experiment data we pro-
vide the possibility to export hybridizations and experi-
ments using the common exchange format MAGE-ML.
This feature facilitates the easy sharing and publishing of
high quality, well annotated data within the life sciences
community by uploading the generated files to public
repositories like ArrayExpress [26].

5. User management
Since microarray- as well as the corresponding quality
control data may contain highly sensitive data, we have
integrated our AAS into MARS to provide authentication
and fine grained authorization mechanisms. The combi-
nation of AAS and External Application Connector Inter-
face provides through a single-sign-on mechanisms and
dynamic linkage of data the possibility to assemble heter-
ogeneous Web applications to one powerful suite.

Because information attached to molecules is changing
quickly, we are currently implementing the possibility to
update and enhance the information tagged to a mole-
cule. Changing this information on the molecule level
may affect already existing results. In order to avoid such
precarious alterations, a user should be able to update the
molecule information for each experiment separately
instead of replacing the initial molecule information. Fur-
ther ongoing projects concentrate on the integration of
Affymetrix GeneChip arrays into MARS and the improve-
ment of MAGE-ML export capabilities in order to obtain
approval from the ArrayExpress annotation team. Both

features will be made available to the public in the next
major release.

Conclusion
In summary, we have developed an integrated system con-
sisting of a microarray database and a microarray quality
control database, that has been tailored to serve the spe-
cific needs of microarray based research projects. Due to
the unique fusion of using Web based and standalone
applications connected to the latest J2EE application
server technology, bioinformatics researchers receive the
benefits of standards-based software engineering. The sys-
tem can provide a model how to build up a similar plat-
form for other emerging functional genomics
technologies.

Availability and requirements
• Project name: MARS

• Project home page: http://genome.tugraz.at/Software/
MARS/MARS.html

• Operating system: Solaris, Linux, Windows

• Programming language: Java, HTML

• Other requirements: Java JDK 1.4.x, Oracle 9i, MySQL
4.0.xx, Server with at least 1 GBytes of main memory

• License: IGB-TUG Software License

• Any restrictions to use by non-academics: no

Installation of MARS is not complicated and should be
manageable within a few hours if necessary access rights
especially to Oracle and MySQL are granted. Step-by-step
instructions are provided at the projects Web site together
with the files and scripts necessary for installation. The ref-
erence installation of MARS is running on a Sun Fire V880
server under Solaris 9 using Oracle 9i as Database Man-
agement System. Attached is a Storage Area Network
(SAN) with 2 TBytes.

The production instance of MARS contains information
from more than 1000 microtiter plates, 24 array batches,
232 hybridizations, and 312 rawbioassays with about
9,170,000 datapoints.
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ABSTRACT
Motivation: With cDNA or oligonucleotide chips, gene-expression
levels of essentially all genes in a genome can be simultaneously mon-
itored over a time-course or under different experimental conditions.
After proper normalization of the data, genes are often classified into
co-expressed classes (clusters) to identify subgroups of genes that
share common regulatory elements, a common function or a com-
mon cellular origin. With most methods, e.g. k -means, the number
of clusters needs to be specified in advance; results depend strongly
on this choice. Even with likelihood-based methods, estimation of this
number is difficult. Furthermore, missing values often cause problems
and lead to the loss of data.
Results: We propose a fully probabilistic Bayesian model to cluster
gene-expression profiles. The number of classes does not need to be
specified in advance; instead it is adjusted dynamically using a Revers-
ible Jump Markov Chain Monte Carlo sampler. Imputation of missing
values is integrated into the model. With simulations, we determined
the speed of convergence of the sampler as well as the accuracy of
the inferred variables. Results were compared with the widely used k -
means algorithm. With our method, biologically related co-expressed
genes could be identified in a yeast transcriptome dataset, even when
some values were missing.
Availability: The code is available at http://genome.tugraz.at/
BayesianClustering/
Contact: claus.vogl@vu-wien.ac.at
Supplementary information: The supplementary material is avail-
able at http://genome.tugraz.at/BayesianClustering/

1 INTRODUCTION
Gene-expression levels of essentially all genes can be monitored
with cDNA or oligonucleotide chips over a time-course or under
different experimental conditions. After appropriate filtering and nor-
malization, a gene-expression matrix (GEM) is produced. Although
the number of genes that can be monitored is generally impressive,
the proportion of genes with missing values can be up to 50% in a
two-color microarray experiment.

∗To whom correspondence should be addressed.
†The authors wish it to be known that, in their opinion, the first two authors
should be regarded as joint First Authors.

Clustering methods are widely applied to the GEM in order to
identify subgroups of genes that share properties, e.g. common
regulatory factors, a common function or a common cellular ori-
gin. Most of the traditional clustering algorithms are heuristic, e.g.
k-means (Tavazoie et al., 1999), hierarchical clustering (Eisen et al.,
1998) or self-organizing maps (SOM) (Tamayo et al., 1999). For
some of these methods, the analyst needs to choose the number of
clusters in advance. This choice affects clustering and is often a
question that the microarray experiment is expected to address. Fur-
thermore, these methods often have difficulties with missing values.
Finally, most of the traditional clustering algorithms are determin-
istic, assigning a gene unequivocally to a particular cluster according
to their similarity to other genes. A gene, however, might actually be
grouped into several different clusters for biological reasons (Segal
et al., 2003).

In contrast to these ad hoc methods, clustering algorithms based
on a probabilistic model provide a consistent framework (Yeung
et al., 2001a; Medvedovic and Sivaganesan, 2002; Dougherty and
Brun, 2004). In particular, Gaussian mixture models have been
widely applied to cluster gene-expression data owing to the roughly
Gaussian distribution that these data present after appropriate trans-
formations (Yeung et al., 2001a; Huber et al., 2002). Frequentist
and Bayesian methods can then be used to infer the model paramet-
ers. Missing data pose no problem to both methods; with a Bayesian
approach, it is even possible to estimate the distribution of the missing
values. But inference of the number of clusters remains problematic:
with frequentist methods, multiple log-maximum-likelihood values
need to be compared, penalizing for increasing model complex-
ity (e.g. the Bayesian Information Criterion, BIC, Schwarz, 1978).
Alternatively, N -fold cross-validation or variants thereof can be
employed (Yeung et al., 2001b). With a Bayesian approach, the
number of clusters can be treated as a random variable and the
posterior probabilities of different numbers of clusters can be eval-
uated. Unfortunately, the only implementation of such an approach
applied to expression data up to date (Medvedovic and Sivaganesan,
2002) requires integration of the posterior distribution, which makes
handling of missing values problematic.

In this paper, a fully probabilistic model is proposed and applied to
cluster gene-expression profiles from microarray experiments. The
sampling scheme is based on the Reversible Jump Markov Chain
Monte Carlo (RJMCMC) (Green, 1995) applied to mixture mod-
els (Richardson and Green, 1997) to allow the number of clusters to
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vary. This approach is fully Bayesian since all parameters of interest,
including the missing values and the number of clusters, are treated
as random variables and their posterior distribution is approximated
with RJMCMC. The method forms clusters without the need of
choosing the number of clusters in advance. It can also deal with
replicate experiments. The model was first applied to simulated data,
for which the true clusters were found with a high specificity and
sensitivity. Our model also outperformed k-means clustering. When
applied to experimental data on the yeast cell cycle (Spellman et al.,
1998), the inferred clusters of genes were biologically sensible.

2 MATERIALS AND METHODS

2.1 Probabilistic model
Typically, a microarray dataset consists of the expression levels of N genes
measured at T different biological conditions. In particular, the T biological
conditions can be time points. Let i, 1 ≤ i ≤ N index the genes and t ,
1 ≤ t ≤ T the time points; furthermore, let the variable xit indicate the
presence of a reliable expression level for the i-th gene at the t-th time point.
Generalization to several replicates is straightforward but complicates nota-
tion. The algorithm accounts for both missing data as well as replicates. We
aim to characterize the K stochastic processes (indexed by k, 1 ≤ k ≤ K)
that generated the N gene profiles �yi = (yi1, . . . , yiT) with 1 ≤ i ≤ N .
Missing data are allowed.

The goal of a Bayesian analysis is to determine the marginal posterior
probability distribution for all parameters of interest. Since for complicated
models this distribution cannot be obtained analytically, we will make use of
a Markov Chain Monte Carlo (MCMC) simulation scheme (in particular, an
RJMCMC to allow the jump between spaces of different dimensions). For
reasons of speed, the algorithm is implemented in the C++ programming
language.

2.1.1 General probabilistic model Let us suppose that K stochastic
processes generated the N gene-expression profiles observed. We introduce
the characteristic matrix ZN×K such that each row vector �zi = {zi1, . . . , ziK}
of Z has an entry of one for the cluster into which the i-th gene is currently
classified and 0s for all other classes. Let ωk be the weight of class k, with∑

k ωk = 1. One might think of ωk as the probability of the i-th gene to fall
into the k-th cluster before knowing its expression data, i.e. ωk = Pr(zik = 1)

for k = 1, . . . , K .
We assume that the number of clusters K is unknown. Following earlier

treatment of a similar model (Richardson and Green, 1997), the relationships
between parameters conditional on the hyperparameters are formulated as
follows (Fig. 1):

Pr(Y, Z, �µ, �σ , �ω, K | λ, α, �µ0, κ0, ν0, τ0)

= Pr(Y | Z, �µ, �σ) Pr(Z | K , �ω) Pr( �ω | α, K)

× Pr( �µ | �σ , K , �µ0, κ0) Pr(�σ | K , ν0, τ0) Pr(K | λ) ,

where the data matrix is Y = (�y1, . . . , �yN ). The parameters are �ω =
(ω1, . . . , ωK), Z = (�z1, . . . , �zN ), �µ = ( �µ1, . . . , �µK), �µ0 = ( �µ01, . . . , �µ0K)

and �σ = (σ1, . . . , σK). We assume a simple variance–covariance matrix, i.e.
�k = σ 2

k IT ×T different for each cluster k and correspondingly simple priors
(ν0, τ 2

0 ) for it. The hyperparameters are then, λ, α, �µ0, κ0, ν0, 	0 = τ 2
0 IT ×T .

The parameters and hyperparameters will be defined more thoroughly below.

2.1.2 Likelihood Conditional on zik, i.e. on knowing which mixture
component generated the i-th gene expression profile, the i-th data vector �yi =
{yi1, . . . , yiT} is assumed to be normally distributed around the respective
means of the k-th class with covariance matrix �k = σ 2

k IT ×T . For the sake of
simplicity, we present here the detailed equations only for the complete data.
Equations for the data with missing values can be found in the Supplementary
material. The likelihood of the it-th data point conditional on zik = 1 is

Data: Gene

expression

profiles

z

K

w

0 0 0 0

Fig. 1. Hierarchical mixture model. The parameters in circles are the
hyperpriors.

proportional to

Pr(yit|µkt, σ
2
k ) ∝ (σ 2

k )−1/2 exp

(
− (yit − µkt)

2

2σ 2
k

)
. (1)

Let us now define nk = ∑N
i=1 zik (number of observations of genes in

cluster k), ȳkt = (
∑

i zikyit)/nk (mean expression level of the genes in cluster
k at condition t), and SSQk = ∑

i

∑
t zik(yit − ȳkt)

2 (the sum of squares of
expression levels of the genes in cluster k at all conditions t). Owing to the
structure of the covariance matrix (�k = σ 2

k IT ×T ) and assuming that the
gene-expression profiles are independent and identically distributed (i.i.d.)
within each subpopulation, the likelihood can be calculated by multiplying
over genes and biological conditions. Whence,

Pr(�y1, . . . , �yN | Z, �µ, ��)

∝
K∏

Pr(�y1, . . . , �yN | Z, �µk , σk)

∝
K∏

(σ 2
k )−T nk/2 exp

(
−

∑T
t nk(ȳkt − µkt)

2 + SSQk

2σ 2
k

)
. (2)

2.1.3 Prior distributions Proper conjugate prior distributions were
chosen that provide little information. Since empty clusters are possible in
the model, non-informative priors cannot be used (Richardson and Green,
1997). Compared with the priors in Richardson and Green (1997), we use
conjugate instead of independent priors for �µk and σk to reduce complex-
ity in the multidimensional case. The same priors were used by Baldi and
Long (2001) to detect differentially expressed genes from microarray exper-
iments. Since the amount of data is typically large, the posterior is governed
by the likelihood, such that the choice of the priors has little influence on the
results.

In particular, we chose the following priors and hyperpriors:

• The weights (0 ≤ ωk ≤ 1 ∀ k and
∑

k ωk = 1) are assumed to be drawn
from a symmetric Dirichlet prior with hyperparameter α set to one.

Pr(ω1, . . . , ωK | K , α) ∼ Dir(α, . . . , α) . (3)

• The prior for K is a Poisson distribution with hyperparameter λ set to 10.
A truncated Poisson could also be chosen.

• �zi is sampled from a multinomial generalization of a Bernoulli with
Pr(zik = 1) = ωk ∀k.

• For the simple variance–covariance structure we assume, we chose a
conjugate prior distribution for each σ 2

k independently. Conditional on
σ 2

k , the prior distribution of �µk was chosen to be normal with a prior
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mean of �µ0k and a covariance matrix of �k/κ0 with �k = σ 2
k IT ×T

(Gelman et al., 1995):

Pr(σ 2
k ) ∼ Inv-χ2(ν0, τ0)

Pr( �µk | �k) ∼ N( �µ0, �k/κ0) .

More complicated models that incorporate dependencies among the different
time points (Ramoni et al., 2002) could also be used. The variance–covariance
matrix we propose corresponds to the unequal volume model by Yeung et al.
(2001a). Specifically, we set the prior value of the hyperparameters to κ0 = 1,
ν0 = 2 and τ0 = 1. If the data have been properly normalized, we can assume
�µ0k = 0 ∀k. The joint prior distribution of �µk and σ 2

k is then

Pr( �µk , σ 2
k ) ∝(σ 2

k )−(ν0/2+1) exp

(
− ν0τ

2
0

2σ 2
k

)

×
∏
t

(
(σ 2

k )−1/2 exp

(
− κ0µ

2
kt

2σ 2
k

))
. (4)

2.1.4 Conditional posterior distributions For each gene i independ-
ently, the conditional posterior distribution of the vector �zi = {zi1, . . . , ziK }
is the multinomial generalization of the Bernoulli distribution:

Pr(�zi | �yi , K , �ω, µ, �) ∝
∏
k

(Pr(�yi | µk , σ 2
k ) · ωk)

zik . (5)

The conditional posterior distribution of the vector of weights is Dirichlet:

Pr(ω1, . . . , ωK | Z) ∼ Dir(α + n1, . . . , α + nK) , (6)

where nk = ∑N
i=1 zik , i.e. the number of genes in the k-th cluster.

The conditional posterior distribution of the means and the variance of the
k-th cluster is

Pr( �µk , σ 2
k | Y, µ0, κ0, ν0, τ0) ∝ Pr(Y | �µk , σ 2

k )p( �µk , σ 2
k )

∝ (σ 2
k )−((ν0+T nk)/2+1)

× exp

(
− ν0τ

2
0 + SSQk + (κ0nk/κ0 + nk)

∑
t ȳ2

kt

2σ 2
k

)

×
∏
t

(
(σ 2

k )−1/2 exp

(
− (κ0 + nk)(µnkt − µkt)

2

2σ 2
k

))
, (7)

where µnkt = nkȳkt/(nk + κ0). Samples from the conditional joint pos-
terior distribution of the means and variances can then be obtained as
follows (Gelman et al., 1995): draw σ 2

k from a scaled Inv-χ2(νnk
, σ 2

nk
), with

νnk
= ν0 + T nk and νnk

· σ 2
nk

= ν0τ
2
0 + SSQk + (κ0nk/(κ0 + nk))

∑
t ȳ2

kt;

draw µkt ∀ t from a normal distribution N(µnkt ,
σ 2
k

nk+κ0
).

2.1.5 RJMCMC sampling scheme The RJMCMC method proceeds
by iterating through rounds of cyclically updating the variables in turn:

(1) updating the characteristic matrix Z;

(2) updating the weights ω;

(3) updating the class means and variances ( �µk , σk);

(4) adding or deleting an empty class.

For the first three moves, we use a Gibbs kernel, i.e. we sample from the
respective conditional distributions. For the fourth move, we assume the
number of classes to be drawn from a Poisson prior with mean λ. We suggest
an additional class with probability p(K+1) and removal of a random class
with probability pK . For an addition, we create the new class (K + 1) as
follows: we sample a new class variance and a new vector of class means
�µK+1 from the prior; we sample φ from a beta(φ | α, Kα + N ), and set the
new class weight of the (K + 1)-th class to ω(K+1)∗ = φ and that of the
other K classes to ωk∗ = (1 − φ) · ωk . Note that this choice of the proposal
distribution simplifies the formulas compared with Richardson and Green

(1997). The added class is always empty, such that the likelihood ratio is
unity. We then accept the additional class with probability min{1, A}, where

A = Pr(ω∗
1 · · · ω∗

K+1 | Z)

Pr(ω1 · · · ωK | Z)
· Pr(K + 1)

Pr(K)
· 1

beta(φ | α, Kα + N)
· J

= (ω1(1 − φ))α+n1−1 · · · (ωK(1 − φ))α+nK−1φα−1

ω
α+n1−1
1 · · · ωα+nK−1

K

× Pr(K + 1)

Pr(K)
· 1

φα−1(1 − φ)Kα+N−1
· (1 − φ)K−1

= λ

K + 1
. (8)

For a deletion, we propose to randomly remove a class without genes. The
acceptance probability for the delete move is min{1, A−1}.
2.1.6 Imputation of missing values The missing expression values
can be imputed with the MCMC method at each step in the iteration by
sampling from their conditional distribution given the class, say k,

Pr(yit | . . . ) ∼ N(µkt, σ
2
k ) .

These imputed values can be treated as data. Over the course of the iteration,
an approximation to the posterior distribution of the missing yit can thus be
obtained.

2.1.7 Interpretation of the posterior distributions Since jumping
between spaces of different dimensions is allowed using the RJMCMC
sampling scheme, it is difficult to follow the evolution of each cluster over the
iterations. Hence, for each pair of genes, a similarity index was calculated as
the number of iterations that appeared in the same cluster divided by the total
number of iterations. The empirical distribution of all the pairwise similarity
indexes will be used to determine a threshold; we chose the 95 percentile
of the distribution. If the similarity index between two genes is higher than
this limit, the genes are considered similarly expressed. In other words, a
certain gene can be used as a ‘seed’ to generate a cluster of genes with similar
profiles. Figure 2 shows the process in practice.

2.1.8 Implementation details The RJMCMC methods were imple-
mented in C++. The post-Bayesian methods were implemented either in
R (Ihaka and Gentleman, 1996) or, if performance was an issue, in C++.
Code is available in the Supplementary material.

Parallel execution in a Beowulf linux cluster with 50 Intel Xeon 2.60 GHz
CPUs considerably reduced the computational time. 10 000 iterations of the
RJMCMC were performed; an initial ‘burn-in’ phase of 1000 iterations was
discarded. See following section for a justification of the choice of these
parameters.

3 RESULTS FOR THE SIMULATED DATA
Ten data sets simulating a typical microarray experiment with 6000
gene-expression profiles (N = 6000) measured across 10 different
conditions (T = 10) were generated. The true number of clusters
was 40. For each simulated dataset a user-specified proportion of
data was substituted by missing values (10% in the datasets used in
this paper). This way the performance of the method could be tested
on datasets with missing values.

3.1 Convergence assessment
In order to guarantee the convergence and independence of the ini-
tial conditions when using iterative simulation, Gelman et al. (1995)
suggest running several independent sequences with overdispersed
starting conditions and monitoring the evolution of different inde-
pendent parameters. The sequences will have reached convergence
if the within-run variance roughly equals between-runs variation.
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Fig. 2. RJMCMC-based clustering of gene-expression profiles: At each iter-
ation, the different variables in the model are stored; using the indicator
variable that assigns genes to the clusters, a matrix of similarity indices is
built; given an important gene, others similar to it are found (threshold: the
95% percentile of the distribution).

They suggest to estimate the potential scale reduction as

R̂ =
√

var + (θ | y)

W
, (9)

where var + (θ | y) = (n − 1/n)W + (1/n)B, W is the within-run
variance and B is the between-runs variance, and n is the length of
the run. Gelman et al. (1995) recommend increasing the number of
iterations if R̂ is much bigger than 1.

When, for the same dataset, the starting number of clusters
for 10 runs was varied between 10 and 100, rapid convergence
was observed (Table 1). Hence, a burn-in period of 1000 itera-
tions followed by 10 000 iterations seems sufficient for approximate
convergence (Fig. 3).

3.2 Sensitivity and specificity
For the simulated data, one gene from each of the 40 true clusters was
chosen at random. All genes with a similarity index higher than the
threshold were selected. Subsequently, the sensitivity and specificity
were calculated for each generated cluster. Sensitivity quantifies the

Table 1. Between-runs variability (B), within-runs variability (W), ˆvar and
R̂ as described by Gelman et al. (1995) based on the log likelihood

Iterations B W var+ R̂

[1,100] 4 911 011 1 800 494 1 831 599 1.0086
[1,500] 3 096 544 515 818 520 980 1.0050
[1,1000] 2 051 000 276 125 277 900 1.0032
[1000,11 000] 282 591 13 637 13 663 1.0010
[1000,15 000] 167 101 13 679 13 690 1.0004
[1000,20 000] 224 146 13 512 13 523 1.0004
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Fig. 3. Evolution of (a) the log likelihood and (b) the number of clusters in the
course of 10 runs of the same dataset with overdispersed starting conditions.
Color-coded figures are included in Supplementary Figure 2.
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Fig. 4. Sensitivity and specificity of the RJMCMC-based algorithm. For each
one of the 10 simulated datasets, the RJMCMC-based clustering was run
over the complete dataset (without missing values) and over the dataset with
missing values. The average sensitivity and specificity of the RJMCMC-based
clustering are displayed without (‘open circles’) and with missing values
(‘asterisks’).

capacity of a given test or algorithm to discriminate true positives;
specificity quantifies the ability of a test to detect true negatives. The
sensitivity of the algorithm is only ∼0.5 on average, whereas the
specificity is high, i.e. the number of false positives is low (Fig. 4),
irrespective whether data were complete or with 10% missing values.
This is attributable to the way clusters are built (based on a ‘seed’
gene) which might result in the merge of more than one of the original
clusters into one, depending on the profile of the selected gene.
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Fig. 5. Four true clusters (left) are compared with the RJMCMC-clusters
(right) obtained using a random gene as seed. The dashed line represents the
centroid of the cluster and the solid line the profile of the gene used as seed.
Clusters 5–40 can be found in the Supplementary Figures 4–8.

3.3 Clustering of gene-expression profiles with
missing values

The concordance between the clusters of the complete and the
incomplete (0.1 missing) datasets is >75% on average (85.07,
90.64, 84.42, 89.16, 81.76, 83.29, 86.44, 80.84, 84.22 and 77.62%)
for the 10 simulated datasets. See Figure 3 in the Supplementary
material for the complete percentages per simulated cluster.

When a random gene is picked from the first four simulated
clusters and the clusters are reconstructed from this seed, high
concordance with the profiles of the true clusters is observed (Fig. 5
and Supplementary material).

3.4 Comparison with k-means clustering
The RJMCMC-based clustering algorithm has the advantage over
other clustering methods, e.g. k-means, of allowing the clustering of
gene-expression profiles without advance specification of the number
of clusters. Methods proposed to estimate the number of clusters in a
given dataset are often based on k-fold cross-validation and variants
thereof, e.g. the figure of merit (FOM, Yeung et al., 2001b).

For the simulated data, the results using FOM proved inconclusive
(see the Supplementary material). Thus the true number of clusters
was supplied to the k-means algorithm using the academic software
‘Genesis’ (Sturn et al., 2002). Its sensitivity and specificity was com-
pared with the RJMCMC-based clustering. Since real data almost
always contain missing values, we used the dataset with missing
values for comparison.

Although the number of clusters was given in advance to the
k-means clustering algorithm, the RJMCMC-based clustering still
showed greater sensitivity than the k-means clustering algorithm
(Fig. 6 and Supplementary Figure 9), whereas the specificity was
similar and high.

4 RJMCMC-BASED CLUSTERING OF
CELL-CYCLE REGULATED GENES

In addition, we tested the performance of the method on data from one
of the most widely used experiments to test algorithm performance,
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Fig. 7. Clusters of cell-cycle regulated genes found using the RJMCMC-
based clustering method and based in the cdc15 experiment by Spellman
et al. (1998).

the cdc15 experiment, which seems to be the most robust among
those performed by Spellman et al. (1998). Based on hierarchical
clustering and promoter analysis, Spellman et al. (1998) detected
eight main clusters of cell-cycle regulated genes, peaking at dif-
ferent phases during the cell cycle. As a seed, we took either the
most important gene in the cluster or, if no gene was biologically
more relevant than the rest as in the Y or in the histones cluster, a
random one. Figure 7 shows the expression profiles of the genes sim-
ilar to them according to the RJMCMC-based clustering. The genes
clustering together exhibit a very similar expression profile over
the time-course, even though the whole dataset without prefiltering
was used.

5 DISCUSSION
A paradigm of microarray studies is that clusters of co-expressed
genes might share a common regulatory program or might be func-
tionally related. The methods used to identify these clusters within a
gene-expression dataset vary from the simple hierarchical clustering
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Bayesian clustering of microarray data

(Spellman et al., 1998; Sorlie et al., 2003) to complicated probab-
ilistic models (Golub et al., 1999; Zhou et al., 2005). The number
of clusters hidden in the data may not be relevant by itself. But for
many clustering algorithms, it is essential for the formation of the
clusters and thus for determining which genes are co-expressed and,
therefore, involved in the same biological process.

Herein, we present a hierarchical Bayesian model that infers
clusters of genes co-expressed in replicated microarray experiments
under different biological conditions, e.g. under different treatments
or at different time points. The number of clusters does not need to be
specified in advance, but is estimated from the data concurrently with
the other parameters. Furthermore, missing values are imputed in the
process. The posterior distribution is obtained through RJMCMC
(Green, 1995) applied to mixture models (Richardson and Green,
1997).

Model-based clustering has already been applied extensively to
gene-expression profiles (Yeung et al., 2001a, 2003; Ramoni et al.,
2002; Medvedovic and Sivaganesan, 2002). The first authors imple-
mented the R package mclust within the Bioconductor project. In
the models by Yeung et al. (2001a) and Ramoni et al. (2002), the
number of clusters needs to be specified in advance, although the use
of a probabilistic model makes it possible to estimate the optimal
number of clusters that maximizes the likelihood, or rather BIC, of
the data. Medvedovic and Sivaganesan (2002) allow the number of
clusters to vary, as in the present paper. But their method requires
integration of the posterior distribution and is thus less flexible. It
cannot, e.g. deal with missing data that occur often with microarrays.
This flaw is shared with other methods. As a remedy, gene-expression
profiles with missing values must either be excluded or missing val-
ues need to be imputed by other means, e.g. KNN (Troyanskaya
et al., 2001), prior to clustering.

Generally, Bayesian inference can be applied to any problem
for which a probabilistic model can be formulated. If the full
likelihood (or posterior distribution) cannot be obtained in closed
form, the full set of conditional distributions suffices. Hierarchical
models, missing data and even variation of the number of paramet-
ers can easily be accommodated. Compared with other approaches,
Bayesian inference is thus extremely flexible (Beaumont and
Rannala, 2004).

Bayesian statistics were here used because they allow the num-
ber of clusters to vary and the integration of missing values. Both
problems are pressing in the clustering of gene-expression data. In
order to test the performance of our method, we generated simulated
data similar to the yeast cell-cycle dataset by Spellman et al. (1998)
with 6000 genes, 10 experimental conditions (e.g. time points) and
40 clusters (compare Medvedovic and Sivaganesan, 2002). Perform-
ance was assessed by running each dataset with different starting
conditions, i.e. varying the initial number of clusters between 10
and 100. Convergence was rapidly reached after <1000 iterations.
The number of clusters was also stable at ∼40 after this time
(Fig. 3). Using overdispersed starting conditions (Gelman et al.,
1995), we determined that running the RJMCMC for 10 000 itera-
tions after a burn-in period of 1000 iterations gives sufficient accuracy
and performance.

Each dataset was generated with and without missing values, and
specificity and sensitivity of the RJMCMC algorithm were evaluated
and compared with the k-means algorithm. The RJMCMC-based
clustering has a high specificity irrespective of whether the data were
complete or had 10% missing values. High specificity is important,

since genes in the same cluster will be postulated as similar in
function or involved in the same biological process and further
analysis will be based on this assumption. However, the ability
to detect true positives (sensitivity) was only ∼0.5. This was still
much higher than that of the k-means algorithm, which showed a
similar specificity.

More work is needed for the labeling problem (Richardson and
Green, 1997) and for inference of clusters from the posterior. Our
solution may not be optimal.

6 CONCLUSIONS
In this contribution, we account for multiple replicates, a variable
number of clusters and missing data. Previous Bayesian clustering
algorithms did not impute missing values within the probabilistic
model (Yeung et al., 2003). Instead, external programs were used
to impute the missing values, e.g. weighted k-nearest neighbors,
KNNimpute, (Troyanskaya et al., 2001). Hence, we overcame the
main two problems of most clustering algorithms: the existence
of missing values and the need to fix the number of clusters in
advance. In addition, no filtering of the ‘irrelevant’ genes is needed
and the biologist has the opportunity to focus only on the profiles
of interest, as shown with the cdc15 experiment (Spellman et al.,
1998).

Although it is clear that some of the genes regulated by a common
element or active in a certain pathway are likely to be co-expressed
across the different biological conditions measured with a microar-
ray experiment, the reciprocal may not be true. It is, hence, difficult
to assess the effectiveness of a clustering algorithm on real data. For
this reason the performance of the method was further tested in sim-
ulated data: specificity was very high, sensitivity was ∼0.5, much
higher than that of the k-means algorithm. The method adjusted
the right number of clusters dynamically and this did not influ-
ence the clusters formation. The main drawback of the method is
still its computational expenses. Parallel computing could improve
the performance.
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ABSTRACT

CARMAweb (Comprehensive R-based Microarray
Analysis web service) is a web application designed
for the analysis of microarray data. CARMAweb
performs data preprocessing (background correc-
tion, quality control and normalization), detection
of differentially expressed genes, cluster analysis,
dimension reduction and visualization, classification,
and Gene Ontology-term analysis. This web appli-
cation accepts raw data from a variety of imaging
software tools for the most widely used microarray
platforms: Affymetrix GeneChips, spotted two-color
microarrays and Applied Biosystems (ABI) micro-
arrays. R and packages from the Bioconductor
project are used as an analytical engine in combin-
ation with the R function Sweave, which allows
automatic generation of analysis reports. These
report files contain all R commands used to perform
the analysis and guarantee therefore a maximum
transparency and reproducibility for each analysis.
The web application is implemented in Java based
on the latest J2EE (Java 2 Enterprise Edition) software
technology. CARMAweb is freely available at https://
carmaweb.genome.tugraz.at.

INTRODUCTION

Expression profiling using microarrays has become a widely
used method for the study of gene-expression patterns.
Different microarray technologies have become available,
including the Affymetrix GeneChip platform (http://
www.affymetrix.com), spotted two-color cDNA or oligo

microarrays (1), or the ABI single-channel microarrays
(Applied Biosystems, http://www.appliedbiosystems.com).
All microarray platforms require analytical pipelines with
modules for (i) data preprocessing including data normaliza-
tion, (ii) statistical analysis for identification of differentially
expressed genes, (iii) cluster analysis and (iv) Gene Ontology
(GO) analysis. The module for normalization and data pre-
processing is platform dependent and aims to reduce technical
variability without altering the biological variance in the data.
After data normalization, the selection of differentially
expressed genes is often the main objective of a microarray
experiment. Additionally, genes might be grouped into clus-
ters according to the similarity of their expression patterns.
Finally, genes can be mapped onto GO (2) terms in order to get
an overview of the biological processes, cellular components
or molecular functions for which the genes of interest might be
involved.

In the past years, Bioconductor (3) (based on the statistical
programming language R, http://www.R-project.org) has
become the reference tool for the analysis of microarray
data because it is based on the most complete set of up-to-
date algorithms. However, for scientists without adequate pro-
gramming experience, the command line usage of R and
Bioconductor is too cumbersome. Moreover, the performance
of laboratory desktop computers is often insufficient to ana-
lyze microarray data with tens of thousands of features. There-
fore, many analysis tools with a graphical user interface and
powerful computing servers have been developed, including
web-based tools like GEPAS (4), ArrayPipe (5), MIDAW (6),
RACE (7) or Expression Profiler (8). Of these, only GEPAS
and Expression Profiler support both Affymetrix and two-
color arrays. To the best of our knowledge, there is currently
no web service available for the analysis of the increasingly
popular ABI system. MIDAW and RACE use R and Biocon-
ductor packages as analytical engines as well, but these
web applications focus either on the analysis of two-color
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microarrays (MIDAW) or Affymetrix GeneChips (RACE).
Presently, only Expression Profiler allows loading microarray
data from the ArrayExpress database (9). Expres-
sionProfiler enables direct handling only for raw data from
the Affymetrix platform, whereas for two-color microarrays
external manipulation of the raw data files has to be perfor-
med. The raw data files derived from the image analysis
software are usually large and difficult to handle, especially
for inexperienced users. Thus, researchers working with two-
color microarray data have to navigate several websites and
transfer the data between the servers to complete their
analyses.

We have therefore developed the web application CAR-
MAweb (Comprehensive R-based Microarray Analysis web
service) based on both the latest Java 2 Enterprise Edition
(J2EE) software technology and R in combination with
Bioconductor.

CARMAweb provides the following unique features:

� Support for Affymetrix, two-color and ABI microarrays,
� Import of raw data from a variety of imaging software tools

for two-color microarrays (Agilent Feature Extraction,
ArrayVision, BlueFuse, GenePix, ImaGene, QuantArray,
SPOT or raw data files from the Stanford Microarray
Database),

� A complete analytical pipeline for Affymetrix, two-color
and ABI microarrays including modules for preprocessing,
detection of differentially expressed genes, clustering and
visualization, as well as GO mapping,

� Generation of comprehensive analysis report files.

METHODS

CARMAweb is designed as a multi-tier application based on
the J2EE environment, including Java Server Pages and Ser-
vlets for the web tier, and Enterprise Java Beans for the middle
tier. With the exception of the module for cluster analysis,
visualization and classification, all calculations are performed
in R using functions of the Bioconductor packages. The con-
nection between Java and R is established through Rserve
(http://stats.math.uni-augsburg.de/Rserve/). Each analysis is
processed in R using the R function Sweave (http://www.ci.
tuwien.ac.at/�leisch/Sweave). Sweave is a tool that allows
embedding of R code into LaTeX documents. Sweave executes
the R commands from the input file, which is created by the
web application. Output from R, R commands and descriptive
text are written into a LaTeX file. Thus, code, results and
descriptions are presented in a consistent way. After the ana-
lysis the LaTeX file generated by Sweave is transformed into a
pdf analysis report file. These analysis report files contain all
R commands used to perform the analysis, together with
descriptions for the various methods used. This guarantees
a maximum of transparency and reproducibility of each ana-
lysis performed in CARMAweb. The CARMAweb user guide
gives a short introduction to the various analysis methods
available in the web application. Test datasets are provided
for each microarray platform.

The current implementation of CARMAweb runs on a ser-
ver equipped with two AMD Opteron (64 bit CPU) processors
and 4 GB of physical memory. CARMAweb will be updated

regularly to the newest R and Bioconductor releases. The
current version of CARMAweb uses R version 2.2 and
Bioconductor release 1.7.

PROGRAM DESCRIPTION

The design and modular conception of CARMAweb allows
the use of the different analysis modules either individually or
combined into an analytical pipeline (Figure 1). After prepro-
cessing of the raw data and identification of differentially
expressed genes, cluster analysis, visualization and GO ana-
lysis can be performed. All analysis result files, i.e. tables with
normalized expression values, differentially expressed genes
or cluster analysis results can be returned to the users’ data
directory and subsequently used as input files for other ana-
lysis modules of CARMAweb or for other applications.
Detailed descriptions and help texts for the various processing
steps and methods of the different modules are provided as
pop-up tool tips.

Data preprocessing

Data preprocessing is an essential step in the analysis of
microarray data. The user has to choose an appropriate method
from a wide range of available methods depending on the
particularities of the data, i.e. their biological characteristics
and the platform used.
Two-color microarrays. A large number of image analysis
tools is available for two-color microarrays, and several fea-
tures essential for the data preprocessing (i.e. flags determ-
ination, background estimates) differ between them.
CARMAweb allows importing raw data files from Agilent
Feature Extraction, ArrayVision, BlueFuse, GenePix,
ImaGene, QuantArray, SPOT or raw data files from the
Stanford Microarray Database. For background correction,
CARMAweb allows several options (i) background subtrac-
tion, (ii) background subtraction followed by the minimum
method (any intensity which is zero or negative after correc-
tion is set to half the minimum of the positive corrected intens-
ities), (iii) the moving minimum method (background

Figure 1. CARMAweb analysis workflow. The different modules of CARMA-
web can either be used individually or in combination, resulting in an analytical
pipeline. Analysis result files can be returned to the user’s data directory and
then be used as input for the other modules (e.g. the GO analysis module).
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estimates are replaced with the minimum of the backgrounds
of the spot and its eight neighbors, and are then subtracted
from the foreground) or (iv) the method described in (10).
After background correction, methods like the median nor-
malization, the loess or print tip loess normalization or the
robust spline normalization (normalizes using robustly fitted
regression splines and empirical Bayes shrinkage) are pro-
vided by CARMAweb to normalize within-array. Afterwards
between arrays normalization can be performed using the
median scaling or the quantile method. Additionally the vari-
ance stabilizing normalization (11), which combines both
within and between array normalization, has also been
included in CARMAweb. Most of these preprocessing meth-
ods are outlined in (12). The preprocessing of two-color
microarrays is carried out in CARMAweb using functions
from Bioconductors limma and vsn packages.

Affymetrix GeneChips. Preprocessing of Affymetrix Gene-
Chips generally consists of the following steps: (i) background
correction, (ii) normalization, (iii) correction for non-specific
binding and (iv) summarization, where the measured probe
intensities are averaged to one expression value per probe set.
CARMAweb uses the affy package from Bioconductor for this
purpose, and allows the usage of methods like the Affymetrix
MAS5 algorithm or even more sophisticated methods like
RMA (robust multi-array average) (13,14) or GCRMA (modi-
fied version of RMA that uses probe sequence information for
the background correction) to perform the preprocessing. A
comparison of the different Affymetrix preprocessing methods
is outlined in (15). Additionally it is possible to define custom
preprocessing methods by selecting different algorithms for
each one of the preprocessing steps. For Affymetrix GeneChip
analyses, Affymetrix raw data files (CEL files) are used as
input files.

ABI microarrays. The module for the ABI microarray pre-
processing supports tabulator-delimited text files, which can
be exported from ABIs scanning software. These text files
already contain background-corrected expression values
from one or more microarrays. CARMAweb permits reading
of microarray data from one or more of such exported text
files, and allows the adjustment of raw (background-corrected)
expression values across all microarrays of one experiment
using quantile normalization. Alternatively, the assay-
normalized signal provided by ABI might be used for the
analysis (see Applied Biosystems 1700 Chemiluminescent
Microarray Analyzer User’s manual http://www.
appliedbiosystems.com). Quality parameters (flags, signal to
noise, cv) can be used to filter out poor quality spots.

Following the microarray preprocessing, replicated arrays
can be averaged in an optional replicate handling step. This
function also allows averaging of the replicated spots within
each microarray, and its aim is to increase the quality of the
microarray data by reducing the noise.

Detection of differentially expressed genes

The detection of differentially expressed genes can be per-
formed in CARMAweb for microarray experiments with a
small number of biological replicates using a simple fold
change. Additionally CARMAweb allows ranking of genes
according to the number of comparisons in which they
were selected as differentially expressed.

In microarray experiments with a sufficient number of
arrays, differentially expressed genes can be detected in
CARMAweb using statistical tests like the Mann Whitney
U test (16), the Student’s t-test (16), the permutation (random-
ization) test (16), the moderated t-statistics (based on an
empirical Bayes approach, the Bioconductors limma package)
(17) or the significance analysis of microarrays (SAM,
Bioconductors siggenes package) (18). Because microarray
experiments generate large multiplicity problems in which
thousands of hypotheses are tested simultaneously within
one experiment (19), an adjustment of the calculated P-values
should be performed. Bioconductors multtest package
provides suitable methods to adjust P-values regarding this
multiple hypothesis testing problem. Available adjustment
methods are the procedure introduced by Benjamini and
Hochberg (20) for strong control of the FDR (false discovery
rate, expected proportion of false positives among the
rejected hypotheses) or the method by Westfall and Young
(21) to control the FWER (family-wise error rate, probability
of at least one false positive). CARMAweb allows the use
of all methods described in (19) for the adjustment of raw
P-values.

To alleviate the loss of power from the formidable multi-
plicity of gene-by-gene hypothesis testing within a microarray
experiment, a non-specific pre-filtering of the data can also be
performed. This pre-filtering consists in the reduction before-
hand of the number of genes to be tested, removing those that
are either not relevant for the study in question or those expec-
ted to be unaltered through the experimental conditions. This
can be achieved by focusing the analysis only on those genes
for which variance across conditions is in the top x%, where x
is a user-defined value.

Cluster analysis, dimension reduction and
visualization, and classification

For cluster analysis, dimension reduction and visualization,
and for classification of microarray data, the module Genes-
isWeb can be used (Figure 2). This module is based on the
cluster analysis suite Genesis (22), and uses its server (23) to
perform the calculations. Cluster analysis and visualization
requires intensive graphical user interaction that is not sup-
ported by R. The cluster analysis module of CARMAweb
supports an interactive selection, coloring and export of clus-
ters, and also displays other important information like the
expression values or gene names both as tool tips and in
the status bar of the browser when the user moves the
mouse over the image.

Expression data can be adjusted beforehand with methods
like mean or median centering, logarithmic transformation or
division by the SD across samples or genes. Genes and/or
samples can be grouped according to their expression simil-
arity using the hierarchical clustering algorithm (HCL) (24),
the k-means clustering method (KMC) (25) or self-organizing
maps (SOM) (26). A wide range of distance-measurement
methods is available to measure the similarity of gene or
sample expression patterns (e.g. Euclidian distance, Pearson
correlation, Spearman’s rank or Kendall’s tau). As mentioned
before all result images are interactive, thus allowing the
selection, coloring and export of clusters. Additional informa-
tion, like gene names or expression values, is displayed both as
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tool tips and in the status bar of the browser when the user
moves the mouse over expression or cluster images.

The available dimension reduction and visualization meth-
ods are principal component analysis (PCA) (27) and corres-
pondence analysis (CA) (28). Whereas PCA can be used to
identify key variables (or combination of variables) in the
datasets, CA allows simultaneous detection of dependencies
between samples and genes in microarray data . Visualization
tools available with the dimension reduction procedure also
enable selection, coloring and export of genes that group
together in the space spanned by the principal components.

Support vector machines (SVM) (29) can be used for clas-
sification of microarray data. The aim of this supervised clas-
sification method is to classify genes or samples by using the
information gathered from the training on a dataset with
known classification. For example, an SVM can learn in the
training step what expression features are specific for a given
functional group of genes specified by the researcher, and use
this information to decide whether any given gene is likely to
be a member of the group or not.

The tool can be used as a standalone web application at
https://carmaweb.genome.tugraz.at/genesis, or in combination
with CARMAweb, where it is possible to return cluster
analysis results to the user’s data directory. As input files,

tabulator-delimited text files containing expression values
(e.g. from an earlier analysis that detected differentially
expressed genes, or from files uploaded by the user) are
supported.

GO analysis

The Gene Ontology project (2) provides three independent
ontologies for gene products. The three ontologies refer to
the cellular component, biological process and molecular
function of a gene product and allow its description in a hier-
archical manner. The GO analysis aims to assist in the bio-
logical interpretation of the results by finding GO terms that
are significantly often associated to genes in a given gene list.
CARMAweb uses the GOstats and GO package from Biocon-
ductor for the GO term analysis. The GO term analysis module
of CARMAweb supports as input any tabulator-delimited text
file that contains one column with EntrezGene (formerly
LocusLink) identifiers of the genes of interest. This kind of
input file can be either file uploaded by the user or result file
from a previous analysis. The result of the GO analysis is a GO
graph, and a table with GO terms and P-values calculated for
over-representation of the genes in the corresponding GO
terms. The GO graph is the collection of unique GO terms

Figure 2. The cluster analysis module GenesisWeb offers interactive cluster selection. (A) Result from a hierarchical cluster analysis. (B) Result from k-means
cluster analysis of the same dataset. (C) Result from SOM cluster analysis. (D) Visualization of a CA of the same dataset. Clusters interactively selected in any of the
cluster analyses can be highlighted in further analyses (shown here as red labeled genes).
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that are associated with one or more of the genes of interest. In
order to allow calculation of P-values, an additional file con-
taining the EntrezGene identifiers of all genes that can be
detected with the microarrays in use needs to be submitted.
Affymetrix users can specify the GeneChip used in the ana-
lysis instead of submitting a file with all EntrezGene identi-
fiers. Although some correction for multiple testing should be
performed on the P-values, such tests are not independent and
the sampling distribution is unclear (30), so CARMAweb at
present does not perform any correction.

Output and analysis results

Each analysis is processed in its own workspace, which is
accessible only to the user performing the analysis
(Figure 3). The analysis result includes all raw data files,
the analysis report file containing all commands and descrip-
tions about the methods used, and all result tables and plots
created during the analysis. Additionally the R workspace of
each analysis step can be exported to an RData file, which can
be used to continue the analysis in R on a local workstation.
The result tables can comprise tables of normalized expression
values for all genes in all arrays, tables with expression values
of the subsets of differentially expressed genes, or tables con-
taining the raw P-values and adjusted P-values using the vari-
ous adjustment methods. In an Affymetrix GeneChip analysis
all probe sets are annotated to the identifiers of the publicly
available databases (GenBank (31), UniGene, EntrezGene)
using the Bioconductor annaffy package. Analysis result
files can be returned to the users’ data directory and be
used as input for further analyses.

Visualizations of the microarray data like MA plots,
histograms, box plots or volcano plots are available as single
files and are additionally embedded into the analysis report
file. The content of each analysis workspace can be down-
loaded after completion as a single zip archive, or each file
can be downloaded separately. The GO term analysis
produces a directed acyclic graph of all GO terms to which
the genes of interest are associated (Figure 3). Additionally a
table containing all GO terms with the corresponding P-value
is created. The P-values provide information about the
over-representation of the genes of interest to the term com-
pared with the total number of genes associated with it. The
table contains the number of genes of interest that are mapped
to the specific term and the total number of genes present on
the microarray in use that are associated with the GO term.

Future development

The next release of CARMAweb will provide a complete
SOAP (Simple Object Access Protocol) interface to its ana-
lysis facilities, thus allowing other applications to use the
analysis and processing steps available in CARMAweb.

CONCLUSIONS

The web application CARMAweb that we have developed
combines the advantages of an intuitive web-based graphical
user interface with the wide range of state-of-the-art microar-
ray normalization and analysis methods provided by Biocon-
ductor. Owing to the modular structure of CARMAweb and
the standards-based software engineering, extensions or new

Figure 3. Result workspaces of a differentially expressed genes analysis (left) and a GO analysis (right). (A) Volcano plot displaying the mean differential expression
against P-values (�log10 of the P-value) of all genes. (B) MA plot. Points are colored according to local point density with brighter colors coding for higher density.
(C) The induced GO graph of the genes of interest. Red nodes represent over-represented GO terms.
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functionalities can be implemented easily without complex
and time-consuming alterations of the source code.

CARMAweb provides several unique features in a modular
and flexible system for the analysis of microarray data. First,
data from three platforms, namely Affymetrix GeneChip,
two-color microarray and the ABI microarray platform can
be analyzed. Second, a wide range of file formats for two-color
microarray raw data is supported. Third, a complete analytical
pipeline for the supported platforms is provided, including
preprocessing, detection of differentially expressed genes,
cluster analysis, dimensionality reduction and visualization,
classification, and GO analysis. Fourth, data exploration is
enhanced by analysis report files that include the parameters
and commands used. The report files that are generated spe-
cifically for each analysis guarantee a maximum of transpar-
ency and reproducibility. Furthermore, these report files
provide a unique way for the documentation of any analyses
that have been performed by recording how and with which
methods the analysis results have been derived. In sum, based
on its flexibility in selecting different analysis steps, its pos-
sibility for customization and its comprehensive web-based
graphical user interface, CARMAweb is a powerful tool for
microarray data analysis.
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