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Abstract
Mathematical modelling and computational analysis play an essential role in improving our capability to elucidate the
functions and characteristics of complex biological systems such as metabolic, regulatory and cell signalling path-
ways. The modelling and concomitant simulation render it possible to predict the cellular behaviour of systems
under various genetically and/or environmentally perturbed conditions. This motivates systems biologists/bioengi-
neers/bioinformaticians to develop new tools and applications, allowing non-experts to easily conduct such model-
ling and analysis. However, among a multitude of systems biology tools developed to date, only a handful of projects
have adopted a web-based approach to kinetic modelling. In this report, we evaluate the capabilities and character-
istics of current web-based tools in systems biology and identify desirable features, limitations and bottlenecks for
further improvements in terms of usability and functionality. A short discussion on software architecture issues
involved in web-based applications and the approaches taken by existing tools is included for those interested in
developing their own simulation applications.
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INTRODUCTION
The study of metabolic, signalling and regulatory

networks is being greatly aided by the develop-

ment of computational models and the availability of

abundant amounts of high-throughput experimental

data [1, 2]. One of the key goals of systems biology

is to build precise and reliable mathematical models

that can be used to predict cellular responses to

a range of stimuli, thus allowing biologists to gain a

better understanding of how complex biological

systems function [3]. Dynamic models, in which the

behaviour of a system and its components is studied

over time, have been used routinely in a variety of

physics and engineering fields as well as in social

science areas such as economics and sociology.

Applications have been developed for simulating

interesting phenomena observed in a wide range of

subjects, such as robotics, meteorological phenom-

ena, fluid dynamics, aerospace and vehicular simula-

tions, population dynamics, etc. Several large-scale

simulation projects have been undertaken in recent

years, including efforts to simulate a mammalian

brain [4], the formation and evolution of galaxies [5]

and large climate prediction simulations [6]. In

addition to temporal considerations, kinetic proper-

ties such as reaction rates and mechanisms can also be
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incorporated into models. Recently, these and sev-

eral other techniques are being applied to simulating

models of various biochemical networks [7]. This

approach begins with a hypothetical model describ-

ing cellular behaviour and physiology derived from

prior biological knowledge and experimental obser-

vations. A predictive model is then created, refined

and validated in an iterative way until a suitable

agreement is reached between the model’s predic-

tions and the experimental observations [8]. Indeed,

in silico modelling and the associated simulation of

biological systems incorporate a synergistic combina-

tion of theoretical, computational and experimental

efforts. This motivates systems biologists, bioengineers

and bioinformaticians to devise suitable tools and

environments that facilitate the interactions among

researchers with diverse backgrounds; including

those who might be unfamiliar with the underlying

computational methods or the biological system.

As a result of these efforts, a multitude of kinetic

modelling applications have been developed and

can be found as listed on the systems biology

community (http://sbml.org). Each of these tools has

its own capabilities and features, differing in terms of

user interface (UI), mathematical framework, model

portability and database functionality [9–11]. The

modelling process can be composed of mainly three

steps: model construction, simulation and systems

analysis. Although most kinetic modelling tools focus

on one of these steps, it is desirable for non-expert

users to get access to the entire model building

process in one ‘all-in-one’ package. Based on the

location of computational resources, such tools

available at this time can be classified into two

types: stand-alone and web-based. Stand-alone

applications are installed and run locally on users’

computers, whereas web-based ones perform their

computations on central servers with the results

delivered to the users through web browsers. It

should be noted that some advanced web technol-

ogies allow portions of the computation to take place

on the user’s machine, thus reducing the burden on

the central server. We still consider these approaches

as web-based, since a big part of the system still

operates via a web interface. To date, several stand-

alone modelling environments such as E-Cell [12],

the Systems Biology Workbench [13], COPASI

[14], etc. have been developed. Alternatively, a web

browser presents the advantage of being readily

available to all users without having to install any

additional software packages. This makes web-based

applications accessible online regardless of the users’

platform, providing advantages over stand-alone

applications in terms of accessibility, software updates

and computational capabilities. However, web-based

applications have the disadvantage of being slower

than stand-alone applications due to the shared

nature of computational resources and slow response

time over the Internet. Perhaps because of these

limitations, only a few such applications are now

available and thus the area of web-based simulation

tools is still relatively sparse compared to other types

of simulation tools available. This entails the need

for evaluating the capabilities and characteristics

of current web-based tools in systems biology and

for identifying desirable features and bottlenecks for

further improvements.

Despite the shortage of web-based modelling

tools, there is still some diversity in the types of

features they provide. Online model repositories,

such as BioModels [15], DOQCS (Database of

Quantitative Cellular Signalling) [16] and JWS (Java

Web Simulator) Online [17] provide users with

centralized resources where they can store, annotate

and retrieve models. Among these repositories,

JWS provides the added functionality of allowing

users to simulate the models. Virtual Cell [18] is

one of the most well-known kinetic modelling and

simulation environments, allowing users to build

both compartmental and spatial models of biological

systems. As its unique feature, Virtual Cell is capable

of describing the complex geometry of a cellular

system in two or three dimensions. Another web-

based platform is PyBioS [19], supporting the

modelling features for simulating cellular processes.

WebCell [20] is an integrated online environment

for managing qualitative and quantitative information

on cellular networks as well as interactively exploring

their steady-state and dynamic behaviours. Most

recently developed is SYCAMORE [21] that focuses

on helping non-expert users to set up biochemical

models and run simulations and analyses on them.

Instead of implementing all aspects of a modelling

package on its own, SYCAMORE integrates several

online applications along with its own locally installed

tools. An interesting project focusing on the quanti-

tative study of the biology of ageing is the Biology of

Ageing e-Science Integration and Simulation System

(BASIS) [22]. This system provides web-based ser-

vices that make it possible for users from different

research groups to collaborate and integrate rele-

vant data and hypotheses to the biology of ageing.
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Another package is the CADLIVE [23, 24] system,

where users can convert biochemical network maps

into dynamic models and then simulate them online.

However, the Java-based graphical user interface

(GUI) for constructing large-scale biochemical net-

works is distributed as a stand-alone application and

must be run on the users’ local machine.

In this report, we focus on applications that enable

users to build, manage and analyse kinetic models of

biological systems through a web browser-based

interface. Six representative applications in systems

biology are reviewed, viz.: JWS Online, Virtual

Cell, PyBioS, WebCell, SYCAMORE and BASIS.

We compare the capabilities and features of those

web-based applications based on various usability and

functionality criteria. Finally, for research groups that

are interested in developing their own web-based

simulation tools, we include a short discussion on

the various issues concerning the system architecture
in building such a system. We also discuss some

alternative technologies and strategies that can be

used to improve the performance of existing tools.

EVALUATING CAPABILITIESAND
FEATURESOFWEB-BASED
APPLICATIONS
A detailed comparison of the selected web-based

applications is presented in the following subsections.

Their features and characteristics are compared with

respect to usability and functionality.

Usability
Efficiency, user satisfaction and a low learning

curve are the primary notions of usability [25]. The

usability of an application depends primarily on its

UI. A natural and intuitive UI allows non-expert

users to easily adapt to the application without

having to spend much time consulting user manuals

or help files. How much effort users have to make in

order to learn a software package and how easily they

can build models and get solutions to problems

they are interested in solving are other important

aspects of the usability of a system. Especially, since

users might not have mathematical or computational

backgrounds, applications must not be excessively

complex. Finally, relevant user guides and docu-

mentation must be readily available so that users can

easily get the information they need in order to build

and simulate their models.

Three major types of interfaces are used for

defining, handling and managing models in web-

based applications: scripts, wizards/forms and dia-

grammatic interfaces [26]. Script-based interfaces

ask users to define models strictly in text form,

allowing them to directly edit the models. Some

applications provide wizards or a series of forms and

dialogue boxes to define models, guiding users via a

series of well-defined and highly structured tasks.

Diagrammatic interfaces allow models to be defined

by drawing diagrams or networks and subsequently

specifying the required parameters through pop-up

text entry boxes [9]. Out of all the applications

surveyed, Virtual Cell was the only one that com-

bined all three types of interfaces. JWS, PyBioS,

SYCAMORE and BASIS use a form-based inter-

face, while WebCell provides both wizard- and

script-based interfaces for model definition. Model-

ling experts may prefer the script-based interface

rather than wizards; information, such as kinetic

equations, rate expressions and other parameters can

be entered within a single text form and easily

edited, thus reducing model building efforts. How-

ever, this index-free and context-heavy structure

raises the probability of typographical errors appear-

ing in the model. Ideally, the combined graphical

and text UI of Virtual Cell decreases the occurrence

of such problems.

During the model building process, users can

either follow predefined rate expressions or define

their own rate expressions under Virtual Cell,

PyBioS, WebCell and BASIS environments. JWS,

however, limits its users by only allowing them to

simulate models predefined in the library. Interest-

ingly, SYCAMORE adds a useful feature where

it allows users to search the SABIO-RK [27] data-

base for relevant kinetic and reaction data to add to

their models instead of having to provide the data

themselves.

Visualization of models through a graphical inter-

face renders it possible for users to better understand

the overall structure of the model networks along

with the relationships among the various components

or molecules. This essential feature is basically

supported by all of the applications surveyed. How-

ever, one desirable feature of this functionality is an

interactive graphical interface supporting dynamic

visualization using automatic layout algorithms. In

this sense, Virtual Cell is the only application to satisfy

such functionality, while PyBioS, WebCell, SYCA-

MORE and BASIS only provide non-interactive
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displays of model networks. JWS has static and pre-

drawn network diagrams in its model library.

Uniquely, Virtual Cell and BASIS allow users to

perform multi-compartmental graphical visualization

by defining different compartments of a given model

in their forms-based UI.

Consistency of display is another important aspect

of usability, which ensures uninterrupted operation

of a web-based application. For example, the result

display may be confusing to users if results of different

analyses are shown in pop-up windows. Another

important aspect of consistency is the internal page

navigation through which users can browse and find

the resources or services they are looking for. PyBioS,

WebCell, SYCAMORE and BASIS provide an

adequate internal navigation schema, which allows

users to easily understand the application structure.

The final issue of importance from a usability

standpoint is the availability of tutorials and user

manuals. All of the applications surveyed provide at

least basic tutorials or help pages that explain the

purpose and functionality of the tools. However, the

information provided by JWS, PyBioS and BASIS

was quite sparse without including any screenshot of

the systems in use. On the other hand, Virtual Cell,

WebCell and SYCAMORE provide case studies

and tutorials with screenshots showing the users how

to build and simulate the models in a step-by-step

format. Table 1 highlights several key usability fea-

tures of the applications.

Functionality
Functionality is a multi-faceted measure that defines

the features and capabilities of modelling applica-

tions. This includes support for different types of

analysis, such as steady-state, sensitivity and pathway

analyses of reaction networks as well as time-course

analysis of kinetic models. It also considers support-

ing features that applications should provide, e.g.

model validation, and different types of mathematical

frameworks and solvers. External features such as

links to public databases and data/model exchange

formats are also included as major attributes in the

functionality provided by web-based applications.

There are several functions that need to be

performed as part of modelling a dynamic system and

its subsequent analysis. One of the first steps in model

building is to validate the model by checking the

kinetic parameters for completeness and correctness.

WebCell and SYCAMORE provide support for

model validation. Since experimental data are often

lacking, some parameter values may be missing from

a model. Virtual Cell and SYCAMORE can use

parameter estimation [28] methods to get estimated

values for the missing parameters. In SYCAMORE,

these are obtained through an interface to the

qPIPSA [29] software which relates protein structure

information to kinetic parameters.

After the model has been built, one area of

interest is to explore the systems responses to changes

in parameters. Parameter scanning is one method

Table 1: Usability features of web-based applications

Web-based
applications

JWS
Onlinea

Virtual
Cell

PyBios WebCell SYCAMORE BASIS

User interface for
model building

Wizard/
form-based

^ 3 3 3 3 3

Script-based ^ 3 3

Diagrammatic ^ 3

Kinetic rate expression
for model building

Predefined 3 3 3 3 3 3

User-defined 3 3 3 3 3

Multi-compartmental
graphical representation

3 3

Parameters and initial
conditions changeable

3 3 3 3 3 3

Internal page navigation 3 3 3 3

Simulation results Graph Graph/Text Graph Graph/Text Graph/Text Graph/Text
User guides and

documentation
Text Text/

Screenshots
Text Text/

Screenshots
Text/
Screenshots

Text

URL (version) http://jjj.biochem.
sun.ac.za

http://www.
vcell.org (v4.3.1)

http://pybios.
molgen.
mpg.de (v1.0)

http://webcell.
org (v2.0)

http://sycamore.
eml.org

http://www.
basis.ncl.ac.uk

aJWSOnline provides a library of predefinedmodels and as such does not allow users to build their ownmodels.
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that determines the effects of changing the values of

a single parameter on the levels of different variables,

such as metabolic fluxes or metabolite concentra-

tions. Virtual Cell and PyBioS are able to assess the

robustness and performance of the system through

parameter scanning. Sensitivity analysis is a similar

technique that identifies which parameters a given

metabolic or cellular phenomenon is most sensitive

to. SYCAMORE supports sensitivity analysis and

displays a colour-coded table, where most sensi-

tive parameters are highlighted. JWS, PybioS and

WebCell provide metabolic control analysis (MCA),

in which the sensitivity of network components such

as fluxes or concentrations in response to perturba-

tions in enzyme activity or other processes is analysed

by computing control, elasticity and response coeffi-

cients [30]. The structural and functional properties

of biological reaction networks can be investigated

by carrying out topological pathway analysis, e.g.

identifying independent pathways, futile cycles and

elementary modes [31]. WebCell provides explicit

functionality for this analysis.

The mathematical framework of an application

determines the structure of the kinetic formulation

for a given network model. Models can either

be deterministic, where there is no randomness in

the system and the same inputs will always lead to

the same output; or stochastic where randomness is

incorporated into the model. All of the applications

except BASIS simulate biological systems determi-

nistically. Thus, models are described in the form of

ordinary differential equations (ODE), which are

then solved to explore time-variant dynamic behav-

iour of the cellular system. In addition to ODE,

WebCell is able to handle differential algebraic

equations (DAE) in which constraints, such as mass

conservation constraints are placed in addition to

ODE. Since Virtual Cell deals with time- and space-

variant properties of system components, its models

are expressed using both ODE and partial differential

equations (PDE) to represent systems with different

spatial components. In order to solve the system of

equations for a specific model, Virtual Cell and

WebCell provide various solvers for stiff and non-

stiff systems, based on both variable and fixed step

sizes. These include Fast Newton, Modified

Newton, Runge–Kutta, Euler–Newton, LSODI,

etc. SYCAMORE uses the COPASI software solvers

to simulate its models. Unlike all the other

applications, BASIS supports discrete stochastic

simulation based on Gillespie’s direct method [32].

Stochastic simulations may be more realistic in terms

of biological accuracy, but the popular algorithm for

the stochastic simulation has some limitations and

in general, there are many more analytical methods

available for deterministic simulation that are not

available for stochastic models [10].

Another important facility that web-based appli-

cations should provide is links to public databases.

Researchers from different fields can look up relevant

data on various compounds, enzymes, proteins and

even import entire biological models if they are

available publicly. Currently, Virtual Cell provides

connectivity to the KEGG and other databases

while SYCAMORE allows users to search the

BRENDA [33] and SABIO-RK [27] databases for

enzymatic kinetic data. Finally, cross-compatibility

is a very important issue for web-based applications

in terms of exchanging data and models among dif-

ferent applications. The systems biology markup

language (SBML) is one widely accepted format

for representing models of biochemical reaction

networks [34]. All of the applications surveyed can

support SBML import and/or export, while other

formats such as MATLAB and CellML are also

exchangeable in some applications. Table 2 sum-

marizes the key functional features of the web-based

applications.

DISCUSSION
System architecture
So far, we have compared web-based applications

from the users’ point of view on the basis of usability

and functionality. For developers, critical issues

include what combination of software and hardware

is considered, how the various system components

are organized and how the features are implemented

internally. Traditionally, web-based applications

have adopted a three-tier architecture where three

independent layers or tiers, i.e. presentation, logic

and data tiers, are configured. Figure 1 depicts the

structural overview of three-tier architecture, along

with examples of available programming technolo-

gies to use in the different tiers. The UI and any

component of how the user interacts with the appli-

cation are handled by the presentation tier, while

the data tier manages the internal and/or external

storage of application-related data and provides access

to it. The logic tier acts as a connector between the

other two layers, handling their communication and

performing any logical processing/analysis of data
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using various computational resources. The three-tier

structure is dependent on connectivity existing

between all tiers to exchange models, information

and analysis results. All of the web-based simulation

tools follow this three-tier architecture.

All web-based applications are hosted on a central

server, with software handling requests from users

and serving content back to them. Popular open

source web servers such as the Apache (JWS, Basis)

and Tomcat (WebCell, SYCAMORE) servers can

Table 2: Functionalities provided by different web applications

Web-based applications JWS online Virtual cell PyBios WebCell SYCAMORE BASIS

Network visualization Static Dynamic/Interactive Dynamic Dynamic Dynamic Dynamic
Reaction network validation 3 3

Moiety conservation analysis 3 3

Time-course analysis 3 3 3 3 3 3

Metabolic control analysis (MCA) 3 3 3

Pathway analysis 3

Parameter scanning 3 3

Parameter estimation 3 3

Mathematic framework ODE ODE/PDE ODE ODE/DAE ODE SDE
Link to public databases KEGG/Swissprot BRENDA/SABIO-RK
Data exchange formats

Import SBML SBML SBML SBML SBML
Export SBML SBML/CellML/MATLAB SBML SBML/MATLAB SBML

SDE, stochastic differential equations.

Figure 1: Three-tier architectureused inmostweb applications. Several software technologies canbeused to imple-
ment the configured layers including data, logic and presentation.
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be used to host applications. Based on user requests,

scripts are executed on the web servers to generate

HTML pages for the user’s web browser. A wide

variety of server/client-side languages and tools

are available for web publishing and service, and

often applications employ a combination of them.

WebCell generates its web pages by combining JSP

scripts with Jython and Java Servlets. JSP pages are

also used by SYCAMORE. JWS provides Java

Applets to run their simulations on the client’s

machines. PyBioS uses the Python language and is

implemented on the Zope web application server

environment. Virtual Cell uses a Java Enterprise

solution for its architecture with separate dedicated

messaging, remote method invocation, simulation

and database API servers. BASIS follows a different

approach compared to the other applications and is

based on a service-oriented architecture (SOA).

Various web services are written in Python or Java

with information between machines being passed

by sending XML data over the simple object

access protocol (SOAP). The final aspect of system

architecture, storage and management of model data,

is handled by database management software, which

is accompanied by a system to communicate with the

applications. Popular open source database manage-

ment systems such as MySQL and PostgreSQL are

used by some of the applications surveyed, whereas

Virtual Cell uses the popular commercial database

software Oracle.

Dedicated hardware should be provided since

simulating cellular models is a computationally

expensive process, compared with other data pro-

cessing [35]. Hybrid (both grid and cluster) structure

of distributed computing ensures WebCell and

BASIS a reliable and faster operation on the server

side. Web servers also have to provide data storage

facilities; both for internal data and also for any

data generated by users. User generated data can

be classified as being either private or public. One

unique feature of BASIS is that any model declared

as ‘public’ can be stored along with the simulation

and analysis results. Therefore, any user can access

not only that model but also its results.

Pros and cons of web-based approaches
Web-based applications have several advantages over

stand-alone tools. They operate through a web

browser and are, therefore, easily accessible on

different platforms. Since they are accessed through

a browser, the user does not have to install a copy

of the software themselves and can access their data

on different machines. There is also no need to install

any subsequent upgrades or bug fixes that may

become available, though users must realize that

some software upgrades may make their previous

simulations incompatible with future runs. As an

attractive feature, web-based applications can allow

researchers from different locations to work together

towards a common goal of developing models using

better computational resources than would normally

be available to independent researchers. As a result,

web-based applications usually have a larger model

repository developed through this collaborative

approach, providing more processor-intensive func-

tionality at better speeds through more powerful and

robust servers than ordinary desktop computers.

However, web-based applications do suffer from

a significant disadvantage in terms of speed of

response. Since they have to usually deal with several

simultaneous requests and transfer large amounts of

data between machines in server and client sides,

response time is significantly slower than stand-alone

tools. One possible solution to tackle this problem

is to employ Ajax (Asynchronous JavaScript and

XML), which is a combination of several existing

web technologies [36]. Ajax uses requests that ask for

small amounts of data from the server asynchro-

nously and the HTML of the web page is then

updated to reflect any changes instead of reloading

the whole page [37]. In this manner, Ajax applica-

tions can provide a much richer interface along with

an uninterrupted user experience. It should be noted

that Ajax cannot improve the speed of simulations;

this can only be achieved through more optimized

algorithms or hardware improvements.

To date, no commercial web-based application is

available. Despite their high cost and restrictive

license and installation issues, commercial simula-

tion tools do provide some advantages over freely

available software. These advantages mainly come

from advanced features and better usability, but the

major aspect lies in dedicated user support via

thorough testing and upgrades that at the same

time guarantee backwards compatibility with pre-

vious versions of the software. As mentioned above,

versioning support is a very important feature to

ensure that previous simulations remain compatible

with future experiments. Maintaining data privacy is

another issue since storing data in a public repository

may not be feasible in some research projects. Thus,

much remains to be done to render web-based
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application commercially popular in both industry

and academia.

Future outlook for web-based
modelling tools
Although web-based applications can provide many

capabilities for analysing biological systems that are

available in stand-alone tools, there are still several

features that could be implemented to better meet

the requirements of researchers. In order to further

enhance the usability, application programming

interfaces (APIs) can be created that allow users to

develop their own modules which can be added to

the application for extended functionality. In addi-

tion to existing analysis techniques in web-based

applications, desirable functional features include

bistability analysis [38], simulation of hybrid systems

that contain continuous as well as discrete events

[39], multi-scale modelling [40] and flux analysis

[41], which are currently not available in most web-

based applications. It would be of great help for

researchers to facilitate modelling and analysis of

their systems under investigation if those features are

supported in the future.

From the view point of system architecture,

following a SOA similar to the one used in BASIS

will be very beneficial. In SOA, the functionality of

the application is divided into several small services

which can be combined and reused, thereby

rendering such services interoperable in the system

[42]. Another issue pertaining to interoperability is

how kinetic models can be effectively combined

with high-throughput experimental data within the

context of systems biology [43]. For example, kinetic

modelling can be combined with metabolome data

that is one of the front-end types of data describing

phenotypic cellular behaviour [44]. However,

models and data are represented in different formats,

which need to be integrated under a common

framework. This can be achieved by using semantic

web technology that allows for effective exchange of

knowledge through explicit description of structured

data [45]. In this framework, the metabolome data

and constructed kinetic models are standardized into

XML-based data formats. Subsequently, their rela-

tionship can be clearly described by developing

resource description framework (RDF) and using

ontology web language (OWL) from a semantic

perspective [46]. Thereby, such a semantic associa-

tion of XML-based knowledge renders both meta-

bolomic data and kinetic models interoperable.

One final consideration for further improvement is

to provide more links to public databases, thus making

the modelling process easier and allowing users

to combine information from different resources.

CONCLUSIONS
The continuing combination of high-throughout

experimental data with better modelling tools will

lead to an improved understanding of biological

functions and predicting the effects internal or

external perturbations may have on a system. Web-

based tools are an attractive solution to modelling

biological systems, especially to those new to the area

of systems biology. In this report, we reviewed six

applications that allow users to build and analyse

computational models. Although all of the tools

surveyed provide similar and basic functionality, there

are several differences among them that may appeal to

different types of users. For beginners, SYCAMORE

may be the best tool to use: it focuses on helping

users to set up their models by providing guidance

through tutorials and links to external databases.

More experienced users looking for advanced analysis

features may turn into Virtual Cell, PybioS and

WebCell, while users interested in building models

containing additional spatial components may favour

Virtual Cell. JWS provides an ever-growing reposi-

tory of kinetic models that users can run simulations

on quite easily. Finally, BASIS provides unique

functionality for stochastic simulations.

In conclusion, web-based applications are still not

as widely available for systems biology research as

compared to other areas, but they are gradually

becoming more sophisticated. The main advantages

of web-based applications are easy accessibility on

various platforms, potential for collaborative research

and larger libraries or repositories of biological

models. However, increasing the response speed

between the web server and clients, building richer

UIs and improving interoperability remain main

challenges. Thus, web-based approaches may not be

the most suitable and effective at this moment and

considered as alternative solution for systems bio-

logical research and pedagogy. Nevertheless, we

believe that the increased use of emerging technol-

ogies like Ajax, SOA and semantic web along with

enhanced functionality, such as multi-stage model-

ling and links with public databases will make web-

based applications more appealing to researchers for

their respective research purposes.
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