
ABSTRACT 

There are a large number of software packages available, both commercial and academic, to assist researchers in modeling 

protein networks. In this paper, we briefly review some of the more commonly used tools and focus on the current state of the 

Systems Biology Workbench (SBW), a modular framework that connects modeling and analysis applications, enabling them 

to reuse each otherôs capabilities. We describe how users and developers perceive SBW and then describe the currently avail-

able SBW modules.  

1 INTRODUCTION  

Cellular networks are by nature highly dynamic structures where proteins, metabolites and expression levels are constantly 

changing and adjusting to internal and external influences. Protein networks in particular provide some of the critical compu-

tational capacity that cells need to respond coherently to external signals (Sauro and Kholodenko, 2004). In recent years there 

has been a growing interest in understanding how protein networks behave dynamically since ultimately it is dynamics that 

generates the phenotype. Due to the large number of components and nonlinear nature of protein interactions, the study of 

protein network dynamics invariably involves simulation and mathematical analysis coupled with experimentation (Tyson et. 

al. 2001; Neves and Iyengar, 2002; Geva-Zatorsky, 2006; Kholodenko, 2006). 

 

Simulating biochemical networks has a long history dating back to at least the 1940s (Chance, 1943). In the early days simu-

lation relied on building either mechanical or electrical analogs of biochemical networks. It was only in the 1960s, with the 

advent of digital computers that the ability to simulate biochemical networks became more widely available with the devel-

opment of specialized software tools (Garkinkel, 1968). In recent years there has been a plethora of tools made available to 

the budding systems biologist. The quality and user friendliness of these tools is highly variable. Many tools are open source, 

that is, the source code is available for free which to some degree can ensure its survival even when the original author looses 

interest. Some tools are commercial such as SimBio for Matlab (Mathworks, 2006). 

 

This article will be concerned with the software tools for simulating and analyzing protein networks. We will start with a 

brief review of existing methodologies and tools and then focus on our own tool set, the Systems Biology Workbench (Sauro 

et. al., 2003). 

1.1 Modeling 

There are many reviews and books that now cover the art and science of building models of biochemical networks (Klipp, et 

al, 2005), therefore only a brief survey is given here. 

 

There are a number of mathematical formalisms that can be used to represent protein networks. The most common is to use 

ordinary differential equations to describe the rate of change of each protein species in the model. Such an approach assumes 

that concentrations can be described using continuous variables and ignores the fact that proteins are particulate and change 

in a discrete manner. However, if the protein concentrations are sufficiently high (say > 200 molecules) then the continuity 
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assumption is reasonably good. In eukaryotic cells, the level of protein in networks such as the MAPK pathway, is present in 

the ten of thousands of molecules (Blüthgen, et al, 2006) and the use of differential equations to model protein networks is 

not unreasonable. The alternative to this approach is to use stochastic modeling (Gillespie, 1976) but this technique should 

only be used when particle numbers are very low. A useful middle ground is to add noise to a continuous approach by using 

chemical Langevin equations (Gillespie, 2000). Many of the software tools support all three modeling approaches - conti-

nuous, stochastic and Langevin. 

1.2 Standards 

While software tools have a vital role in the study of biochemical networks,, the external representation of these networks as 

computational models is also an important consideration. The most tedious and potentially error prone approach when de-

scribing a model is to write the system equations manually. Many authors for example still publish their models as lists of 

differential equations, usually down in an appendix. Although the raw system equations represent the model precisely, the 

process of generating the equations looses important biological information such as stoichiometry. Moreover reverse engi-

neering the equations to recover the original biological network is often very difficult. As a result of these issues, many soft-

ware writers prefer to enter models in a more biologically relevant notation. These representations can be simple text based 

lists of reactions together with their rate laws, or more elaborate cartoon diagrams representing the network.  

 

Prior to the year 2000, all simulation software tools used their own formats to export models, usually these were some form 

of text based representation. This meant it was difficult if not impossible in some cases to move models from one software 

tool to another. As a result, a group of modelers, computer scientists and biologists came together to formulate a common 

standard for exchanging computational models. This resulted in the publication of SBML, the systems biology markup lan-

guage (Hucka, et al, 2003). A similar process was discussed in the physiology community for modeling physiological 

processes with the outcome being the publication of CellML (Hedley et. al., 2001; Lloyd et. al., 2004). Since the publication 

of these standards, most, if not all software tools now have the capability to import and export either SBML or CellML, 

though SBML tends to be the more common format used due to its greater simplicity.  

1.3 Software Tools 

In the last ten years or so, numerous software applications have been written to support modeling of biochemical processes. 

Table 1 lists some of the tools that we ourselves use or have used on occasion. In many cases we use alternative tools because 

our own software may not have the required capabilities, at other times we use other tools to compare their simulation results 

against our own simulations. Some of the more advanced software applications are very complex and given the nature of 

software development in academia, where funding tends to be sporadic and uncertain, it is always wise to compare results 

across different applications. 

 

All the tools listed in Table 1 can import and export SBML and a few can exchange CellML. All those listed are actively 

maintained, some sporadically, but most have some sort of active community which is important for receiving feedback on 

bugs,  usability or functionality issues. Most of the tools run on multiple platform (Windows, Linux, Mac) and most, with the 

exception of one or two, are open source though under varying licenses. Some run only under Linux which severely limits 

their user base. Roughly two-thirds have automated setup programs which make it extremely simple for anyone to install 

them on a personal computer. Some of the Linux and Java based tools require technical skills of varying degrees and are best 

used by experienced technical users. Some of the tools are extensible, that is new functionality can be added by a user. Often 

this is accomplished through scripting languages. This aspect is still largely undeveloped and in practice few users seem to 

exploit this powerful feature. Most have some form of documentation, including tutorials but documentation tends to be 

patchy. When in doubt it is best to contact the authors who are usually more than willing to help out with any problems and 

often welcome such contact. Given that we are also developers of simulation tools it would be unfair for us to do a detailed 

comparison of the different applications, instead we refer interested readers to the recent independent review by Alves et al, 

2006. 

 

We will comment briefly on some tools that supplement our own software applications. Although not on the list, we should 

first mention Matlab as an excellent numerical and data analysis application. Matlab is an application which we frequently 

use for complex data analysis. Other tools that are particularly important, though do require further development, are bifurca-

tion analysis software. Bifurcation analysis, the study of model behavior as a function of parameters is probably one of the 

most important analysis methods available and we include in this list XPP and Oscill8 as good candidates. Other tools that 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16763599&query_hl=6&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16763599&query_hl=6&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16763599&query_hl=6&itool=pubmed_docsum
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we use include Copasi (http://www.copasi.org) and PySCeS (Olivier et. al., 2005) for testing purposes, both these tools are 

developed by long standing researchers in the field and we consider their tools to be reliable. For most of our work we use 

SBW, with Jarnac and JDesigner being the most important tools in this category. Every research group will have their favo-

rites and our own particular choices are biased according to our own interests and needs. 

 

Software Tool User Interface Comments 

CellDesigner Visual Implements a proposed visual representation 

Copasi GUI Parameter Optimization 

Dynetica GUI  

E-Cell Scripts  

Hy3S Scripts One of the few hybrid simulators 

Jarnac Scripts SBW Compatible, extensible 

JDesigner Visual SBW Compatible, extensible 

JigCell GUI Includes a comprehensive model manager 

JSim GUI/Scripts Especially good at physiological modeling 

MathSBML Scripts Mathematica tool 

Oscill8 GUI/Scripts Bifurcation Analysis, uses AUTO 

PySCeS Scripts Excellent Python based tool 

SBML-PET Scripts Parameter Optimizer, supports SBML events 

Sysbio ToolBox Scripts Comprehensive Matlab Tool 

VCell GUI/Scripts Internet based spatial modeling workbench 

XPP GUI/Scripts Bifurcation Analysis, uses AUTO 

 

Table 1: A variety of software tools for modeling protein networks. Web links to these and other related software tools can 

be found at www.sbml.org 

 

In the remainder of this article we will describe our own simulation tool kit, the Systems Biology Workbench (Hucka et 

al. 2002; Sauro et. al., 2003). The philosophy of the SBW is that instead of developing a monolithic application, we take a 

modular approach that supports distributed computing. Our development focuses on a platform/language independent frame-

work of loosely coupled applications: the Systems Biology Workbench. This allows newly developed applications to reuse 

functionality from existing applications, rather than re-implement them. For example, rather than implementing a new simu-

lator for a new project, we simply take advantage of an existing SBW-enabled one. There are other approaches to implement-

ing a modular architecture, in particular we should mention BioSPICE and Cytoscape as alternative approaches to building 

modular applications. .  

The BioSPICE (Garvey et al. 2003) approach is to ñwrapò applications into analyzer objects with specified input and 

output behavior. These analyzers can then be used within a graphical interface to create workflows between applications. 

While this approach works for applications that do not require user input at runtime, it does not work well for a modeling 

process. A modeling process requires more flexibility than a workflow can provide. In SBW, flow between óanalyzersô is 

nonlinear and dependent on the whim of the modeler.  

Finally, Cytoscape (Shannon et. al. 2003) uses a traditional plugin approach, a technique popularized by Photoshop. Plu-

gins are small software libraries that can integrate into the main application at runtime thereby adding new functionality 

without requiring a recompilation of the main application. The main application exposes a programming interface which 

third-party developers can exploit. The technique is quite successful, however the main drawback is that plugins have to be 

written in the computer language that the main application is written in. Thus in the case of Cytoscape, plugins must be writ-

ten in Java. To Java writers this is not an issue, but to developers of other languages it is a problem.  SBW circumvents this 

problem by integrating ópluginsô through a language independent broker.  

1.4 Architecture 

The Systems Biology Workbench (SBW) is a resource-sharing framework based on a broker architecture. SBW uses a mes-

sage based system that employs binary formatted messages sent over TCP/IP (Sauro et al. 2003). This basic architecture was 

chosen with regard to performance, portability, simplicity, and language-neutrality. We also considered XML-RPC, Java 

RMI (Sun Microsystems 2006), and CORBA (OMG 2006) but ultimately favored a simple peer-to-peer technique.  

Binding libraries, provided for most programming languages, allow applications to become SBW-enabled. This means 

that the application can make use of functionality provided by other SBW-enabled applications or provide functionality for 



Bergmann, Vallabhajosyula and Sauro  Page 4 of 21 

 

other applications. The binding libraries are written to fit the natural pattern of the programming language of choice. SBW-

enabled applications are called modules. Each module in turn will provide one or more services and each service will have 

one or more methods. Each method is defined by its unique signature and help string. Help strings are also available at the 

service and module level. Help strings provide a degree of internal documentation to the SBW interface and are useful in a 

number of situations (see SBW add-on). Services are also classified into categories, which allow the discovery of modules 

not only by name but also by functionality. Example categories include simulators (with various levels), SBML translators, or 

a simple analyzer category. The convention is that every service belonging to a certain category implements specific method 

signatures that allow the services to be exchanged at a later time.  

At the core of SBW stands the SBW Broker. The Broker negotiates communication between SBW modules. Its main 

function is to provide other modules with events such as the startup/shutdown of applications, a system shutdown, or adver-

tising newly registered modules. The Broker also allows the user to find SBW modules either by name or by category. While 

the broker is most often used to negotiate communications between local modules, it can also communicate with remote bro-

kers. Furthermore, SBW allows all SBW modules to be available as Web Services (W3C 2006). This communication flow 

can be summarized as in Figure 1.  

 

 
 

Figure 1: SBW Communication Flow 

 

SBW can be used in a hosting environment where it provides analysis support for SBML models. This has been done by 

BioSPICE, BioUML (Kolpakov 2002), CellDesigner (Kitano et al. 2005), and JDesigner (Sauro et al. 2003). BioSPICE al-

lows integrating SBW modules as analyzers into the generated workflow. A simpler way of integration has been done in 

CellDesigner and JDesigner by incorporating a SBW menu.  

As shown with PySCeS (Olivier, Rohwer, and Hofmeyr 2005) scripting can be a powerful tool for researchers. We de-

veloped a set of scripts that allow SBW to be used in the Python interactive mode. Users will be notified of every module 

startup and are able to access all SBW modules from the shell. Similarly, users can access SBW via scripting from Matlab 

(Wellock et al. 2005).    

A more detailed description of the inner workings of SBW can be found in (Hucka et al. 2002) and (Sauro et al. 2003).  

2 SBW FROM A USERôS PERSPECTIVE 

A user of an SBW-enabled application will probably never perceive SBW working at all. For a user, SBW is a collection of 

loosely coupled applications, all of which support SBML. One example would be the use of an SBW-enabled model editor 

such as JDesigner, which is a program that allows the user to load or construct a biochemical model and then analyze the 

model. When loading a model created by another software tool, JDesigner will ask another SBW module to generate a layout 

for the loaded model. As JDesigner has no inherent simulation capabilities, the model is handed over to a SBW module that 
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can perform the simulation. The results from the simulation are then handed back to JDesigner, via SBW, allowing them to 

be displayed according to user specifications. Similarly, if a user performs structural analysis on the model, JDesigner will 

acquire this information via SBW from Metatool (Pfeiffer et al. 1999).  

JDesigner (and CellDesigner) also feature an SBW menu. This menu is populated dynamically on startup and lists all 

SBW modules implementing the SBW analysis category. When the user selects a program from this menu, the SBW-enabled 

program is invoked, the model is passed to it, and the program performs further analysis on the model. There is a wide varie-

ty of modules available, such as bifurcation analysis, frequency analysis, (stochastic) simulation, and 3D Visualization.  

Because the SBW menu is shared between many applications, users now have a new option for moving between these 

applications. A user working on an SBML model in one program, can switch to another SBW module by selecting it through 

the SBW menu, thereby transferring the model to the next program where it can be further analyzed. This ñhoppingò between 

programs is rather different from the usual export/import scenario and allows users to efficiently use many tools.  

3 SBW FROM A DEVELOPER 'S PERSPECTIVE 

SBW is a modular framework that gives developers tools for basic modeling and analysis tasks such as interrogating models, 

simulating models, and analyzing models (such as structural or stoichiometry analysis). Therefore, the developer of a new 

software application can use these tools as a foundation and focus on novel tasks instead of re-inventing the wheel. It should 

be noted that the basic analysis tools are exchangeable, so that, for example, one simulator can easily be replaced by another 

one.  

Similarly, an existing application written in any supported programming language can be modified to interact with SBW 

with minimal programming overhead. This enables other applications to use its functionality. 

3.1 Language Bindings 

Native SBW language bindings are available for the most common programming languages such as C/C++, Java, .NET lan-

guages, Python, Delphi/Kylix, and Matlab. Other languages, such as FORTRAN, would use the C libraries to access SBW. 

Other languages can be supported; the only requirement is that the programming language provides string handling routines 

and IP socket access.  

The language bindings encapsulate all communication with SBW making remote communication to another module as 

simple as any other method call. A default method call will result in the application blocking until a result comes back. Alter-

natively, asynchronous methods can be implemented. Should a call to another SBW module result in failure, exceptions will 

be thrown in a language dependent way. In other words, for languages that support exception handling (such as C++, Java, or 

the .NET languages) the caller will receive a proper exception, otherwise error flags have to be checked (for older languages 

such as C or FORTRAN).  

It should be noted that the binding libraries only support simple data types such as bytes, characters, complex numbers, 

floating point numbers, and strings. Furthermore, one- and two-dimensional regular arrays of these types are supported. More 

complex data types can be constructed by the use of lists. Lists are recursively defined and can therefore contain any combi-

nation of other types. With this set of types, any other data type can be represented.  

3.2 SBW Visual Studio Add-on 

In order to call a method with SBW, the following four steps must be executed: First, the chosen SBW module must be se-

lected; second, the SBW Service containing the method has to be found; third, the method to execute needs to be selected; 

finally, a call has to be made. This procedure is approximately the same for all program languages. For example, these steps 

could be written in C# as follows:  
 

// get module instance of a "simul ator"  

Module oSimulator = new Mo dule("simulator");  

 

// obtain simulation service by category lookup  

Service oSimService = oSimulator.findServicesByCat egory("simService");  

 

// get  a method handle  

Method oSimulate = oSimService.getMethod("double[][] simulate()");  

 

// finally call the method  
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oSimulate.Call();  

The code shown above must be repeated, at least in part, for every method that an application wishes to use. For any given 

module there may be tens or possibly hundreds of method calls.  As a result we have devised an add-on to the Microsoft Vis-

ual Studio programming environment (Microsoft 2006b) that allows any SBW module to be automatically wrapped ready for 

use. The add-on can generate interface code for Visual Basic (.NET), C# (.NET), and C++ (unmanaged). The developer 

simply selects the SBW module and service to be wrapped, along with several options, and a wrapper file will be created and 

added to the current project. The programming language will be detected from the current project. Possible options that modi-

fy the behavior of the wrapper include optimization options that influence when and how the methods are acquired and an op-

tion to automatically restart an application, in case it was closed by someone else and is still needed.  

Once this is completed, the SBW module will look like any other static class in the current project. For the example 

above, this means we can replace the four lines of code with a single call:  
 

Sim.simulate();  

 

Furthermore, as soon as the model service name is typed in the Visual Studio editor (ñsimServiceò in the example 

above), the developer will be presented with a complete list of available methods, including help strings that explain the pur-

pose of the method.  

3.3 SBW Web Service Interface 

Another useful tool for developers is the SBW Web Service Interface. The Web Service Interface allows other SBW modules 

to be wrapped into a Web Service (W3C 2006). Once an SBW module and service are selected, the generator will wrap every 

method in this service into a proper web method signature. Method and service help strings are used to populate web method 

help fields. In this way they appear in the WSDL as wsdl:documentation  in the corresponding wsdl:operation . 

Special care has to be given to the data types. All simple types have direct correspondents in web methods. The same holds 

for one-dimensional arrays. Two-dimensional regular arrays have to be represented as jagged arrays. Finally, the SBW lists 

are represented as ñArrayOfAnyType ò.  

The web services created in this way can be hosted with Microsoftôs IIS (Microsoft 2006a) (provided ASP.NET is avail-

able) or with Monoôs XSP (Mono-Project 2006) implementation (which can also be integrated into Apache). This allows web 

service hosting on all supported platforms (WIN32, Linux, and OS X) and hence presents an easy way to make legacy appli-

cations (e.g., applications written in FORTRAN or C) available as a Web Service.  

A sample implementation can be found on the authorôs website. There, a web service can be created for any installed 

SBW module / service and tested. (Created Web Services will only be available for a limited amount of time.) 

4 AVAILABLE SBW MODULE S 

Since the publication of the initial description of SBW (Hucka et al. 2002) considerable progress has been made in module 

development. 

4.1 SBW Utility Modules 

The following SBW modules provide the core functionality for SBML analysis. They provide the capability to read any ver-

sion of SBML and SBML layout annotations. Furthermore, basic mathematical analysis can be performed with them. It 

should be noted once again that any of these modules can be called from any language supported by SBW. Of course, they 

also can be wrapped up as a Web Service and so can be easily used in more dynamic environments.   

Network Object Model (NOM): This module provides a unified SBW interface around libSBML (Bornstein et al. 2006). 

By creating another layer on top of libSBML we will be able to support future versions of SBML (Finney and Hucka 2003) 

with the same interface. libSBML provides platform independent SBML reading and writing capabilities for many program-

ming languages and thus is an indispensable tool for application developers supporting SBML. The NOM performs a slightly 

different role. In its current version, it supports mainly SBML reading, validation, and conversion capabilities. Furthermore, 

the NOM allows several SBW modules working together on an analysis to share an SBML model in a clipboard-like manner. 

Instead of the SBML model being parsed repeatedly, this task has to be performed only once, which can improve the overall 

runtime. 

 SBW CLAPACK: This module provides a wrapper around the functions of CLAPACK, which is the C version of the 

commonly used Linear Algebra PACKage (Netlib 2006). Since many analysis tools in systems biology need to compute ei-
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genvalues or singular values for a given matrix, or to perform matrix factorizations or inversions, we generated an SBW 

module that performs these tasks. This module supports matrices with both real and complex elements, and additional capa-

bilities can easily be added when such a need arises in future.  

SBMLLayoutModule: For the upcoming third version of SBML, the SBML community decided on a layout extension 

(Gauges et al. 2006). This extension will allow the overall layout (i.e., the position and dimensions of species/compartments 

as well as the way reactions are drawn) to be stored in a SBML model. Until level three of SBML is finalized, this SBML ex-

tension will be stored in an annotation in current models. Based on this layout extension we developed a rendering extension 

that specifies all rendering information (i.e., color, font, gradients, and grouping information). We implemented the 

SBMLLayoutModule so that all SBW modules can take advantage of a unified layout interface. This module allows reading 

and modifying a given layout, or generating a new layout from scratch. The module also supports the generation of a bitmap 

containing the layout for use in another program. We also embedded this SBW module in a Web Application on the authorsô 

website (Bergmann 2006). Finally, since the SBML Layout Extension is not yet widely adopted, the module provides sepa-

rate support for JDesigner and CellDesigner models, as they are the most commonly used graphical model editors.  

DrawNetwork: Since many available SBML models do not contain any layout information, the next logical step was to 

develop an auto-layout SBW module. This has been done with DrawNetwork. This SBW module uses various force-directed 

layout algorithms based on work by (Fruchterman et al. 1991). Optionally the user of the module can decide to generate alias 

nodes (i.e., multiple copies of one species that refer to the same element in the SBML); this simplifies the generated layout 

immensely. The module can be used in server or interactive mode. In server mode, it listens for SBW calls and serves them. 

In interactive mode the user can manually modify the generated layout, moving or locking certain species or alias species in-

dividually. Figure 2 displays the generated layout (with aliasing) of BioModel # 14 (from SBML model repository at 

www.biomodels.net). 

 

 
 

Figure 2: Autolayout of BioModel #14 (From Model Repository at www.biomodels.net) 

 

Translators: SBML Translators: SBW features a number of SBML translator modules that convert SBML into XPP-, 

Matlab-, Simulink-, Java-, Jarnac-files and others. These translators take SBML as input and generate the translated code in 

the user chosen format. All the translator modules support a standard translation category, which other applications such as 

JDesigner can exploit. Here, we detail the process of translation for the Matlab translator, which converts the SBML model 

into a function that can be called by Matlab integrators (for example ode23s) to simulate the model. The SBW Matlab trans-

lator is probably the only Matlab translator that supports SBML compartments. The translator checks the SBML declarations 

for each of the species and converts them internally to amounts, which are then integrated. Conversions between concentra-

tions and amounts are taken care of automatically during the simulation. The output from the translator is in units of amounts 

(or mass, equivalently), which the user should then modify to concentrations by dividing each species output value by its 

compartment volume.  
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Another important member of this family of tools is the SBML to XPP translator, which is used by Oscill8, an analysis 

tool that can be used to study the effect of parameter changes and their corresponding bifurcation patterns. While the XPP 

translator is similar to the Matlab translator in functionality, a key difference lies in the elimination of dependent species from 

the model. This is achieved by calling the Structural Analysis Module, described under the analysis tools section, to evaluate 

the correct conservation laws for the given SBML model. This step is essential in order to compute a non-singular Jacobian 

which is required for the bifurcation analysis carried out by Oscill8. This approach allows the model dimension to be re-

duced, as only the equations for the independent species are needed, while those for the dependent species can be constructed 

from computed values of the independent species.  This model reduction is also implemented by the other translators, namely 

SBML to C, C# and Java translators. Figure 3 shows a simplified flow diagram describing the translators.  

 

 
Figure 3: Flow diagram for SBML translations with elimination of dependent species equations using conservation analysis 

 

In the case of compiled languages, such as C, C# and Java, the translator generates two files, one which encapsulates the 

model, and another that can simulate the model by means of a basic implementation of the 4
th
 order fixed step Runge-Kutta 

integrator. Users can easily interface the model file with other solvers for more complex systems, since the model implements 

a method named  modelfcn(int neq, double time, double x[], double dxdt []) whose arguments conform to 

most standard solvers. Here neq  is the number of equations, time  is the current simulation time, x[]  is the array containing 

the values of all the input variables, and dxdt[]  is the vector containing all the right hand side evaluations in the original 

system equation. The model file also includes two methods for numerical evaluation of the Jacobian. These are, a 2
nd

 order 

method (JacobianOrder2)  and a 4
th
 order method (JacobianOrder4)  for evaluating the elements of the Jacobian using 

finite differences of the 2
nd

 and 4
th
 order respectively. The file containing the model is named ómodelô (with a .c extension in 

case of C Translator, .cs in case of C# Translator, and .java in the case of Java Translator). The other file can be obtained by 

calling the method getHostingApp() in the translator API. No arguments are required to generate this file. It can be saved as 

hostingApp.c (or .cs or .java based on the translator used). Since C# and Java support object-oriented data structures, the 

model is stored as a class, which is instantiated in the hosting application. The purpose of separating the model from its simu-

lation environment (for C, C# and Java Translators) is to enable the user to modify the model as desired without having to 

change the simulation settings.  

  

4.2 SBW Simulators 

The dynamic behavior of biochemical networks is one of the main interests of researchers in systems biology. This has re-

sulted in a multitude of simulators becoming available. While in some cases the need exists to devise specialized simulators 

for certain areas, in most cases it will be enough to consider existing simulators.  

 

Jarnac:  Jarnac (see ref Sauro, (2000)) is more than just a simulator. It is a complete scripting environment combining 

stochastic and ODE simulation capabilities with a powerful control language including a fairly complete matrix library. One 

unique aspect of the matrix manipulation is that rows and columns are labeled. This allows the position of species and reac-

tions to be easily tracked when rows and columns are swapped during analyses. Jarnac allows users to build models using a 

shorthand notation as well as analyzing the models and graphing the results. For ODE simulations, Jarnac uses the popular 
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integrators CVODE (Cohen and Hindmarch 1996) or LSODA (Hindmarch 1983) which can be individually selected by the 

user. Also included is an implementation of a simple 4
th
 order fixed step Runge-Kutta. Stochastic simulations are performed 

using an implementation of the Gillespie algorithm (Gillespie 1976). The shorthand language of Jarnac (see Figure 4) can 

easily be converted into SBML and vice versa. It should be noted that some features of SBML Version 2 have not been im-

plemented, such as events or delay equations. However, these features can be implemented with functions written in Jarnac-

Script. Acting as an SBW module, Jarnac provides its simulation capabilities or analysis routines to any other SBW module. 

Probably the greatest shortcoming of Jarnac is that it was written for WIN32 systems only. To make Jarnacôs functionality 

available on other systems, we devised a new SBW module called JarnacLite. This module has been written for the sole pur-

pose of quickly transforming SBML into Jarnac-Script and vice versa, allowing for modifications in the useful shorthand and 

then letting other modules analyze the model by transforming it back into SBML. As JarnacLite was written using the .NET 

language C#, it runs under WIN32 as well as all operating systems supported by Mono.  

 
p = defn plos_1_model  

 

      var OCT4, SOX2, NANOG, OCT4_SOX2, Protein;  

      ext OCT4_Gene, NANOG_Gene, SOX2_Gene, targetGene, degradation;  

 

      J0:   $OCT4_Gene - > OCT4;         (k1*A  + a1*OCT4_SOX2*SOX2 + ep1 + m1*OCT4_SOX2)/(1 + ep1/f +  

  (alpha2 + a1/1000)*OCT4_SOX2*SOX2 +  

   k2*A+(alpha3+m1/1000)*OCT4_SOX2);  

      J1:         OCT4 - > degradation;  g1*OCT4;  

  

      J2:   NANOG_Gene - > NANOG;        (a2*OCT4_SOX2*SOX2 + ep2 + k3*A +  m2*OCT4_SOX2)/(1 +  

                                ep2/f + b2*OCT4_SOX2*SOX2 + k4*A + n2*OCT4_SOX2);  

      J3:        NANOG - > degradation;   g2*NANOG; 

 

      J4: OCT4 + NANOG - > OCT4_SOX2;    J4_k1*OCT4*NANOG -  J4_k2*OCT4_SOX2;  

      J5:    OCT4_SOX2 - > degradation;  J5_k*OCT4_SOX2;  

 

      J6:    SOX2_Gene - > SOX2;         (a3*OCT4_SOX2*SOX2 + m3*OCT4_SOX2+ep3)/(1 + ep3/f  

   + (0.0009+a3/1000)*OCT4_SOX2*SOX2 + beta*p53  

   + (0.00099+m3/1000)*OCT4_SOX2);  

 

      J7:         SOX2 - > degradation;  g3*SOX2;  

 

      J8:   targetGene - > Protein;     (p1*OCT4_SOX2 + ep4)/(1 + ep4/1000 +  

                               b4*OCT4_SOX2*SOX2 + p2*OCT4_SOX2);  

      J9:      Protein - > degradation; g4*Protein;  

end;  

 

p.OCT4_Gene = 0;   p.NANOG_Gene = 0;   p.SOX2_Gene = 0;  

p. targetGene = 0;  p.degradation = 0;  

 

p.OCT4 = 0.01;        p.SOX2 = 0.01;        p.NANOG = 0.01;  

p.OCT4_SOX2 = 0.01;   p.targetGene = 0.01;  p.Protein = 0;  

 

p.k1 = 1;           p.A = 0;       p.a1 = 0.2;         p.ep1 = 0.0001;  

p.m1 = 0.01;        p.f = 1000;    p.alpha2 = 0.0005;  p.k2 = 0.0011;  

p.alpha3 = 0.00099; p.g1 = 1;      p.a2 = 0.2;         p.ep2 = 0.0001;  

p.k3 = 1;           p.m2 = 0.01;   p.b2 = 0.0007;      p.k4 = 0.0011;  

p.n2 = 0.001;       p.g2 = 1;      p.J4_k1 = 0.05;     p.J4_k2 = 0.001;  

p.J5 _k = 5;         p.a3 = 0.1;    p.m3 = 0.005;       p.ep3 = 0.0001;  

p.beta = 0.01;      p.p53 = 0;     p.g3 = 1;           p.p1 = 0.1;  

p.ep4 = 0.0001;     p.b4 = 1;      p.p2 = 0.001;       p.g4 = 0.01;  

 

Figure 4: Example Jarnac script from the work by Chickarmane et al., 2006. The script illustrates the shorthand lan-

guage for describing reactions, rate laws and initial conditions.  The reaction description uses a familiar chemical nota-

tion with reactants on the left side and products on the right. The rate law is specified after the reaction. Reactions can be 

named which makes it possible to reference the reaction rates in later analyses. Jarnac scripts can be easily translated to 

and from SBML using JarnacLite by simply dragging and dropping the scripts over the application. 

 

roadRunner: In an effort to create a fully SBML compliant simulator we have also developed a new simulator called 

roadRunner. Instead of interpreting model equations, roadRunner compiles the model equations dynamically, resulting in 

significant improvements in performance when compared with traditional simulators. roadRunner uses the integrator 
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CVODE and NLEQ (ZIB 2003) for steady state analysis. To further speed up the simulation, the model is separated into a 

system of independent and dependent variables. This separation process is described in detail in (Vallabhajosyula et al. 

2006). roadRunner has been written completely in C#. Provided that CVODE and NLEQ are available for a given operating 

system, roadRunner will run on that operating system. Thus, all major operating systems are supported.  

Dizzy: A further collection of simulators has been developed by Stephen Ramsey at the Institute for Systems Biology 

(Ramsey 2006). Dizzy allows for stochastic simulations using Gillespie, Gibson-Bruck, or Tau-Leap algorithms. Dizzy can 

be called via the SBW menu in model editors such as JDesigner or CellDesigner.  

Oscill8: Developed by Emery Conrad (Conrad 2006), Oscill8 is used for bifurcation analysis and time-course simula-

tions. Oscill8 provides a user-friendly interface around AUTO (Doedel 1981), allowing for one and two parameter bifurca-

tion diagrams (Figure 5) or bifurcation searches. For SBW, it provides a simulation service and additionally is available 

through the SBW menu to perform bifurcation analysis. Oscill8 is available for WIN32, Linux, and OS X. The front-end re-

quires a .NET implementation such as the .NET Runtime or Mono.  

 

 
 

Figure 5: One parameter bifurcation-diagram generated by Oscill8 

 

Stochastic Simulators: An alternative to the deterministic approach is the Gillespie algorithm (Gillespie, 1977), which 

makes it feasible to carry out stochastic simulations.  This algorithm provides an exact numerical approximation to the master 

equation which provides a complete description of the system.  

 

In the following we describe a new analysis tool for stochastic simulation of biochemical networks, which interfaces 

with the stochastic simulator to generate data runs, and performs statistical data analysis and frequency analysis to aid in un-

derstanding the complexity of biological networks. This involves computation of ensemble statistics ï namely, the population 

means and variances of the species numbers, followed by the construction of correlation functions. Probability distribution 

functions of the species are also generated. The computation of correlations involves both, auto and cross-correlations for all 

the species participating in the network. When converted into the frequency domain with the help of Fast Fourier Transforms, 

these are known as Power Spectral Densities and provide important information such as frequencies at which the network can 

oscillate. Such an example is shown in the Figure 6, which shows results from a stochastic simulation of a small network in-

volving two interacting sets of mRNA (M1, M2) and proteins (P1, P2). The introduction of negative feedback via inhibition 

of M1 by P2 causes the power spectral density of P2 to peak, and can be inferred by the onset of oscillations in the numbers 

of P2, P1, M1 and M2.  This is a result of noise at the input being shifted to higher frequencies by the negative feedback 

(Simpson et. al., 2003). 

 

Computation of the power spectral densities of all the species, along with the cross-spectral densities (from cross-

correlations) allows the computation of transfer functions between selected inputs and outputs. However, in the case of bio-

chemical networks, since boundaries are assumed to stay constant, this tool allows users to select the boundary nodes that 

should be treated as noise sources, and then modifying the input SBML to convert those nodes to floating type for the dura-
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tion of the simulation. This allows the construction of transfer functions, for example, between receptor and an internal pro-

tein state. These features make this tool very useful for biochemical network design, analogous to electrical circuit design.  

 

 

 
 

Figure 6: Auto-Correlation and Power Spectral Density plots for a small network involving two mRNAs (M1,M2) and two  

proteins (P1,P2),  with negative feedback  from P2 to M1. 

 

SimDriver: To implement a unified user-interface to interact with all these simulators, we wrote the SimDriver. There 

are several implementations of this module available. For non-WIN32 operating systems, we use a Java implementation. On 

WIN32 systems, we use a .NET version of the SimDriver (Figure 7) with additional functionality such as steady state analy-

sis, continuous time-course simulations, and modifications to parameter values. The SimDriver works for all simulators im-

plementing one of the SBW simulator APIôs (Sauro and Bergmann 2006). There are several levels of this API with an in-

creasing number of features. The user interface will disable all controls not supported by the selected simulator. The 

SimDriver also supports stochastic simulators and therefore provides additional facilities to aid the analysis of stochastic 

models, in particular, probability density function estimation, frequency analysis, and noise injection at selected nodes.  

 

 
 

Figure 7: Time-course Simulation Using the SimDriver 


