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Efforts in Standardization 
Supporting standard formats is an important aspect of our work. By adhering to 

standards we ensure that our software applications are universally usable. For these 

reasons we are involved with the further development of the following standards.  

SBGN 

The Systems Biology Graphical Notation (SBGN) aims to standardize the visual language 

used to describe computational models. Standardizing the visual symbols used to 

describe computational models is an important task for the near future. However, 

today, there is no standard visual notation for computational models of biological 

systems, despite the increasing number of software tools offering visual diagrammatic 

interfaces. Experience in other fields such as electrical engineering has demonstrated 

the essential need for standardizing the visual notation for diagrams of models. 

SBGN will unite two different graphical representations used in computational 

modeling. On the one side SBGN will support the process diagram (Kitano, et al. 2005) 

notation. This is the format we also use with JDesigner (c.f.: page 22). The other side is 

represented by molecular interaction maps (Kohn 2001).  

The aim is to derive a set of standard systems to describe, unambiguously all elements 

of a computational models. Symbols for biological processes are also included. The 

standard set of symbols is to be extended at a later stage. For a first release of the 

standard the number of symbols is limited to about 20 symbols. Once the standard is 

accepted it is planned to generate a linkable library that will provide the symbols as well 

as layout procedures to go from one representation to the other.  

We are in discussion with the SBGN team and helped in the in the formulation of some 

of the symbols. Once the standard proceeds along we will provide a view of our models 

(such as generated with JDesigner or the Visual Editor (c.f.: page 35)).  

SBML 

The Systems Biology Markup Language (SBML, (M. Hucka, et al. 2003)) is the de facto 

standard for computational models in systems biology. It allows for the complete 

description of computational models with elements for Compartments, Species 

(Metabolites), Parameters and the Reactions they partake in, along with mathematical 

extras such as discrete events, delay functions, user defined functions and rules.  

The success of SBML is due to the fact, that in its formation, many groups developing 

computational software, came together and reached a consensus of how best to 

exchange their models. Today more than hundred software tools use SBML, it is 



accepted by Journals (such as Nature or PLoS) and is used in many course books. Part of 

the success of SBML is surely the software library (Bornstein, Keating and Finney 2006) 

provided by the SBML group.  

After long discussions the newest version of SBML, SBML Level 2, Version 3, was ratified. 

And now the work on level three is back in development (Finney and Hucka 2003). Level 

3 of SBML will differ from earlier versions by introducing modules to SBML that a 

software application can, or cannot use.  

Since its conception, our group was deeply involved with the SBML effort. Though we 

are no longer part of the SBML PI’s, we focus on supporting it in our software 

applications. In fact all components of our software suite, the Systems Biology 

Workbench (c.f.: page 10) support SBML.  

MDL – Human Readable Format 

We believe that there is demand for a human readable language format. Many 

Researchers would like to describe their computational models in a simple script format, 

rather than in visual editors. Many script languages already exist for the field of 

computational biology, however features (such as model composition) are missing from 

them that will be of interest to researchers. For this reason we came together with 

other research groups that developed their own scripting language (JSim, PySCeS, 

scrumpy, VCell and Darren Wilkinson’s SBML shorthand).  

Our group has many models now, especially from our wet lab synthetic work, and we 

have no easy way to load and put different models together, so there is definitely a 

scientific need at our end. We have created a first draft proposal, however there are 

features missing that would make physiology modeling easier, especially processes that 

concern current flows and voltage gradients. Finally, representing stochastic models and 

Langevin models may need looking into.  

 

Figure 1: The human readable language format can be flattened out and reused with existing SBML compliant 
software. 



What we propose is by no means a replacement for SBML; rather we consider it as a 

complimentary language from which SBML is generated. This preserves all the hard 

work that has been done by developers (including ourselves). The idea is that models 

are defined in a modular fashion from which a single SBML file is generated. This could 

be done in XML of course but in our research we would like a human readable and easily 

editable form. In view of our particular need we are curious to know if the community at 

large would be interested in providing a critic of the proposal. Nothing has been 

implemented, there are no current plans to implement anything and in fact there are 

some problems still to be resolved. 

The biggest challenge in creating a human readable format is the tagging of model 

elements with additional information, such as meta-data for species of a model, or 

qualification of modules. To achieve this goal, we will carry with each model a dictionary 

of entries associated with elements.  

We are currently working on a prototypical implementation of this language. Our new 

graphical editor of synthetic biology (c.f.: page 35), will also provide the script based 

modeling as an alternative view of the model.  

BioSPICE 
BioSPICE (Garvey, et al. 2003) is an open source framework and software toolset for 

Systems Biology. BioSPICE itself does not provide any tools for systems biologists. It 

provides a framework to integrate other applications (analyzers) and a metaphor for 

users to interact with those applications.  

While the program was initially sponsored by DARPA, the program was transitioned into 

open source at the conclusion of the sponsorship in December 2006. The program now 

resides on SourceForge.net.   



 

Figure 2: The BioSPICE Dashboard - The figure shows the workflow editor of BioSPICE. This example Workflow has 
been created by our team and shows a use-case of our analyzers. 

A researcher using BioSPICE will be interacting with the BioSPICE Dashboard. The 

Dashboard is a work flow editor. The workflow consists of analyzers with defined input 

and output behavior. These analyzers are then connected, and a user of BioSPICE maps 

outputs of one analyzer with the inputs of the next analyzer. All principal investigators 

supplied analyzers, that a researcher would place in the workflow to achieve a given 

task at hand. Figure 2 shows such a workflow using analyzers provided by our group. 

Here a model is created or loaded from JDesigner. It is then analyzed by fitting it to 

experimental data, by performing steady state analysis, by running and plotting a time 

series plot and by performing structural analysis.  

SBW – BioSPICE Interface 

Comparing the core theme of BioSPICE we find it is similar to that of the Systems Biology 

Workbench (SBW). Both software frameworks aim to integrate heterogeneous software 

applications. The means to integrate those software applications with the respective 

framework however, differ. In order to integrate an application with SBW it suffices 

linking the application in question with binding libraries, which we provide for a 



multitude of programming languages, and pointing to the methods / classes to be 

shared with the framework.  

Integrating an application for use within BioSPICE requires this application to be turned 

into a BioSPICE analyzer. As BioSPICE analyzers is build on top of the NetBeans IDE (Sun 

Microsystems, Inc. 2007), these analyzers have to be written in Java.  

In order to create BioSPICE analyzers our team used the following strategy. We would 

pick the programming best suited to implement the desired analyzers. Next we would 

SBW enable them (cf. Systems Biology Workbench (SBW)). And finally we would create a 

Java BioSPICE wrapper that would use the SBW Java bindings to call our 

implementation. More details on the SBW – BioSPICE integration can be found in 

(Sauro, Hucka, et al. 2003).  

SBW – BioSPICE Analyzers  

Within the DOE/GTL timeframe, we have repeatedly revised the BioSPICE analyzers 

created by our team. These revisions reflected changes and updates made to the SBW 

Java bindings, as well as improvements made to the SBW modules that were wrapped 

into BioSPICE analyzers.  Moreover during the DOE/GTL timeframe we finally stabilized 

SBW, to run reliably on all platforms Windows, Linux and OS X. This made it possible to 

run the analyzers on non Windows platforms. Unfortunately the JDesigner Analyzer still 

will run only under Win32, as we have not yet time to port it over.  

JDesigner Analyzer: The JDesigner analyzer provides a SBML (M. Hucka, A. Finney and B. 

Bornstein, et al. 2003) document to the workflow. The JDesigner adds as a BioSPICE 

Document, that is, it has no input slots but only an output slot. When the workflow 

reaches the analyzer, JDesigner will start up and the workflow is paused until modeling 

is finished and the model is returned and the workflow resumed.  

Jarnac Analyzers: We created two analyzers for the simulation backend of Jarnac. One 

Analyzer exposes the time course simulation capabilities of Jarnac. It will take an SBML 

file as input, take properties, such as the start time, end time and number of points for a 

simulation and return the results of the simulation later on. As an analyzer usually only 

fulfills one function, we wrapped the steady state capabilities of Jarnac as a separate 

analyzer. This analyzer takes a model, and will return the steady state for all species in 

the given model.  

Optimizer Analyzer: The optimizer analyzer fits kinetic rate constants to time series 

concentration data. The algorithms use, both local searches, such as the Levenberg-

Marquardt, and simplex, as well as global search methods such as simulated annealing 



and real coded genetic algorithms. In order to use the Optimizer Analyzer, three 

analyzers will have to be used in a given workflow: A model has to be supplied to the 

‘Experimental Data Manager’, an analyzer there to help users import existing time 

course data, which is then mapped to the model. The same model is also supplied to the 

Optimizer, along with the data from the ‘Experimental Data Manager’. In order to 

compare the results at the end, we created another analyzer, merging the data from the 

data manager and the optimizers. The merged data then can be plotted, or reused for 

further analyzers.  

Metatool Analyzer: The Metatool analyzer provides an interface to Metatool (Pfeiffer, 

et al. 1999). Given a model file the analyzer will calculate the elementary modes of the 

model and return them in matrix form. Elementary modes are the smallest sub-

networks that allow a metabolic reconstruction network to function in steady state.  

SBW Analyzer: The SBW Analyzer is our latest addition to the suite of analyzers. All it 

will do is to send a model given by an input to the SBW Analyzer selected by the 

property. This provides a convenient way, to have the model analyzed in various SBW 

Analyzers available on a given system.  

Conclusions 

The goal of the BioSPICE program was to create a framework that provides biologists 

access to current computational tools. With contributions from the 20 participating 

laboratories this goal was met. But even though BioSPICE achieved its goal, it has never 

been taken up by the scientific community.  

The reason for this seems to be threefold. First, adapting the NetBeans IDE and 

infrastructure as main interface to BioSPICE was not appropriate. BioSPICE only used a 

very small part of NetBeans features for its workflow and analyzer management while at 

the same time taking performance penalties due to the architecture. Researchers using 

the NetBeans IDE have regularly seemed confused by it, as it would not be immediately 

obvious on how to achieve a given task.   

The next reason is, that for many tasks a workflow metaphor, does not really work. For 

example a researcher creating a computational model, will not work in a linear fashion. 

Rather she will employ many tools, say a model editor, web searches, simulations, 

parameter estimators and so on. Moreover she is likely to jump between these software 

tools over and over again in her work. This is hard to capture in a workflow and is more 

dependent on thought processes.  



Finally, BioSPICE might have received less interest, as the integration of software 

applications turned out to be rather cumbersome for some. BioSPICE provided two 

alternatives to the Java Beans implementation: XML Wrapping of programs, or using 

SRI’s Open Agent Architecture. Both alternatives were less than intuitive to use and 

yielded further performance penalties.  

For the Systems Biology Workbench, our work with the BioSPICE team was invaluable. 

Learning from the issues described, we provide an alternative. With usability foremost 

in mind, we choose a lightweight decentralized system, with no single point of failure.  

Systems Biology Workbench (SBW) 
Researchers in computational systems biology are often faced with common tasks, such 

as modeling, simulation, parameter estimation and model exchange. In order to aid in 

these tasks many software applications have been written (the SBML homepage lists 

over a hundred of them). Most of these applications target one of the tasks at hand and 

many support SBML.  

The Systems Biology Workbench (Sauro, Hucka, et al. 2003, M. Hucka, A. Finney and H. 

Sauro, et al. 2002) provides a software framework that enables applications to share 

their functionality with other applications. The aim is to encourage code re-use in a wide 

scale. Rather than write a new simulator – a task that is difficult to get right – SBW 

makes it easy to integrate an existing one in an application. In other words, applications 

do not need to be build from scratch, but rather can rely upon reliable, tested 

components. This modular nature makes it possible to change components later on, 

even at runtime; say by targeting a stochastic simulator instead of an ODE based one.  

The SBW was initially funded by ERATO and DARPA (contract number MIPR 03-M296-

01). Original Program Investigators were Hiroaki Kitano, John Doyle, in collaboration 

with Hamid Bolouri, Andrew Finney and Mike Hucka. During that time the basic 

architecture was formulated and first modules implemented. Within the DOE/GTL 

timeframe, we devoted our attention to making the SBW portable, extending it to 

further programming languages and to build new modules.  

The SBW was designed such that developers can easily turn their application into SBW 

modules, or take use of other SBW modules. To make this as easy as possible, we 

decided to place SBW on a socket based framework, developing language bindings for 

the most common program languages and to provide developer tools. 



 

Figure 3: Architecture of the Systems Biology Workbench 

This chapter will highlight the advances made with the Systems Biology Workbench 

during the DOE/GTL timeframe. 

SBW Core 

The SBW Broker stands at the heart of an SBW installation. It harbors a registry of all 

available SBW modules (i.e. applications). With that it can start up or shut down other 

modules as required. The Broker can also send events to running modules, to inform 

them of the availability of newly started up applications, newly registered applications, 

modules that have shut down, or a request for the module to shut down. Finally the 

Broker can also initiate remote communication to distant SBW installations this makes 

remote SBW modules available for use of local SBW modules.  

Initially the Broker was implemented completely in Java. However this implementation 

caused several problems: performance the most prominent among them. So we decided 

to start over and re-implement the Broker using the systems programming language 

C/C++. This solution turned out to be far better performing, more reliable and portable.  

SBW Binding Libraries 

Each SBW Module is linked against binding libraries that we provide for the major 

programming languages. The module will communicate with SBW using these bindings. 

They allow exposing the modules functionality to other modules or in turn accessing 

functionality provided by other modules. This will be done in a way that suits the 



programming language of choice. That is, for higher level languages exposing or 

consuming functionality will use reflection features of the language to automate the 

task. For lower level or systems level languages such as C/C++ the task of exposing 

methods will require the developer to explicitly list the features explicitly by providing 

method tables. This section will list the progress made on these binding libraries during 

the DOE/GTL timeframe.  

C/C++ bindings: The SBW C/C++ bindings represent a basis binding library. That 

is, even languages we don’t explicitly support can usually take advantage of the C 

API directly. This makes it possible to use SBW within legacy languages such as 

FORTRAN, or new and rising languages such as the D programming languages. 

Updates to the C/C++ bindings focused on portability issues. Now the bindings 

compile under the latest GNU compiler, and thus are available on any platform 

supported by them. We added support for complex numbers as first class data 

type to the binding library. We also added a new threading mode to the binding 

libraries. By optionally using a third party library (OSG Community 2005), we are 

solving threading issues unique to OS X (ppc & Intel).  

Java bindings: With the release of new operating systems such as OS X and 

Windows Vista we updated the SBW Java bindings to be able to support them. 

The SBW Java bindings of course also support the complex data type. The 

connection behavior of the Java bindings has been revised and now is much 

more reliable than before. We are currently contemplating updating the Java 

binding libraries further, to make use of the generics support with newer java 

versions. This would make the task of using Java applications much more 

seamless.  

Matlab bindings: Many Researchers in computational systems biology prefer 

scripting languages to quickly analyze their data. Matlab (Mathworks 2006) is an 

environment commonly used in this field. And so we developed SBW binding 

libraries (Wellock, Chickarmane and Sauro 2005) for Matlab. These binding 

libraries allow Matlab function to access SBW modules or in turn provide 

services to them. The only restriction here is – as Matlab only supports one 

function per script file – that the entire behavior of the script is captured by one 

method. This restriction however can easily be resolved, by adding one more 

function parameter, choosing the desired behavior.  

Python bindings: The SBW Python bindings have been updated to have them 

working even for new python releases 2.3, 2.4 and 2.5. We also added a 

standard installation procedure for python extensions to the bindings. Using this 



procedure, the python bindings can now be reliably used among all from python 

supported operating systems. Due to some missing concepts in Python, such as 

Method overloading, support for multidimensional arrays, we are considering 

revising the binding libraries further.  

.NET bindings: With the release of the Microsoft .NET Framework, and its 

subsequent porting to non-Windows platforms by the Mono Project (Novell, Inc 

2005), we found a new language platform we wanted to support. Scientific 

applications can benefit of the .NET Framework twofold. Firstly, due to the Base-

Class-Library developing time for novel applications is vastly reduced, as 

compared to prototyping in a traditional language such as Java. Moreover 

applications created in one .NET language will be available for use within another 

.NET language, allowing the developer to choose freely the best language for a 

given task at hand. Secondly in many cases the same executable as created using 

Visual Studio will run without alterations under Linux and Macintosh operating 

systems without modification. For these reasons we created bindings for the 

.NET Framework. We implemented them in C#, a strongly typed representative 

of the .NET languages. The bindings take full advantage of .NET’s reflective 

capabilities and thus exposing functionality is in many cases done by just 

providing a class whose methods are to be exposed. In our experience, console 

applications usually work fine across platforms (using Mono), front end 

applications however are not quite ready yet. For example, in order to have front 

end applications work under Macintosh operating systems, an X11 Server has to 

be available, which is usually not the case. Even then the user interface will look 

rather strange, using Windows metaphors, rather than native ones. We have 

successfully developed some .NET modules that we are using across Windows, 

Linux and Macintosh operating systems. In fact, the .NET bindings are the 

binding libraries   

Visual Studio Integration 

Visual Studio (Microsoft Corp 2006) is the prevalent development environment under 

windows operating systems. This development environment supports by default the 

programming languages C/C++, C# and VB.NET. In order to make it easier for module 

developers to access other modules for these languages, we created a Visual Studio 

Add-in that generates the Wrappers for a selected SBW module and service. All a 

developer has to do is to follow a simple three step procedure, select the module that 

he wants to access, specify the service, and specify the integration mode (this controls 

the number of SBW calls that the wrapper will use. This is configurable, as a trade off is 

involved, fewer SBW calls, make the wrapper less flexible, it might bind the wrapper to a 



specific version of the module, or to a particular running instance.). After this the 

wrapper is ready to be used. We detect the project type the developer is using and 

generate the corresponding wrapper. The needed SBW binding libraries are added to 

the project automatically. Finally we also expose all help methods that are available for 

the wrapped SBW service. This way help for each method is available.  

This Add-in was initially developed for Visual Studio 2003, and then ported for its use in 

Visual Studio 2005. More information is available here (F. Bergmann, SBW Visual Studio 

Add-in 2005). Currently we are considering developing a similar integration for the 

common development platform eclipse.  

SBW Web Services 

Using a similar procedure as with the Visual Studio Add-in, every SBW module can be 

automatically exposed as a W3C Web Service (Christensen, et al. 2001). This makes it 

easy to enable legacy code, for example FORTRAN applications, to be exposed as a web 

service. The only restriction on this is a limitation of the use of structured data. As SBW 

does not restrict the amount of data encapsulated within recursively defined lists, some 

of those types cannot be wrapped into XML messages. This however does not reduce 

the usefulness of the Web Service Generation as long as module developers are aware 

of this fact.  

We exhaustively tested the SBW Web Services for use in the .NET environment and the 

AXIS Java framework.  

As we received many requests to enable the SBW Web Services for use within the 

Workflow Environment Taverna (Hull, et al. 2006) we worked together with the team, 

and resolved the issue.  

In 2005 this work has been presented at the International Web Services Symposium, at 

the Virginia Bioinformatics Institute, Blacksburg, VA.  

SBW Modules 

The Systems Biology Workbench is both, a software framework that allows applications 

to share their functionality as well as a suite of loosely coupled software modules. These 

modules are separated by functionality in order to maximize code reuse, as well as the 

possibility to update individual components without having to break existing 

applications.  

Looking at the home page of the Systems Biology Markup Language (M. Hucka, et al. 

2003), we find that there are over hundred software applications available to aid 

systems biologists. Most applications focus on one task of interest. As they all share a 



common model definition language, these applications can exchange models. 

Recognizing the need of a researcher to jump from software application to software 

application, and realizing that the task of exporting and importing a model interrupts a 

researcher’s work, most SBW modules feature the SBW menu. The SBW menu allows 

taking a snapshot of a modules current model and sending it off to another SBW menu. 

The SBW menu is populated automatically by all modules of a given SBW category.  

 

Figure 4: The SBW Menu: In this figure one computational model is analyzed using 10 different software 
applications, each application only one mouse click away. 

The following sections will describe the modules that are available for use in the 

Systems Biology Workbench.  

Auto Layout  

It is often the case that a graphical representation of a computational model is needed. 

Such a graphical representation can further the understanding of the model. This task 

can be done by hand for small models, when studying large or complex computational 

models however this is unfeasible.  



We looked at several common layout approaches. However we were not able to find a 

layout algorithm that would deal with the kind of networks we usually encounter. 

Common layout procedures seem to fail when confronted with multi-compartmental 

models or regulatory networks. For this reason we started out with a force directed 

layout algorithm (Fruchterman and Reingold 1991) and made the necessary changes to 

make it suitable for our networks.  

The auto layout module (Deckard, Bergmann and Sauro 2006) works on all SBML files. It 

depends on two modules for the handling of SBML Support and SBML Layout Support. 

Using these modules the layout module can read existing layout annotations, or at least 

read the topology of the model. This module has been implemented as background 

application, such that every module within the SBW can easily access the auto layout 

capabilities. We also wrote a front end application for it, which allows users to tweak 

parameters of the algorithm, lock the position of certain nodes or to alias highly – 

connected species. The resulting layout will be written back to the SBML Layout Support 

module.  

 

Figure 5: Layouts generated by the auto layout module: (a) Rendering regulatory interactions and reactions using 
the MAPK pathway (Kholodenko 2000); (b) The Repressilator model illustrating loop opening from (Elowitz and 
Leibler 2000); (c) Alias nodes in a glycolytic model (Teusink 2000) to simplify the layout (ATP, ADP, NAD, NADH alias 
nodes in dotted lines); (d) Models with complex compartment nesting. 

Bifurcation Discovery Tool 

Biochemical networks often yield interesting behavior such as switching, oscillation and 

chaotic dynamics. With the Bifurcation Discovery Tool (Chickarmane, et al. 2005) we 

have created a tool that is capable of searching for bifurcation points in arbitrary ODE-

based reaction networks by directing the user to regions in the parameter space, where 

such interesting dynamical behavior can be observed. 

The discovery tool implements a genetic algorithm that searches for Hopf bifurcations, 

turning points and bistable switches in a given computational network. A graphical user 

interface has been implemented so that researchers can limit the allowed parameter 



space to be searched, as well as to configure the genetic algorithm. The front end also 

features the SBW menu, so that users can quickly take the optimized parameter to 

another application, such as a bifurcation package like Oscill8. 

 

Figure 6: Locating bifurcation points in a relaxation oscillator model (Seno 1978). In the top left subplot, the time-
series for one of the variables of the model shows oscillations after the parameters have been optimized. The next 
subplot shows the bifurcation diagram for the optimized parameters, exhibiting two supercritical Hopf bifurcations. 
The bottom two plots are for the bistable cdc2/wee1 model (Angeli 2004), which shows the time-series of the 
variables exhibiting switch like behavior, depending on their initial conditions. The bifurcation diagram shows 
hysteresis. 

The largest model (unpublished) that we have tested on has 25 state variables and 37 

parameters. For the models that were tested we find that the major factor affecting the 

speed of the search process is the inherent stiffness of the model. We are continuously 

improving our simulators to handle stiff systems. Due to the modular nature of the SBW, 

further advances in the simulator will enable the Bifurcation Discovery Tool to perform 

better on such models, without us having to modify the genetic algorithm.  

C# Inspector 

The C# Inspector is a useful test bed for developers of SBW modules or applications 

consuming SBW modules, that would like to see what happens behind the scenes. The 

Inspector provides full access to the SBW registry, enabling users to register / unregister 



SBW modules, to start them or shut them down. Selecting a specific method the 

Inspector allows calling that method and displaying the results.  

We optimized the C# Inspector, to work with a minimal number of SBW calls. It features 

several simplifications in the UI design. It is now possible for example, to filter SBW 

services for methods with a given signature. This is helpful when dealing with SBW 

Services that provide many SBW methods.  

The C# version of the Inspector replaced a previous version written in Delphi. We have 

tested the inspector successfully on OSX and Linux systems running on mono.  

Frequency Analysis 

Frequency Analysis is commonly used in engineering disciplines to analyze the behavior 

of systems with respect to their inputs and outputs. With the Frequency Analysis Tool, 

which is available through the SBW menu from many modules, we transfer this 

approach to computational models. The model is considered as closed system. Here the 

parameters of the model represent the inputs of the system and the variables (or 

species) the outputs of the system. Once a user selects inputs and outputs the 

Frequency Response will be calculated and the Amplitude and Phase spectrum 

displayed.  



 

Figure 7: The Frequency Analysis Module: Analyzing the MAPK Pathway (Kholodenko 2000) we display the 
Amplitude and Phase spectrum for MKKK with respect to the kinetic parameter of the first reaction. 

Jacobian Viewer 

The Jacobian of a computational model is vital to perform many kinds of analysis. If 

conservation laws are not taken into account, a singular Jacobian matrix is produced, 

making analysis of the model unfeasible. Using the Structural Analysis Module (c.f. page 

42), we ensure that the Jacobian is non-singular. The Jacobian  
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specifies the dynamics of the computational model. The entries in the matrix detail the 

influence of parameters on each other. Looking alone at the sign of these entries it is 

possible to see whether the influence is positive or negative. The absolute value gives an 

indication of the strength of that influence.  

With the Jacobian Viewer, we created a module that displays the Jacobian graphically, 

either while a simulation is running, or at steady state.  



 

Figure 8: Jacobian Viewer – These screenshots show a feedback model analyzed with the Jacobian Viewer. Red 
Arrows denote positive influences, green arrows denote negative influences. During the time-course simulation, 
the strength of the positive and negative influences will change in strength.  

Jarnac 

Jarnac (H. Sauro 2000) is a script based modeling and simulation environment. Jarnac 

features also a rich scripting language that provides researches quick access to all 

parameters of a model and experiment with them.  

We reworked Jarnac’s integration backend, and thus were able to optimize the speed 

with which Jarnac would carry out time-course simulations by at least 20%. Given that 

Jarnac interprets the model, this represents a huge improvement. Both our ode based 

simulators Jarnac and RoadRunner use the Sundials CVODE (Hindmarsh, et al. 2005) 

package for simulation. Thus it was only natural that we finally decided to have both 

simulators running the same CVODE support library. We thus adjusted our code base 

and will now be able to update the CVODE library more frequently, taking advantage of 

progress made by this third party library.  

We also fixed several problems with Jarnac’s SBML generation. In some cases Jarnac 

would generate invalid SBML. With that problem out of the way, we could finally 

implement a much asked for feature into Jarnac: the SBW menu. As in most applications 

in our software suite, the SBW menu will take a snapshot of the currently loaded model 

of Jarnac, and serialize it to SBML and send it off to another SBW enabled application. 

All this is possible with only one mouse click. This will save researchers using Jarnac 

much time, when taking their model with them. Until now the usual way to achieve this 

included much copy and paste work.  

In order to help novel users to get started with Jarnac script we added convenience 

functions, such as default plots. Prior to this change each output would have to be 

named.  



JarnacLite 

JarnacLite is our portable alternative to Jarnac. As Jarnac has been developed in Delphi, 

we currently see no way of porting Jarnac to Linux or Macintosh operating systems. 

JarnacLite brings Jarnac’s script language to these platforms. As JarnacLite does not 

feature any simulation capabilities its primary use is as an alternative modeling 

environment. It will generate SBML out of the created model and send it off to other 

SBW modules. Much work has been done, so that a user will see problems with the 

model as soon as he starts typing, thus providing much better feedback.  

We updated JarnacLite, so that it would preserve model annotations and notes as far as 

possible during the editing process. Before, whenever a richly annotated SBML model 

was loaded into JarnacLite, all annotations would be lost, thus round-tripping from 

Application X to JarnacLite and back would be lossy. As those annotations are now 

preserved, this allows us to use JarnacLite in many tasks, such as quickly change kinetic 

information associated with the model. This task is rather arduous in many SBML editors 

and can be much easier accomplished using a lightweight scripting language. After the 

editing process, it is possible to go back to the original application.  

Java Simulators 

High performance simulation has always been a focus of our work. With the Java 

Simulator suite, we developed a simulator pack, consisting of ODE and stochastic 

simulators. All these simulators use the same interface; only the actual simulation core 

differs. In order to speed up ODE based simulations, we experimented with on-the-fly 

code generation out of the given SBML models. There are two ODE based simulators in 

this suite, one uses LSODA (Hindmarch 1983) as integrator, the other CVODE (Cohen and 

Hindmarch 1996).  

The stochastic simulators implement a variety of stochastic methods:  

 Chemical Langevin Equation (D. Gillespie, The chemical Langevin equation 2000) 

 Gibson Next Reaction Method (Gibson and Bruck 1999) 

 Gillespie Direct Method (D. Gillespie, A general method for numerically 

simulating the stochastic time evolution of coupled chemical species 1976) 

 Gillespie First Reaction Method 

Java Code Generation works great for small and medium sized models. However for 

larger models running them within the Java Virtual Machine caused many problems. 

Also the generated files for large models would break hard limits within the Java byte-

code compiler (Methods are only allowed to be 64kb, which posed a problem for large 

kinetic models). For these reasons we decided on an alternative (c.f.: page 26). 



JDesigner 

JDesigner, our visual modeling environment for computational models, has undergone 

many improvements during the DOE/GTL period. It permits a user to draw a protein 

network on screen and assign appropriate kinetic laws from a wide selection of rate 

laws or to define new rate laws. The notation that is used to depict protein networks is 

generic in that no particular style is enforced. We have redesigned JDesigner’s rendering 

core, to take advantage of the advanced graphics functionality of GDI plus, this makes 

for more appealing graphics, including anti-aliasing, text-smoothing and more. Receiving 

many requests for JDesigner to provide features to graphically display covalent sites and 

polymers, we added a molecule designer to JDesigner. With this any complex species 

can be constructed and used within the computational model.  

 

Figure 9: JDesigner Complex Molecules: A selection of the kind of complexes that can be designed with the 
JDesigner Molecule designer 

If a pathway includes effector interactions, these are indicated by either activatory, inhibitory or 

modifier regulatory lines, as shown in Figure 10.  



 

Figure 10: Regulatory interactions between species and reactions. 

Compartments with differing volumes can be represented in JDesigner by using 

compartment rectangles, as shown in Figure 11 which illustrates two compartments. 

Moving species from one compartment to another can be accomplished by dragging 

species. Compartments can also be moved in which case the enclosed species will 

follow. 



 

Figure 11: Compartments are depicted as bounded rectangles. Species can be moved from one compartment to 
another by dragging the species from one compartment to another. 

JDesigner focuses completely on the graphical design of computational models. 

Realizing that a modeler will need to run simulations and different kinds of analysis on 

the computational models, JDesigner leverages those tasks to other SBW modules (c.f.: 

Figure 12).  

Via SBW modules, JDesigner allows for the simulation, steady state analysis and MCA of 

the constructed models. We have modified this process, to allow exchanging the 

simulator that JDesigner would use for these tasks. Structural analysis is provided by 

Metatool (c.f.: page 25). 

For models without layout annotation, JDesigner will now use the Auto Layout Module 

(c.f.: page 15).  



 

Figure 12: JDesigner reuses capabilities provided by many SBW modules 

It is now possible to alter the flavor of SBML that JDesigner will export using the SBW 

Menu, in order to facilitate model exchange with Dizzy (Ramsey 2006), a stochastic 

simulator. The user can now choose whether SBML level 1 or 2 will be exported, this 

might help other applications that have not upgraded their support of SBML.  

With SBML developing as fast as it does, we always strive to keep JDesigner up to date 

with the changes. JDesigner now supports User Defined Functions and allows annotating 

any element of the computational model.  

Metatool 

The Metatool module (Pfeiffer, et al. 1999) exposes the structural analysis capabilities of 

Metatool to other SBW modules. Metatool analyses the computational models and 

returns elementary modes, null space vectors and conservation vectors. Within 

JDesigner these are displayed visually.  
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Figure 13: JDesigner uses Metatool to display elementary modes; here one mode is highlighted in red.  

RoadRunner 

The bulk of existing simulation tools rely on an interpretative method for evaluating the 

model equations which in turn is slow and inefficient. Instead we have been 

experimenting with just-in-time compilation of models using Java and .NET. Our high-

performance simulator, codenamed 'roadRunner', drives this effort. This simulator uses 

conservation analysis via SBW (c.f.: page 42) to construct the reduced model. It also 

implements most of the features specified in SBML level 2, including discrete events and 

user defined functions. This simulator has been developed using C# and relies on 

Sundials CVODE (Hindmarsh, et al. 2005) and NLEQ (ZIB 2003). The powerful reflection 

features of C# together with on-the-fly code generation allow ‘roadRunner’ to 

outperform similar Java implementations (c.f.: 21) or interpreted solutions. 

This year we managed to increase roadrunner’s accuracy, now passing the SBML test 

suite (A. e. Finney 2003) in all test cases roadRunner can pass. (RoadRunner is still 

missing some features such as an implementation to handle Algebraic Rules or ODE 

Rules on non-floating species or stoichiometry mathematics, but we are looking into 

adding those features).  



Additionally we enhanced the function set exposed by roadRunner for use in other SBW 

modules. Those methods now allow one to query the available symbols that roadRunner 

is able to return either during a time course simulation or during steady state analysis. 

This enables other modules to create a selection list, and then obtain the given values 

much faster from roadRunner. We will update the Simulation API (Sauro and Bergmann, 

SBW Simulation API 2006) to include these methods, this will make the API cleaner and 

easier to use.  

SBML Layout Support 

Graphical modeling applications routinely enhance computational models by layout 

annotations. Finally the SBML community decided on a common standard on how to 

embed the layout information within SBML (Gauges, et al. 2006). Our group was the first 

to support this Layout Extension fully. Using the SBML Layout Support module every 

SBW module can read those layout extensions. We also created a web application (F. T. 

Bergmann 2006) that allows people to view models with those annotations online, or by 

employing the auto layout module (c.f.: page 15), to generate a layout using the SBML 

Layout. This work has been published (Deckard, Bergmann and Sauro 2006).  

However, a Layout Extension is not sufficient to capture the whole visual aspect of a 

visual computational model. Information about the rendering has to be known. In an 

attempt to get this started, we developed a first draft of a render extension, with 

prototypical implementation in the SBML Layout Support module. The Kummer Group 

now also has a proposal for the Render Extension, and we are working together with 

them to reach a consensus.  

SBML Support 

The Systems Biology Markup Language (M. Hucka, A. Finney and B. Bornstein, et al. 

2003) as the de-facto standard for the exchange of computational models provides the 

major exchange format between modules in the SBW. With libSBML (Bornstein, Keating 

and Finney 2006), the support library provided by the SBML team, having their major 

new release 3.0.0 we found the opportunity to completely rewrite the SBML support 

module for the Systems Biology Workbench. Having learned much about SBML support 

in the last three years, this software is now better maintainable and extensible.  

The SBML support module provides SBML reading capabilities for all other modules of 

the SBW. The modules, no matter in which programming language they have been 

written, can access the SBML support modules simplified API, to interrogate a given 

model.  

New Features with the SBML support module include: 



The most important feature is that modules can now not only check the validity 

of a given SBML model but also the consistency with respect to the SBML spec as 

well as with regards to the units used within kinetic laws.  

Convenience functions to add modifiers to reactions, that is SBML reactions will 

be updated based on the kinetic law used. This was a recent addition to the 

SBML spec, and not all modules were aware of it, this function will solve this 

omission.  

More convenience functions to access and modify model nodes as well as model 

annotations. Furthermore Systems Biology Ontology (SBO) (European 

Bioinformatics Institute (EBI) 2007) terms can be set on any model entity. SBO 

aims to strictly index and define terms used in quantitative biochemistry. While 

our modules do not yet take advantage of SBO terms, we plan to update at least 

our modeling software to use it in the near future.   

Finally the SBML support module also allows applications to quickly modify 

compartment, species or parameter values. This aids applications such as 

parameter estimation tools, to insert their new parameter set into the model, 

without having to reconstruct the whole model.  

SBML Translators 

Within our software suite we also include a number of SBML translators. Their task is to 

translate SBML into a variety of other formats such as: C/C++, C#, FORTRAN, Java, Jarnac 

Script, Matlab, Mathematica and XPP. Exporting SBML into such formats has some 

advantages. Compiling a computational model into programming languages makes it 

tractable to handle very large models. Translating them for use in a script environment 

allows easy interrogation of the model within those environments and opens up 

possibility for further analysis.  

We created a unified graphical frontend, that takes SBML, and from here a researcher 

can have the SBML translated into any other format. This frontend discovers all 

available SBML translators (which reside in their own SBW Category) on a given 

machine. A similar approach was used to create a Web Application (c.f.: page 34) that 

translates SBML files into the other format.  

The translators have been updated to solve some inconsistencies for multi-

compartmental models. 

Within the Study of Building large biological dynamic models (c.f.: page 49), we also 

experimented with the translators, comparing runtime speed of translated models with 



the models used with simulators interpreting the model. Table 1 shows the results of 

this comparison.  

Table 1: Runtime comparison of Simulations performed on the Glycolysis & TCA model (50 metabolites and 75 
reactions) 

 

3D Simulation 

Modeling and analysis of reaction-networks relies heavily on simulation tools. 

Traditionally the simulation results are available either as data tables or X-Y plots. Data 

tables are helpful for further processing by other computational tools. X-Y plots 

however tend to get complex even for a limited number of species. In creating a new 

visualization tool we had two goals in mind. The first goal was to tie the simulation 

results closely to the model and the other was to enable the user to view the simulation 

in real time. 

SBML is an established standard for the exchange of model-information. Recently the 

SBML group adopted a layout standard. This means it is now possible to store 

information about species, compartments and positions or dimensions of the model. 

This has allowed us to make the layout of a model portable. This layout implements the 

basis of a 3D visualization tool and is projected onto a 3D plane. Furthermore all 

positions of species are recognized and their concentrations are rendered as columns on 

top of the 3D plane. The heights of these columns represent the current species 

concentration values that vary during the time-course simulation. Since the time course 

simulation is performed continuously it is possible to dynamically focus on specific 

aspects of the model. Figure 14 shows a rendering of such a time-course simulation.  

  Time   C & FORTRAN   Java        C#       Matlab       Jarnac     JDesigner     SCAMP

  0 - 10        0.092         1.016     0.093        8.64         3.075         4.26            1.0
  0 - 50        0.112         1.01       0.125      11.25         5.016         6.063          1.0
0 - 100        0.294         1.016     0.438      16.37         8.28         10.23            1.0
0 - 150        0.33           1.032     0.375      20.23       10.625       12.03          ~1.0
0 - 200        0.56           1.015     0.531      21.062       9.77         13.359        ~1.0
0 - 250        0.562         1.031     0.750      21.704     11.02         13.312        ~1.0
0 - 300        0.615         1.031     0.531      22.30       11.108       13.110           -
0 - 350        0.48           1.015         -          23.9         10.53         13.202           -
0 - 400        0.74           1.031         -          22.125     10.53         12.595           -
0 - 450        0.78           1.047         -          22.30       10.87         13.08             -
0 - 500        1.015         1.015         -          22.5         11.38         13.02             -



 

Figure 14: 3D Time-course Simulation of a Glycolysis model (Ruoff, et al. 2003). 

We have updated the module, so that it would be more useful. Now at any point during 

the simulation it is possible to change the parameters of the model and to see how this 

parameter change influences the simulation. Reaction rates are now displayed by small 

moving elements along the reaction arcs.  

As with our other modules, the 3D Simulation module leverages most of the work to 

other modules. The SBML and the layout will be read by other modules, in case no 

layout exists for the currently loaded model, the auto layout tool will generate such a 

layout, and of course the time-course simulation will be carried out by our high-

performance simulator, roadRunner.  

Using Qt (Trolltech 2007), a cross platform application development framework based 

on C++, the frontend is available on all major operating systems.  

SBW Web Presence 

Our web presence at http://sys-bio.org has been improved during the DOE/GTL period. 

Apart from documentation and tutorials on how to use the Systems Biology Workbench 

http://sys-bio.org/


and its modules we recently installed a wiki on the site. We use it to be able to modify 

the content of the site frequently. The wiki contains entries for all SBW modules as well 

as our current research projects. Of course the website also provides access to all our 

software for download.  

The web site also contains several online applications that provide researchers a first 

glimpse of how SBW might be used within their projects. The following describes each 

available web application in turn:  

Web Application: Model DB 

One of our research projects is discovering of motives in real networks. To approach this 

goal we apply in silico evolution. This allows us to evolve networks aimed to fulfill a 

specific goal. The Model DB web application provides an interface to some of the 

evolved networks. It displays all oscillators that we evolved along with a generated 

layout and a time course simulation run showing their dynamic behavior. The models 

can be searched for in terms of number of metabolites, number of reactions or function.  

 

Figure 15: An example oscillator obtained from the ModelDB web application. 



Web Application: SBML Layout 

The SBML Layout application provides a web based frontend to the SBML Layout 

Module (c.f.: page 27) and the Auto Layout Module (c.f.: page 15).  As the SBML Layout 

Module this web application reads models with layout annotation (such as the SBML 

layout annotations, JDesigner annotations or CellDesigner annotations) or models 

without layout annotations. In the latter case a layout will be generated using the auto 

layout module, with the parameters as given on the website.  

 

Figure 16: SBML Layout Viewer - Displaying the Jana Wolf Glycolysis (Ruoff, et al. 2003) Model. 



Once the image is displayed, the user can request an image of higher resolution, or even 

an SVG. The SVG’s are generated using the XSLT style sheet transformation provided by 

the EML group.  

Web Application: SBML Simulation 

The SBML Simulation provides simulation capabilities for SBML models. Using a simple 

four step wizard approach the application guides the user through the steps of choosing 

a simulator, loading an SBML model, selecting species for the output and finally to carry 

out the simulation. Optionally the user can proceed to a fifth step and there obtain all 

the time course data as CSV file for download. Figure 17 displays the results of such a 

simulation.  

Unlike other web applications that promise to simulate a given model this application 

delivers its result instantly to the user.  

We plan to update the simulation web application to make use of advanced Web 2.0 

features. Also we would like to expose more features of our simulators, such as the 

steady state capabilities.  



 

Figure 17: SBML Simulation - This Web application simulates a time course for the Jana Wolf Glycolysis (Ruoff, et al. 
2003) model.  

Web Application: SBML Translation 

As previously mentioned (c.f.: SBML Translators, page 28), we also provide our SBML 

translators for use on our website. In a simple two step approach a user selects what 

the SBML file should be translated to, and provides an SBML file. He will be presented 

with the translated file along with a link to download the translated file.  

The translators translate SBML into C/C++, C#, FORTRAN, Jarnac, Java, Matlab, and XPP. 



Web Application: SBML Validation 

Sometimes researchers receive an SBML file that they can’t get to work in their software 

application. The SBML Validation web application will analyze the SBML file in order to 

find possible flaws in the model. This web application has been adjusted, so that the 

consistency of the model can be checked. 

For valid models, the web application returns an overview of the elements contained 

with the SBML file.  

Web Application: Web Service Creator 

The Web Service Creator web application, similar to our Visual Studio Integration (c.f.: 

page 13) allows a user to our web site to wrap any installed SBW module to be wrapped 

as W3C Web Service (c.f.: page 14). After selecting the module and service the user will 

be forwarded to the generated web service wrapper. Here it is possible to see the 

documentation associated with each method and to invoke the methods for test 

purposes. A developer can also obtain a web service description document to use within 

their applications.  

Visual Editor 
The following project is being jointly funded by DOE/GTL and Microsoft.  

Synthetic biology is a new area of research combining science and engineering 

disciplines. The primary focus is to design and build novel biological systems. With the 

BioBricks parts registry (MIT 2005) a repository of standardized, reliable biological parts 

exists, enabling synthetic biologists to design and build biological systems. The process 

of designing, testing and fabricating new systems is still however arduous and error 

prone. 

The software application that we are developing is designed to make the process of 

design and construction simpler. We focus our attention on two areas. Standard formats 

and an intuitive extensible software system based on standards. 

Standard formats are especially important in this field. Looking back at the success of 

digital and analog electronics, we find that this success is mostly due to the 

standardization of electrical components. This standardization allowed the creation of 

computer aided design (CAD) tools that allowed engineers to focus on designing new 

devices, rather than issues of compatibility between parts. With languages such as 

VHDL, it became easy to characterize and fully test new devices using CAD tools, before 

building them in hardware. BioBricks a first step in this direction for synthetic biology.  



Our software system will accompany synthetic biologists through all stages of design, 

testing and fabrication using the following approach: 

 First a generic model implementing the desired functionality is built and 
simulated.  

 Next constraints on the design are made, such as qualifying the host organism, 
product outputs and input types.  

 Based on those constraints on the generic model, the software will deliver a set 
of concrete designs from a predefined library of parts.  

 In a last step one of the concrete designs can then be built by the biologists, or 
sent to a biological hardware fabrication company that will be contracted to 
build the system.  

 

The software system we developed is based on the .NET framework 2.0. Creating a 

flexible plug-in architecture has been a primary focus during the design. Apart from 

plug-in interfaces we also integrated the IronPython (IronPython 2007) runtime, 

allowing expert users to extend the capability of the software by python scripts.  

This plug-in system was used in the development process for all components except for 

the core-graphics system, thus it is easy to exchange development modules by more 

readily accessible components that we envision at a later stage of the project.  

A growing library of parts, initially derived from BioBricks sequences and characterized 

by initial parameters is included with the project. Biologists can make use of this 

database, alter parts on their local copies, or submit parts for review.  



 

Figure 18: Architecture of the Visual-Editor Prototype 

We have created a working prototype of the application that allows a user to build 

biological systems from parts and to combine them into more complex devices. Models 

created, if fully characterized, can be simulated within the application. Models can also 

be exported into the de-facto standard model definition language SBML, and thus be 

analyzed by more than one hundred third-party software applications. We have also 

integrated our prototype with the Systems Biology Workbench and thus all analysis 

facilities of SBW are available to the user. 



 

Figure 19: A Screenshot of the Visual-Editor in its current state, simulating a Repressilator model 

Collaboration with other Groups 
We are always interested in working together with groups working on related scientific 

projects. This minimizes repetition of work completed and lets us focus on novel tasks. 

This section describes work done in collaboration with other groups. 

CellDesigner 

CellDesigner (Kitano, et al. 2005) is a graphical modeling environment developed by the 

Kitano Group. CellDesigner, based on Java, is available on all major operating systems.  

Working together with the Kitano Group, CellDesigner also features the SBW menu. And 

so any model created with CellDesigner can be send to any SBW analyzer. We are 

currently working together with them to modify CellDesigner to become an SBW 

analyzer. This will allow any model to be sent from an SBW enabled application to 

CellDesigner.  

We also work together with the team in order to be able to understand their rendering 

format. A prototypical implementation has been added to the SBML Layout module. 

And so any SBW module can read and render their layout format.  



CompuCell3D 

CompuCell3D (Cickovski, et al. 2007) is developed by James Glaziers group, of the 

Physics Department of Indiana University. CompuCell3D is a modeling environment and 

PDE solver. We developed a prototype that allowed us to integrate SBW simulators into 

CompuCell3D.  

This prototypical implementation allowed us to run a simulation, embedding one 

simulator (roadRunner) into each of 109 cells. Each simulator would simulate an 

oscillating model. These oscillations would then alter the behavior of the cell.  

 

Figure 20: CompuCell3D - SBW Integration. Modifying a given CompuCell3D model, it is possible to access SBW 
simulators for each cell by employing the SBW Python bindings.  

This prototype runs on Ubuntu Linux, using Python 2.5 and mono 1.2. 

COPASI 

COPASI (Hoops, et al. 2006) is a simulation environment, jointly developed by the 

Mendez group at the Virginia Bioinformatics Institute, and the Kummer group at EML 

Research, Heidelberg Germany. COPASI’s outstanding simulation and optimization 

features will be of benefit to many researchers.  

Working together with the team, we provided a first integration with SBW for COPASI. 

This integration makes the COPASI frontend a SBW analyzer that means any SBW 

enabled application can send a model to COPASI for analysis. Similarly we updated the 



frontend of COPASI with a SBW menu, thus any model created or loaded into COPASI, 

can be sent off to a variety of SBW analyzers.  

Dizzy 

Dizzy (Ramsey 2006) is a chemical kinetics stochastic simulation software package 

developed by the Institute for Systems Biology. Dizzy has been wrapped as SBW 

Analyzer, and thus can be used with any SBW module from the SBW menu. Dizzy also 

exposes its simulation core for use within SBW.  

Gaggle 

The Gaggle (Shannon, et al. 2006) framework, developed by the Baliga Group at the 

Institute for Systems Biology, is rather similar to the SBW. Gaggle focuses on the 

exchange of data. It provides five data types that can be shared with Geese (i.e.: Gaggle 

modules). SBW on the other hand provides a way to share APIs with its modules.  

Currently we are working together with the Gaggle team, to connect SBW modules to 

the Gaggle framework and vice versa. A first prototype has been developed. This 

prototype transforms SBML models into Gaggles network format and can be used with 

any Goose. Similarly we partially reconstruct an SBML model out of a given Gaggle 

network.  

 

Figure 21: A possible Gaggle-SBW Integration 



The SBW Goose acts within the SBW context as SBW Analyzer, thus any SBW module 

can send a SBML model to the Goose. Once the model is received it will be converted 

into a Gaggle Network. It also features a SBW menu, which will send the current Gaggle 

Network, transformed into SBML to the selected SBW Analyzer.  

GigaPixel Project 

Working together with the Tyson Group at Virginia Tech, we modified the 3D Simulation 

module (c.f.: page 29) for use within their GigaPixel Project. Here more than fifty 

displays are combined together for data visualization and interaction.  

 

Figure 22: the 3D Simulation Module at the GigaPixel project at VT. 

The aim of the project is to interactively display the cell cycle models of the Tyson 

group. Unfortunately at the moment the SBML models used are not compatible with 

our simulators, and so it is not possible at the moment to modify parameters during a 

simulation run, but we are working to resolve those problems.  



PySCeS  

PySCeS (Olivier, Rohwer and Hofmeyr 2005) stands for Python Simulator for Cellular 

Systems and is developed by Brett Olivier at Stellenbosch. In collaboration with their 

team we revised the SBW python bindings and they are now used within PySCeS.  

Oscill8 

Oscill8 (Conrad 2006)  wraps AUTO (Doedel 1981), the bifurcation package. Oscill8 is 

developed by Emery Conrad at Virginia Tech. Oscill8 exposes bifurcation searches and 

features one and two dimensional parameter bifurcation diagrams.  

Working together with the author we helped to transform the Oscill8 frontend into a 

SBW analyzer and so made it available for any SBW module with SBW menu. As Oscill8 

does not understand SBML, we transform the SBML first, using the XPP translator, in 

order to transform the SBML into a set of ODEs that Oscill8 can understand.  

SBML ODE Solver 

SBML ODE Solver (Machné, et al. 2006) is developed by the Theoretical Biochemistry 

Group at the University of Vienna. It is both, a command line application and linkable 

library for solving computational models. The approach is to use libSBMLs abstract 

syntax trees, in order to evaluate the model using Sundials CVODE package.  

Working with the team, we created windows binaries for the application and then 

continued to wrap them into the first level of the SBW Simulation API (Sauro and 

Bergmann, SBW Simulation API 2006). With that we have a working prototype that lets 

us better compare our simulators.  

Theory and Algorithms 
This section describes our work with respect to theory and algorithm development.  

Conservation Analysis of Large Biochemical Networks  

Conservation Analysis of biochemical models is an important step in determining the 

dependent and independent species in a biochemical network leading to a dimensional 

reduction of the model. This is a numerically intensive task that becomes error-prone 

with existing methods for large networks. The computation of the correct conserved 

cycles is also essential for the computation of the reduced Jacobian, which is non-

singular. This reduced Jacobian is very important for a number of subsequent analyzes 

such as Bifurcation Analysis (Chickarmane, et al. 2005)  and Metabolic Control Analysis 

(Hofmeyr 2000). 



Our new method makes uses of the Householder QR factorization of the stoichiometry 

matrix to obtain the relevant conservation relations for biochemical networks. Its 

advantage lies in much greater enhanced reliability and accuracy over other methods 

currently in use. The underlying algorithm is described in detail in our recent paper 

(Vallabhajosyula, Chickarmane and Sauro, Conservation analysis of large biochemical 

networks 2005). It has been integrated into Systems Biology Workbench (SBW, 

(Bergmann and Sauro, Computational systems biology: modularity and composition: 

SBW - a modular framework for systems biology 2006)) and accepts models in standard 

SBML. SBW integration allows other developers to easily access the capability of this 

method. A separate graphical interface for this tool is also provided (See Error! 

Reference source not found.Figure 23).  

 

Figure 23: A Graphical tool for conservation analysis of biochemical network models 

More information on the conservation analysis tool can be found in (Vallabhajosyula, 

Chickarmane and Sauro, Conservation analysis of large biochemical networks 2005). 

Computational Complexity – Time scale separation 

Reduction of complexity by means of the computational complexity approach involves 

reducing the model through a conservation analysis to eliminate dependencies, and 

then invoking a time-scale reduction approach to eliminate the fast reactions. In the 

following, we detail the time-scale reduction algorithm.  

Time-scale separation requires the identification of the set of fast reactions in the 

network. A number of methods, each with its own set of limitations, are known that can 

be used for this purpose, and are summarized in (Vallabhajosyula and Sauro, 

Computational systems biology: complexity reduction: Complexity reduction of 

biochemical networks 2006). Here we focus on the method of Intrinsic Low Dimensional 

Manifolds (ILDM) which identifies the set of slow reactions comprising a low 



dimensional manifold in the phase space of the dynamics. The fast time scales drive the 

system onto this subspace after an initial transient period, after which the solution is 

constrained to the ILDM. Efficient computation of the ILDM is thus essential to the 

success of time-scale separation problem. 

The ILDM identification procedure (Mass and Pope 1992) involves the use of similarity 

transformations to the Jacobian matrix, to overcome a limitation posed by closely 

clustered or degenerate eigenvalues. This leads to a Schur form that has a quasi-upper 

triangular structure with diagonal blocks representing eigenvalues corresponding to the 

slow and fast subsystems as well as the coupling between them. We note here that 

conservation analysis described in the previous section plays an important role in the 

construction of a reduced non-singular Jacobian which is necessary for a number of 

other studies such as bifurcation analysis.  

The coupling matrix can be eliminated by solving a Sylvester equation yielding a 

transformation matrix that can be applied to the original system of equations. The 

decoupled fast system can then be averaged, resulting in an algebraic expression 

between the fast and slow reactions, which leads to a reduced model.  

An important issue is the relationship between conservation analysis and time-scale 

separation. This arises from the possibility that certain conserved moieties can involve 

both fast and slow reactions, and the averaging procedure described above results in 

the conserved moiety sums to vary with time. We believe that these time-varying 

conserved moieties should also be treated as part of the reduced system and analyzed 

once again to properly incorporate conservation analysis into the time-scale separation. 

This is still an open research problem, and needs to be studied further so that large 

models can be reduced in the correct manner. 

Functional Complexity 

An alternative approach to model reduction involves identification of functional 

modules in large networks, which can in turn be replaced by simpler versions with the 

same function. This results in smaller networks with an equivalent function, leading to 

reduction. We have applied this procedure to show how a large network comprising of a 

two-peak band pass filter can be replaced by individual band-pass filters, which in turn 

are built from low-pass filters. Additional information about this approach is detailed in 

our recent paper (Vallabhajosyula and Sauro, Computational systems biology: 

complexity reduction: Complexity reduction of biochemical networks 2006). 



Stochastic Simulation 

Stochastic simulation of biochemical networks is an important area of research in 

Systems Biology. There are a number of tools that have been developed, incorporating 

either the original Stochastic Simulation algorithm (D. Gillespie 1977), or other improved 

variations. Many of these tools allow users to either load models directly or enter 

relevant model information directly into the application. These are tasks that diminish 

the productivity of a model builder interested in prototyping and analyzing the effects of 

stochasticity in biological networks.  

Taking these into account, we have developed a new application for stochastic 

simulation of biological networks that has been built on the Systems Biology Workbench 

framework. It provides a graphical user interface that allows users to load models in 

SBML format, carry out a stochastic simulation and then perform detailed statistical 

analysis on the data of the simulation. Additional details regarding the capabilities of 

this application are detailed in the following section. 

The current version of this software, named GillespieGUI, uses an implementation of the 

Gillespie SSA as a simulator backend to carry out the actual stochastic simulation. This 

backend is a SBW module named edu.kgi.gillespieDM (named because it uses 

the Gillespie direct method). We have designed this stochastic simulator to generate 

simulation data at the finest possible resolution (using SSA) as well as in a coarse form 

by allowing the user to select either a sample size or evenly spaced time intervals. This 

allows the simulator to advance the simulation until the set sample size is met or until 

the simulation time matches the next incremented time interval. 

We observe at this point that each run of the simulator (for a given model) between a 

start and end time, can generate data based on the choice of the sampling. With a 

uniformly sampled grid (time) interval, the number of data points for each run are 

always the same, and hence all the runs have the same data length in the case of a 

population. However, in the case when the user sets a sample size, the length of the 

time points are non-uniform, and hence the length of the data run can vary in a 

population. This version of the software restricts the subsequent statistical analysis to 

the time-grid sampling, owing to the uniform data length. Future versions may extend 

the statistical analysis to the non-uniform data obtained by setting a sample size, by 

using appropriate interpolation methods. 

In the following we describe the features provided by the user interface along with the 

algorithms used for the statistical data analysis. We also describe a companion testing 

application that has been built to allow the stochastic simulator to be tested using the 

discrete stochastic model testing suite. 



Gillespie User Interface 

The stochastic simulation user interface (Vallabhajosyula and Sauro, Stochastic 

Simulation GUI for Biochemical Networks 2007) allows models to be loaded in SBML 

format. Users can simulate the loaded model just once, or set a population size. Once a 

model is loaded, users can modify various simulation and display settings. The following 

option categories allow users to control how the user interface interacts with the 

Gillespie stochastic simulator, and the subsequent data analysis. These categories can 

be accessed through display panels on the left of the user interface, and are 

1. Data Collection: Allows users to set simulation start and end times, as well as keep 

or ignore transients. If transient data is ignored, the actual simulation end time is 

increased to generate data of the desired length. 

2. Data Sampling Method: As detailed earlier, users can choose between a uniform 

time interval and uniform sample size. Choosing a sample size equal to one yields 

the raw data from the Gillespie simulator. 

3. Modify Display Settings: Allows users to plot one or more selected species against 

time, or against another species (phase plots). Additionally, users can specify which 

run to plot, overlay data from all runs, or overlay results from a deterministic 

simulator for comparison. This panel also allows users to enable or disable 

continuous status reporting from the simulator, and to plot data after each run. 

4.  Simulation Settings: Contains checkboxes to enable or disable data generation, 

computation of correlations and power spectral densities. 

5.  Select Noise Sources: This allows users to modify a loaded model such that a 

boundary node can be treated as a noise source. An internal SBW module, namely, 

SBMLModifier, was written to interact with libSBML (Bornstein, Keating and 

Finney 2006) and modify the model by adding a fictitious boundary node and 

reactions. This is required to compute the transfer functions of internal species with 

respect to inputs at the boundaries. 

6.  System Output Input: This allows users to select a specific species as an input node 

and obtain the cross-correlation, cross-spectrum as well as the transfer function for 

an output species with respect to the input species. This makes it possible to 

construct biological networks with specific input-output filter characteristics as in 

electrical networks, and would be very useful tool for designing in Silico biological 

networks. 



Statistical Analysis 

The main display panel for the user interface allows the data generated by the simulator 

to be plotted for each run. This also includes another display which shows a histogram 

spread of the data for the selected species, which is equivalent to the probability 

density. The probability histograms can be plotted either for a single run, or for the 

entire population for the selected species. 

After the data has been generated, the application computes the ensemble means and 

standard deviations and plots them. Additional statistics of interest such as the 

coefficient of variation are also computed. 

The tool then uses the ensemble statistics to compute the auto and cross correlations of 

all the species for each run. The auto-correlations can be overlaid for comparison and 

plotted against the ensemble averaged auto-correlation. Further, power spectral 

densities and cross spectral densities are computed for each species using the open-

source signal processing library Exocortex.DSP using Fast Fourier Transforms (FFT). 

The Power Spectral Densities (PSDs) have been shown to be a very useful tool when 

trying to identify characteristics of biological networks such as feedback loops. 

The ability to compute PSDs and cross spectra along with the additional capability to 

modify a boundary node to allow noise injection makes it possible to construct the 

transfer functions between the boundaries that serve as inputs and internal species that 

may serve a readout function, and hence can be treated as outputs. This is a unique 

feature that we have not seen in any other application of this nature, and should be very 

useful, especially to the Synthetic Biology community. 

Lastly, the application also saves information in a configuration file so that any 

modifications are preserved when the application is closed and reused when it is 

restarted. 

The following figure shows the features available in the Gillespie GUI along with a 

testing application developed to test the correctness of the simulator using normalized 

statistics.  



 

Figure 24: Left Panel: Options for loading and running the models, simulator options for data generation and 
sampling, display settings, options for noise injection at one or more boundary nodes, and for plotting correlations, 
power spectral densities and transfer functions. Top Panel: A linear chain network with three species (with initial 
numbers set to zero), and rate constants for reactions given as 0.1, 0.05, 0.06667 and 0.1 respectively. The 
boundary species "Node0" has a value of 100. SBML modification allows creation of a new network, shown in the 
right part of the top panel, with "Node0" converted from a boundary node to a floating node. Bottom Panel: Plots 
showing the time histories of the species in the modified model, along with the probability density histogram of 
Node1, Ensemble averages and standard deviations, Transfer functions between selected input and output nodes 
(in this case between Node0 and Node3) and lastly, a plot of Auto-correlation and Power Spectral Densities. 

Testing Application 

We have developed an additional application along with the stochastic user interface to 

test the exactness of the stochastic simulator. This application makes use of the Discrete 

Stochastic Model Test Suite (DSMTS) and the carries out the normalization tests therein. 

This test suite includes simple models whose expected results are known from analytical 

solutions. The results from the stochastic simulator can therefore be compared against 

the expected results to check for exactness. The current version of this software is 

limited to the stochastic simulator bundled with SBW, but future versions can carry out 

this test for a stochastic simulator of the users’ choice. The test suite includes a total of 

33 models of varying complexities, which are designed to uncover simulator 

deficiencies. 



 

Figure 25: Graphical Interface for testing the stochastic simulator using the Discrete Stochastic Model Test Suite. 
Orange entries represent normalized means and standard deviations that are out of range. 

Study: Building Large Biological Dynamic Models of Shewanella 

Oneidensis from Incomplete Data 

The objective of this study is to investigate certain issues related to building large 

dynamic models of reaction networks. In particular, emphasis is placed on the 

performance of computational methods, both in terms of accuracy and computational 

time. In addition, we are also interested in methods for approximating reaction rate 

laws when kinetic information is not readily available.  

To investigate these questions we have constructed a hybrid model that is a first 

attempt at a model of Shewanella oneidensis MR-1 that includes Glycolysis and TCA 

cycle. Understanding how energy pathways function in S. oneidensis is very important to 

modeling the interaction of this organism with its environment.  

The SBML files for Glycolysis and TCA Cycle for Shewanella are available from KEGG [1]. 

These were used to assist in the construction of a test model. However, there is a lack of 

kinetic information for the dynamics of the underlying metabolic reactions in the KEGG 

database. To overcome this problem, estimates were made by comparing data from 

similar pathways in Escherichia Coli. While we were able to adapt a kinetic model of 

glycolysis from work published by [2], the data for the TCA cycle was still lacking. A 

hybrid model using Linlog kinetics was constructed for the unknown reaction kinetics in 

the TCA Cycle.  

Approximation to Rate Laws 

In analyzing a large network such as the one describing the Carbohydrate Metabolism in 

Shewanella Oneidensis MR-1 researchers often come up against a major issue pertaining 

to the lack of data for reaction kinetics. One of the methods to address this problem 

involves the application of Michaelis-Menten Kinetics, where the approximate rate-law 

governing a reaction can be deduced for an enzyme-catalyzed reaction. However the 



lack of data for reaction kinetics is translated into uncertainty in the parameters of 

Michaelis-Menten Kinetics, particularly, when dealing with complex reactions involving 

large number of parameters. In such cases, alternative approximation methods, 

discussed below can reduce the number of parameters that are involved.  

Nonlinearity arises naturally from the interactions between various components and 

enzymes, as well as regulatory mechanisms. It is often desirable to study how such a 

system behaves when perturbed from a steady state. This approach leads to the 

Metabolic Control Analysis, where the system is linearized about a stable operating 

point. The resulting mathematics leads to variables that are representative of the 

relationship between fluxes, metabolites and their respective elasticities. 

Metabolic Control Analysis 

Consider a metabolic network of m dependent metabolites with concentrations 

𝑥𝑘 𝑘 = 1,2, ⋯ , 𝑚 , r independent metabolites with concentration 𝑐𝑙 𝑙 = 1,2, ⋯ , 𝑟  and 

n enzymes with enzyme level 𝑒𝑖 𝑖 = 1,2, ⋯ , 𝑛 , each catalyzing a reaction with rate 𝑣𝑖 . 

Then the relations below summarize the definition of Metabolic Control Analysis (MCA): 

 

 

Lin-Log Kinetic Approach 

The dependency of the reaction rate on the enzyme levels, dependent and independent 

concentrations can be expressed with a nonlinear function as 



𝑣𝑖 = 𝑓𝑖 𝑒, 𝑥, 𝑐   

In lin-log kinetic formulation, this nonlinear function is written as a linear combination of 

logarithms of the dependent and independent metabolite concentrations. 

 

The above relation can be linearized about a steady-state, with reference values 

indicated by a superscript 0, 

 

Combining the above expressions with the definitions of elasticity coefficients from 

Metabolic Control Analysis yields the following relationship for the Lin-Log kinetics 

approximation. 

 

Kinetics Approximation 

The equations that describe rate-laws in a metabolic pathway are in general nonlinear 

and have parameters that often lack data. In such cases, choosing an approximating 

method with less number of parameters often reduce the complexity involved. The 

approximation methods that make this feasible include the linear approximation to 

Michaelis-Menten kinetics, Power-Law Approximation and the one used in this study, 

namely Lin-Log approximation. 

These approximation methods are briefly outlined below. 

 

Comparison of the Approximation Methods 

The above approximation methods are compared to Michaelis-Menten kinetics by 

choosing suitable values for the parameters involved. It can be observed from the plots 



below that the dark line corresponds to the Michaelis-Menten reaction, while the other 

approximations obey the equations derived above, with the constraint being that they 

should all pass through the operating point. 

It can be seen that in the neighborhood of the operating point, all approximation 

methods behave well. However, only the Lin-Log formulation follows the Michaelis-

Menten reactions closely over a wide range of substrate values. 

 

Energy Metabolism: Glycolysis and TCA Cycle 

A large metabolic pathway model has been built to study the energy metabolism in 

microbes of interest such as Shewanella Oneidensis MR-1. This study was carried out by 

starting with an established Escherichia Coli Glycolysis model, elucidated in 

(Chassagnole, et al. 2002). This model was extended by adding the Citric Acid Cycle. The 

combined model incorporates the Lin-Log kinetics model to describe the rate laws in the 

TCA Cycle. 



 Figure 26: Glycolysis and TCA Cycle 



Results 

 

Summary 

A large biochemical pathway model was built to study the metabolism of aerobic 

respiration in Shewanella Oneidensis MR-1. This model was built using an Escherichia 

Coli Glycolysis model (Chassagnole, et al. 2002) to which were appended the reactions 

for the Citric Acid Cycle. The information regarding the TCA cycle for Shewanella 

Oneidensis MR-1 was obtained from the KEGG database. 

The Lin-Log approximation to Michaelis-Menten Kinetics was applied to model the 

reactions of the TCA cycle. The combined model including Electron Transport Chain was 

simulated to study the dynamics of the system. It was observed that the system 

approached a steady state for the metabolites over sufficient period of time. 

This model is representative of large-scale models, which are increasing in number. We 

felt it necessary to develop tools capable of simulating a large model making optimum 

use of the computational resources. We found that a C simulator built out of translated 

SBML code, coupled to a stiff ODE solver outperformed all other simulators. It is 

therefore felt that it will be worthwhile developing the C translator into a fully fledged 

simulator. The new simulator will be able to handle reaction networks that include both 

dependent and independent species. Such a simulator will be able to handle large 

networks in a relatively short period of time, as compared to today’s simulators. 



The combined Glycolysis and TCA Cycle model will be further improved, and used to test 

how Shewanella responds to various changes in its environment. This is essential to 

understanding how it metabolizes various toxic substances in an anaerobic 

environment. 
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