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Abstract

Background: The increasing use of computational simulation experiments to inform modern biological research
creates new challenges to annotate, archive, share and reproduce such experiments. The recently published
Minimum Information About a Simulation Experiment (MIASE) proposes a minimal set of information that should be
provided to allow the reproduction of simulation experiments among users and software tools.

Results: In this article, we present the Simulation Experiment Description Markup Language (SED-ML). SED-ML
encodes in a computer-readable exchange format the information required by MIASE to enable reproduction of
simulation experiments. It has been developed as a community project and it is defined in a detailed technical
specification and additionally provides an XML schema. The version of SED-ML described in this publication is Level
1 Version 1. It covers the description of the most frequent type of simulation experiments in the area, namely time
course simulations. SED-ML documents specify which models to use in an experiment, modifications to apply on
the models before using them, which simulation procedures to run on each model, what analysis results to output,
and how the results should be presented. These descriptions are independent of the underlying model
implementation. SED-ML is a software-independent format for encoding the description of simulation experiments;
it is not specific to particular simulation tools. Here, we demonstrate that with the growing software support for
SED-ML we can effectively exchange executable simulation descriptions.

Conclusions: With SED-ML, software can exchange simulation experiment descriptions, enabling the validation and
reuse of simulation experiments in different tools. Authors of papers reporting simulation experiments can make
their simulation protocols available for other scientists to reproduce the results. Because SED-ML is agnostic about
exact modeling language(s) used, experiments covering models from different fields of research can be accurately
described and combined.

Background
Reproducibility of results is a basic requirement for all
scientific endeavors. This is not only true for experi-
ments in the wet lab, but also for simulations of compu-
tational biology models [1]. Reproducibility of
simulations (i. e., the closeness between the results of
independent simulations performed with the same
methods on identical models but with a different experi-
mental setup [1]) saves time in modeling and simulation

projects. The Minimum Information About a Simulation
Experiment (MIASE, [1]) is a reporting guideline
describing the minimal set of information that must be
provided to make the description of a simulation experi-
ment available to others. It includes the list of models
to use and their modifications, all the simulation proce-
dures to apply and in which order, the processing of the
raw numerical results, and the description of the final
output. MIASE is part of MIBBI [2], a project aiming at
federating Minimum Information guidelines (MIs) in
the life sciences. MIs are standards that specify which
information should be provided as a minimum to ensure
that published results of a given type can be understood,
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reused, and reproduced. MI standards focus on the
information to be provided, but do not specify under
which form it must be provided.
Different data formats have been developed to support

the encoding of computational models of biological sys-
tems. Such model representation formats include, for
example, SBML [3], CellML [4] and NeuroML [5]. How-
ever, while these formats are widely accepted and used
to describe model structure, they do not cover the
description of simulation, or analyses performed with
the models. To address this need, we created the Simu-
lation Experiment Description Markup Language (SED-
ML, http://sed-ml.org/), an XML-based format for the
encoding of simulation experiments performed on a set
of computational models. Here, we describe SED-ML
and its development process as a community project in
detail.

Results
SED-ML encodes the description of simulation experi-
ments in XML, in an exchangeable, reusable manner.
Figure 1 shows how SED-ML could fit into a modeler’s
simulation workflow: Ideally, model authors will provide
SED-ML files together with their publications, describ-
ing how to reproduce the presented simulation results.

End-users will then be able to download models
together with applicable simulation setups, enabling
them to directly run the simulation in a simulation soft-
ware. End-users might in addition share their own simu-
lation experiment descriptions by exporting SED-ML
from their simulation tool.
SED-ML is built of five main descriptive elements: (1)

the models used in the experiment; (2) the simulation
algorithms and their configurations; (3) the combination
of algorithm and model into a numerical experiment;
(4) post-processing of results; (5) and output of results.
The relations between these elements are illustrated in
Figure 2.

(1) Model elements
define the identity and location of the model(s) to be
simulated and specify the model’s native encoding for-
mat. The location is to be given as a Uniform Resource
Identifier (URI), which enables software interpreting
SED-ML to retrieve the model. In case of a relative URI,
the base is the location of the referring SED-ML file. To
share model and simulation descriptions together, we
advise the use of the SED-ML archive format, described
in the specification. To link the SED-ML file to remote
model descriptions, we recommend using persistent,
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In Drosophila , circadian oscillations in the levels of two proteins, PER and TIM, result from
the negative feedback exerted by a PER–TIM complex on the expression of the per and tim
genes which code for these two proteins. On the basis of these experimental observations,
we have recently proposed a theoretical model for circadian oscillations of the PER and TIM
proteins in Drosophila . Here we show that for constant environmental conditions this model
is capable of generating autonomous chaotic oscillations. For other parameter values, the
model can also display birhythmicity, i.e. the coexistence between two stable regimes o imit
cycle oscillations. We analyse the occurrence of chaos and birhythmicity by means of
bifurcation diagrams and locate the t domains of complex oscillatory behavior in
parameter space. The relative smallness of these domains raises doubts as to the possible
physiological significance of chaos and birhythmicity in regard to circadian rhythm
generation. Beyond the particular context of circadian rhythms we discuss the results in the
light of other mechanisms underlying chaos and birhythmicity in regulated biological systems.
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1. Introduction

Circadian oscillations, of about 24 hr period,
occur in nearly all living organisms, and are
among the most conspicuous biological rhythms.
Important insights into the molecular mechan-
isms underlying circadian rhythm generation
have been gained from the study of organisms
such as Drosophila (Konopka & Benzer, 1971;
Hall & Rosbash, 1987; Baylies et al., 1993; Hall,
1995; Rosbash, 1995) and Neurospora (Dunlap,
1996; Crosthwaite et al., 1997). In Drosophila ,
circadian oscillations in the levels of two
proteins, PER and TIM, result from the negative
feedback exerted by a PER–TIM complex on the

expression of the per and tim genes which code
for the two proteins (Hunter-Ensor et al., 1996;
Lee et al., 1996; Myers et al., 1996; Zeng et al.,
1996). The per and tim genes have recently been
found in mammals (Shearman et al., 1997; Tei et
al ., 1997; Koike et al., 1998; Zylka et al., 1998),
including man. This suggests that the circadian
clock mechanism might be conserved at least
partly, if not entirely, from Drosophila to
mammals.
Based on these experimental observations, we

have recently proposed a theoretical model for
circadian oscillations of the PER and TIM
proteins in Drosophila (Leloup & Goldbeter,
1998), which extends a previous version based on
regulation by PER alone (Goldbeter, 1995,
1996). The extended model accounts for a
number of experimental observations such as the
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Figure 1 The role of SED-ML in a modeler’s simulation workflow. To reuse an existing model in a simulation tool, end-users (1) need to
retrieve the model from a repository, (2) read the reference publication to apply the correct pre-processing to the model, and then (3) configure
the simulation tool. SED-ML improves the situation by allowing to encode all these steps computationally. A user thus can store, archive, and
export simulation experiment descriptions for his own records or for sharing with fellow researchers. Two arrows are used from “time plot” to
“SED-ML” to depict that the SED-ML model will either be exported and stored as SED-ML, or shared with a fellow researcher. The dashed line is
the starting point of the figure, with a researcher aiming at reusing a model from a repository in a simulation.
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consistent and accessible model resources. Persistent
model resources include, for instance, repositories or
databases having a MIRIAM URI [6]. We have restricted
SED-ML to model encodings in XML-based languages
(such as SBML, CellML, or NeuroML). In order to
improve interoperability, the particular language a
model is encoded in should be specified using one of
the predefined SED-ML language Uniform Resource
Name (URN); the list is available from the SED-ML
website. Using URNs, one can specify a language pre-
cisely (e. g., “SBML Level 3, Version 1”) or generically
(e. g., “CellML (generic)”). Further languages can be
registered via the SED-ML website.
In addition to defining the source model’s location

and encoding, SED-ML model elements can also list
changes to be applied to a model before simulation.
Such changes could be altering attribute values (e. g., a
parameter value in an SBML model or the initial_value
of a CellML variable) or changing the model structure.
Attribute values may undergo a simple substitution or
more complex calculation using content MathML 2.0
[7]. The model structure may be changed by adding or

removing XML elements. XPath [8] expressions identify
the target XML to which a change should be applied,
thereby identifying model entities required for manipu-
lation in SED-ML.

(2) Simulation elements
define the simulation algorithms to be used in the
experiment and their configuration. Simulation algo-
rithms are specified using terms from the Kinetic
Simulation Algorithm Ontology (KiSAO, http://biomo-
dels.net/kisao/, [9]). KiSAO classifies and characterizes
kinetic simulation algorithms, such as those commonly
used in systems biology. Furthermore, configuration
details of the simulation can be described in SED-ML,
such as the start and end times, or the number of time
points to output. The current implementation supports
the description of time course simulation setups.
Extensions towards further experiment types are
already being discussed and will be available in the
next versions, including the description of steady-state
analyses and nested simulations, such as parameter
scans.

Model Simulation 

Task 

Data Generators 

Reports s

Figure 2 Main SED-ML elements. High level overview of the relations between the five major elements of a SED-ML document. Pairs of model
and simulation elements are used in tasks. The dataGenerators allow to define the post-processing of simulation data to define the desired
output (plots or reports).
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(3) Task elements
apply a particular simulation algorithm to a specific
model. Because simulations and models are described
independently, they can be combined in diverse ways.
For example, the behavior of one model can be tested
with a deterministic and a stochastic simulation algo-
rithm, or a simulation can be applied to different ver-
sions of a model with varying parameterization (or other
arbitrary model changes applied to the SED-ML model
element)

(4) Data Generator elements
define transformations of raw simulation output gener-
ated by a task into the desired numerical form. For
example, the simulation output might need normaliza-
tion or scaling before output. Data generators can sim-
ply be references to a model variable, but may also be
defined through complex mathematical expressions
encoded using content MathML. Some variables used in
an experiment are not explicitly defined in the model,
but may be implicitly contained in it and therefore not
addressable using XPath. The ‘time’ variable in SBML is
a common example. To allow SED-ML to refer to such
variables in a standard way, the notion of implicit vari-
ables has been incorporated into SED-ML. These so-
called symbols are defined following the idea of MIR-
IAM URNs and using the aforementioned SED-ML
URN scheme. To refer to the definition of SBML ‘time’
from a SED-ML file, for example, the URN is urn:sedml:
symbol:time. The list of predefined symbols is available
from the SED-ML website. From that source, a mapping
of SED-ML symbols onto possibly existing concepts in
the individual languages supported by SED-ML is
provided.

(5) Output elements
describe how numerical data from the data generators
are grouped together. In SED-ML Level 1 Version 1,
one can relate two data streams or three data streams,
allowing to generate 2D and 3D plots, or provide all the
data streams as a set of unrelated arrays.
SED-ML documents can contain zero or more

instances of the element types described above. A docu-
ment describing several simulation experiments in a sin-
gle file enables multiple simulations on the same set of
models; for example, the output obtained from different
simulation algorithms could be compared. Alternatively,
a SED-ML document linking to several models enables
the encoding of experiments to determine the influence
of changes to models on the simulation output. More-
over, a SED-ML document describing several outputs
provides the user with different views of the simulation
results. Future versions of SED-ML may also allow the
encoding of chained simulations (where several

simulations are to be performed in a predefined order
and results from one simulation are used to initialize a
subsequent simulation).
All SED-ML elements can be complemented with

human-readable notes written in XHTML, and machi-
nereadable annotations. Furthermore annotations enable
users to extend SED-ML to cover simulation and analy-
sis procedures that are not (yet) part of the core lan-
guage. The re-use of other standardized formats inside
SED-ML annotations is encouraged; for example, simu-
lation outputs can be annotated with terms from the
Terminology for the Description of Dynamics (TEDDY,
http://www.ebi.ac.uk/compneur-srv/teddy/, [9]). When
annotating SED-ML elements with meta-information,
MIRIAM URIs [6] should be used. In addition to pro-
viding the data type (e. g., PubMed) and the particular
data entry inside that data type (e. g., 10415827), the
annotation should be related to the annotated element
using the standardized http://BioModels.net qualifiers.
The list of qualifiers, as well as further information
about their usage, is available from http://biomodels.net/
qualifiers/.
Figure 3 shows a graphical representation of a SED-

ML file, illustrating how the components described
above can be used. In this example, a reference model,
model1, is obtained from BioModels Database, while
model2 is derived from the reference model by altering
a parameter’s value. Each model is simulated using iden-
tical solver configurations, and various outputs are
derived from the main results.
Clearly, the interpretation and execution of SED-ML

files will require software support. This is increasingly
available, both in the form of application support for
end-users wishing to execute simulations encoded in
SED-ML, and as software libraries to facilitate the uptake
of SED-ML support amongst application developers. To
demonstrate the capability of SED-ML to facilitate the
exchange of simulation experiment descriptions, we
chose several freely available independent applications
that support SED-ML: SED-ML Web tools (http://sys-
bioapps.dyndns.org/SED-ML_Web_Tools/), libSedML-
Script (http://libsedml.sourceforge.net/) and SBSIVisual
(http://www.sbsi.ed.ac.uk/). In SBSIVisual, we ran a simu-
lation of a simple Circadian clock model [10] to produce
oscillating behavior, and exported the simulation config-
uration in SED-ML format. We then edited this SED-ML
file using libSedMLScript to describe how the model can
produce chaotic behavior, and uploaded it to SED-ML
Web Tools to execute and display both simulations. The
workflow is shown in Figure 4.

Discussion
In this article, we describe SED-ML, a language to
encode procedures performed during computational
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simulation experiments, and its development process.
The first version of SED-ML focuses on encoding uni-
form time-series experiments, since these are the most
widely-used types of numerical model analysis in sys-
tems biology. They generally only require a model, and
no additional resources such as experimental data.
We expect to extend future versions of SED-ML to

include references to experimental data, as the standards
and availability of relevant data develop. This is an
essential first step towards encoding more complicated
experiments such as nested simulations, parameter
sweeps, parameter estimation, and sensitivity analysis.
The limited scope of SED-ML Level 1 Version 1 lays a
firm foundation from which to proceed, and any issues
arising from its implementation can be dealt with better
at an early stage. Moreover, an early release of a subset
of the anticipated future functionality, with widespread
community support, fosters participation and uptake
amongst the modeling communities targeted by SED-
ML.
As SED-ML evolves to describe more complex simula-

tion experiments it will be increasingly useful to link
models, simulation descriptions, and experimental data
together in a machine-readable way. SED-ML describes
the computational steps needed to reproduce particular
results of a computational simulation, but it does not
encode the simulation results themselves. The latter
could be achieved, for instance, by the Numerical

Markup Language (NuML, http://code.google.com/p/
numl/). NuML initially had been part of the Systems
Biology Result Markup Language (SBRML, [11]), a for-
mat to link a model with simulated and experimental
datasets. SBRML used a free text ‘Software’ element to
define the software tool, version and algorithm used to
generate results. In addition, it will now provide the
possibility to point towards a SED-ML file from the
SBRML ‘Method’ element. Both SBRML and SED-ML
will use NuML to store lists of numbers, either results
or datasets.
SED-ML is agnostic about the underlying model

representation formats and the software tool that gave
rise to the experiment. The model variables that a SED-
ML model needs to be aware of are addressed directly
by XPath. SED-ML can thus encode simulation experi-
ments involving models in different formats. Currently
SED-ML is restricted to models encoded in XML-based
formats. However, we envision that MIASE-compliant
models may not always be XML-based and SED-ML
should endeavor to address those formats in the future.
Whilst many applications are tied to a particular model-
ing language, the increasing provision of simulation
tools as web services [12] would enable a computational
workflow to execute such a SED-ML description. The
goals of SED-ML closely align with those of the earlier
RDF-based CellML Simulation and Graphing Metadata
specifications [13] and in the interests of developing a
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Figure 3 SED-ML document content. Graphical representation of the contents of the SED-ML document describing simulation experiments
performed on the Repressilator model [25]. Three outputs are specified. Output 1 (left) displays a plot of levels of three proteins against time,
showing regular oscillations. Output 2 (right) produces a plot of the same three protein levels against time after altering the model to produce
damped oscillations. Output 3 (center) describes a plot of a simulation of regular oscillations, but after normalizing results and plotting the
normalized amounts of each protein against each other. The simulations are described in more detail in Section 1.1 of the SED-ML specification
[24], and the SED-ML document is available from the additional file 1.
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common standard, development of those metadata spe-
cifications has been migrated to SED-ML.
While the contributors to the development of the lan-

guage are primarily from the systems biology commu-
nity, there is no reason why SED-ML could not be used
in other domains that use computational simulation,
such as environmental or agricultural modeling, neu-
roscience or pharmacometrics. Various communities,
working on biological model representations, have
already committed to the use and support of SED-ML,
including SBML, CellML, and the Virtual Cell. Promo-
tion of SED-ML in other realms of science and model
representation communities (e. g., ISML, NeuroML,
NineML, SimileXML ...) is an ongoing focus. Some of
these communities have implemented software support
for SED-ML in different tools, including SED-ML vali-
dators and a SED-ML visual editor. An up-to-date list is
available at the SED-ML website.
The model changes specified in a SED-ML file result

in implicit new models. These new models are only

instantiated by the simulation environment interpreting
the SED-ML file. This important feature of SED-ML
allows the exploration of many different model struc-
tures to be stored in a compact way. Other methods
have been proposed in the past, such as XML diff and
patch [14]. This allows not only to change the parame-
trization of a model by changing the value of an XML
attribute, but also to change the structure of the model
by adding or removing XML construct. If a user then
decides that the result of such changes is a new model,
he may choose not to export a simulation description
with that set of changes, but to store the modified ver-
sion as a new model and use it as such in the simulation
description. SED-ML is intended to be used by simula-
tion software, as an export/import format. Therefore,
the changes that are applicable to a model have to be
specifiable within the software tool. As such, the soft-
ware is responsible for only allowing valid model
updates - and also for correctly translating them into
SED-ML concepts. SED-ML itself does not restrict the

BioModel 
#21 

Import Simulate 

SED-ML 
Export /  
Import 

Edit 

Share Online 
Figure 4 SED-ML demonstration. SED-ML facilitates the exchange of simulation experiments for a number of modeling languages and
supports a number of existing simulators. In this sample setup, the SBML model file BIOMD0000000021 (available from BioModels Database) was
loaded into SBSIVisual, a simulation was created and then exported into the SED-ML Script editor (where the simulation can be reproduced).
There the simulation was edited to carry out a simulation on a changed model. Finally, the resulting SED-ML experiment was saved as an
archive and uploaded to the SED-ML Web Tools, where it was run to reproduce the simulation experiment.
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changes that can be applied to the models mentioned in
a SED-ML file.
A number of software libraries have already been

made available in C++, Java and .NET. We briefly
describe a few of them in the following paragraphs.
libSedML http://libsedml.sf.net/ is a set of .NET

libraries for supporting SED-ML. The core library lib-
SedML supports reading, validating and writing of SED-
ML descriptions, along with all necessary utility func-
tions for resolving models and XPath expressions. Two
additional libraries are included: libSedML-Runner,
which allows to schedule and execute simulation experi-
ments encoded in SED-ML files using either RoadRun-
ner (http://roadrunner.sf.net/, [15]) or a variety of
simulators exposed through the Systems Biology Work-
bench (SBW, [16]), such as iBioSim [17] and COPASI
[18]. A third library, libSedMLScript, provides a script-
based language for defining SED-ML experiments.
jlibsedml (http://sourceforge.net/projects/jlibsedml/)

is a Java library for creating, manipulating, validating
and working with SED-ML documents. It provides sup-
port for retrieval and pre-processing of models, by appli-
cation of XPath expressions, and also post-processing of
raw simulation results as specified by SED-ML dataGen-
erator elements. The jlibsedml application programming
interface (API) follows a similar organization to that of
libSBML [19], a successful and popular library for
manipulation of SBML documents.
SProS (the SED-ML Processing Service) is an API

described in interface definition language (IDL) for
creating, reading and manipulating SED-ML documents,
and so can be used by multiple software packages. The
CellML API [20] provides an implementation of SProS.
Future versions of SProS will also provide support for
running simulations described in SED-ML and involving
CellML models (using the simulation facilities already
present in the CellML API).
We see an important role for SED-ML in the publica-

tion workflow, and in the enrichment it can bring to
manuscripts containing mathematical models. Many
journals currently require that models described in a
manuscript be made available in electronic form, often
in SBML, but software-specific formats are also
accepted. Although reviewers would ideally test these
models during the review process, this is often not
done, perhaps due to time pressure or unfamiliarity with
modeling software. As a consequence, many figures that
show simulation results cannot be reproduced by the
models linked to the manuscript, resulting in a labor-
intensive curation step for model repositories, such as
BioModels Database [21] and JWS Online model reposi-
tory [22]. To aid in the reviewing process and prevent
discrepancies between manuscript and model, JWS
Online, to give one example, has set up a model

reviewing workflow with a number of journals. The
workflow consists of an initial check by the curators to
reproduce simulations in a submitted manuscript. SED-
ML will make this workflow significantly easier. Ideally,
modelers would provide SED-ML scripts with their
manuscript submission, these scripts can be run directly
by the curator and make the curation job much easier.
If the SED-ML scripts are not provided upon model
submission they are generated by the curator and made
available to the manuscript reviewer. The script loads
the respective model and returns the model simulation.
A SED-ML script can be linked to each simulation fig-
ure in the manuscript. This publication workflow is
shown in Figure 5.
SED-ML Level 1 Version 1 provides a foundation for

storing simulation experiment descriptions. It is
designed to be easily extensible through the definition of
further simulation (and analysis) types. The community
is already discussing several such extensions, and in par-
ticular to cover nested simulation experiments (needed
in parameter scans) and steady state experiments. In
addition to new simulation types, another important
extension is the ability to consume experimental data
and directly address previously-performed simulation
results. This will open the door to further analyses such
as parameter fitting and optimization tasks. Eventually,
this will make SED-ML the format of choice for a com-
pact but comprehensive description of simulation
experiments, allowing for the seamless exchange of
model, experimental data and simulation results
between software tools. We also are hopeful that SED-
ML will be used by Taverna-based workflows such as
those presented in [23].

Conclusions
Reproducibility of simulation procedures is a basic
requirement when working with computational biology
models. SED-ML provides structures to describe simula-
tion procedures and allows to reproduce them. The pro-
vision of a SED-ML file together with publicly available
models simplifies the models’ reuse, as the simulation
settings can be directly loaded into the simulation soft-
ware. Together with SBML and SBGN to describe and
represent the models, SED-ML is a new cornerstone of
the edifice enabling to completely encode a computa-
tional systems biology project. Since SED-ML is inde-
pendent of particular model formats, we believe its use
will also play a role in bridging different communities
towards integrative systems biology.

Methods
SED-ML Community development
SED-ML is a community effort that has been developed
in cooperation with several modeling and simulation
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groups in computational systems biology. The develop-
ment of SED-ML was begun at the same time as
MIASE and KiSAO during a PhD visit by DW in the
group of NLN. The SED-ML project was first pre-
sented publicly at the 12th SBML Forum Meeting in
2007 and its main structure outlined at both the
super-hackathon “Standards and Ontologies for Sys-
tems Biology” in 2008 and the combined “CellML-
SBGN-SBO-BioPAX-MIASE workshop” in 2009. Since
then SED-ML has been developed in collaboration
with the communities forming the “computational
modeling in biology network” (COMBINE, http://co.
mbine.org/). Besides dedicated sessions at various
meetings, the development of SED-ML benefits from
community interactions on the sed-ml-discuss mailing

list (https://lists.sourceforge.net/lists/listinfo/sed-ml-
discuss/). Every update in the language, as well as cur-
rent issues and proposals for language extensions are
discussed and voted on in an open forum. The specifi-
cation development, as well as versions of the UML
diagrams and the XML Schema are available from the
SED-ML website. The community can also make use
of a tracker to report bugs in the language or its
implementation. The first official version of the SED-
ML specification was published in March 2011. Since
then, the community has elected editors to coordinate
SED-ML development. The SED-ML editorial board
consists of five editors and one editorial advisor. Edi-
tors were elected for a duration of two to four years
and will be replaced accordingly.
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modeler

technical curation

scientific review

readers

database/simulator

Figure 5 SED-ML, publications and model databases. Many Figures in journal publications cannot easily be reproduced by the curators of
model databases and later end-users. The Figure shows how SED-ML can help model curators in reproducing simulations submitted together
with a manuscript. A workflow for the publication process would involve the following steps: 1, a researcher submits a manuscript with a
mathematical model to a scientific journal; 2, the manuscript is sent out for scientific review; the researcher can submit his model directly to a
model database such as BioModels Database or JWS Online, either concurrently with step 1 or via the journal office. 3, Model curators perform a
technical curation of the model, (i.e. check whether the model description is complete, whether the model can be simulated and whether the
results shown in the manuscript can be reproduced); 4, if the model passes the technical curation it could be made available for the scientific
reviewer on a secure site (as it is the case for instance with JWS Online); 5, after scientific review the manuscript might become acceptable and
published; 6, after which readers can access the manuscript; and 7, the model is moved to the public database, and is accessible for simulation.
SED-ML would greatly facilitate steps 3, 4, and 7.”
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Language specification
SED-ML is described in full detail in the specification
document, “Simulation Experiment Description Markup
Language (SED-ML): Level 1 Version 1” published in
Nature Preceedings in March 2011 [24] and available
from the SED-ML website. The specification describes
the language and also outlines the typical workflow of
creating a SED-ML document; examples show the use
of SED-ML with existing models. The SED-ML Level 1
Version 1 specification document is the normative docu-
ment and an XML Schema and UML diagram are pro-
vided as aids for tool developers and SED-ML users. In
SED-ML, major language revisions containing substan-
tial changes result in a new “level” while minor revisions
containing corrections and refinements of SED-ML ele-
ments lead to forthcoming “versions” [24].
SED-ML documents can be validated against the SED-

ML XML schema. XML Schema http://www.w3.org/
XML/Schema is a W3C standard for describing the
structure and content of an XML document. Although
the XML Schema describes the structure of SED-ML,
some language restrictions described in the normative
SED-ML specification document cannot be encoded in
XML Schema due to its limited rule constructs. We also
provide a UML representation of the language to facili-
tate its understanding. However, the UML diagrams
shown in the SED-ML specification document only sup-
port the written text. They do not fully express the con-
straints of the language.

Interaction with existing standards and technologies
SED-ML re-uses existing standards, conventions and
ontologies wherever possible in order to avoid duplica-
tion of effort. SED-ML encodes any pre-processing
applied to the computational model, as well as post pro-
cessing applied to the raw simulation results data before
output, using MathML 2.0. MathML is an international
standard for encoding mathematical expressions in
XML. It is also used as a representation of mathematical
expressions in other formats, such as SBML and
CellML, two of the model representation languages sup-
ported by SED-ML. In order to identify nodes and attri-
butes within the XML representations of biological
models, SED-ML uses XPath, a language for finding
information in an XML document [8]. To identify pre-
cisely the type of simulation algorithm in the simulation
experiment, SED-ML uses KiSAO [9]. Tools can for
instance, use this information to differentiate whether
stochastic traces or continuous simulations are
requested, or to relate simulation algorithms and substi-
tute one integration method with an equivalent one.
Tools can also retrieve the parameters necessary in the
configuration of an algorithm, for instance, to automati-
cally generate the corresponding graphical interface.

SED-ML is now a core standard of COMBINE, and as
such we will seek to keep the maximum interoperability
with other standards in computational systems biology.

Additional material

Additional file 1: SED-ML examples file. Repressilator simulation
described in SED-ML.

Acknowledgements
The authors thank the whole community of computational systems biology
and in particular the members of the network “Computational Modeling in
Biology” (COMBINE) for providing requirements and comments. DW received
funding for this work from the Marie Curie program and the DFG research
training school dIEM oSiRiS (grant 1387/1). AKM was funded partly by the
VPH-Share Project and partly by the Maurice Wilkins Centre For Molecular
Biodiscovery. RA is grateful for funding by the BBSRC grant BB/D019621/1.
IIM was funded by the NIH grants P41-RR013186 and U54-RR022232. MH
was funded by the NIH NIGMS grant GM070923. FTB was funded by the
NIH/NIGMS grant GM081070.

Author details
1Department of Systems Biology & Bioinformatics, Institute of Computer
Science, University of Rostock, D-18051 Rostock, Germany. 2Centre for
Systems Biology Edinburgh, CHWaddington Building, University of
Edinburgh, Edinburgh EH9 3JD, UK. 3California Institute of Technology, 1200
East California Blvd., Pasadena, CA 91125, USA. 4Institute of Systems Biology
Ltd., Detskiy proezd 15, Novosibirsk, 630090, Russia. 5Auckland
Bioengineering Institute, The University of Auckland, Auckland, New Zealand.
6Center for Cell Analysis and Modeling, University of Connecticut Health
Center, Farmington, CT 06030, USA. 7BIOQUANT, University of Heidelberg, Im
Neuenheimer Feld 267, Heidelberg, Germany. 8Department of Biochemistry,
Stellenbosch University, Privatebag X1, Matieland 7602, South Africa.
9Manchester Centre for Integrative Systems Biology, Manchester
Interdisciplinary Biocentre, the University of Manchester, 131 Princess Street
Manchester, M1 7DN, UK. 10Molecular Cell Physiology, VU University,
Amsterdam, The Netherlands. 11EBI, Wellcome Trust Genome Campus,
Hinxton, Cambridgeshire CB10 1SD, UK.

Authors’ contributions
DW and NL initiated the project. All authors participated in the discussions
leading to the structure of SED-ML. DW, RA, FB and NL developed the first
specification of the language. All authors participated to and approved the
final manuscript’s preparation.

Received: 2 September 2011 Accepted: 15 December 2011
Published: 15 December 2011

References
1. Waltemath D, Adams R, Beard DA, Bergmann FT, Bhalla US, Britten R,

Chelliah V, Cooling MT, Cooper J, Crampin E, Garny A, Hoops S, Hucka M,
Hunter P, Klipp E, Laibe C, Miller A, Moraru I, Nickerson D, Nielsen P,
Nikolski M, Sahle S, Sauro H, Schmidt H, Snoep JL, Tolle D, Wolkenhauer O,
Le Novère N: Minimum Information About a Simulation Experiment
(MIASE). PLoS Compututational Biology 2011, 7(4):e1001122.

2. Taylor CF, Field D, Sansone SA, Aerts J, Apweiler R, Ashburner M, Ball CA,
Binz PA, Bogue M, Booth T, Brazma A, Brinkman RR, Clark AM, Deutsch EW,
Fiehn O, Fostel J, Ghazal P, Gibson F, Gray T, Grimes G, Hancock JM,
Hardy NW, Hermjakob H, Julian RK, Kane M, Kettner C, Kinsinger C, Kolker E,
Kuiper M, Le Novère N, et al: Promoting coherent minimum reporting
guidelines for biological and biomedical investigations: the MIBBI
project. Nature Biotechnology 2008, 26(8):889-896.

3. Hucka M, Finney A, Sauro H, Bolouri H, Doyle J, Kitano H, Arkin A,
Bornstein B, Bray D, Cornish-Bowden A, Cuellar A, Dronov S, Gilles E,
Ginkel M, Gor V, Goryanin I, Hedley W, Hodgman T, Hofmeyr JH, Hunter P,
Juty N, Kasberger J, Kremling A, Kummer U, Le Novère N, Loew L, Lucio D,

Waltemath et al. BMC Systems Biology 2011, 5:198
http://www.biomedcentral.com/1752-0509/5/198

Page 9 of 10

http://www.w3.org/XML/Schema
http://www.w3.org/XML/Schema
http://www.biomedcentral.com/content/supplementary/1752-0509-5-198-S1.XML
http://www.ncbi.nlm.nih.gov/pubmed/18688244?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18688244?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18688244?dopt=Abstract


Mendes P, Minch E, Mjolsness E, et al: The systems biology markup
language (SBML): a medium for representation and exchange of
biochemical network models. Bioinformatics 2003, 19(4):524-31.

4. Cuellar AA, Lloyd CM, Nielsen PF, Bullivant DP, Nickerson DP, Hunter PJ: An
Overview of CellML 1.1, a Biological Model Description Language.
SIMULATION 2003, 79(12):740-747.

5. Gleeson P, Crook S, Cannon RC, Hines ML, Billings GO, Farinella M,
Morse TM, Davison AP, Ray S, Bhalla US, Barnes SR, Dimitrova YD, Silver RA:
NeuroML: a language for describing data driven models of neurons and
networks with a high degree of biological detail. PLoS Computational
Biology 2010, 6(6):e1000815+.

6. Laibe C, Le Novère N: MIRIAM Resources: tools to generate and resolve
robust cross-references in Systems Biology. BMC Systems Biology 2007, 58.

7. Ausbrooks R, Buswell S, Carlisle D, Dalmas S, Devitt S, Diaz A, Froumentin M,
Hunter R, Ion P, Kohlhase M, Miner R, Poppelier N, Smith B, Soiffer N,
Sutor R, Watt S: Mathematical Markup Language (MathML) version 2.0.
W3C recommendation. World Wide Web Consortium 2003.

8. Clark J, DeRose S: XML path language (XPath) 1999.
9. Courtot M, Juty N, Knüpfer C, Waltemath D, Zhukova A, Dräger A,

Dumontier M, Finney A, Golebiewski M, Hastings J, Hoops S, Keating S,
Kell D, Kerrien S, Lawson J, Lister A, Lu J, Machne R, Mendes P, Pocock M,
Ro-driguez N, Villeger A, Wilkinson D, Wimalaratne S, Laibe C, Hucka M, Le
Novère N: Controlled vocabularies and semantics in Systems Biology.
Molecular Systems Biology 2011, 7(543).

10. Leloup J, Goldbeter A: Chaos and birhythmicity in a model for circadian
oscillations of the PER and TIM proteins in Drosophila. Journal of
theoretical biology 1999, 198(3):445-459.

11. Dada JO, Spasić I, Paton NW, Mendes P: SBRML: a markup language for
associating systems biology data with models. Bioinformatics (Oxford,
England) 2010, 26(7):932-938.

12. Bhagat J, Tanoh F, Nzuobontane E, Laurent T, Orlowski J, Roos M,
Wolstencroft K, Aleksejevs S, Stevens R, Pettifer S, Lopez R, Goble C:
BioCatalogue: a universal catalogue of web services for the life sciences.
Nucleic acids research 2010, 38(suppl 2):W689.

13. Beard DA, Britten R, Cooling MT, Garny A, Halstead MD, Hunter PJ,
Lawson J, Lloyd CM, Marsh J, Miller A, Nickerson DP, Nielsen PM, Nomura T,
Subramanium S, Wimalaratne SM, Yu T: CellML metadata standards,
associated tools and repositories. Philosophical transactions. Series A,
Mathematical, physical, and engineering sciences 2009, 367(1895):1845-1867.

14. Saffrey P, Orton R: Version control of pathway models using XML
patches. BMC Sytems Biology 2009, 3:34.

15. Bergmann F, Vallabhajosyula R, Sauro H: Computational tools for modeling
protein networks. Current Proteomics 2006, 3(3):181-197.

16. Bergmann FT, Sauro HM: SBW - a modular framework for systems
biology. WSC ‘06: Proceedings of the 38th conference on Winter simulation
2006, 1637-1645.

17. Myers C, Barker N, Jones K, Kuwahara H, Madsen C, Nguyen N: iBioSim: a
tool for the analysis and design of genetic circuits. Bioinformatics 2009,
25(21):2848.

18. Hoops S, Sahle S, Lee C, Pahle J, Simus N, Singhal M, Xu L, Mendes P,
Kummer U: COPASI - a COmplex PAthway SImulator. Bioinformatics 2006,
22(24):3067-3074.

19. Bornstein BJ, Keating SM, Jouraku A, Hucka M: LibSBML: an API Library for
SBML. Bioinformatics 2008, 24(6):880-881.

20. Miller A, Marsh J, Reeve A, Garny A, Britten R, Halstead M, Cooper J,
Nickerson D, Nielsen P: An overview of the CellML API and its
implementation. BMC bioinformatics 2010, 11:178.

21. Le Novère N, Bornstein B, Broicher A, Courtot M, Donizelli M, Dharuri H,
Li L, Sauro H, Schilstra M, Shapiro B, Snoep JL, Hucka M: BioModels
Database: a free, centralized database of curated, published,
quantitative kinetic models of biochemical and cellular systems. Nucleic
Acids Research 2006, 34(suppl 1):D689-D691.

22. Olivier B, Snoep J: Web-based kinetic modelling using JWS Online.
Bioinformatics 2004, 20(13):2143.

23. Li P, Dada J, Jameson D, Spasic I, Swainston N, Carroll K, Dunn W, Khan F,
Malys N, Messiha HL, Simeonidis E, Weichart D, Winder C, Wishart J,
Broomhead DS, Goble CA, Gaskell SJ, Kell DB, Westerhoff HV, Mendes P,
Paton NW: Systematic integration of experimental data and models in
systems biology. BMC bioinformatics 2010, 11:582.

24. Waltemath D, Bergmann FT, Adams R, Le Novère N: Simulation Experiment
Description Markup Language (SED-ML): Level 1 Version 1 2011, [Available
from Nature Precedings, http://dx.doi.org/10.1038/npre.2011.5846.1].

25. Elowitz M, Leibler S: A synthetic oscillatory network of transcriptional
regulators. Nature 2000, 403(6767):335-338.

doi:10.1186/1752-0509-5-198
Cite this article as: Waltemath et al.: Reproducible computational
biology experiments with SED-ML - The Simulation Experiment
Description Markup Language. BMC Systems Biology 2011 5:198.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Waltemath et al. BMC Systems Biology 2011, 5:198
http://www.biomedcentral.com/1752-0509/5/198

Page 10 of 10

http://www.ncbi.nlm.nih.gov/pubmed/12611808?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12611808?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12611808?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20585541?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20585541?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10366496?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10366496?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20484378?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19380315?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19380315?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22192207?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22192207?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19628507?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19628507?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17032683?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18252737?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18252737?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20377909?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20377909?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16381960?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16381960?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16381960?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15072998?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21114840?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21114840?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10659856?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10659856?dopt=Abstract

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	(1) Model elements
	(2) Simulation elements
	(3) Task elements
	(4) Data Generator elements
	(5) Output elements

	Discussion
	Conclusions
	Methods
	SED-ML Community development
	Language specification
	Interaction with existing standards and technologies

	Acknowledgements
	Author details
	Authors' contributions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


