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ABSTRACT

Standards for data exchange are critical to the development of any field. They enable researchers and
practitioners to transport information reliably, to apply a variety of tools to their problems, and to reproduce
scientific results. Over the past two decades, a range of standards have been developed to facilitate the
exchange and reuse of information in the domain of representation and modeling of biological systems.
These standards are complementary, so the interactions between their developers increased over time. By
the end of the last decade, the community of researchers decided that more interoperability is required
between the standards, and that common development is needed to make better use of effort, time, and
money devoted to this activity. The COmputational MOdeling in Biology NEtwork (COMBINE) was
created to enable the sharing of resources, tools, and other infrastructure. This paper provides a brief
history of this endeavor and the challenges that remain.
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1 INTRODUCTION

Standards for data exchange are critical to the development of any field. They support the reliable exchange
of information, interoperability of various tools, and reproducibility of scientific results. The COmputational
MOdeling in Biology NEtwork (COMBINE) was created to coordinate standardization efforts for modeling
in biology (Hucka et al. 2015), initially systems biology but eventually also physiology, neuroscience, and
synthetic biology. COMBINE began with four core standards, and it has since expanded to eight, and
coordinates with a number of other related standardization efforts. In 2010, the first COMBINE Forum was
held in Edinburgh as a satellite event to the Eleventh International Conference on Systems Biology (ICSB).
Two years later, the COMBINE Forum began to be held as its own independent event, as it continues to
do so today. The COMBINE efforts actually date back to more than a decade earlier, and some of the key
milestones are highlighted in Figure 1.
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Figure 1: A brief timeline of the development of standards that are currently part of COMBINE. Initial
and/or particularly important meetings are shown in red. Main releases of core standards are in blue; for
clarity, subsequent revisions and extensions are omitted. The introduction of core supporting resources are
in green. This list is not exhaustive, yet shows the community’s sustained activity over nearly two decades.

COMBINE brings standard communities together naturally around activities that are mutually beneficial.
These activities include making specification documents available from a common location, providing a
central point of contact for inquiries about standards relevant to particular domains, and organizing regular
face-to-face meetings. In addition to the COMBINE Forum, COMBINE organizes a hackathon” style
event called HARMONY (Hackathon on Resources for Modeling in Biology), as well as tutorials at ICSB
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and related meetings. Finally, the COMBINE community interacts closely with scientists to represent
state-of-the-art models, e.g. to provide a global map of human metabolism in the Systems Biology Markup
Language (SBML) (Thiele et al. 2013), or to represent whole cell models in standard formats (Waltemath
et al. 2016).

As shown in Figure 2, the standardization efforts in COMBINE are organized around eight core standards.
These eight standards can be categorized into three application areas. The Biological Pathways Exchange
(BioPAX) standard (Demir et al. 2010) and the Synthetic Biology Open Language (SBOL) (Galdzicki et al.
2014) are utilized for the exchange of biological knowledge. The Systems Biology Graphical Notation
(SBGN) (Le Novere et al. 2009) and the Synthetic Biology Open Language Visual (SBOLv) (Quinn
et al. 2015) specify rules for the exchange of visual representations. SBML (Hucka et al. 2003),
CellML (Cuellar et al. 2003), NeuroML (Gleeson et al. 2010), and the Simulation Experiment Description
Markup Language (SED-ML) (Waltemath et al. 2011b) encode computational models and their analyses.
Finally, there are five associated standardization efforts that are leveraged by multiple core standards. These
include the COMBINE Archive, which is used for bundling together separate files (Bergmann et al. 2014),
ldentifiers.org and biomodels.net qualifiers, which provide annotation infrastructure (Juty et al. 2012),
and the Systems Biology Ontology (SBO) and the Kinetic Simulation Algorithm Ontology (KiSAO), which
provide controlled vocabularies (Courtot et al. 2011). Besides these, there are numerous other related but
independent standardization efforts (listed at co.mbine.org) that interact with (and may at some future time
become part of) COMBINE.

Figure 2: Overview of the COMBINE standards; figure adapted from (Schreiber et al. 2016).

This paper elaborates on COMBINE standards for exchanging biological knowledge (Section 2), visual
representations (Section 3), and models and analyses (Section 4), as well as associated standardization
efforts that are leveraged by the core standards (Section 5). Finally, this paper discusses open challenges for
the field going forward such that COMBINE standards can continue to contribute to reproducible research
in computational systems and synthetic biology (Section 6).

2 STANDARDS FOR EXCHANGING BIOLOGICAL KNOWLEDGE

High-throughput experimental methods are generating a tremendous amount of biological data. Standards
developed for the purpose of exchanging information learned from these experimental observations are said
to encode biological knowledge. Such standards should encode this information in a way that is agnostic
about how it is to be further analyzed. In other words, they should not be defined by a precise executable
semantics. This type of information may be both structural in nature, such as the sequence of a DNA
molecule, or functional in nature, such as an interaction between two proteins. There are two COMBINE
core standards described in this section that meet this definition: BioPAX and SBOL.
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2.1 Biological Pathways Exchange (BioPAX)

Over 15 workshops from 2002 to 2009 led to the development of three major levels of BioPAX. BioPAX
Level 1 (released 2004) supports metabolic pathways, BioPAX Level 2 (2005) added support for molecular
interactions, following the PSI-MI model (Hermjakob et al. 2004), and some aspects of signal transduction,
such as protein post-translational modifications. BioPAX Level 3 (Demir et al. 2010) added support for
gene regulation networks and genetic interactions and improved signal transduction support.

The Biological Pathway Exchange (BioPAX) format can be used to represent biological pathways at the
molecular and cellular level. BioPAX facilitates the exchange and collection of pathway data among diverse
sources. For instance, a pathway database made available in BioPAX format can be analyzed by a pathway
analysis tool that reads BioPAX format, without the need to create new conversion software. Major pathway
databases and pathway visualization and analysis tools increasingly support BioPAX as part of a growing
community. BioPAX can represent metabolic and signaling pathways, molecular and genetic interactions
and gene regulation networks. Metabolic pathways generally contain a set of biochemical reactions,
focusing on the chemical modifications made to the small molecule substrates of enzymes. Signaling
pathways propagate information across the cell, often via a series of protein covalent modifications, such
as protein phosphorylation. Molecular interaction networks capture physical interactions amongst cellular
molecules, such as protein-protein or protein-DNA. Genetic interactions connect genes whose combined
genetic perturbation leads to a phenotypic result different than expected from the combination of single
effects. For instance, in epistasis the phenotype of one gene masks that of another, indicating a possible gene
ordering relationship. Gene regulation networks contain relationships between transcription or translation
factors and the genes they regulate. More information can be found at biopax.org.

2.2 Synthetic Biology Open Language (SBOL)

Beginning in 2008, SBOL was developed to address the reproducibility problem in synthetic biology (Peccoud
et al. 2011) by enabling the exchange of genetic design information. Led largely by Michal Galdzicki,
the first version of SBOL was released in October 2011 (Galdzicki et al. 2014). Almost immediately,
discussions began for the development of SBOL 2, which would ultimately extend SBOL to express designs
composed of components other than DNA, as well as the interactions between these components. While
many individuals contributed, Nicholas Roehner led the effort (Roehner et al. 2014). In 2014, SBOL began
joining the COMBINE meetings, and in 2015, SBOL became an official COMBINE core standard.

Before SBOL, genetic designs could be exchanged using formats such as FASTA or GenBank, which
are more tailored to reverse engineering projects, such as DNA sequencing, rather than forward engineering
projects, such as genetic design. The FASTA format is simply a DNA sequence formated as a text string.
GenBank, on the other hand, allows the annotation of specific locations on the DNA sequence to identify,
for example, promoters, coding sequences, etc. GenBank, while an improvement, requires the full sequence
presented in a flat manner with a limited vocabulary of sequence feature terms. SBOL 1 addresses each
of these issues by allowing DNA components to be expressed hierarchically, enabling their order to be
expressed qualitatively eliminating the need for full sequences, and leverages the sequence ontology (SO),
which defines more than 2800 sequence feature terms (Eilbeck et al. 2005), to indicate the role of each
component (Galdzicki et al. 2014). SBOL 2 generalizes the types of components that can be represented,
and it allows for the specification of basic functional information (Bartley et al. 2015, Roehner et al. 2016).
In particular, SBOL 2 components can be of type DNA, RNA, protein, etc. SBOL 2 also introduces the
concept of a module that groups components that perform a desired function, as well as the ability to express
interactions between these components. The type of these interactions and the roles of the participants in
these interactions are denoted using terms from the SBO (Courtot et al. 2011), an associated COMBINE
standard. Finally, SBOL 2 introduces a means to reference models expressed using a different data standard,
such as SBML or CellML, described below. More information can be found at sbolstandard.org.
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3 STANDARDS FOR THE EXCHANGE OF VISUAL REPRESENTATIONS

A visualization of a model or pathway can help humans to understand it better. A standard notation for
visual representations is unique in that it does not need to include a description of a means to serialize
it into a document form. Instead, a visualization standard defines the symbols, connectors, labels, and
other components that should be used in a compliant visual representation. There are two COMBINE core
standards described in this section that meet this definition: SBGN and SBOLv.

3.1 Systems Biology Graphical Notation (SBGN)

Initiated by Hiroaki Kitano, supported by funding from the Japanese New Energy and Industrial Technology
Development Organization, discussions began in 2005 on standardizing the visual representation of biological
networks. These discussions led to the development of SBGN. The specification of the SBGN Process
Description (SBGN-PD) language (Moodie et al. 2015) was released first in 2008, followed by specifications
of the SBGN Entity Relationship (SBGN-ER) language (Sorokin et al. 2015) and the SBGN Activity Flow
(SBGN-AF) language (Mi et al. 2015) in 2009.

SBGN is a community-wide attempt to standardize the symbols used in the visual depiction of
biochemical networks and cellular processes (Le Novere et al. 2009). SBGN has a well-developed set of
symbols and associated semantics. To cover different aspects of biological systems, SBGN defines three
different, but complementary, languages (see Fig. 3). The most widely used of these is SBGN-PD. This
language describes molecular species and their interactions under consideration of temporal aspects in an
unambiguous graphical form. The language categorizes molecule types by appropriately shaped symbols.
For example, simple molecules are depicted using a circle, while proteins are depicted using a rectangle
with rounded corners. SBGN-PD also includes a clear edge classification, with consistent representation
of stimulation, inhibition, etc. The notation is quite extensive and includes provision for representing
complexes, protein modification, catalytic reactions, and binding/unbinding of molecular complexes. In
addition to the visual notation, there also exists a markup language format, SBGN-ML, that enables software
tools to load and save diagrams in SBGN format (van lersel et al. 2012). A growing number of tools
support SBGN, see www.sbgn.org.

Figure 3: The three SBGN sublanguages providing different views onto the underlying biological system
(courtesy of (Le Novere et al. 2009)). This example shows protein phosphorylation catalyzed by an
enzyme and modulated by an inhibitor. (Left to right.) The SBGN-PD map shows temporal dependencies
of biological interactions in detail, the SBGN-ER map displays relationships in which a given entity
participates in a network, and the SBGN-AF map shows flow of information between biological entities
in a network in an abstract way.
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3.2 Synthetic Biology Open Language Visual (SBOLYvV)

SBOLvV was developed from the beginning hand-in-hand with the SBOL knowledge representation format,
described earlier. The effort involved many people, but Jackie Quinn carried the first version over the
finish line in 2013 (Quinn et al. 2015). SBOLv joined COMBINE alongside SBOL as a core standard in
2015. The first version of SBOLv provides a set of 21 glyphs that represent common DNA components
used in genetic designs (Quinn et al. 2015). An example SBOLv diagram generated by the VisBOL
software (McLaughlin et al. 2016) is shown in Figure 4. While SBOLv does not have a serialization,
conversion is possible from SBOL using a mapping of SO terms to SBOLv glyphs. SBOLv version 2
is actively being developed to visually represent SBOL 2 objects such as non-DNA components and
interactions. SBGN already supports these types of objects, so the discussions between these communities
within COMBINE are instrumental to ensure that their representations are consistent with each other. More
information is available at sbolstandard.org.
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Figure 4: An example genetic design expressed using SBOLv. The bent arrows are promoters, the half
circle is a ribosome binding site, the pointed box is a coding sequence, the tee-shape objects are terminators.
This image was generated by the VisBol software (McLaughlin et al. 2016).

4 STANDARDS FOR THE EXCHANGE OF COMPUTATIONAL MODELS AND ANALYSES

A mathematical model enables a researcher to perform in silico experiments (i.e., on the computer rather
than in a laboratory). A standard that includes a precise executable semantics that can be leveraged to
produce simulations or other types of analyses is said to encode a computational model. There are three
COMBINE core standards that meet this definition: SBML, CellML, and NeuroML. Additionally, in order
to reproduce an analysis, it is also necessary to encode and exchange information about the analysis to be
performed on the model. The last COMBINE core standard, SED-ML, fulfills that role.

4.1 Systems Biology Markup Language (SBML)

SBML grew out of a software interoperability project begun in 1999 at the California Institute of Technology.
The community of partners quickly discovered that a means of model exchange would be required to achieve
interoperability between the software tools being developed—and thus SBML was created. SBML Level 1
Version 1 was formally released in 2001, and during the subsequent years, SBML underwent a number
of significant changes and improvements. The current version is SBML Level 3 Version 2. SBML is a
representation format suitable for exchanging and storing formal models of biological processes (Hucka et al.
2003). While it was originally developed by the systems biology community, it has seen application more
broadly in synthetic biology and other fields. The most recent generation of SBML is Level 3; it provides
a modular format consisting of a standalone core and optional packages that provide additional constructs.
Some SBML Level 3 packages add support for general features such as hierarchical composition (i.e.,
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models constructed out of sub-models), and others provide direct support for employing different modeling
paradigms such as flux balance analysis, qualitative models, rule-based models, spatial processes, and more.
Software libraries such as libSBML (Bornstein, Keating, Jouraku, and Hucka 2008) and JSBML (Dréger
et al. 2011) allow developers to implement support for SBML more easily in their software tools, and
to date, SBML support has been implemented in over 280 software systems that allow researchers to
create, annotate, simulate, visualize and store models. Hundreds of journals accept SBML as a format
for supplementary materials, and researchers can also share models by depositing them in the BioModels
Database (Chelliah, Laibe, and Novere 2013). More information is available at sbml.org.

4.2 CellML

The CellML language was originally developed at the University of Auckland to share models of cardiac cell
dynamics across a number of sites around the world. CellML was designed to leverage existing XML-based
languages to describe the mathematics (MathML), metadata (RDF), and links between resources (XLink).
The CelIML working group collaborated with a number of researchers at Physiome Sciences Inc. to publish
the first version of CelIML 1.0 in 2001. CelIML became a COMBINE core standard in 2015.

CelIML is an XML-based language that represents biological and mathematical models (Cuellar et al.
2003). CellML uses MathML for representing equations; and makes use of the Resource Description
Framework (RDF) for the description of metadata — such as biological annotations (Cooling and Hunter
2015). It allows the sharing of the models and components within the models and enables reuse of the
components. By doing so, existing models can be reused in new and novel modeling studies (Cooling,
Nickerson, Nielsen, and Hunter 2016). With the increasing number of CellML models, it is essential to
store them in a repository so that the results produced from these published models can be conveniently
curated and annotated (Yu et al. 2011, Miller et al. 2011). More information is available at cellml.org.

4.3 NeuroML

Work on NeuroML began in 2001 (Goddard et al. 2001). Initially, NeuroML was designed for a specific
software platform, Neosim (Howell et al. 2003). It evolved significantly, and the eventual first official
version of NeuroML was made up of a set of related languages (MorphML, ChannelML, NetworkML)
for defining the components of neuronal cell and network models (Gleeson et al. 2010). NeuroML is the
newest COMBINE core standard, having joined in 2016.

NeuroML is a language in computational neuroscience for expressing models of neurons, ion channels,
synapses, populations of cells, and network connections in a standardized form. In contrast to standards
like SBML and CellML, it is intentionally domain specific; its scope has been defined by the physiological
entities most often included in biophysically detailed neuronal modeling, and supported in neuronal
simulators like NEURON (Carnevale and Hines 2006) and GENESIS (Bower and Beeman 1998). NeuroML
version 2 (Cannon et al. 2014) is the latest version of the language. A significant addition for version 2
of the language was that it is now defined in terms of the Low Entropy Model Specification (LEMS)
language. LEMS is a machine readable format which can be used to define the structure/parameters of
components in the language (e.g., an Integrate and Fire cell will have parameters for reset voltage, time
course of decay, etc.) as well as the dynamics of the components (how the state variable (voltage) of the cell
changes in terms of the parameters). Only the structural elements (parameters, hierarchy of components)
are required in the NeuroML file, but the LEMS dynamical definitions can be used behind the scenes when
code is generated for execution on one of the target simulators. There are actively developed libraries for
handling NeuroML 2/LEMS models in Java (jNeuroML) and Python (pyNeuroML & libNeuroML (Vella
et al. 2014)). These allow reading and writing, validating files, and converting NeuroML into the target
simulators. There is also some support for interaction with other COMBINE formats (e.g. import of SBML
into LEMS, export of models into SBML or SED-ML) though many models in NeuroML are outside of
the scope of the target supporting simulators for SBML, etc. More information is available at neuroml.org.
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4.4 Simulation Experiments Description Markup Language (SED-ML)

In 2007, the idea of developing a standard format for simulation experiment encoding was proposed by
Dagmar Waltemath and Nicolas Le Novere. The original version called MIASE-ML was presented at a
”Super-hackathon” in Okinawa Japan in 2008, and the first version of SED-ML was officially released in
2011. Its current version is SED-ML Level 1 Version 2.

One key issue in computational biology today is the difficulty for a third-party to reproduce a set of
published computational experiments. Curation efforts by the BioModels and CellML model repositories
have shown that, for biomolecular models, it is often impossible to reproduce results published based solely
on the encoding of the model structure and the written description of the experiment in a publication. This fact
is usually due to missing or incorrect information in the text of the paper. Around 2010, when more models
became available from open repositories and these models got larger and more complex, discussions started
about encoding simulation experiments. In order to encourage reproducibility, the modeling community
designed a set of guidelines, the Minimal Information About a Simulation Experiment (MIASE) (Waltemath
et al. 2011a). One of the requirements listed by MIASE was to distribute together with the mathematical
models, a precise description of the simulations and analyses to perform. SED-ML is an effort to encode
this information in a structured format (Waltemath et al. 2011b). SED-ML allows one to describe a
simulation experiment performed on a set of computational models expressed in languages such as SBML,
CellIML, or NeuroML. A SED-ML file points to the various models to simulate, how to change them before
simulation, the simulation algorithms to use, the tasks to perform, and, finally, how to process and present
the simulation results. More information is available at sed-ml.org.

5 ASSOCIATED STANDARDIZATION EFFORTS

One of the hallmarks of the COMBINE effort has been the development of additional associated standards
that can be leveraged by multiple core standards. There are numerous common activities required by all the
core standards including the archiving of documents and encoding of metadata. Therefore, the COMBINE
community has through our unified efforts created standards in this space that meet the needs of the entire
COMBINE community of standards.

One such associated standard is the COMBINE Archive (Bergmann et al. 2014), which was developed
to exchange a set of documents that are necessary to fully describe a research project. For instance, to
reproduce numerical results, one may need to have access to the model descriptions, in SBML, CellML
or NeuroML, as well as the simulation procedures encoded in SED-ML. A model itself can be modular
and described in several different files. One may also want to distribute biological pathways in a form
amenable to automated reasoning, with BioPAX or SBOL, and also their visual representation in SBGN
or SBOLv. The COMBINE Archive provides a means of encapsulating all necessary information using a
variety of formats, together with associated metadata, in a single file.

The remaining associated standards relate to the encoding of metadata. These metadata annotations are
essential in order for the information encoded within the COMBINE core standards to be useful, findable,
and comparable. A fully annotated and curated record in a COMBINE core standard is a valuable resource
for the exploration of biological systems, both in research and education. These annotations, for example,
can be utilized to enable conversion between COMBINE standards (Biichel et al. 2012, Roehner et al. 2015,
Nguyen et al. 2016, Rodriguez et al. 2016). A key element of COMBINE annotations are bio-ontologies.
COMBINE maintains two such ontologies. The SBO is utilized to define terms commonly utilized in
biological models, such as physical entities, processes, mathematical expressions, and parameters (Courtot
et al. 2011). KISAO defines terms used in analysis of models, such as types of simulation algorithms
and their parameters (Courtot et al. 2011). COMBINE also maintains a set of persistent identifiers
(identifiers.org), which can be used for these and numerous other ontologies (Juty et al. 2012). Finally, the
BioModels.net qualifiers link annotations in RDF format to elements inside the standard document, such
as an XML file for a model (Juty et al. 2012).
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6 ONGOING PROJECTS AND FUTURE OPPORTUNITIES

COMBINE has been highly successful in developing synergistic relationships between many efforts by
fostering greater interaction between sub-communities and promoting greater interoperability between
standards. Looking toward the future, we see many opportunities to develop even closer coupling between
standards, as well as develop new resources.

o SBML/CellML/SBOL/SED-ML: A motivating principle of SBOL development has been to avoid
reinventing formats when possible. For example, the SBOL community concluded that quantitative
modeling is outside the scope of SBOL, since existing standards such as SBML already handle this
well. Preliminary efforts have already shown that bridging SBOL and SBML is possible (Roehner
and Myers 2013, Roehner et al. 2015, Nguyen et al. 2016). COMBINE can further coordinate these
efforts to link SBOL with models represented in SBML or CellML, as well as with descriptions of
simulation experiments described using SED-ML.

e BioPAX/SBOL: A major element of SBOL 2 is the inclusion of qualitative information about the
interactions of DNA, RNA, protein, and other components in a genetic design. BioPAX also encodes
similar types of relationships within the pathways they encode. COMBINE can explore conversions
between these standards to enable data sharing within these communities.

e SBGN/SBOL Visual: Currently, SBOLYv is restricted to DNA components, though simple interac-
tions like activation and repression are handled in an ad hoc fashion. Generalized components
and interactions within SBOL 2 necessitate an expansion of SBOLv to include these features.
SBGN already includes a variety of biochemical and regulatory interactions. COMBINE can help
promote greater interaction between SBGN and SBOLv, and if possible, produce a single standard
representation format that meets the needs of both system and synthetic biologists.

e Metadata and Annotations: metadata and annotations connect data in a standard representation with
additional information about that data. COMBINE should develop shared metadata guidelines and
specifications, to improve interoperability between standards, as well as to increase consistency
between those standards and other sources of biological and clerical information. A shared metadata
and annotation framework would also enable the development of common software tools and thus
remove the burden from each community to implement its own custom support for annotation.

e Repositories: the BioModels database provides a public repository of systems biology models,
represented primarily in SBML (Chelliah, Laibe, and Novere 2013). The NormSys registry for
modeling standards (normsys.h-its.org) surveys most of the COMBINE standards and compares their
major features, possible fields of biological application and use cases. For synthetic biology data,
there are also repositories under development, such as the iGEM Registry, JBEI-ICE (Ham et al.
2012), and SynBioHub (formally known as the SBOL Stack, (Madsen et al. 2016)). COMBINE can
work to make these repositories interoperable. It should be possible to have genetic parts described
in one repository and connect with a model in another. Ultimately, it would be desirable to create
a single interface enabling a user to obtain all the necessary data from one information portal.

e Journals: The use of standards for DNA sequence data became commonplace when journals began
to require them for publication. While there are journals that encourage the use of standards for
modeling, there are currently no journals that require it. In order to encourage journals to require
these standard data representations, the impact on the authors must be minimized. COMBINE,
therefore, should continue to work towards a user friendly portal to their repositories that enables
authors to easily deposit their models and designs. These interfaces should allow authors to provide
their information in an intuitive way while storing their information using an appropriate standard.

While reproducibility remains a challenge in computational modeling in biology, the COMBINE

community and the standards being developed within this community have the potential to make this a
fully reproducible scientific endeavor.
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