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ABSTRACT
Summary: MATLAB is a prevalent and well-supported numerical computing environment commonly used to implement and simulate ordinary differential equation (ODE) models. Despite a number of software efforts, translating MATLAB ODE models into open standard formats in system biology, such as the Systems Biology Markup Language (SBML), still remains a challenging task for modelers who have legacy models and need a straightforward solution. We introduce MOCCASIN (Model ODE Converter for Creating Awesome SBML INteroperability) - an open-source tool that uses a combination of heuristics and user assistance to convert ODE models written in MATLAB into SBML format. 
Availability and Implementation: MOCCASIN is released under the terms of the LGPL 2.1 license (http://www.gnu.org/licenses/lgpl-2.1.html). Source code, binaries and test cases can be freely obtained at https://github.com/sbmlteam/moccasin. 
Supplementary Information: More information regarding the general implementation of MOCCASIN can be found in the user guide at https://github.com/sbmlteam/moccasin/tree/master.
Contact: moccasin-dev@googlegroups.com
1 introduction 
The Systems Biology Markup Language (SBML) is a widely accepted open-source format for representing and exchanging data, diagrams and models across analysis and simulation tools in systems biology (Hucka et al., 2003). Born from the need to resolve incompatibilities between software platforms that use different formats to describe model components, SBML is neutral with respect to modeling framework and computational platform – which helps ensure portability and integration across tools. This has led to over 250 different software tools adopting SBML as a file format for model encoding.
   Given the growing body of ordinary differential equation (ODE) models being implemented in MATLAB (Ghosh, S. et al., 2011) as well as the benefits of SBML model description (Hucka et al., 2003), several software efforts have tried to close the gap that prevents direct translation of ODE MATLAB models into SBML. Popularly used tools include MATLAB toolboxes such as the Systems Biology Toolbox (Schmidt and Mats, 2006) and the SBML Toolbox (Keating et al., 2006). While these are high-quality resources that offer a given degree of indirect SBML manipulation from MATLAB, they are limited as they either lack support for handling the latest SBML (L3V1), or are difficult to use when researchers simply want to convert already-existing MATLAB scripts into SBML models. As a result, there is a need for a tool that allows for straightforward translation of existing MATLAB ODE models into SBML, without requiring adherence to strict MATLAB syntax or code modifications for translating complex models.
   In this article, we introduce MOCCASIN (the Model ODE Converter for Creating Awesome SBML INteroperability) – a stand-alone tool that intuitively helps researchers take ODE models written in MATLAB and Octave, and export them as SBML files. With a highly modularized design, MOCCASIN is able to parse MATLAB code- without using MATLAB, and then export an equivalent SBML file by translating individual model constructs. A basic characteristic of this tool is that it does not intend to provide the ability to directly or indirectly manipulate MATLAB or SBML code, but rather serve as a translator that delivers SBML code with the same model elements and kinetics as a given ODE MATLAB file. Furthermore, MOCCASIN draws from recent theoretical advances to allow for the inference of biochemical reaction networks (Fages et al., 2015). This allows for richer SBML that can also be used for qualitative analyses where knowledge of the reaction network behind a system of ODEs is needed.
2 implementation
[bookmark: h.dpovwdf4wnqj]2.1      Modules
Written entirely in Python, MOCCASIN’s design is entirely modular. The available pipeline is comprised of: (1) a module that parses input MATLAB files into an equivalent internal representation of the contained ODE models; (2) a module that reconstructs a complete model from parsed input and exports it either as an SBML model with rate equations for kinetics, or as an XPP file; and (3) a module that couples reconstructed input, a web service call to The Biochemical Abstract Machine (BIOCHAM) (Fages et al., 2015), and a post-processing step in order to export SBML output with biochemical reactions for kinetics. Owing to this modularity, MOCCASIN is highly extensible, and flexible enough to allow developers to use as few or as many modules as they want. The aforementioned framework is illustrated by Figure 1, and described in detail below.


[image: ]Figure 1: Schematic of constituent MOCCASIN modules.


2.1.1 Parsing module 
The first step in the MOCCASIN pipeline involves the parsing of input MATLAB code into its constituents. To this end, the grammar understood by the parser enables the seamless identification and annotation of constructs commonly found in MATLAB ODE models. Nevertheless, properly formatted input models are required to reside in a single file, set up a system of ordinary differential equations as a function defined in the same file, and make a call to one of the MATLAB odeNN family of solvers (e.g., ode45, ode15s, etc.). After being parsed, model components are hierarchically stored as nodes of an Abstract Syntax Tree (AST).

2.1.2 Converter module
Following parsing and storage, the converter module proceeds to translate the internal AST-based representation of the input ODE model into significant output. There are two kinds of file formats that the converter is able to export: SBML and XPP. In the case of SBML, a model definition is assembled piece by piece from AST nodes using the libSBML library (Bornstein et al., 2008). LibSBML is an application programming interface (API) library with Python bindings that not only allows for the import and export of SBML-based files, but for the manipulation of data structures patterned after SBML constructs - which further facilitates model building. Exported files retain the intended model semantics of the initial MATLAB ODE model, and use rate equations to describe their temporal evolution.
  The converter module is also capable of exporting models into XPP file format (Ermentrout, 2002). XPP is used in the systems biology community to facilitate the numerically study of equation-based models. Outputted XPP model definitions are pieced together by converting AST nodes corresponding to relevant mathematical components into a set of declarations and equations that conform to XPP format rules.

2.1.3 BIOCHAM module
Although encoding the ODE kinetics of an input MATLAB file using rate equations in SBML is sufficient to ensure simulation reproducibility, this overlooks the biochemical reaction network underlying said equation system. Furthermore, a variety of qualitative analyses, which do not rely on kinetic information but on the structure of the reactions, have rapidly developed for reasoning on large interaction networks. Among others, these include approaches to reduce models using graph theory concepts (Gay et al., 2014) and reachability assessments in reaction networks (Fages et al., 2004).
  In order to provide export of SBML models with fully resolved reaction networks, this module integrates parsed input with BIOCHAM’s web-service, and a post-processing step. BIOCHAM is a modeling environment for systems biology that encompasses the published implementation of the state-of-the-art algorithm for reconstructing and inferring the complete reaction model from a given set of ODEs (Fages et al., 2015). Pipeline interaction with BIOCHAM is done via a Simple Object Access Protocol (SOAP) call, which enables the supply of parsed input in the form of an XPP file and the retrieval of output as L3V1 SBML code.
   Due to syntactic limitations in XPP as well as BIOCHAM not accepting SBML with rate equations as input, retrieved SBML models do not contain several components present in the original model (i.e., time variables, initial assignments, units). In order to accurately translate the entire input ODE model and accommodate as wide a range of modeling scenarios as possible, this module post-processes collected BIOCHAM output before exporting to the user. In this way, all components of the initial MATLAB file are modeled and each reaction in the final SBML system is fully characterized with well-identified reactants, products and modifiers.
[bookmark: h.mdimvk3ch0di]2.2      INTERFACES
MOCCASIN exposes a cross-platform, user-friendly command-line (CLI) and a graphical-user interface (GUI). Command-line runs may be customizable via flags which, for instance, allow the display of debugging information or enable the encoding of model variables as SBML parameters instead of SBML species. While the GUI is alone in providing interactive processing, users can use either interface to obtain XPP or SBML models that are characterized by either biochemical reactions or rate equations.

3 FUTURE WORK
Pipeline enhancements will focus on (1) expanding the grammar that the parser understands to enable the interpretation and encoding of MATLAB flow control constructs and comments; (2) allowing model pooling form several MATLAB input files; (3) generating SED-ML (The Simulation Experiment Description Markup Language) files, which are used to encode simulation parameters essential for ensuring reproducibility; and (4) re-implementing the state-of-the-art algorithm used by BIOCHAM to infer the biochemical reaction network underlying a set of input ODEs. .
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