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In the last decades a large number of models have been developed in the quantitative microbial risk assessment
(QMRA) and predictive microbiology (PM) domains. These models were generated with diﬀerent scripting
languages (e.g. R, MATLAB), commercial tools (e.g. @Risk) or even proprietary software tools (e.g. FSSP, FDAiRISK). The heterogeneity in software tools used to generate models together with the lack of a harmonized
model exchange format has made the (re)-use of existing models in diﬀerent software tools or simulation environments very diﬃcult. The adoption of a harmonized information exchange format called Food Safety
Knowledge Markup Language (FSK-ML) would be a solution to this challenge. FSK-ML deﬁnes a framework for
encoding all relevant data, metadata and model scripts in a machine-readable format. A speciﬁc feature of FSKML is that it allows the user to provide model scripts in diﬀerent scripting languages (e.g. R, Perl, Python or
MATLAB). Model metadata can be provided in accordance with the metadata schema and controlled vocabularies proposed from the Risk Assessment Knowledge Integration Platform (RAKIP) community.
In order to achieve a broad adoption of FSK-ML by the scientiﬁc community it is however of extraordinary
importance to provide support in terms of easy to use software solutions. In fact, it has to be as simple as possible
for the end-user to create, export, import or modify standard-compliant ﬁles. Food Safety Knowledge Lab (FSKLab) represents such a user-friendly software tool that can create, read (import), write (export), execute and
combine FSK-ML compliant objects. All metadata needed to annotate a model can also be entered and edited
through FSK-Lab. It also allows generating (export) ﬁles that comply with FSK-ML and that carry the ﬁle extension “.fskx”. This ensures that all information on a model is contained in this information exchange ﬁle and
that the user does not have to write and compile FSK-ML ﬁles “by hand”.
FSK-Lab extends the open source Konstanz Information Miner (KNIME) data analytics platform (URL: www.
knime.org), which is a graphical programming framework allowing users to create data analysis workﬂows from
building blocks (so called nodes). Within FSK-Lab, each node has a speciﬁc task e.g. model creation can be
performed with the “FSK Creator” node. As a KNIME extension, FSK-Lab allows the user to execute and integrate
code from several programming languages, like Java, R, Python. All FSK-Lab software code is freely available
under the GNU public license version 3.

1. Introduction
Quantitative microbial risk assessment (QMRA) and predictive microbiology (PM) modelling are ﬁelds of increasing relevance to food
safety professionals and public authorities (Koutsoumanis et al., 2016;
Membré and Guillou, 2016). In these research domains, great eﬀorts

have been undertaken to create a rich variety of data and models
(herein referred to as “knowledge”) and also software tools (resources)
supporting end-users needs (Tenenhaus-Aziza and Ellouze, 2015).
However, there is a gap in software solutions that enables food safety
professionals and authorities to exploit knowledge from research publications in an eﬃcient manner.

Abbreviations: FSK-Lab, Food Safety Knowledge Lab; FSK-ML, Food Safety Knowledge – Markup Language; FSSP, Food Spoilage and Safety Predictor; GUI, graphical
user interface; IDE, integrated development environment; KNIME, Konstanz Information Miner; PM, predictive microbiology; PMP, Pathogen Modelling Program;
QMRA, quantitative microbial risk assessment; RAKIP, Risk Assessment and Knowledge Integration Platform; SBML, Systems Biology Markup Language
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deﬁne the models to use, the experimental tasks to run and which results to produce (Waltemath et al., 2011). SBML (URL: http://sbml.org/
Main_Page) is a computer-readable XML format for representing models
of biological processes. SBML is suitable for, but not limited to, models
using a process description approach (Hucka et al., 2015).
One speciﬁc modiﬁcation of FSK-ML is the support of models generated in various scripting languages or desktop applications. This new
feature is of high relevance in the QMRA and PM modelling domains as
most legacy models are only available in speciﬁc script-based programming languages (e.g. R, MATLAB and Python), stand-alone software tools (e.g. @Risk), or proprietary software tools (e.g. FSSP, FDAiRISK). Still, the extent to which FSK-ML compliant models can be
executed or even combined depends on the capabilities of each software
tool that reads FSK-ML formatted ﬁles. As an example, FSK-Lab is
currently able to execute, modify or combine models from the R
scripting language, and will support Python models in the very near
future.
FSK-ML also deﬁnes how to specify and exchange metadata on
QMRA and PM domain models. Speciﬁcally, FSK-ML exploits an annotation schema with harmonized metadata concepts that were developed by the RAKIP community (Haberbeck et al., 2018). In this annotation schema, each metadata term is explicitly deﬁned to support
understanding and interpretation of model results. The metadata terms
are designed in a way that allows diﬀerent types of knowledge (e.g.
exposure models, dose-response models, predictive models, data, etc.)
to be annotated with the same annotation schema. Through use of the
same annotation schema it becomes possible to provide a harmonized
machine-readable annotation for diﬀerent types of models within the
QMRA and PM domain.
At the core, FSK-ML deﬁnes a standard for a new ﬁle format that can
store all information on a model in a compressed ZIP folder and assign
such ﬁles the “.fskx” ﬁle extension. This FSKX ﬁle contains e.g. a script
with code describing the model, a script with code for visualizations of
results, and a ﬁle with all model metadata. FSKX ﬁles can also contain
additional information like a Readme ﬁle, image ﬁles, simulation result
ﬁles, R workspaces, publications, etc. The user can access the ﬁles
within the FSKX archive by simply un-zipping the compressed ﬁle
format.

The diversity of software tools and the lack of harmonized information exchange formats for existing knowledge have been accompanied by a variety of problems. One problem arises through software
incompatibilities that hinder the simple “import” of available models
into current modelling or simulation tools. Users are consequently
forced to manually re-encode a model in the software tool that ﬁts their
needs. This process is time-consuming and error-prone and hampers the
ability to combine or exchange existing knowledge. As an example,
even though there is a basic import feature for simulation results of
predictive models in the software tool FDA-iRisk® (URL: https://irisk.
foodrisk.org/) it still needs data formatting skills to convert e.g. the
output of prediction tools like Pathogen Modeling Program (PMP)
(URL: https://pmp.errc.ars.usda.gov/default.aspx) or Food Spoilage
and Safety Predictor (FSSP) (URL: http://fssp.food.dtu.dk/) into the
required format. If the import and exchange format of knowledge was
standardized between software tools users would be able to spend more
time on actual research rather than struggling with the use of diﬀerent
software tools and data formats.
An additional problem is the re-use of models (and data) from peerreviewed publications. Extracting relevant information (e.g. equations,
parameters, and model metadata) from a publication can seem
daunting, as model components and data are often not described with
suﬃcient detail. Re-implementing these models into existing software
tools would therefore require excessive time and eﬀort and the process
would be prone to errors. The adoption of a standardized model exchange format in peer-reviewed publications would allow straightforward comparison, re-use and extension of published models, supporting
eﬀective progress within the QMRA and PM modelling domains.
The lack of common terminologies and incompleteness of metadata
is another problem that negatively aﬀects the exploration and re-use of
knowledge. Proper model annotation is a prerequisite for understanding what a model is about and for correctly interpreting modelbased results (Plaza-Rodriguez et al., 2015). The establishment of a set
of harmonized metadata ﬁelds helps avoiding misunderstandings and
improves the quality and eﬃciency of knowledge exchange
(Haberbeck et al., 2018). Such harmonized metadata are also of high
importance for search and ﬁlter functions in model repositories.
A general strategy to overcome those problems mentioned above
has been proposed by Plaza-Rodriguez et al. (2015). This strategy includes the establishment and adoption of harmonized information exchange format(s) and the creation of software tools supporting such
format(s). The present work provides an update on the progress made
along this strategy. Speciﬁcally it will provide a short introduction into
the information exchange format called Food Safety Knowledge Markup
Language (FSK-ML) and the open source software tool Food Safety
Knowledge Lab (FSK-Lab) which allows modellers to create and share
their QMRA or PM models in this harmonized ﬁle format.

2.2. FSK-Lab
FSK-Lab is an extension to the open-source software KNIME (URL:
www.knime.org) (Berthold et al., 2006) which is a platform for integrated data access, data mining, statistics, data visualization and reporting. KNIME allows users to assemble data analysis workﬂows from
functional building blocks called “nodes”. These workﬂows are like
ﬂowcharts where each process (“node”) performs a speciﬁc task. Examples of KNIME workﬂows with FSK-Lab nodes are shown in Fig. 1.
KNIME nodes can be executed alone or together with other nodes of a
workﬂow. If nodes are to be executed together they have to be connected (like processes in a ﬂowchart). Connections (“edges”) between
nodes are used to transfer data from one node to the other. Most nodes
have speciﬁc graphical elements to connect an incoming edge to (“inport”, on left side of node) or to provide data to other nodes (“out-port”,
on right side of node). By double-clicking on a node icon a graphical
user interface (GUI) opens that enable the user to provide node-speciﬁc
settings. The execution status of each node is represented by a traﬃc
light symbol below the node. A yellow symbol indicates that the node
settings are completed and the node is ready for execution, green indicates that the node was successfully executed (the speciﬁc task of the
node was ﬁnished), and red indicates that the node settings are not
completed. If a red symbol with a cross occurs below the node it indicates that the execution of the node failed and an error message will
appear in the KNIME console. After the successful execution of a node,
its result can be accessed and inspected via the node's menu from the
node's out-port(s). Workﬂows as a whole can be saved, exported and

2. Methods
2.1. FSK-ML
FSK-ML is a formal speciﬁcation of an information exchange format
that supports the harmonized description and the exchange of scriptbased models in the domains of QMRA and PM. A FSK-ML software
developer guidance document (URL: https://foodrisklabs.bfr.bund.de/
fsk-ml-food-safety-knowledge-markup-language/) has been created that
explicitly speciﬁes the structure and content of FSK-ML ﬁles. FSK-ML
has been designed by adopting principles of related standards, namely
the COMBINE Archive, the Simulation Experiment Description Markup
Language (SED-ML) and the Systems Biology Markup Language
(SBML). A COMBINE archive is a single ﬁle bundling the various
documents necessary for a modelling and simulations project, and all
relevant information. The archive is encoded using the Open Modeling
EXchange format (OMEX) (Bergmann et al., 2014). SED-ML is an XMLbased format for encoding simulation experiments. SED-ML allows to
14
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Fig. 1. Screenshot of the FSK-Lab toolkit which is integrated into the KNIME software. The customizable KNIME software graphical user interface is comprised of ﬁve
panes (windows): KNIME Explorer–providing an overview on all workﬂows in the active workspace (upper-left); Node Repository–displaying all available nodes
structured into so called libraries–including the FSK-Lab node library (lower left); Workﬂow Editor–an interactive workﬂow generation, modiﬁcation and execution
view, here with two workﬂows (center); Console–place where warnings or error message are displayed to the user (bottom); and Node Description–place where the
functionalities and possible settings of each node are described (upper right).

mc2d under “1.3 A basic example” (Pouillot et al., 2016). To execute
the “template workﬂow” it is required to install KNIME with the FSKLab extension. Detailed FSK-Lab installation instructions are provided
at (URL: https://foodrisklabs.bfr.bund.de/fsk-lab/). Video tutorials
were created to explain the incentive behind the development of FSKML and FSK-Lab and to showcase the functionalities of FSK-LAB. These
video tutorials can be accessed here URL: XXXX.

exchanged. This helps to create transparency and quality control on
performed data processing steps and supports collaboration among
diﬀerent users.
FSK-Lab extends KNIME through a collection of new nodes, that add
speciﬁc functionality while complying with the KNIME interface deﬁnition (Berthold et al., 2006). FSK-Lab nodes were programmed in Java
using the open-source Integrated Development Environment (IDE)
Eclipse. The third party open-source software libraries used in FSK-Lab
are listed in Supplement 1. With respect to FSK-ML, the software FSKLab also serves as a reference implementation, meaning it is the main
software used to test (and improve) practical and technical issues
arising from the FSK-ML guidelines. As FSK-Lab is made available as
GNU public license version 3 (GPLv3) the software code can be used
under the conditions deﬁned by the licence by other software developers in their tools.

3. Results
FSK-Lab is a free, modular, open-source toolkit for the generation,
annotation, execution and combination of script based QMRA and PM
models. FSK-Lab extends the open source data analytics platform
KNIME and provides a set of new software features called nodes.
Through the connection and combination of nodes into a data processing workﬂow users can perform desired data processing, modelling or
simulation tasks (Fig. 1). Thus, FSK-Lab can be characterized as a
generic graphical modelling toolbox that also supports the exchange
and integration of existing risk assessment models from diﬀerent programming languages, as e.g. R, MATLAB, Python. Currently, FSK-Lab
only supports integration of models written in R-code, but other programming languages and stand-alone software tools will be supported
in the future.
A speciﬁc feature of FSK-Lab is the support (reading and writing) for
the information exchange format FSK-ML. By supporting FSK-ML, FSKLab promotes eﬃcient information exchange, transparency and application of good scientiﬁc practice within the food safety modelling domain (Plaza-Rodríguez et al., 2018). The provisioning of models in a
harmonized ﬁle format will allow end-users in the future to retrieve
models developed by others easily from e.g. community model repositories, which are websites with user-friendly access (including
search and ﬁlter functionalities) to models encoded in FSK-ML. An

2.3. Example of FSK-Lab use and application
Due to its modular design and its integration into KNIME, FSK-Lab
can be used for an indeﬁnite number of data analysis tasks. On the other
hand, it is possible to provide “template workﬂows” (designed for a
very speciﬁc task), which can be used by end-users without substantial
conﬁguration eﬀorts. As an example, we provide such a FSK-Lab
“template workﬂow” together with a sample model ﬁle in FSK-ML
format (both ﬁles are provided as supplemental material:
Example_workﬂow.knwf and Example_QRA.fskx). The sample model is
a simpliﬁed QMRA on Escherichia coli (E. coli) O157:H7 infections
linked to the consumption of frozen ground beef in children under three
years of age. This model was originally published as a basic QMRA
example (Pouillot and Delignette-Muller, 2010). It is important to note
that the model is ﬁctitious and results should not be interpreted. The R
code of the original model was published in the R package manual for
15
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Table 1
Overview of currently available FSK-Lab nodes and their speciﬁc functionality.
Node

Node description/functionality

FSK Creator

Creates an FSK object. The user has to provide a model script (deﬁning the model in a supported scripting language) and the model metadata in a
pre-deﬁned Excel template (in Microsoft® Oﬃce Excel format). A visualization script (deﬁning graphical visualization of results in scripting
language) can optionally be provided; Information on model input and output parameters and their default values have to be provided inside the
metadata template. The given default parameter values deﬁne the defaultSimulation of the model.
Allows to edit the content of an existing FSK object or to provide content for a new FSK object from scratch.
Combines two FSK objects graphically into a new joint model. The joint model is made available as FSK object at the Out-port.
Execute the model given at the In-port with a user-deﬁned simulation setting. If the model contains a visualization script the generated plot is
accessible at the node's image Out-port.
Allows to create user-deﬁned simulation settings for any FSK model. The settings of the defaultSimulation will not be modiﬁed and is always kept
together with the user-deﬁned simulation setting.
Extracts the R workspace out of an FSK object and places it into the node's Out-port as RPortObject. If the R workspace is null or non-existent (as
when the model has not been run), the generated RPortObject would be null.
Extracts the metadata from an FSK object into a KNIME table.
Creates an FSK object from an FSK-ML compliant FSKX ﬁle.
Creates an FSK-ML compliant FSKX ﬁle.

FSK Editor
FSK Joiner
FSK Runner
FSK Simulation Conﬁgurator JS
FSK to R
FSK to metadata
FSKX Reader
FSKX Writer

community nodes. This functionality is illustrated in workﬂow b in
Fig. 1, where the FSK to R node is used to transfer an R workspace from
FSK-Lab to an R node from KNIME.
Finally, the modular design concept ensures that new functionalities
can easily be implemented as new FSK-Lab nodes without causing
problems with already existing FSK-Lab functions or workﬂows.

example of such a model repository is the Risk Assessment and
Knowledge Integration Platform (RAKIP) (URL: https://foodrisklabs.
bfr.bund.de/rakip-model-repository-web-services/).

3.1. FSK-Lab functionalities and the modular software design
A central methodological concept of FSK-Lab is modularization.
This means that FSK-Lab was designed not as a monolithic piece of
software with a limited number of functionalities, but as a tool that
provides the highest possible degree of ﬂexibility in terms of what kind
of data processing tasks can be accomplished.
The functionality of FSK-Lab is therefore provided through a collection of KNIME “nodes”, which can be selected from the KNIME “node
repository”. Each FSK-Lab node performs a speciﬁc task and through
the combination of nodes it is possible to create use-case speciﬁc data
processing workﬂows from the same “building blocks”. Table 1 provides an overview of currently available FSK-Lab nodes and their speciﬁc functionality.
For example, it is possible to combine the FSK Runner node with any
other FSK-Lab node that has an FSK object out-port, e.g. the FSK
Reader, FSK Creator, FSK Editor JS or FSK Joiner. In this way a user can
easily create customized data processing pipelines according to his
speciﬁc needs. In the simplest case, a user might just want to import and
execute an FSK-ML compliant model. For this it is suﬃcient to connect
the FSK Reader node (that allows importing the “.fskx” ﬁle) with the
FSK Runner node (that does the model execution). Other users might
want to perform more complex data processing or modelling tasks (as
e.g. illustrated in Fig. 1). A particular workﬂow might execute the
following tasks: creating FSK model object from existing R-scripts and
an Excel ﬁle with metadata, updating the model metadata, creating new
simulation settings, executing the model and exporting the model and
the simulation results into an FSK-ML compliant ﬁle (see upper workﬂow in Fig. 1, from left to right).
To facilitate such modular software design, each FSK-Lab node has
been equipped with a node-speciﬁc GUI allowing the user to provide
node-speciﬁc settings (Figs. 2a and b and 3). For example the GUI of the
FSK Editor JS simpliﬁes metadata provisioning (Fig. 2a), the FSK Simulation Conﬁgurator JS allows users to change simulation settings
(Fig. 2b), and the FSK Joiner GUI can be used to join two models into a
new, more complex, model (Fig. 3). Further, FSK-Lab ensures, that the
result of each node's data processing task is made available in humanreadable form at the node's out-port(s). This includes FSK model objects
or images generated during model execution.
The modular design concept of FSK-Lab also enriches the application potential of KNIME itself, as information generated by FSK-Lab
nodes can be further processed with nodes from the KNIME R
Integration extension and through that, with all other KNIME or KNIME

4. Discussion
FSK-Lab has been developed with the main objective to facilitate
eﬃcient exchange of models in the food safety modelling domain. To
achieve this objective, FSK-Lab was established as open source software
within the community driven data analytics platform KNIME. Through
KNIME, FSK-Lab inherits a “software language” integration functionality, making it capable of combining models from diﬀerent programming languages (e.g. from R, Python, or Java). Further, FSK-Lab integrates into the intuitive graphical programming workﬂow engine of
KNIME supporting the re-use, easy adaptation and combination of existing models into new risk assessment models. Another innovative FSKLab feature in this context is the support for FSK-ML. FSK-ML is the ﬁrst
domain-speciﬁc information exchange format that supports legacy
models generated in diﬀerent programming languages or tools. On this
side, FSK-Lab serves also as a reference implementation for FSK-ML and
allows users to annotate complete risk assessment models or certain
building blocks of larger risk assessment models (e.g. a predictive microbial model, process model, exposure model, dose-response model,
health metric model, consumption model, other empirical model) in a
consistent and harmonized manner. FSK-ML adopts the metadata and
annotation
schema
proposed
by the
RAKIP community
(Haberbeck et al., 2018). The adoption of FSK-ML as a domain-speciﬁc
information exchange format by other software tools would allow efﬁcient and transparent exchange of models within the risk assessment
community. It would also promote the exchange of models via community driven online resources like the RAKIP model repository that
could serve as a bridge between modelling experts and model “endusers”.
Due to its modular software design and its open source license, FSKLab can be improved and missing functionalities can easily be included,
also by others. In the near future FSK-Lab will be further validated and
new features will be made available. Given the provided application
ﬂexibility together with full transparency on all data processing steps,
FSK-Lab might become a valuable tool for the food safety modelling
domain in the future.
5. Conclusion
This research introduces FSK-Lab as a new open source software
16
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Fig. 2. (a) Screenshot of the FSK Editor JS GUI. The user can provide detailed annotation for all relevant aspects of the model including the model input and output
parameters. The provided metadata ﬁelds are synchronized with the model annotation schema proposed by the RAKIP community (see also Haberbeck et al., 2018).
This GUI is also equipped, with appropriate drop-down menus for available controlled vocabularies. Mandatory metadata ﬁelds are highlighted with *. (b) Screenshot
of the Simulation Conﬁgurator JS GUI. Model input parameters and their default values are displayed. The user can change the default simulation settings by adding a
new simulation. The i-icons provide additional information about each parameter.

17
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Fig. 3. Screenshot of the FSK Joiner conﬁguration GUI. This GUI allows the graphical combination of two FSK models by creating a link between any of the model
outputs of the ﬁrst model to any of the inputs of the second model. Via a click on an established link it is possible to provide small scripts that are executed on the
output of the ﬁrst model before the values are used as input for the second model (e.g. to allow for conversion of units, averaging, grouping etc.).

resource for the food safety modelling domain. FSK-Lab is the ﬁrst tool
that also supports the information exchange format FSK-ML that allows
exchanging models generated in diﬀerent programming languages, like
Java, R or Python in a harmonized way. Such a harmonized format is a
pre-requisite for future import functions in any risk assessment software
tool that aims at “importing” models from 3rd parties. Beside other user
groups FSK-Lab speciﬁcally supports modelers in performing the unavoidable extra work linked with the adoption of the proposed FSK-ML
format. As soon as there are FSK-ML supporting libraries in other tools
and languages this will become even more convenient for the modeler
and end-users. Due to the modular design concept of FSK-Lab this tool
may become a valuable resource for the diﬀerent user groups in the risk
assessment domain as each user can customize it to his speciﬁc application scenario and needs.
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