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Abstract

Reproducibility and reusability of the results of data-based modeling studies are essential.
Yet, there has been—so far—no broadly supported format for the specification of parameter
estimation problems in systems biology. Here, we introduce PEtab, a format which facili-
tates the specification of parameter estimation problems using Systems Biology Markup
Language (SBML) models and a set of tab-separated value files describing the observation
model and experimental data as well as parameters to be estimated. We already imple-
mented PEtab support into eight well-established model simulation and parameter estima-
tion toolboxes with hundreds of users in total. We provide a Python library for validation and
modification of a PEtab problem and currently 20 example parameter estimation problems
based on recent studies.
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examples, and all supporting software tools are
available at https:/github.com/PEtab-dev/PEtab a
snapshot is available at https://doi.org/10.5281/
zen0do.3732958. All original content is available
under permissive licenses.
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Author summary

Parameter estimation is a common and crucial task in modeling, as many models depend
on unknown parameters which need to be inferred from data. There exist various tools
for tasks like model development, model simulation, optimization, or uncertainty analysis,
each with different capabilities and strengths. In order to be able to easily combine tools
in an interoperable manner, but also to make results accessible and reusable for other
researchers, it is valuable to define parameter estimation problems in a standardized form.
Here, we introduce PEtab, a parameter estimation problem definition format which inte-
grates with established systems biology standards for model and data specification. As the
novel format is already supported by eight software tools with hundreds of users in total,
we expect it to be of great use and impact in the community, both for modeling and algo-
rithm development.

Introduction

Dynamical modeling is central to systems biology, providing insights into the underlying
mechanisms of complex phenomena [1]. It enables the integration of heterogeneous data,
the testing and generation of hypotheses, and experimental design. However, to achieve
this, the unknown model parameters commonly need to be inferred from experimental
observations.

Various software tools exist for simulating models and inferring parameters [2-10], which
implement various methods and algorithms. Many of these tools support community stan-
dards for model specification to facilitate reproducibility, interoperability and reusability. In
particular the Systems Biology Markup Language (SBML) [11], CellML [12] and the BioNet-
Gen Language (BNGL) [13] are widely used.

The Simulation Experiment Description Markup Language (SED-ML) builds on top of
such model definitions and allows for a machine-readable description of simulation experi-
ments based on XML [14]. Also more complex simulation experiments like parameter scans
can be encoded, and a human-readable adaptation is provided by the phraSED-ML format
[15]. Similarly, the XML-based Systems Biology Results Markup Language (SBRML) was
designed to associate models with experimental data and share simulation experiment results
in a machine-readable way [16]. Like SED-ML, SBRML can also be used for parameter scans.
Complementary, SBtab is a set of table-based conventions for the definition of experimental
data and models designed for human-readability and -writability [17].

However, parameter estimation is so far not in the scope of any of the available formats,
and important information for it, like the definition of a noise model, is missing. Parameter
estimation toolboxes usually use their own specific input formats, making it difficult for the
user to switch between tools to benefit from their complementary functionalities and hinder-
ing reusability and reproducibility.

Based on our experience with parameter estimation and tool development for systems biol-
ogy, we developed PEtab, a tabular format for specifying parameter estimation problems. This
includes the specification of biological models, observation and noise models, experimental
data and their mapping to the observation model, as well as parameters in an unambiguous
way.
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Design and implementation
Scope

The scope of PEtab is the full specification of parameter estimation problems in typical systems
biology applications. In our experience, a typical setup of data-based modeling starts either
with (i) the model of a biological system that is to be calibrated, or with (ii) experimental data
that are to be integrated and analyzed using a computational model. Measurements are linked
to the biological model by an observation and noise model. Often, measurements are taken
after some perturbations have been applied, which are modeled as derivations from a generic
model (Fig 1A). Therefore, one goal was to specify such a setup in the least redundant way.
Furthermore, we wanted to establish an intuitive, modular, machine- and human-readable
and -writable format that makes use of existing standards.

A Typical experimental and model setup and workflow
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Fig 1. Specifying parameter estimation problems in PEtab. (A) Example of a typical setup for data-based modeling. Usually, a
model of a biological system is developed and calibrated based on measurements from perturbation experiments, which are linked
to the biological model by an observation model. Different instances of a generic model are used to account for different
perturbations or measurement setups. (B) Simplified illustration of how different entities from (A) map to different PEtab files (not
all table columns are shown).

https://doi.org/10.1371/journal.pchi.1008646.9001
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Fig 2. Overview of PEtab files and the most important features. PEtab consists of a model in the SBML format and several tab-separated
value (TSV) files to specify measurements and link them to the model. A visualization file can be provided optionally. A YAML file can be
used to group the aforementioned files unambiguously.

https://doi.org/10.1371/journal.pcbi.1008646.9002

PEtab problem specification format

PEtab defines parameter estimation problems using a set of files that are outlined in Fig 2. A
detailed specification of PEtab version 1 is provided in supplementary file S1 File, as well as at
https://github.com/PEtab-dev/PEtab. Additionally, we created a tutorial illustrating how to set
up a PEtab problem, covering the most common features (supplementary file S2 File). Further
example problems can be found at https://github.com/Benchmarking-Initiative/Benchmark-
Models-PEtab. The different files specify the biological model, the observation model, experi-
mental conditions, measurements, parameters and visualizations (Fig 1B). These files are
described in more detail in the following.

Model (SBML): File specifying the biological process using the established and well-sup-
ported SBML format [11]. Any existing SBML model can be used without modification. All
versions of SBML are supported by PEtab and can be used if the specific toolbox supports it.

Experimental conditions (TSV): File specifying the condition(s), such as drug stimuli or
genetic backgrounds, under which the experimental data were collected. These experimental
conditions specify model properties that are altered between conditions, and allow for a hierar-
chical specification of model properties (Fig 3A). If simulation conditions are used for pre-
equilibration—meaning that some experiment started from the equilibrium reached for
another condition—specific model states can be marked for re-initialization (Fig 3B).

Observables (TSV): File linking model properties such as state variables and parameter val-
ues to measurement data via observation functions and noise models. Various noise models
including normal and Laplace distributions are supported, and noise model parameters can be
estimated. Observables can be on linear or logarithmic scale.

Measurements (TSV): File specifying and linking experimental data to the experimental
conditions and the observables via the respective identifiers. Optionally, simulation conditions
for pre-equilibration can be defined (Fig 3B). Parameters that are relevant for the observation
process of a given measurement, such as offsets or scaling parameters, can be provided along
with the measured values. This allows for overriding generic output parameters in a measure-
ment-specific manner (Fig 3A).

Parameters (TSV): File defining the parameters to be estimated, including lower and
upper bounds as well as transformations (e.g., linear or logarithmic) to be used in parameter
estimation. Furthermore, prior information on the parameters can be specified to inform start-
ing points for parameter estimation, or to perform Bayesian inference.
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Fig 3. Parameter hierarchy and pre-equilibration in PEtab. (A) Illustration of possibilities and precedence of parameter overriding at different
stages. The generic model parameter vector, as specified in the SBML model, can be overridden via the observable, measurement, condition and
parameter tables, differentially for conditions and measurement points to account for different model inputs or observational model parameters.
The parameters that are overridden in each step are indicated with thicker cell borders. Individual parameters can be set to specific values or
marked to be estimated (as here p1). (B) In an often encountered experimental setup, a biological system is under some “baseline” condition and
assumed to be in equilibrium (e.g., here depicted for after 24h incubation) before a perturbation is applied. If the equilibrium state of the system is
not known a priori, such a setup can be modeled by simulating the system until an apparent steady-state is reached (pre-equilibration). To simulate
the perturbation, a subset of model states are reinitialized.

https://doi.org/10.1371/journal.pcbi.1008646.9003

Visualization (TSV): Optional visualization file specifying how to combine data and simu-
lations for plotting. Different plots such as time-course or dose-response curves can be auto-
matically created based on this file using the PEtab Python library described below. This
allows, for example, to quickly create visualizations to inspect parameter estimation results. A
default visualization file can be automatically generated.

PEtab problem file (YAML): File linking all of the above-mentioned PEtab files together.
This allows combinations of, e.g., multiple models or measurement files into a single parame-
ter estimation problem, as well as easy reuse of various files in different parameter estimation
problems (e.g., for model selection). The current YAML version 1.2 is used here.

We designed PEtab to cover common features needed for parameter estimation. The TSV
files comprise different mandatory columns. These provide all necessary information to define
an objective function like the x> or likelihood function. However, some methods tailored to
specific problems require additional information to estimate the unknown parameters. To
acknowledge this, we allow for optional application-specific extensions in addition to the
required columns in the PEtab files, e.g., if some parameters can be calculated analytically
using hierarchical optimization approaches [18].

PEtab library

To facilitate easy usability, PEtab (https://github.com/PEtab-dev/PEtab) comes with detailed
documentation describing the specific format of each of the different files in a concise yet com-
prehensive manner. Additionally, we provide a Python-based library that can be used to read,
modify, write, and validate existing PEtab problems. Furthermore, the PEtab library provides
functionality to package PEtab files into COMBINE archives [19]. After parameter estimation,
the modeler usually investigates how well the model fits the experimental data. To support
this, the PEtab library provides various visualization routines to analyze data and parameter
estimation results.
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Results
PEtab support in established tools

We implemented support for PEtab in currently eight systems biology toolboxes, namely
COPASI [2], AMICI [6], pyPESTO [20], pyABC [21], Data2Dynamics [5], dMod [10], parPE
[18], and MEIGO [4]. These toolboxes provide a broad range of distinct features for model cre-
ation, model simulation, parameter inference, and uncertainty quantification (Table 1). Com-
bining different tools with complementary features is often desirable. However, in practice this
was hitherto hampered by the substantial overhead of tedious and error-prone re-implementa-
tion of the parameter estimation problem in the specific format required by the respective tool.
With all of these tools now supporting PEtab, a user can more easily combine different tools
and make use of their specific strengths. For example, one can use COPASI for model creation

and testing, AMICI for efficient simulation of large models, pyPESTO for multi-start local
optimization and sampling, or MEIGO for global scatter searches, and Data2Dynamics or

Table 1. Non-exhaustive overview of the functionality offered by the different toolboxes currently supporting the PEtab format. The list of supporting tools and func-
tionality covered by the respective tools may increase over time. An updated overview is available on the PEtab website. Darker colors indicate more accurate, scalable, or
broader functionality compared to basic implementations.

COPASI D2D dMod MEIGO AMICI parPE pPYABC pyPESTO
Interface / Graphical interface MATLAB R MATLAB C++, Python, C++ Python Python
Language MATLAB
Model Advanced Basic Basic No No No No No
construction
Model Accurate Accurate, Scalable Accurate, Uses AMICI Accurate, Uses AMICI Uses AMICI | Uses AMICI
simulation Scalable Scalable
Gradient Approximative Accurate Accurate Uses AMICI Accurate, Uses AMICI No Uses AMICI
computation Scalable
Gradient-free Multiple Basic No Metaheuristic No No No Basic
(global) algorithms algorithms
parameter
estimation
Gradient-based Basic Multiple local Multiple local Metaheuristic No Multiple local No Multiple local
parameter optimizers optimizers algorithms optimizers optimizers
estimation
Parameter Basic Advanced Advanced No No No No Advanced
profile
likelihood
Prediction Basic Advanced Advanced No No No No No
profile
likelihood
Parameter No Basic No No No No Adaptive Multiple
sampling SMC MCMC
algorithms algorithms
Simulation of Multiple No No No No No No No
stochastic algorithms
models
Parameter Basic No No Basic No No Scalable Basic
inference for
stochastic
models
Particular Advanced Powerful gradient Powerful Powerful Highly Highly scalable Scalable Allrounder
strengths modeling Strong | based optimization | gradient based metaheuristic scalable optimization for | likelihood- Multiple
allrounder Advanced profiling optimization optimization simulation & large-scale free MCMC
Graphical interface | Strong allrounder | Strong allrounder gradient models inference samping
comp. methods
https://doi.org/10.1371/journal.pchi.1008646.t001
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Table 2. Overview of supported PEtab features in different tools, based on passed test cases of the PEtab test suite. The first character indicates whether computing
simulated data is supported and simulations are correct (¥') or not (-). The second character indicates whether computing y* values of residuals are supported and correct
(v) or not (-). The third character indicates whether computing likelihoods is supported and correct (¥') or not (-). An up-to-date overview of supported features is main-

tained on the PEtab GitHub page.

Test-case AMICI Copasi D2D dMod MEIGO parPE pYABC pyPESTO
Basic simulation VvV v-o- vvv vvv VvV e vvv vvv
Multiple simulation conditions VY v-- 2244 vV vV -V 2244 Vv
Numeric initial compartment sizes in condition table --- V- 444 244 vvv - .- .
Numeric initial concentration in condition table VY vo-- 244 244 444 -V 224 vV
Numeric noise parameter overrides in measurement table Vv vo-- 444 444 244 -V vy vV
Numeric observable parameter overrides in measurement table Vv vio-- 244 444 444 -V 244 Vv
Observable transformations to log scale v-v V- 244 Vv vV -V v-v V-V
Observable transformations to log10 scale v-v V- vV Vv 44 -V v-v V-V
Parametric initial concentrations in condition table vvv V- 244 vV vV -V 244 vV
Parametric noise parameter overrides in measurement table Vv V- 444 444 Vv -V Vv vV
Parametric observable parameteroverrides in measurement table 244 v-- vvY Vv 244 -V 244 vV
Parametric overrides in condition table VY v-- 444 vV vV -V 244 vV
Partial pre-equilibration VY .- 244 444 244 Vs Vv '22%
Pre-equilibration vV V- 2244 2244 244 e vvv VY
Replicate measurements vvv v-- vvv vvv vvv -V Vv v vvv
Time-point specific overrides in the measurement table --- --- 244 244 244 - .- -

https://doi.org/10.1371/journal.pcbi.1008646.t002

dMod for profiling. The ease of switching between tools also provides the opportunity to easily
reproduce and verify results, e.g., whether different tools yield similar results. Additionally,
developers can compare the performance of newly developed methods with existing algo-
rithms implemented in different toolboxes, independent of the programming language, to
select the most appropriate one for a given setting.

PEtab test suite and examples

Along with introducing PEtab support to different tools, we have set up a test suite with vari-
ous toy problems and reference values that can be used by other tool developers to assess and
verify PEtab support in their software packages. The specific status of the PEtab support of the
different tools is provided in Table 2 and continuously updated on the PEtab GitHub webpage.
The test cases are based on SBML level 2 version 4 which is supported by all considered
toolboxes.

To demonstrate the various features and the broad applicability of PEtab, we provide a
growing collection of currently 20 example parameter estimation problems in the PEtab for-
mat largely based on a previously published benchmark collection [22]. These models can be
used as templates for creating new PEtab problems and for method development and testing.

Availability and future directions

PEtab complements existing standards for model definition by facilitating the specification of
complex estimation problems using tabular text files, defining experimental measurements
and linking model entities and measurements via observables and a noise model.

The specification of the PEtab format, the PEtab Python library, as well as links to examples,
a web-based validation tool, and all supporting software are available at https://github.com/
PEtab-dev/PEtab. A snapshot is available at https://doi.org/10.5281/zenodo.3732958. PEtab
and all original content presented here is available under permissive licences. For any
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questions or requests related to PEtab, we encourage interested users to approach us via the
Issues function in the aforementioned GitHub repository, or the respective tool repositories
for more specific queries.

We developed PEtab to cover the most common features needed for parameter estimation
in the context of dynamic modeling. However, as multiple model formats as well as a multitude
of tailored parameter estimation methods exist, which require different information, we could
not cover every aspect. While at the time of writing, PEtab only allows for models defined in the
SBML format, the PEtab format is general enough to be integrated with other model specifica-
tion formats like CellML and rule-based formats [13] in the future. Additionally, other formats
like SBtab [17] or Antimony [23] provide converters to SBML and can therefore also indirectly
be used together with PEtab. Recently, new methods have been developed to estimate parame-
ters in a hierarchical manner [18], including from qualitative data [24, 25]. PEtab could be
extended to also allow for these types of measurements. To cover the most important needs, we
invite users and developers to suggest new features to be supported by PEtab. We formed a
maintainer team comprising developers of all supporting toolboxes to facilitate long-term sup-
port and improvement of PEtab. We encourage additional toolbox developers to implement
support for PEtab. As an example, since the preprint publication of this manuscript, PEtab has
already been adopted as the input format for a newly developed tool, SBML2]Julia [26].

As PEtab is already supported by software tools with hundreds of users in total, we envisage
that it will facilitate reusability, reproducibility and interoperability. We expect that a common
specification format will prove helpful for users as well as developers of parameter estimation
tools and methods in systems biology.

Supporting information

S1 File. PEtab specification. Detailed format description of PEtab version 1.
(PDF)

S2 File. PEtab tutorial. Step-by-step instructions for creating PEtab files for an application
example.

(PDF)
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