
Improving Best Practices 
in Mathematical 
Modeling

Herbert Sauro

UW, Seattle
Email:  hsauro@uw.edu



Reproducibility

• The issue of reproducibility has been discussed for some to time:

2013 2012



But got more attention during COVID:

Telegraph: 2020 https://www.statnews.com/



But got more attention during COVID:

As is often the case the issue was 
overblown in the popular media, by 
some academic organizations, and 
individuals.

Funded by Mozilla 
and DFG



The real issues was:



The real issues was:

Lack of open data or open code for:

75 per cent of those on arXiv

67 per cent of those on bioRxiv

79 per cent of those on medRxiv
85 per cent of those on SocArXiv.



In systems biology

Anecdotal evidence from the 2000s  
suggested that 97% to 100% of published 
models were not reproducible.

Last year a more formal study showned
that at least 50% of published models 
were not reproducible.
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The Problem is Widespread in Systems Biology:

Incomplete 
parameters

Incomplete model 
definition

No parameter 
values

Analysis procedure 
not described

Irreproducible

Parameter 
incorrectly 
annotated

Irreproducible
No language for 
describing large 

models

Incomplete model 
definition



The Problems Encountered

9

! Results are published without models

Missing Data

Incorrect data (units wrong, values wrong) 

Wrong model supplied with paper

Model no longer available (website gone)

Model only supplied as a binary 

Simulation environment no longer available 





Example
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Published 2011



Example
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23 μm refers to the diameter

In addition, the area 2,168 μm^2 does not
include the ends.



The question of reproducibility is however much broader

• Reproducibility – can we recreate what you did

• Transparency – can we understand what you did?

• Validity/Credibility – can we trust what you did?

FAIR: Findability, Accessibility, Interoperability, and Reusability



Why does it matter?

• It should be obvious that for nationally important issues such as a 
pandemic, models should be reproducible since policy decisions 
are made based on models. 

• What about other models?
• Loss of intellectual capital, a waste of Tax funds

• Lack of professionalism

• Poor application of the scientific method

• Loss of trust by the general public (probably the worst outcome)



Why does it happen?

• The incentive system is skewed towards less important outputs. 



Why does it happen?

• Even those who may want to do the right thing, the University and 
the review panels tend to reward quantity over quality 

• These pressures are very strong. Given the limited bandwidth we 
all have, we inevitable gravitate towards these rewards (ironically 
due to the said reward system!). 

Rewards include better salaries, promotion, awards, better office 
space and labs etc. Not necessarily things that lead to better 
research.

Anecdote: Members of the British civil service were at one time rewarded with better carpeting in their offices. 



Why does it happen?

• Lack of reviewer rigor at the publication stage. 

• Lack of interest by many journals in publishing reproducible work 
(but not all)



Solutions?

• The University reward system is unlikely to change, it would 
require a major cultural shift. 

• The most effective and easy solution is to be more vigilant when 
we review papers:
• Simple check list:

• Does the paper clearly point to the source code used in the study?

• Does the paper provide the data required for the analysis

• Do the authors provide documentation on how to run the code and regenerate the 
simulations/results. 



Can Journals be more active?

• Other than reviewers being more vigilant can journals be more 
active?

• Unfortunately, there is a lot of resistance to making publications 
more reproducible at least among the systems biology journals

Actively Interested or Working to Improve Indifferent or actively against it

PLoS Comp Bio Quite a few

Bulletin of Mathematical Biosciences

Physiome Journal

Mathematical Biosciences



Different Approaches to Reproducibility

Another solution which I will describe next is to overcome these 
issues by galvanizing a grassroots effort. 



Definitions

Terminology in the world of reproducibility is confusing

https://arxiv.org/abs/1802.03311

https://arxiv.org/abs/1802.03311


Reproducibility: Two Extreme Scenarios

1. An experiment is carried out and is done again by the 

same author, using the same equipment, same methods, 

basically the same everything.

2. The experiment is carried out by a third-party using 

different equipment, different methods, etc. Basically, 

everything is different.

In between these two extremes are variants, For example, a

third-party could use the same methods but implement them 

independently of the original author by reading the description 

given in the original paper.

Repeatability

Reproducibility



Definitions used here

Repeatability

Researcher provides 
executable code and 
data

Degrees of Reproducibility

Extreme (not always practical)Minimal Expectation

A third-party recreates 
the study from scratch, 
based on a description in 
a paper.



Repeating Computational Experiments

http://ivory.idyll.org/blog/replication-i.html

https://arxiv.org/abs/1203.4802

2012

https://arxiv.org/abs/1203.4802


Repeating Computational Experiments

http://ivory.idyll.org/blog/replication-i.html

The entire analysis is replicated on a virtual machine using 
the same data and software. 

The ‘experiment’ is completely repeatable.



An alternative is to use Workflows

http://ivory.idyll.org/blog/replication-i.html

Workflow engines:

Galaxy
Taverna
Pegasus

Problems: Proprietary 
formats, very fragile



Workflows: fragile

http://ivory.idyll.org/blog/replication-i.html

Web site called myexperiments.org 
that stores workflows but many of 
these can no longer be run due to 
dependency errors or the workflow 
engine no longer available or 
compatible. 

Phenomena called "workflow decay"



Why not just use a Programming Language?

Example:

Karr, Jonathan R., et al. "A whole-cell computational 

model predicts phenotype from genotype." Cell 150.2 

(2012): 389-401.

The entire model was written in mixture of Perl and a 
lot of Matlab.

148,222 lines of Matlab code
2071 lines of Perl

Simulation and model data are stored in binary .mat 
files

In 2015 a workshop was devoted to an attempt to 
reproduce the model, but it was unsuccessful. 

Details at:

Waltemath, Dagmar, et al. "Toward community standards and 
software for whole-cell modeling." IEEE Transactions on 
Biomedical Engineering 63.10 (2016): 2007-2014.



Another Solution: Grassroots efforts

Another solution which I will describe next is to overcome these 
issues by galvanizing a grassroots effort and create a community that 
has a shared vision to improve model building, deployment and 
testing.



What models?

• When I talk about models, I'm specifically referring the 
mechanistic models of subcellular or multicellular 
systems. 

• I'm not referring to AI models, or statistical models

Blum Y, Mikelson J, Dobrzyński M, Ryu 

H, Jacques MA, Jeon NL, Khammash 

M, Pertz O. Temporal perturbation of 

ERK dynamics reveals network 

architecture of FGF2/MAPK signaling. 

Molecular systems biology. 2019 

Nov;15(11):e8947.



A little bit of history…

• It starts around 1998/1999

• Several us were frustrated that we couldn't exchange models 
between different modeling tools due to the use of incompatible 
formats. 

• This was especially problematic if a particular software tool no longer 
worked rendering your model inaccessible. Academic software 
generally has a short-life span.



A little bit of history…

• In parallel we saw a major uptick in systems biology which resulted in 
major funding from the Japanese ERATO program  to develop 
infrastructure for systems biology. 

• The two groups got together, and the result was the Systems Biology 
Markup Language, released in March 2001



A little bit of history…

This spawned a new community that focused on other aspects of 
infrastructure in systems biology, for example  pathway diagrams, 
model repositories, new ontologies and last but note least standard 
ways to describe simulation experiments so that published work could 
be reproduced. 



A little bit of history…

• Much of the work in this area is documented in the community's 
organization COMBINE (https://co.mbine.org/).We have two meetings  
a year, a more traditional conference and a hands-on hackathon. We 
have formal rules for developing standards, voting systems, 
specification documents, and testing requirements. 

• This is very much a grass-roots effort where much of the work is done 
by young scientists with leadership from more senior members. 

The improvement in the reproducibility of models over the last 15 
years can be attributed to this effort. 

https://co.mbine.org/).We


COMBINE Standards



What’s the point in having modeling standards?

1. Allows models to be exchanged between different tools

Makes models future proof to the high turnover in academic software



1. Allows models to be exchanged between different tools

Makes models future proof to the high turnover in academic software

2. Makes models much more likely to be reproducible

What’s the point in having modeling standards?



1. Allows models to be exchanged between different tools

Makes models future proof to the high turnover in academic software

2. Makes models much more likely to be reproducible

3. Makes models more understandable

Models are computer readable and can be annotated with 
additional information

What’s the point in having modeling standards?



1. Allows models to be exchanged between different tools

Makes models future proof to the high turnover in academic software

2. Makes models much more likely to be reproducible

3. Makes models more understandable

Models are computer readable and can be annotated with 
additional information

4. Makes is easier to reuse models or parts of models

Models that use standards are automatically structured so that that
can be deconstructed and reused. 

What’s the point in having modeling standards?



On the reproducibility scale

Repeatability

Researcher provides 
executable code and 
data

Reproducibility

SBML

Extreme (not always practical)Weak

A third-party recreates 
the study from scratch, 
based on a description in 
a paper.





Center for Reproducibility

• P41 Center has primary funding from the NIBIB with contributions from NIGMS 
and NSF. 

We're coming up to our 4th year and are currently planning a renewal application.

Herbert Sauro (UW, Seattle)

Ion Moraru (from the VCell group, UConn)

Jonathan Karr (Developed the whole-cell Mycoplasma model, Mount-Sinai)

John Gennari (Protégé Developer – for handing knowledge-based systems, UW)

David Nickerson (Model Curation, NZ, Auckland)



Center Objectives

The over all objective of the center is to help improve the quality of 
biomedical models by:

1. Ensuring that published work is reproducible

2. Encouraging best practices in model development, testing and 
deployment

3. Encourage the use and development of community standards that 
make models more understandable, reusable, and extensible



Current Major Project: BioSimulations

BioSimulations Provides a Platform that Integrates Models, 
Model Languages, Model Repositories, Simulation Experiments, 
Simulations Tools and Data Visualizations

Availability: free and open source
Main URL: https://biosimulations.org/
Select links:

- https://biosimulators.org/ - registry of simulators
- https://biosimulations.org/projects - database of simulations
- https://run.biosimulations.org/ - execute and visualize

The BioSimulations project acknowledges contributions from 
numerous developers of modeling standards, ontologies, 
repositories, and simulation tools.

https://biosimulations.org/
https://biosimulators.org/
https://biosimulations.org/projects
https://run.biosimulations.org/


Future Avenues of Work

Validation and Model Credibility



Summary

Simple things we can all do:

1. When reviewing papers ensure that the authors have provided the code 
and all relevant modeling files. 
These should be in a prominent place, e.g not in a figure caption. 

2. Check that the authors have provided instructions on how to repeat the 
computational experiments.



Summary

For the more sophisticated: 

1. Store your working code on a public repository such as GitHub
2. At publication, model your GitHub resource to Zenodo and obtain a DOI.
3. Provide format tests with your code to show that your code can be trusted.
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