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ABSTRACT

Discrete-event simulation (DES) is a widely used computational method in health services
and health economic studies. This scoping review investigates to what extent authors
share DES models and audits if sharing adheres to best practice. The Web of Science,
Scopus, PubMed, and ACM Digital Library databases were searched between January 1
2019 till December 31 2022. Cost-effectiveness, health service research and methodology
studies in a health context were included. Data extraction and audit were performed by
two reviewers. We measured the proportion of literature that shared models; we report
analyses by publication type, year of publication, COVID-19 application; and free and open
source versus commercial software. Out of the 564 studies included, 47 (8.3%) cited
a published computer model, rising to 9.0% in 2022. Studies were more likely to share
models if they had been developed using free and open source tools. Studies rarely
followed best practice when sharing computer models. Although still in the minority,
healthcare DES authors are increasingly sharing their computer model artefacts. Although
commercial software dominates the DES literature, free and open source software plays
a crucial role in sharing. The DES community can adopt simple best practices to improve
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the quality of sharing.

1. Introduction
1.1. Healthcare discrete-event simulation

In healthcare, discrete-event simulation (DES) is the
most used simulation method for modelling (Philip
et al., 2022; Roy et al., 2021; Salleh et al., 2017; Salmon
et al., 2018). DES has proven useful within the field of
health as it can be used to model patient care path-
ways, optimise health service delivery, investigate
health queuing systems, and conduct health technol-
ogy assessment.

It has been applied to a wide variety of important
clinical and health problems such as stroke care (Lahr
et al.,, 2020), emergency departments (Mohiuddin
et al., 2017), chronic obstructive pulmonary disease
(Hoogendoorn et al., 2021), sexual health (Mohiuddin
et al., 2020), reducing delayed discharges (Onen-
Dumlu et al., 2022), mental health waiting times
(Noorain et al., 2019), critical care (Penn et al.,
2020), managing health services during the COVID-
19 pandemic (Yakutcan et al., 2022), and end of life
care (Chalk et al., 2021). Healthcare DES computer
models are often complex research artefacts: they are
time-consuming to build, depend on specialist soft-
ware, and logic may be difficult to describe accurately
using words and diagrams alone (Monks et al., 2019).

1.2. Published computer models: Study
motivation

To enhance transparency of model logic and offer
others the potential to understand, learn from, or
reuse a model, one option available to authors of
healthcare DES studies is to openly publish the com-
puter model. We define a computer model to be either
a model written in a specialist simulation software
package, or a model written in a general purpose
programming language. The computer model is an
executable artefact that is an implementation of the
study conceptual model (Robinson, 2014) and is used
for experimentation.

The current extent of model sharing and practice of
sharing DES computer models in the healthcare lit-
erature is unknown. To understand if and how authors
of DES studies are sharing their models, draw lessons,
and evaluate if this can be improved to benefit the
wider community, we conduct a review of the con-
temporary DES literature between 2019 and 2022
inclusive. Reviews in other computational fields report
that the sharing of model code and files has historically
been low (Collberg & Proebsting, 2016; Janssen et al.,
2020; Rahmandad & Sterman, 2012; Stodden et al.,
2018). The closest of these fields to our review in
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healthcare DES is in the field of Agent (or Individual)
Based Simulation (Janssen et al., 2020). The study
examined 7500 articles reporting agent-based models
and found only 11% of articles shared model code,
although there was an upward trend: 18% of ABS
publications were found to share their model in
some form by 2018. This study applies a similar
approach to Janssen et al. (2020) in the healthcare
DES literature.

2. Sharing of computer models
2.1. Sharing models is a subset of reproducibility

Our focus in this study is on the practice of sharing
healthcare DES computer models: to what extent do
health researchers openly share their DES computer
models, how do they do it, and what actions could
the DES community take to improve what is shared?
We consider the open publication of models to be
a subset of, and complementary to, the broader topic
of tackling the reproducibility of computational ana-
lyses and modelling. There has been a long-standing
effort to provide incentives for authors to make their
computational work reproducibile (Ayllén et al.,
2021; Grimm et al., 2010; Heroux, 2015; Marco &
Janssen, 2008; Monks et al., 2019; Reinhardt et al.,
2018; Ruscheinski et al., 2020; The Turing Way
Community, 2022). One of the most well known of
these within the modelling and simulation commu-
nity is the Association of Computing Machinery’s
(ACM) Reproducible Computational Results (RCR)
initiative (https://www.acm.org/publications/poli
cies/artifact-review-and-badging-current). The RCR
is an optional extra peer review process for authors
who publish in ACM journals. Computational arte-
facts, i.e., models or algorithms, are peer reviewed by
specialists and author publications are awarded
badges based on the results. ACM RCR badges
include: artefacts evaluated (as functional or reusa-
ble), artefacts available (deposited in a FORCE-11
compliant (Smith et al., 2016) archive such as the
Open Science Framework) and Results Validated
(either using the author provided artefacts or
a higher level using independent methods).
Initiatives such as RCR are limited to specific jour-
nals, but health researchers publish, and may share
DES models, in a wide variety of outlets. For example,
mathematical, medical and clinical, Health Economic,
health policy, and Operational Research journals, as
well as specialist conferences that publish full peer-
reviewed papers (such as the Winter Simulation
Conference). In these non RCR supported journals,
it is unlikely that model artefacts are peer reviewed.
Those authors that share models may instead be
guided by discipline norms, journal rules, open
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research guides such as the Turing Way (The Turing
Way Community, 2022), or one of several DES report-
ing guidelines (Eddy et al., 2012; Monks et al., 2019;
Zhang et al., 2020).

The DES reporting guidelines take different
approaches to publication of DES computer models.
The International Society for Pharmacoeconomics
and Outcomes Research and the Society for Medical
Decision Making (ISPOR-SDM; Eddy et al. (2012))
encourage authors to make non-confidential versions
of their computer models available to enhance trans-
parency, but state that open models should not be
a formal requirement of publication. The task-force
note a number of reasons why code might not be able
to be shared including intellectual property and cost.
The Strengthening the Reporting of Empirical
Simulation Studies (STRESS-DES; Monks et al.
(2019)) guidelines takes the position that model code
is an enhancement to transparency, not a requirement.
The STRESS checklist asks for detailed information on
the software environment and computing hardware
used to execute the model. Section 6 goes further and
requires a statement on how the computer model can be
accessed. This is intended to prompt authors to think
about enhanced transparency, and enhance publica-
tion in journals that do not ask for “code and data
availability statements”. The reporting checklist devel-
oped by Zhang et al. (2020) focuses only on logic and
validation reporting and does not prompt users for
information on model code.

One exception to the position of publication as
an enhancement versus requirement for transpar-
ency is perhaps models tackling Covid-19. At the
start of the coronavirus pandemic, the lack of
transparency and access to epidemiological model
code used to inform economic and public health
policy contributed to public confusion and polar-
isation. This has led to some calling for open pub-
lication of all model code related to any aspect of
COVID-19 (Sills et al., 2020).

2.2. State-of the art practices for sharing
computer model artefacts

The topic of sharing code, simulated experiments,
computer model artefacts, and the reproducibility of
published results is a live topic in other computational
fields such as neuroscience, life sciences, and ecology
(Cadwallader & Hrynaszkiewicz, 2022; Eglen et al.,
2017; Halchenko & Hanke, 2015; Heil et al., 2021;
Krafczyk et al., 2021). Outside of the academic litera-
ture there are recent community-driven guides, stan-
dards, and digital repositories. These include the
Turing Way developed by the Alan Turing Institute
(The Turing Way Community, 2022), the Open
Modelling Foundation standards (https://www.open
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modelingfoundation.org/), and the ability to deposit
models using the Network for Computational
Modeling in Social and Ecological Sciences (CoMSES
Net; https://www.comses.net/). The state-of-the-art
for sharing model artefacts is an emerging and evol-
ving field; although in biostatistics it has been talked
about as far back as 2011 (Peng, 2011). Although the
recent literature is disparate, when brought together,
the literature agrees on a number of practices that
benefit the ability of others to find, access, reuse, and
freely adapt shared model artefacts.

Contemporary sharing of computer model artefacts
is best done through a digital open science repository
that has FORCEI11 compliant citation (Smith et al.,
2016) and guarantees on persistence of digital artefacts
(Lin et al., 2020). Examples include Zenodo (https://
zenodo.org/); Figshare (https://figshare.com/); the
Open Science Framework (https://osf.io/); and
CoMSES Net. Deposited models are provided with
a permanent Digital Object Identifier (DOI) that can
be used to cite the artefact. Researchers should already
be familiar with DOISs as they are minted and allocated
to published journal articles. An example is 10.1016/].
envsoft.2020.104873 that identifies an article by
Janssen et al. (2020). The advantage of this approach
is that the exact code that is cited in the journal article
is preserved (authors are free to work on new versions
of the code). A related concept is that of the Open
Researcher and Contributor Identifier (ORCID;
Taylor et al. (2017). This is a unique identifier for an
individual researcher. A trusted archive will accom-
modate ORCIDs within the meta-data of a deposited
artefact: providing an unambiguous permanent link
back to the authors of the artefact. This offers an
improvement over email addresses listed with
a journal article that may become outdated shortly
after publication.

Published models should also be accompanied by
an open licence (Eglen et al.,, 2017; Halchenko &
Hanke, 2015; Heil et al., 2021). A licence details how
others may use or adapt the artefact(s), as well as re-
share any adaptations and credit authors. At
a minimum a licence specifies the terms of use for
a model, and waives the authors of any liability if the
artefact is reused. There are many types of standard
licence to choose from. For example, licensers of mod-
els might choose between a permissive-type licence
(e.g., the MIT; or BSD 2-Clause) or a copyleft type
licence (e.g., GNU General Public Licence v3). An
alternative that is often used with open data, and
open access publication, but also relevant for models
are Creative Commons licences such as the CC-BY 4.0
(Taylor et al., 2017).

Permissive and copyleft licences are also used by
DES packages developed using Free and Open Source
Software (FOSS). Note that FOSS here is more than
open source code. It grants the freedom for users to

reuse, adapt, and distribute copies however they choose.
Examples include R Simmer (GPL-2), SimPy (MIT),
and JaamSim (Apache 2.0). For an overview of FOSS
packages for DES see (Dagkakis & Heavey, 2016).

To maximise the chances that another user can
execute a computer artefact, a model’s dependencies
and the software environment must be specified (Heil
et al,, 2021; Krafczyk et al., 2021). This can be challen-
ging: many computational artefacts rely on other soft-
ware that may be operating system specific. Formal
methods exist to manage dependencies. Complexity
can range from package managers, such as “conda” or
“renv”, to containerisation (where a model, para-
meters, an operating system, and dependencies are
deployed via a container and software such as
Docker), to Open Science Gateways that allow remote
execution (Taylor et al.,, 2017). Such methods may be
best suited to computational artefacts written in code-
for example, a simulation package in Python, or
R. Models developed in commercial Visual
Interactive Modelling packages such as Arena or
Simul8 rely on software with strict proprietary licen-
cing stipulations (i.e., paid licences), but the software
and operating system versions can be reported within
the meta-data of the deposited artefact. Several com-
mercial simulation packages now provide cloud ver-
sions of their software where users may upload
a computer model and allow others to execute it with-
out installation. However, such tools do not adhere to
the guarantees provided by a trusted digital repository
such as Zenodo.

Execution of a computer model artefact should be
guided by a clear set of instructions: for example, the
inclusion of a README file that includes an overview
of what a model does, how to execute it, and how to
vary parameters (Cadwallader & Hrynaszkiewicz,
2022; Eglen et al., 2017). Documentation of models
developed using code only could be enhanced with
notebooks that combine code and explanation
(Ayllén et al., 2021; The Turing Way Community,
2022).

Finally, if coded models are to be trusted, reused, or
adapted, then some form of testing and verification
should be included with the shared model (The Turing
Way Community, 2022). Test driven development is
one option for the simulation community (Onggo &
Karatas, 2016).

2.3. Time, effort, and alternatives

The state-of-the-art methods and benefits outlined
above do come at the cost of time and effort.
Publishing a computer model artefact along with
a journal article may also prompt authors to clean up
code and models ready for sharing. There is some
evidence that the time authors are willing to spend
on this varies with experience, with more established
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authors being willing to spend more time than those
with  fewer  publications (Cadwallader &
Hrynaszkiewicz, 2022). Authors may choose to adopt
one or a combination of the practices recommended
by the literature. More complex methods require more
effort. For example, in a small trial, the journal Nature
Biotechnology reported that it took a median of 9 days
for authors to set up an online executable version of
their computational artefacts using the containerisa-
tion and compute services provided by Code Ocean
(Nature Biotechnology, 2019). In contrast, depositing
code or a model in a trusted digital archive such as
Zenodo requires only the time to upload the data and
effort to add metadata such as ORCIDs.

A simple alternative option to direct publication of
computer models is to use a Data Availability
Statement (DAS). A DAS provides a way for authors
to describe how others might access the computational
artefacts used within the research. For example, “the
materials used within this study are available from the
corresponding author on reasonable request”.
A substantial downside is that DAS statements offer-
ing to share are frequently not honoured, even in
journals mandating reproducibility standards
(Collberg & Proebsting, 2016; Gabelica et al., 2022;
Janssen et al., 2020; Stodden et al., 2018). In the largest
simulation review to date, the study researchers con-
tacted all authors of ABS papers that included a DAS
within their paper. They received a response from less
than 1% of authors to provide their code; the majority
of these indicated that their model is no longer avail-
able, or failed to provide a runnable version (Janssen
et al., 2020). Outside of simulation modelling other
disciplines have reported varying results when con-
tacting authors of papers with DAS statements, with
positive responses of 7% (Gabelica et al., 2022), 33%
(Collberg & Proebsting, 2016), and 44% (Stodden
et al., 2018).

3. Review aims

We aim to determine to what extent authors of con-
temporary DES health studies share computer models,
where models are shared, and how it is done.

3.1. Primary research questions

(1) What proportion of DES healthcare studies
share code?

(2) How is sharing affected by FOSS, Covid-19,
publication type, and year of publication?

(3) What proportion of studies make use of
a reporting guideline?

(4) What methods, tools, and resources did authors
use to share their computer models and code?
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(5) To what extent do the DES health community
follow best practice for open science when shar-
ing computer models?

(6) To what extent can the healthcare DES com-
munity improve its sharing of computer
models?

For our last two research questions we conducted a best
practice audit of the shared computer models only.

4. Methods

The reporting of our study conforms to the PRISMA
reporting guidelines (Page et al., 2021).

4.1. Search strategy

The databases Scopus, PubMed Central, ACM digital
library, and Web of Science (WoS) were searched to
retrieve articles on DES applications in healthcare
from 2019 to 2022. Scopus has previously demon-
strated wide coverage for systematic reviews of mod-
elling and simulation in multiple domains, including
healthcare. We searched PubMed using general terms
rather than MeSH (Medical Subject Headings) Terms,
which have been found to produce large numbers of
irrelevant results for operations research and opera-
tions management papers. The PubMed search
allowed inclusion of healthcare simulation applica-
tions published in healthcare journals. We included
WoS as others have shown that it can identify different
articles to Scopus (Martin-Martin et al., 2018). We
used the ALL keyword to search all fields and broaden
the search in WoS as much as possible to pick up any
papers we may have missed across SCOPUS and
PubMed. We included the ACM Digital Library to
ensure our search covered Transactions on
Modelling and Computer Simulation and ACM
healthcare journals.

The key search terms included: “health”, “health-
care”, or “patient”, and “discrete”, “event”, and “simula-
tion”, in the title, abstract, and/or keywords. Search
years were limited to 2019-2022, and Scopus terms
were limited to articles, excluding letters, notes, editor-
ials, conference reviews, short surveys, data papers, and
erratums.

We limited our search years to allow time for the
March 2018 publication of the STRESS guidelines to
take effect. STRESS includes the requirement to
include a code access statement (Section 6). This also
follows the publication of an Open Science checklist,
and the February 2019 release of The Turing Way,
a guide to reproducible research published by the
UK’s National Institute for Data Science. We also
considered the ACM RCR initiative, and the impact
this has had on available DES models. An exploratory
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search for papers badged as artefacts available within
any field containing “discrete event simulation”
between January 1 2016 and December 31 2018
returned seven papers, none of which related to
healthcare DES.

We also conducted backwards and forwards cita-
tion chasing to enhance our search. Backwards cita-
tion chasing was conducted in context during data
extraction. Where studies cited models in prior work
we followed that up and reviewed the paper. Forward
citation chasing was conducted using spidercite
(https://sr-accelerator.com) on all papers that cited
a published model.

We include all search strings used within our online
supplementary material (Monks & Harper, 2023a)

4.2. Study selection

4.2.1. Identifying duplicate records

We combined all database searches and then removed
all duplicate records. Duplicates were matched using
a two-step process. First, we used our own software
“pydedup” (https://github.com/TomMonks/pydedup)
to automate the majority of the process to remove
duplicates. All publication titles were stripped of
punctuation and whitespace with only unique titles
being returned. Second, we imported the remaining
records into the reference software Zotero for manual
matching of the remaining duplicates. This enabled us
to identify the remaining small number of close
matches, e.g., records from one database that con-
tained  mathematical  symbols  that  had
a representation in words from another database. We
manually merged the duplicates in this second stage.

4.2.2. Abstract, title, and keyword screening

The titles, abstracts, and keywords of all unique
records were then screened by one member of the
team using the reference management software
Zotero. We tagged each record as a “Yes” or “No”.
Excluded records were re-reviewed in a second pass to
mitigate the risk of missing key papers.

Articles were included in the second stage of review
and data extraction if the title, abstract, or keywords
indicated that a healthcare patient-based DES model
was used in an applied setting, cost-effectiveness
study, or methodology study. We included hybrid
DES models, for example, those studies that hybri-
dised agent-based simulation and DES. Where there
was any uncertainty, for example, in the simulation
method used, we included the paper for full text
reviewed in the second stage.

4.3. Data extraction

Where possible we always viewed papers at the pub-
lishers’ site so we could identify, download, and access

any supplementary material or information that may
not be directly included in the article PDF. If an article
built on and cited previously published work/models,
we followed up the paper in an attempt to complete
data extraction. Any uncertainty was managed by dual
review, and an additional proportion of papers were
reviewed by both authors (23%). A previous review
(Janssen et al., 2020) handled “model code is available
upon request” by emailing authors directly. Given the
low response rate found in their study (<1%) we chose
not to follow up in this study.
We extracted the following data from each article:

e Type of article: journal, conference (e.g., Winter
Simulation Conference), or book.

¢ Name of reporting guidelines used (if present).

¢ Name of simulation software, if reported.

o If the software was commercially or FOSS
licenced.

e Methods of sharing (see below).

¢ Standard health or COVID-19 study.

For the method of sharing the computer model, we
adopted the sharing classification developed by
Janssen et al. (2020):

e Archive (Zenodo, Figshare,
Framework (OSF), Dataverse,
CoMSES, university archives, etc.);

e Repository (Github/Lab/Bitbucket, Sourceforge,
Google code, etc.);

e Journal supplementary material, personal and orga-
nisational (own website, Dropbox, ResearchGate,
Google Drive, Amazon CloudFront, etc.);

e Platform (e.g., vendor website — e.g., Simul8
Cloud, Anylogic Cloud, etc. This might also
include free infrastructure to support FOSS, e.g.,
StreamlLit.io, RShiny.io, Binder, or hybrid free/
paid infrastructure like Code Ocean).

Open Science
Datadryd,

4.4. Best practice audit

We split our assessment of the best practice of how
models were shared into two groups: models devel-
oped using a coding language or framework (e.g.,
MatLab, R, or Python based) and models developed
in commercial off the shelf Visual Interactive
Modelling software (VIM; e.g., Arena, Anylogic, or
Simio).

We know of no general best practice auditing tools
for sharing of simulation code and models. However,
general guidance for open science and reproducible
research is available from the Turing Way (The Turing
Way Community, 2022) developed by The Alan
Turing Institute: the UK’s official institute for data
science and AI. The Turing Way is a data science
community project and at the time of writing (2023)
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has 290 contributors and reviewers. We reviewed the
Turing Way checklists for Open Research, Licensing,
Reproducible Environments, and Code Testing and
selected relevant quality criteria. We enhanced this
list by validating it against two further sources of
guidance related to open science. First, we adapted
the high-level open scholarship recommendations for
modelling and simulation (Taylor et al., 2017).
Second, the Open Modelling Foundation’s (OMF)
minimal and ideal reusability standards ." The OMF
defines reusability as “implicitly includ[ing] usability
and focuses on the ability of humans and machines to
execute, inspect, and understand the software so that it
can be modified, built upon, or incorporated into
other software”. These latter sources added two
further items not specifically listed in the Turing
Ways checklists.

We excluded some Turing checklists from our
review as they were not relevant to the quality of
model sharing. For example, the Research Data
Management checklist is focused on raw data that in
a typical DES study would have been used to derive
model parameters. Our focus is on the sharing of the
model itself and not underlying raw data. Another
example is the Turing’s recommendations to publish
open notebooks containing all details of experiments.
This was on the basis that the modelling and simula-
tion community might adopt a large number of
approaches and tools to manage their models and
artefacts. Instead, we included a broader item check-
ing for instructions to execute experiments in any

Table 1. Best practice audit: metrics and sources.
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format. We also excluded most of the OMF’s ideal
reusability standards including the use of container-
isation tools (such as Docker or Podman) in order to
keep our best practice criteria simple for the Modelling
and Simulation (M&S) community.

We emphasise that our aim is to audit the practice
of the sharing of DES computer model artefacts, not to
test if model artefacts reproduce the results reported
within a paper. As such we are not conducting a full
ACM RCR style peer review. We note that metrics
within our audit overlap with those others have listed
as requirements for reproducibility of computational
studies (Heil et al., 2021; Krafczyk et al., 2021;
Venkatesh et al., 2022). We also note an overlap with
the ACM RCR artefact available badge (in terms of
archiving in a digital open science respository) and
part of the requirements for an artefact evaluated as
functional badge (in terms of documentation). We list
these in Table 1, to illustrate which data were extracted
for the coding and VIM groups and detail the prove-
nance of the items.

We extracted the type of licence included with
each shared model. For example, GPL-3 or MIT.
When no licence was included, we recorded this as
“None”. When a model was published as journal
supplementary material, we assigned the same
licence as applied to the paper if it was not explicitly
stated. For example, if a paper was published under
a CC-BY 4.0 licence and there was no explicit licence
attached to supplementary material we assumed the
same licence for the model.

Item Description Code?  VIM® Source(s)
Digital Object Identifier Does the model have a DOI and promise of y y Section 6. item 3. Taylor et al. (2017) Turing Way:
persistence? Can it be cited? Open Research Checklist item 4 OMF Minimal
Reusability Standards item 1
Open Researcher and Is the model linked to one or more of the authors y y Section 6. item 5. Taylor et al. (2017); OMF
Contributor ID via an ORCID? Minimal Reusability Standards item 4
Licence Does the repository have a recognised open y y Section 6. item 4. Taylor et al. (2017); Turing Way:
license to control the use of code, liabilty and Licensing Checklist items 1 and 2 OMF Minimal
credit? Reusability Standards item 2
Readme file Is there an obvious file that provides an overview 'y y Turing Way: Open Research Checklist item 8
of the repository/model and its purpose?
Steps to run code Does the readme file or similar describe the steps vy y OMF Minimal Reusability Standards Item 6
required to execute the simulation model?
Formal dependency Has a formal tool, e.g., renv, conda, or poetry y n Turing Way: Reproducible Environment Checklist
management been used to manage software dependencies items 1-3 OMF Minimal Reusability Standards
for the simulation model? Item 5
Informal dependency Has an informal list or description of software, or vy y Turing Way: Reproducible Environment Checklist
management 0S dependencies been provided? items 1-3 OMF Minimal Reusability Standards
Item 5
Code Testing Is there any evidence of tests that have been y n Turing Way: Code Testing Checklist item 1
applied to the code to check that it functions
correctly?
Local execution Can the simulation model and associated files be 'y y Turing Way: Open Research Checklist item 5
downloaded and in theory executed on a local
machine
Remote execution Can the simulation model be executed online y y Section 6. item 7. Taylor et al. (2017)

using free or commercial infrastructure?
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4.5. Analysis environment

All analysis code was written in Python 3.9.15. Data
cleaning and manipulation were done using pandas
(McKinney, 2010) and NumPy (van der Walt et al,
2011). All charts were produced with MatPlotLib
(Hunter, 2007). Identification of duplicate references
was conducted using “pydedup” (available https://
github.com/TomMonks/pydedup). Notebooks were pro-
duced using Jupyter Lab v3.5.2 (Kluyver et al., 2016). The
analyses were run on Intel i9-9900K CPU with 64GB
RAM running the Pop!_OS 20.04 Linux. The references
were managed via Zotero 6.0.15 (Zotero, 2011).

We generated the PRISMA 2020 compliant flow
diagram of our scoping review using an online
R Shiny app (Haddaway et al., 2022)

4.6. Availability of code and data

We have archived the Python code, the main, and the
best practice datasets generated in this study (Monks &
Harper, 2023b). We provide an online supplementary
appendix in the form of a Jupyter Book https://tom
monks.github.io/des_sharing lit review. Live code and
data can also be accessed via GitHub https://github.com/
TomMonks/des_sharing lit_review. Instructions are
included to allow online execution of the code to repro-
duce the results in this paper using Binder.

We have also created a Zotero online database that
contains the studies that shared computer simulation
models https://www.zotero.org/groups/4877863/des_
papers_with_code/library

5. Results

We were able to access 564 potentially eligible papers
where a DES study was used in a health context. During

Identification of new studies via databases and registers

Records removed before screening:
Duplicate records (n = 750)

| Records identified from: H

Identification

Records excluded
(n =403)

Records screened
(n=1,058)

Reports not retrieved

Reports sought for retrieval
(n =655) (n =49)

Screening

Not English (n =5)
Not DES (n = 41)

Reports excluded:
Reports assessed for eligibility
(n =606)
NotHealth (n =1)

New studies included in review

data extraction, we excluded further 47 studies (see
Figure 1); the vast majority of these studies were
excluded as the full text revealed that DES was not used.

5.1. Study characteristics

Out of the 564 included studies, 431 were journal
articles; 109 were full conference papers; and 24 were
book chapters. A total of 69 studies investigated
COVID-19 using DES. The majority of the studies
used commercial off-the-shelf simulation software
(n = 340); the top three being ARENA (n=124),
Anylogic (n=78), and Simul8 (n=51). A total of 60
studies were classified as “unknown” as they did not
report the software used. This left a minority of studies
(n=101) using FOSS tools. The most popular FOSS
languages were R (n = 50) and Python (n = 33).

5.2. What proportion of studies shared model
code?

In total, 47 (8.3%) of the included 564 studies cited an
openly available DES computer model that was used to
generate their results. Of these 47, the majority (n =
29) of models were developed using FOSS tools. The
proportion of computer models published varied by
the type of publication. A total of 42 (9.7%) journal
articles cited a published DES model; full conference
papers and book chapters cited a model in ~4% of
cases. Table 2 summarises overall findings and is bro-
ken down by journal, conference, and book publica-
tion of models.

The proportion of the literature that cited an
openly available DES computer model increased
from 4.0% in 2019 to 9.0% in 2022; the years
2020-2022 were similar in proportion. Figure 2

Identification of new studies via other methods

Records identified from:
Spidercite (n = 430)

A

Reports sought for retrieval Reports not retrieved
(n=10) (n=0)

Y
Reports assessed for eligibility
(n=10)

Reports excluded:
— Not DES (n = 2)
Preprint(n =3)

(n =564)

Included

Figure 1. PRISMA flow diagram.
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Table 2. Sharing of models by article type.
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All Journal Conference Book
Metric n Shared (%) n Shared (%) n Shared (%) n Shared (%)
Total 564 47 (8.3) 431 42 (9.7) 109 4(3.7) 24 1(4.2)
COVID-19 69 17 (24.6) 54 13 (24.1) 14 4 (28.6) 1 0 (0.0
FOSS 101 29 (28.7) 79 25 (31.6) 16 3(18.8) 6 1(16.7)
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Figure 2. Sharing of models by year of publication.

illustrates the number of shared healthcare DES
models by year split into Non-Covid and Covid
as well as the proportion of the included studies.
The number of DES models published per year was
similar (mean = 141.0); with 2021 reporting a small
increase in numbers relative to the other three
(158), and also the largest number of COVID-19
models (n=35; the mean number between 2020
and 2022 is 23.0).

Studies were more likely to share computer models
if they had been developed using FOSS tools (29 of 101
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studies; 28.7%), or if they were tackling COVID-19 (17
of 69 studies; 24.6%).

5.3. What proportion of the studies used
a reporting guideline?

In general, the use of reporting guidelines in DES
healthcare studies was rare. A total of 72 (12.8%)
studies used models published in articles that men-
tioned a known simulation reporting guideline or

Table 3. Janssen et al. classification of model archiving.

Category

Method CODE?

vIme

Archive

Repository

Journal

Personal or Organisational

Platform

—_

Institutional*

Zenodo*

Mendeley

Research Square
GitHub* 1
GitLab*

Word doc

File

PDF

r script

Organisational website*
Google Drive

CRAN

BinderHub*

Google Colab

R Shiney*

AnyLogic Cloud

O = 2 ma NOPRAR A W= 0O O —

N OOOONOOOPLPODO === =0

*All archiving methods that have been used in combination with others are flagged with an asterisk.
9DES models developed in code e.g., R or SimPy; °DES models developed using a Visual Interactive

Modelling package e.g., Simul8 or Arena.
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Table 4. Best practice audit results.

Practice CODE (%) VIM (%)
Model has DOI 4(12.9) 3(18.8)
ORCID 3(9.7) 3(18.8)
Licensed 15 (48.4) 6 (37.5)
Readme 21 (67.7) 7 (43.8)
Steps to run 13 (41.9) 3(18.8)
Formal Dep Mgt 7 (22.6) n/a

Informal Dep Mgt 7 (22.6) 8 (50.0)
Evidence of testing 3(9.7) n/a

Model downloadable 31 (100.0) 11 (68.8)
Model interactive online 4(12.9) 6 (37.5)

general checklist. The most frequently mentioned
were one of the ISPOR guidelines (n = 37; 6.6%); fol-
lowed by the STRESS guidelines (n = 22; 3.9%).

5.4. What methods, tools, and resources did
authors use to share their models and code?

Table 3 summarises the method of model archiving
split into models written in a programming language
(either FOSS or commercial) versus models written in
a VIM package. A total of 31 (66.0%) models were
shared as code; while 16 (34.0%) models developed
using a VIM were shared.

Model files generated using a VIM were primar-
ily shared as journal supplementary material (n =4;
typically just the model file), or via AnyLogic
Cloud (n=6; we found no evidence of any other
simulation vendor cloud platform in the included
studies). Code models were often shared via
GitHub (n=19), but also as journal supplementary
material (n=6) and organisational website (n =4).
A total of five models were deposited in a digital
open science archive. A small number of authors
used multiple methods to archive and share their
models. For example, an institutional archive and
GitLab (Anagnostou et al., 2022).

5.5. To what extent do the DES health community
follow best practice for open science when sharing
models?

Table 4 summarises the results of the best practice
audit; totals are split by code and VIM-based mod-
els. In general, computer models and artefacts were
published without a DOI (n=7); rarely included
ORCIDs for authors (n=6); rarely included an
open licence (n = 21); were mostly supported by
a README file (n =28); rarely included documen-
tation detailing how to run the model (n=15);
provided no form of formal or informal depen-
dency management (n=21); did not include any
evidence of model testing (n =3); were almost all
downloadable (n=38); and rarely executable via
a cloud-based platform (n = 10).

6. Discussion
6.1. Summary of main results

We found that a minority (n=47; 8.3%) of the 564
papers reviewed shared a simulation model either as
a code or a visual interactive simulation file. The
trend is that sharing has increased during the study
period: increasing from 4% in 2019 to 8%-10%
between 2020 and 2022. Studies published in journal
articles were also more likely to share their computer
model (9.7%) compared to full conference papers
(4%). This might reflect that conference papers
were work in progress and authors were not ready
to share their work. However, we note that one
model shared via a Winter Simulation Conference
paper rated very high in our best practice audit
(Anagnostou et al., 2022). Regardless of the way
the split is calculated, sharing of health DES models
does not match the findings from Agent-Based
Simulation where 18% of studies shared models in
2018 (Janssen et al.,, 2020). It appears that 4 years
later DES models in health are shared far less often
than ABS models in general.

Of the 47 models shared the majority were imple-
mented using a FOSS simulation tool such as
R Simmer. This is perhaps not surprising given the
freedom FOSS licences grant authors and other
researchers or healthcare services that may opt to
reuse the work. We also found that only a minority
(~25%) of models aiming to support health services to
care for patients during the COVID-19 pandemic were
shared. It would appear that healthcare DES fell short
of the sharing standard other fields had called for
during the pandemic (Sills et al., 2020). One positive
is that COVID-19 models were shared more often
than computer models in general healthcare settings.

Over 65% (31 out of 47) of the DES models shared
via a publication were developed using a code-based
simulation package. Sharing was most often done by
GitHub. Others have stated that open science archives
are the gold standard for research artefact preservation
(Heil et al., 2021; Janssen et al., 2020; Krafczyk et al.,
2021). An open science archive can mint a DOI and
provide long-term storage guarantees. Disadvantage of
GitHub (and other cloud-based version control tools) is
that there are no guarantees on how long code will
remain stored, and it is unclear which version of the
code was used in a publication. We only found two
instances of code being managed on both GitHub/Lab
and deposited in an open science archive. Models built
using commercial VIM software were shared less often
(16 out 47 models). The majority of these were attached
to journal supplementary material or via AnyLogic
Cloud. The latter of these approaches will likely lead
to broken links in the future due to changes in com-
mercially provided infrastructure and licencing.



Although FOSS simulation packages made up the
majority of the shared/archived models, we identified
that it is still commercial off-the-shelf simulation
packages that dominate the academic literature over-
all. We confirmed a prior result (Vazquez-Serrano
et al,, 2021) that Arena was the most used package in
healthcare DES, with AnyLogic and Simul8 also being
in regular use. Definitively explaining why model
sharing is most associated with FOSS packages is not
possible at this time. We can confirm that this is not
related to the effort needed to perform basic archiving.
If we take a digital open science repository such as
Zenodo, we note that there is no additional work to
archive a model file built in a commercial package to
one coded in Python. Our speculations are that this is
(i) related to the general philosophy of freedom built
into FOSS tools. That is, FOSS tools attract certain
types of users and these users are more likely to
share their model artefacts. (ii) FOSS tools are more
likely to be code based (although not exclusively) and
that lends itself to managing code via repositories such
as GitHub.

Keeping to the topic of simulation software, we
found that 11% of studies failed to report what simula-
tion software was used at all. This result was also
observed by Vazquez-Serrano et al. (2021) and by
Brailsford et al. (2019) in their exhaustive review of
hybrid simulation models. Our result is somewhat
more striking than these previous reviews as we
focused our review post publication of the
Strengthening the Reporting of Empirical Simulation
Studies checklist that recommends authors report
software used. An explanation is that our review
found that the uptake of reporting guidelines within
healthcare DES was low. Cost-effectiveness studies
modelling individual patient trajectories using DES
were the most likely to include some mention or cite
using reporting guidelines, typically one of the ISPOR
publications.

6.2. Summary of best practice audit results

The best practice audit revealed that the tools and
methods of sharing DES models could be greatly -
and in many cases, easily - improved within health
and medicine.

6.2.1. Open scholarship

We found that very few models were deposited in an
open science repository such as Zenodo, OSF, or even
an academic institution. This meant that these model
artefacts had no guarantees of long-term storage and
could not be easily cited. In the case of FOSS or code-
based models, authors primarily opted for linking to
code version control repository such as GitHub or
GitLab. While this allowed authors to share their
code, it is possible that these peer-reviewed links will
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be invalid in future years. We also found instances
where model binary files used within commercial
simulation software such as Anylogic were inappro-
priately committed to GitHub instead of an open
science repository.

Similarly, the review found limited use of ORCIDs
in repositories, archives, or platforms that shared DES
models. This meant there was no robust way for the
models artefacts to be linked to a researcher and their
portfolios.

The majority of DES models were shared without
an open licence. If we split the models into code-based
and VIM-based simulation software, we found that
VIM models were the least likely to include a clear
open licence. The VIM models that did have an open
licence were typically journal supplementary material
and by default adopted the licence applied to the
journal article as a whole. Without a licence authors
retain exclusive copyright to their research artefacts.
This means that other researchers and potential users
can view the code/model but not reuse it or adapt it.

6.2.2. Tools to facilitate reuse of models

In general, we found that only a minority of DES models
are stored with any form of clear instruction to run the
model. This was less likely for VIM models (20%) than
code-based models (40%). As we did not have licenced
copies of all the commercial software used, it is possible
that instructions were contained within the models
themselves. If this is indeed the case, the authors did
not describe this within papers or repositories.

Dependency management was in general of a poor
quality or not used at all. Only 23% of code-based
simulation models had any formal dependency man-
agement, while VIM-based models fared slightly better
informally by stating the version of the software used.
This latter result is perhaps due to the simplicity of
stating which version of the commercial “of the shelf”
DES software you are using versus a complex software
environment for code-based DES model. However, we
note that in many cases authors did not even state the
version of R or Python they were using.

Surprisingly, we found that several of the VIM-based
DES models shared were not downloadable - even when
an author stated it could be downloaded. These were all
hosted on cloud-based services where the model was
interactive and executable to some extent. We found
that some models shared through the same platforms
were downloadable, so a plausible explanation is that this
was just a setting that was missed by study authors.

Although testing and model verification is standard
practice and covered by many simulation text books,
we found very little evidence of model testing both of
models written in a coding language and commercial
software. Given the other findings, it is not surprising
that there was limited evidence of testing among the
shared models, although this does not mean that
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testing activities did not take place. An explanation
could be that model testing had been completed infor-
mally and incrementally as models were coded.

6.3. Additional observations on sharing

We have four additional areas of learning from our
review that are beneficial to report.

6.3.1. Poor quality logic diagrams

We found peer reviewed articles that contained poor
quality and low-resolution images of model logic. For
example, we found several studies where the ARENA
simulation software was used and model documenta-
tion was based on screenshots of the software as
opposed to carefully designed diagrams. These images
were often of no use to reporting and sharing: resolu-
tion was too low and text was unreadable.

6.3.2. Data availability statements

Where journals mandated, study authors provided
a data availability statement within their publication.
A generic example of this is “The data used within this
study” or “the model inputs” are “available upon rea-
sonable request”. Such statements ignored the avail-
ability of the model itself. It is unclear if such an
omission is intentional, not considered relevant, or
not considered at all due to standard practice in the
authors’ home discipline. What is clear is that journal
editors and reviewers do not consider models as “data”
and as such are not enforcing details on access.

6.3.3. Open science journals and reporting
guidelines

Due to journal policy, we expected articles published
in open science championing journals such as PLOS1
and BioMedCentral to enforce links to model arte-
facts. However, this was not always the case. In some
cases, we found no model, or an online appendix with
a table of input data. We also found that these journals
did not enforce reporting guidelines. It may be that
authors, reviewers, and editors do not consider these
requirements to extend to computational artefacts
such as DES models.

6.3.4. Time spent to set up sharing

The majority of DES model sharing we found did not
score well in our best practice audit. One explanation
is that sharing of the model was only considered at the
end of the simulation study or model write-up with
minimal time dedicated to the mechanism and quality
of sharing. Evidence to support this statement can be
taken from the GitHub repositories with a single or
small number of commits (updates to code) - a sign
that model code was only uploaded at the end of
a project. Often without any documentation, licence,

instructions to run, information on software depen-
dencies, or link to a paper describing the work.

6.4. Implications

6.4.1. Reviewers

Outside of journals that offer formal RCR style review
initiatives, reviewers can still improve the quality of
DES model sharing within health and medicine by
encouraging authors to follow best practice.
Naturally the reviewers of clinical studies, methodol-
ogy, and health service problems using DES models
will have different technical background and knowl-
edge. We also acknowledge that this is an optional
activity for reviewers. We therefore propose two levels
of light touch review that a study referee may consider
when authors of healthcare DES studies cite a shared
version of the computer model.

6.4.1.1. Open scholarship review. Non-technical
reviewers should focus on the open scholarship of the
DES model. Others have recommended that code
should enhance study reporting and not be
a requirement (Eddy et al., 2012; Monks et al., 2019).
We agree with this position and, if already not included,
an open scholarship review could begin by asking
authors to include and cite a reporting checklist such
as STRESS-DES (Monks et al., 2019) to improve the
documentation and explanation of models and data.

Our results show that reviewers can improve on this
existing base level of open scholarship by encouraging
authors to deposit their computer model in an open
science archive (for example, their home institution or
external archive such as Zenodo or OSF). Reviewers
should favour this option over and above journal sup-
plementary material, which is unreliable. We found one
instance where authors claimed a model is available as
supplementary material, but the journal did not provide
a link. Open science repositories mint a DOI, for cita-
tion and findability, and provide guarantees on persis-
tence long term. Reviewers can boost the findability of
the models by asking authors to include their ORCID
details as metadata wherever the model is deposited.

Where necessary, reviewers should also ask authors
to provide an open licence with their model. In our
study we found that authors provided a mix of open
licences. Appropriate choices used by studies included
in our review include the MIT licence, GPL-3, and
BSD-3. The appropriate licence will depend on the
project and what software has been used. Reviewers
could signpost authors to journal guidelines (if applic-
able) or licence guides such as https://choosealicense.
com/to support decisions.

Lastly, reviewers should ask authors to provide
basic steps to use and run their DES models. This
does not need to include a detailed peer review, but
instructions should be visible for open scholarship.


https://choosealicense.com/to
https://choosealicense.com/to

The vast majority of DES health models we found
were published outside of ACM journals, and, at the
time of writing, authors did not have an opportunity
to apply for an RCR review, or receive a badge.
Although no badge will be issued, a reviewer making
our simple open scholarship recommendations can
support DES healthcare authors to meet the require-
ments of the ACM RCR artefact available badge and
begin to work towards meeting the requirements of an
RCR artefact evaluated functional badge.

6.4.1.2. Longevity review. Given our best practice
study findings, more technical reviewers should still
prioritise our recommendations for open scholarship.
Long term maintainability and reuse of code-based mod-
els can be maximised through the use of formal depen-
dency management tools. The exact nature of these tools
depends on the language used. R and Python were com-
mon tools used for DES in our study. Tools that resolve
and install dependencies such as renv and conda can be
used here, respectively. For DES models developed in
commercial software, reporting guidelines that include
items for software should be followed. For example, The
Strengthening the Reporting of Empirical Simulation
Studies for DES (STRESS-DES) includes a section on
software environment.

A longevity review does not guarantee the ability to
replicate the results in a paper, but we argue that it
improves the chance of artefacts being functional for
others to execute with minimal reviewer effort. For
example, instead of directly testing model dependen-
cies, reviewers could ask authors to “confirm the
method that has been used to manage software depen-
dencies in your study”.

6.4.2. Researchers

Researchers who wish to share their model artefacts
will want to minimise time and effort. To mitigate
end-of-study time constraints (e.g., due to funding or
need to publish results) and increase sharing quality,
health researchers should consider open working
practices from day 1 of their study (Harper, &
Monks, 2023) For researchers using FOSS tools to
build models, this could be used to set up a GitHub
repository (or other cloud version control) workflow.
Many guides exist and are free to access, for example,
from Software Carpentry (https://swcarpentry.github.
io/git-novice/). Repositories can be initially setup as
private if needed. Raw study data and patient records
should not be stored online. However, aggregate simu-
lation model parameters (either real or synthetic),
such as those for statistical distributions, could be
included. Authors may wish to consult our best prac-
tice audit criteria to support their sharing, for exam-
ple, to include an open licence and deposit in an open
science repository in order to mint a DOI.
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We also note that many DES studies are conducted
using propriety software, e.g., Arena, with a minority
using FOSS packages such as SimPy. While training and
time is a consideration in all studies, we encourage
researchers who wish to share their models to consider
a FOSS simulation tool to enable health services such as
the NHS to easily take up and use their work without
financial or nuanced licencing blocks. If the upward trend
of model sharing continues, there will be more example
models for researchers to learn from to build their own.

6.4.3. Funders

The results of our study complement the findings of
the UK’s Goldacre review into using health data to
support research and analysis (Goldacre & Morely,
2022), i.e., funders should incentivise researchers to
share their DES models. We echo Goldacre’s call for
“UKRI and/or NIHR to launch an open funding call
specifically for open code projects in health data
science” (Goldacre & Morely, 2022). These specific
funders are UK based, but could equally apply inter-
nationally. One addition to Goldacre’s recommenda-
tions, in the context of our DES findings, is that
funders could encourage or require researchers to
make use of well-maintained FOSS simulation tools
that facilitate open working and reuse. This latter
requirement could assist in raising the proportion of
COVID-19 DES studies where computer models are
shared. Lastly, given that time, effort, quality, and
knowledge are all issues in sharing DES model arte-
facts, funders should support work that has the poten-
tial for new innovation. This might be to improve
quality by standardising computational notebooks
such as that proposed by TRACE (Ayllon et al., 2021).

6.5. Strengths and limitations

To our knowledge, our study is the first to evaluate the
quality of sharing in healthcare DES. A strength of our
work is that our best practice audit is simple, effective,
and quick to apply to new studies. Given its simplicity
and the large amount of guidance on open science and
coding available for free online, it is important to
recognise that it does show clear deficiencies in the
last 4 years of the literature. For example, in open
licencing, model testing (an expectation spelled out
in any simulation textbook), and long-term storage
and access.

Another strength is that we have followed open
working practices in this study. All code and data
are available, openly licenced, and deposited in
Zenodo. We have also taken the additional step of
providing an online companion book where code
can be run to reproduce the results of the study.
This is also deposited in Zenodo to ensure long-
term availability.


https://swcarpentry.github.io/git-novice/
https://swcarpentry.github.io/git-novice/
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Our study cannot make any definitive statements
about the reproducibility of the studies that shared
their code versus those that used a reporting guideline
versus those that did neither. Our aim instead was to
focus on the practice of sharing and the current defi-
ciencies as defined by gold standard guides such as the
Turing Way and Open Modelling Initiative.

Our findings are based on information we found in
the publication. We recognise that the model code
may have been published online but not mentioned
in the article. We feel our approach is the most appro-
priate as articles are the primary means by which
researchers find research studies and their artefacts.

In order to scope computer model and code shar-
ing practices in the DES healthcare literature, we
attempted to conduct a broad and inclusive search
of well-known databases. While we cannot be certain
that we have found all shared computer models, we
can attempt to compare our included studies to those
included in previous healthcare DES reviews.
A direct comparison of the number of studies
included with other healthcare DES reviews is diffi-
cult due to differing aims, search terms, inclusion
criteria, and reporting. We can say that our review
included more than double the number of health DES
articles of a 2021 review covering 1994 to 2021 (n =
231; Vazquez-Serrano et al., 2021). For the years that
overlapped (2019-2021) we cross-checked our
included studies with those included in the 2021
study (Vazquez-Serrano et al., 2021) and found no
additional DES articles. Our results also compare
favourably to an earlier 2018 article covering health-
care DES between 1997 and 2016 (n=211; Zhang,
2018). This study used very similar search terms to
our own but only included WoS and PubMed in their
databases, was unable to cross-check with other
reviews, and did not conduct backwards and for-
wards citation chasing.

6.6. Conclusions

Although still in the minority, there is evidence that
healthcare DES authors are increasingly sharing their
model artefacts. This presents opportunities for
others, including early career researchers, and health
service practitioners to reuse, learn from, and repro-
duce results from DES papers. The current trend of
sharing DES models is far from perfect. There are
many (simple) best practices the community can
adopt, such as the use of trusted archives, and docu-
mentation, to improve its sharing. Reviewers,
researchers, and funders all have a role to incentivise
and support authors to do so. A potential barrier to
sharing remains time; if sharing of models is going to
happen, then planning for this from the start of
a project potentially spreads the effort across the
study duration. It seems essential that new methods

for preparing and sharing high-quality simulations are
developed. Finally, although commercial software
dominates the DES literature, free and open source
software plays a crucial role in sharing and could be
considered by authors looking to share models.

Note

1. https://www.openmodelingfoundation.org/stan
dards/reusability/
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