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Abstract

This protocol describes the development of the Sustainable Scientific Machine-learning Reporting Toolkit
(SSMART). This will be a checklist-based reporting guideline for scientific machine learning (SML) based studies
in the physical sciences. The development process will consist of five phases. In phase one, a systematic review
will be executed to appraise the current state of reporting methods and energy use in SML-based studies. In
phase two, an online Delphi exercise will be used to identify the items to be considered for the checklist. In phase
three, during a consensus meeting, the items to be included in the SSMART checklist will be finalized. Phase four
will involve developing and writing up the main paper where SSMART will be reported, and an explanation and
elaboration paper providing more detailed information. During the final phase, a comprehensive dissemination
plan will be implemented to promote the adoption of SSMART by a diverse range of users. We anticipate that
SSMART will help to establish the incorporation of energy use considerations and transparent reporting for SML-
based studies and promote sustainability. Moreover, SSMART will help researchers report key aspects of their
work so that readers can interpret their findings, understand limitations, and appraise research quality.
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Guidelines

Scientific machine learning (SML) is a branch of Al for science. SML draws from computer science, computational

science, physics and engineering13'14. This emerging research area of ML has the unique benefit that by using

elements of physics-based modelling (mechanistic modelling), which are grounded on physical laws, it can
15,16

restrain the boundaries of the analysis and outputs
The rapid development of SML methods and the use of ever more complex tools creates a tangible problem of
model interpretation, transparency, reproducibility and validation®. The complexity of SML includes aspects of
both system complexity and computational complexity3. Many existing publications fail to report key information
(e.g. datasets used for training, code, scripts) hindering usability and accessibility17. These problems are

ubiquitous in all fields of Al and ML. Efforts have been made to resolve these issues by developing reporting
guidelines (RGs), either focusing on discipline specific scientific literature, such as studies using Al in medical

imaging (CLAIM18), or clinical trials evaluating interventions with an Al component (CONSORT-AI19), while others
are more broad, attempting to encompass all ML-based studies in science?9. The development and usefulness of
RGs have a long and successful history, with many being endorsed by scientific journals (as a prerequisite for
submission), research funders, industry and government”'m. To our knowledge a domain specific RG for SML-
based research does not exist.

Moreover, as far as we know, energy consumption, energy usage optimization and sustainability are not part of
any existing RGs in this field. Awareness around potential energy related issues as well as the wider environmental
and societal impacts is risin922'23. Methods for estimating and measuring ML energy consumption are being
developed24'25 while estimation of the carbon footprint of computational science is gaining traction2. Being
transparent around energy use is key, especially in this field where the extended use of cloud computing might
foster hidden environmental impacts, for example where on site and off site processors are used.

A further aspect that is often neglected by scientific papers is quality assurance of products and services, which
is the cornerstone of quality management. RGs are closely related to quality assurance which is interlinked to the

use of such systems in industry27. There are available quality standards for software systems (e.g. ISO/IEC
25002:202428, |SO/IEC 25010:202329, ISO/IEC 25019:202330). Nevertheless, SML, compared to traditional
software engineering, is more complex31. Further aspects such as reusability and trustworthiness must be

addressed. A recent report produced by scientists working in industry proposed that quality assurance of Al/ML
systems or models should look at five different aspects: data integrity, model robustness, system quality, process

agility, and customer expectation27. Adhering to RGs constitutes and evidences quality assurance.

Troubleshooting
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Before start

A distinction between the concepts of artificial intelligence (Al), machine learning (ML) and scientific-ML (SML),
must be made early on, to avoid ambiguity of terms and methods, while recognizing that definitions have evolved
over recent years1. The Royal Society has provided two laconic definitions: Al is "is an umbrella term for the

science of making machines smart.", while ML is "a set of rules that allows systems to learn directly from

"2

examples, data and experience."“. ML is a subset or more precisely one of the available pathways to Al.

SML is a separate field of ML which draws from both scientific computing and machine learning to develop new
methods and is based on scientific data sets3. Itis a cross-cutting research area combining physics-based
models, ML and/or Al predominantly in the physical sciences3. SML draws from computer science, computational
science, physics and engineering.
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I Aim of Reporting Guideline

1

Here we propose the development of the Sustainable Scientific Machine-learning
Reporting Toolkit (SSMART); a reporting guideline (RG) to aid authors to thoroughly
describe all elements of a scientific machine learning (SML)-based study. The RG will
comprise a set of items concerning reporting and quality recommendations presented
in the form of a checklist. The items in the checklist will include areas that are
identified as potential sources for introducing risk of bias (systematic errors) and
areas for energy use reporting and optimization. The checklist will be structured in
three topics: the data used (evidence base), the methods used (models) and the
energy consumption (for training and inference). In this sense the first part of the RG
should be subject specific i.e. what kind of data and inputs are available and are being
used in the specific fields we are interested in. On the other hand, the items included
in the second and third part should in principle be very similar to other relevant fields.

The development methodology is taken from Health research, where RGs have been
widely implemented and tested for a range of study types in different fields#°. In

addition, the RG will incorporate, the FAIR (Findable, Accessible, Interoperable,
Reusable) guiding principles for scientific data management and stewardshipG.

The benefits from developing and implementing SSMART include:

Improving completeness and transparency of research reports.

Enabling reproducibility, verification and interpretation of methods and outcomes.
Reducing the amount of poorly reported studies and research waste.

Improving reporting of energy use in SML-based studies.

Improving energy efficiency of ML algorithms (software and hardware)

Reducing carbon footprint of the hardware used for SML.

Aiding editors and peer reviewers in manuscript reviewing.

Improving transparency for funded research by linking clear aims and outcomes.

I Methods

2

Working groups

Guideline development requires participation of a broad network of scientists,
researchers as well as key stakeholders such as research funders and industry. We will
first draw expertise from two ongoing UKRI/ EPSRC funded projects which are
interdisciplinary collaborations of four universities in the UK’. These were the starting
point for creating the scientific community that will inform the development of SSMART.
In addition, both projects involve key policymakers and industry partners.
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The driving force and validity of the guidance will be the participants. The people
participating in the process can be categorized into four groups, which are not mutually
exclusive. In fact, it is anticipated that people will participate in more than one group.
The executive committee is the steering group, setting the objectives of the RG and in
charge of the overall organization of the project. A Delphi panel is going to be used to
identify the list of potential items to be included in the RG checklist. The advisory group
will consist of the participants of a consensus meeting where the RG will be formally
discussed, and consensus will be reached on the items to be included in the checklist.
Finally, the writing group is going to undertake the writing of the RG and accompanying
documents (Fig. 1).

writing
group

Fig. 1. Sustainable Scientific Machine-learning Reporting Toolkit (SSMART) development
groups. The overlapping circles of the Venn diagram illustrate that people might
participate in more than one of the four development groups. The size of the circles
approximates the anticipated relative size of the groups.

3 Work plan

The development of SSMART will follow the guidance provided by the EQUATOR
Network for research RGs and other relevant published protocols4'5. According to the
guidance, the development process should be structured in distinct phases, each
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3.1

3.2

comprised of a series of steps. A summary of the five phases we are going to follow,
setting out the development timeline is illustrated in Fig. 2.

Initial steps

RG development is a formal process that should be underpinned by a protocol that is

publicly available®>. Developing and disseminating a protocol ensures transparency and
underpins our integrity pledge. In addition, by publishing the protocol we aim to inform
the scientific community of this major undertaking and endeavour to attract wider
participation.

A key part of the initial steps phase is executing a systematic review to appraise the
quality of current reporting within the domain of SML based studies. The first objective
of this systematic review will be to evaluate the methodological conduct and reporting of
SML based studies in the fields of physical sciences. The second objective will be to
identify and evaluate the metrics and tools that are being used for tracking energy use
and to appraise the reporting quality of energy use for ML models in this scientific
domain. The systematic review will provide important insights on the quality of current
reporting practices and will be the primary evidence base for the items to be considered
for the checklist of the RG. Existing reporting guidelines for Al/ML based studies will also
be identified and used in complementing the evidence from the systematic review.

Pre-meeting activities

The pre-meeting activities will be planned around the execution of a Delphi exercise.
This is a methodology for developing consensus between members of a panel through

structured communications®®°. Delphi is based on sequential questionnaires that are
refined by feedback provided from the previous round. We aim to include two rounds so
that the members can achieve consensus. If consensus has not been reached after the
second round, an optional third round will be executed at the discretion of the executive
committee.

A ranking-type questionnaire will be sent to all the participants forming the Delphi panel,
in which they will be asked to rank the importance of a series of reporting and quality
items to be considered for the checklist of the RG. In the second round, the results from
the first round will be presented and participants will be asked to agree on the top-
ranking items. Free text boxes will be available in both rounds for providing feedback.
The results of the Delphi panel, from all rounds, will be summarised in tabular form and
accompanied by a narrative summary prepared by the executive committee and
presented to the advisory board during the consensus meeting. Items where ranking
agreement was not reached will also be included in this summary for further
consideration during the consensus meeting.
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3.3

3.4

The members of the Delphi panel should be as diverse as possible to achieve maximum
participation from all interested parties. This is one of our key goals as it will foster
maximum consensus within the community and ensure future adoption and usefulness
of the RG. As such, we will invite researchers, academics, funders, journal editors,
policymakers and industry actors that have a direct or indirect interest in SML to
participate in the Delphi panel.

The Delphi exercise will be executed according to the methods of empirical survey-
based research'0. As such ethical approval will be sought before the start of the survey
according to the ethics of research policy of the academic institution of the lead
author/s. Participants will be provided with all the necessary information on the purpose
and the particulars of the survey at the time of the invitation via email. If they chose to
take part, a further participant information sheet and an adjacent consent form will be

provided.

Consensus meeting

The purpose of the consensus meeting is for the advisory board to discuss the
outcomes of the Delphi exercise and agree on the final list of items to be included in the
checklist. The meeting will be hybrid with members joining both in person and online in
order to accommodate different needs and be inclusive.

The advisory group will be formed by members of the executive committee and
members of the Delphi panel. As such, all the different categories of the Delphi panel
members' groups should ideally be represented. The development process is anticipated
to have a long timeline. Acknowledging that circumstances may change, further field
experts may be invited to participate in the advisory group according to availability. The
outcome of the consensus meeting will be the final list of items to be included in the
SSMART checklist.

Post-meeting activities

The writing group will use the items agreed during the consensus meeting and will
operationalise them in a checklist. The structure of the checklist and the possible
inclusion of an accompanying flow diagram will also be discussed. The writing group will
consist of members of the executive committee while additional members from the
Delphi panel and/or the advisory group may be invited.

SSMART will be reported in two papers, as is the norm for RGs dissemination®. The first
paper will describe the development of SSMART and provide the checklist, while a
second paper will offer further explanation and elaboration on how SSMART may be
implemented in practice. This second paper will go into further detail around the
rationale of the items in the checklist and provide specific examples.
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3.5

Post-publication activities

The dissemination plan will be instrumental in the visibility and adoption of SSMART. We
aim to publish the papers in impactful journals in the fields of SML. Key existing reporting
guidelines“'12 are endorsed by numerous journals and are actively used in the peer-
review process as a prerequisite for submission. We will contact journals that include
SML-based studies in their scope and propose the use of SSMART. A website will also
be built specifically for the promotion of the guideline. In our publications and on the
website, we will actively encourage feedback from the scientific community and all

interested stakeholders.

In order to further promote the adoption of SSMART, we will contact the relevant
research funding councils in the UK, such as UKRI, and put forward a case of using
SSMART specifically as a measure of energy use transparency and sustainability.
Furthermore, we will encourage including SSMART in traditional research dissemination
plans including presentations in conferences and workshops.

We recognise that there are potential barriers to the adoption of SSMART stemming for
example, from the added burden of reporting energy use. We believe that our combined
post-publication strategy will help alleviate some of the barriers by convincing all the
interested parties of the benefits of using SSMART.
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Fig. 2. Sustainable Scientific Machine-learning Reporting Toolkit (SSMART) development
timeline.

I Conclusions

4 SML is increasingly being used in physical sciences. Recent data explosion availability
has propelled a revolution in SML methods in an array of diverse applications. The use of
SML opens up an exciting new world of opportunities, however, there are associated
risks when limits and pitfalls are not recognized. Consistent reporting of the highest
standard based on transparency and reproducibility is vital for all concerned audiences.
Moreover, consideration and planning around the energy required to run the modeling
should start at the beginning of the research planning and continue until the publication
of results.

We expect that SSMART will help researchers report transparently the rationale,
methods, and results, while at the same time it will put SML energy use and sustainability
center stage. Moreover, it will empower peer-reviewers, funders, policymakers, and
industry actors to better understand and critically appraise SML-based research outputs.
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