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∥∥∥∥UCCS Unité de Catalyse et Chimie du Solide, Université de Lille, Université d’Artois UMR 8181, F-59000, Lille, France
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Abstract

In computational physics, chemistry, and biology, the implementation of new techniques

in a shared and open source software lowers barriers to entry and promotes rapid scientific

progress. However, effectively training new software users presents several challenges. Com-

mon methods like direct knowledge transfer and in-person workshops are limited in reach and

comprehensiveness. Furthermore, while the COVID-19 pandemic highlighted the benefits of

online training, traditional online tutorials can quickly become outdated and may not cover

all the software’s functionalities. To address these issues, here we introduce “PLUMED Tu-

torials”, a collaborative model for developing, sharing, and updating online tutorials. This

initiative utilizes repository management and continuous integration to ensure compatibil-

ity with software updates. Moreover, the tutorials are interconnected to form a structured

learning path and are enriched with automatic annotations to provide broader context. This

paper illustrates the development, features, and advantages of PLUMED Tutorials, aiming

to foster an open community for creating and sharing educational resources.

Introduction

In fields like computational physics, chemistry, and biology, software is increasingly playing a

central role in disseminating new methods and communicating scientific ideas. One such example is

PLUMED (https://www.plumed.org),1,2 a popular open-source library that implements a variety

of methods for enhanced-sampling, free-energy calculations, and analysis of molecular dynamics

trajectories. Over the past 15 years, one of the central challenges that we, as members of the

PLUMED community, have faced is how to effectively train new generations of scientists to use

the methods implemented in our software. This challenge is common across different software in

the field and becomes even more significant as the range of implemented functionalities increases.

Training new users usually involves direct knowledge transfer to students from supervisors or

other members of a research group, often through inheriting old protocols and scripts. While effec-

tive for individual training, this approach has limited bandwidth, and requires a significant effort

that ultimately only reaches one person. A complement to this model are in-person workshops
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and schools, where a larger audience of students receives training from experts in the field through

a combination of theoretical lectures and practical exercises. However, the material delivered in

these sessions is inevitably incomplete, as it is challenging for a few individuals to cover all rele-

vant work in the field within the limited time available during in-person events. Furthermore, the

recent COVID-19 pandemic and concerns about climate change have forced the global scientific

community to reconsider the value of in-person meetings.3 Out of necessity, the community has

realized that many traditional activities in scientific workshops such as lectures and exercises that

students work through as individuals can be replicated online.

In this context, online tutorials, which have always been a cornerstone for teaching researchers

how to use methods implemented in software like PLUMED, have become even more indispensable.

However, despite their undeniable educational value, the traditional format of online tutorials has

several limitations. They are typically prepared by a few developers or experienced users and

thus offer a limited overview of the methods implemented in the software. Moreover, as most

online tutorials are delivered as static text, they can quickly become obsolete as the software

evolves. This issue is similar to what we experienced with PLUMED tutorials that we published

in journals and books in the past.4–10 Notable initiatives that aim to address these limitations are

the “Tutorials and Training Articles” published in the Living Journal of Computational Molecular

Science”,11 the education resources of the The Molecular Sciences Software Institute (MolSSI),12

the collection of documentation and best practice guides for BioExcel software,13 and the tutorials

developed and maintained by the worldwide Galaxy community.14

Repository management systems, such as Git, coupled with continuous integration infras-

tructures, offer remedies to some of the issues described above as they facilitate collaborative

development, versioning, and testing. These technologies have allowed us to design PLUMED as

community software that researchers can both use and develop. Furthermore, these tools were

instrumental when the PLUMED consortium was established in 2019.15 This open community

aims to transform how researchers communicate the protocols used in MD simulations through

PLUMED-NEST (https://www.plumed-nest.org), an online repository for sharing PLUMED in-

put files and thus facilitating the reproduction of results in published articles. However, PLUMED-
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NEST records are typically associated with published research and are not organized to provide a

learning path. In fact, they are not intended to serve as tutorials.

Motivated by these considerations and building on our previous experience, here we present

“PLUMED Tutorials”, a new model to develop online tutorials collaboratively. In this paper,

we begin by examining the limitations of past PLUMED schools and explaining how our new

initiative emerged from these previous experiences. We will then describe how PLUMED Tutorials

has been designed to allow authors to easily create, share, and update their own tutorials. We

will outline our process for regularly testing tutorial inputs to ensure they remain compatible

with code changes. Additionally, we will discuss how PLUMED’s documentation is structured to

automatically generate annotations that provide broader context for the example input files in

each tutorial. We will also show how our tutorials can be interconnected to create a clear mastery

path for new users. Finally, we will demonstrate the features that we have added for searching

and indexing the tutorials. Importantly, our community is open, and we hope this paper will serve

as a tutorial for creating and sharing new PLUMED tutorials.

A brief history of PLUMED schools

In-person schools, funded by CECAM and SISSA, were organized by the PLUMED developers

in 2010,16 2012,17 2014,18 2017,19 2019,20 and 2023.21 Overall, these meetings were attended by

more than 350 participants. Early editions consisted of activities for students to work through

during the meeting (more information at https://www.plumed.org/funding). This material was

then uploaded to the PLUMED website (https://www.plumed.org) to ensure that students who

could not attend the event had access to it. However, this early model presented significant

problems. Firstly, the material posted online was usually incomplete as it was designed for students

who were attending in-person and could benefit from theoretical lectures that were not available

online. Additionally, the lectures at each iteration of the school focused on different, though

largely overlapping, topics. These differences usually required adjusting the tutorial activities to

align with the changes. As a result, the PLUMED website ended up with several slightly different

tutorials covering similar material and examples.22
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Over the years, other members of the PLUMED community were involved in the meeting to

ensure that the material presented during the school adequately reflected the state of the art in

the field. However, students attending the meetings were often in the early stages of learning these

techniques, therefore some time spent covering the basics was still necessary. We experimented

with having either the school organizers or external experts give lectures on basic theory. We found

that having the organizers deliver these lectures was usually preferable as it allowed the lectures to

better align with the tutorial content. We thus eventually adopted a hybrid format where students

spent the first few days attending lectures on basic theory and completing tutorials prepared by the

meeting organizers. The final days of the school were then organized like a conventional scientific

conference, with discussions and invited talks from members of the PLUMED community on the

latest developments in the field. While this model worked reasonably well, we still felt constrained

by the short duration of the meeting. This limitation meant that students had to run simple

and computationally inexpensive simulations, which left us doubtful that they were adequately

prepared to understand the scientific talks or to develop real applications using the methodologies

they had learned.

Another in-person PLUMED school was planned for 2021, but it was canceled due to the

COVID-19 pandemic. This gave us the opportunity to reflect on the limitations of in-person

schools, particularly the limited time available for students to engage in practical activities, and the

advantages of running events online. Online activities can be completed asynchronously, allowing

us to propose more complex exercises and computationally intensive simulations. Furthermore,

an online format makes it far easier to record lectures and post a complete account of the school

activities for students who could not attend the live meeting. We therefore organized a series

of online events, called “PLUMED Masterclass” (https://www.plumed.org/masterclass). Each of

these 7 sessions involved an hour-long lecture on Zoom that introduced the basic theory. Students

were then assigned homework, which involved applying the concepts from the lecture to solve

practical exercises. They had a week to complete this homework, during which a dedicated Slack

channel was available for students to ask the lecturer questions about their assignment. At the

end of the week, the lecturer then gave a second lecture that provided solutions to the homework
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assignment and addressed live questions from the online participants.

The material prepared for PLUMEDMasterclass was possibly better than anything we have de-

veloped for previous, in-person meetings. This improvement was mostly due to having the time to

refine old tutorials based on student feedback. We were, in fact, so satisfied with the content of the

first masterclass series that, when we considered running a second series in 2022, we quickly ruled

out covering the basics again. We felt that students could learn these basics by working through

the previous masterclasses asynchronously. For this second series, we thus instead invited mem-

bers of the PLUMED community to present masterclasses focused on the techniques they use and

develop. The collection of online tutorials that was produced for these two masterclass series offers

students a more complete introduction to the subject than any in-person PLUMED school ever

could. All the lectures are available on YouTube (https://www.youtube.com/@plumedorg1402)

and have already been viewed 51600 times. Furthermore, at the recent 2023 in-person PLUMED

school, students were asked to complete some of the PLUMED Masterclass prior to the meeting.

Students could then spend the time working together on short research projects and discussing

what they had learned from their interactions with instructors and colleagues. We found this

experience rewarding and were amazed by what the students were able to achieve within the short

time available during the meeting.

For PLUMED Tutorials, we built on the experience gained over the past 15 years to develop

a new infrastructure that will enable researchers to create and share PLUMED tutorials. In the

following sections, we will present our initiative in detail.

Overview of PLUMED Tutorials

The PLUMED Tutorials website can be freely accessed at https://www.plumed-tutorials.org. On

this website, readers can find a general description of our initiative as well as a list of available

tutorials. This list is presented in a searchable table, which displays the name of the tutorial, the

authors, and a short description. Currently, PLUMED Tutorials includes 47 contributions (Table

1). Among the topics, these tutorials cover instructions on how to install the software, familiarize

with the PLUMED syntax, perform enhanced-sampling simulations with popular methods, such
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as umbrella sampling,23 metadynamics24 and replica exchange,25 analyze metadynamics simula-

tions with Metadynminer,26 design machine learning collective variables (CVs) with the mlcolvar

module,27,28 and perform SAXS-guided molecular dynamics simulations with the hySAS mod-

ule.29 Some of these tutorials have been created by adapting the material developed for PLUMED

Masterclass. Furthermore, a few tutorials dedicated to PLUMED developers and contributors are

also available, for example about parallelizing the calculation of CVs with OpenMP and MPI, or

writing coordination-based CVs with CUDA. Since PLUMED is community-developed software,

tutorials more oriented towards code contributors will be welcomed in the future. Finally, detailed

instructions on how to contribute a tutorial are provided. In the following sections, we outline the

steps needed to prepare and share PLUMED Tutorials and highlight the functionalities available

to contributors.

How to contribute a PLUMED Tutorial

PLUMED Tutorials are built using markdown files, python notebooks, images, and YouTube

videos. Creating a tutorial simply involves bundling these resources into an online zip archive

using a repository such as GitHub (https://github.com) or Zenodo (https://zenodo.org).

The PLUMED Tutorials pages are then constructed using a GitHub Actions workflow, which

downloads the contributed archives and constructs a GitHub pages site from the downloaded

material. Contributors can thus edit the tutorials on the PLUMED Tutorials site by editing the

contents of their online zip archive. The next time the PLUMED Tutorials page is constructed

their edited archive is downloaded and their modified version of the tutorial will thus be rendered

on the page. This is very similar to the mechanism that we used to construct the PLUMED-

NEST repository and is designed to make editing tutorials seamless and to empower contributors

to maintain the tutorials they contribute.

On our site, a learner encountering a rendered tutorial sees a directed graph like that shown in

the left panel of Fig. 1 which guides them through the various resources. When the learner hovers

over each node in the graph a tooltip appears that tells them a little about the corresponding

resource. Clicking on the node will then open the resource. For the tutorials we wrote we used a
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Table 1: List of PLUMED Tutorials as of January 2025. For each tutorial, the ID hyperlinked to
the tutorial page, topic, author(s), and main reference publication are reported.

ID Topic Author Ref.

20.001 Installing PLUMED G. Tribello -
21.001 PLUMED syntax and analysis M. Bonomi -
21.002 Statistical errors in MD G. Tribello -

21.003 Umbrella Sampling G. Bussi 23

21.004 Metadynamics M. Bonomi 24

21.005 Replica exchange methods G. Bussi 25

21.006 Dimensionality reduction G. Tribello 30

21.007 Optimizing PLUMED performances M. Bonomi -

22.001 Funnel Metadynamics
S. Raniolo, V. Limon-
gelli

31

22.002 Analysis of PLUMED output by Metadynminer V. Spiwok 26

22.003 Rethinking Metadynamics using the OPES method M. Invernizzi 32

22.005 Machine learning collective variables with PyTorch L. Bonati 27

22.006 EDS module and Coarse-Grained directed simulations G. Hocky, A. White 33

22.007
Learning and enhancing fluctuations along information bottleneck for auto-
mated enhanced sampling

P. Tiwary 34

22.008 Modelling concentration-driven processes with PLUMED M. Salvalaglio 35

22.009
Using path collective variables to find reaction mechanisms in complex free
energy landscapes

B. Ensing 36

22.010 Hamiltonian replica exchange with PLUMED and GROMACS G. Bussi 37

22.011 Variationally Enhanced Sampling O. Valsson 38

22.012 Free energy calculations in crystalline solids P. Piaggi 39

22.013
SASA module - The solvent accessible surface area of proteins as a collective
variable, and the application of PLUMED for implicit solvent simulations

A. Arsiccio 40

22.015 Mechanical pulling + FISST module
G. Stirnemann, G.
Hocky

41

22.017 A Bayesian approach to integrate cryo-EM data into MD simulations S. Hoff, M. Bonomi 42

23.001 Developments in PLUMED G. Tribello -
23.002 Introduction to the PLUMED parallel features for developers D. Rapetti -
23.003 Profiling, GPUs and PLUMED K. Bhardwaj -
23.004 Rewriting coordination CVs in CUDA D. Rapetti -

24.001 hybrid Small Angle Scattering — hands-on guide F. Ballabio 29

24.002 Trans-Cis isomerization in the ground and excited states using PLUMED A. Pietropaolo 43

24.003 Benchmarking PLUMED D. Rapetti -

24.004 Volume-based Metadynamics R. Capelli 44

24.005 Path integral metadynamics M. Ceriotti 45

24.006 Standard binding free energies from cylindrical restraints
B. I. Armstrong, P.
Raiteri, J. D. Gale

46

24.007 Transition-Tempered Metadynamics J. Wu and G. A. Voth 47

24.008 Using the maze module J. Rydzewski 48

24.009
Multiple Walkers Metadynamics Simulations with a Reactive Machine Learn-
ing Interatomic Potential

K.-T. Chan, D. Dona-
dio

-

24.010 Modelling mechanobiological processes
C. Pritchard, G.
Stirnemann, G. Hocky

49

24.011 Parameterization of Path CVs for drug-target binding
M. Bernetti, M.
Masetti

50

24.012 Exploring Free Energy Surfaces with MACE-PLUMED Metadynamics
S.G.H. Brookes, C.
Schran, A. Michaelides

-

24.013 Permutationally Invariant Networks for Enhanced Sampling (PINES)

N.S.M. Herringer, A.
Seal, A. Shayesteh
Zadeh, S. Dasetty, A.
L. Ferguson

51

24.014
Alpha-Fold Metainference for structural ensemble prediction of a partially
disordered protein

F. Brotzakis, H. Mur-
tada, M. Vendruscolo

52

24.015 How to use the PLUMED PyCV plugin
D. Rapetti, T.
Giorgino

53

24.016 Host-Guest binding free energies using an automated OneOPES protocol
P. Febrer Martinez, V.
Rizzi, S. Aureli, F. L.
Gervasio

54

24.017 Enhanced sampling for magnesium-RNA binding dynamics O. Languin-Cattoën -

24.018 Permutation Invariant Vector and Water Crystallisation S. Pipolo, F. Pietrucci 55

24.019 ASE-PLUMED interface
D. Sucerquia, P. Cos-
sio, O. Lopez-Acevedo

56

24.020 An introduction to CpH-Metadynamics simulations T. F. D. Silva 57

24.021 Setting up and analyzing bias-exchange metadynamics simulations V. Leone, F. Marinelli 58
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Figure 1: An example of one of the graphs that show students how to work through a tutorial
from our website and the markdown and yml text that is used to construct it. As discussed in
the text, when students hover over the green squares in the graph a tooltip appears that provides
more detail on the resource that will open when they click on the square. Instructions for creating
the graph should be written in the NAVIGATION.md file in the Mermaid syntax that is shown on
the right of figure. If contributors want to include links to other tutorials on our site or external
websites and videos they should include these links in an EMBED.yml file that is similar to the
one shown here.

black solid line to indicate the path through the essential resources and dashed lines to indicate any

supplementary resources that were provided. However, contributors also write a short paragraph

of text on the landing page that explains the tutorial so they can choose to use line types in their

graph in whatever way they feel is appropriate and describe their chosen approach.

The archive that contributors provide must contain a markdown file called NAVIGATION.md

and a yaml file called EMBED.yml. The landing page for the tutorial is constructed from the

NAVIGATION.md file, which should be written in GitHub markdown. This file also contains

the instructions for creating the directed graph that was described in the previous paragraph.

These graphs are created using Mermaid (https://mermaid.js.org), which is a JavaScript based

diagramming and charting tool that takes Markdown-inspired text definitions and creates diagrams

dynamically in the browser. The right panel of Fig. 1 shows the Mermaid instructions for creating

the diagram in the left panel of the figure.

When tutorial pages are constructed, a clickable resource is created every time a box in a

Mermaid diagram that contains the work click is encountered. For the example diagram in Fig.

1, 8 resources are therefore created. Resources can be created in one of the following six ways:

1. Markdown files can be provided in the zip archive. These files will then be rendered using

GitHub pages. To construct links to these files you provide the path to the file in the archive
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when writing the instructions for constructing the Mermaid graph as shown for the item

labeled Instructions in Fig. 1.

2. Python notebook files can be provided in the zip archive. These files will then be rendered

using GitHub pages. To construct links to these files you provide the path to the file in the

archive when writing the instructions for constructing the Mermaid graph as shown for the

item labeled solution in Fig. 1.

3. PDF files can be provided in the zip archive. A page containing the embedded pdf will then

be created by GitHub pages. To construct links to these files you provide the path to the file

in the archive when writing the instructions for constructing the Mermaid graph. Embedded

videos can be included in tutorials. If videos are included, a page with the embedded video

is created when the tutorial is constructed. Contributors provide the embed link for the

video in the file EMBED.yml. To construct a link to the page that contains the video you

provide the keyword for the element in the yml dictionary that contains the video details in

the instructions for constructing the Mermaid graph as shown for the items labeled Lecture

I and II in Fig. 1. Pages with embedded videos are created when a title attribute is provided

in the corresponding element of the yml dictionary.

4. Links to resources that are external to the PLUMED Tutorials pages can be included. These

links are also provided in the EMBED.yml file. When the contributor references the cor-

responding element of the yml dictionary in the instructions for constructing the Mermaid

graph a link to the external website is created. The contributor must, however, add the

attribute ‘type: external’ to make it clear that the link in the corresponding element of the

yml dictionary is to a page that is external to the PLUMED Tutorials website.

5. Links to other tutorials on the PLUMED Tutorials pages can be included. Each tutorial

has a code that appears on the main browse page. To add a link to another tutorial the

user adds an element to the EMBED.yml file that includes this code and the ‘type: internal’

attribute. As shown for the items Umbrella Sampling and Block averaging theory in Fig. 1,

when the keyword for this dictionary element is included in the instructions for Mermaid, a
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link to the landing page for the tutorial that is referenced in the corresponding element of

the yml dictionary is created.

We believe that the six mechanisms for including tutorial content described above should cover

the needs of our contributors. However, it is possible to extend the list above should the need

arise in the future.

Our aim is always to maximize flexibility for contributors so that the site reflects the diversity

of views about these techniques that exist in the literature. Contributors should be able to write

tutorials even if they have not worked through all the other tutorials. Additionally, we do not

think that having multiple tutorials on the same topic is necessarily to be avoided. It would be

nice if the site provided guidance to students on the order to work through tutorials. However,

we think this guidance is better provided by giving contributors a mechanism for linking other

tutorials rather than imposing an order for users to work through the tutorials. Ultimately, our site

is designed in a way that more closely resembles a miniaturized version of the research literature

than a textbook. For the students who will use it, who are just embarking on a research career,

this feels like an appropriate choice.

Linking the tutorials with the documentation

As discussed in the previous section, contributors can write their tutorials in GitHub markdown.

The ways in which hyperlinks, equations, code snippets, collapsible sections, Mermaid diagrams

and images are included in such files is all thoroughly documented on the GitHub website. The

only other feature we have added to the GitHub markdown language for our PLUMED Tutorials

website is a mechanism for including PLUMED input files. Any PLUMED input code in a tutorial

should be placed inside a block that starts with ‘‘‘plumed and that ends with ‘‘‘. In other words,

PLUMED inputs are included in these markdown documents using a syntax that is similar to that

used for including other snippets from other programming languages.

The code on the PLUMED Tutorials site that renders PLUMED input files provides more

features than the code that GitHub uses to render other programming languages. For instance,
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Figure 2: An example showing how PLUMED input files are rendered when they appear on
markdown pages in the tutorial. The badges that appear on the upper right of the rendered input
tell students whether the master and latest-stable version of PLUMED are still able to parse this
input or not. Furthermore, hovering over the keywords in the input file opens a tooltip that gives
details on the keyword. If the keyword is the name of the action then the tooltip that opens also
contains a link to the relevant page in the manual.

when the renderer for our site encounters a block of PLUMED code it performs some basic tests

to check that the instructions found are valid PLUMED input. These checks are performed by

determining whether the current release version and the master branch of the main development

repository of PLUMED can parse the given input file. As shown in Fig. 2, if it is possible to parse

the input then a green badge is shown beside the input. If it is not possible to parse the input

a red badge is shown. These badges allow students to quickly identify tutorials that are obsolete

and might need some work to be adapted to the current PLUMED version. PLUMED developers

can also use these badges to quickly identify the impacts of syntax changes for the community of

researchers that are using PLUMED.

A useful technique that we have adopted when writing tutorials for PLUMED is to include

gaps for students to complete in any example input files provided. We have generally indicated

these gaps using the keyword __FILL__. Gaps in input files are useful as they force students to

look at the PLUMED documentation before running their calculations. In other words, these gaps

can be used to encourage students to think about the steps involved in a particular calculation
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rather than simply uncritically performing the tutorial instructions.

The parser that generates the HTML input files is able to render PLUMED input files that

contain gaps that are indicated using the __FILL__ keyword. Furthermore, contributors can add

a line containing the words #SOLUTIONFILE=solution.dat in the PLUMED input file that is

provided in markdown to indicate a path where a complete version of the input with the gaps

filled in can be found. The colors of the badges that accompany the incomplete input file are

decided by parsing the file that was provided to the #SOLUTIONFILE keyword using PLUMED.

Consequently, if PLUMED is able to parse the solution file that was provided, a green badge

will appear by the input even though the input that appears in the markdown file is incomplete.

Finally, the #SOLUTIONFILE=solution.dat comment is not shown in the rendered input so there

is nothing in the tutorial that indicates where the solution can be found.

PLUMED input files define a series of actions that must be performed. Parameters that control

how these actions are carried out are then specified using keyword value pairs. As the lower panels

in Fig. 2 show, hovering over each of the keywords in the rendered PLUMED input files on the

PLUMED Tutorials site displays a tooltip that explains the purpose of each keyword. If one hovers

over the name of the action the tooltip that is shown contains a link to the page in the PLUMED

manual that describes that action.

The tooltips that appear when you hover over the names of some actions offer further links that

can provide further detail on how actions operate. For example, as we have already explained, the

parameters of actions are set by providing keyword-value pairs. In some cases, however, when a

particular keyword is not present in the input line, the corresponding value is set to a hard-coded

default. As the bottom panel in Fig. 3 shows, when actions use these defaults, a show-defaults

link appears in the action’s tooltip. Clicking on this link reveals the keywords that would be used

to set these parameters as well as the defaults that have been used in the calculation.

A second type of link that can appear in the tooltip for an action is also shown in Fig. 3.

In this case the action WHAM HISTOGRAM is a shortcut action. These shortcut actions allow

one to reuse and combine the functionality that is available in simpler PLUMED actions when

performing more complex calculations. In essence, a shortcut action is a wrapper that creates a
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Figure 3: An example of some of the advanced features of the rendered inputs that appear in
the tutorial pages. The tooltip for the WHAM HISTOGRAM command tells students that this
command is a shortcut action and some of the parameter for this action are set to default values.
If the student clicks on the links in the tooltip the expanded input files shown in the bottom two
panels are displayed. Students can thus see the default values of the parameters and can also get
some insight into how complex methods are implemented.
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complicated PLUMED input. As the top panel in Fig. 3 shows, the tooltips for shortcut actions

contain a shortcut hyperlink. When the student clicks on this action the more complicated input

that the shortcut creates is shown in the rendered PLUMED input as shown in the lower right

panel of Fig. 3. Students can thus get a sense of how some of complex methods implemented

in PLUMED are constructed by performing elementary mathematical operations such as matrix

multiplication by expanding the shortcuts in the input files that appear in the tutorials on using

such methods.

PLUMED actions interact with each other by passing values. These values can be atomic

positions, scalars, vectors, matrices or functions evaluated on grids. Fig. 4 shows how the role

played by values is highlighted in the rendered inputs that are shown on tutorial pages. As Fig.

4 makes clear, when you click on the label of an action a description of the values it calculates is

shown. Additionally, the places where the values calculated by the action are used in the input

are highlighted. The color that values are displayed in indicates the type of data that is being

passed. Violet is used to indicate the passing of atomic positions, black the passing of scalars, blue

the passing of vectors, red the passing of matrices and green the passing of functions on grids.

The tools for rendering the PLUMED input files described above have been incorporated into

the code for building the PLUMED-NEST pages as well as the tutorial pages. We have thus

rendered over 1600 example inputs using these tools. We believe that these examples provide a

much richer body of information on how to use PLUMED than a manual ever could. We believe

that students learn by taking example inputs that have been used in other projects and modifying

them to a new purpose. We hope that by annotating the inputs using the tools described above

we have made the process of understanding what a particular input file does and how it might be

modified to a new purpose more straightforward.

Indexing the tutorials

When a student opens the browse page of our website they are shown a table that contains

the name of the tutorial, its author and a short description. The tutorials appear in reverse

chronological order so the most recently submitted tutorials are shown first. Students can then
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Figure 4: An illustration showing how the values that are passed between actions are illustrated
within PLUMED. When students click on the label of an action a description of the values that
are calculated by this action is displayed. In addition, the places where the clicked-on value is
used within the input is highlighted.
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reorder the tutorials alphabetically by name or author name.

Fig. 5 shows another representation of the tutorials that students can use to browse through

them. The graph in this figure gives students advice on the order in which students should work

through the tutorials. To construct it we use the links that contributors have included to other

tutorials. We create a directed graph from these dependencies, remove any circular dependencies

and then perform a transitive reduction on the resulting tree.59 In this way the advice we provide

on the order to work through the tutorials is democratically determined by contributors to the

site. Furthermore, providing this representation encourages contributors to think about how the

material in their tutorial fits with the other available content as, if a contributor does not include

links within their tutorial and if their tutorial is not linked by any other tutorial, it does not

appear in the graph in Fig. 5.

The tutorials can be searched by typing a search term in the search bar on the browse page.

Alternatively, if authors wish to create link a particular subset of tutorials, for example if they

wish add a link to the list of tutorials they have authored on their personal website, they can write

a link to the browse page as follows:

https://www.plumed-tutorials.org/browse.html?search=search_term

A person clicking on this link is directed to a version of the browse page of the tutorials site

that has the search bar populated with whatever the link’s author used in place of search_term.

Multiple keys can be added using the html string “%20” as a separator. So, for example, the link:

https://www.plumed-tutorials.org/browse.html?search=tribello%20dimensionality

opens a browser page that lists all the tutorials by Gareth Tribello on dimensionality reduction.

We believe providing functionality to search the school using a link is useful as it ensures that

links to lists of relevant tutorials automatically update whenever new content is submitted to the

site.

It is also possible to search and find tutorials where a particular action or module is used. A

list of the actions used in a particular tutorial and the modules they are part of is built auto-

matically when the input files that appear in the markdown file instructions are rendered. This

automatically-constructed list is then used when searching tutorials for actions. Consequently,
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Figure 5: Selected tutorials that are available on the PLUMED Tutorials website and the order
that contributors have suggested students should work through them.
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when a contributor employs a METAD action in an example input it is automatically added to

the list of the tutorials that appears when students search for METAD. Links that open a list of tu-

torials (and items in PLUMED-NEST) that use each of the actions/modules have also been made

available within PLUMED are shown on the manual pages for those actions/modules. Students

and contributors can thus understand how frequently and how each feature within PLUMED is

used by reading the manual.

Conclusions

PLUMED’s visibility online is the result of the efforts of a community of users and developers who

have used the code and contributed to it. It is important to highlight the collaborative nature of

this work as this is the main reason for the code’s success. Collective projects like these can only

continue to succeed when every person involved feels that they are getting the credit they deserve

for their contributions.

Our new initiative, PLUMED Tutorials, results from years of experience as software users,

developers, trainees, and trainers. We believe this resource addresses many limitations we en-

countered in previous PLUMED training activities and traditional tutorials. In particular, as

PLUMED Tutorials are continuously built through a collaborative community effort, they offer a

more comprehensive overview of the software’s functionalities. Additionally, the automated test-

ing of the tutorial inputs simplifies maintaining both the code and the tutorials. Similarly, we have

shown how our site automates linking each tutorial with the wider body of code documentation

through the automated generation of tooltips and hyperlinks.

Having this infrastructure in place will make adding new tutorials easier. In the past we have

gathered information from the PLUMED mailing list to understand common mistakes, and used

this information to provide tutorials dedicated to these topics. The PLUMED-NEST15 is also

instrumental in identifying lesson known features. We are planning on writing a new tutorial on

features that have been identified from these sources, which will be added to the plumed tutorials

site.

Beyond training, PLUMED Tutorials can complement, rather than replace, journal articles by
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disseminating knowledge in ways that traditional publications cannot. These tutorials enhance

efforts toward data sharing based on F.A.I.R. principles60 but focuses on reusing methods rather

than existing data sets. The text in these tutorials may even prove useful when training large

language models to run MD simulations. Essentially, when an author writes a tutorial alongside

a scientific article, it may encourage readers to engage more deeply with the paper, increasing

the research’s impact. For example, when we used the tutorial material to train students in our

own research groups, we found that students were more inclined to adopt methods developed by

other groups. Thus, PLUMED Tutorials will contribute to the cross-fertilization of ideas between

research groups and encouraging a deeper engagement with the simulation techniques developed

by our colleagues.

Finally, we foresee that PLUMED Tutorials will play a central role in future in-person PLUMED

schools and activities. Students can learn basic concepts and practice using this resource before

attending the meeting. This approach would free up time for other activities during the meeting,

such as collaborative short projects and discussions with colleagues and instructors. Given the re-

ality of climate change, conference and school organizers should provide a compelling case for why

the event cannot be run online and explain the added value of bringing students and academics

together in the same physical space. However, for this transition in organizing scientific meetings

to occur, new shared online spaces must be developed to enable more knowledge exchange outside

of in-person meetings. With PLUMED Tutorials, we aimed to develop such infrastructure, and

we hope that developers of other software in the field will find this useful.
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