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Abstract

The consolidation of massive data sources over the past decade has revolution-
ized scientific inquiry, placing data at the center of modern research paradigms[18].
This reliance has led to a paradigm where all decision-making is data-driven.
This shift is equally transformative in scientific research, particularly in biology,
where recent, significant breakthroughs have been directly attributable to data-
driven approaches leveraging Artificial Intelligence[17].

In this context, the demand for Findable, Accessible, Interoperable, and Reusable
(FAIR) and high-quality data is paramount for sustainable, modern research.
This necessity highlights the critical role of Biocuration: the essential process
of manually transforming unstructured biological information into a structured,
computable, and FAIR format. However, accurately quantifying, tracking, and
formally attributing the intense intellectual effort of biocurators remains a sig-
nificant challenge.

The work described in this PhD Thesis addresses this gap through the devel-
opment and implementation of APICURON, a web-based service designed to
provide formalized Credit & Recognition for Biocuration efforts. The system
aggregates curation events from disparate resources, utilizing a standardized
schema to capture curator activity. With a granular efficient computation work-
flow that allows a continuous timely reaction to user activity.

Additionally, to demonstrate APICURON's efficacy and interoperability, this
work also encompassed the development and major update of DisProt, the
database of Intrinsically Disordered Proteins. DisProt served as the primary
pilot implementation for APICURON.By operating simultaneously as the in-
frastructure developer and the database maintainer, this work validated API-
CURON’s ability to capture granular curation activity and display attribution
metrics within a live, production-level resource.

Crucially, the system’s maturity was accelerated by a group of early adopters,
specifically through integration with major EMBL-EBI resources. While techni-
cally successful, this expansion revealed significant privacy-related challenges
regarding General Data Protection Regulation (GDPR) compliance. The reg-
ulatory requirement to exclude data lacking explicit user consent introduced
workflow complexities and underscored the need for a standardized privacy
mechanism.In response, this thesis proposes the APICURON Consent Manage-
ment Platform: an open solution specifically designed to manage consent in
Data Sharing scenarios, a critical use case often overlooked by commercial of-
ferings, thereby ensuring lawful data processing and enabling seamless future
integrations.

1X



Building on this successful implementation along with its challenges, the scope
of the thesis extends to address a broader challenge: the lack of recognition for
diverse research outputs beyond traditional publications. Modern researchers
frequently engage in software development, dataset creation, and educational
training, activities often invisible in scholarly publications and standard indica-
tors. Leveraging its flexible architecture, APICURON was adapted to track these
varied workflows.

Ultimately, this thesis establishes a comprehensive ecosystem for scientific at-
tribution beyond traditional publications that bridges technical implementation
with regulatory compliance. By making hidden labor visible and overcoming
privacy barriers, this work lays the foundation for a more equitable and sustain-
able reward system suited to the era of data-driven research.



Introduction

The central aim of this doctoral thesis is to address the significant challenge as-
sociated with the accurate quantification, tracking, and crediting of biocuration
activities. This work details the enhancements made to APICURON to surmount
these challenges. Specifically, it employs the DisProt use-case to demonstrate
how APICURON facilitates the attribution of credit within complex curation
workflows. Furthermore, overcoming these challenges permits APICURON to
establish a versatile system applicable to diverse use-cases beyond the scope of
biocuration.

To contextualize this work effectively, a formal landscape analysis must first be
established to define the current state of the art, particularly regarding how re-
searchers are formally recognized for their increasingly sparse efforts and the
consequential impact of this recognition on their professional careers.

The consolidation of massive data sources over the past decades alongside ad-
vancements in Machine learning and Artificial Intelligence has placed data in the
center of scientific inquiry. This transition has engendered a paradigm shift, in-
troducing a new form of empiricism often described as “the end of theory”.[18].
Consequently, decision-making has become increasingly data-driven, a trend
that is particularly transformative in biology where recent breakthroughs are
directly attributable to Artificial Intelligence.

With the advent of Large Language Models (LLMs), scholars now recognize the
necessity of establishing a robust “chain of production” for software technology,
driven by the industrialization of Artificial Intelligence[40]. While this chain
relies heavily on modern cloud infrastructure and vast data repositories, one
of its most critical yet overlooked components is the human investment. The
efficacy of modern Al is not solely a product of algorithms, but of the collective
contribution of structured data generated by human experts[36].



2 Introduction

0.1 Biocuration

Biocuration is the process of extracting, interpreting, and organizing biolog-
ical information from the scientific literature and other sources into a struc-
tured, machine-readable format, typically within biological databases. Biocura-
tors are typically PhD-level biologists often with lab bench experience[5]. The
task involves synthesizing and integrating data from various sources, such as
peer-reviewed publications, major initiatives like the Encyclopedia of DNA El-
ements[1], and conference abstracts. To accurately document a researcher’s
conclusion and the supporting evidence, they must directly contact authors for
clarifications, analyze supplementary material, and resolve identifiers. Effective
biocuration relies on the ability to distill the current “best view” from potentially
conflicting sources.

0.2 Biocuration in a global context

After the well established scalability of expert curation in one of the largest
protein sequence databases in the world[29]. It is evident that Biology in the era
of data driven science relies heavily on the modern data infrastructure as well
as human investment to produce reliable quality data. This places biocuration
as a fundamentally valuable intermediary between raw scientific discovery and
its computational utility. Without meticulous biocuration, the vast and ever-
growing corpus of biological literature remains inaccessible to computational
analysis, data integration, and knowledge discovery tools. However, biocuration
is an intensely time-consuming and cognitively demanding process. It requires
specialized biological domain expertise, careful reading and interpretation of
primary research articles, adherence to complex and evolving curation standards
(ontologies, controlled vocabularies), and the manual entry and verification of
data.

0.3 The Reward Discrepancy

Despite the critical role of biocuration, it remains largely invisible in terms of
formal academic reward. This discrepancy is not only a matter of overlooked
effort, but of a fundamental structural incompatibility between the nature of
biocuration and the traditional indicators of academic success.

Traditional Scholarly recognition is typically designed to reward the end result
of science, novel discoveries encapsulated in narrative-driven publications. In
contrast, biocuration is part of a larger continuous chain of production, similar



0.4. APICURON: THE INITIAL SOLUTION 3

to industrial infrastructure maintenance rather than discrete discovery. Conse-
quently, the maintenance of high-quality data, no matter how rigorous, cannot
effectively compete with the novelty of a traditional research paper. The current
academic reward system is therefore ill-equipped to quantify this essential chain
of production, creating a gap where the creators of critical research infrastructure
are excluded from professional advancement.

Moreover, several sparse efforts have been made to attribute proper credit
to the work of biocurators in various manually curated biological data re-
sources[14]. A notable example is the Pfam[13] database of protein families,
which leveraged the Open Researcher and Contributor ID. Within this frame-
work, biocurators can link their contributions directly to their Open Researcher
and Contributor ID (ORCID) profiles, effectively claiming authorship of specific
Pfam-curated entries. However, while valuable, these solutions remain frag-
mented and inherently resource-specific. A critical constraint is that the unit
of contribution is often selected as the final static object rather than the specific
actions taken to produce it. By recording only the end result, this approach in-
herently simplifies the curation workflow, resulting in ambiguous forms of credit
such as authorship. These vague forms of credit fail to differentiate between a
complex conceptual validation and a minor annotation update. Furthermore,
this coarse granularity fails to capture the intricacies of the curation workflow;
all entries are credited equally. Consequently, these fragmented solutions lack a
fair representation of effort capable of reflecting the depth of the scientific effort
undergone in the biocuration workflow.

0.4 APICURON: The Initial Solution

This PhD thesis directly addresses the lack of credit & recognition for biocura-
tion efforts and research activities beyond traditional publications in the scientific
landscape. To remedy this issue, this research focuses on the expansion and de-
velopment of APICURON.

APICURON is a web-based service specifically engineered to provide trans-
parent, formalized, and standardized Credit & Recognition for all documented
Biocuration efforts across diverse resources.

APICURON leverages the very basic, three-axiom, schema based on sim-
ple PROV-OI30, 38] entities and properties to represent a single activity occur-
rence.This basic representation allows APICURON to operate on simple building
blocks to achieve Credit & Recognition for biocuration activities.
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Entity

wasGeneratedBy

Recommended attributes:
Activity ~ f---------4 *  startedAtTime

* endedAtTime

. reason

hadRele

wasAssociatedWith (opticnal)
pam QST m

Agent

Figure 1: Basic schema linking Entities to Activities and Activities to Agents. Roles are
optional from the RDA /TDWG Working Group, source: [38]

The primary benefit of APICURON's data representation is its focus on the
activity scope rather than the data scope. Instead of merely processing the static
entity, which often reveals little about the developmental effort, APICURON
processes the actions and activities associated with it. This model allows API-
CURON to represent an entity not as a simple object, but as a comprehensive
series of context relevant events putting the human effort at the center of the
data model.

0.5 Summary of Contributions

Prior to the work outlined in this thesis, the initial version of APICURON fo-
cused on crediting biocuration contributions. Within this scope, it relied on an
internal pipeline that run periodically on contribution data submitted by the
integrated partners. This design allowed contributions to be recognized only
after each periodic execution of the pipeline. With its initial scope, APICURON
had a limited set of integrated platforms, the onboarding process was slow and
required relevant manual intervention, restricting the initial set of resources to
only 3 partners.

To address the limitations of the initial system, the specific contributions outlined
in this thesis are as follows:

¢ Architectural Enhancement: he implementation of an event-based system
to process contributions at a granular level, leveraging the activity scope
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offered by the data model and enabling on-the-fly processing to reflect the
impact of contributions as efficiently as possible.

¢ Automated and Simplified Resource Integration: Automation of the re-
source integration process, including the integration of fairsharing.io for
metadata completion.

* The APICURON Implementation Study: A comprehensive implementa-
tion study to validate the enhanced platform’s robustness and scalability.
This involved the successful technical integration of APICURON with ma-
jor European Bioinformatics Institute (EBI) resources.

¢ Legacy Migration and Workflow Integration: Engineered the migration
of the DisProt database from a legacy system to a modernized architecture.
This transition allowed DisProt to adopt a modern submission approach to
APICURON and served as a key use-case to demonstrate how the enhanced
platform facilitates credit attribution within complex curation workflows.

¢ Privacy and Compliance Infrastructure: In response to GDPR challenges
identified during the implementation study, this thesis introduces the API-
CURON Consent Management Platform. Designed as a deployable infras-
tructure component for partner platforms, it streamlines GDPR compliance
and securely manages user consent for data sharing.

¢ Increased feature-set: APICURON now provides additional features such
as periodic leaderboards, privacy handling, and recognition group iso-
lation, enabling adaptation to a variety of use cases when recognizing
research assets.

¢ Domain Expansion to Research Software: Building on the framework’s
success in biocuration, this thesis extends APICURON's applicability to a
new domain by conceptualizing a proof-of-concept for research software
credit.






Part1

Credit & Recognition






Credit & Recognition

1.1 Shift Towards Data-centric Science

Recent high-profile breakthroughs, particularly in biology, have been directly
attributed to data-driven approaches that leverage Artificial Intelligence and
Large Language Models (LLMs)[17][40]. However, it is critical to recognise that
these Artificial Intelligence (AI) systems are not isolated inventions or singular
products. Rather, they represent the current apex of a cumulative technolog-
ical stack, enabled by the democratisation of computing power through cloud
infrastructure and the maturation of the Big Data phenomenon. Al is, in effect,
the current “final node” in a long and complex chain of value production.

This production chain relies heavily on the availability of high-quality, struc-
tured data. In the scientific domain, this resource is produced, maintained, and
refined by the intellectual labour of expert researchers. Yet, a critical misalign-
ment exists within the academic ecosystem. While the scientific process has
become data-reliant, the academic currency for excellence remains tethered to
the static publication.

This discrepancy creates a system that rewards the final output, namely the lit-
erature or the Al model, while obscuring the foundational work of data curation
that makes such outputs possible. This hidden labour is frequently undervalued,
as traditional assessment practices often over-rely on a limited set of quantitative
indicators, such as citation counts and the h-index. Despite the epistemological
shift toward data-centric science, the mechanisms for acknowledging research
outputs did not evolve in parallel. The current academic reward system suffers

9
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from an observational bias.

To correct this disparity, current mechanisms of research assessment are cur-
rently undergoing a fundamental paradigm shift. Traditionally, assessment
relied on proxy metrics derived from static publications (e.g., the h-index).
However, the diversification of research activities has rendered these paper-
based metrics insufficient. This misalignment has triggered a global reform
movement, supported by key initiatives such as the Declaration on Research
Assessment (DORA)[32] and the Coalition for Advancing Research Assessment
(CoARA)[7]. These movements explicitly call for the acknowledgement of di-
verse outputs, including datasets, software, and curation work.

1.2 The Acknowledgement Pathway

In the landscape of research assessment, the notions of credit, recognition, and
rewards are intricately connected, frequently appearing as terms whose defini-
tions are either interchangeable or inconsistently applied across existing schol-
arly publications. Therefore, before examining the specific context of each, it is
imperative to define these terms and explain how they are related in represent-
ing a pathway highlighting the process of acknowledging research contribution

Credit is defined as the formal assignment of roles and contributions to in-
dividuals involved in research activities or the creation of research outputs.
This commonly takes the form of authorship in publications or formal acknowl-
edgement for contributions to other outputs (e.g., research data, software) and
activities (e.g., training). Standardised taxonomies, such as CRediT[25], have
been developed to systematically describe each author’s role in a research out-
put.

Recognition represents the broader acknowledgement of a researcher’s accom-
plishments and positive impact within their field. This extends beyond formal
credit to include informal and community-wide forms of appreciation, such as
awards, honours, citations, and public commendations. Recognition signifi-
cantly enhances a researcher’s reputation and career trajectory.

Rewards are typically tangible benefits received by researchers in exchange for
their contributions. They serve to sustain motivation and provide the necessary
resources for ongoing research. Examples include financial incentives, academic
promotions, the securing of grants, and other forms of career advancement.
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Therefore, the process of acknowledgement in research starts by formally cred-
iting researchers and highlighting their involvement in the creation of research
outputs. This credit progresses to the obtention of broader recognition, which
in turn can be materialised in the form of rewards.

Credit Rewards

(o)
\—/

Research Recognition
Activities

Figure 1.1: A diagram depicting how Credit, recognition, and awards form a pathway
for acknowledging research activities.

1.3 Global Frameworks for Research Assessment Reform

The observational bias inherent in the current landscape has precipitated a crisis
of confidence in research assessment practices. Consequently, the past decade
has witnessed the emergence of high-level international initiatives aiming to
reform how scientific excellence is evaluated. Collectively, these efforts articulate
the community consensus and functional requirements that guide the technical
solutions proposed in this thesis, explicitly calling for the recognition of diverse
outputs such as research software and training activities.

1.3.a The Declaration On Research Assessment (DORA)

Established in 2012, the San Francisco Declaration on Research Assessment
(DORA)[32] represents a foundational effort to improve the evaluation of sci-
entific outputs. The initiative was driven by the need to assess research based
on its intrinsic merit rather than relying on journal-based metrics, such as the
Journal Impact Factor. DORA explicitly advocates for a broader range of assess-
ment criteria, encouraging the utilization of diverse qualitative and quantitative
measures to ensure fair evaluation.

Crucially for the scope of this work, DORA signatories support the adoption
of inclusive assessment criteria that recognize and reward contributions to re-
search software and training activities. In 2021, DORA expanded its scope by
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launching Project TARA (Tools to Advance Research Assessment) to support
the development of new policies. This effort included the introduction of Re-
formscape, a searchable collection of criteria for hiring, promotion, and tenure,
designed to showcase global initiatives moving beyond traditional metrics.

1.3.b Principles for Responsible Metrics and Integrity

Following DORA, subsequent frameworks addressed specific aspects of the as-
sessment problem, focusing on the responsible use of quantitative indicators.
The Leiden Manifesto[16] established ten principles that serve as guidelines
for quantitative evaluations in research assessment. It emphasizes that these
evaluations should serve as support, not replacements, for informed judgment,
advocating for the regular scrutiny and updating of indicators used, while con-
sidering the research context when assessing outputs. Furthermore, it safe-
guards differences in the research landscape, such as variations in publication
and citation practices across different fields, and calls for the protection of excel-
lence in locally relevant research

While the Leiden Manifesto refines the use of quantitative metrics, the Hong
Kong Principles[23] focus on the underlying behaviors of research integrity.
These principles offer a sharp critique of the current research assessment land-
scape, specifically targeting the exclusive reliance on publication counts, and
Journal Impact factors. The principles highlight how the systemic incentives
that prioritize novelty over rigor have resulted in distorted evidence.

The Hong Kong principles promote quality over quantity by directly rewarding
responsible research practices such as meticulous data verification, effectively
moving from impact metrics to integrity metrics. Crucially, the framework
places a high value on complete reporting to mitigate reporting bias, ensuring
that negative results are not obscured. Furthermore, the principles advocate for
a research culture where Open Science[28] practices are encouraged and integral
to the definition of excellence, alongside transparent assessment practices that
acknowledge diverse facets of research output.

1.3.c The Coalition for Advancing Research Assessment (CoARA)

Perhaps the most significant recent development is the establishment of the
Coalition for Advancing Research Assessment (CoARA) [7] in 2022, which
brought together funding organizations, research institutions, and assessment
authorities. The coalition is based on the Agreement on Reforming Research As-
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sessment, which establishes a common direction for research assessment reform.

The agreement outlines ten core commitments, the first of which is to “recog-
nise the diversity of contributions to, and careers in, research”. Unlike previous
general declarations, CoOARA provides operational recognition mandates. It ex-
plicitly acknowledges that outputs beyond publications are valuable, citing the
role of the software engineer as an indicative example of a role that must be
recognized. Furthermore, CoOARA emphasizes the importance of practices that
contribute to robustness, openness, transparency, and inclusiveness. To facilitate
implementation, the coalition has established working groups such as “Towards
Open Infrastructures for Responsible Research Assessment” (OI4RRA), which
focuses on the infrastructure required to support these reforms.

1.3.d Addressing the Invisible Labor: The Hidden REF

While DORA and CoARA drive reform from a top-down policy level, community-
driven initiatives like The Hidden REF[15] in the UK have emerged to challenge
the invisibility of research roles from the bottom up.

The initiative was founded in response to the 2021 Research Excellence Frame-
work (REF), where the vast majority of submissions were limited to journals and
books, leaving other vital contributions unrecognized.

The Hidden REF is a volunteer-led campaign that organizes competitions specif-
ically designed to highlight the large number of “invisible” contributions, in-
cluding community engagement projects and open-source tools. Although not
exclusively focused on software, the initiative actively supports the recognition
of research software and training activities, frequently highlighting them as
primary examples of the “hidden” work that underpins the research process.

1.3.e The Implementation Gap

Collectively, these initiatives demonstrate a global consensus: the research com-
munity must move beyond the use of simple publication metrics. However,
despite the existence of these frameworks, significant limitations persist in their
practical implementation. While there is a mandate to recognise diverse contri-
butions, tracking specific types of research contributions, particularly software
and training, faces technical limitations in existing platforms. There is a pressing
need for enhanced standardisation in how these activities are cited and improved
interoperability across credit platforms to operationalise these policy goals.
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1.4 Standards and Taxonomies

While the policy landscape demands the recognition of diverse research outputs,
the existence of robust metadata standards and taxonomies is paramount to reach
a technical implementation consensus around credit & recognition. The com-
munity has developed specific frameworks to describe contributions to software,
data, and workflows. However, a “granularity gap” remains between these static
standards and the dynamic nature of these contributions. This section analyzes
the current technical ecosystem, identifying where existing standards succeed
and where they fail to capture the complexity of discrete research outputs and
data-centric research.

1.4.a Contributor Roles and Taxonomies CRediT

The most widely adopted standard for attributing credit is the Contributor Roles
Taxonomy (CRediT). CRediT aims to recognize the role of article contributors
in a scientific contribution, shifting authorship from a simple list of names to a
structured description of 14 specific roles, ranging from Conceptualization and
Data Curation to Software and Methodology. Since its approval as an NISO
ANSI standard, it has been adopted by over two dozen publishers to distinguish
contributions in scientific publications.

While effective for traditional publications, CRediT is static as it describes the
state of the research output and therefore operates at a coarse granularity, often
insufficient for continuous, temporal research outputs; it assigns a static label to
a contributor for an entire project but fails to quantify the magnitude or specific
nature of the contribution. Where a researcher may contribute hundreds of dis-
tinct annotations over years, a single “Data Curation” label on a paper fails to
capture the depth and effort of the work, particularly in fields like biocuration.

To address this lack of specificity, the Contributor Role Ontology (CRO)[8] was
developed to extend CRediT. CRO provides finer-grained vocabulary designed
to offer greater transparency and improved systems of attribution. Yet, even
with the extended vocabularies, these taxonomies remain descriptive of outputs
rather than processes, and do not solve the quantification problem, leaving a gap
in tracking continuous research activities.
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1.4.b Software Citation Standards

The research software community has developed standards to ensure software is
treated as a primary research output. These efforts provide a relevant blueprint
and baseline for crediting complex research outputs. Two key standards have
emerged to support this.

¢ Citation File Format (CFF) A human- and machine-readable specification
that developers add to code repositories to explicitly inform users how to
cite the software. This promotes proper credit by lowering the barrier to
accurate citation.

* CodeMeta A minimal metadata schema (JSON/XML) designed to stan-
dardize the exchange of software metadata across repositories and orga-
nizations. CodeMeta acts as a “concept vocabulary,” creating a crosswalk
between different repositories to ensure interoperability.

These initiatives, supported by the FORCE11 Software Citation Principles[37],
emphasize the importance of unique identification, persistence, and specificity
in citation. However, standards like CFF and CodeMeta function primarily
as discovery metadata, largely focused on the product rather than the effort, its
valuation, and its assessment. While features like GitHub’s CODEOWNERS files
in repositories can define responsibility for specific code sections, there remains
a lack of standardized mechanisms to credit the process of development and
maintenance over time.

1.4.c Provenance and granularity gap

The fundamental deficiency in current credit mechanisms is the focus on static
deliverables rather than dynamic workflows. To accurately credit modern and
complex research activities, a system must track the provenance of the output,
the history of who completed which task, and when.

The W3C PROV Ontology[30] provides the foundational data model for rep-
resenting granular contributions, defining entities, activities, and agents to rep-
resent individual atomic actions to an entity. However, raw provenance data is
often too complex for academic recognition systems. While PROV-O provides
the necessary precision for audit trails, it generates massive graph structures for
trivial workflows. Leveraging this data for academic credit requires a semantic
compression layer, an intermediary logic capable of abstracting low-level infor-
mation into human-readable contribution metrics.
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Conversely, simple metrics lack crucial precision. This creates what is known
as the “Streetlight Effect”[12]: assessment frameworks prioritize what is easy to
measure and track rather than what is actually important to the scientific process.

Current practices fail uniformly to recognize non-traditional outputs like cu-
ration and training, largely due to this lack of standardization in how usage and
impact are tracked. While standards like SCoRO[35] (Scholarly Contributions
and Roles Ontology) attempt to capture roles within specific timeframes, and
CodeMeta standardizes software metadata, these solutions remain siloed.

1.4.d The need for an Aggregation Framework

The analysis of the state of the art reveals a granularity gap. The scientific com-
munity possesses high-level policies such as COARA and DORA demanding
recognition for non-traditional research output, alongside low-level technical
schemas and taxonomies such as PROV-O, CFF, and CRediT capable of describ-
ing said outputs. This is a data modelling trade-off. CRediT optimizes for
human readability and summary, but lacks precision, while PROV-O optimizes
for machine reproducibility and auditing precision, but lacks human readability.

This analysis reveals that the granularity gap is not merely a policy failure,
but an architectural one. There is a lack of an intermediary logic layer capable
of ingesting high-frequency provenance streams and dynamically aggregating
them into high-value recognition tokens. Addressing this gap requires an in-
clusive framework that does not merely count static outputs but quantifies the
continuous labour of research. This thesis proposes APICURON as that miss-
ing technical link, a platform designed to operationalize these standards into a
cohesive credit and recognition ecosystem.

1.4.e Towards a Federated Ecosystem for Recognition

While the “granularity gap” highlights the need for a specialized processing
engine for research activities, addressing the attribution challenge at a global
scale cannot be achieved by an individual platform. The diversity of research
outputs, that apply to various research communities ranging from software and
datasets to training materials, demands a context-aware approach federated by
different research communities. Therefore, a robust strategy for credit and recog-
nition must be implemented not as a single tool, but as a federated ecosystem of
interoperable components.
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1.4.f The Architectural Components

This thesis proposes a conceptual architecture consisting of four distinct, inter-
acting components to implement the high-level recommendations of CoARA
and DORA. This comprehensive overview of the ecosystem guarantees a sus-
tainable and context-aware approach to crediting from the source of contribution
to the researcher’s permanent record.

¢ Research Publishing Platforms

The foundation of the ecosystem consists of the platforms where research
assets are created, stored, and maintained. These include research asset
repositories (e.g., Zenodo[10], GitHub), biological databases (e.g., Dis-
Prot[27]), and activity registries (e.g., ELIXIR TeSS[4]).

In the context of recognition, these platforms act as the primary contribu-
tion event generators, capturing the initial metadata of a scientific contri-
bution.

¢ Researcher PID Providers

Identity management is delegated to specialized providers that issue Per-
sistent Identifier (PID). Services like Open Researcher and Contributor ID
(ORCID) ensure the disambiguation of researchers across distributed sys-
tems. By incorporating these PIDs into metadata at the publishing layer,
the ecosystem ensures that activities are linked to a verified identity rather
than an ambiguous string name.

* Research Metadata Aggregators & Knowledge Graphs

To avoid fragmentation, metadata from disparate publishing platforms
must be harmonized. Scientific Knowledge Graphs, serve as universal
aggregators, collecting, cleaning, and deduplicating metadata to create a
connected graph of research entities.

¢ Researcher Contribution & Recognition Platforms

This component focuses on the interpretation of contribution data. It trans-
forms raw contribution metadata into meaningful recognition, considering
the semantic depth of the contributions, providing adequate recognition to
researchers. This includes Contribution Trackers which maintain detailed
logs of researcher activities, and Academic Profile Platforms, which visu-
alize these contributions to support career progression and recruitment.
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Figure 1.2: Bird’s-eye view of the ecosystem for crediting shows the interactions among
the various types of components. Adapted from author’s work in ELIXIM3.1 Strategy
for inclusion of credit for research assets decided

1.4.g Strategic Placement of APICURON

Within this federated topology, APICURON fills an architectural niche. It acts as
a semantic middleware. While global Knowledge Graphs optimize for breadth
and connectivity, APICURON acts as a semantic compression engine: ingest-
ing raw provenance logs from Publishing Platforms and synthesizing them into
verifiable, high-value, context-aware recognition assertions. This process allows
the system to bridge the granularity gap by finally pushing these verifiable con-
tribution assertions to PID Providers such as ORCID and Academic Profiles.

By situating APICURON within this hierarchy, this work moves beyond the
concept of a standalone system. Instead, it proposes a modular recognition
engine designed to bridge the gap between raw research logs and the formal
academic record, enabling a flow of credit that is both granular and globally
interoperable.
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APICURON is a platform specifically designed to credit and acknowledge scien-
tific contributions beyond traditional academic indicators. It focuses on essen-
tial yet often overlooked outputs, such as biocuration, curated datasets, training
materials, research software, and workflows. By integrating with research in-
frastructures, the platform tracks and aggregates these contributor activities,
providing a standardized and verifiable mechanism for recognition through in-
tegration with researcher identifier providers such as ORCID. Consequently,
APICURON promotes a broader, more inclusive view of scientific impact, em-
powering institutions and researchers by formally attributing the significant
effort involved in collecting, curating, and processing scientific data.

In its mission to provide comprehensive credit and recognition, APICURON
serves two primary stakeholders: research publishing platforms (e.g., research
asset repositories and biological databases) responsible for curating and dissem-
inating research, and the individual scientists who contribute their work to these
platforms. For publishing platforms, APICURON offers the ability to evaluate
contributors” engagement in an open science context. This is achieved via an
integration process where platforms can start by:

1. Defining a Recognition Model on APICURON: This model specifies which
research activities are recognized and configures associated reward mech-
anisms (e.g., badges, medals) based on the defined research activities.

2. Submitting contribution data mapped to the previously defined research
activities, attaching a reference to the contributor, the type of contribution,
and the time at which it occurred.

21
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2.1 The Recognition Framework

APICURON operates on a flexible credit system designed to track and acknowl-
edge contributions across diverse scientific domains, from biocuration to open-
source software development. The foundation of this system is the Activity
Definition. An activity represents a specific, credited action, such as “contribut-
ing to documentation” or “reviewing a publication” assigned a specific weight
to reflect its relative importance or impact within a community.

Leveraging activity definitions, the system relies on Activity Reports. These
reports serve as the granular records of activities, linking three critical entities:
the agent researcher performing the action, the specific activity type, and the
target object of the contribution, the research asset. This structure is based on the
PROV-OI30, 38] entities and properties to represent a single activity occurrence.

To translate granular tracking into meaningful recognition, APICURON pro-
cesses contribution reports to produce various outputs as illustrated in 2.1

APICURON web server

r P \/
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-’ 2 Achievements - Third-party
~= — g foi s S — H= databases
w
Private e Public
API Biocuration ,E[h AP

Member databases aclivily records APICURON
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Figure 2.1: APICURON Workflow, highlighting the inputs, aggregation process, and
products of the recognition system

2.1.a Metrics, Engagement, and Incentive Mechanisms

The system continuously aggregates incoming reports to generate contribution
metrics. These outputs serve a dual purpose: providing platforms with feed-
back on scientific engagement, and offering users a comparative context for their
contributions.

These metrics are strictly scoped to the intersection of a user and a partner re-
source. From a functional perspective, every measured indicator in the platform
is identified by the unique combination of a researcher and a research platform.
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This scoping is critical because Recognition Models are heterogeneous across
resources; one platform may weight activities based on curation effort, while
another prioritizes the scientific impact of the entity.

Consequently, cross-platform comparison is semantically invalid, and researchers
must be evaluated solely within the context of the specific Recognition Model
they engaged with. This design acknowledges that indicators across varying
research infrastructures are incommensurable due to differing granularities, se-
mantics, and weighting philosophies.

Temporal Segmentation

Furthermore, these metrics support flexible time windows. By adding a temporal
dimension (e.g., weekly, monthly) to the user-resource pair, the system addresses
the problem of ranking stagnation. This allows research publishing platforms
to curate specific engagement strategies such as highlighting recent activity to
mitigate inertia and foster a dynamic, inclusive environment

Comparative Context

To ensure contributions are recognized beyond the platform’s boundaries, API-
CURON facilitates the external dissemination of credit. The system synchronizes
verifiable contribution data directly to researcher identifier providers (e.g., OR-
CID), which prevents credit from being siloed. This mechanism ensures that
granular contributions become an integral part of the researcher’s persistent
academic record and professional portfolio.

Badges

Designed as user-centered achievements, badges appeal to the user’s intrinsic
motivation by offering a framework to visualize personal progress and enable
consistency. Managed by the scientific resource, badges support continuous
updates and progress tracking. They can also be configured with specific date
bounds, introducing a time constraint that creates a sense of urgency, encourag-
ing consistent engagement over time.

Medals

In contrast to badges, medals are designed to appeal to the extrinsic competitive
drivers of the end-user. These are ranking-based achievements where users
compete for specific standings (e.g., 1st, 2nd, or nth place) based on criteria
defined by the scientific resource. Like badges, medals support time constraints
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but are specifically configured to foster grouping. When well-configured, this
grouping prevents user dejection by ensuring users compete within appropriate
tiers rather than against an insurmountable global leaderboard.

Contextual Fairness via Contribution Groups

A critical challenge in the design of credit & recognition research infrastruc-
ture is the disparity between different classes of contributors. By quantifying
labour and publishing performance indicators, and reward mechanisms, a sys-
tem inherently constructs a hierarchy of performance that invites observation
and comparison.

Comparing the high-volume output of professional, often-salaried curators di-
rectly against the sporadic contributions of community volunteers creates a met-
ric misalignment. It presents a distorted view of reality where valid voluntary
efforts appear negligible, potentially leading to the demotivation of community
contributors or the misrepresentation of professional curators” impact.

To mitigate this, APICURON introduces Contribution Groups, a mechanism
allowing research platforms to define logical cohorts to isolate metric aggrega-
tion. Each cohort can benefit from a unique recognition model and associated
reward mechanisms. This ensures that competition and ranking occur only
among peers with comparable resources and time commitments.

Moreover, the implementation of this feature avoids the pitfalls of static user
tagging. Users are not assigned a group directly; Instead, APICURON utilizes
event-level contextualization. Group membership is captured at the moment
of the contribution, effectively tagging the activity report rather than the user
profile.

While the conceptual goal is to tag every contribution with its appropriate
context, mandating that research platforms explicitly tag every individual API
payload with a group identifier would impose an undue integration burden. To
resolve this trade-off between granular tracking and ease of use, APICURON
implements a State-Based Defaulting mechanism.

Administrators manage cohort assignments via the platform’s user interface,
effectively setting a User-Group Binding state. This configuration acts as a
forward-looking directive: it establishes the default destination for all future
contributions generated by that specific user. This approach provides the fol-
lowing benefits:
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* Operational Simplicity: The system adheres to a “Convention over Con-
figuration” philosophy. If an incoming contribution report lacks a specific
group tag, the ingestion engine automatically resolves the user’s current
binding and assigns the contribution to their configured default group.

* Explicit Override: For complex workflows where a single user contributes
in multiple capacities simultaneously, the API allows the default binding
to be overridden on a per-report basis.

¢ Historical Integrity via Event-Level Tagging: modifying a user’s default

group binding via the UI does not retroactively alter their data. It merely
redirects the stream of subsequent events to the new group.

This distinction is vital for preserving the historical record. If a researcher
transitions roles, (e.g a “Community Volunteer” is hired as “Core Staft”) the
administrator simply updates their default binding. All subsequent activity is
credited to the “Core Staff” cohort, while the previous body of work remains
correctly immutably associated with the “Volunteer” group. This approach,
leveraging event-level tagging, ensures that a researcher’s indicator history ac-
curately reflects their career trajectory without the data distortion inherent in
static, global user tagging.

This logic ensures that a single researcher can accumulate distinct sets of metrics
and rewards corresponding to different phases of their career. By preserving
this historical context, the system prevents retroactive distortion of data.

2.2 Technical Implementation

At the core of APICURON'’s main workflow is the continuous processing of
contribution reports following an evolving Recognition Model to generate statis-
tics, engage reward systems and propagate information to the user’s Profile and
ORCID. Architecturally, APICURON adopts a Three-Tier Architecture:
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Figure 2.2: APICURON System architecture in UML Components Diagram

2.2.a Database Structure

APICURON utilizes MongoDB, a NoSQL database, to handle its persistence
layer. Although the core entities (researchers, resources, and activities) exhibit
relational characteristics, a document-oriented approach was prioritized to ad-
dress two specific system constraints that a rigid relational schema would hinder.

First, the volatility of Recognition Models: As previously defined, Recognition
Models determine how activities are weighted and rewarded. These models
are subject to frequent iteration by the platform administrators. In a traditional
SQL environment, reflecting these changes would necessitate frequent, compu-
tationally expensive schema migrations. MongoDB’s flexible schema allows the
system to adapt to evolving recognition definitions without incurring downtime
or complex database refactoring.

Second, the optimization of read-time Latency: The platform’s Presentation
Layer relies heavily on real-time aggregated statistics, such as user leaderboards
and profile summaries. Generating these views via normalization in a SQL
database would require complex, multi-table JOIN operations that degrade
performance at scale. By leveraging NoSQL's capacity for denormalization,
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APICURON maintains pre-aggregated snapshots of data within the target doc-
uments. This ensures that high-volume read operations remain constant in
complexity rather than scaling linearly with dataset size, effectively decoupling
complex write-time processing from real-time user retrieval.

APICURON ensures a stable schema using an Object-Document Mapper (ODM)
running in the application; this abstraction ensures the state of the database is
compatible with the expected schema in the application layer. Given the use of
an ODM, where database documents directly map to application objects, a Class
Diagram effectively represents the data structure.

The schema employs a hybrid relational strategy. Relationships are reference-
based (normalized) when strictly relying on identifiers, but utilize denormaliza-
tion via document embedding when read-latency is critical. In these instances, a
snapshot of the related object is embedded directly within the target document.
Eventual data consistency is subsequently maintained through an event-driven
propagation mechanism, ensuring that updates to the source entity are cascaded
to all embedded instances depending on the consistency constraints.

User

string orcid_id UserEmployment

string displayedName string name
string role string title
string username string url

UserLinks string avatar string start_date
. PrivacyType privacy
string name string end_date

finks Date last_update
URL url

Date lastLoginDate UserEmailEntry

employment
boolean acceptsEmails o o
VisibilityType visibility
string[] keywords

boolean verified
L— <> UserLinks links

emails i
UserEmployment employment >—1 boolean primary
UserEmailEntry emails <>_—‘ string email

Figure 2.3: User schema design for APICURON. Classes in Red represent independent
document collections. Classes in yellow are nested documents within the related Red
classes
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PartnerResource

string resource_description
string resource_id

string resource_long_name
string resource_name
string resource_uri

string resource_url

string logo

string color

string state

string defaultContributionGroup
ContributionGroup groups
ResourceStats stats

Date joined_date

string[] allowedUrls

groups

ContributionGroup
string name
string resource_id
string[] defaultMembers
string displayedName

PrivacyType visibility

stats

LeaderboardSettings leaderboard_preferences

leaderboard_preferences

ResourceStats
string resource_id
number contributionCount
number uniqueContributors
Date lastContributionDate
Date firstContributionDate

Date lastResourceUpdateDat

LeaderboardSettings

string[] monthly
string[] weekly

string[] total

Figure 2.4: Resource schema design for APICURON. Classes in Red represent indepen-
dent document collections. Classes in yellow are nested documents within the related

Red classes
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Report

string resource_id
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string ContributionGroup
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PartnerResource resource
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string resource_description
string resource_id
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ContributionGroup
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string resource_id
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User

string orcid_id

string displayedName
string role

string username
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PrivacyType privacy
Date last_update
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string[] keywords
UserLinks links
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Figure 2.5: Contribution Report Schema design for APICURON. Classes in Red repre-
sent independent document collections. Classes in yellow are nested documents within
the related Red classes.
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2.2.b Authentication and Access Control

The APICURON API exposes public endpoints for general access, while sensitive
routes require authentication and potentially additional role-based access con-
trol. This filtering is performed at the Hypertext Transfer Protocol (HTTP)[11]
request level, where if not authorized, the request would be rejected and a re-
sponse with HTTP code 401 Unauthorized would be issued.

Identity Management and Provenance

APICURON serves two primary stakeholders, comprising individual contribu-
tors and research platforms. To ensure data provenance and accountability, the
system is designed such that every write operation, whether manual or auto-
mated, must be traceable to a human actor. Consequently, APICURON does
not maintain separate “machine” identities for research platforms. Instead, au-
thentication relies exclusively on the identity of the researchers managing those
platforms.

Delegated Authentication via ORCID

The platform minimizes the risks associated with proprietary credential man-
agement by delegating identity verification to ORCID. Utilizing the OAuth 2.0
open authorization framework, users authenticate directly with ORCID, grant-
ing APICURON permission to verify their identity. This integration ensures that
the system relies on a persistent, verifiable academic identifier rather than an
isolated username-password pair.

While the web interface utilizes JSON Web Tokens J[SON Web Token (JWT) for
session management, the data ingestion workflows often executed by automated
scripts or legacy backend systems require a persistent authentication mechanism.
To address this, APICURON implements a Personal Access Token i.e an Appli-
cation Programming Interface (API) Key.

Authenticated users generate unique API keys via the user interface. Crucially,
these keys are not generic “resource tokens” but are cryptographically linked
to the specific user’s identity. When a script submits a payload using a key,
the system resolves the key to the underlying user account. This mechanism
ensures that even automated bulk submissions retain a clear chain of custody,
identifying exactly which administrator authorized the data update.

Role-Based Access Control

With an authentication system exclusively tied to the user rather than the plat-
form, access control is enforced through a strict Role-Based Access Control Role-
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Based Access Control (RBAC) layer. When a request is received, the system
first validates the user’s identity and then queries the database to verify their
specific relationship with the target resource (e.g., verifying that the user is a
registered “Administrator” of the DisProt database). This decoupling of identity
from permission allows for flexible governance, enabling resources to easily add
or remove administrators without rotating global API keys.

2.2.c Data Ingestion

Unlike traditional aggregators that “pull” data, APICURON utilizes a push-
based model. Research infrastructures integrate with the platform by sending
contribution payloads via API calls, implementing a push-based data synchro-
nization model.

APICURON provides a versatile set of REST API endpoints to accommodate the
varying workflows of each research platform, from granular timely submissions
via webhooks to asynchronous bulk transfers. Conversely, to accommodate plat-
forms relying on scheduled submissions at fixed intervals, APICURON supports
bulk ingestion workflows

The Timely Submission

APICURON offers two HTTP POST endpoints for a timely submission of activity
reports on an “as-they-occur” basis. The /reports endpoint accepts an array
of contribution events. This endpoint allows platforms to micro-batch data
submissions into a small array that does not exceed 50 reports. This payload
cap effectively acts as a micro-batching mechanism; payloads exceeding this
size incur serialization and processing overhead that align better with the bulk
submission approach. To optimize for the high-frequency nature of individual
curation events, a dedicated /reports/single endpointis exposed to bypass the
overhead of array parsing and validation required by the micro-batch endpoint,
additionally creating an endpoint that tolerates a higher concurrency rate when
necessary.

The Bulk Submission

APICURON offers an approach for research platforms to submit or resubmit their
entire log of activity reports periodically. This approach helps some platforms
lacking an event-driven approach to compile the log of events periodically. The
/reports/bulk HTTP POST endpoint accepts a JSON file containing a list of
activity reports; this file can be large.

This endpoint offers a redundancy reduction strategy feature when parsing the
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JSON file. Leveraging the default override pattern, “Global fields” whereby
repeated fields in each activity report within the array can be specified only once
as a default and can later be overridden on a case-by-case basis if necessary.

{
// Meta Header
"resource_id": "disprot", // Default Value
"reports": [
{
"activity_term": "region_first_generation",
"timestamp": "2016-08-11T09:59:17.000Z",
"curator_orcid": "0000-0002-0341-4888",
"entity_uri": "https://identifiers.org/disprot:DP0O0034"
3,
{
"activity_term": "region_first_generation",
"timestamp": "2016-08-11T09:59:17.000Z",
"curator_orcid": "0000-0002-0341-4888",
"entity_uri": "https://identifiers.org/disprot:DP00034",
"resource_id": "another_resource" // override of the Default
b

Evidently, the processing of this file is deferred, and the propagation of the results
isnot to be expected immediately, depending on the size of the data. This method
implementation anticipates large amounts of data and applies optimizations in
that regard.

Crucially, to ensure data durability within this asynchronous architecture,
APICURON employs a Persistence-First ingestion strategy. Upon receipt, all
valid contribution payloads are immediately committed to the Persistence Layer.
Only after successful storage is the HTTP acknowledgment returned to the data
provider and the event pushed to the in-memory processing queue. This guar-
antees that the volatile nature of the Node.js in-memory queue does not com-
promise data integrity; if the service fails immediately after ingestion, the raw
record remains safely persisted.

In conclusion, by decoupling the ingestion interface from the processing logic,
APICURON ensures that high-volume data submission does not block system
resources. Once a payload is validated and ingested via this interface, it is
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Method | Route Description

POST /reports Micro-Batch Ingestion: Accepts up to 50 activ-
ity reports. Designed for platforms buffering
events to reduce HTTP overhead without sac-
rificing near-real-time processing.

POST reports/bulk Asynchronous Bulk Ingestion: Accepts a com-
plete dataset dump. Includes "Global Field"
optimization to reduce payload size. Process-
ing is deferred.

POST reports/single | Real-time Ingestion: Processes a single atomic
curation event. Optimized for low-latency, im-
mediate consistency.

Table 2.1: Table Caption

immediately handed off to the asynchronous processing tier.

2.2.d The Event-Driven Processing Engine

While the Ingestion Interface handles entry, validation and dissemination fea-
tures, these functions rely heavily on the core logic of APICURON, which resides
in the Event-Driven Recognition Engine. This subsystem is responsible for the
continuous, non-blocking execution of Recognition Models, metric aggregation,
and reward propagation.

Currently, this processing pipeline is orchestrated via an internal task queue
implemented directly within the Node.js runtime. This design choice lever-
ages the platform’s asynchronous, non-blocking nature to handle current event
volumes with minimal infrastructure overhead while maintaining strict archi-
tectural decoupling. By isolating the event producers from the consumers, this
in-memory queue serves as a transparent abstraction layer. This allows for a
seamless future migration to a distributed message broker to support horizontal
scaling without necessitating a rewrite of the core processing logic.

Unified Event Abstraction

Fundamentally, the outputs generated by APICURON are a function of two
volatile, complex, and interdependent states: the continuous stream of incom-
ing contribution events and the evolving definitions of the Recognition Models.
A change in either the set of contribution events or the Recognition Model for a
single research platform introduces a cascade of updates to synchronize the out-
puts APICURON produces. Additionally, the nature of these changes is incon-
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sistent; changes range from continuous, singular updates to sporadic, massive
dataset releases where data providers (research publishing platforms) refresh
their full-set of contribution events. Conventional data-intensive architectures
synchronize such dynamic variables through scheduled batch processing, where
the entire dataset is periodically re-evaluated to ensure consistency. However, re-
lying exclusively on this temporal approach introduces a significant inefficiency:
it forces the system to blindly recalculate stable data to capture even a minority
of changes, resulting in wasted computational cycles.

Despite this inefficiency, the system cannot simply discard bulk processing ca-
pabilities, as it must support those practical instances where data providers ne-
cessitate a complete dataset refresh. To reconcile this contradiction, APICURON
fundamentally redefines how a state change is perceived. Instead of segregat-
ing inputs into streams for individual items and batches for bulk updates, the
system formalizes every modification as a discrete event. Whether the input is
a singular new contribution, a modification to a recognition rule, or a request to
reload an entire repository, each is encapsulated as a standard event packet and
placed into a unified processing queue.
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Figure 2.6: UML Activity Diagram showing the unified event pipeline demonstrating
how disparate inputs (Single Contributions, Batch Reloads, Model Updates) are nor-
malized into a standard event stream.

This operational shift establishes the foundation of APICURON's event-driven
architecture. By normalizing these disparate inputs, the system effectively ab-
stracts the underlying processing paradigms; a massive batch is no longer a
separate operational mode but simply a coarse-grained event with a larger pay-
load. This unification ensures that the system remains purely reactive, triggered
strictly by the arrival of an event rather than an arbitrary schedule.

This unification of Stream and Batch processing also provides a robust mech-
anism for Crash Recovery and State Reconciliation. Since the system is already
designed to process large, coarse-grained Bulk events adapting to legacy con-
straints, this logic is repurposed to handle system restarts. In the event of a
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service interruption where the volatile in-memory queue is lost, the system
can leverage the persisted raw reports to establish a consistent baseline. On
startup, the system identifies unprocessed records and re-ingests them using the
standard Bulk event pipeline. Consequently, the legacy requirement for batch
processing effectively functions as a native recovery strategy, eliminating the
need for complex external transaction managers.

Consequently, the processing logic adapts dynamically to the specific type of
event handled. As illustrated below, specific handlers are invoked whether the
event is a new contribution, a badge definition update, or a medal ranking recal-
culation, ensuring that complexity is handled at the logic level rather than the
infrastructure level.



2.2. TECHNICAL IMPLEMENTATION 37

APICURON - Badge Definition
Update Pipeline

Receive Badge
Definition

Update

l

Compute
badges progress

—IrC

Reward Earned

v

Update
Contributor
registry indexes

Mo Reward Earned

Earned Reward Count
Updated

P

®

APICURON - Medal Definition
Update Pipeline

Receive Medal
Definition
Update

l

Compute Medal
Rankings

i

Update Earned Reward Count
Contributor Updated

registry indexes

Figure 2.7: UML Activity Diagram showing the reward update pipeline for Medals and
badges in APICURON
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2.2.e Data Distribution & Dissemination

While the Ingestion Layer focuses on high-throughput data entry, the Distribu-
tion Layer is responsible for the contextualization and dissemination of these
results. This layer operates on two distinct fronts: internal distribution, which
segments data for accurate comparison within the APICURON interface, and
external dissemination, which synchronizes credit with third-party researcher
identities such as ORCID.

Internal distribution segments data for accurate comparison within the API-
CURON interface. This is performed by exposing endpoints leveraged by the
Presentation Layer, the Single Page Application (SPA), to retrieve user profiles,
leaderboards, and real-time statistics.

Beyond internal metrics, APICURON functions as a bridge to the wider academic
ecosystem by propagating verifiable credits to third-party researcher identities,
specifically ORCID. However, this integration presents two distinct challenges:
an Impedance Mismatch regarding system reactivity and a Granularity Mis-
match regarding data consumption.

The granularity mismatch

Raw biocuration events are often too granular to be meaningful on a professional
résumé. A researcher contributing 500 individual annotation updates does not
require 500 separate entries on their ORCID profile.

To resolve this, APICURON implements a semantic summarization layer. In-
stead of propagating raw event logs, the system synthesizes contributions into a
coherent, human-readable narrative. Crucially, this synthesis is configurable by
the research platforms and offers the following benefits:

¢ Contextual Templating: Research platforms can define custom text tem-
plates on a per-group basis. This allows for high-level distinctions; for
example, a Senior Curator might receive a detailed citation format, while
Community Volunteers receive a consolidated activity summary.

* Payload Efficiency: By collapsing thousands of micro-events into a single,
updated summary object, the system significantly reduces payload size
while maximizing the CV-readiness and professional value of the attribu-
tion.
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3.1 Operational Context & Legacy constraints

While APICURON provides the theoretical and architectural framework for
granular credit, its efficacy can only be validated within a live, production-level
research infrastructure. The Database of Protein Disorder was selected as the
primary pilot implementation for this system. DisProt[27] is an open database
integrating experimental evidence on intrinsically disordered proteins Intrinsi-
cally Disordered Proteinss (IDPs), intrinsically dis-ordered regions Intrinsically
Disordered Regionss (IDRs), and their functions. Over the past two years, the
database has grown over 20%, now comprising 3201 IDPs and 13347 pieces of
evidence, including over 1500 new structural state annotations and more than
1300 new function annotations. Unlike automated repositories, DisProt relies
entirely on the intellectual labour of domain experts to extract complex experi-
mental evidence from literature. This curation process exemplifies the invisible
labour phenomenon often observed in data-centric biology. While the resulting
structured data is highly cited, the granular efforts of extraction defining region
boundaries, validating evidence, and resolving conflicts remain opaque in tra-
ditional citation models.

Prior to this implementation, DisProt functioned as a traditional static database.
Contributors were acknowledged only via generic “consortium authorship” on
periodic update papers. This model, although effective, fails to capture the
velocity and specificity of individual contributions. The integration of API-
CURON aimed to transform DisProt from a static repository into a dynamic,
credit-generating system.
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3.1.a Semantic Integration Challenges

The primary challenge in integrating DisProt with APICURON was the semantic
mapping of complex biological workflows into the standardized Activity Report
schema described in chapter 2. DisProt curation is not a singular action but a
composite workflow involving:

¢ Entity Identification: Defining region boundaries within a specific identi-
fiable protein (e.g., residues 1-213 in protein with ID: DP00287).

* Ontological Annotation: Assigning classes from the Intrinsically Disor-
dered Proteins Ontology (IDPO)[27] or GOI[2] ontologies describing the
structural states, transitions, and protein functions to the target regions.

¢ Evidence Validation: Linking assertions to experimental methods (e.g.,
NMR, CD) and literature citations.

Given the complexity of the contribution workflow, integrating APICURON
was not merely a matter of connecting API endpoints; it required a semantic
translation layer.

3.1.b Decoupling Execution from Attribution

Legacy DisProt was designed as a traditional Create, Read, Update, Delete
(CRUD) application. In this model, the system’s primary objective is State
Persistence, fitting the primary purpose of the platform. The system focuses
on overwriting the record upon requested changes. However, APICURON op-
erates on a contribution model, focusing on the contribution action itself rather
than the final product. Fundamentally, the legacy system prioritized state per-
sistence, answering the query “What is the final state of this object?” In contrast,
the credit attribution model requires a delta analysis, answering “What is the
semantic distance between State A and State B, and what human effort was
required to traverse it?”.

A simple “Update” operation in a CRUD system is opaque; it collapses high-
effort intellectual contributions (e.g., defining a new annotation) and low-effort
maintenance (e.g., fixing a typo) into a single technical transaction.

3.1.c Legacy Modernization Strategy

Considering the importance of DisProt within the IDP community, the technical
debt incurred within the backend setup and the required change in processing
approach. Given the technical debt and the imperative for high availability, a
full rewrite was deemed unsustainable. Instead, an iterative migration strategy
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was adopted.

To resolve the technical debt without a full-rewrite, the strangler-fig pattern[24]
is used to introduce a new backend component in the system. This allows it
to move away from the legacy Restify[34] web-server system to a newer, more
flexible environment that is stil Node.JS[26] based but offers additional flexibil-
ity. The new component provides a baseline to introduce additional processing
logic, and the APICURON integration using the strangler-fig pattern[24].

e Iy
Browser

Frontend SPA : —
Single Page Application <{ Single Page Application [ﬁ
Angular

-

HTTP Requests (CRUD)

Server (Node.js)

Restify API ] Legacy System

|

Feadrite Data

Figure 3.1: UML Component diagram showing the legacy DisProt architecture with a
singular monolithic backend connected solely to the document database
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Figure 3.2: UML Component diagram showing the improved DisProt architecture im-
plementing the strangler-fig pattern with two backend servers connected solely to the
document database and a proxy to manage request routing

Although a new environment for implementing logic is provided, itis trivial to
understand that the backend system only captures CRUD events, the endpoints
that the DisProt frontend uses remain CRUD based. Therefore, a system to con-
vert the opaque CRUD operations to contribution events is necessary. Crucially,
the maintainability of this system is of the highest importance, as change is fre-
quent and is paramount for the credit mechanism. To overcome the rigidity of
the legacy CRUD architecture, the system was migrated to an Event-Driven pat-
tern. A core objective of this migration is to decouple the execution of curation
tasks from the interpretation of their value.

In a traditional approach, the interpretation of complex biological data entry
through CRUD requires intertwined evaluation logic. Handling this impera-
tively would require a nested conditional structure. e.g: creating a new Disor-
dered Region in DisProt might simultaneously imply:

¢ The introduction of a novel paper to the database.
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* The completion of high-quality Minimum Information About Disorder
Experiments (MIADE)[20] fields.

An imperative implementation of this logic would be a series of nested if-
statements, which violates the Open-Closed Principle[21]; adding a new credit
criterion in the future would require modifying the core persistence function,
risking regression errors.
To overcome the limitations of imperative nesting, the system implements a Hi-
erarchical Event Propagation model. This architecture inverts the control flow:
instead of the persistence layer explicitly invoking credit logic, it broadcasts im-
mutable Semantic State Changes. Formally, this implementation leverages the
hybrid of the observer pattern and composite pattern. We define the contribution
process as a directed acyclic graph where:

Here is the conversion of your logic flow into valid LaTeX for the mathematical
components. I've kept the structure clean so the relationships between the
entities remain clear.

¢ The Subject (Ey ... Ey,): The root nodes represent the atomic user actions
(e.g., region_defined).

¢ The Payload Constructors (PC ... PC,): The first layer of logic handlers is
to load the payload and compute the change delta for further processing.
These handlers represent a function: PC,(p) = S where p is the atomic
user action payload, and S is the computed delta and payload highlighting
the meaningful change in state.

¢ The Payload Analysis (PA;...PA;): Event handlers that are triggered
by the payload constructors; they analyze the change in data to identify
creditable activity. Each change of interest is checked and validated in this
process before triggering the creditors.

¢ Creditors (C...C,): Creditors directly call the APICURON API. They
represent the final layer in identifying activity.
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Figure 3.3: Event tree diagram depicting the semantic event propagation from atomic
user actions to crediting operations

This ensures strict adherence to the Open-Closed Principle: new attribution
logic can be grafted onto the event tree without modifying the underlying legacy
persistence logic. Effectively offering optimal logic reuse.

3.2 The Deposition Process

To increase community engagement and gather additional scientific evidence
for curation, DisProt introduced the article deposition page. A simplified form
designed for publication authors and non-expert curators which allows users
to contribute their experimental evidence and reference whether published or
under review. This feature effectively reduces the barrier to entry for researchers
who are unfamiliar with the complexities of scientific data curation practices,
turning DisProt into a hybrid resource that serves both as a knowledge-base and
as a deposition platform. Deposited data is reviewed by expert curators before
publishing findings to maintain high-quality standards.

To facilitate this expansion, DisProt required a mechanism to capture contri-
butions from the broader community, not just internal staff. This necessitated the
development of the Article Deposition Page, a dedicated frontend interface de-
signed to be “APICURON-aware.” Technically, this interface acts as a provenance
sensor. When an external user submits data via the deposition form:

¢ The user authenticates via ORCID
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¢ The interface captures the submission metadata (PubMed ID, UniProt ID,
experimental details).

¢ Upon validation by an expert curator, the DisProt backend triggers a POST
/reports event to the APICURON API.

UniProt ID UnIPfOt . Boundaries 0f|DR/|DP MSDNGPQNQRNAPRITFGGPSD
Papers || —————» STGSNQNGERSGARSKQRRPQGL

PNNTASWFTALTQHGKEDLKFPR
Providing core entry information GQGVPINTNSSPDDQIGYYRRATR

PubMed ID

dgld

b

Experimental Methods ~ Protein structure ~ Sequence construct

@%DisProt [ | l

Sample
composition &
interactions

) ) ) )

Enriching the entry with experimental details

Figure 3.4: Workflow describing the important steps in the article deposition process.
Created in BioRender. Aspromonte, M. (2025) https:/ /BioRender.com/z5rqlgc.

The Deposition Page has transformed the resource into a hybrid knowledge-
base and deposition system, integrating it with ELIXIR’s Deposition Database
collection. These selected databases meet the technical quality and governance
criteria for ELIXIR Core Data Resources and align with FAIR principles.

3.3 Operational Recognition

Upon the activation of the event stream, DisProt utilized APICURON's feedback
loops to visualize and quantify labour that was historically opaque. While the
“consortium authorship” model remains in effect for high-level acknowledge-
ment, APICURON was deployed to quantify curation efforts granularly.

The crediting instruments were calibrated to steer community behaviour to-
ward specific quality standards, functioning as a “nudge” mechanism. This
included:

* Weighting Evidence Precision: The scoring logic applied a higher weight-
ing to structural evidence derived from high-precision experimental meth-
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ods, thereby devaluing assertions based on lower-resolution techniques
(e.g., X-ray crystallography missing residues).
¢ Incentivizing Metadata Completeness: Additional credit was algorithmi-

cally assigned for the annotation of MIADE compliant fields, encouraging
adherence to community standards.

Furthermore, crediting mechanisms were integrated to target intrinsic motiva-
tional drivers. Temporal badges were implemented to visualize progress toward
defined competency milestones. Concurrently, dynamic leaderboards were uti-
lized to prevent ranking stagnation; by employing temporal segmentation, the
system highlighted recent activity rather than cumulative historical dominance,
thereby maintaining competitiveness for new contributors.

3.4 Impact Analysis

The integration of APICURON into the DisProt ecosystem provided the first op-
portunity to rigorously quantify the “invisible labour” of biocuration using lon-
gitudinal data. This analysis leverages time-series data comprising over 52,000
curation reports collected from the DisProt database.

The implementation of the Deposition Page successfully lowered the barrier
to entry for external contributors. In the 2026 release, the database expanded
by 20%, now housing 3,201 IDPs and over 13,000 evidence items. Notably, the
provenance tracking capabilities of APICURON revealed that 19% of new en-
tries and 46.5% of new annotations were generated by external contributors.
This validates the efficacy of the“Deposition Page as a mechanism for captur-
ing community input, effectively managing the impedance mismatch between
casual contribution and rigorous curation standards.
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The APICURON Implementa-
tion Study

Having defined the architectural specifications and data schema of APICURON
in the previous chapter, it is necessary to validate these models within the het-
erogeneity of the real-world biocuration ecosystem. A theoretical framework
for credit attribution is only as valuable as its ability to integrate with existing
infrastructure and align with the diverse workflows of working scientists.

To achieve this, an implementation study was conducted during the initial de-
ployment phase. A dedicated cohort of early adopters was engaged to stress-test
the system’s interoperability and social acceptance. This group was specifically
chosen to represent a diverse array of use cases, reflecting the broad spectrum of
activities involved in biocuration ranging from the granular, manual annotation
of intrinsic disorder (DisProt[27]) to the high-throughput classification of pro-
tein families (Pfam[13]).

The feedback and practical friction points encountered during this study were
instrumental in transitioning APICURON from a prototype to a robust service.
This chapter details that validation process. It begins by outlining the engage-
ment methodology, followed by an analysis of the specific integration strategies
required for each partner resource. It concludes by evaluating the impact of
these integrations and, crucially, analyzing the unforeseen challenges regard-
ing privacy and curator anonymity that necessitated the architectural evolutions
discussed in later chapters.
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4.1 Objectives and scope

The primary objective of this implementation study was to validate the API-
CURON framework across a heterogeneous landscape of biological databases.
Rather than a monolithic deployment, the scope of this study was designed to
assess the system’s adaptability across three critical dimensions

¢ Workflow Granularity: Testing the schema’s ability to capture both high-
effort, low-volume manual curation (e.g., DisProt[27], Reactome[22]) and
low-effort, high-volume curation such as Pfam[13].

¢ Credit Attribution Models: Evaluating the efficacy of different recognition
mechanics, from granular activity tracking to competitive incentives and
peer-review acknowledgment.

¢ Technical Interoperability: assessing the robustness of the APl integration
across distinct software architectures and development stacks.

This foundational study aimed to transition APICURON from a theoretical
model to a production-grade infrastructure, identifying friction points in both
technical scalability and social acceptance among professional curators.

4.2 Methodology

The integration of APICURON into the biocuration ecosystem was not merely a
technical deployment but a sociotechnical undertaking. It required establishing
community consensus on the definition of credit before any software could be
effectively utilized. The implementation methodology was therefore bipartite
with each scientific resource, consisting of a community engagement phase to
define semantic standards and a technical execution phase to ensure seamless
interoperability.

Following the consensus building and integration of APICURON. An imple-
mentation effectiveness analysis is performed. The purpose of the analysis was
to determine the overall effectiveness of APICURON. The overarching goal is the
understanding of the effectiveness of the acknowledgement provided through
the implementation. The project took into consideration APICURON and all
the interconnected databases, using a two-pronged approach: a qualitative, and
quantitative analysis.
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4.2.a Implementation

To avoid the pitfalls of a top-down schema design, which often leads to poor
adoption in heterogeneous systems, a participatory design approach was em-
ployed. This phase focused on establishing a controlled vocabulary for “credit-
worthy” activities that could satisfy the distinct granularity requirements of the
partner resources. The consensus was derived through a structured analysis of
four critical dimensions for each member of the early adopter cohort:

e Strategic Alignment:
This dimension evaluated the specific strategic goals of each resource (e.g.,
improving data quality). By mapping these objectives to existing deficits
in the current acknowledgement systems, specific research activities can be
prioritized. This configuration allows resources to leverage APICURON
to incentivize community effort on critical tasks by ensuring they receive
immediate visibility and recognition.

¢ Attribution Granularity:
This assessment addressed the disparity between the intellectual effort
required for a task and the visibility of the reward. The objective is to
recalibrate the recognition model to ensure that high effort contributions
are adequately recognized in comparison to the low effort contributions
counterparts.

¢ Contextual Fairness:
This dimension addressed the challenge of metric distortion caused by
flattening distinct functional roles into a single leaderboard. The anal-
ysis distinguished between disparate user groups and their role within
the scientific resource. e.g the effort of a standard contributor differs fun-
damentally from the editorial responsibility of an expert reviewer. This
differentiation was essential to ensure a “fair comparison” environment,
preventing the inequitable juxtaposition of varying user profiles creating
a false equivalence.

¢ Technical compatibility:
This technical assessment evaluated the legacy architecture and update
frequency of the partner resource. It determined the feasibility of real-
time synchronization versus bulk-data ingestion, defining the integration
strategy for each partner.

4.2.b Concepts

Before the results of the implementation study can be analyzed, it is necessary to
present the relevant concepts and theory. The analysis considers the following
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precepts and factors:

¢ Knowing the User: who is the user and how do they like to engage?

¢ Is it worth it: Professional vs non-professional curator value (perceived
usefulness) considerations

* Motivation: Intrinsic vs extrinsic motivators

* Rewards: Are they a sufficient and effective motivation?

¢ Effectiveness: Does crediting improve curation quantity or curation qual-
ity or both?

* Measurement: How to measure and ensure crediting impact?

¢ Consistency: Do the results of the different measurement (quantitative or
qualitative analysis) techniques agree?

In order to understand the user, some Psychology and Engagement concepts

were considered. The first was motivation which refers to the psychological
processes for initiating and continuing goal directed behaviours. Crediting is
designed to foster motivation so it is important to align elements with user moti-
vation. Additionally the Self Deterministic Theory (SDT) was also utilised. It is
based on the idea that people are inherently motivated certain basic psychologi-
cal needs eg. Autonomy, Competence and Relatedness as a function of intrinsic
motivation which involves engaging in activities for their enjoyment rather than
for external rewards or pressures (extrinsic motivators). The ideal scenario in
crediting would be to align design elements with intrinsic motivators in order
to improve engagement by leveraging inherent user qualities.
These considerations and theoretical underpinnings highlight the importance
of the design aspect and how it must be informed by the user type in order to
ensure a maximal experience by catering to the specific needs shown by the user.
General game theory suggests[39] there are six user types, namely:

¢ Socialisers: Motivated by want to interact with others and create social
connections.

¢ Free spirits: Motivated by autonomy and self-expression since they want
to create and explore

* Achievers: Motivated by Mastery and are looking to learn new things,
improve and challenge themselves

¢ Philanthropists: Motivated by purpose and meaning. Altruistic group
looking to give and enrich with no expectation of reward.

¢ Players: Motivated by rewards. In it for themselves to collect rewards from
the system.
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¢ Disruptors: Motivated by change. Wand to disrupt the system directly or
through others to force positive or negative change.

Users can usually fit into one of these categories and in some instances they
can evolve from one type to another.

4.2.c Quantitative analysis

The quantitative analysis employed a multi-stage approach to characterize cu-
rator engagement, implemented utilizing standard R[31] packages. The study
relied exclusively on raw activity reports submitted by participating scientific
resources, treating each submission as a verified instance of value creation
as defined by the resource’s own curation standards, without inferential pre-
processing or cross-resource standardization. The methodology proceeded in
three phases: first, a descriptive assessment of activity distributions and monthly
trends was conducted to map baseline temporal behaviors and event granu-
larity. Second, to evaluate the specific impact of the APICURON integration,
the prophet forecasting library was utilized to model pre- and post-integration
trends, supported by changepoint analysis to detect structural shifts in cura-
tion volume. Finally, to capture non-linear dynamics and oscillatory patterns, a
Continuous Wavelet Transform (CWT) was applied to generate time-frequency
scalograms. The resulting feature matrices were normalized and processed via
Principal Component Analysis (PCA) to extract latent factors, which informed
a Partition Around Medoids (PAM) clustering approach to distinguish specific
curator behavioral profiles.

4.2.d Qualitative Analysis

The qualitative approach included feedback and input from curators which was
useful for identifying key issues with implementations and also measured user
attitudes towards current gamification implementations as well as identifying
the user type. The two main surveys used were:

* Survey I: General attitudes towards crediting and current APICURON
Implementations

¢ Survey II: curator motivator identification.

Survey 1 is aimed at identifying the sentiment curators presented towards
crediting and recognition mechanisms. Specifically the mechanisms APICURON
offers. While Survey 2 is a standardized survey from Andrzej Marczewski’s user
types hexad[39] to identify motivators within the curator profiles
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4.3 Results

The implementation study integrated APICURON across a diverse cohort of
biological databases. This yielded usage data that provided the statistics under-
pinning the effectiveness of crediting and its impact.

4.3.a Qualitative Analysis

From the qualitative analysis; in Survey I on attitudes the emerging typical
curator profile is a professional middle aged academic who is not interested
in digital reward mechanisms. The primary group that was sampled indicated
that their participation in curation was not affected by the currently implemented
crediting strategies. Survey “2” on the user Motivation showed that the curators
who participated fall into the “Philanthropist” and “Achiever” user types but
also showed signs of evolving into “Free Spirit” and “Socialiser” types.

Statement Yes No Undecided
Badges matter to me 24.9% | 57.2% 17.9%
Medals matter to me 25% 50% 25%

My position on the leaderboard matters to me | 28.5% | 42.9% 28.6%
My participation is affected by badges, medals | 25% | 60.7% 14.3%
and the leaderboard

Table 4.1: Survey I responses to the importance of the implemented crediting elements
Badges, Medals and Leaderboard

It is important to note that the survey results are from a small sample of
the curators who responded to the survey. Only 28/83 ( 34%) of the curators
participated in Survey I and 8/83 ( 10%) in Survey II. Owing to the low curator
participation, these results on their own are therefore indicative and offer a
limited insight but they do support the observations made for the quantitative
analysis and suggest that the current crediting implementations have had little
to no effect on curator behavior with regards to the number of frequency of
curations. Even though the leaderboard had the least negative response of the 3
crediting implementations, the results still show that the majority of the curators
are indifferent to the implementation of the crediting mechanisms.

4.3.b Quantitative Analysis

General statistics from the quantitative exploratory analysis revealed that the
database’s total number of reports were ranked in the following decreasing or-
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der: DisProt[27], Reactome[22], Pfam[13], Intact[9], Complex Portal[3], Biomod-
els[19].

The residual and seasonality analysis of the combined monthly report distri-
butions showed that most of the databases had their greatest number of reports
during the third quarter of the year (Q3: August—October). However the data
contained complex seasonality patterns and had multiple significant residuals
when the lagged features to capture relationships with past values and rolling
statistics were analysed; indicating various temporal dependencies within the
data that could not be attributed to any one particular trigger. This was also
observed when HMM models were used to measure if certain known events
such as Conference paper submission and journal publication dates as well as
the type of curation topic had any effect on the number of reports generated. The
results suggested that the type of curation activity had no role but the journal
date of a relevant journal to particular databases had somewhat of an effect on
the number of curations around the time.

From fig. 4.1 the total number of contribution report distributions is shown.
It can be noted that DisProt and Reactome have the greatest number of reports:
58411 and 28248, respectively. Conversely, Complex Portal and BioModels have
the least amount: 6264 and 982 respectively. The gap in activity is large and
DisProt has more reports than all the other resources combined due to the high
granularity.

The Prophet forecast with trend change points performed across the entire
dataset illustrated in fig. 4.3. Shows a consistent activity prior to the integration
of APICURON. With a slight increase in activity after the implementation study.
Although these fluctuations show a slight increase in growth and trigger 3
changepoints and do occur after the inclusion of APICURON.This increase lacks
significance to be attributed to APICURON.

The Prophet decomposition of temporal componentsfig. 4.4 revealed a consis-
tent upward trend in curation volume over the study period, accompanied by
distinct weekly seasonality. Specifically, the analysis highlighted a pronounced
disparity between weekday and weekend activity, with contributions peaking
mid-week and dropping precipitously on Saturdays and Sundays. This cycli-
cal pattern strongly suggests that curation is primarily performed within the
constraints of professional employment schedules, distinguishing it from the
irregular patterns often associated with volunteer or leisure-based crowdsourc-
ing. Furthermore, annual seasonality metrics identified a significant surge in
report volume during the late third to fourth quarter (August—October).

The Continuous Wavelet Transform used on the entire dataset, produced a
time-frequency map known as a scalogram which shows the strength of a par-
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ticular wavelet transform at a particular point. It shows the signal’s frequency
content across different time points and is valuable for understanding how the
signal components evolve over time, revealing oscillatory patterns, trends and
dynamics in the data. The resulting matrix from the scalogram was then nor-
malised, correlated and then Principal Component Analysis was used to deter-
mine relevant factors (vectors of components) to be used for the PAM clustering
which produced fig. 4.5.

The clustering shows two main groups with the majority of the curators in
cluster 1 and the minority in the teal cluster. The main takeaway from the
clustering was based on the pattern of curation and not necessarily amount. An
example of this is illustrated in ??.

At certain points in time some curators exhibited similar curation patterns.
However, the drivers (e.g: time of year, work, personal, etc.) behind this are not
necessarily known and a study of this would reveal/give a better understanding
of the impact of crediting mechanisms but more information is still required.
Further analysis using hierarchical clustering may be used for this along with
other surveys focused on profiling curators.

Resource Database Activity
60000

Resources
40000 -
[ siomodess
=
2 I complex Pertal
2 . DisProt
2 | RS
20000 - . Plam
. Reaciome
0- - - —
DisProt Reactome Pfam IntAct Complex Portal BioModels
Database

Figure 4.1: Contribution reports distribution by resource in 2025, showing the number of
reported activities per resource were ranked in the following decreasing order: DisProt,
Reactome, Pfam, Intact, Complex Portal, BioModels
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Combined Monthly Report Distribution
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Figure 4.2: Monthly distribution of submitted contribution reports for all of the partici-
pating scientific resources.
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Figure 4.3: Prophet forecast with trend change points showing the overall trend of
curation activity across all resources over time. The vertical dashed lines indicate
detected changepoints in the trend.
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Prophet Trend and Seasonality Decomposition
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Figure 4.4: Prophet decomposition of temporal components showing the trend, weekly
and yearly seasonality of curation activity across all resources over time.
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Figure 4.5: Curator Clustering using PAM showing two main clusters based on curation
patterns over time rather than amount.
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Figure 4.6: Example of two curators from different resources exhibiting similar curation
patterns over time despite differing total contribution volumes.
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4.3.c DisProt

DisProt is a database dedicated to the manual curation of Intrinsically Disordered
Proteins. Curators at DisProt review literature to identify and annotate regions of
intrinsic disorder, focusing on capturing experimental evidence and functional
relevance.

With DisProt’s focus on increasing annotation quality, the recognition model
adopted by the platform yielded a high granularity of events, resulting in the
largest number of events captured in the platform and having the biggest number
of event types.fig. 4.7 shows the types of activities defined by DisProt ranked by
their reported occurrence, showing a high disparity between critical activities
required for a valid annotation and optional activities improving the quality of
the annotations

The DisProt prophet forecast results, figs. 4.8 and 4.9 show a slightly decreas-
ing trend through the first 3 to 4 years. Highlighting the increased difficulty
in finding novel data throughout time, alongside the increased friction in im-
proving annotation quality. It is interesting to note that after 2020/2021 the
gradient of the decreasing trend becomes less steep and more stable throughout
the years. The trend & seasonality analysis confirms these findings, highlight-
ing in-addition the overall declining trend. In addition, the seasonality analysis
shows the disparity between weekday and weekend activity indicating that cu-
ration is primarily performed within the constraints of professional employment
schedules.

Additional prophet forecast analysis has been conducted on the dataset, specif-
ically before the introduction of APICURON and the reward mechanisms (pre-
crediting) and after the introduction of APICURON and crediting to DisProt
(post-crediting) fig. 4.10. The Prophet forecasts illustrate a slight shift in user
behavior following the integration of APICURON. The Pre-crediting phase is
characterized by stochastic engagement interspersed with significant periods
of dormancy. In contrast, the Post-crediting phase shows a stabilization of the
workflow. The contribution model is converted from sporadic to continuous.
While extreme daily peaks were reduced, the system established a reliable base-
line of recurring activity, significantly lowering variance and allowing the model
to project a stable, predictable trend.
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Disprot Activity Term Distribution
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Figure 4.7: DisProt activity types distribution showing the number of reported activities
per type ranked in decreasing order
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Figure 4.8: DisProt Prophet Forecast, showing a slightly decreasing trend throughout
its initial years followed by a consistent trend post 2020
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Figure 4.9: The DisProt Prophet Trend & Seasonality Analysis showing the overall
declining trend, the disparity between weekday and weekend activity and an overall

fluctuation of activity throughout the year, with peaks of contributions around Q2 and
low activity on Q1
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DisProt Prophet Forecast Pre-crediting
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Figure 4.10: The DisProt Prophet Forecast showing the pre-crediting and post-crediting
phases a reduced variance with lower peak volumes but a more consistent higher base-

line, yielding improved predictability.
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4.3.d Reactome

Reactome[22] is an open-source, open access, manually curated, and peer-
reviewed pathway database focused on human biological pathways and pro-
cesses. It provides intuitive bioinformatics tools for the visualization and analy-
sis of pathway knowledge to support clinical research.

Reactome’slogging mechanism distinguishes effectively between varying types
of curation efforts.fig. 4.11 illustrates this distribution, separating primary cura-
tion activities from review and maintenance contributions. This distinction is
critical for the recognition framework, as it successfully captures and visualizes
the often invisible maintenance work, essential for preserving data quality but
frequently overlooked

The temporal analysis reveals a structured professional workflow within the
Reactome community. The seasonality analysis fig. 4.13 shows a clear disparity
between weekday and weekend activity, aligning with the findings in the general
quantitative analysis that curation is treated primarily as a professional, work-
hours activity.

Additionally, the monthly activity distribution fig. 4.12 identifies a robust cycli-
cal pattern with recurrent peaks in February, May, August, and November. These
quarterly surges are consistent throughout the dataset and likely correspond to
the platform’s quarterly release cycles, suggesting that community activity is
strongly driven by external operational deadlines.

The longitudinal analysis over the 22-year period reveals a shift in the plat-
form’s growth trajectory. As shown in the trend component of the analysis
tig. 4.13, Reactome experienced consistent growth until approximately 2015, af-
ter which the trend transitions into a steady decline in activity volume leading
up to 2025. Despite this reduction in volume, the Prophet forecast fig. 4.14 in-
dicates that the baseline of activity remains stable, albeit with declining peak
intensities.
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Figure 4.11: Reactome activity types distribution showing the number of reported
activities per type including review and maintenance contributions ranked in decreasing

order
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Figure 4.12: Monthly distribution of submitted contribution reports for Reactome from
2003 to 2025. Showing peak activity during May, November, February and August in

order throughout the year
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Reactome Prophet Trend & Seasonality
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Figure 4.13: The Reactome Prophet Trend & Seasonality Analysis showing the overall
trend, the disparity between weekday and weekend activity and a consistent yearly
activity with peaks in February, May, August and November
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Figure 4.14: Reactome prophet forecast analysis. Showing a consistent trend with
declining peaks throughout the entire 22 year period.
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Reactome Prophet Trend & Seasonality Pre-crediting
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Reactome Prophet Trend & Seasonality Post-crediting
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Figure 4.15: Reactome prophet trend & seasonality pre/post crediting shows a low
volume increase in overall trend in post-crediting phase opposing a decline at the end
of the pre-crediting period. And a similar and consistent seasonality across the dataset
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4.3.e Pfam

Pfam[13] is a significant resource comprising a large collection of protein fami-
lies, each defined by multiple sequence alignments and hidden Markov models
(HMMs). The biocuration activity at Pfam centres on defining new protein fam-
ilies, maintaining the accuracy of existing family boundaries, and generating
sequence alighments and HMMs.

The integration of Pfam data into the APICURON ecosystem revealed specific
limitations regarding metadata resolution. As illustrated in fig. 4.16, the credit
attribution model inherited from Pfam’s dataset is notably coarse-grained. The
vast majority of contributions fall under the generic umbrella term “Updating a
family,” which obscures the specific nature of individual contributions. This lack
of categorical granularity suggests that while the volume of work is captured, the
specific type of labor remains difficult to distinguish without upstream changes
to the tracking mechanism

Despite the categorical limitations, the temporal quality of the dataset is robust,
offering a consistent view of community engagement over time. The temporal
analysis reveals a distinct seasonal pattern, characterized by a recurrent peak in
activity during August fig. 4.17. This observation is further corroborated by the
Prophet trend and seasonality analysis shown in fig. 4.20, which highlights a
generally low and stable baseline of activity throughout the year, punctuated by
these specific seasonal spikes. Additionally, the seasonality analysis highlights a
clear disparity between weekday and weekend activity, aligning with standard
professional engagement patterns observed in the general quantitative analysis.

Analysis using the Prophet forecasting model fig. 4.18 demonstrates a steady
baseline increase in contributions throughout the platform’s lifetime. The model
captures the recurrent yearly spikes—likely driven by annual curation events—and
projects a significant surge in activity for the year 2025.

To assess the impact of the crediting mechanism, the forecasting analysis was
segmented into pre- and post-crediting phases fig. 4.19. This comparison aligns
with the initial findings, showing a stable, steadily increasing trend across the
entire dataset. This consistency suggests that the community’s growth trajectory
is stable, with the projected increase in 2025 following the established historical
momentum rather than a deviation caused by the crediting intervention alone.
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Pfam Activity Term Distribution
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Figure 4.16: Pfam activity types distribution showing the number of reported activities
per type ranked in decreasing order and highlighting the majority of reported activities
falling under the umbrella term "Updating a family"
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Figure 4.17: Monthly distribution of submitted contribution reports for Pfam, showing
peak activity during August
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Figure 4.18: Pfam prophet forecast analysis showing a steady baseline increase in contri-
butions throughout the platform’s lifetime with recurrent yearly spikes and a projected
significant surge in activity for the year 2025
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Pfam Prophet Forecast Pre-crediting
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Figure 4.19: Pfam prophet forecast showing the pre-crediting and post-crediting phases
with a stable, steadily increasing trend across the entire dataset
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Figure 4.20: The Pfam Prophet Trend & Seasonality Analysis showing an overall stable
trend, the disparity between weekday and weekend activity and a consistent yearly

activity with peaks in August
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4.3.f IntAct

IntAct[9] is an open-source database that makes protein-protein interaction data
derived from the scientific literature freely available. Interaction curators read
publications, extract interaction details such as interacting partners, experimen-
tal method, and supporting evidence, to subsequently map this information
to standard ontologies. APICURON plays a simple role for Intact, ensuring
contributions are credited when publications are curated and reviewed

IntAct defines only 2 types of activities, making the recognition data obscure
and difficult to interpret. This has been mainly due to GDPR compliance con-
cerns regarding user data. Which hinders the platform’s ability to credit for
often overlooked curation work.

The temporal analysis of IntAct curator activity reveals a distinct seasonal
pattern characterized by surged engagement during the winter months. As
illustrated in the monthly report distribution fig. 4.21, activity peaks notably
in December and January, a recurrence further corroborated by the trend and
seasonality decomposition fig. 4.22. Despite these seasonal fluctuations, the
longitudinal Prophet forecast analysisfig. 4.23 demonstrates a remarkably con-
sistent and stable baseline of activity throughout the entire dataset. However,
this stability is punctuated by a significant, singular surge in activity observed
in 2014, representing a deviation from the otherwise steady curation trend.
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Figure 4.21: Monthly distribution of submitted contribution reports for IntAct, showing
peak activity during December and January
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IntAct Prophet Trend & Seasonality
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Figure 4.22: The IntAct Prophet Trend & Seasonality Analysis showing the overall
stable trend, the disparity between weekday and weekend activity and a consistent
yearly activity with peaks in December and January
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Figure 4.23: IntAct prophet forecast analysis showing a stable baseline of activity
throughout the entire dataset with a significant surge in activity observed in 2014

4.3.g Complex Portal

Complex Portal is a manually curated, encyclopaedic resource of stable macro-
molecular complexes (proteins and/or nucleic acids) from various organisms,
supplemented by machine-learning predicted human complexes. Curation de-
fines stoichiometry, components, and functional context based on experimental
evidence and adheres to specific guidelines regarding complex type and size.
APICURON is utilized for crediting complex curation and review.

For the APICURON integration, Complex Portal adopted a minimal recogni-
tion model, defining only two distinct activity types: Complex Curation and
Complex Approval. Similar to the IntAct use case, this limitation was driven
primarily by internal interpretations of GDPR compliance, which restricted the
transmission of granular user data.
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Consequently, while APICURON successfully captured the volume of activity,
the semantic richness of the curation workflow was lost, rendering the resulting
credit less descriptive than in the DisProt pilot. Despite these semantic limi-
tations, the quantitative signals captured by APICURON reveal the following
insights:

¢ The Prophet forecast fig. 4.25 indicates a positive trajectory with sustained
growthin curation activity over time. The data shows a pattern of increased
volatility and higher contribution volumes following 2020.

¢ The trend analysis fig. 4.26 reveals a distinct disparity between weekday
and weekend activity, with contributions dropping significantly on week-
ends. This suggests a professionalized curation model where contributors
engage primarily during standard working hours.

* The seasonal trend analysis fig. 4.26 identifies a recurring underlying in-
crease in activity around August. However, the raw monthly distribution
fig. 4.24 displays a dominant peak in October. This indicates that while late
summer is a trend for steady activity, the absolute volume of the database
has been driven by specific, high-intensity submission events occurring in
October.
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Figure 4.24: Monthly distribution of submitted contribution reports for Complex Portal,
showing peak activity during October
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Figure 4.25: Complex Portal prophet forecast analysis showing a positive trajectory with
sustained growth in curation activity over time, with increased volatility and higher
contribution volumes following 2020
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Figure 4.26: The Complex Portal Prophet Trend & Seasonality Analysis showing the
overall increasing trend, the disparity between weekday and weekend activity and a
consistent yearly activity with peaks in August

4.3.h BioModels

BioModels[19] is a repository of mathematical models representing diverse bio-
logical systems, with models sourced from peer-reviewed literature and curated
to be semantically enriched and mathematically correct. As an early adopter,
APICURON is leveraged by BioModels to recognize and credit contributions
to mathematical models from initial submission and curation/annotation to the
creation of new versions, This encourages curators to submit, enhance and main-
tain mathematical models on the BioModels repository.

The temporal data fig. 4.28 shows a stable baseline punctuated by sporadic
spikes in volume. The overall decreasing trend observed in Figure 29 suggests
the resource has moved from an initial high-growth phase into a steady-state
maintenance mode. The visible gap in 2022 represents a temporary operational
hiatus in data ingestion. Activity is strongly coupled with the academic calendar
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figs. 4.27 and 4.29. There are significant peaks in Q1-Q2 and Q4, with a notable
drop during the summer months (Q3). The sharp disparity between weekday
and weekend activity fig. 4.29 confirms that curation is performed almost exclu-
sively during professional working hours.
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Figure 4.27: Monthly distribution of submitted contribution reports for BioModels,

showing peak activity during Q1-Q2 and Q4 with a notable drop during the summer
months (Q3)
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Figure 4.28: BioModels prophet forecast analysis. Showing stable activity throughout
the entire period with sporadic spikes in activity and a gap of inactivity in 2022.
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BioModels Prophet Trend & Seasonality
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Figure 4.29: The BioModels Prophet Trend & Seasonality Analysis showing the overall
decreasing trend, the disparity between weekday and weekend activity and a consistent
yearly activity with peaks in Q1-Q2 and Q4 and a drop in Q3

4.4 Implementation & Analysis Outcomes

The deployment of APICURON across this heterogeneous cohort provided crit-
ical empirical data regarding the feasibility of a universal credit attribution sys-
tem. Beyond the successful technical integration of the partner resources, the
study yielded fundamental findings that have since driven the architectural and
conceptual evolution of the platform.

4.4.a Reports on Biocuration Activities

The contribution data obtained during the implementation study represented
an opportunity to analyze behavior trends in biocuration. Additionally the im-
plementation helped to identify the impact of acknowledgement on biocurators.

4.4.b Validated Data Model

The study demonstrated that the APICURON data model possesses the neces-
sary semantic flexibility to capture this broad spectrum of scientific contribu-
tions without fragmentation. By abstracting contributions into a unified event
schema, the system successfully harmonized varying contribution workflows
under a single representation. This finding confirms the feasibility of a uni-
versal credit standard, proving that a single “currency” of recognition can exist
across the fragmented biocuration ecosystem.

4.4.c Sociotechnical Findings

A critical qualitative finding of the study was the varying reception of public
ranking mechanics across different curator cohorts. While community volun-
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teers often responded positively to crediting, feedback from professional curators
at established resources indicated a distinct discomfort with being ranked.

This friction highlighted that for professional staff, the Leaderboard mechanic
was perceived not as an incentive, but as an intrusive metric of their daily
employment. This finding validated the necessity for a Privacy-First design,
distinguishing between the attribution of credit and the public exhibition of
activity. Consequently, this feedback drove two major feature implementations:

¢ Contribution Groups
A mechanism to segregate recognition mechanisms to provide fair com-
parative contexts within a scientific resource. Ensuring professionals are
not ranked against community volunteers.

¢ Granular Privacy Controls
The introduction of “visibility toggles”, granting users the right to opt-out
of public profiles entirely while still accumulating credit in the background.
This established the “Right to Non-Display” as a fundamental tenet of the
platform.

44.d The Consent Gap

The most significant outcome of the implementation study was the identification
of a critical regulatory gap. While the technical connection between APICURON
and ORCID was established, the legal propagation of user data raised immediate
GDPR compliance issues .

The partner resources lacked a standardized mechanism to capture and trans-
mit explicit user consent for this specific data processing purpose. The study
demonstrated that technical interoperability is insufficient without regulatory
interoperability; the system could technically push data to ORCID, but legally, it
required a verifiable audit trail of user permission. This Compliance Gap could
not be solved by code alone; it required a dedicated infrastructure for consent
management. This discovery serves as the primary motivation for the Consent
Management Platform detailed in the subsequent chapter.

4.4.e Broadening scope

Finally, the implementation study revealed that the core entities of the API-
CURON schema are not intrinsically bound to the domain of biocuration. By
successfully mapping the distinct data models of the partner cohort (e.g., math-
ematical models in BioModels vs. structural annotations in DisProt) to a unified
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event ontology, the system demonstrated a high degree of flexibility.

This finding indicates that the framework’s applicability extends beyond bio-
logical metadata. The system’s architecture is theoretically capable of tracking
contributions in various research domains involving granular digital interac-
tions, such as open-source code contributions or the development of educational
training materials. This realization has expanded the project’s long-term scope,
validating APICURON not merely as a biocuration tool, but as a generalized
infrastructure for crediting diverse research outputs.

4.5 Conclusion

This implementation study successfully validated the APICURON framework
across a representative cross-section of the biocuration ecosystem. It demon-
strated that a unified schema can effectively capture the Broad Spectrum of
biocuration activities from the manual precision of DisProt to the automated
scale of Pfam.

However, technical aggregation is only the first step. The friction encountered
regarding curator privacy and the indifference toward gamification highlights a
critical reality: a sustainable credit infrastructure requires as much rigor in its
legal and social engineering as it does in its software architecture.

As argued in the Credit & Recognition chapter, a shift in research culture cannot
be achieved through infrastructure alone. For crediting mechanisms to have
substantial impact, they must retain tangible value within the research commu-
nity. Therefore, while it is reasonable not to expect a singular study to reverse
macroscopic trends, this work establishes the essential intermediary logic layer,
proving that while value is socially determined, the capability to track it is now
engineered.
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The Consent Management Sys-
tem

The APICURON implementation study identified privacy and General Data Pro-
tection Regulation compliance as significant issues and blockers. APICURON
is committed to assisting and facilitating compliance with the General Data
Protection Regulation (GDPR). This document outlines a consent management
system that the scientific resources leveraging APICURON could use to collect
and manage consent to share personal data with APICURON and benefit from
the features APICURON offers.

This section details the APICURON Consent Management System, a solution
designed to streamline GDPR compliance for scientific resources, enabling law-
ful data sharing with APICURON and unlocking its full feature set.

5.1 Context

During the APICURON implementation study, which involved the integration
setup with several European Bioinformatics Institute (EBI) resources, including
IntAct[9], Reactome[22], BioModels[19], and Pfam[13], the technical implemen-
tation proceeded successfully, and all relevant resources were integrated into the
APICURON platform as planned.

The study also revealed a number of privacy-related challenges, particularly
in relation to compliance with the General Data Protection Regulation GDPR.
In accordance with GDPR requirements, the participating EBI resources were
obliged to exclude all contributions originating from users who had not explicitly
provided consent for their data to be shared. Consequently, only data collected
with valid and informed consent from individuals affiliated with the respective
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organizations could be transmitted to APICURON.

These regulatory constraints introduced additional complexity into the data-
sharing workflows and underscored the necessity of a unified, transparent, and
verifiable mechanism for managing user consent across all partner resources.
This experience directly motivated the present proposal, which aims to estab-
lish a dedicated Consent Management System to facilitate GDPR compliance,
ensure lawful data processing, and streamline future integrations between API-
CURON and participating scientific resources. This experience directly moti-
vated the present proposal, which aims to establish a dedicated Consent Man-
agement System to facilitate GDPR compliance, ensure lawful data processing,
and streamline future integrations between APICURON and participating sci-
entific resources.

5.2 Regulatory Basis

The General Data Protection Regulation is an extensive document outlining laws
regarding multiple aspects of processing personal data. This section outlines the
articles of the GDPR that are most relevant to the APICURON use case for current
and potential partners and discusses their impact on the decisions made in this
project.

5.2.a Definitions
These definitions are complete and outlined in Article 4 of the GDPR[33]

¢ Person (also “data subject”): Anidentifiable natural person can be identi-
fied, directly or indirectly. For this project, the person is the contributor to
the resources that interact with the data controllers and has their personal
data managed by them. For this project, the person is the curator and
contributor on the partner resources platform.

¢ Controller (also Data Controller): is any natural or legal person, public
authority, agency, or other body which, alone or jointly with others, deter-
mines the purposes and means of the processing of personal data. For this
project, the controllers are APICURON and the partner resources.

5.2.b Lawfulness of processing

Personal data processing is lawful under the GDPR only when it is linked to a
valid legal basis. The primary legal basis we're using to allow lawful data sharing
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to APICURON is consent from the data subject according to Article 6 (1)(a)[33].
Therefore, the Data Subject must provide explicit informed consent to process
their data. A consent they can withdraw. Moreover, the data controller needs to
take procedures to handle the withdrawal of consent according to Article 7(3).

5.2.c Demonstration of Compliance

In GDPR, the Data Controller is obligated to demonstrate compliance. Processes,
implementation, and mitigation strategies must be in place to prove that personal
data is processed lawfully. For this project, this can include many aspects of the
processing of personal data. Some examples are listed below:

* Processes, Configuration, and standards that guarantee any personal data
is entirely removed upon the data subject’s request according to the “right
to be forgotten” (except for data that is used to demonstrate compli-
ance. . . etc, e.g, consent-related data) Article 17 (1)(b)[33].

* Mechanisms mitigating the risk of tampering with personal data. These
mechanisms should apply reasonable security measures to prevent tam-
pering Article 5 (1)(f)[33]

5.2.d Transparency

One of the main principles of GDPR law is transparency. Articles 13 & 14 of the
regulation[33] explicitly state the information to be provided to the data subject
when personal data is collected, whether directly from the user or indirectly
through another source. The disclosure of the legal basis for processing, the
duration of the processing, and information regarding consent withdrawal or
claims, etc, is all mandatory:.

5.3 System Overview

This project aims to offer a solution that can help partner platforms and API-
CURON maintain compliance with GDPR regulations, streamlining compliance
and reducing risk factors when sharing personal data.The APICURON Consent
Management Platform is designed to be an infrastructure component deployed
on the scientific resource’s infrastructure, making compliance a more straight-
forward, default approach.
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5.3.a Technical Design

In accordance with the regulation mentioned above, this section will outline the
specifications that need to be aligned to offer proper, reasonable mechanisms
enabling compliance.

1. Storage System

(@) Includes by-design auditing features to be used for demonstrating
compliance

2. A user interface for providing and withdrawing consent

(a) Integrates a mechanism to present the privacy policy documents to
users.

(b) Collects informed, explicit, and unambiguous consent.

3. A backend system offering an Application Programming Interface.

(a) Gives secure access to consent-related data
(b) Offers means to react to consent withdrawals (e.g, webhooks) actively

4. Portability

(a) This system needs to be easily portable and deployable on various
infrastructure environments (on-premises, cloud environments, etc).

The aforementioned specification is instrumental in applying the principles
of the GDPR and achieving regulatory compliance. However, it is not intended
as a comprehensive solution for complete GDPR compliance. The following are
examples of rules where this specification is inadequate to facilitate compliance.

The aforementioned specification is instrumental in applying the principles
of the GDPR and achieving regulatory compliance. However, it is not intended
as a comprehensive solution for complete GDPR compliance. The following are
examples of rules where this specification is inadequate to facilitate compliance.

¢ Article 15: Right of access by the data subject
The specification includes a system that only stores consent and does not
fall within other personal data that may be stored on different infrastructure
components.

¢ Article 17: Right to erasure
The specification describes only a system to store consent data, which does
not fall within the right to erasure, as it is a necessary processing of data
to demonstrate compliance with the regulation. Any other personal data
outside the scope of the specification is subject to this regulation.
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5.3.b Architecture: Components & Tools

Following the technical specification mentioned above. This section will describe
the concrete decisions that are taken. The solution is only composed of three
components: a web server, a database, and a web component.

Web component

The web component is a user interface component that users can use to state
their consent explicitly. This component is supposed to be easily embedded in
the scientific resource’s web interface with little effort and configuration. When
the user explicitly gives their consent, this component would send a request to
the web server in this system.

5.3.c The web server

The web server acts as the core of the system. Once the web component submits
consent data (either offer or withdrawal of consent), the web server stores the
information in the database before propagating this information to the relevant
parties.

5.3.d The Database

The choice of KurrentDB (formerly EventStoreDB) is critical as its Event Sourc-
ing pattern inherently provides a verifiable, anti-tampering audit trail by design.
This native feature directly supports the GDPR’s Demonstration of Compliance
obligation

The Event Sourcing pattern defines an approach to handling operations on data
that’s driven by a sequence of events, each of which is recorded in an append-
only store. Application code raises events that imperatively describe the action
taken on the object.

Although the Event Sourcing pattern was initially developed to improve scala-
bility in microservices by handling concurrent update operations, this pattern
serves the aim of this project case by offering an audit trail by design. This is nec-
essary to comply with regulations requiring verifiable, anti-tampering records
for consent storage. These guarantees are essential in this case. Although
traditional relational databases can offer an audit trail, they require advanced
configurations that can become difficult to maintain and reproduce in different
environments or through database versions.
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Figure 5.1: Overview of the event sourcing pattern, including some typical implemen-
tations, source:[6]

5.3.e Workflows

After identifying the elements of the system, this section will elaborate on the
interactions of these elements within and outside the system. Of course, these in-
teractions independently describe very little. Therefore, this section will describe
these interactions through workflows with overlapping logical components and
implementations that all serve different purposes based on the workflow.

Gather Consent Data

Using the web component, users can offer or withdraw consent. The web com-
ponent would make API calls to the consent management web server, which
performs multiple actions in parallel.

¢ Update the event log in the database with the new event

¢ Publish a new state in the API, which means that every subscriber on the
web API can get an event about the updated consent of the user, which
includes APICURON & partner resources.
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Query Consent Data

The system architecture mandates that the Web Server function as the authorita-
tive Query Interface for consent data. This interface facilitates the synchronous
retrieval of the aggregated consent state for a specified data subject. Critically,
this function is designed to operate independently of the system’s asynchronous
event-driven workflows (e.g., consent recording or update propagation). This
design ensures that partner resources, utilizing this API endpoint, can con-
sistently and immediately access the most recent, consolidated consent record
necessary for lawful data processing.
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Figure 5.2: The architecture of the APICURON Consent Management Platform showing
all of the interacting components, with the data subject






Part VI

Credit & Recognition for
Software

93






Credit & Recognition for Soft-
ware

The technical success of the APICURON implementation study demonstrated
that the model effectively captures the broad spectrum of biocuration activities.
This finding indicates that the framework’s applicability extends beyond bio-
logical metadata; the system’s event-driven architecture is capable of tracking
contributions across diverse research domains. Consequently, the logical next
step for validating the APICURON model is Research Software. Like biocu-
ration, software plays a critical role in modern research yet lacks clear, widely
accepted mechanisms for credit. Furthermore, attributing credit to software is
complicated by the highly fragmented and non-linear nature of modern devel-
opment workflows.

The growing importance of research software and the critical role played by
Research Software Engineer (RSE) in its development, maintenance, and dissem-
ination necessitates a robust and standardized framework for their recognition.
Unlike traditional academic outputs, contributions to research software often
lack clear, widely accepted mechanisms for credit and attribution, leading to un-
dervalued efforts and disincentives for community engagement. Similarly, the
labor involved in developing and delivering effective training materials, often
shared and iterated upon via platforms like GitHub, also goes largely unrecog-
nized.

This chapter outlines a proposed framework for recognizing the contributions
of RSEs, leveraging their shared activity on GitHub as a common ground for
identifying and quantifying their impact.
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6.1 The Software Attribution Paradox

As established in chapter 1, the current research assessment landscape suffers
from a fundamental granularity gap. While the technical success of the API-
CURON implementation study chapter 4 demonstrated that this gap can be
bridged for biocuration, Research Software presents a distinct and equally crit-
ical challenge. Software has become the backbone of modern science, yet the
human investment required to build and maintain it remains largely invisible
within the academic record.

6.1.a Process over Product Recognition

As outlined in chapter 2. Significant community efforts have emerged to address
the software recognition deficit. Initiatives such as CodeMeta and the Citation
File Format have standardized the metadata necessary to treat software as a
citable research output. Simultaneously, platforms like Zenodo have been in-
strumental in integrating software into the scholarly ecosystem by minting DOIs
for specific releases, effectively allowing code to be cited like a paper. Further-
more, mechanisms like GitHub’s CODEOWNERS allow for the assignment of
responsibility to specific parts of a codebase.

While these initiatives are essential for reproducibility and discovery, they pri-
marily capture the Research Product rather than the Human Investment. They
function as static snapshots: a Zenodo DOI captures a release at a single point
in time, and a CODEOWNERS file defines current responsibility, not histori-
cal effort. They fail to capture the continuous, non-linear stream of intellectual
labor, from bug fixes to architectural refactoring that defines modern software
engineering. Consequently, a paradox persists: we can now cite the software,
but we still struggle to credit the engineer. The current ecosystem conflates the
tool with the labour, obscuring the granular contributions of Research Software
Engineer and Trainers. To resolve this, it is necessary to move beyond crediting
the static artifact and establish a framework capable of recognizing the dynamic
lifecycle of software development.

To accurately capture the human investment of RSEs, reliance on manual self-
reporting is insufficient as it is prone to bias and omission. Instead, recognition
frameworks must tap into the provenance systems where the work actually oc-
curs: the Version Control System (VCS).
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6.1.b The Commit Fallacy

Within distributed version control systems, the commit serves as the fundamen-
tal unit of data integrity and history. While it provides a definitive technical
record of code modification, the commit is intrinsically flawed when utilized as
a baseline for academic credit. Commits exhibit extreme variance in granularity
and impact: a single unit may represent a trivial syntax correction or a funda-
mental architectural refactoring.

Critically, this limitation extends beyond the commit itself to the broader ecosys-
tem of VCS platform features. Native analytical tools provided by platforms like
GitHub (e.g., contribution graphs, activity dashboards, and pulse insights) are
fundamentally aggregations of these atomic units. Because these higher-level
features utilize the raw commit as their underlying data structure, they inherit
its semantic opacity. A count of pull requests opened or releases published is ul-
timately a derivative of the commit history and suffers from the same inability to
distinguish between administrative maintenance and intellectual contribution.
Consequently, neither the raw commit nor the native platform metrics built upon
it can serve as a reliable proxy for scientific credit without a supplementary se-
mantic layer.

6.1.c The Semantic Gap

This presents a distinct challenge for the APICURON model. In the biocuration
implementation study chapter 4, the model relied on explicitly defined activities
(e.g., “annotate protein”) that possessed inherent scientific value as defined
by scientific resources. In contrast, software development generates a noisy
stream of low-level technical events (pushes, merges, issue comments) that lack
immediate scholarly meaning.

6.2 The Research Software Credit Schema

To bridge the semantic gap between raw version control events and meaning-
ful academic recognition, this thesis introduces the Research Software Credit
Schema. Conceptually, the Research Software Credit Schema (RSCS) functions
as the software-specific implementation of the Activity Definition introduced
in chapter 2 It acts as an interpretative middleware layer, translating the noisy
stream of technical operations (e.g., commits, merges, issue comments) into
standardized, high-value recognition tokens that the APICURON ecosystem
can ingest.
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Figure 6.1: RSCS Data processing pipeline utilizing a Finite State Machine (FSM) to
contextualize granular events into meaningful recognition outputs.

This approach to crediting software through an intermediary interpretation
layer raises significant questions regarding governance and the interpretation
of behavior. To address these, the RSCS is architected under three binding
constraints:

¢ Community Managed: The definition of credit-worthiness is not universal.
The goal is not to impose a rigid standard of what should be credited, but to
provide a mechanism that allows specific research communities to define
their own credit schema. The RSCS enables communities to configure
patterns that match their values, ensuring the system remains relevant to
domain-specific needs.

* Versionable: As community standards and development practices evolve,
the definition of a contribution must adapt. The schema is designed to
be versioned, allowing repository managers to update their recognition
criteria over time without invalidating historical credit.

¢ Transparency: The transformation of a technical event into academic credit
must never be a "black box." The model ensures that every attribution
includes a provenance trace, providing a clear explanation of why a specific
contributor was credited for a certain activity.
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6.2.a Context-Aware Categorization

A fundamental principle of the RSCS is the rejection of the one-size-fits-all metric.
Not all code is equal; a commit fixing a typo in documentation carries different
semantic weight than a commit refactoring a core algorithm. Furthermore, the
type of software being developed can be selected as a baseline to dictate the
value of the contribution.

To resolve this, the RSCS proposes a recognition strategy that is aligned with
the research software maturity model proposed by European Virtual Institute
for Research Software Excellence (EVERSE). Leveraging the categorization of
research software proposed and proposing a recognition strategy fitting for each
category in the maturity model.

¢ Analysis Code:

This includes research software that captures computational research pro-
cesses and methodology, and often occurs in the context of simulation, data
generation, preparation, analysis and visualisation. This category of soft-
ware is characterized by its almost exclusive usage by the author. Credit
& recognition for this category focuses mainly on encouraging software
discoverability and general software quality indicators with little focus on
community contributions.

¢ Prototype Tools:

Refers to research software that demonstrates a new idea, method or model
for use by others outside the project within which it originated, often as a
substantive intellectual contribution in its own right and often in the form
of a proof of concept.

Considering the broader use cases for this software, credit & recognition
mechanisms in this category focuses on the collaborative aspects of soft-
ware production, by recognizing the community support in the maturity
model and how through categorized Pull Request submissions and active
issue threads.

¢ Research Software Infrastructure:
This category encompasses libraries, databases, and platforms critical to
the scientific community (e.g., DisProt, BiloModels). Here, novelty is often
less valuable than reliability. The crediting strategy in this category focuses
on maintenance and uptime, heavily weighting contributions related to
bug fixing, issue resolution, dependency management, and user support.
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Figure 6.2: The EVERSE Software maturity model categorizing software into three
categories depending on their maturity and abundance in the field.

6.3 Technical Implementation

The theoretical framework of the RSCS requires a robust technical baseline to
function. A credit schema is only as valuable as the data it processes; therefore,
the primary technical challenge lies in the accurate, reliable, and passive inges-
tion of research activity. This section details the Tracking Layer, the architectural
component responsible for capturing software contributions without disrupting
the researcher’s workflow.

6.3.a The Data Capture Challenge

The fundamental barrier to existing credit systems is the reliance on manual data
entry. Systems that require researchers to manually claim or log their activities
suffer from low adoption and rapid data staleness.

To mitigate this, the Tracking Layer is designed under a Zero-Friction constraint:
the mechanism must capture events passively, as a side-effect of the researcher’s
natural development workflow. The system must listen to the software reposi-
tory’s stream of version control events requiring limited intervention from the
researcher to trigger specific commands or modify their code to accommodate
the credit system.
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To achieve this passive monitoring within the GitHub ecosystem, three dis-
tinct integration mechanisms with GitHub have been evaluated: Webhooks,
GitHub Actions, and GitHub Apps. Adopting the methodology for Real-time
Event Monitoring, each approach is assessed against three critical criteria: Event
Granularity, Security / Authentication, and Scalability.

* Webhooks

Webhooks provide a rudimentary “fire-and-forget” system where GitHub
sends an HTTP POST payload to a configured server whenever an event
occurs. While useful for simple notifications, they lack a robust authen-
tication handshake and do not support the granular permission scopes
required for reading historical data. Furthermore, managing webhooks
across thousands of distinct repositories requires manual configuration
for each, making this approach administratively unfeasible for large-scale
infrastructure.

¢ GitHub Actions
GitHub Actions allow for the execution of workflows directly within the
repository’s infrastructure. While effective for Continuous Integration (CI),
using Actions for credit tracking inverts the control logic. It forces the
repository maintainer to add specific YAML configuration files to their
codebase. This violates the Zero-Friction constraint, as the credit system
becomes a dependency that the researcher must maintain and debug.

¢ GitHub Apps
A GitHub App acts as a first-class actor within the ecosystem. Unlike a user
or a script, an App can be installed across an organization or account with
a single click. It possesses its own identity, enabling it to act independently
of a specific user’s credentials.
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Feature GitHub Webhooks GitHub Actions GitHub Apps

Primary Use Case | External service notifi- | In-repository automa- | Building ro-
cation (sending event | tion (e.g., CI/CD, | bust, secure  in-
payloads). scripting tasks). tegrations across

users/organizations.

Setup Cost Medium. User con- | Low. Users add a | Very Low. The user
figures in repo set- | YAML workflow file; | clicks “Install” from
tings + manages exter- | canuse Marketplaceto | the Marketplace; the
nal server. add actions. App handles the back-

end.

Development Cost | Low. Simple config- | Medium. YAML | High. Full appli-
uration and endpoint | workflow definition & | cation development
logic. runner environment | (registration, key

knowledge. management, API
logic).

Operation Cost Low. Requires a | None - Low. Runs on | High. Runs on a
small backend to re- | GitHub servers (1k re- | dedicated infrastruc-

ceive events.

quests/hour/repo, 20
concurrent jobs, lim-
ited queues).

ture (web server).

Access Req. Repository Ad- | Repository Write | Granular permissions
min/Owner for initial | Access for work- | granted by user/org
setup.  None after- | flow files; temporary | during installation.
wards. GITHUB_TOKEN.

Data Scope Limited.  Only the | Broad. Access to | Broadest. =~ Compre-
event payload is pro- | repository  context, | hensive API access
vided. files, and API via | based on granted per-

GITHUB_TOKEN. missions across instal-
lations.

Scalability High. Scales witharo- | Medium. Scales with | Very High. Designed
bustbackend, buthigh | GitHub’s runners | for platform-level inte-
volume can strain the | (tiered limits) or self- | gration across poten-
handlers. hosted options. tially thousands of in-

stallations.

Security Payload validation via | Actions run in | Fine-grained per-
shared secret. Re- | GitHub’s environ- | missions, short-lived
quires a secure end- | ment; uses scoped | tokens, and scoped

point.

permissions and se-
crets.

repository access.

Table 6.1: Comparison of GitHub Integration Tools
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6.3.b The Proof of concept

n the scope of this work, the github actions approach has been selected to
produce the Commit Tracker. A proof-of-concept software built to establish a
reliable method for formally recognizing and crediting software contributions. It
operates in close connection with GitHub, taking advantage of features like Con-
tinuous Integration (CI) Continuous Deployment (CD), integration with ORCID
, and the standardized development workflow provided by GitHub Actions. The
system is designed to execute within a GitHub Actions environment, where it
is triggered by GitHub and subsequently processes the repository that initiated
the action.

The Commit Tracker serves as a proof of concept showcasing that data from
GitHub Events can be submitted to APICURON. Therefore it employs a simple
system that pushes all commits to APICURON as contribution events. Evidently,
this ends up resulting in commit-counting but the purpose of the proof of con-
cept here is to show that streams of events from platforms like github can be
consumed, processed, and submitted to APICURON.

6.4 The Logic Layer: Stateful Contribution Mapping

While the Tracking Layer solves the problem of data ingestion, the raw event
stream it produces is noisy and semantically shallow. A “Commit” event in
isolation is ambiguous; it could be a typo fix, a failed experiment, or a critical
algorithm refactor. Therefore, the core innovation of the RSCS lies in the Logic
Layer, which transforms these discrete technical events into verified academic
contributions.

6.4.a The Shift from Stateless to Stateful Recognition

Traditional software effort indicators often rely on non-representative metrics,
such as raw counts of lines of code Lines Of Code (LOC) or number of commits.
These are stateless indicators; they measure quantity, not impact. In the context
of the RSCS, this approach is insufficient. Unlike Biocuration, where a single an-
notation often represents a complete atomic unit of work, software contributions
are procedural and interdependent.

To address this, we introduce Stateful Contribution Mapping. This method-
ology treats a contribution not as a single event, but as a lifecycle that must
traverse a specific sequence of states to be considered valid.The lifecycle in ques-
tion is defined by the community and can be aligned with the proposed software
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classification.

¢ The Atomic Unit of Work in this case is transient. A commit is merely a
transitional state; it only gains academic value when it is peer-reviewed
and integrated into the canonical codebase (the “Merged” state).

¢ Contextual Validity: Regardless of the measured target to identify a cred-

itable unit of work. The validity of the measurement depends on the
existence of the following characteristics indicating valuable human effort.

- Evidence of intent and initiation of contribution: (e.g opening a Pull
request)

- Iteration (optional), New commits are added. Feedback is exchanged
showing a continuous evidence of intent

- Validation: approval of the contribution by automated tests or main-
tainers.

— Completion: The contribution is integrated into the software.(e.g:
commits are merged, PRs are merged. . . etc).

To implement this technically, the Logic Layer utilizes a Finite State Machine
model where the github event stream doesn’t always trigger an event on the
credit stream. But the logic layer keeps track of the state of the repository
depending on the measured quality indicator.

In the example below we define a contribution to a feature as a fully solved
closed PR that is tagged as “feature”. Using this definition we can configure
the Finite state machine model to identify these patterns and react to them
accordingly as shown in fig. 6.3.
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Figure 6.3: The Software Recognition Mapping captures all of the raw GitHub events
but produces a credit stream only when the defined pattern is identified.

6.5 The Acknowledgement layer

The final component of the proposed architecture is the Acknowledgement Layer.
Once a software contribution has been captured by the Tracking Layer and val-
idated by the Logic Layer, it must be translated into a tangible academic asset.
A valid credit entry stored in a private database has no value to a researcher’s
career; it must be propagated to the public infrastructure where research assess-
ment occurs.

This section details the propagation mechanisms that feed verified software
credits back into the global research ecosystem, ensuring interoperability with
standard academic profiles and assessment frameworks.

6.5.a Ecosystem Integration and Feedback Loops

Following the architectural model defined in the Credit & Recognition Section,
the RSCS functions as a specialized tracker that feeds into broader aggregator ser-
vices. The aggregated Activity Reports are serialized into payloads and pushed
to the APICURON API. This centralizes the data alongside other research ac-
tivities (such as biocuration). Through APICURON's existing integration, these
software contributions can be pushed to the researcher’s ORCID profile, provid-
ing the researcher proper credit for their software contributions.
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Conclusions

This doctoral thesis set out to resolve a fundamental paradox in modern science:
while research has become increasingly data-centric and software-reliant, the
academic currency for exellence remains tethered to the static, narrative-driven
publication. This misalignment has created a granularity gap, where the es-
sential labour of biocuration and software engineering remains invisible and
uncredited.

Through the design, development, and implementation of APICURON, this
work has provided a robust technical solution to this sociotechnical problem.

Architectural Innovation: We established that static metadata is insufficient for
capturing the dynamic nature of research. By implementing an event-
driven architecture, APICURON successfully decoupled the execution
of research tasks from their valuation, allowing for the capture of high-
frequency, granular contribution events.

Validation in Biocuration: Theimplementation study across scientific resources
such as DisProt and Reactome validated the APICURON model. We ob-
served that while extrinsic crediting mechanisms (such as badges) had
mixed results on curator motivation, the visibility provided by the platform
proved essential for sustaining user engagement and stabilizing contribu-
tion workflows.

Sociotechnical Safeguards: The study revealed that technical tracking cannot
exist without ethical safeguards. The development of the Consent Manage-
ment System (chapter 5) addresses the Consent Gap, ensuring that granular
tracking complies with privacy regulations GDPR without compromising
the provenance record.
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Extension to Software: Finally, we demonstrated that this event-driven model
is domain-agnostic. By mapping the Commit Fallacy to the Biocuration Gap,
we proposed the Research Software Credit Schema, laying the groundwork
for treating software commits as first-class research outputs.

6.6 Implications for the Field

The findings of this thesis urge a shift in how the scientific community ap-
proaches infrastructure. We conclude that gamification is not a silver bullet for
researcher engagement; rather, provenance and interoperability are the primary
drivers of value.

For Biocuration, this means moving away from traditional authorship toward
verifiable, acknowledged contributions that can be pushed to persistent profiles
such as ORCID. For Research Software, it implies that we must move beyond
citation files to tracking the process of engineering—maintenance, code review,
and documentation—as distinct, creditable activities.

6.7 Perspectives

6.7.a From Gamification to Career Utility

While the implementation study revealed that professional curators are often
indifferent to badges and medals, the value of the platform lies in its ability to
synthesize granular actions into human-readable narratives. The perspective
here is that credit systems must move away from gamifying work and toward
recognizing expertise. Future iterations should focus on the automated gener-
ation of "Impact Portfolios" that researchers can directly utilize in hiring and
promotion cycles.

6.7.b Semantic Middleware in a Federated Ecosystem

APICURON should not be perceived as a standalone repository but as a seman-
tic middleware. The goal is to establish a federated ecosystem where disparate
activity streams—from GitHub events to manual biocuration—are harmonized
through a shared language of recognition. This involves strengthening the tech-
nical and legal bridges between contribution trackers and global PID providers
like ORCID.
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6.7.c Closing the Compliance and Trust Gap

The discovery of the Consent Gap highlights that technical interoperability is
insufficient without regulatory interoperability. A future perspective for the
field is the adoption of “Compliance-by-Design” infrastructures, such as the
proposed Consent Management Platform. By making lawful data sharing the
default rather than a hurdle, we can foster a more transparent and trustworthy
research culture.

6.7.d The Human role in Data Production

As biology becomes increasingly reliant on Artificial Intelligence, the human
investment in high-quality data becomes more critical. APICURON provides
a mechanism to acknowledge the “human-in-the-loop” whose expert curation
powers the next generation of Al breakthroughs. We foresee a perspective where
attribution metadata becomes a quality indicator for the datasets used to train
models, effectively closing the loop between the labor of curation and the utility
of discovery.
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