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Abstract. Effective management of data provenance is essential in Informa-
tion Systems, particularly for data-intensive applications. Despite the W3C
PROV family of documents establishing a standard for representing prove-
nance, integrating this information into software development processes remains
a significant challenge. This paper addresses the problem by introducing the
Ecore4PROV-DM metamodel, developed using Model-Driven Engineering tech-
niques to align with the W3C PROV data model (PROV-DM). The metamodel’s
application is demonstrated through real-world scenarios, including the Urban
Observatory project at Newcastle University. Evaluated using a subset of the
Metamodel Quality Requirements and Evaluation (MQuaR[E) framework, focus-
ing on three key quality requirements, Ecore4PROV-DM exhibits high accuracy
and completeness, making it a robust tool for provenance modeling. By bridg-
ing the gap between the conceptual richness of W3C PROV-DM and practical
implementation needs, Ecore4PROV-DM facilitates precise provenance repre-
sentation and seamless integration into diverse Information Systems.

Keywords. Data Provenance; Model-Driven Engineering; W3C PROV; W3C PROV-DM; Meta-
model Evaluation.

1. Introduction

In contemporary Information Systems development, the traceability and understanding
of data provenance play a crucial role in ensuring transparency, accountability, and re-
producibility [Herschel et al. 2017, |Hu et al. 2020]. As these systems become more data-
intensive, the need for robust provenance models grows increasingly important. The W3C
PROV family of documents has emerged as a standard for representing, serializing, and
storing data provenance, providing a foundation for interoperability across diverse do-
mains [Moreau et al. 2013al].

Despite the availability of the W3C PROV standard, developers face challenges
when integrating provenance information into Information Systems. These challenges
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include the complexity of mapping abstract provenance concepts to software models, en-
suring compatibility with existing systems, and automating the generation and use of
provenance data during runtime. Additionally, aligning the conceptual richness of W3C
PROV with the technical demands of real-world systems presents challenges in develop-
ing efficient and scalable solutions.

Model-Driven Engineering (MDE) offers a promising approach by providing
a systematic and standardized framework for representing and managing provenance
data [Kinderen et al. 2017]. The Eclipse Modeling Framework (EMF), a core technol-
ogy for building MDE-based tools, provides model validation, code generation, and in-
tegration capabilities, facilitating the automation of model-driven processes, including
provenance representation in Information Systems.

The primary research question addressed by this paper is: How can a metamodel
aligned with the W3C PROV standard enhance the integration of provenance informa-
tion into Information Systems, specifically addressing traceability and reproducibility
challenges in data-intensive applications? The proposed Ecore4APROV-DM metamodel
answers this question by providing a structured and compliant approach that meets the
needs of developers integrating provenance information into their systems. This research
bridges the gap between the conceptual framework of W3C PROV and the practical re-
quirements of Information Systems, offering a solution for accurate modeling and trace-
ability of data provenance. Designed to closely align with the components of the W3C
PROV data model (PROV-DM), the metamodel incorporates MDE techniques, providing
a formalized and systematic method to manage provenance information within the context
of established W3C standards.

The evaluation of Ecore4PROV-DM focuses on three key Metamodel Quality
Requirements (MQRs) from the MQuaRE framework [Kudo 2021, [Kudo et al. 2020a,
Kudo et al. 2020b]. These requirements were selected based on their relevance to assess-
ing the accuracy, completeness, and usability of the metamodel in representing prove-
nance information aligned with the W3C PROV standard.

The Ecore4PROV-DM metamodel allows developers to consistently and auto-
matically incorporate provenance information into their systems. By adhering to W3C
PROV standards, this approach enables better alignment between conceptual models and
practical implementation needs in data-driven environments. With strict compliance to
the W3C PROV-DM standard, the metamodel establishes a structured and standardized
framework for representing and managing provenance information. This simplifies the
creation of provenance models, ensuring compliance with PROV-DM constraints and fa-
cilitating seamless integration into software systems. Aligned with these constraints, the
models are well-suited for serialization and computer processing. The integration of MDE
further supports the development process, offering a formalized approach that streamlines
the implementation of provenance data. This alignment between the conceptual richness
of W3C PROV-DM and the practical needs of software development ensures compliance
with standards, addressing the challenges of integrating provenance features into data-
intensive applications.

The paper is organized as follows: Section [2] presents background details on data
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provenance, the W3C PROV family of documents, Model-Driven Engineering, and in-
troduces the MQuaRE framework, which served as the basis for the quality evaluation
of the metamodel; Section [3| explores related research; Section {4 provides an in-depth
overview of the Ecore4PROV-DM metamodel; Section [5| demonstrates the practical ap-
plication of the metamodel through the presentation of two use cases; Section [6|evaluates
the Ecore4PROV-DM in the context of the MQuaRE framework; and finally, Section
concludes this work by summarizing key contributions and suggesting future research
directions.

2. Background

This section provides essential background information to facilitate the understanding of
concepts and technologies discussed in this paper. It encompasses key topics such as data
provenance, the W3C PROV family of documents, Model-Driven Engineering (MDE),
Eclipse Modeling Framework (EMF), and the MQuaRE framework, which serves as the
basis for evaluating the quality of our proposed metamodel.

2.1. Data Provenance

Provenance encompasses information delineating the production process of a product,
whether a data entity or a physical object [Herschel et al. 2017]. As defined by the W3C
Provenance Working Groupﬂ, it refers to “information about entities, activities, and people
involved in producing a piece of data or thing, which can be used to form assessments
about its quality, reliability, or trustworthiness.” This term traces its origins to the Latin
provenire, meaning “coming from.” Specifically, “data provenance” involves mechanisms
and techniques used to acquire and record information about the origin of data and the
transformations shaping its current state, commonly referred to as “provenance data,”
“provenance information,” or “provenance record.”

Data provenance is valuable in numerous industries, as it serves multiple pur-
poses [Glavic 2021, [Pérez et al. 2018]. In open information systems, it assists in deter-
mining the origin of data and identifying responsible parties. In scientific research, prove-
nance offers insights into the methodology used to obtain results, guaranteeing trans-
parency and reproducibility. In news reporting, it plays a vital role in verifying references
and sources, enhancing trustworthiness and credibility. In legal contexts, provenance
facilitates licensing, attribution of documents and data, and privacy management. The
domain of 10T sees data provenance being utilized in a variety of areas, including sup-
ply chains, health monitoring, digital forensics, and intelligent services [Hu et al. 2020].
Provenance is crucial in these fields, ensuring accountability, authenticity, and informed
decision-making [Herschel et al. 2017]].

Data provenance is crucial for confirming data authenticity, which facilitates data
reuse by providing detailed records of the data generation process, addressing how, why,
where, when, and by whom the data was created. This metadata is fundamental for ef-
fective data management and is essential in areas where data integrity is paramount. In
contexts with multiple handlers from creation to consumption, such as data-intensive re-
search, provenance metadata ensures the quality and accuracy of the data for researchers

Thttps://www.w3.0rg/2011/prov/
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who did not collect it. Publishing data with comprehensive provenance metadata allows
for broader verification and reuse, helping others assess the quality, reproducibility, and
reliability of the data. This documentation gives stakeholders greater confidence in the
results derived from such data [ARDC, Australian Research Data Commons 2022].

Methods for capturing and documenting provenance range from simple text anno-
tations to complex metadata schemas. Basic provenance can be recorded in README
files that describe data collection and processing details. Internally, software tools
and systems like Kepler [Ludascher et al. 2006], Galaxy [Community 2022], and Tav-
erna [Wolstencroft et al. 2013]] automatically document data provenance during compu-
tational workflows, which is crucial for scientific computing’s reproducibility and trans-
parency. This internally captured provenance is essential for system users and can be ex-
ported to dedicated repositories for broader access. Provenance information supports both
machine-to-machine interactions and user-friendly interfaces, enhancing data journey un-
derstanding. Advanced visualizations from systems like VisTrails [Callahan et al. 2006]]
improve provenance data interpretability for both specialists and stakeholders. In struc-
tured data management environments, provenance may adhere to standards like Dublin
Core [Wolf et al. 1998] or ISO 19115-3 [ISO Central Secretary 2023|], providing a for-
malized framework for data documentation. However, these standards are often tailored
to specific domains, such as metadata for documents (Dublin Core) or geographic infor-
mation (ISO 19115-3). In contrast, the W3C’s PROV Family of Documents offers a more
flexible and domain-agnostic specification for modeling data provenance across various
fields. Its detailed structure for representing relationships between entities, activities, and
agents makes it particularly suited for complex use cases requiring extensive provenance
tracking, which was the focus of this research.

2.2. W3C PROYV Family of Documents

The W3C PROV Family of Documents, introduced by the W3C Provenance Working
Group, presents a comprehensive framework comprising a model, serializations, and
complementary definitions. This framework establishes standardized representations for
seamless exchange of provenance data across different platforms. The PROV standards
aim to facilitate the easy publication and exchange of provenance information across the
Web and information systems, supporting representation and exchange of provenance data
in formats such as RDF and XML. Additionally, PROV documents provide guidelines for
accessing, validating, and correlating provenance information with standards like Dublin
Core [Wolf et al. 1998]].

In W3C PROV, provenance is represented by three central figures: Entity, Agent,
and Activity, interconnected by relationships like wasGeneratedBy, used, wasAssociated-
With, and wasAttributedTo. These relationships, defined in the Provenance Data Model
(PROV-DM) [Moreau et al. 2013al], underpin the W3C PROV family of specifications.
Figure [I] illustrates these core elements in a provenance graph, adhering to W3C PROV
conventions. In this graphical representation, entities, activities, and agents are depicted
by yellow ovals, blue rectangles, and orange “pentagon houses”, respectively, connected
by directed edges symbolizing their relationships.
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wasDerivedFrom

wasAttributedTo

Agent used wasGeneratedBy

Activity

wasAssociatedWith

Figure 1. Main components and relationships in the W3C PROV Data Model.
Adapted from: [Gil et al. 2013].

The PROV-N notation [Moreau et al. 2013b] simplifies the translation of the

PROV data model into a concise format for human understanding, serving as the founda-
tion for formal semantics. Furthermore, other human- and machine-readable representa-
tions of PROV, such as PROV-JSON and PROV-XML, are also available.

PROV-DM is a domain-agnostic conceptual data model underlying the W3C

PROV Family of specifications. It accommodates diverse applications through extensi-
bility points for domain-specific extensions. The model distinguishes between core struc-
tures, capturing essential provenance aspects, and extended structures for specialized ap-
plications. Structurally, PROV-DM comprises six key components, addressing various
provenance documentation facets [Moreau et al. 2013a].

1.

s

Entities and Activities: Define relationships between an Entity and an Activ-
ity, including used (Use), wasGeneratedBy (Generation), wasStartedBy (Start),
wasEndedBy (End), wasInvalidatedBy (Invalidation), and wasInformedBy (Com-
munication).

Derivations: Address the derivations of entities from other entities and subtypes
of derivation, indicating that an Entity may have been derived (wasDerivedFrom)
from another entity. Furthermore, this derivation may have been of a specific type,
such as a revision (wasRevisionOf), a citation (wasQuotedFrom), or a primary
source (hadPrimarySource), each of which can be related to an Activity.

Agents, Responsibility, Influence: Address agents and the relationships repre-
senting their responsibility and influence over an entity or activity. It includes
Entity, Activity, and Agent, along with the relationships wasAttributedTo (Attribu-
tion), wasAssociatedWith (Association), and actedOnBehalfOf (Delegation).
Bundles: Refer to a mechanism for supporting the provenance of provenance.

. Alternatives: Enable the representation of alternatives or specializations of en-

tities. It includes two binary associations, which are self-relationships of Entity:
alternateOf (Alternative) and specializationOf (Specialization).

Collections: Concern the notion of collections, where a collection is an entity that
has some members. The members are entities, and therefore their provenance can
be expressed. It includes Collection, a specialization of Entity, and EmptyCollec-
tion, a specialization of Collection.
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2.3. Model-Driven Engineering

Model-Driven Engineering (MDE) is a software development approach centered on mod-
els as central artifacts throughout the development lifecycle [Bucchiarone et al. 2020,
Schmidt 2006]. The MDE paradigm emphasizes using models to represent various as-
pects of a system, serving as abstractions to capture essential characteristics, support rea-
soning, analysis, and transformation.

MDE is centered around creating and manipulating domain-specific models,
which act as both blueprints and high-level representations of systems, encapsulating
complex behaviors and structures in a more accessible format. Systems are developed
by specifying models, which are then transformed into executable code through auto-
mated processes. This approach relies on metamodels, which define the language for
expressing models and guide the creation of domain-specific models by describing entity
types in a domain and their associations, providing a vocabulary and rules for construct-
ing models. At its core, MDE is based on metamodels, which are themselves described
by a meta-metamodel at the highest abstraction level, typically represented by the Meta-
Object Facility (MOF) standardized by the Object Management Group (OMG). MOF
features a four-layered architecture, where each layer is an instance of the layer above
it [Volter et al. 2013]].

Models are constructed using Domain-Specific Modeling Languages (DSMLs),
defined by a metamodel [Lopez-Fernandez et al. 2015]]. DSMLs offer specialized lan-
guages for specific domains, enabling the creation of models capturing essential concepts
and relationships. A metamodel is essentially “a model that defines the structure of a
modeling language” [Rodrigues da Silva 2015], providing a formal description of the lan-
guage’s syntax, semantics, and constraints [Bruel et al. 2018]].

2.4. Eclipse Modeling Framework

The Eclipse Modeling Framework (EMF) [Steinberg et al. 2008] is a powerful framework
within the Eclipse Integrated Development Environment (IDE), providing features for
creating, editing, and validating models and metamodels. EMF’s key capability includes
code generation, translating metamodels into corresponding Java classes, enabling the
instantiation of metaclasses and the creation of models aligned with the metamodel.

EMF consists of three main components. Firstly, the core framework includes
the Ecore meta-metamodel, which defines models and provides runtime support features
like change notification, XML Metadata Interchange (XMI) serialization for persistence,
and a reflective Application Programming Interface (API) for manipulating EMF objects.
Secondly, the EMF.Edit framework offers generic reusable classes for building editors
for EMF models, including content and label providers, property source support, and a
command framework for automatic undo and redo operations in JFaceE]—based editors.
Lastly, EMF.Codegen provides a code generation facility for creating comprehensive ed-
itors for EMF models, offering a graphical user interface for setting generation options
and invoking generators, and integrating with Eclipse Java Development Tooling (JDT)
for enhanced functionality.

2https://wiki.eclipse.org/The_Official_Eclipse_FAQs#JFace
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Metamodels in EMF are constructed using the Ecore meta-meta-model, which, in
turn, is based on the Meta Object Facility (MOF) meta-metamodel [Steinberg et al. 2008]].
When defining metamodels with Ecore, developers utilize class instances to specify struc-
ture, associations, and properties. An Ecore-based metamodel typically includes different
class instances such as EClass, EAttribute, EReference, ESuperType, and
EDataType. This process, conducted using the Ecore language, integrates seamlessly
with other Eclipse projects. For example, Eclipse Sirius [Madiot and Paganelli 2015] fa-
cilitates the creation of custom model editors, while Eclipse Acceleo [Madiot et al. 2024
supports model-to-text (M2T) transformations.

2.5. Metamodel Quality Requirements and Evaluation (MQuaRE) framework

Proposed by [Kudo 2021} [Kudo et al. 2020a, [Kudo et al. 2020b], the Metamodel Quality
Requirements and Evaluation (MQuaRE) serves as a crucial tool for assessing metamodel
quality across diverse applications. The framework ensures metamodel quality through
five key characteristics: compliance, conceptual suitability, usability, maintainability, and
portability. These characteristics are further subdivided into detailed sub-characteristics,
offering a comprehensive guide for assessing metamodel quality.

MQuaRE delineates 19 Metamodel Quality Requirements (MQRs) and 23 asso-
ciated quality measures, providing a robust foundation for metamodel evaluation. The
framework recommends a structured five-phase evaluation process: (1) establish evalu-
ation requirements, (2) specify the evaluation, (3) design the evaluation, (4) execute the
evaluation, and (5) conclude the evaluation. Each phase is crucial for maintaining consis-
tency and effectiveness throughout the evaluation process.

3. Related Work

In [Kinderen et al. 2017], the authors introduce metamodel provenance to trace the ori-
gins of metamodel elements, such as language concepts, attributes, or constraints. They
focus on a goal-driven approach, illustrating how goal models help understand the origins
of conceptual modeling language elements. The authors demonstrate this approach with a
scenario in the electricity domain, providing a practical illustration of their methodology.

The research in [Bastin et al. 2023]] focuses on evaluating data quality in citizen
science. The authors emphasize the need for transparent documentation of data processes
and introduce a user-friendly prototype authoring tool developed using MDE techniques.
This tool provides a text editor to simplify the creation of machine-readable dataset de-
scriptions, based on the ISO 19115-3 [ISO Central Secretary 2023]] geographic informa-
tion provenance model, aiming to enhance provenance information and promote data in-
tegration and sharing in the domain.

The paper [[Velasco et al. 2023]] addresses challenges in smart contract develop-
ment, focusing on contract immutability and asset storage. It introduces the High-Level
Metamodel for Smart Contract (HLM-SC), which uses MDE to declare contract elements
at a high level for improved safety and reliability. The authors evaluate HLM-SC’s con-
ceptual validity using the MQuaRE framework and external evaluators. The paper also
offers a practical guide for developers adopting HLM-SC and demonstrates its application
in a real-world NFT industry scenario.
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Compared to previous studies, Ecore4PROV-DM specifically addresses the chal-
lenge of modeling data provenance to enhance traceability and reproducibility in Infor-
mation Systems. The goal-driven approach in [Kinderen et al. 2017/ focuses on tracing
the origins of metamodel elements but lacks a structured, easily integrable solution for In-
formation Systems. In contrast, Ecore4PROV-DM provides a domain-independent meta-
model that adheres to the W3C PROV standard. This proposed solution improves the
traceability and reproducibility of data-intensive applications by documenting all interac-
tions within the provenance chain, making them easy to trace back, as demonstrated in
the use cases. Furthermore, similar to the work by [Velasco et al. 2023]], our study em-
ploys the MQuaRE framework and external evaluators to rigorously assess the conceptual
validity of the proposed metamodel.

The Ecore4PROV-DM metamodel distinguishes itself by providing a clear and
structured representation of provenance information, enhancing traceability and repro-
ducibility in data-intensive applications. By leveraging the well-established concepts
and structures of the W3C PROV standard, Ecore4PROV-DM offers a practical and stan-
dardized approach to modeling provenance, facilitating interoperability and exchange of
provenance information across different systems and domains. Additionally, the meta-
model’s compatibility with existing Eclipse-based MDE tools and frameworks enhances
its usability and adoption, making it a valuable asset for researchers and practitioners in
the field of provenance management. This compatibility with the W3C PROV standard
and MDE also allows for easy integration with existing systems and tools, further enhanc-
ing its practical utility in real-world applications.

4. Ecore4PROV-DM Metamodel

Meticulously representing the W3C PROV data model (PROV-DM) using the Ecore meta-
metamodel is key to creating a structured approach that ensures compliance with es-
tablished standards. Ecore is chosen because it allows for domain-specific models that
integrate easily into diverse Information Systems. Unlike other methods, Ecore pro-
vides a robust framework that supports Model-Driven Engineering (MDE) practices, fa-
cilitating tool and application development for managing provenance information. The
Ecore4dPROV-DM metamodel enhances traceability and reproducibility in data-intensive
applications by offering a consistent and adaptable solution across various domains, ad-
dressing gaps left by models lacking this structure. The definitions of the PROV-DM
components, as specified in [Moreau et al. 2013a], serve as the basis for this represen-
tation. This approach ensures the resulting metamodel closely mirrors the W3C PROV
standards, providing a reliable framework for provenance information modeling in Infor-
mation Systems.

In Figure 2] the structure of the Ecore4PROV-DM metamodel is illustrated, high-
lighting its construction in the Eclipse Modeling Framework (EMF) to represent the
PROV-DM data model accurately. The semantics of the metamodel are elucidated through
relationships between metaclasses, depicted by edges, and their multiplicities, indicated
by numbering. The metamodel’s foundational elements, denoted in blue, consist of the
metaclasses: Entity, Activity, and Agent. These elements form the core of the PROV-DM
specification, encapsulating the primary components of provenance data.
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To implement relationships between metaclasses in EMF, Ecore4PROV-DM uses
two techniques. The first method, “element-based edges,” employs a metaclass as a me-
diator between two related metaclasses, which is advantageous for representing relation-
ships as actual classes, simplifying model component navigation, and enhancing clarity
and usability. The second method, “relation-based edges,” directly connects metaclasses
through an edge signifying their relationship, creating a more straightforward and less
cluttered model by defining relationships without intermediary classes.

Additionally, the metaclasses Attributes and AttributeValue, illustrated in gray in
Figure 2] instantiate attribute-value pairs that detail the properties of provenance entities,
activities, and agents, adding depth and specificity to the provenance model.

To simplify the explanation of the PROV-DM, its creators categorized the elements
into six components, each grouping members for specific purposes:

* Component 1 (Entities and Activities), detailed in Subsection and represented
in Ecore4PROV-DM in yellow.

» Component 2 (Derivations), detailed in Subsection {.2] and represented in
Ecore4PROV-DM in red.

* Component 3 (Agents, Responsibility, Influence), detailed in Subsection and
represented in Ecore4PROV-DM in green.

* Component 4 (Bundles), detailed in Subsection {.4] and represented in
Ecore4PROV-DM in purple.

* Component 5 (Alternatives), detailed in Subsection

» Component 6 (Collections), detailed in Subsection [{4.6] and represented in
Ecore4dPROV-DM in orange.

Table[I] provides a comprehensive summary of the core elements that comprise the
PROV-DM data model. The primary elements, represented by the rows in bold, delineate
the foundational components of the model and their potential relationships. The table
also illustrates the corresponding syntax in the PROV-N language for representing these
relationships. The notation used in the PROV-N language is explained as follows: id
stands for identifier; at t r denotes attribute; val signifies value; st represents start time;
et indicates end time; e is entity; a refers to activity; t stands for timestamp; ag denotes
agent; g signifies generation; u represents usage; pl is plan; alt indicates alternative;
and c refers to collection. This detailed breakdown helps understand the structure and
syntax of the PROV-N language, facilitating its use in modeling provenance information.

Each component of the PROV-DM is presented in the following sections, based
on the data model specification available in [Moreau et al. 2013a], along with the spe-
cific details of its implementation within the Ecore4PROV-DM metamodel. It is impor-
tant to note that the figures included in the subsequent subsections are excerpts from the
Ecore4dPROV-DM metamodel. These excerpts provide insights into the implementation
of individual components, whereas the complete metamodel is illustrated in Figure
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Types and relationships of the PROV-DM data model.
from [Moreau et al. 2013a].
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Adapted

Comp. | Element Representation in the PROV-N notation
Entity entity(id, [ attrl=vall, ...])
Activity activity(id, st, et, [ attrl=vall, ...])
Generation wasGeneratedBy (id;e,a,t,attrs)

(1) Usage used (id;a, e, t,attrs)
Communication wasInformedBy (id;a2,al, attrs)
Start wasStartedBy (id;a2,e,al,t,attrs)
End wasEndedBy (id;a2,e,al, t,attrs)
Invalidation wasInvalidatedBy (id;e,a,t,attrs)
Derivation wasDerivedFrom(id; e2, el, a, g2, ul, attrs)

(2) Revision prov:type='prov:Revision’
Quotation prov:type='prov:Quotation’
Primary Source prov:type='prov:PrimarySource’
Agent agent (id, [ attrl=vall, ...])
Attribution wasAttributedTo (id; e, ag, attr)
Association wasAssociatedWith (id;a, ag,pl,attrs)
Delegation actedOnBehalfOf (id;ag2,agl, a,attrs)

(3) Plan ... prov:type='prov:Plan’
Person ... prov:type='prov:Person’
Organization ... prov:type='prov:0Organization’
SoftwareAgent ... prov:type='prov:SoftwareAgent’
Influence wasInfluencedBy (id;e2,el,attrs)

(4) Bundle constructor bundle id description.l ... description.n endBundle
Bundle type prov:type=’'prov:Bundle’

) Alternate alternateOf (altl, alt2)
Specialization specializationOf (infra, supra)
Collection prov:type=’'prov:Collection’

(6) EmptyCollection prov:type='prov:EmptyCollection’
Membership hadMember (c, e)

4.1. Component 1: Entities and Activities

Depicted in Figure [3] this component delineates the relationships between an Entity and
an Activity. These relationships include used (Use), where an activity utilizes an en-
tity; wasGeneratedBy (Generation), indicating that an entity was produced by an activity;
wasStartedBy (Start), denoting that an activity was initiated by an entity; wasEndedBy
(End), signifying that an activity was concluded by an entity; wasInvalidatedBy (Invali-
dation), meaning that an entity was rendered invalid by an activity; and wasInformedBy
(Communication), where an activity was informed by another activity. These relation-
ships are crucial for representing the interactions between entities and activities within
a provenance model. The metaclasses that constitute this component are visually repre-
sented in yellow within the Ecore4APROV-DM metamodel.
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(] WasEndedBy
[0..1] entityTrigger

= id : EString [0.*] wasEndedBy
£ time : EString

Q WasStartedBy

[0..1] entityTrigger

= id : EString [0..*] wasStartedBy

=3 time : EString

. ] used
[0..*] entity
= id : EString 10.#] used
=3 time : EString
Entit Activit ]
[ B Y ] WasGeneratedBy B v
. : 0..*] activit . ;
= Name : EString [0.%] wasGeneratedBy ~ e [0.%] Y | = Name : EString
=3 id : EString > K A = id : EString
=3 time : EString
£ startTime : EString
= endTime : EString
[0..1] activity {
i [0.*] wasInformedBy [0.*] activity
[0.*] wasInvalidatedBy

] WasinvalidatedBy | g
WaslnformedBy |

= id : EString
3 time : EString = id : EString

Figure 3. Extract from the Ecore4PROV-DM metamodel showing the implementa-
tion of PROV-DM Component 1.

4.1.1. Entity

An entity is defined as a physical, digital, conceptual, or other type of object that possesses
certain fixed characteristics. This broad definition encompasses a wide variety of items,
whether they exist in the real world or not. It is implemented by the Entity metaclass.
This notion enables the capturing and documenting of the origins and lifecycle of objects
within a provenance record.

4.1.2. Activity

An activity is a process or event that occurs over a span of time and interacts with various
entities. This interaction can encompass a wide range of actions, including the consump-
tion, processing, transformation, modification, reallocation, utilization, or generation of
these entities. It is implemented by the metaclass Activity. This concept is pivotal for
accurately documenting provenance, as it captures the dynamic interactions and transfor-
mations that entities undergo within a system.

4.1.3. Generation

Generation refers to the process by which a new entity is brought into existence through
the completion of an activity. Prior to this act of generation, the entity does not exist; it is
through the activity’s culmination that the entity is produced and subsequently becomes
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available for use within the system. This concept is implemented in the provenance model
by the relationship denoted as wasGeneratedBy. Specifically, this relationship connects an
entity, represented by the metaclass Entity, with an activity, represented by the metaclass
Activity. The connection is mediated by the metaclass WasGeneratedBy, which formal-
izes the association between the entity and the activity responsible for its creation. This
concept is crucial for accurately documenting the origins of data, thereby enhancing the
reliability of provenance records.

4.1.4. Use

The concept of “Use” refers to the initiation of an activity’s interaction with a particular
entity. This marks the point at which the activity begins to utilize the entity, and prior to
this moment, the activity had no interaction with — nor was it influenced by — the entity in
question. This concept is implemented through the used relationship, which connects an
activity, represented by the metaclass Activity, with an entity, represented by the metaclass
Entity. This connection is mediated by the metaclass Used. The relevance of this concept
lies in its ability to precisely capture the dependencies and interactions between activities
and entities, which is crucial for accurate provenance recording.

4.1.5. Communication

Communication involves the exchange of an unspecified entity between two activities,
where one activity utilizes an entity generated by the other. This exchange indicates a
dependency of activity a, on activity aq, facilitated by an entity produced by a; and sub-
sequently used by as. This is represented by the wasInformedBy relationship between the
two activities, instantiated by the metaclass Activity and mediated by the metaclass Was-
InformedBy. This concept is crucial in provenance representation as it captures the flow
of information and dependencies between activities, ensuring accurate documentation of
how data and processes are interconnected.

4.1.6. Start

The concept of “Start” refers to the point in time when an activity is initiated by an entity,
which is known as a trigger. Prior to this start event, the activity does not exist. Fol-
lowing the start of the activity, any subsequent use, generation, or invalidation involving
the activity takes place. The start can be attributed to a triggering entity that directly
initiates the activity or to another activity, termed as a starter, that produces the trigger.
This relationship is represented by the wasStartedBy linkage between an activity (rep-
resented by the metaclass Activity) and an entity (represented by the metaclass Entity),
and is facilitated through the metaclass WasStartedBy. This concept is crucial in prove-
nance representation as it allows to precisely document the initiation of activities, thereby
ensuring accurate tracking and accountability of processes.
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4.1.7. End

End refers to the point at which an activity is considered to have concluded, triggered by
an entity known as the trigger. At this moment, the activity ceases to exist. It is crucial
to note that any usage, generation, or invalidation related to an activity must occur before
the activity’s termination. The “End” can reference either the triggering entity that caused
the activity to end or an activity, referred to as the ender, that generated the trigger. This
relationship is implemented through the wasEndedBy association, which connects an ac-
tivity (represented by the metaclass Activity) and an entity (represented by the metaclass
Entity), mediated by the metaclass WasEndedBy. This concept is fundamental in prove-
nance representation as it precisely delineates the lifecycle of activities, ensuring accurate
documentation of when and why activities conclude within the provenance data.

4.1.8. Invalidation

Invalidation marks the commencement of the destruction, cessation, or expiration of an
existing entity by an activity. After invalidation, the entity is no longer available for use
or subject to further invalidation. It is important to note that any generation or use of
an entity must precede its invalidation. This concept is implemented by the relationship
waslnvalidatedBy which exists between an entity (represented by the metaclass Entity)
and an activity (represented by the metaclass Activity). This relationship is mediated
by the metaclass WasInvalidatedBy, which serves as a connector defining the interaction
where the activity invalidates the entity.

4.2. Component 2: Derivations

Depicted in Figure 4} this component addresses the derivations of entities from other en-
tities and the subtypes of these derivations. It indicates that an instance of the Entity
metaclass may have been derived (wasDerivedFrom) from another entity. This derivation
can be of a specific type, such as a revision (wasRevisionOf), a citation (wasQuoted-
From), or a primary source (hadPrimarySource). Each of these derivation types can be
associated with an Activity. These relationships are crucial for representing the derivation
processes and the lineage of entities within a provenance model. In the Ecore4PROV-DM
metamodel, the metaclasses that implement these relationships are highlighted in red.

4.2.1. Derivation

A derivation refers to the transformation of one entity into another, the update of an entity
that results in a new version, or the construction of a new entity based on a pre-existing
one. This process is implemented through the relationship wasDerivedFrom, which con-
nects two entities (instances of the metaclass Entity). The relationship is mediated by
the metaclass WasDerivedFrom, which can potentially have some form of association
with an activity (represented by the metaclass Activity). This relationship ensures that the
provenance of derived entities is accurately tracked and documented, providing a com-
prehensive view of how new entities are generated from existing ones.
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[0..*] entity |

[0..*] wasDerivedFrom

(5 WasDerivedFrom |

[0..*] hadPrimarySource

] HadprimarySource | © id : EString
—> = time : EString

[0..*] wasQuotedFrom H WasQuotedFrom

[0..1] activity
£ Entity |, [0-*1 wasRevisionOf [ WasRevisionof H Activity |
=3 Name : EString =3 Name : EString
=3 id : EString 3 id : EString
3 startTime : EString
=3 endTime : EString

Figure 4. Extract from the Ecore4PROV-DM metamodel showing the implementa-
tion of PROV-DM Component 2.

4.2.2. Revision

A revision represents a derivation in which the resulting entity is a revised version of an
original entity. This concept is implemented through the relationship wasRevisionOf be-
tween two entities, represented by the metaclass Entity. The relationship itself is mediated
by the metaclass WasRevisionOf, which is a specialization of the metaclass WasDerived-
From. Additionally, this relationship may involve some form of interaction with an ac-
tivity, as represented by the metaclass Activity. This structure ensures that revisions are
accurately captured within the provenance model, reflecting the detailed and hierarchical
nature of the provenance data.

4.2.3. Quotation

A citation involves the repetition of (part or all of) an entity, which can be a text, image,
or other forms of content, by an individual who may or may not be the original author.
This concept is implemented through the relationship wasQuotedFrom between two enti-
ties, represented by the metaclass Entity. This relationship is mediated by the metaclass
WasQuotedFrom, which is itself a specialization of the metaclass WasDerivedFrom. The
WasDerivedFrom metaclass signifies that one entity is derived from another, and it can
have some form of association with an activity, represented by the metaclass Activity.
This hierarchical and relational structure allows for a detailed and nuanced representation
of how citations and derivations are interconnected within the provenance model.

4.2.4. Primary Source

A primary source for a given topic is defined as a document, artifact, or any piece of infor-
mation created by an individual or entity that possesses direct experience and knowledge
of the subject matter at the time it was studied. This concept is implemented through
the relationship hadPrimarySource which links two entities (instances of the metaclass
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Entity). This relationship is mediated by the metaclass HadPrimarySource, which is a
specialization of the more general metaclass WasDerivedFrom. The WasDerivedFrom
metaclass itself may have an associated relationship with an activity (instance of the meta-
class Activity), thereby providing a comprehensive framework for tracing the origins and
derivations of primary sources within the provenance model.

4.3. Component 3: Agents, Responsibility, Influence

Mlustrated in Figure [5] this component focuses on agents and the relationships that rep-
resent their responsibility and influence over entities or activities. It encompasses the
metaclasses Entity, Activity, and Agent, along with the relationships wasAttributedTo (At-
tribution), wasAssociatedWith (Association), and actedOnBehalfOf (Delegation). These
relationships are essential for modeling the interactions and dependencies between agents
and other components in the provenance model. In Ecore4PROV-DM metamodel, the
metaclasses and their corresponding relationships are visually distinguished in green.

E Activity ]
[ Q Entity ( ] ] )
] wasAssociatedwith [0..*] wasAssociatedWith = Name : EString
= Name : EStrin . .
o 9 [0..1] plan © id : EString = id : EString
= id: EString L J © startTime : EString
y | = endTime : EString
0.* t
[0..*] wasAttributedTo 0.7 agen
[ (] wasAttributedTo ] H Agent __ [0.”] actedOnBehalfOf [ ActedonBehalfof
=3 id : EString [0..*] agent = Wee s ESSiing = id : EString —
£ id : EString [0.%] agent L J [0.7] activity

Figure 5. Extract from the Ecore4PROV-DM metamodel showing the implementa-
tion of PROV-DM Component 3.

4.3.1. Agent

An agent refers to something that holds some level of responsibility for an activity that is
occurring, for the existence of a particular entity, or for the actions carried out by another
agent. This level of accountability and influence over activities and entities is encapsu-
lated in the concept of the Agent metaclass, which serves to implement and formalize this
notion within the metamodel.

4.3.2. Attribution

Attribution refers to the process of associating an entity with an agent, establishing a clear
connection between the two. This is realized through a specific relationship mediated by
the metaclass WasAttributedTo, where an entity, represented by the metaclass Entity, is
linked to an agent, represented by the metaclass Agent. This relationship ensures that the
provenance of the entity is traceable to the responsible agent, providing transparency and
accountability.
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4.3.3. Association

An activity association involves assigning responsibility to an agent for a particular activ-
ity, thereby indicating that the agent played a role in the execution of that activity. This
concept also permits the specification of a plan. A plan is defined as an entity that en-
capsulates a series of actions or steps devised by one or more agents with the intention
of achieving specific goals. This concept is implemented through the wasAssociatedWith
relationship, which connects an activity (represented by the Activity metaclass) with an
agent (represented by the Agent metaclass). This relationship is mediated by the WasAs-
sociatedWith metaclass. Furthermore, the plan can be articulated through the plan rela-
tionship, which links the WasAssociatedWith metaclass to an entity, represented by the
Entity metaclass. This structure allows for a detailed representation of the involvement of
agents in activities, along with the plans they implement to achieve their objectives.

4.3.4. Delegation

Delegation involves the assignment of authority and responsibility to an agent, either by
itself or by another agent, to perform a specific activity as a delegate or representative.
Despite this delegation, the agent on whose behalf the delegate acts retains some level
of responsibility for the outcome of the delegated work. This concept is implemented
through the relationship actedOnBehalfOf between two agents, represented by the meta-
class Agent and mediated by the metaclass ActedOnBehalfOf. The specific activity for
which the delegation is valid can be represented by the activity relationship, which links
the ActedOnBehalfOf metaclass to an activity, represented by the Activity metaclass.

4.4. Component 4: Bundles

Illustrated in Figure [6] this component refers to a mechanism designed to support the
provenance of provenance. This component includes the Bundle metaclass, which is de-
picted in purple within the Ecore4PROV-DM model. The Bundle metaclass is defined as
a specialization of the Entity metaclass, providing a structured way to encapsulate and
manage the provenance information related to other provenance records.

[ £ ity ] [ ] Bundle ]
{ (] Name :AEString J\f l J
= id : EString

Figure 6. Extract from the Ecore4PROV-DM metamodel showing the implementa-
tion of PROV-DM Component 4.

4.4.1. Bundle

A bundle is a named set of provenance descriptions and is itself considered an entity,
thereby allowing the provenance of provenance to be expressed. In the Ecore4APROV-DM
metamodel, this is implemented by the metaclass Bundle, which is a specialization of the
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entity metaclass Entity. The Bundle class is the central component of the Ecore4PROV-
DM metamodel. Consequently, in any instance of the metamodel, there will be at least one
bundle, which can contain agents (metaclass Agent), entities (metaclass Entity), activities
(metaclass Activity), and all the relationships between these elements. This structure en-
sures that the metamodel can comprehensively represent complex provenance scenarios,
including the relationships and interactions among various provenance elements.

4.5. Component 5: Alternatives

Depicted in Figure [/ this component facilitates the expression of alternatives or special-
izations of entities. It includes the Entity metaclass and features two binary associations,
both of which are self-relationships of the Entity metaclass itself. These associations are
alternateOf (Alternative) and specializationOf (Specialization), which allow for the rep-
resentation of alternative instances of an entity and the specialization of an entity into
more specific forms, respectively. This component is crucial as it provides the flexibil-
ity needed to model complex relationships and variations within the provenance data,
enhancing the ability to capture nuanced differences and hierarchies among entities.

[0..*] alternateOf D Entity

= Name : EString

= id : EString [0..*] specializationOf

Figure 7. Extract from the Ecore4PROV-DM metamodel showing the implementa-
tion of PROV-DM Component 5.

4.5.1. Alternative

Two alternative entities represent different aspects of the same underlying thing. These
aspects may be identical or distinct, and the alternative entities might have overlapping
or non-overlapping timeframes. This concept is implemented by the relationship alterna-
teOf, which connects two entities (instances of the Entity metaclass). This relationship
allows for the expression of the notion that the entities, while different, are considered al-
ternatives to one another, providing a flexible way to model varying perspectives or states
of the same object within a provenance record.

4.5.2. Specialization

An entity that is a specialization of another inherits all the characteristics and attributes of
the original entity and, furthermore, introduces additional specific attributes or properties
that provide a more detailed representation of the same concept or thing. This relation-
ship implemented through the specializationOf relationship, which connects two entities
(metaclass Entity). This connection indicates that the specialized entity is an extension
or more detailed version of the original entity, encompassing all its properties while also
incorporating more specific aspects.
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4.6. Component 6: Collections

Depicted in Figure (8] this component addresses the concept of collections. A collection
is defined as an entity comprising multiple members, each of which is also an entity
whose provenance can be documented. This component includes the metaclass Col-
lection, which extends the Entity metaclass, allowing for the grouping of entities while
maintaining their individual provenance information. Additionally, it encompasses the
EmptyCollection metaclass, a specialization of the Collection metaclass, representing
collections that currently have no members. In the Ecore4PROV-DM metamodel, these
metaclasses are depicted in orange. This component is crucial as it enables the modeling
of complex structures within provenance data, facilitating comprehensive and accurate
provenance tracking for collections of related entities.

[ E Entit ] [ (] Collection ]<] [ {5 EmptyCollection ]
J

= Name : EString ( )] (
© id : EString T

[0..*] hadMember

Figure 8. Extract from the Ecore4PROV-DM metamodel showing the implementa-
tion of PROV-DM Component 6.

4.6.1. Collection

A collection is an entity that provides an organizational structure for a group of elements,
each of which must also be entities. These elements are considered members of the col-
lection. The concept of a collection is implemented by the metaclass Collection, which is
a specialization of the more general metaclass Entity. This specialization enables the Col-
lection to be treated as an entity itself, thereby allowing its provenance to be expressed.
Moreover, this approach offers a refined and structured method for managing groups of
related entities.

4.6.2. Empty Collection

An empty collection refers to a collection that contains no members. It is implemented by
the EmptyCollection metaclass, which is a specialized form of the Collection metaclass.
By specializing the Collection metaclass, the EmptyCollection metaclass inherits its prop-
erties and behaviors, while explicitly defining a collection that is devoid of any elements.
This allows for a clear and structured representation of collections that are intentionally
empty within the provenance document.

4.6.3. Membership

Indicates the belonging of an entity within a collection. This relationship is implemented
through the hadMember relationship, which connects a collection, represented by the
metaclass Collection, to an entity, represented by the metaclass Entity.
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5. Modeling Provenance: Ecore4PROV-DM Use Cases

In this section, we demonstrate the practical application of the Ecore4PROV-DM meta-
model by modeling two distinct scenarios, each providing a tangible example of how
Ecore4dPROV-DM can be used to model real-world provenance data.

5.1. Urban Observatory Project

Here, we illustrate the application of the Ecore4PROV-DM metamodel to model a real-
world provenance dataset from the ProvStore platfor a cloud-based repository for
provenance data. We focus on a specific provenance model associated with the Urban
Observatory project at Newcastle University in the United Kingdom. This project moni-
tors urban indicators like environmental conditions and infrastructure performance using
an extensive network of active sensors and CCTV cameras installed throughout the city.

The provenance model in question comprises four distinct bundles: vargen:templ
_trainset, vargen: templ_model, vargen:templ_count, and vargen: templ_image. Each of
these bundles represents a specific activity within the Urban Observatory project, and they
utilize various entities to generate new data and insights. Every entity within the model
has a set of associated attribute-value pairs, which serve to describe the properties of that
entity once the provenance model is fully instantiated as a provenance record.

Figure [9] provides an the visual representation of the provenance graph for the
vargen:templ _trainset bundle within this model, as it is hosted on the ProvStore platform.
Furthermore, Figure [10] (a) presents a segment of the actual instance of this provenance
model, as displayed within the Ecore4PROV-DM tree editor. Figure[I0](b) presents a code
snippet of the XML file generated by EMF, which serves to represent this provenance
model using the Ecore4PROV-DM metamodel.

var:annotator

/
/

-—/—t/ —
@r image )

uo:valuevarmname e

. :lmag/
| —
wasAssociatedWith “Used |
L

uo:annotating uo:valuevar:image_filename

&WasGeneratedBy

\{ar;ann()tatl}‘ wasDerivedFrom \{a{'tralnl@
uo:valuevar:difficult
uo:valuevar:name
uo:valuevar:pose
uo:valuevar:truncated !
uo:valuevar:xmax &
uo:valuevar:xmin uo:valuevar:training_image

uo:valuevar:ymax
uo:valuevar:ymin

vargen:templ_trainset

Figure 9. Excerpt of the provenance model graph from the Urban Observatory.

3https://openprovenance.org/store/documents/497
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(b)
<?xml version="1.0" encoding="UTF-8"?>
<provdm:Bundle xmi:version="2.0" xmIns:xmi="http://www.omg.org/XMI" xmlIns:xsi="http://

Vv I Activity uo:annotating www.w3.0rg/2001/XMLSchema-instance" xmins:provdm="http://www.example.org/provdm"
& Used Name="">
Was Associated With <entity xsi:type="provdm:Bundle" Name="vargen:templ_trainset">
v Entity varimage <activity Name="uo:annotating">

v

Attributes
Entity var:annotation
¢ Was Generated By

<Used entity="//@entity.0/@entity.0"/>
<WasAssociatedWith agent="//@entity.0/@agent.0"/>
</activity>
<entity Name="var:image">

Attributes <EntityAttributes>
v Entity var:trainingset <attribute\_/a|ue name="uo:value" value="var:image_filename"/>
. </EntityAttributes>
Attributes

4 Was Derived From

1 Agent var:annotator

v < Bundle vargen:itempl_model

vl

1 Activity uo:training

& Used

Entity uo:architecture

Entity uo:hyper_params

Entity var:trainingset
Attributes

Entity varmodel

& Was Generated By
Attributes

v < Bundle vargen:templ_count

vl

1 Activity uo:counting
& Used

</entity>
<entity Name="var:annotation">
<WasGeneratedBy activity="//@entity.0/@activity.0"/>
<EntityAttributes>
<attributevalue name="uo:value" value="var:name"/>
<attributevalue name="uo:value" value="var:ymax"/>
<attributevalue name="uo:value" value="var:ymin"/>
<attributevalue name="uo:value" value="var:xmin"/>
<attributevalue name="uo:value" value="var:difficult"/>
<attributevalue name="uo:value" value="var:truncated"/>
<attributevalue name="uo:value" value="var:pose"/>
<attributevalue name="uo:value" value="var:xmax"/>
</EntityAttributes>
</entity>
<entity Name="var:trainingset">
<EntityAttributes>
<attributevalue name="uo:value" value="var:training_image"/>
</EntityAttributes>
<WasDerivedFrom entity="//@entity.0/@entity.1"/>

v Entity var:count </entity>
& Was Generated By <agent Name="var:annotator"/>
v Entity varimage </entity>
Attributes <entity xsi:type="provdm:Bundle" Name="vargen:templ_model">
v Entity varmodel <activity Name="uo:training">
Attributes <Used entity="//@entity.1/@entity.2 /@entity.1/@entity.0 /@entity.1/@entity.1"/>

v < Bundle vargen:itempl_image

</activity>
<entity Name="uo:architecture"/>

v I Activity var:acquisition <entity Name="uo:hyper_params"/>
& Used <entity Name="var:trainingset">
v ¢ Entity varimage <EntityAttributes>

4 Was Generated By

<attributevalue name="uo:value" value="var:training_image"/>

</EntityAttributes>
Attributes </entity>

Entity var:sensor ()

Figure 10. The Urban Observatory provenance model as an instance of the
Ecore4PROV-DM metamodel.

5.2. Provenance Templates

A provenance template, as defined in PROV-Template [Moreau et al. 2018]], is a PROV
document that outlines the desired provenance to be generated. This template uses vari-
ables as placeholders for values, serving as a declarative specification of the intended
provenance to be produced by an application. Bindings in the template associate vari-
ables with corresponding values. The PROV-Template expansion algorithm takes a tem-
plate and bindings as input, generating a provenance document with variables substituted
by their corresponding values.

The initial step in this methodology involves the creation of a “provenance model”
that outlines the structure of the intended provenance. Traditionally, this process entails
drafting the model manually and then translating it into PROV-N notation, which is prone
to errors. However, utilizing Ecore4PROV-DM reduces the likelihood of errors, as the
resulting provenance models adhere to the W3C PROV data model, ensuring compliance
with its definitions and constraints. This approach enables interactive construction of the
provenance model, streamlining the overall process. Once the model is finalized, the
generation of its PROV-N code can be achieved through model-to-text (M2T) transforma-
tions. Furthermore, by leveraging Ecore4PROV-DM, developers can efficiently manage
the relationships and attributes associated with their data provenance, enhancing traceabil-
ity and reproducibility in their applications. This capability ultimately supports the stated
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goal of facilitating effective provenance integration within data-intensive applications.

Figure [[]illustrates a provenance model from [Moreau 2017]], showing an arith-
metic operation like the sum of two values resulting in a third value. Here, the activ-
ity var:operation represents the arithmetic operation, consuming two input values de-
noted by the entities var:consumedl and var:consumed?2, and producing a result repre-
sented by the entity var:produced, triggered by an var:agent. Furthermore, Figure [12]
(a) presents a segment of the actual instance of this provenance model, as displayed
within the Ecore4PROV-DM tree editor. Figure [I2] (b) presents a code snippet of the
XML file generated by EMF, which serves to represent this provenance model using the
Ecore4PROV-DM metamodel.

prov:value: var:consumed_valuel prov.value: var:consumed_value2

T var.agent P
N\ / \
{var:consumed1) {var:consumed?2)
. <z N /

Y
—— wasAssociatedWith ~—

used

var:operation

rov:type: var:.operation_type
wasGeneratedBy| Prov:type: varoperation.type |

wasDerivedFrom N\ wasDerivedFrom

{  varproduced

AN

prov.value: var:produced_type
prov:value: var:produced_value

Figure 11. Provenance graph depicting the PROV-Template for an arithmetic op-
eration. Adapted from: [Moreau 2017].

(a) (b)

v 4 Bundle <?xml version="1.0" encoding="UTF-8"?>

— .. . <provdm:Bundle xmi:version="2.0" xmIns:xmi="http://www.omg.org/XMI"

v I Activity var:operation i " N "
xmlins:provdm="http://www.example.org/provdm" Name="">

Used <activity Name="var:operation">
Was Associated With <Used entity="//@entity.0 /@entity.1"/>
v Entity var:consumed1 <WasAssociatedWith agent="//@agent.0"/>
v Attributes </activity> . i
Attribute Value provivalue <ent|ty Name= var.consumed1">
) <EntityAttributes>
v < Entity var:consumed2 <attributevalue name="prov:value" value="var:consumed_value1"/>
v Attributes </EntityAttributes>
Attribute Value prov:value </entity>
v Entity var:produced <entity Name="var:consumed2">
<EntityAttributes>

> Was Generated By

X <attributevalue name="prov:value" value="var:consumed_value2"/>
v Attributes

</EntityAttributes>

Attribute Value prov:value </entity>
Attribute Value prov:value <entity Name="var:produced">
4 Was Derived From <WasGeneratedBy activity="//@activity.0"/>
<EntityAttributes>

1 Agent var:agent !
= A9 9 <attributevalue name="prov:value" value="var:produced_type"/>

<attributevalue name="prov:value" value="var:produced_value"/>
</EntityAttributes>
<WasDerivedFrom entity="//@entity.0 /@entity.1"/>
</entity>
<agent Name="var:agent"/>
<agent/>
</provdm:Bundle>

Figure 12. The arithmetic operation PROV-Template as an instance of the
Ecore4PROV-DM metamodel.
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Figure[I3]illustrates the automatically generated PROV-N code for the provenance
model. This code generation is achieved through M2T transformations implemented us-
ing Eclipse Acceleo [Madiot et al. 2024]. These transformations convert the elements
within the model into PROV-N notation, adhering to the definitions specified in the PROV-
DM standard, as outlined in Table[I]

document
prefix var <http://openprovenance.org/var#>

1

2

3

4 entity(var:consumedl, [ prov:value='var:consumed_valuel' ] )
5 entity(var:consumed2, [ prov:value='var:consumed_value2' ] )
6 v entity(var:produced, [ prov:value='var:produced_type',

7 prov:value="var:produced_value' ] )

8

activity(var:operation, [ prov:type='var:operation_type' ] )

9 wasGeneratedBy(var:produced, var:operation, -)
10 used(var:operation, var:consumedl, -)

11 used(var:operation, var:consumed2, -)

12 wasDerivedFrom(var:produced, var:consumedl)

13 wasDerivedFrom(var:produced, var:consumed2)

14 agent(var:agent)

15 wasAssociatedWith(var:operation, var:agent, -)

16 endDocument

Figure 13. PROV-N code of the PROV-Template presented in Figures[f1|and[12]

6. Ecore4dPROV-DM Quality Evaluation

A team of metamodeling experts conducted an evaluation to assess the completeness,
accuracy, and usability of Ecore4PROV-DM in relation to the PROV-DM data model.
The specialists meticulously examined each PROV-DM component element to verify
its accurate representation in Ecore4PROV-DM. This evaluation process adhered to the
Metamodel Quality Requirements and Evaluation (MQuaRE) framework, as introduced
by [Kudo 2021, [Kudo et al. 2020a, [Kudo et al. 2020b]. MQuaRE delineates 19 Meta-
model Quality Requirements (MQRs) and associates them with 23 quality measures cor-
responding to the mentioned characteristics, providing a comprehensive set of criteria for
consideration during metamodel evaluation.

In addition to confirming Ecore4PROV-DM’s alignment with the W3C PROV data
model, this evaluation emphasizes the metamodel’s contribution to addressing challenges
related to data provenance in Information Systems. By employing a structured framework,
Ecore4PROV-DM enhances the capabilities of developers in managing provenance infor-
mation, which in turn supports improved traceability and reproducibility in data-intensive
applications.

The evaluation method employed in this study is a customized version of the
MQuaRE framework. Subsection [6.1] outlines the evaluation planning following the
MQuaRE usage guide. Subsection [6.2] elaborates on the execution process of the eval-
uation, while Subsection [6.3|provides the evaluation results for each evaluator, along with
their profiles and discussion of the evaluation purpose. Lastly, Subsection addresses
potential threats to this evaluation process validity.

6.1. Planning

The evaluation of Ecore4PROV-DM aimed to gauge its alignment with the W3C PROV
data model (PROV-DM). Within this context, the evaluation questionnaire focused on
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assessing three Metamodel Quality Requirements (MQRs) derived from the MQuaRE
framework. Specifically, it targeted MQRO2, evaluating the completeness of the meta-
model by assessing its coverage of concepts specified in the PROV-DM. Additionally, it
addressed MQRO3, ensuring the correctness of the metamodel in accurately representing
PROV-DM concepts. Finally, MQRO7, a usability requirement, gauged the proportion
of the metamodel’s concepts that are easily identifiable and evident to users. The selec-
tion of these MQRs was guided by their close alignment with the overarching research
objectives, which revolve around assessing the accuracy, comprehensiveness, and user-
friendliness of the metamodel concerning the correct representation of the twenty-two
PROV-DM concepts distributed across its six components, as meticulously elucidated in
Section 4, By focusing on these specific MQRs, the evaluation process was designed to
effectively measure the metamodel’s fidelity to the PROV-DM standards, ensuring that
it not only captures the breadth of specified concepts but also maintains correctness and
accessibility in a manner conducive to users’ understanding and utilization. Table [2] out-
lines the chosen Metamodel Quality Requirements (MQRs), illustrating the relationships
between MQRs, selected characteristics and subcharacteristics, and corresponding mea-
sures.

Table 2. A detailed breakdown of the selected Metamodel Quality Requirements
(MQRs). Adapted from [Kudo et al. 2020b].
Quality Requirements Characteristics Subcharacteristics Measures

MQRO?2 - The metamodel must

Conceptual Conceptual Conceptual
cover the concepts found .
. . i Suitability Completeness Coverage
in its specifications.
MQRO3 - The metamodel must Conceptual Conceptual Conceptual
represent the concepts found o
. . X Suitability Correctness correcteness
in its specifications correctly.
MQRO7 - The users must be
able to recognize whether a
metamodel is appropriate for .. Appropriateness Evident
) . Usability L
their needs accordingly the recognizability concepts

evident concepts to the user
in the metamodel specifications.

To facilitate the evaluation of the selected Metamodel Quality Requirements
(MQRs), the MQuaRE framework recommends the use of specific artifacts. For this
evaluation’s scope, two foundational documents were employed to establish a context
for assessing the metamodel domain. The first document introduced fundamental data
provenance concepts and briefly outlined PROV-DM, while the second provided compre-
hensive insights into the implementation of Ecore4PROV-DM within the Eclipse Model-
ing Framework (EMF). In addition to these artifacts, external evaluators received a high-
resolution image of the metamodel’s class diagram.

Quality measures were selected based on the previously identified Metamodel
Quality Requirements (MQRs). The MQuaRE framework [Kudo et al. 2020b] provides
detailed information on the quality measures, including their descriptions, measurement
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functions, and interpretation of measured values. As further detailed in Table [3] for the
three selected quality requirements, the measurement function is given by the formula
X =1— A/B, where A is the number of concepts not modeled, incorrectly modeled or
evident to the user, respectively for MQR02, MQRO03 and MQRO7; and B is the number
of concepts described in the metamodel. The target value for these measures (i.e., the
value of X in the previous formula) is set at 1, indicating full satisfaction of the corre-
sponding quality measure. In our evaluation, an acceptable tolerance value of 0.8 were
established, allowing for some imperfection while still deeming the artifact acceptable
in terms of quality. Therefore, the decision criteria for the evaluation, along with the
formulas used to calculate scores for characteristics and subcharacteristics, were defined.
In each case, the measurement functions recommended by the authors of the MQuaRE
framework were employed.

Table 3. Measurement function for the selected MQRs. Adapted from
[Kudo et al. 2020b].

MQR Measures Description Measurement function
X=1-A/B
CCp—l - A = Number of missing concepts.

MQR02 Conc eptual What proportion of the SPeCiﬁed B = Number of concepts described

concepts has been modeled? in the metamodel specifications.
coverage 0<=X<=1.
The closer to 1, the more complete.
X=1-A/B
CCr-1 - A = Number of incorrectly modeled

What proportion of metamodel ~ concepts.

MQR03 Conceptual B = Number of concepts considered
concepts are modeled correctly?

in the evaluation.

correctness
0<=X<=1
The closer to 1, the more correct.
X=1-A/B
U Ap— 3. A = Number of concepts evident to
. What proportion of metamodel ~ the user. _
MQR07 Evident . 9 B = Number of concepts described
concepts concepts are evident to the user?  ;, e metamodel specification.
0<=X<=1.

The closer to 1, the better.

6.2. Execution

Following the planning phase of the evaluation, the process of selecting external eval-
uators was conducted according to specific criteria. It was imperative that the chosen
evaluators possessed expertise in software modeling or metamodeling. This decision was
driven by the metamodel’s current state, which demands technical proficiency for effec-
tive utilization. Consequently, the strategic selection of evaluators with these skills aligns
with the research objective, which focuses on assessing the metamodel’s adherence to the
W3C PROV data model.

After reviewing the two artifacts and examining the Ecore4PROV-DM class dia-
gram, evaluators participated in a Google Forms questionnaire, which covered personal
details, educational background, prior knowledge of data provenance, and metamodel-
ing, in addition to inquiries about the provided support documents. The questionnaire
also included specific questions related to Ecore4PROV-DM, designed to assess the three
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selected Metamodel Quality Requirements (MQRs) for each of the twenty-two PROV-
DM concepts within Ecore4PROV-DM: metamodel completeness, accuracy concerning
alignment with the PROV-DM, and precision in representing its conceptual evidence.

6.3. Results and Discussion

Fifteen experts, all possessing degrees in Computer Science, participated in the evaluation
process. Among them, only one evaluator held an undergraduate degree, while the others
had completed master’s degrees, PhDs, or were pursuing a PhD. The experts’ responses
to the evaluation questionnaire (in Portuguese) are accessible onlineﬂ Regarding their
prior knowledge, 73.3% were unfamiliar with data provenance, 20% lacked knowledge
of Model-Driven Engineering (MDE), and 26.7% were not acquainted with the Eclipse
Modeling Framework (EMF).

In terms of the clarity of the provided artifacts, 93.4% of respondents found the
document on data provenance and PROV-DM to be easily comprehensible, reflecting an
average Likert scale rating of 4.2. Additionally, 80% of participants reported that the
document elucidating the implementation of Ecore4PROV-DM in EMF was easy to un-
derstand, registering an average Likert scale rating of 4.1. The remaining evaluators af-
firmed that both documents were sufficiently clear, and none indicated encountering any
difficulty in comprehension.

The evaluation results revealed unanimous agreement among participating experts
regarding the seamless alignment of Ecore4-PROV-DM with the PROV-DM specification
(MQRO02 and MQRO3). However, one specialist expressed reservations about the mod-
eling of the “End” concept (wasEndedBy) within Component 1, while another specialist
raised concerns about the implementation of Component 4 (Bundles).

Figure [[4]depicts the score distribution assigned by evaluators for quality require-
ments MQRO2 and MQRO3. Notably, only one evaluator (E2) recorded a score below the
tolerance threshold of 0.8. However, the mean score across all evaluators surpassed the
acceptable tolerance (0.97) and neared the maximum score of 1.0 for both MQRs. This
suggests that the experts involved in the evaluation process consider that Ecore4PROV-
DM correctly and completely represents the concepts of the PROV-DM data model. The
similarity in scores for both quality requirements aligns with expectations. Given the ab-
sence of assigned weights to the concepts and recognizing that their effective application
in modeling could lead to accurate representations, the obtained scores suggest an overall
acceptable level of quality for the metamodel.

To provide additional detail, we analyzed the responses of the four evaluators
identified as experts in the provenance field. Their assessments were consistent with
the overall trends observed in the evaluation, with all four experts rating MQRO2 and
MQRO3 close to the maximum score. This suggests strong agreement among provenance
experts regarding the metamodel’s completeness and correctness in representing PROV-
DM concepts. Notably, none of the expert evaluators gave scores below the tolerance
threshold for MQRO2 and MQRO3, reinforcing the robustness of the evaluation results.

4https://tinyurl.com/Ecore4dPROVDM-Evaluation
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In the context of MQRO7, evaluators observed that the “Specialization™ (special-

izationOf) concept within Component 5

, while correctly modeled, is less apparent in the

metamodel, with 33.3% of evaluators finding it not easily identifiable. Following this,
the “Member” (hadMember) concept within Component 6 and the “Alternative” (alterna-

teOf) concept within Component 5 were

identified as not evident by 26.6% of specialists.

However, the majority of the twenty-two concepts across the six components of PROV-
DM were deemed clearly evident in Ecore4PROV-DM by evaluators. Figure [I5]offers an
overview of concepts indicated as less evident in the metamodel.

Specialization (specializationOf)
Member (hadMember)

Alternative (alternateOf)
Association (wasAssociatedWith)
Communication (wasIinformedBy)
End (wasEndedBy)

Start (wasStartedBy)

Bundles

Empty Collection (EmptyCollection)
Primary Source (hadPrimarySource)
Invalidation (waslnvalidatedBy)

Use (used)

0.

Figure 15.
(MQRO07).

o

50 10.0 150 200 250 300 350

(%)

PROV-DM concepts indicated by the evaluators as not evident

In addition to validating Ecore4PROV-DM’s alignment with the W3C PROV data
model, this evaluation underscores its relevance in the context of Information Systems.
By demonstrating how the metamodel facilitates the representation of provenance infor-
mation, we illustrate its potential to assist developers in overcoming challenges related
to data management. Specifically, Ecore4PROV-DM supports the effective tracking of
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data lineage and access controls, thereby contributing to improved traceability and repro-
ducibility in data-intensive environments.

6.4. Validity Threats

In evaluating the quality of the Ecore4PROV-DM metamodel, certain validity threats were
identified that could impact the accuracy of the findings. One significant concern revolves
around the non-stratified sample used in the evaluation, resulting in an uneven distribu-
tion of evaluators with varying metamodeling experience. To mitigate this threat, future
evaluations could employ a more balanced and stratified sample, ensuring representa-
tion across diverse expertise levels. This approach would provide a comprehensive and
nuanced understanding of the metamodel’s effectiveness, minimizing the risk of biased
outcomes influenced by the evaluators’ varying levels of experience.

Additionally, the absence of a weighting mechanism in the current summation
technique, as employed by the MQuaRE framework, poses a potential threat to the sig-
nificance assessment of individual metamodel concepts. To address this concern, future
evaluations could incorporate a refined measurement approach that includes weighted as-
sessments. Introducing a mechanism to assign varying degrees of importance to different
metamodel concepts would enhance the accuracy of the significance assessment, ensuring
a more nuanced and precise evaluation of their respective contributions. This refinement
would contribute to a more robust and comprehensive evaluation, minimizing the risk of
undervaluing or overvaluing specific concepts within the Ecore4PROV-DM metamodel.

7. Concluding Remarks

We presented Ecore4PROV-DM, a metamodel designed to adhere to the W3C PROV stan-
dard for capturing and representing provenance information in Information Systems. This
metamodel specifically addresses the significant challenges developers face in integrating
provenance information into Information Systems development processes. By offering
a structured approach that aligns with the PROV data model (PROV-DM) across its six
components, Ecore4PROV-DM not only facilitates the management of provenance data
but also promotes the adoption of standardized representations in software development.
Using the Metamodel Quality Requirements and Evaluation (MQuaRE) framework, we
meticulously assessed Ecore4PROV-DM, ensuring its fidelity in representing PROV-DM
concepts, and evaluating completeness, correctness, and usability. The evaluation results
show a high consensus among metamodeling experts on the accuracy and completeness of
Ecore4PROV-DM in capturing PROV-DM nuances. While specific concerns were raised
about certain concepts, the overall assessment underscores Ecore4PROV-DM as a robust
and reliable metamodel for modeling provenance information.

The practical application of Ecore4PROV-DM was demonstrated through two sce-
narios: (1) modeling data provenance for the Urban Observatory project at Newcastle
University, which monitors urban indicators using sensors and CCTV cameras; and (2)
creating a PROV-Template for an arithmetic operation. The PROV-N code for this tem-
plate was automatically generated using model-to-text transformations.

In a recent follow-up to this work [Vieira and Carvalho 2024, Ecore4PROV-DM
served as the foundation for developing a Model-Driven Engineering (MDE) tool aimed
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at facilitating the graphical modeling of provenance information. This tool incorporates
model-to-text transformations, automating the conversion of Ecore4PROV-DM instances
into PROV-N textual representation. The metamodel establishes a well-structured basis
for developing such tools, empowering users to intuitively design and visualize prove-
nance relationships.

Future work should explore integrating Ecore4PROV-DM with existing data man-
agement and analysis platforms to foster interoperability and enhance the adoption of
standardized provenance representation. Additionally, research efforts can extend the
metamodel to accommodate evolving standards or domain-specific requirements, ensur-
ing its relevance and applicability in dynamic research landscapes.

This work provides a well-defined and evaluated Ecore metamodel for PROV-
DM, offering a practical tool for integrating provenance data into Information Systems.
By supporting consistent modeling of provenance information, Ecore4PROV-DM helps
address challenges in ensuring traceability and transparency in software development pro-
cesses. The systematic structure of Ecore4PROV-DM enhances its utility and reliability,
providing a solid foundation for developing systems that require precise provenance rep-
resentation. Adhering to rigorous quality standards, Ecore4PROV-DM serves as a cor-
nerstone for tool development and a catalyst for ongoing exploration in the Information
Systems field, improving the accessibility and usability of provenance information and
promoting transparency and reproducibility in scientific and computational endeavors.
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