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Abstract

Data science is transforming business processes. Therefore, process modeling approaches
must evolve to capture the entire lifecycle of data transformations. Business process
modeling and notation (BPMN) offers a possible solution. However, data objects in BPMN
are usually relegated to a secondary role in process flows, missing the complex interactions
between data sources and pipelines. This paper presents a systematic literature review and
a taxonomy of five types of modeling approaches for data objects in BPMN. The work is
conducted in the context of a green and digital transformation project in ports and logistics.
Data scientists and process owners may find our proposals interesting for adopting BPMN
in their data-driven projects, detailing in a transparent way how (1) data inputs are obtained,
(2) processed, and (3) used at a process level of analysis. Theoretically, our work
contributes to BPMN literature, comparing five types of modeling approaches for data
objects.
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1. Introduction

Business process modeling and notation (BPMN) is a popular standard for the graphical
representation of business processes [11]. It was initially published in 2004 and
continuously improved to capture the most relevant aspects of a process, including events,
tasks, gateways, messages, and process participants. The BPMN specification also includes
extension mechanisms [37], enabling, for example, the creation of tailored elements for
specific cases, as exemplified by [53].

Data can also be represented in BPMN diagrams, clarifying key inputs, outputs, and
storage in workflows. However, recent studies state that “techniques such as ER diagrams,
UML, DFDs and BPMN provide valuable frameworks for capturing business processes
and relationships [but] often fall short in supporting the complex, unstructured, and
multidimensional data formats prevalent in modern Al applications and data science
workflows” [35].

The transformative role of data science in business process reengineering is
unquestionable [2]. Yet, despite the growing interest in BPMN data objects, as exemplified
by BPMN extensions for machine learning (ML) workflows [47], a domain-specific visual
model inspired on BPMN and UML for representing data analytics operations and
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solutions [22], a catalog of sub-process templates for modeling distinct ML scenarios
supported on an extension [46], and proposals to identify different versions of data objects
[23], BPMN cannot yet represent the entire lifecycle of data associated with business
processes (e.g., data lifecycle details [32]). Therefore, we formulated two research
objectives:

ROI — Understand the current landscape of data objects research in BPMN.

RO?2 — Identify possible solutions to model data science pipelines associated with
BPMN data objects.

We conducted a systematic literature review (SLR) [36, 52] on BPMN’s data objects,
aiming to understand its applicability, use, and existing pains for modeling processes and
related data assets. Moreover, the research team identified a taxonomy of modeling
approaches for data objects, exploring alternatives that utilize extensions or
complementary solutions, as well as standard BPMN 2.0 elements. We demonstrate their
use in several modeling exercises in the digital and green transformation of ports.

Our paper is structured as follows: Section 2 describes the background, including
process models, BPMN, and data objects. Next, Section 3 details the SLR, including the
corresponding methodology and findings. The taxonomy to model data objects is described
in Section 4. Section 5 presents the discussion. Lastly, Section 6 reports the main
conclusions, limitations, and future work opportunities.

2. Background

Business process models provide graphical and textual descriptions that enable analyzing
and improving processes, and are a valuable communication tool [43] to increase the
stakeholder’s (e.g., process engineers, workers) knowledge and awareness of business
process workflows [3, 41]. BPMN [37] is a well-accepted and widely adopted standard
within the industry and academia [12], being supported by multiple business process
engines (BPEs) and modeling tools (e.g., Camunda, Bizagi, IBM Blueworks Live) [43].
The notation is known for its versatility and understandability [41], making it suitable for
users with distinct backgrounds (e.g., domain users and engineers).

BPMN structures its elements in five categories [37]: flow objects model the processes’
behavior, including events, activities, and gateways (e.g., decision points or parallel tasks);
sequence flows link the flow objects (e.g., activities, events) to represent process
progression and order (e.g., the consecutive steps in the process according to a defined
order), message flows (e.g., information exchange between stakeholders), and associations
(e.g., model data outputs); pools and lanes represent organizations and departments,
respectively, clarifying the responsibility for task execution; data focuses on the resources
and objects that are used, manipulated, and transferred throughout the process flow (e.g.,
data objects representing an application decision document); artifacts add additional
context, information, and details to the process model, including groups (e.g., signal tasks
that face potential security issues) and text annotations (e.g., add text in the model to
specify the version of the software that is being used) [37].

However, BPMN data objects are limited in terms of modeling. BPMN is conceived as
an activity-centric notation, missing the details to model object-centric setups (e.g., data
lifecycle and dependencies in process runtime) [32]. These are serious concerns as
organizations collect and analyze large volumes of data while executing their business
processes (e.g., sensor data in logistics scenarios), providing an insightful source for
conducting process monitoring, improvement, and optimization [13].

Data objects in BPMN describe the distinct categories of data used in a business process
[32, 37]. BPMN process models can feature “persistent” and “non-persistent” process-
related data objects [32]. Data objects contribute to representing the interactions between
specific business process tasks or events and available data resources [23]. Nevertheless,
existing work highlights multiple limitations in BPMN-based process models to represent
data-related operations. For example, it does not address data status and classes [23], and
“the type of a write access on data objects” [32]. Additionally, the notation does not
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represent the multiple instances of the same data object that can be manipulated in parallel
in distinct business processes, nor the relationship between its multiple instances [15, 32],
and does not consider mechanisms to address data interoperability [17]. Therefore, there is
a need to address the limitations of using data objects in BPMN-based modeling.

3. Systematic Literature Review
3.1. Methodology

Our SLR focuses on a concept-centric analysis [52] to understand how researchers and
practitioners use, manipulate, extend, and apply data objects in BPMN-based process
modeling. The review was performed in April 2025, following: (1) “Purpose of the
literature review”, (2) “Protocol and training”, (3) “Searching for the literature”, (4)
“Practical screen”, (5) “Quality appraisal”, (6) “Data extraction”, (7) “Synthesis of
studies”, and (8) “Writing the review”, as proposed by [36].

The research team selected Scopus and Web of Science (WoS) as the primary sources
since they are two predominant bibliographic sources [16]. Our search string aimed to
understand the literature landscape on data objects in BPMN and to identify existing gaps
in the available approaches to model data-related operations in business processes. For this
purpose, the research team applied the search string (“BPMN” AND (“data object” OR
“data objects™)). We obtained 146 matches — 17 in WoS and 129 in Scopus. The first
exclusion criteria (EC) aimed at removing duplicates, with a total of 131 papers remaining.
Next, the second EC focused on screening the abstracts and keywords to assess the
contribution’s relevance (e.g., priority for data objects), resulting in 38 papers for full text
analysis.

3.2. Systematic Literature Review Results

Our concept-centric analysis addresses contributions that (1) extend BPMN to enhance
data-related operations, and (2) use data objects for multiple possibilities.

Extending BPMN’s Capabilities for Modeling Data

The literature highlights limitations in BPMN’s data objects and some solutions. For
example, in [5], the authors extend BPMN’s data objects with foreign keys and states to
model data dependencies. The works of [17, 18] propose a BPMN extension that represents
data interoperability issues. In [23], the authors extend the BPMN’s data objects to model
“dynamic references to different objects of the same class” employing variables — an
identifier bound with a specific data object for referring and accessing the same instance
in upcoming tasks. Other approaches propose annotations to include lifecycle information,
an identifier, and potential dependencies with other data assets [32]. There is also a
framework to model data-aware business processes, extending BPMN’s data objects with
annotations on preconditions and effects [40]. The extension in [19, 20] links data objects
with event monitoring points — creating object state transition events - to enhance data
logging in process-related occurrences. The literature confirms that data object extensions
can address some limitations in data science modeling. However, such an option may not
be sufficient to model all operations and data manipulation in complex processes.

BPMN extensions may derive domain-specific languages, focusing on data objects and
the full scope of the notation’s structure and concepts. An example is included in [42] with
elements tailored for personal and non-personal data, data governance-related “shadow”
operations, and data-flow transmission. The work of [7, 8] suggest new types of tasks (e.g.,
data preparation) and data objects (e.g., result object) for quantum modeling, while [28]
propose a set of BPMN extensions for object-centric representation, addressing data
lifecycle representation, access control, and location information in inter-organizational
processes. Finally, the study of [26] proposes a BPMN extension that creates a new type
of data object (e.g., has access to runtime application information) for cloud applications.
BPMN extensions contribute to the usability of data objects, but they are typically deployed
for domain-specific contexts. Moreover, modeling data science activities using extensions
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may still lead to complex and excessively saturated process models, considering that the
integration of additional icons and text may rise difficulties for users to understand their
meaning.

The literature demonstrates that complementing BPMN models with other notations is
another possibility. UML models can embed additional information layers about data
characteristics and dependencies. This is the approach selected by [29], using UML profiles
to complement process models with additional information layers regarding data use. The
works of [50, 51] propose a BPMN-inspired notation complemented with UML for discrete
events modeling that extends data objects to incorporate system state changes and
preconditions. UML can incorporate details on data structures and systems; however, it
requires users to know the notation, to manage additional documentation, and to deal with
UML’s increased complexity.

Another possibility is to explore Petri-nets, complementing the process models with
additional documents, or to embed Petri-nets semantics in the BPMN. The study of [24]
expands BPMN with extended Petri-nets semantics to include “variable identifiers for data
objects” supported on a query language to verify and check compliance with the notation’s
standards. Colored Petri-nets can also be used, for example, for modeling cross-case and
case-specific data object use [15]. The research of [25] proposes a process modeling
semantics supported on Petri-nets to represent the split and merge of BPMN'’s data objects.
Petri-nets are viable for modeling states, manipulations, and transitions over data assets.
However, similarly to UML, it can lead to increasingly complex process models and
difficulties in maintaining them.

Three or more modeling techniques can be combined at the same time. For example,
some approaches combine UML, Petri-nets, and BPMN choreographies to detail data
exchange [31]. In a similar line, [44] propose a modeling solution that combines BPMN,
UML, Petri-nets, and fragment-based case management, incorporating concurrent object
flows, relations, synchronization, and reference. However, combining modeling techniques
may make models’ management and communication more difficult. Moreover, the users
must learn the dynamics of the combined modeling techniques to understand the
representation. This option may lead to separated and longer process modeling activities,
which may give rise to issues in understanding the data science pipelines, alongside the
main process execution.

BPMN’s Data Objects Applications and Use

Data objects’ role in process models varies, ranging from purely technical purposes to
supporting management concerns in business processes. Software engineering, for
example, has explored them to collect functional requirements (e.g., data collection,
processing, storage) [45]. The work of [1] includes an approach that analyzes data objects
and their dependencies to identify microservices. Other studies focus on defining decision
models, using BPMN-based process analysis with a focus on data objects as a primary
source to identify decision-making sources and inputs [6].

Data-related risks and issues become visible in BPMN models. The work of [9]
presents an approach to check potential data leaks in collaborative processes. In a similar
line, [38] proposes and evaluates a workflow model to control access to data objects in the
process. Other approaches focus on inter-organization processes, identifying and allocating
data objects’ responsibility in inter-organizational BPMN-based process models [21] or
the coordination of inter-organizational data management in choreography models [27].
The analysis can also be automated, as in [2] which deploys ML algorithms that identify
and categorize documents, participants, and systems.

Some studies offer solutions to ensure consistent use of data objects. The work of [39]
describes a framework to discover data state and verify consistency, compliance, and
completeness, while [34] proposes an approach that verifies data flow correction in BPMN
models relying on data objects analysis.

The synergies of data and activity flows are significant. On the one hand, data can be
used to improve business processes. Data objects provide critical indicators for process
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synchronization as revealed by [14]. [48] performs data impact analysis to understand the
influence of data assets in business processes (e.g., decision-making, thresholds) modeled
using BPMN (e.g., data objects and related dependencies), while [49] presents an approach
that analyses BPMN'’s data objects to determine potential business process orchestration
issues. Data objects must be accessible at runtime to avoid potential deadlocks [30]. On
the other hand, it is possible to extract data requirements from BPMN activity -centric
artifacts [10]. Additional examples include [33] that capture data objects and their
connections to obtain the corresponding data models, and [4] that derives and models the
data lifecycle.

4. A Modeling Taxonomy of Data Objects for Data Science

The research was conducted in the context of a 90ME€ project to optimize ports’
digitalization and sustainability (NEXUS). BPMN was selected as one of the notations that
project partners can use. The consortium extensively uses data science to support decision
making, requiring practical modeling approaches for data transformation (e.g.,
specifications, documentation, and audit). The research team collected and analyzed
documentation (e.g., reports) to obtain an overview of the process architecture involved in
the port operation. Subsequently, multiple modeling exercises were done to propose a
taxonomy for using data objects in business process models, focusing on the port
management operational scenarios (e.g., smart berth planning and smart gate operations).
For example, participating port management entities use data science to improve slot
allocation management for incoming ships and automatically detect container damages.
In the context of port digital transformation, we identified five main types of modeling
approaches for data objects, separated into two groups. The first group, prevalent in
literature and emerging from the SLR, includes solutions that extend or complement the
BPMN notation:
e Rich representation type: BPMN elements (e.g., data objects) tailored for data science
activities with specific symbols [5, 7, 8, 17-20, 26, 28].
e Complementary type: adopt other languages/solutions to improve data modeling [15,
24, 25,29, 31, 44, 50, 51] or include data objects presenting the different versions of a
data object, their dependencies, and relationships (e.g., Dataset v1, Dataset v2) as the
project evolves [23, 32, 40].

However, BPMN simplicity is also a key advantage and one of the reasons for its
popularity among practitioners. Therefore, the research team analyzed BPMN'’s
metamodel and structures to create a second group of modeling alternatives that rely
exclusively on standard BPMN elements to support data science-related information.

e Subprocess type: subprocess describing the data science activities associated with the

data objects in the process.

e Side pool type: a specific pool concentrating all the data science tasks.

e In-process integration type: lifecycle of data objects explained in parallel with the

process.

We will now illustrate the second group of alternatives for modeling data objects, based
on modeling exercises made by the research team in the context of smart berth and logistics
terminals. As an example, we consider a smart gate process designed to manage a container
entrance at a port, via road transport, and automatic analysis of possible damages using
computer vision and machine learning techniques. This process involves both data
preprocessing and the application of a predictive model, which identifies possible damages.
However, since this data-driven evaluation constitutes only a part of the broader workflow,
there are multiple options available for its representation within the BPMN diagram, using
exclusively the standard elements in the notation.
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Subprocess Type

Fig. 1 illustrates the embedded subprocess approach.
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Fig. 1. Subprocess describing the data science activities associated with the data objects.

In the first option, we can represent a subprocess (below) within a main process by
embedding it inside the diagram, accessible through a "+" marker. This approach is
particularly effective when the subprocess is complex enough to merit its own detailed
view, yet closely related to the overall workflow, ensuring clarity without overwhelming

the main process diagram.

Side Pool Type

Fig. 2 shows the use of a separate pool for the data process.
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Alternatively, the data process can be represented using a separate pool within the BPMN
diagram (Fig. 2). This method is especially appropriate when the data process is handled
by an independent participant or system, emphasizing autonomy and clarifying the
interaction between distinct organizational entities or subprocesses.

In-process integration type

Fig. 3 presents the in-process integration of data object lifecycles.
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A third option involves side-by-side integration, where the tasks of the subprocess or side
pool (previously presented types) are placed in parallel with the primary process. This
approach treats data objects as first-class entities explicitly modeled within the process
flow itself. This method is advantageous when the process progression is tightly coupled
with changes in the data, allowing for a more holistic and synchronized view of both
control and information flows.

The following section discusses the literature’s findings and provides a comparative
analysis of the six approaches for data object modeling that address data science needs.

5. Discussion

Different approaches are used to deal with data-driven business process modeling. Some
authors suggest additional tools/languages (e.g., UML) to solve the limitations of BPMN,
and there are also BPMN extensions (e.g., capturing the state of data objects). These
contributions reveal the need to go beyond the narrow perspective of representing data as
supplementary information in process models. When business processes use advanced data
science techniques like machine learning or other artificial intelligence enhancements (e.g.,
computer vision, process automation), showing the data inputs and outputs is relevant, but
insufficient. Explainable Al is increasingly important, requiring an understanding of the
state of the lifecycle of data objects and the operations involved (e.g., data cleaning, pre-
processing, data provenance, versioning, and others).

After understanding the current landscape of data objects research in BPMN (RO1),
five types of modeling approaches emerged, separated into two main groups that (1) extend
or complement, or (2) adapt the BPMN standard to the needs of data science. Table 1
compares the different alternatives when extending or complementing BPMN concepts.

Table 1. Taxonomy comparison for extending or complementing BPMN elements.

Type Advantages Disadvantages

Additional BPMN v’ Use a domain-specific language V' More difficult to memorize

Elements v’ Highlight particular details that are v’ Requires a legend
relevant to the context v More complex
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Type Advantages Disadvantages
Rich representation type | e  Experts' familiarity with the language e  Reduced comparison with
e Improved communication of details other domains
e Requirestraining /
cognitive overhead
Complementary type | e  Flexibility to use the advantages of e Doesnot allow a single
different languages/notations representation
e  Keeps the standard original specification | ¢  Maintenance can be more
e Solves the challenge of versioning of complex with different
artifacts artifacts for the same
e  Focus only on the data objects (limited purpose
extension) e Models are more complex
e Requires an explanation to
the reader

Table 2 depicts the multiple alternatives for adapting standard BPMN concepts, that we
illustrated for port digital transformation.

Table 2. Taxonomy comparison for adapting standard BPMN elements.

Type Advantages Disadvantages
Adapting Standard BPMN | ¥ Simplicity of the model v Limited elements
Elements V' Coherence v’ Reusing the elements for
v Reduced training different purposes may lead
to confusion
Subprocesstype | o  Creates layers of process interpretation, e Navigation is more
keeping each one simple complex
e  Allows a quick vision ofthe process, e  Does not provide a
only presenting details if needed complete picture unless the
user makes a drill-down of
the model
Side pool type | e  Data science tasks become separate e  The side pool with different
(interesting for this particular pipelines can be more
stakeholder) complex to read
e Highlights the data science pipeline
In-process integration | e  Integration of the process flow and data e  Complexity can increase
type flow near the use of data

Our comparison can be used by practitioners in selecting the best approach, according to
the characteristics of the process and the data science requirements. Extending BPMN with
additional elements in a rich representation type allows practitioners to derive domain-
specific languages that incorporate both (1) data use and manipulation concepts and (2)
context-specific activities and events — as an example, modeling port movements (e.g.,
extend tasks) and corresponding data categories. This option can be suitable for scenarios
in which practitioners want to address data science operations and domain-specific
contexts. However, additional information layers may lead to difficulties in applying the
notation in other domains, requiring practitioners to learn new domain-specific elements.

Complementing BPMN with a state model, users can address BPMN’s limitations in
data objects use and applicability by detailing datasets’ characteristics and version — as an
example, detail data versioning in a data pipeline, considering raw data (Dataset v1) and
data cleaning (Dataset v2) while manipulating the same data object. The state information
is suitable for scenarios in which the focus is solely on generic data manipulation and usage
operations. Still, enriching data objects with state information may lead to increased
complexity in model readability. BPMN can also be complemented with other notations or
modeling techniques (e.g., Petri nets) to add new information layers while complying with
the standards, thereby extending the power of a single approach. For example, combining
BPMN and Archimate can expand details on IT systems used in process runtime. The
complementary type can be a valuable strategy when modeling complex business processes
with parallel data science operations (e.g., representing data lineage and provenance).
Nevertheless, the complementary type requires more documentation and may lead to
difficulties in maintaining the process models.
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Exploiting standard BPMN elements is another path to modeling data science
scenarios. Notably, this approach is scarcely mentioned in the literature and appears to be
more straightforward to implement in many situations. A subprocess type (as demonstrated
in Fig. 1) incorporates additional data science activities using layers. This type can be
useful to maintain compliance with BPMN standards when practitioners’ have limited
knowledge of other modeling techniques. However, such strategy may lead to difficulties
in navigating through the processes and sub-process’s structure and may underestimate
process analysis and interpretation. The side pool type incorporates a separate structure
that specifically addresses data science operations (as shown in Fig. 2). This can be useful
for representing data science operations relevant to process runtime tasks that can be
represented in a single process model. However, this strategy may lead to an increased
number of pools due to the use of different datasets, increasing the model’s complexity and
saturation. Lastly, the in-process integration type (Fig. 3) embeds data science operations
directly in the process flow. This type is valuable for modeling simple business processes
that heavily depend on data usage and manipulation for decision-making and execution.
Yet, the in-process integration may lead to more complex and saturated process models
since they embed both operational and data-related layers’ representation.

The project in which this research takes place involves over 30 organizations, including
port authorities, logistics operators (by road, sea, or rail), IT providers, importers/exporters,
technology transfer institutes, and universities, and extensively utilizes data science.
BPMN is an excellent option to model data, but model coherence and completeness are
crucial to ensure proper stakeholder communication. The proposed taxonomy guides data
scientists in selecting the best alternative for each development scenario.

6. Conclusions

This paper presented a SLR on data representation in BPMN literature. Several approaches
for extending, complementing, or adapting BPMN were identified, and additional ones
were proposed. Our review also found multiple use cases for data governance associated
with business processes, including quality verifications, approaches for modeling, or
extracting value from data objects. However, we also found a gap in the representation of
data object processing activities relevant to a data scientist audience, who need to
understand the details of data pipelines in modern processes that utilize Al. Therefore, our
second contribution includes modeling exercises that adapt BPMN to the purpose of data
scientists’ representation, providing a taxonomy, a comparison, and recommendations for
selecting the best approach according to the context for modeling data objects. For the
upcoming stages, the research team plans to conduct a formal evaluation using a
questionnaire based on the System Usability Scale and open-ended questions targeted at
business process modeling experts, aiming to compare the performance, utility, and
applicability of several modeling strategies.

Several limitations need to be stated. First, the review focused on two of the most
relevant databases (Scopus and WoS), but other sources can be used. Second, our analysis
of data representation is restricted to the scope of BPMN. Third, while the literature
supports our taxonomy, we also propose new types of data object representations: a BPMN
adaptation strategy. A subsequent stage of our work includes a system usability scale
questionnaire to understand the view of the practitioners. Fourth, although we adopted the
taxonomy in a real project, we have not conducted a formal evaluation of the multiple
adaptation strategies and their corresponding applicability. Another possibility is to
compare the proposed solution with other modelling languages, such as UML (e.g., UML
Activity Diagram to explain the process, UML State Diagram, UML Class Diagrams for
data, UML Object Diagram for objects and class instances), more popular among IT
professionals but perhaps less familiar to business experts. Such an experiment would
consider users with distinct backgrounds, aiming to derive potential alternatives that could
use or combine different modelling notations. Fifth, other languages may provide
additional details about data (e.g., structure, states) that are not yet incorporated in our
proposal.
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BPMN is one of the most popular solutions for modeling business processes. It is
accessible to technology experts and non-experts, which increases the potential for
discussing process reengineering supported by data science techniques. The identified
taxonomy may open new avenues of research in data object representation that do not
require the overhead of BPMN extensions (which are more challenging for non-experts to
interpret) and are sufficiently flexible to be adapted in practice. Future work will include
developing a set of guidelines for selecting and using the most adequate adaptation strategy
according to the context and purpose of modeling.
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