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Smart Manufacturing Systems (SMS) are software systems that identify opportunities for automating
manufacturing operations by using Internet of Things (IoT) devices and services connected to machines.
An active challenge of SMS is to satisfy the ever-changing conditions of industries, supply networks,
and customer needs. To operate effectively, SMS should be flexible enough to perform automatic or
semi-automatic adjustments to manufacturing processes in response to unexpected changes, a feature
called context awareness. Recent advances in interpreting context data in the semantic web have
permitted SMS to understand the active situation of manufacturing processes. This paper presents a
literature analysis of context-aware workflow management approaches in the smart manufacturing
domain, with a particular focus on semantic web-based approaches published from 2015 to 2022.
A Systematic Literature Review (SLR) methodology was applied to analyze the state-of-the-art via
the PICOC method. The contributions of this work are (1) an SLR about context-aware workflow
management for smart manufacturing systems focusing on semantic web-based approaches, (2) a
systematic taxonomy to break down the approaches in conformity based on content and main
workflow management function area, and (3) identification of opportunities for improvement in
technical features such as context awareness, use case implementation, tools employed, licensing,
security, and scalability. A novel architecture and components are also proposed to address the
identified active challenges.
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1. Introduction

The fourth industrial revolution, also known as Industry 4.0,
represents a significant transformation in which information and
communication technologies (ICT) are integrated with manufac-
turing operation systems [1]. Diverse computational technologies,
such as big data analytics, cloud services, and the Internet of
Things (IoT), are emerging and converging within manufactur-
ing systems to create Smart Manufacturing Systems (SMS). SMS
are flexible, self-reconfigurable systems that can perform auto-
matic or semi-automatic adjustments to production processes in
response to changing conditions [2].

Effectively managing and analyzing the data generated by SMS
production processes is challenging and the need for orches-
trated IoT services is growing [3]. Orchestration defines how a
set of tasks or activities within a workflow should be executed to
achieve a goal [4]. The goals of workflows can be to transform ma-
terials, provide services, or process information. In particular, the
Workflow Management discipline oversees the design, execution,
and monitoring of workflow recipes [5].
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Workflow recipes can be formalized into business processes
using standard-globally known notation languages such as BPMN
(Business Process Modeling and Notation language), BPEL (Busi-
ness Process Execution Language), YAWL (Yet Another Workflow
Language) [6]. The management of these formal workflow recipes
falls within the Business Process Management (BPM) discipline.
BPM is a set of tools and techniques that reduce errors and
costs. They are used to increase productivity in organizations in
fields ranging from telecom, insurance, government, and banks,
to manufacturing companies [7].

Orchestrating IoT services often introduces interoperability
issues, as the differences in communication protocols and tech-
nologies used by the various IoT devices make communication
more complex [8]. To respond to this challenge, researchers have
employed semantic web technologies to facilitate effective com-
munication between IoT devices across a network [9]. For in-
stance, Mehdi et al. [ 10] presented a semantic web-based solution
for the smart city domain. Their proposal aims to improve in-
teroperability among heterogeneous IoT devices and services and
can be applied to other domains.

Semantic web technologies have the ability to interpret con-
textual information and infer new knowledge, which can en-
hance the dynamic nature of workflows [11]. Providing SMS with
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semantic web technologies can turn a system into a context-
aware system. Such systems are able to re-configure themselves,
displaying cognitive behavior when exposed to changing situa-
tions [9]. Dynamic adaptations take place during workflow design
and runtime due to context-awareness support. This greatly fa-
cilitates the management of service level agreements (SLA) and
ensures improved service availability and reliability in response
to consumer requirements [9].

Given the critical nature of these systems in the Industry 4.0
manufacturing context, a critical review of the state of the art
would appear timely. Although a number of pertinent studies
have been identified, no research has been found that focuses
on studying semantic context-aware workflow management ap-
proaches for the smart manufacturing domain. For instance, Bres-
lin et al. [12] (2010) presented a literature review on the semantic
web and its implications in the Industry domain. However, their
work was published over ten years ago and primarily focused
on highlighting the benefits of the semantic web in the industry
rather than surveying state-of-the-art solutions.

Pauwels et al. [13] (2017) reviewed the applications and use
cases of semantic web technologies in the Architecture, Engi-
neering, and Construction (AEC) domain. Their work compares
state-of-the-art solutions and is timely. However, they do not
include approaches that feature context-aware capabilities, rather
they mention it as a general concept of what the semantic web
can do with context data.

An in-depth survey of IoT-based service composition
approaches was presented by Asghari et al. in [14] (2018). The
authors provided a technical taxonomy to classify the approaches,
with semantic web-based approaches included in the Data-
oriented category. They also mentioned context awareness as
a future challenge in the service composition field. However,
only 14 semantic web-based approaches were analyzed, as the
semantic web is presented as one of the various techniques to
achieve service composition. Additionally, they did not identify
how the context-aware feature enhances the various workflow
management function areas.

Bazan and Estevez [15] (2021) analyzed the state-of-the-art in
business process management for industry 4.0 with a focus on IoT
and smart objects. This work also examined the incorporation of
context awareness into the BPM domain to enhance the reaction
of business processes in response to context changes. However,
only 2 semantic web-based approaches were analyzed in their
work.

Therefore, in this paper, we present a methodological liter-
ature review of semantic context-aware workflow management
approaches for the smart manufacturing domain published be-
tween 2015 and 2022. Topics, techniques, and proposals not
discussed in the above-mentioned studies are analyzed. Existing
proposals in the field are surveyed to identify the tools and
techniques in use, and opportunities for improvement. Based on
these findings, a novel architecture is proposed to respond to the
challenges identified. The overarching objective of this work is
to assist researchers in acquiring a general understanding of the
field.

This paper is organized as follows: Section 2 briefly explains
the background concepts and the literature review methodology
is outlined in Section 3. In Section 4 the selected studies are
reviewed and organized by a technical taxonomy. This section
also includes comparison tables to analyze the strengths and
limitations of each approach. Section 5, analyzes the trends and
gaps in the selected studies and addresses the research questions.
Section 6 proposes a consolidated approach based on the identi-
fied gaps. Finally, the conclusions together with a proposal for
future research are presented in Section 7.
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2. Background

In this section, key concepts and definitions related to work-
flow management, context awareness, and the semantic web are
described. This section serves as an introduction to the terminol-
ogy used in the paper and furthers understanding of the concepts
under discussion.

2.1. Workflow management

Workflow management is responsible for the analysis, mod-
eling, and automation of orchestratable tasks [4]. While the
discipline does not require software, Workflow Management Sys-
tems (WfMS) are often utilized for collaboration, automation, and
tracking. These systems manage workflows including the design,
execution, and monitoring phases [5].

As shown in Fig. 1 a typical WEMS must provide support in
three functional areas: (1) Design-Time: Concerned with defining
and modeling workflow processes and activities, (2) Run-Time:
Related to interactions with human users and IT applications
which typically are part of workflow processes and activities,
and (3) Management: Composed of tools that manage work-
flow processes and sequence the activities of processes. This
latter includes monitoring tools to identify and resolve work-
flow problems before they can adversely affect critical business
processes [4].

Workflow recipes can be formalized into business processes
using standardized notation languages that support the execution
of microservices (REST services) in the form of actionable tasks.
These notation languages include BPMN (Business Process Mod-
eling and Notation language), BPEL (Business Process Execution
Language), and YAWL (Yet Another Workflow Language). The
management of these formalized recipes falls within the Business
Process Management (BPM) discipline, which includes systems
and notation languages to design, execute, and manage business
processes.

2.1.1. Business Process Management (BPM)

The Object Management Group (OMG) defines BPM as “A set
of techniques for the continuous, iterative improvement of all the
processes involved in running a business” [7]. BPM techniques help
reduce costs and mistakes and increase efficiency in enterprises
from a variety of fields including manufacturing [7]. The modeling
of business processes must be based on standard notation lan-
guages for WfMS to understand and interpret them. The number
of available notation languages is vast, a full comparison can be
found in [16]. The most commonly used in the BPM community
are BPMN, BPEL, YAWL, and DMN (Decision Model and Notation),
all of which are XML-based for the design of business processes.
However, BPMN has become the standard for business process
diagrams [17], and according to OMG, DMN is designed to work
alongside BPMN [18].

Numerous systems can manage business processes written
in different notation languages. A Business Process Management
suite (BPMS) is a technological array of robust tools for the design,
execution, and monitoring of business processes. Some popular
open-source BPMS considered by Gartner in [19,20] are Camunda,
Bonita, and Process Maker.

Workflows can be enhanced by enabling context-awareness
capabilities, which can interpret context changes and perform
subsequent adaptations. The following subsection explains the
concept of Context-awareness with an architecture proposed by
IBM for building autonomous systems. Then, the technologies
available for mapping and processing IoT sensor data are pre-
sented.
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Fig. 1. Main function areas of a typical Workflow Management System.

2.2. Context-awareness

Context refers to any data that can be used to understand
the current state (situational or locational) of an entity [21]. A
system is considered context-aware if it can perform adaptations
when changes occur in the environment in which it operates.
These adaptations are tailored to user needs, preferences, and ex-
pectations [22]. Adaptations can be dynamic and applied during
the system runtime. However, a context-aware system does not
necessarily imply automation or real-time processing, rather it
refers to the ability to respond to context [23].

Context-aware systems follow an architecture that supports
adaptations based on environmental information [24]. IBM has
proposed the MAPE-K (Monitor, Analyze, Plan, Execute, and
Knowledge) framework for building autonomic and self-adaptive
systems [25] (Fig. 2). MAPE-K establishes the basis for building
components that can: (1) capture product and process informa-
tion, (2) analyze this data to produce an output and store that
information in a knowledge base, (3) formulate a plan to respond
to any situation that may affect the normal behavior of a system,
and (4) deploy that plan to allow adaptations to be applied in
runtime.

Table 1 summarizes the MAPE-K modules together with tech-
niques and technologies for executing each phase (based on [25]).
Although, a wide variety of technologies are available for build-
ing context-aware systems, the Semantic Web is favored by the
scientific community because it can model IoT sensor data into
ontological entities and later apply inference techniques [26].
Thus, the next subsection explains the Semantic Web concept and
its advantages.

2.2.1. The Semantic Web

The Semantic Web is a concept that gives information a well-
defined meaning and enables computers and people to work
in collaboration [27]. Semantic refers to the process of trans-
forming data into ontological entities, ontologies are formal and
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Fig. 2. IBM’s MAPE-K reference model.
Source: Extended from [25].

standardized knowledge representations [27]. The semantic web
technology stack includes: (1) OWL (Web Ontology Language)—
the language for writing ontologies, (2) RDF (Resource Description
Framework)—the language for writing data, (3) SWRL (Semantic
Web Rule Language)-the language for writing rules or constraints,
(4) SPARQL (Simple Protocol and RDF Query Language)—the lan-
guage for querying RDF data, and (5) Semantic reasoners—engines
that allow the interpretation of context and infer new knowledge
by evaluating RDF data against SWRL rules [28].

The semantic Web allows structured and semi-structured data
to be mixed, exposed, and shared across various applications. This
linking structure of an ontology forms a labeled graph, where the
edges represent named links between two resources, denoted by
the graph nodes [29]. For instance, SOSA ontology is a model that
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Table 1
Available techniques and technologies for each MAPE-K module.
MAPE-K Description Technique/Technology
module
Monitor Capture product and process information from IoT sensors. Publish/Subscribe through
OPC-UA, MQTT, Rest.
Analyze Map/Model data into machine-understandable data. Ontology Based
Key-Value pairs
Graph Based
Plan Apply reasoning techniques to infer new information. The Machine Learning
output is a plan that will respond to any situation that may Semantic Reasoner
affect the normal behavior of a system. Fuzzy Logic
Decision tables
Heuristics
Mixed
Execute Deploy the plan to allow adaptations at runtime. Depends on the technologies
used in both, the execution
system and resulting plan.
Knowledge Store analyzed and to be analyzed data and the resulting plan Relational databases

in a knowledge base.

Graph databases
Key-value storage
Wide-column storage

describes IoT devices, sensors, and actuators, and models their
properties and relationships [30]. The combination of IoT and
semantic web technologies give rise to semantic interoperability,
which is the ability to exchange and use information unambigu-
ously between IoT entities [31]. There are numerous ontologies
for capturing IoT devices, the most significant are SSN (Semantic
Sensor Network),! which describes 10T sensors and their obser-
vations and IoT-Lite ontology,” which models knowledge about
IoT systems and applications. Once IoT devices and their services
are semantically annotated, context-awareness can be achieved
in systems by applying inference capabilities to the semantic
descriptions and constraints.

As IoT devices can capture diverse types of context infor-
mation, context-awareness capabilities can be made available at
design-time and/or runtime of workflow management areas. Fur-
thermore, it is important to identify where and how the context-
aware capability (empowered by semantic web technologies) has
been implemented in each workflow management functional area
and how it can be improved. To achieve this objective, the follow-
ing section presents the protocol and method used for conducting
this literature review.

3. Literature review methodology

The literature review was conducted following the guidelines
for Systematic Literature Reviews (SLR) outlined in [32]. As illus-
trated in Fig. 3, the methodology consists of two main phases and
associated sub-steps. The Planning phase involves defining the
protocol, while executing the search string in the selected digital
libraries and refining the selection of articles is carried out in the
Conducting phase.

3.1. Planning

Defining the protocol is crucial in any SLR, as this outlines
the procedures involved in the review and serves as a log of the
activities to be carried out [33]. A number of tools can ensure
the procedure is systematic, ranging from simple tools such as
spreadsheets to specialized tools specifically designed for SLRs.
In this regard, Parsifal is an open-source, online tool designed to

1 https://www.w3.org/TR/vocab-ssn/
2 https://www.w3.org/Submission/iot-lite/
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support researchers perform SLRs, particularly in the context of
Software Engineering [34]. Parsifal was chosen to document the
entire process of this SLR.

Before commencing work, it is critical to define the scope.
In this regard, the PICOC method is commonly used to identify
the various components of a topic and to subsequently formulate
research questions [35].

3.1.1. Define PICOC elements and synonyms

PICOC stands for Population, Intervention, Comparison, Out-
comes, and Context. Table 2 details the definitions for each PICOC
element together with the selected keywords and synonyms. As
keywords are derived from the PICOC elements, it is essential
to consider synonyms that can be used in queries performed in
digital libraries.

3.1.2. Formulate research questions

Research Questions (RQs) are critical elements that determine
the focus for study identification and data extraction [33]. RQs
must include the PICOC elements to establish the research focus
and assist in identifying the primary studies [35]. The research
questions for this SLR are as follows.

(RQ1): What open perspectives and future challenges are as-
sociated with semantic web solutions that support the life cycle
of business processes?

(RQ2): What tools and algorithms are used in building seman-
tic web solutions to support the life cycle of business processes?

(RQ3): What evaluation factors are taken into consideration
when measuring the performance of semantic web solutions that
support the life cycle of business processes?

3.1.3. Select digital library sources

The validity of an article is dependent on the appropriate
selection of the database as it must sufficiently cover the study
area [36]. For instance, Web of Science (WoS) and Scopus are
multidisciplinary databases that provide access to literature in
technology, biomedicine, and other fields. However, in this work,
it was important to also include sources relevant to computer
science such as EI Compendex, IEEE, and ScienceDirect.
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Fig. 3. Research methodology for this literature review.
Table 2
PICOC elements, keywords and synonyms.
PICOC Description Keyword Synonyms
Population The population in which the evidence is Industry 4.0 Digital Factory, Digital Manufacturing, Future

collected. The population can be a specific role,
an application area, or an industry domain.

Factory, Future Manufacturing, Industrie 4.0,
Industry, Smart Factory, Smart Manufacturing

Intervention Intervention is the methodology, tool, or

technology that addresses a specific issue.

Process Modeling

BPEL, BPM, BPMN, Business Process Modeling,
Business Process Modeling, YAWL

Comparison Comparison is the methodology, tool, or
technology in which the intervention is being

compared.

Semantic Web

Ontology, Semantic, Semantic Web Service

Outcome Outcomes relate to factors of importance to
practitioners. The results that Intervention

could produce.

Framework

Extension, Plugin, Tool

Context The context in which the Comparison takes
place. Some systematic reviews might choose

to exclude this element.

Not applicable

Not applicable

3.1.4. Define inclusion and exclusion criteria

Inclusion and exclusion criteria are established to perform the
refinement step for the articles collected from the library sources.
Inclusion criteria refer to articles that can be considered for the
next refinement step. Exclusion criteria refer to articles that do
not fit this research purpose and are therefore removed from
the study. Table 3 provides the inclusion and exclusion criteria
considered for this SLR.

3.1.5. Define quality assessment checklist

A quality assessment checklist refers to a set of questions, an-
swers, and scores assigned to each article. Consequently, articles
can be sorted by their score and filtered to obtain those that are
more closely related to the research domain. Table 4 sets out the
quality assessment checklist for this SLR.

3.1.6. Define Data Extraction form

The Data Extraction form is a visual form composed of input
text fields designed to register relevant data from the articles
during the review process. This step aids in synthesizing the
information from each article and answering the established re-
search questions [37]. Table 5 lists the input fields of the data
extraction form.

3.2. Conducting

After defining the protocol, the review is conducted by carry-
ing out the previously defined steps.

3.2.1. Build digital library search strings
A search string was built by incorporating the PICOC elements
and synonyms defined in 3.1.1 to run in each of the selected

42
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Table 3
Inclusion and exclusion criteria.
Type Criteria
Inclusion e Strongly related: Abstract indicates that the full text is directly dedicated to Semantic workflows in the
domain of Smart Manufacturing.
o Partially related: Abstract indicates that some parts of the text are related to Semantic workflows.
Exclusion e Article is duplicated in another database library
e Article is not a journal article nor a conference paper
e Article is not written in English
e Article was published before 2015
e Semantics and workflows are only mentioned as an example or cited expression
e The proposed solution uses semantics but not for workflows
Table 4
Quality assessment checklist.
Element Description
Questions e Does this article use semantic web technologies for the proposed solution?
e Is this article related to workflows, dataflows, or any kind of business process modeling?
e [s this article oriented towards industry (Smart Manufacturing)?
e Does this article incorporate context awareness as part of the proposed solution?
e Does this article propose a framework, tool, or methodology?
Answers To assign a weight for each question answered. The weight is 1.0 if the answer is “YES”, 0.5 if the answer is

“Partially”, and 0.0 if the answer is “No”.

Cutoff score

are not considered for the deep review phase.

The maximum score is 5, and the cutoff score is 3.5. Papers whose total score is less than the cutoff score

Table 5
Data extraction form fields.
Field name Datatype Value
Workflow Function Area Select one e Design-time
e Runtime
e Management
Main Focus String field n/a
Their identified problem String field n/a
Proposed solution String field n/a
Validation of proposed solution String field n/a
Their conclusion String field n/a
Identified Gaps/Comments String field n/a
Tools used for their proposal String field n/a
Open source Boolean Field Yes/No
Link to Source Code String field n/a

database libraries. The search string separates the population,
intervention, comparison, and outcomes with parentheses and
the Boolean operator AND, while the synonyms are separated
with the Boolean operator OR.

("Industry 4.0" OR 'Digital Factory" OR 'Digital Manufacturing"
OR '"Future Factory" OR 'Future Manufacturing" OR '"Industrie 4.0" OR
"Industry" OR "Smart Factory" OR "Smart Manufacturing") AND ('Process
Modelling" OR '"BPEL" OR '"BPM" OR 'BPMN" OR 'Business Process Modeling"
OR 'Business Process Modelling" OR 'Process Modeling" OR '"YAWL") AND
("Semantic Web" OR '"Ontology" OR "Semantic" OR "Semantic Web Service")
AND ('Framework" OR '"Extension" OR '"Plugin" OR '"Tool")

3.2.2. Gather studies

After executing the search strings in each digital library, the
search results were downloaded as CSV (Comma Separated Value)
files, which contain metadata such as abstract, author, title, year
of publication, etc. This data is useful for data extraction and
quantitative and qualitative analysis. During this step, a total of
404 papers were collected from all databases.

3.2.3. Study selection and refinement

This stage encompasses three steps for paper selection and
refinement. The first step is to identify duplicates that appear in
each of the searches in the selected databases. Automatic proce-
dures are utilized to search and exclude duplicate papers by per-
forming title matching. In this work, the studies were imported

43

into Parsifal to utilize its pre-built functionality Find_Duplicates.
The tool identified 83 duplicates from the initial 404 papers. The
two remaining refinement steps were then executed manually by
a single author for each article. Thus, filters with respect to the
inclusion and exclusion criteria were applied to the remaining
321 papers during the second step. In the last refinement step,
the 88 articles were assessed for quality, and weights/scores from
1.0 to 5.0 were assigned to each. As a result, 36 papers were
scored >= 3.5 for quality and were selected for the deep review
phase. Fig. 4 illustrates the distribution of imported, accepted, and
rejected studies per digital library.

4. In-depth review of literature by categories

The 36 selected articles present approaches that use semantic
web technologies in one or more workflow management func-
tional areas. Table 6 categorizes the studies based on their main
focus and workflow management functional areas. The categories
include Process Modeling, Service Composition, Optimization of
Service Composition, Reconfigurable Systems, Autonomous Com-
puting, and Knowledge Management systems. Each category is
described briefly, giving a general idea of the focus of the studies
included in that category. The number of papers in each category
is also listed.

The following sections review in depth the selected articles in
each of the categories. Comparison tables are also provided for
each category to briefly summarize the main ideas of each paper,
use cases (if any), advantages, tools used, and opportunities. This
latter highlights weaknesses within the proposals and helps de-
termine current active challenges in this research domain. These
active challenges are discussed in Section 5.

To identify the most significant works in each category, a
citation analysis was conducted as shown in Fig. 5. This analysis
measures the relevance of the articles by counting the number of
times they have been cited by other works.

4.1. Process Modeling
Process Modeling is a discipline that supports organizational

processes using different methods and techniques [38]. The Flow
Chart model is a commonly used process modeling technique.
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Fig. 5. Citation analysis of the selected studies.
Table 6
Categorization of selected studies.
Workflow function area Category Focus/Description Papers
Process Modeling Studies that focus on the modeling or design of workflow recipes as 4
Design-Time connected graphs (not necessarily executable).
Service Composition Studies that focus on the modeling or design of workflow recipes and service 10
discovery and service selection for the final composition (should be
executable).
Optimization of Service Studies that focus on optimizing workflow recipes at runtime through service 4
Composition re-selection by evaluating Functional Parameters (FP) and Non-Functional
Parameters (NFP), also known as Quality of Service (QoS) parameters.
Runtime Reconfigurable Systems Studies that focus on making substantial changes to the control flow through 8
decision-making techniques to achieve the process goal (may require user
intervention).
Autonomous Computing Studies that focus on automatic or dynamic re-composition, optimization, and 5
execution of workflows without requiring user intervention.
Management Knowledge Management Studies that focus on integrating a knowledge database to store semantics 5

Systems

about devices and their services, to query, infer knowledge, and deliver that

information to the user.

It is a graphical representation in which symbols are used to
represent operations and flow directions for the definition and
analysis of a business problem [39]. Table 7 compares the se-
lected approaches categorized as Process Modeling. These studies
propose prototypes and implementations that focus on the mod-
eling of workflows enhanced by semantic web technologies. For
instance, Suri et al. [40] proposed a semantic framework for the
development of IoT-aware business processes. This approach in-
tegrates IoT resources into business processes using an extended
version of BPMN 2.0. The approach uses Signavio BPMS to enable
semantic annotations of the process model and IoT-BPO ontology
to assist the user with ontology annotation.

An approach that utilizes BPMN and ontologies for automatic
data processing in gas turbine maintenance was presented by
Barz et al. in [41]. The architecture processes semantically an-
notated data from machines to sensors and analyses data for
anomaly detection. This approach employs a semantic knowledge
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base to store and query data and Camunda BPMN to design and
control the process of gas turbine maintenance. Similarly, Kaar
et al. [42] developed an ontology that integrates characteristics
of the multi-perspective RAMI 4.0 (Reference Architectural Model
for Industry 4.0) and proposes combining it with S-BPM (Subject-
oriented Business Process Management) to encapsulate industry
standards and stakeholder behavior.

4.2. Knowledge-Management Systems

The main purpose of Knowledge-Management Systems is to
capture product and process information and later use it to au-
tomate processes. These systems typically store information in a
knowledge database, and then infer new knowledge by applying
complex rules, heuristics, artificial intelligence, and agents [44].
Table 8 compares the selected approaches categorized as Knowl-
edge Management Systems. These studies propose prototypes
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Table 7
Comparison of process modeling approaches.

Ref. Main idea Use case Advantage Opportunity Tools used

[43] A semantic business process - BPMN compliant Need for prototype and e CODO
modeling approach. experimental phase e DOLCE

e BPMNO
[42] A RAMI 4.0-based ontology - RAMI 4.0 and S-BPM Need for prototype and e RAMI 4.0
compliant experimental phase e S-BPM
e C-MAPS tools

[41] An architecture for machine Siemens gas turbine e Automation upgrade Need for security e Camunda BPMS
anomaly detection using a maintenance e Complexity abstraction e BPMN
digital technique for filling e MyScript
reports and handwriting e Blazegraph
recognition.

[40] A framework to support the Monitoring the Complexity abstraction Need for fault-tolerance e Signavio BPMS
development of loT-aware temperature of orchids e [oT-Lite
business processes. e BPMN

Table 8
Comparison of knowledge-management systems approaches.

Ref. Main idea Use case Advantage Opportunity Tools used

[48,49] A semantic wiki-based Austempered Ductile Open-source Need for an API Loki semantic wiki

system. Iron

[50] A knowledge base for Engineering of Complexity abstraction Complex to maintain e Microsoft Excel

optimizing engineering robot-based automation e VBA programming
processes. solutions at a German language
automotive supplier

[45] An ontology and A welded hull panel Inference capabilities e Need for real-time o Protégé

knowledge base for assembly data e RacerPro
computing energy e Need for Ul to deliver e Bonita BPM
efficiency indicators. results

[46] A framework to support Smart home e Complexity abstraction - -

the development of e Customizable services
context-aware loT e API
applications. e Context-awareness
[47] An API to obtain the Energy management Complexity abstraction Need for security e Java, JAX-RS, JAXB,

semantics of devices.

systems for decision

OWL2, SPARQL, GraphDB

support

e RDF/XML Validator,
OWL Validator, TopBraid
Composer

and implementations that integrate knowledge databases in sys-
tems to store and process the semantics of devices and services.
For instance, Borsato [45] proposed a semantic information model
based on an ontology for the calculation of energy efficiency
indicators. A BPMN is first created and then divided into activities
until the elementary tasks are reached (top-down approach) so
that all BPMN entities can be mapped into the ontology as indi-
viduals and assertions. Then, the inference and query capabilities
of Protégé and RacerPro are employed. Each task is accomplished
by an operation, which corresponds to a manufacturing unit
process. Their solution provides parameters to a manufacturing
unit process by bringing data property assertions for a given
individual.

A semantic and context-aware framework for the smart home
scenario is presented by Elkady et al. in [46]. The framework
gathers data from IoT devices and employs ontologies to in-
terpret context, considering diverse types of context data such
as temperature, location, date, and time. An API (Application
Programming Interface) provides abstract access to the backend
and also delivers contextual information. The results show that
their approach can make predictions based on context changes.
Similarly, Hippolyte et al. [47] proposed a semantic and context-
aware framework for the energy management field. Ontologies
are employed to describe the semantics of devices, and a web
service generator tool creates web services from instances of
the ontology. The tool embeds SPARQL queries and an API is
used to facilitate data extraction from the knowledge base with
HTTP/REST instead of HTTP/SPARQL.
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4.3. Service composition

Service composition is a technique that involves the discovery,
selection, and execution of services to achieve a user goal. This
is performed by breaking down the user goal into functional
and non-functional requirements/properties (FPs and NFPs) [14].
Table 9 compares the selected approaches categorized as Service
Composition. These studies propose prototypes and implemen-
tations that focus on the composition of services using semantic
web technologies. For instance, Bucchiarone et al. [51] proposed
an Al (Automated artificial intelligence) planning-based com-
position framework. This framework enables service discovery,
selection, composition, and deployment by using an extension
of BPEL in what [52] called “Adaptable Pervasive Flow Language
(APFL)”. Using APFL activities can be annotated with precondi-
tions and effects at design time. The authors used APFL to create a
composition planner module that performs service composition.
The algorithm creates abstract activities that are then replaced
by “fragments”, which are smaller compositions. An Al planning
algorithm is employed as the reasoning mechanism to minimize
the search space by considering knowledge from previous execu-
tions and analyzing context for the reuse of fragments in the final
composition.

Kir and Erdogan [53] designed an intelligent business process
management framework called “agileBPM”. This framework com-
bines ontologies and agents to provide cognitive and exception-
handling capabilities by using the Hierarchical Task Network
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Table 9
Comparison of service composition approaches.
Ref. Main idea Use case Advantage Opportunity Tools used
[54] An architecture for e Aluminum forging for e Robust architecture e Complex to set-up o OWL-S
[55] semantic service bicycle hull body e Service marketplace e Need to read sensor e Docker
[56] annotation. forming e Complexity abstraction logs e Java
e Preventive e BPMN compliant e BPMN
maintenance e Open-source
[57] A hybrid composition BPEL compliant e Open-source Need to handle NFPs e BPMN to BPEL library
framework (top-down e Interactive Ul e Petals BPM, EasierSBS,
and bottom-up). XPath language, SAWSDL
[51] An Al planning-based Process chain of the car o Context-awareness Need for security e BPEL, ASTRO CAptEvo
composition framework. logistics e Interactive Ul framework
e Al planning algorithm
as the reasoning
mechanism
[58] Location-aware discovery A personal assistant that Interactive Ul e Need to handle e Schema.org, Protégé,
mechanism for the IoT. recruits services based location change Hydra vocabulary,
on their location. scenarios JSON-LD
e Need to capture GPS e Phyton, rdflib,
coordinates rdflib_jsonld, Elixir,
Apache Jena Fuseki
[59] A semantic Node-RED FESTO Process e Complexity abstraction Need for security e Node-RED
version. Automation Workstation e Open-source e iot.schema.org,
e Interactive Ul JSON-LD, SPARQL
[60] An ecosystem for the Smart city e Open-source - e O-MI, O-DF,
discovery and e Robust architecture Schema.org, MobiVoc
composition of IoT. e Security e SQL, NoSQL
e OAuth, OpenID, SAML,
LDAP, JWT
[53] A BPM framework that - e Context-awareness Need for security e BPMO, Enterprise
combines ontologies and e Open-source Strategy Ontology
agent-based process e Fault-tolerant o SWRL, WSMO, OWL-S,
execution to provide OWLS-TC4
decision-making e HTN Planner, Wade
capabilities. platform
[61] A framework for the - o Context-awareness Need for security e SOSA ontology, SWRL,

modeling and execution
of 10T business processes
without changing the
meta-model of BPMN.

e Open-source

e BPMN compliant

e Microservice-oriented
architecture

protege, SPARQL
e BPMN, API, Camunda,
Java, .Net

(HTN) planner algorithm to compose services. The algorithm eval-
uates QoS, business goals, and business rules to perform a search
and ranking of the processes that can achieve the user goal.
Similarly, Mazzola et al. in their studies [54-56] proposed an
architecture and components for semantic web service compo-
sition. This approach uses a web service annotation tool that
follows the Everything-as-a-Service principle to annotate web
services and store them in a common marketplace. BPMN models
are created and enriched with annotations to define the se-
mantic behavior of each task in terms of IOPE (Input, Output,
Preconditions, and Effects). A pattern-based algorithm is used
for the semantic composition of business processes and an op-
timization phase is included to consider non-functional aspects
(QosS constraints) for solving the Constraint Optimization Problem
(cop).

4.4. Optimization of Service Composition

The Optimization of Service Composition is the process of re-
selecting services within an existing composition to improve the
Quality of Service (QoS) parameters in accordance with Service
Level Agreements (SLA). This process is driven by the convergence
of a large number of web services that perform the same func-
tion [62]. QoS parameters are non-functional properties (NFPs)
that are used to evaluate services and determine the optimal
service for a task. These parameters are represented by numeric
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values from 0 to 100, such as response time, availability, through-
put, success rate, reliability, compliance, best practices, latency,
relevancy, and class (highest, lowest, platinum, gold). Table 10
compares the selected approaches categorized as Optimization
of Service Composition. For instance, Baker et al. [63] developed
an optimal service composition algorithm specialized in energy
efficiency. The algorithm focuses on reducing the number of
services used in the composition problem, which also results
in a reduction in energy consumption. The approach incorpo-
rates semantic web technologies to describe services. An initial
composition plan is created by considering various services from
different providers. The algorithm then performs optimization by
ordering the list of service providers such that those with the
largest number of services are placed first. The optimum individ-
ual service or composite service is then selected considering QoS
conditions. Finally, the re-composition is performed by taking the
optimal services.

An optimal semantic web service composition approach was
presented by Bekkouche et al. in [64]. Their approach takes into
account NFPs and QoS constraints for the optimization problem,
which is solved by applying the Harmony Search (HS) algorithm.
The approach is tested using the Web Service Challenge (WSC)
2009 dataset. Similarly, Abid et al. [65] proposed an optimal
semantic web service composition framework that first classifies,
discovers, and composes services. Optimization is then performed
by using semantic similarity measures, considering FPs and QoS
parameters to calculate the optimal services.



W. Ochoa, F. Larrinaga and A. Pérez

Future Generation Computer Systems 145 (2023) 38-55

Table 10
Comparison of optimization of service composition approaches.
Ref. Main idea Use case Advantage Opportunity Tools used
[66] Optimization based on e Aluminum forging for e BPMN compliant - e antlr, JaCoP solver,
FPs and NFPs in bicycle hull body e Open-source OWL-S
design-time and runtime forming o BPMN
by using the COP e Preventive e COP algorithm
algorithm. maintenance
[63] Reducing the number of - - Need to consider more e OWL-S XPlan package
services for the evaluation factors such e Java, NetBeans
composition problem as memory, CPU, size of
can turn in a reduction data sent and received,
in energy consumption. and execution time.
[64] Optimization based on - Considers a well set of Need to standardize the e Harmony search
NFPs and QoS QoS attributes: Response recipe using notation algorithm
constraints by using the time, cost, availability, languages e WSC 2009 dataset
Harmony search reliability, and
algorithm. reputation.
[65] Optimization based on - - Need to standardize the e Java, Jena, and JAXP

FPs and NFPs by using
semantic similarity
measures.

recipe using notation
languages

e OWL-S, SWS Test
Collection

4.5. Reconfigurable Systems

A Reconfigurable System is a system that can perform re-
configurations dynamically at runtime by rearranging elements
such as applications, platforms, system architectures, underly-
ing infrastructures, and management facilities. This is typically
conducted during system maintenance or when a new update is
installed, sometimes requiring user intervention [67]. Table 11
compares the selected approaches categorized as Reconfigurable
Systems. These studies propose prototypes and implementations
that focus on reconfiguring systems to make substantial changes
to the control flow with the aim of achieving user goals through
decision-making, adaptive case management, and machine-
learning techniques. For instance, Ciasullo et al. [68] presented
a framework to support group decision-making problems in the
context of business process outsourcing by selecting the most
suitable provider. The framework includes a “time-aware” feature
to consider the time elapsed from past executions. The frame-
work relies on the fuzzy linguistic consensus model (presented
in [69,70]) and a context-aware plugin (presented in [71]). A
reinforcement learning algorithm is implemented to learn and
assign weights/scores to support the users in the decision-making
process, by considering the current context and the time at which
they take part in the decision-making group.

A context-aware BPM ecosystem is proposed by Song et al.
in [72]. This proposal integrates IoT data into context ontologies
to enhance business process decision-making. Using the frame-
work, business processes are aware of their context at both design
time and runtime and thus can adapt to dynamic situations. The
architecture consists of business process models and contextual
entities including their relationships. Context is sensed from a
variety of sources including IoT devices and information systems,
and then analyzed to output understandable contextual knowl-
edge. Decision models are then created to take this contextual
knowledge into account. For the execution phase, the business
processes and decision models are deployed and executed ac-
cordingly. In a similar vein, Ordofiez et al. [73] developed a
framework for automating monitoring and decision support. The
framework employs Natural Language Processing (NLP) for the
creation of a “problem file” which defines a sequence of actions
to achieve a goal. A monitoring module gathers logs generated
during execution. A decision support module then takes the logs
and determines whether there are real errors or not, by using an
inference engine to change the service in charge if needed.
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4.6. Autonomous Computing

Autonomous Computing is a research area that focuses on
self-adaptive and autonomic computing systems, which are able
to configure, heal, optimize, and protect themselves without the
need for human intervention [79]. Table 12 compares the selected
approaches categorized as Autonomous Computing, which focus
on the automatic or dynamic composition, optimization, and
execution of services. For instance, Alférez and Pelechano [80]
proposed a context-aware framework for the autonomic adjust-
ment of service compositions at runtime. The approach creates
models at design time using ontologies and BPMN and WS-
BPEL to support dynamic adjustments of service composition. A
verification phase checks the changeability of the models and
their configurations before the execution to ensure safe service
re-composition. At runtime, whenever a context event happens,
the previously created models are queried to perform service
re-composition.

An approach to autonomous computing by applying the MAPE-
K (Monitor, Analyze, Plan, Execute, and Knowledge) paradigm
was designed by Lam et al. in [81,82]. This approach relies on
an “Autonomic Manager” that facilitates the development of
interoperable IoT systems using semantics web Technologies. The
“Autonomic Orchestration” uses the semantics of the “Autonomic
Manager” to enable the dynamic orchestration of services within
Arrowhead Framework.? The architecture integrates a Semantic
Extractor (SE) that gathers information from services and systems
and transforms them into semantic knowledge. The SE uses
Machine Learning (ML) techniques to recognize popular seman-
tic models and extract the necessary information. A knowledge
graph is then built from the chosen ontologies and the informa-
tion is stored in a knowledge base. An Autonomic Framework
(AF) employs SPARQL and SWRL as reasoning mechanisms for
knowledge inference and decision-making at runtime.

Arul et al. [83] proposed a framework for automatic and dy-
namic service composition by adding semantics to web services
to satisfy the dynamic changes of user needs. They adopted an
extended version of the hierarchical task network (HTN) plan-
ner, named hierarchical task network based on user constraints
(HTNUC) which can understand OWL-S processes. This proposal
takes user requirements and constraints to produce an abstract
composite workflow that determines the execution order of tasks.
An optimal abstract composite workflow is then created to satisfy

3 https://www.arrowhead.eu/
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Table 11
Comparison of reconfigurable systems approaches.

Ref. Main idea Use case Advantage Opportunity Tools used

[74] An ontology for Festo test bench - - e PPRR ontology
reconfigurable system o GATE RDF editor, RDF,
integration and SPARQL
decision-making support.

[75] An ontology for ACM Approve an architectural Adaptations are Requires coordination Papyrus Converse
systems that allows model immediately available to between business users
business partners to the business users
describe business cases
using natural language.

[76] A context manager A car-seat example e Considers FPs and Re-composition phase e Java, Jena APJ, Intelli]
module to decide picked from a FabLab NFPs, the inputs, and still needs development IDEA
whether a service should outputs of services e Ontologies: SSN, FIPA
be kept, tuned, or o Context-awareness CSIRO, SDO
changed on the fly. e On-the-fly service

replacement

[72] A context-aware BPM Truck pick-up cargo BPMN and DMN Need for a standard e OWL, SWRL
framework for making compliant architecture e DMN
adaptations in dynamic
situations.

[77] An assistant for A product service system WS-BPEL compliant e Complex to maintain e .Net framework
engineering change engineering process e Low scalability e Goal-oriented process
processes. e Need for security modeling language (GRL)

[78] A decision support e Place order in BPMN compliant Need for security e Business Field
system based on the wholesale of food Ontology, Collaborative
“Ant Colony e Manufacture of ontology
Optimization” algorithm. chocolate e Java, Neo4j, Ant

Colony Optimization

[68] A context-aware Decision-making on who Context-awareness Need to consider more e Fuzzy linguistic
framework for group to outsource the context-awareness consensus model
decision-making in production sub-process properties o Reinforcement learning
business process of an Italian footwear algorithm
outsourcing. company. e OWL2, SKOS

[73] A monitoring and - Considers error logs Need for security e Natural Language

decision support module
to determine whether a
service should be
replaced.

Processing, Al planning
o Java, JSLEE, ITIL

e SOA Ontology, OWL,
OWL-API, SWRL, Pellet
reasoner

the user goals. Ontology-based search is employed to convert syn-
tactic to semantic definitions of services. Finally, the most suitable
service candidates are selected using semantic web service dis-
covery (SWSD) to produce a concrete-executable workflow from
the discovered services.

5. Discussion

In this section, the trends and gaps of the state-of-the-art
studies are analyzed and the research questions are addressed.

5.1. Analysis and answers to RQs

(RQ1): What open perspectives and future challenges are
associated with semantic web solutions that support the life
cycle of business processes?

(a) Need for standardization in process modeling and
service-oriented architecture solutions

Many of the reviewed papers propose incorporating new pro-
cess modeling languages to make a recipe interpretable for se-
mantic reasoners and workflow management software. While
[85] demonstrated that existing process modeling languages such
as BPMN and BPEL can support additional features and cus-
tomized elements and attributes, it is important to maintain the
high level of expressiveness in existing notation languages, as
outlined in [61].
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In terms of standardization in service-oriented architectures,
many of the prototypes reviewed are presented as non-industrial-
oriented architectures, lacking support for important features
such as security and scalability. A solution that follows a service-
oriented architecture (SOA) offers several advantages, including
scalability, integration, wider reach, and future-ready, as out-
lined in [86]. This can be achieved by making connections to
the backend through APIs [87]. Industrial IoT frameworks should
feature SOA, automation, scalability, and security as for example
Arrowhead Framework [88], AUTOSAR [89], and FIWARE [90]. A
comparison of recent platforms and state-of-the-art of industrial
IoT frameworks can be found in [91].

RAMI 4.0 was introduced to standardize interoperability be-
tween machines. This model standardizes and digitally represents
14.0 components through a three-dimensional layer model [92].
To achieve this, the concept of an Asset Administration Shell
(AAS) is introduced, which enables interoperation and identifica-
tion of assets within the network by providing their technical and
operational data. More details about AAS can be found in [93].

(b) Need to assist process designers in the modeling of
manufacturing business processes

In the context of BPM, the design of business processes is
a task handled by process designers. Often BPM is applied to
systems in the domain of Banking, Enterprise Resource Planning,
or similar management software [94]. However, some authors in
the literature have found the need to include process designers in
the domain of manufacturing systems for the design of manufac-
turing business processes. Business process designers often do not
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Table 12
Comparison of autonomous computing approaches.
Ref. Main idea Use case Advantage Opportunity Tools used
[84] A semantic engine for Create Order business Context-awareness - e PrjOnt, SWRL rules
the dynamic execution process e WSO02 application
of business processes. server
e Activiti
[80] A context-aware - Context-awareness e Needs to consider e Goal/ Question/ Metric
framework for the more context-awareness (GQM), MAPE-K
autonomic adjustment of properties. paradigm
service compositions at e Needs a revalidation o FAMA-FW, GNU
runtime. step to ensure that a Prolog, BPMN, WS-BPEL
service is actually e Java, Java VisualVM,
unavailable. Apache Axis2, Apache
Tomcat, Apache ODE
[81,82] An autonomous Smart home e Arrowhead compliant Needs to support human o MAPE-K paradigm,
computing framework e Security (handled by intervention for Machine Learning
using the MAPE-K Arrowhead Framework) execution confirmation techniques
paradigm for dynamic e [0T-0, Semantic Sensor
orchestration of services Network (SSN), Semantic
within the Arrowhead Actuator Network (SAN),
Framework. SPARQL, SWRL, RDF,
OWL
[83] A framework for Finding the most Context-awareness Need for security e HTN planner

automatic and dynamic
service composition
adding semantics to web
services and satisfying
the dynamic changes of
user needs.

suitable composite
solution

e OWL-S, WSMO,
OWL-API, Pellet reasoner
e Extended Finite-State
Automaton (EFA), WSC
2009 dataset

possess the appropriate knowledge or tools to configure machine
services or orchestrate processes using such services. Therefore,
the challenge lies in providing tools to aid process designers
in the design of manufacturing business processes. Considering
that AAS describes machine services by using submodels [92],
an AAS-based modeling tool can be developed offering asset
services in the modeler palette, thereby facilitating the design of
manufacturing business processes.

(c) Need for business process management software that
can take advantage of the edge computing environment

Most existing prototypes for service compositions are deliv-
ered as cloud-based architectures, with data processing mainly
handled in a central server. However, edge computing has be-
come a popular paradigm in the industrial domain, as it deliv-
ers low latency, more mobility, and more contextual informa-
tion by connecting cloud computing facilities to end-users [59].
Therefore, it is crucial to develop business process management
software that can compose services in the edge environment.

(d) Need to interpret contextual information to perform
dynamic adaptations

This literature review analyzed studies in which the context-
awareness feature was present in 16 out of 36 proposals. Context-
awareness is an important characteristic of ubiquitous computing
as it permits the interpretation of contextual information [95].
In a workflow instance, context-awareness can be achieved by
capturing data from devices and processing it through the use of
semantic web technologies [96]. Fig. 6 illustrates the application
of context-awareness by workflow function area. For instance,
in the design-time phase, IOPE is the main technique for en-
hancing workflow design. This was demonstrated in the work of
Bucchiarone et al. [51], which achieved semi-automatic workflow
modeling. In the runtime phase, optimization based on Quality of
Service (QoS) is the main technique, as reported by Bekkouche
et al. in [64] who replaced services within workflows at runtime.
Knowledge management using semantic wikis is the most com-
mon technique in the management phase. In this regard, Elkady
et al. [46] proposed a semantic-based framework that delivers
context information to the user interface in the form of reminders
or notifications triggered by context changes.
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Although some authors enabled context-awareness in their
proposals, this should be further leveraged by considering sensor
logs. As described in Section 2.2.1, data delivered by sensors
can be exploited using ontologies. Attributes of ontologies that
can interpret contextual information include responseTime,
gpsPosition, successRate, networkLatency, hasWeight,
hasSize, hasTemperature, and hasHumidity.

To effectively adapt to unexpected events during the execution
of tasks, it is crucial to gather and analyze data in real-time to
create a plan. One approach is IBM's MAPE-K reference model
for building autonomous systems, as outlined in Section 2.2. In
the monitoring phase, IoT sensors can be utilized to capture
context data, which can then be processed through semantic web
technologies such as OWL, RDF, SWRL, and SPARQL. During the
planning phase, decision tables can be created using the Decision
Model and Notation (DMN) standard. By combining DMN with
BPMN, the workflow execution can be dynamically altered to
ensure standardized decision-making.

(RQ2): What tools and algorithms are used in building se-
mantic web solutions to support the life cycle of business
processes?

The reviewed studies proposed prototypes and implemen-
tations that are built on top of semantic web technologies to
support the stages of the workflow life cycle. Table 13 summa-
rizes the semantic web tools employed to develop each of the
proposals. The complete list of the tools and ontologies can be
found in the tables published in Section 4, organized by category.

(RQ3): What evaluation factors are taken into considera-
tion when measuring the performance of semantic web solu-
tions that support the life cycle of business processes?

To answer this question, the datasets and measurement vari-
ables that the articles under review employed for the experimen-
tal phase of the proposals were collected. Of the 36 reviewed
studies, 30 presented evaluation phases of the proposals. Fig. 7
shows the top 5 measurement variables employed to measure the
performance of their approaches. Execution Time scored the high-
est and was considered in 12 papers, followed by Precision/ Recall/
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Table 13
Tools and techniques.
Domain Description Tools
Ontology Defines and models sensors, e SSN
services, the data they gather, and e SOSA
their domain. o OWL-S
e [0T-0

e SOA Ontology
e Schema.org

Semantic reasoners

Computes context data and infers

Other reasoners new knowledge.

e RacerPro
e Hermit
o Pellet

e Al Planning

e Harmony Search

e Ant Colony Optimization

e Constraint Optimization Problem

Semantic Graph Database Integrates heterogeneous data e GraphDB
from many sources and creates e SPARQL
links between datasets. e SWRL

Workflow Management Includes tools for workflow e Camunda
design, execution, and monitoring. e Signavio

e Bonita
e Activiti

M Design-Time
B Runtime

B Management

Fig. 6. Distribution of context-awareness feature by workflow function area.

F-Score with 5, and Number of Services with 3. Precision/ Recall/ F-
Score are performance metrics (between 0 and 1) often related to
classification methods. The authors under review applied these
metrics to evaluate the quality and quantity of the data retrieved
from collections. A higher precision indicates that an algorithm
returns more relevant results than irrelevant ones, and a higher
recall means that an algorithm returns most of the relevant re-
sults (irregardless of whether irrelevant results are also returned).
F-Score provides a single score that balances both the concerns of
precision and recall in one number. On the other hand, context-
aware variables were not evaluated: response time, loca-
tion, availability, throughput, success rate,reliabil-
ity, compliance, best practices, latency, relevancy, and
class.

Fig. 8 summarizes the use cases that the authors considered
for testing their proposals. For instance, in the use case “Truck
pick-up cargo”, Song et al. experimented with a context-aware
BPM framework for making adaptations in dynamic situations. In
the case of “Manufacture of chocolate”, Montarnal et al. proposed
and tested a decision support system.

With respect to data, Table 14 lists the datasets utilized by
the authors for the evaluation phase. These are collections of
semantic web services that include QoS parameters.

A keyword correlation analysis is presented in the next sec-
tion, which explores the topics of study in the reviewed paper.
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MW Execution Time
M Precision/ Recall/ F-Score
® Number of Services
CPU Usage
B Memory Usage

M Other

Fig. 7. Distribution of measurement variables employed in the articles under
review to evaluate the proposals.

5.2. Analysis of keyword correlation

This subsection reveals topics of study in this literature review.
VOSviewer,* software widely used in the scientific community
for constructing and visualizing bibliometric networks as cluster
maps, was employed. A comparison of VOSviewer and CitNe-
tExplorer and the description of the clustering algorithms can
be found in [97]. For this analysis, VOSviewer was fed with
a dataset of indexed keywords of the papers that passed the
2nd refinement phase (88 papers) (Sub- Section 3.2.3). The data
was manually polished to remove extra white spaces and then
exported to a CSV file to serve as input for the software.

In VOSviewer, each circle represents a keyword, and the size
of the circle indicates the number of papers that contain that
keyword in their title or abstract. Keywords that frequently co-
occur tend to be located close to each other in the visualization,
and lines represent the links between keywords with a minimum
strength of 1. As shown in Fig. 9, the most prominent theme in
the literature is ontology, represented by the blue cluster of 22
items. This is followed by the combination of internet of things
and semantic web, represented by the orange cluster of 19 items.
On the other hand, edge computing and semantic interoperability

4 https://www.vosviewer.com/
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Use Cases

Smart home / Smart city

Energy management for decision
support

Manufacture of chocolate

Welded hull panel assembly

Truck pick-up cargo

Siemens gas turbine maintenance

Festo Process automation workstation

Automation of robot-based engineering
processes at a German automotive
supplier

Fig. 8. Use cases employed in evaluating the proposals under review.

edge computing

improving efficiency
data representations
knowledge-based system

semantic interoperability

industriahs

gwew.ons
-
ieaian
embeddedsystems

gms i i
Y s reference IWmentatlon

autonomichgnu!ing

= A N\ informatigmyservices
semantictechnologies '”‘e"'gerW"ldf“gs automatic web Sevice composition
o . - computer architecture
administrative data processing - ®
knowledge based systems " SO interqpe;abl ity @ %
open innovation R semartic techipigs, internet of things .“;"a"'
. . . R @9 ..
internet of thing (iot) .- enpie
%
\ A compgsition
‘_ 1 learning-based approach
domain-specifié process modelling ) semantic web
v & bpmno automavtlon \
gp‘r'\texgm,odeling CogFTee composite fragmerﬁs“
. ' @ it
business prowna%agemem": /i
." E business progess model qualit‘ service
fwin*ru@{: .
@ adaptive caseimanagement copieugpyare L harmgyy/<€ach algorithms
D learnifig algoritfins
research oppartunities ey web@vice d\slnbuled:ico.pﬂ'l{syslems
frequency a'?Lalysis life.cycle absiracﬁl}ng solutiommining
keyword frequency analysis . Y
) electronic data interchange
digitalistorage
rest services
Fig. 9. Analysis of keyword correlation.
Table 14
Datasets employed for the experimental phase.
Proposal Dataset Link
[46] Aruba dataset http://casas.wsu.edu/datasets/
[64,83] WSC 2009 dataset http://www.wschallenge.org/
[65] SWS Test Collection® https://github.com/kmi/sws-test-collections
[53] OWLS-TC4 http://projects.semwebcentral.org/projects/owls-tc/
[63] OWL-S XPlan package dataset https://www.dfki.de/klusch/owls-xplan/OWLS-XPlan- 1-Manual.pdf
[57] SAWSDL test collection http://projects.semwebcentral.org/projects/sawsdl-tc/

2A GitHub repository with shared resources for testing semantic web services technologies that contain most of the other mentioned

datasets.

(top center, in pink), is the smallest cluster with only 7 items
and limited connections to larger clusters. In addition, no direct
link appears to exist between edge computing and business process
management, which suggests a potential research opportunity in
this area.

In summary, the current tools and algorithms used for creat-
ing semantic and context-aware smart manufacturing solutions
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have been identified. Workflow management systems are partic-
ularly utilized to manage manufacturing processes, with BPMN as
the standard notation language. Semantic web technologies have
reached maturity level, with respect to ontologies for describ-
ing machines, devices, and services. Nevertheless, this literature
review reveals a lack of prototypes that incorporate Industry
4.0 standard architectures such as AAS. In the following section,
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Fig. 10. Architecture for context-aware workflow management: An asset administration shell-based approach.

a proposal is presented to address the identified gaps in the
state-of-the-art.

6. Architecture for context-aware workflow management: An
asset administration shell-based approach

In this section, we propose an architecture to address the
challenges identified in Section 5. The proposed architecture or-
chestrates AAS-based business processes and provides context-
awareness capabilities to enhance the decision-making dimen-
sion of business processes at runtime. The basic details of the
proposal are outlined in the present paper, further details can be
found in the expanded description in [98].

The architecture, as shown in Fig. 10, comprises several com-
ponents:

1. “Assets” (top-right) represent 14.0 physical devices at plant
level. These assets are digitized through the AAS concept and their
digital representations are stored in a repository.

2. “AAS Repository” (top-left) can be an AAS Server or an AAS
Registry, depending on the vendor implementation (e.g. Basyx,
NOVAAS, Admin-shell-io, etc.).

3. “RestServices” submodel (top-middle) is proposed to allow
the description of machine services.

4. “BPMN Modeling Tool” (bottom-left) includes the Camunda
Modeler and a novel Camunda plugin, “AAS Web Service Discov-
erer”, that discovers services from assets in the AAS Repository.

5. “BPMN Execution Platform” (center) manages the orches-
tration of asset services, using any workflow executor or business
process executor that can interpret and run recipes written in
BPMN.

6. “Context-Analyzer” (bottom-right) monitors and plans
adaptations in response to context changes, to enhance the dy-
namicity of workflows at runtime. This component is based on
IBM’s MAPE-K framework for building autonomous systems.

This proposal provides a comprehensive solution that com-
bines the use of semantic web, business processes, and the AAS
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industry standard in an edge computing environment. To the
best of our knowledge, no approach exists that performs dy-
namic re-selection of services using these three elements to-
gether. While there are similar approaches that incorporate se-
mantic web for context recognition and service re-selection, these
are typically cloud-based and do not utilize the AAS standard for
asset representation. The developed components of this architec-
ture are open-source, licensed under the Apache-2.0 license for
community use and further development.”

7. Conclusions

The business process management discipline is gaining trac-
tion in the smart manufacturing domain as it facilitates the design
of formal standardized workflow recipes. This technique, com-
bined with semantic web technologies, delivers context-aware
systems which can enhance the decision-making process in re-
sponse to context changes.

In this work, state-of-the-art of semantic web-enhanced work-
flow management approaches in the smart manufacturing do-
main were reviewed systematically by applying the PICOC
method. Thirty-six studies published between 2015 and 2022
were selected and analyzed. The wide range of topics covered
in the study presented certain challenges, as it made it difficult
to classify the selected works. Nonetheless, the review can be
considered successful in identifying challenges in the field and
addressing the research questions (Section 5.1).

Our analysis highlights opportunities for future development
in technical aspects such as considering semantics for context
awareness and standardizing process modeling, as well as ar-
chitectural concerns including security and scalability. Trending
tools and algorithms used for building semantic and context-
aware smart manufacturing solutions are also identified. Addi-
tionally, the review examines the factors and datasets commonly
used for evaluating such approaches, yielding information for

5 https://github.com/MUFacultyOfEngineering
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building solutions with the right tools, practices, and standards.
Finally, a novel architecture is proposed in Section 6 that ad-
dresses the challenges identified in the literature and utilizes the
best practices and standards uncovered in the study.

This research provides a valuable resource for both novices
and specialists in the field and lays the foundation for future re-
search efforts. In particular, our innovative context-aware work-
flow management architecture can be enhanced by addressing
the challenges identified in the present literature review: (1)
a need for standardization in process modeling and service-
oriented architecture solutions, (2) a need to assist process de-
signers in the modeling of manufacturing business processes, (3)
a need for business process management software that can take
advantage of the edge computing environment, and (4) a need to
interpret contextual information to perform dynamic adaptations.
We plan to address these needs by developing the necessary
components and providing a standardized solution for indus-
tries seeking to adopt the AAS standard in their manufacturing
processes.

CRediT authorship contribution statement

William Ochoa: Conceptualization, Methodology, Software,
Writing - original draft. Felix Larrinaga: Supervision, Validation.
Alain Pérez: Software, Supervision, Validation.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Data availability
No data was used for the research described in the article.
Acknowledgments

This research work has been funded by the European Commis-
sion, through the European H2020 research and innovation pro-
gram, ECSEL Joint Undertaking, and National Funding Authorities
from 18 involved countries under the research project Arrowhead
Tools with Grant Agreement no. 826452 and the Department
of Education, Universities, and Research of the Basque Govern-
ment under the projects Ikerketa Taldeak (Grupo de Ingenieria
de Software y Sistemas IT1519-22).

References

[1] LS. Dalenogare, G.B. Benitez, N.F. Ayala, A.G. Frank, The expected contri-
bution of Industry 4.0 technologies for industrial performance, Int. J. Prod.
Econ. 204 (2018) 383-394, http://dx.doi.org/10.1016/].ijpe.2018.08.019.
S. Jeschke, C. Brecher, T. Meisen, D. Ozdemir, T. Eschert, Industrial Internet
of Things: Cybermanufacturing Systems, Springer International Publishing,
Cham, 2017, pp. 3-19, http://dx.doi.org/10.1007/978-3-319-42559-7_1.
H. Yang, S. Kumara, S.T. Bukkapatnam, F. Tsung, The internet of things for
smart manufacturing: A review, IISE Trans. 51 (11) (2019) 1190-1216.
BV, Thales Nederland, ]. van Veelen, Productive4. 0, Productive4.0 Project
Consortium, 2017, 2022.
D. Hollingsworth, U. Hampshire, Workflow management coalition: The
workflow reference model, Document Number TC00-1003, 19, (16) 1995,
p. 224, Publisher: Citeseer.
E. Borger, Approaches to modeling business processes: a critical analysis
of BPMN, workflow patterns and YAWL, Softw. Syst. Model. 11 (3) (2012)
305-318.
OMG, Business process management (BPM), 2022, URL https://www.omg.
org/bpm/, (Accessed: 2022-08-15).
A. Rhayem, M.B.A. Mhiri, F. Gargouri, Semantic web technologies for the
internet of things: Systematic literature review, Internet of Things 11
(2020) 100206, http://dx.doi.org/10.1016/j.i0t.2020.100206.

12

3]
[4]

[5]

[6]

[7]

8

53

[9

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Future Generation Computer Systems 145 (2023) 38-55

P. Barnaghi, W. Wang, C. Henson, K. Taylor, Semantics for the Internet of
Things: early progress and back to the future, Int. J. Semantic Web Inf.
Syst. (IJSWIS) 8 (1) (2012) 1-21.

M. Gheisari, H.E. Najafabadi, J.A. Alzubi, ]J. Gao, G. Wang, A.A. Abbasi, A.
Castiglione, OBPP: An ontology-based framework for privacy-preserving in
IoT-based smart city, Future Gener. Comput. Syst. 123 (2021) 1-13.
W3C, Semantic annotations for WSDL and XML schema — Usage guide,
2022, URL https://www.w3.org/TR/sawsdl-guide/, (Accessed: 2022-07-18).
J.G. Breslin, D. O'Sullivan, A. Passant, L. Vasiliu, Semantic web computing
in industry, Comput. Ind. 61 (8) (2010) 729-741, http://dx.doi.org/10.1016/
j.compind.2010.05.002, Semantic Web Computing in Industry.

P. Pauwels, S. Zhang, Y.-C. Lee, Semantic web technologies in AEC industry:
A literature overview, Autom. Constr. 73 (2017) 145-165, http://dx.doi.org/
10.1016/j.autcon.2016.10.003.

P. Asghari, A M. Rahmani, HH.S. Javadi, Service composition approaches
in [oT: A systematic review, J. Netw. Comput. Appl. 120 (2018) 61-77,
http://dx.doi.org/10.1016/j.jnca.2018.07.013.

P. Bazan, E. Estevez, Industry 4.0 and business process management: state
of the art and new challenges, Bus. Process Manag. ]. (2021).

S. Ivanov, A. Kalenkova, Comparing process models in the BPMN 2.0
XML format, in: Proceedings of the Spring/Summer Young Researchers’
Colloquium on Software Engineering, Vol. 27, 2015, pp. 255-266.

M. von Rosing, S. White, F. Cummins, H. de Man, Business process model
and notation-BPMN, 2015, (Accessed: 2022-08-15).

OMG, Bpmn, cmmn and dmn specifications at omg, 2022, URL https:
//lwww.omg.org/intro/TripleCrown.pdf, (Accessed: 2023-01-04).

T. Srivastava, A. Jain, N. Rashid, Market guide for intelligent business
process management suites, 2020, URL https://www.gartner.com/en/
documents/3993207-market-guide-for-intelligent-business-process-
management, (Accessed: 2023-01-04).

R. Dunie, D. Miers, J. Wong, M. Kerremans, K. Iijima, P. Vincent, Gart-
ner magic quadrant for intelligent business process management suites,
2019, URL https://www.gartner.com/en/documents/3899484, (Accessed:
2023-01-04).

A. Furno, E. Zimeo, Context-aware composition of semantic web services,
Mob. Netw. Appl. 19 (2) (2014) 235-248.

J. Aguilar, M. Jerez, T. Rodriguez, Cameonto: Context awareness meta
ontology modeling, Appl. Comput. Inf. 14 (2) (2018) 202-213, http://dx.
doi.org/10.1016/j.aci.2017.08.001.

G.D. Abowd, AK. Dey, P.J. Brown, N. Davies, M. Smith, P. Steggles, Towards
a better understanding of context and context-awareness, in: International
Symposium on Handheld and Ubiquitous Computing, Springer, 1999, pp.
304-307.

U. Alegre, J.C. Augusto, T. Clark, Engineering context-aware systems and
applications: A survey, J. Syst. Softw. 117 (2016) 55-83.

T.A. Nguyen, M. Aiello, T. Yonezawa, K. Tei, A self-healing framework for
online sensor data, in: 2015 IEEE International Conference on Autonomic
Computing, 2015, p. 1, http://dx.doi.org/10.1109/ICAC.2015.61.

I. Szilagyi, P. Wira, Ontologies and semantic web for the internet of things-
a survey, in: IECON 2016-42nd Annual Conference of the IEEE Industrial
Electronics Society, IEEE, 2016, pp. 6949-6954.

T. Berners-Lee, J. Hendler, O. Lassila, The semantic web, Sci. Am. 284 (5)
(2001) 34-43.

. Horrocks, P.F. Patel-Schneider, H. Boley, S. Tabet, B. Grosof, M. Dean,
et al., SWRL: A semantic web rule language combining OWL and RuleML,
W3C Member Submission 21 (79) (2004) 1-31.

RDF Working Group, Resource description framework (RDF), 2022, URL
https://[www.w3.0rg/RDF/, (Accessed: 2023-01-04).

K. Janowicz, A. Haller, SJ. Cox, D. Le Phuoc, M. Lefrancois, SOSA: A
lightweight ontology for sensors, observations, samples, and actuators, J.
Web Semant. 56 (2019) 1-10, http://dx.doi.org/10.1016/j.websem.2018.06.
003.

M. Ganzha, M. Paprzycki, W. Pawtowski, P. Szmeja, K. Wasielewska,
Semantic interoperability in the internet of things: An overview from the
INTER-IoT perspective, ]J. Netw. Comput. Appl. 81 (2017) 111-124.

A. Carrera-Rivera, W. Ochoa, F. Larrinaga, G. Lasa, How-to conduct a
systematic literature review: A quick guide for computer science research,
MethodsX (2022) 101895.

C. Wohlin, P. Runeson, M. Host, M.C. Ohlsson, B. Regnell, A. Wesslén,
Systematic literature reviews, in: Experimentation in Software Engineering,
Springer, 2012, pp. 45-54.

D. Stefanovic, S. Havzi, D. Nikolic, D. Dakic, T. Lolic, Analysis of the
tools to support systematic literature review in software engineering, in:
IOP Conference Series: Materials Science and Engineering, Vol. 1163, IOP
Publishing, 2021, 012013.

J. Cruz-Benito, Systematic literature review & mapping, 2016, (Accessed:
2021-02-15).

E. Vieira, J. Gomes, A comparison of scopus and web of science for a typical
university, Scientometrics 81 (2) (2009) 587-600.

V. Ramesh, R.L. Glass, 1. Vessey, Research in computer science: an empirical
study, J. Syst. Softw. 70 (1-2) (2004) 165-176.


http://dx.doi.org/10.1016/j.ijpe.2018.08.019
http://dx.doi.org/10.1007/978-3-319-42559-7_1
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb3
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb3
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb3
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb4
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb4
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb4
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb5
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb5
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb5
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb5
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb5
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb6
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb6
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb6
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb6
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb6
https://www.omg.org/bpm/
https://www.omg.org/bpm/
https://www.omg.org/bpm/
http://dx.doi.org/10.1016/j.iot.2020.100206
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb9
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb9
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb9
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb9
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb9
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb10
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb10
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb10
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb10
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb10
https://www.w3.org/TR/sawsdl-guide/
http://dx.doi.org/10.1016/j.compind.2010.05.002
http://dx.doi.org/10.1016/j.compind.2010.05.002
http://dx.doi.org/10.1016/j.compind.2010.05.002
http://dx.doi.org/10.1016/j.autcon.2016.10.003
http://dx.doi.org/10.1016/j.autcon.2016.10.003
http://dx.doi.org/10.1016/j.autcon.2016.10.003
http://dx.doi.org/10.1016/j.jnca.2018.07.013
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb15
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb15
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb15
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb16
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb16
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb16
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb16
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb16
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb17
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb17
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb17
https://www.omg.org/intro/TripleCrown.pdf
https://www.omg.org/intro/TripleCrown.pdf
https://www.omg.org/intro/TripleCrown.pdf
https://www.gartner.com/en/documents/3993207-market-guide-for-intelligent-business-process-management
https://www.gartner.com/en/documents/3993207-market-guide-for-intelligent-business-process-management
https://www.gartner.com/en/documents/3993207-market-guide-for-intelligent-business-process-management
https://www.gartner.com/en/documents/3993207-market-guide-for-intelligent-business-process-management
https://www.gartner.com/en/documents/3993207-market-guide-for-intelligent-business-process-management
https://www.gartner.com/en/documents/3899484
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb21
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb21
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb21
http://dx.doi.org/10.1016/j.aci.2017.08.001
http://dx.doi.org/10.1016/j.aci.2017.08.001
http://dx.doi.org/10.1016/j.aci.2017.08.001
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb23
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb23
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb23
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb23
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb23
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb23
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb23
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb24
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb24
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb24
http://dx.doi.org/10.1109/ICAC.2015.61
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb26
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb26
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb26
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb26
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb26
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb27
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb27
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb27
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb28
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb28
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb28
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb28
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb28
https://www.w3.org/RDF/
http://dx.doi.org/10.1016/j.websem.2018.06.003
http://dx.doi.org/10.1016/j.websem.2018.06.003
http://dx.doi.org/10.1016/j.websem.2018.06.003
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb31
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb31
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb31
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb31
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb31
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb32
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb32
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb32
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb32
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb32
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb33
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb33
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb33
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb33
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb33
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb34
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb34
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb34
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb34
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb34
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb34
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb34
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb35
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb35
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb35
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb36
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb36
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb36
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb37
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb37
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb37

W. Ochoa, F. Larrinaga and A. Pérez

[38]
[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Y. Alotaibi, Business process modelling challenges and solutions: a
literature review, J. Intell. Manuf. 27 (4) (2016) 701-723.

R.S. Aguilar-Saven, Business process modelling: Review and framework,
Int. J. Prod. Econ. 90 (2) (2004) 129-149.

K. Suri, W. Gaaloul, A. Cuccuru, S. Gerard, Semantic framework for
internet of things-aware business process development, in: 2017 IEEE
26th International Conference on Enabling Technologies: Infrastructure for
Collaborative Enterprises, WETICE, 2017, pp. 214-219, http://dx.doi.org/10.
1109/WETICE.2017.54.

M. Barz, P. Poller, M. Schneider, S. Zillner, D. Sonntag, Human-in-the-
loop control processes in gas turbine maintenance, in: V. Marik, W.
Wabhlster, T. Strasser, P. Kadera (Eds.), Industrial Applications of Holonic
and Multi-Agent Systems, Springer International Publishing, Cham, 2017,
pp. 255-268.

C. Kaar, J. Frysak, C. Stary, U. Kannengiesser, H. Miiller, Resilient ontology
support facilitating multi-perspective process integration in industry 4.0,
in: Proceedings of the 10th International Conference on Subject-Oriented
Business Process Management, in: S-BPM One '18, Association for Comput-
ing Machinery, New York, NY, USA, 2018, p. 1, http://dx.doi.org/10.1145/
3178248.3178253.

S. Li, J. Liu, Research on custom-order-oriented semantic process modelling
approach, in: 2018 2nd IEEE Advanced Information Management, Commu-
nicates, Electronic and Automation Control Conference, IMCEC, 2018, pp.
1981-1985, http://dx.doi.org/10.1109/IMCEC.2018.8469247.

B. Prasad, What distinguishes KBE from automation, 2022, URL
https://web.archive.org/web/20120324223130/http://legacy.coe.org/
newsnet/Jun05/knowledge.cfm.

M. Borsato, An energy efficiency focused semantic information model for
manufactured assemblies, J. Clean. Prod. 140 (2017) 1626-1643.

M. Elkady, A. Elkorany, A. Allam, ACAIOT: A framework for adaptable
context-aware IoT applications, Int. ]. Intell. Eng. Syst. 13 (2020) 271-282,
http://dx.doi.org/10.22266/ijies2020.0831.24.

J.-L. Hippolyte, Y. Rezgui, H. Li, B. Jayan, S. Howell, Ontology-driven de-
velopment of web services to support district energy applications, Autom.
Constr. 86 (2018) 210-225, http://dx.doi.org/10.1016/j.autcon.2017.10.004.
K. Regulski, D. Wilk-Kotodziejczyk, G. Rojek, S. Kluska-Nawarecka, Austem-
pered ductile iron knowledge components management via ontological
model and business processes, in: METAL 2015 - 24th International
Conference on Metallurgy and Materials, Conference Proceedings, 2015,
pp. 1763-1768.

D. Wilk-Kotodziejczyk, A. Kluska-Nawarecka, K. Regulski, W. Adrian, K.
Jaskowiec, Austempered ductile iron manufacturing data acquisition pro-
cess with the use of semantic techniques, Arch. Metall. Mater. 61 (2016)
http://dx.doi.org/10.1515/amm-2016-0339.

E. Schiffer, A. Mayr, T. Huber, T. Hoflinger, M. Einecke, ]. Franke, Gradual
tool-based optimization of engineering processes aiming at a knowledge-
based configuration of robot-based automation solutions, Proc. CIRP 81
(2019) 736-741, http://dx.doi.org/10.1016/j.procir.2019.03.186.

A. Bucchiarone, A. Marconi, M. Pistore, H. Raik, A context-aware framework
for dynamic composition of process fragments in the internet of services,
J. Int. Serv. Appl. 8 (1) (2017) 1-23.

A. Marconi, M. Pistore, A. Sirbu, F. Leymann, H. Eberle, T. Unger, Enabling
adaptation of pervasive flows: Built-in contextual adaptation, in: L. Baresi,
C.-H. Chi, J. Suzuki (Eds.), Service-Oriented Computing, 7th International
Joint Conference, ICSOC-ServiceWave 2009, Stockholm, Sweden, November
24-27, 2009, 445-454, 2009, http://dx.doi.org/10.1007/978-3-642-10383-
433,

H. Kir, N. Erdogan, A knowledge-intensive adaptive business process
management framework, Inf. Syst. 95 (2021) 101639, http://dx.doi.org/10.
1016/j.i5.2020.101639.

L. Mazzola, P. Kapahnke, M. Klusch, Pattern-based semantic composition
of optimal process service plans with ODERU, in: Proceedings of the
19th International Conference on Information Integration and Web-Based
Applications & Services, iiWAS 17, Association for Computing Machinery,
New York, NY, USA, 2017, pp. 492-501, http://dx.doi.org/10.1145/3151759.
3151773.

L. Mazzola, P. Kapahnke, M. Klusch, Semantic composition of optimal
process service plans in manufacturing with ODERU, Int. J. Web Inf. Syst.
14 (2018) http://dx.doi.org/10.1108/[JWIS-05-2018-0038.

L. Mazzola, P. Waibel, P. Kaphanke, M. Klusch, Smart process optimization
and adaptive execution with semantic services in cloud manufacturing,
Information 9 (11) (2018) 279.

N. Boissel-Dallier, F. Benaben, ].-P. Lorré, H. Pingaud, Mediation information
system engineering based on hybrid service composition mechanism, J.
Syst. Softw. 108 (2015) 39-59.

P.C. Calcina-Ccori, L.C.C. De Biase, C.E.L. De Oliveira, G. Fedrecheski, F.C.
da Silva, M.K. Zuffo, Location-aware discovery of services in the IoT: a
swarm approach, in: 2019 Global IoT Summit (GIoTS), 2019, pp. 1-6,
http://dx.doi.org/10.1109/GIOTS.2019.8766389.

54

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

Future Generation Computer Systems 145 (2023) 38-55

A. Thuluva, D. Anicic, S. Rudolph, M. Adikari, Semantic node-RED for rapid
development of interoperable industrial IoT applications, Semantic Web 11
(2020) 949-975, http://dx.doi.org/10.3233/SW-200405.

A. Javed, S. Kubler, A. Malhi, A. Nurminen, J. Robert, K. Framling, BloTope:
Building an IoT open innovation ecosystem for smart cities, IEEE Access 8
(2020) 224318-224342.

P. Valderas, V. Torres, E. Serral, Modelling and executing loT-enhanced
business processes through BPMN and microservices, J. Syst. Softw. 184
(2022) 111139, http://dx.doi.org/10.1016/j.jss.2021.111139.

B. Jiang, Y. Qin, J. Yang, H. Li, L. Wang, ]. Wang, Web service composition
optimization with the improved fireworks algorithm, Mob. Inf. Syst. 2022
(2022).

T. Baker, M. Asim, H. Tawfik, B. Aldawsari, R. Buyya, An energy-aware
service composition algorithm for multiple cloud-based IoT applications, J.
Netw. Comput. Appl. 89 (2017) 96-108.

A. Bekkouche, S.M. Benslimane, M. Huchard, C. Tibermacine, F. Hadjila,
M. Merzoug, QoS-aware optimal and automated semantic web service
composition with user’s constraints, Serv. Orient. Comput. Appl. 11 (2)
(2017) 183-201.

A. Abid, M. Rouached, N. Messai, Semantic web service composition using
semantic similarity measures and formal concept analysis, Multimedia
Tools Appl. 79 (9) (2020) 6569-6597.

L. Mazzola, P. Kapahnke, M. Klusch, ODERU: Optimisation of semantic
service-based processes in manufacturing, in: KESW17, Proc. 8th Inter-
national Conference on Knowledge Engineering and Semantic Web, 2017,
pp. 337-346, http://dx.doi.org/10.1007/978-3-319-69548-8_23.

M. Aksit, Z. Choukair, Dynamic, adaptive and reconfigurable systems
overview and prospective vision, in: 23rd International Conference on
Distributed Computing Systems Workshops, 2003. Proceedings, IEEE, 2003,
pp. 84-89.

M.V. Ciasullo, G. Fenza, V. Loia, F. Orciuoli, O. Troisi, E. Herrera-Viedma,
Business process outsourcing enhanced by fuzzy linguistic consensus
model, Appl. Soft Comput. 64 (2018) 436-444, http://dx.doi.org/10.1016/j.
asoc.2017.12.020.

F. Herrera, E. Herrera-Viedma, J. verdegay, A model of consensus in group
decision making under linguistic assessments, Fuzzy Sets and Systems 78
(1) (1996) 73-87, http://dx.doi.org/10.1016/0165-0114(95)00107-7.

E. Herrera-Viedma, S. Alonso, F. Chiclana, F. Herrera, A consensus model
for group decision making with incomplete fuzzy preference relations, IEEE
Trans. Fuzzy Syst. 15 (5) (2007) 863-877, http://dx.doi.org/10.1109/TFUZZ.
2006.889952.

C. De Maio, G. Fenza, V. Loia, F. Orciuoli, E. Herrera-Viedma, A framework
for context-aware heterogeneous group decision making in business pro-
cesses, Knowl.-Based Syst. 102 (2016) 39-50, http://dx.doi.org/10.1016/j.
knosys.2016.03.019.

R. Song, J. Vanthienen, W. Cui, Y. Wang, L. Huang, Context-aware BPM
using loT-integrated context ontologies and IoT-enhanced decision models,
in: 2019 IEEE 21st Conference on Business Informatics, CBI, Vol. 1, IEEE,
2019, pp. 541-550.

A. Ordéiiez, L. Eraso, H. Ordéiiez, L. Merchan, Comparing drools and ontol-
ogy reasoning approaches for automated monitoring in telecommunication
processes, Procedia Comput. Sci. 95 (2016) 353-360.

[74] ]. Zhang, B. Ahmad, D. Vera, R. Harrison, Automatic data representation

[75]

[76]

[771]

[78]

[79]

[80]

(81]

analysis for reconfigurable systems integration, in: 2018 IEEE 16th Inter-
national Conference on Industrial Informatics, INDIN, 2018, pp. 1033-1038,
http://dx.doi.org/10.1109/INDIN.2018.8472034.

AM. Gutiérrez Ferndndez, F. Van Rijswijk, C. Ruhsam, I. Krofak, K.
Kogler, A. Shadrina, G. Zucker, Applying business architecture principles
with domain-specific ontology for ACM modelling: A building construc-
tion project example, in: C. Di Francescomarino, R. Dijkman, U. Zdun
(Eds.), Business Process Management Workshops, Springer International
Publishing, Cham, 2019, pp. 388-399.

M. Lyu, H. Benfenatki, F. Biennier, P. Ghodous, Control as a service
architecture to support context-aware control application development,
IFAC-PapersOnLine 52 (2019) 1085-1090, http://dx.doi.org/10.1016/j.ifacol.
2019.11.340.

M. Abramovici, Y. Aidi, A knowledge-based assistant for real-time planning
and execution of PSS engineering change processes, Proc. CIRP 30 (2015)
445-450, http://dx.doi.org/10.1016/j.procir.2015.03.026.

A. Montarnal, W. Mu, F. Benaben, ]. Lamothe, M. Lauras, N. Salatge, Auto-
mated deduction of cross-organizational collaborative business processes,
Inform. Sci. 453 (2018) 30-49.

M. Santambrogio, From Reconfigurable Architectures to Self-Adaptive Au-
tonomic Systems, Vol. 4, IEEE, 2009, http://dx.doi.org/10.1504/IJES.2010.
039021.

G. Alférez, V. Pelechano, Achieving autonomic web service compositions
with models at runtime, Comput. Electr. Eng. 63 (2017) http://dx.doi.org/
10.1016/j.compeleceng.2017.08.004.

AN. Lam, @. Haugen, Supporting iot semantic interoperability with auto-
nomic computing, in: 2018 IEEE Industrial Cyber-Physical Systems, ICPS,
IEEE, 2018, pp. 761-767.


http://refhub.elsevier.com/S0167-739X(23)00094-8/sb38
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb38
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb38
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb39
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb39
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb39
http://dx.doi.org/10.1109/WETICE.2017.54
http://dx.doi.org/10.1109/WETICE.2017.54
http://dx.doi.org/10.1109/WETICE.2017.54
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb41
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb41
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb41
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb41
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb41
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb41
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb41
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb41
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb41
http://dx.doi.org/10.1145/3178248.3178253
http://dx.doi.org/10.1145/3178248.3178253
http://dx.doi.org/10.1145/3178248.3178253
http://dx.doi.org/10.1109/IMCEC.2018.8469247
https://web.archive.org/web/20120324223130/http://legacy.coe.org/newsnet/Jun05/knowledge.cfm
https://web.archive.org/web/20120324223130/http://legacy.coe.org/newsnet/Jun05/knowledge.cfm
https://web.archive.org/web/20120324223130/http://legacy.coe.org/newsnet/Jun05/knowledge.cfm
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb45
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb45
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb45
http://dx.doi.org/10.22266/ijies2020.0831.24
http://dx.doi.org/10.1016/j.autcon.2017.10.004
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb48
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb48
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb48
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb48
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb48
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb48
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb48
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb48
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb48
http://dx.doi.org/10.1515/amm-2016-0339
http://dx.doi.org/10.1016/j.procir.2019.03.186
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb51
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb51
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb51
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb51
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb51
http://dx.doi.org/10.1007/978-3-642-10383-4_33
http://dx.doi.org/10.1007/978-3-642-10383-4_33
http://dx.doi.org/10.1007/978-3-642-10383-4_33
http://dx.doi.org/10.1016/j.is.2020.101639
http://dx.doi.org/10.1016/j.is.2020.101639
http://dx.doi.org/10.1016/j.is.2020.101639
http://dx.doi.org/10.1145/3151759.3151773
http://dx.doi.org/10.1145/3151759.3151773
http://dx.doi.org/10.1145/3151759.3151773
http://dx.doi.org/10.1108/IJWIS-05-2018-0038
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb56
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb56
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb56
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb56
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb56
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb57
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb57
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb57
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb57
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb57
http://dx.doi.org/10.1109/GIOTS.2019.8766389
http://dx.doi.org/10.3233/SW-200405
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb60
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb60
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb60
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb60
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb60
http://dx.doi.org/10.1016/j.jss.2021.111139
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb62
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb62
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb62
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb62
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb62
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb63
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb63
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb63
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb63
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb63
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb64
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb64
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb64
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb64
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb64
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb64
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb64
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb65
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb65
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb65
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb65
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb65
http://dx.doi.org/10.1007/978-3-319-69548-8_23
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb67
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb67
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb67
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb67
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb67
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb67
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb67
http://dx.doi.org/10.1016/j.asoc.2017.12.020
http://dx.doi.org/10.1016/j.asoc.2017.12.020
http://dx.doi.org/10.1016/j.asoc.2017.12.020
http://dx.doi.org/10.1016/0165-0114(95)00107-7
http://dx.doi.org/10.1109/TFUZZ.2006.889952
http://dx.doi.org/10.1109/TFUZZ.2006.889952
http://dx.doi.org/10.1109/TFUZZ.2006.889952
http://dx.doi.org/10.1016/j.knosys.2016.03.019
http://dx.doi.org/10.1016/j.knosys.2016.03.019
http://dx.doi.org/10.1016/j.knosys.2016.03.019
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb72
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb72
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb72
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb72
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb72
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb72
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb72
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb73
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb73
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb73
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb73
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb73
http://dx.doi.org/10.1109/INDIN.2018.8472034
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb75
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb75
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb75
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb75
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb75
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb75
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb75
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb75
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb75
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb75
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb75
http://dx.doi.org/10.1016/j.ifacol.2019.11.340
http://dx.doi.org/10.1016/j.ifacol.2019.11.340
http://dx.doi.org/10.1016/j.ifacol.2019.11.340
http://dx.doi.org/10.1016/j.procir.2015.03.026
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb78
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb78
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb78
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb78
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb78
http://dx.doi.org/10.1504/IJES.2010.039021
http://dx.doi.org/10.1504/IJES.2010.039021
http://dx.doi.org/10.1504/IJES.2010.039021
http://dx.doi.org/10.1016/j.compeleceng.2017.08.004
http://dx.doi.org/10.1016/j.compeleceng.2017.08.004
http://dx.doi.org/10.1016/j.compeleceng.2017.08.004
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb81
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb81
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb81
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb81
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb81

W. Ochoa, F. Larrinaga and A. Pérez

[82]

[83]

[84]

[85]

[86]

[87]

[88]
[89]
[90]
[91]

[92]

[93]

[94]

[95]

[96]

[97]

AN. Lam, ©@. Haugen, Applying semantics into service-oriented iot
framework, in: 2019 IEEE 17th International Conference on Industrial
Informatics, INDIN, Vol. 1, IEEE, 2019, pp. 206-213.

U. Arul, S. Prakash, Toward automatic web service composition based on
multilevel workflow orchestration and semantic web service discovery, Int.
J. Bus. Inf. Syst. 34 (1) (2020) 128-156.

M. Fahad, N. Moalla, Y. Ouzrout, Dynamic execution of a business process
via web service selection and orchestration, Procedia Comput. Sci. 51
(2015) http://dx.doi.org/10.1016/j.procs.2015.05.299.

Rehwaldt, An example of how to support custom elements in bpmn-
js while ensuring BPMN 2.0 compatibility, 2022, URL https://github.com/
bpmn-io/bpmn-js-example-custom-elements, (Accessed: 2021-02-15).

N. Papulovskaya, 1. Izotov, P. Orekhov, Implementing IoT systems in
service-oriented architecture, in: 2019 Ural Symposium on Biomedical En-
gineering, Radioelectronics and Information Technology, USBEREIT, 2019,
pp. 264-267, http://dx.doi.org/10.1109/USBEREIT.2019.8736593.

M. Bahrami, M. Singhal, DCCSOA: a dynamic cloud computing service-
oriented architecture, in: 2015 IEEE International Conference on
Information Reuse and Integration, IEEE, 2015, pp. 158-165.

Arrowhead Tools, Arrowhead tools, 2022, URL https://www.arrowhead.eu/
arrowheadtools, (Accessed: 2021-02-15).

Autostar, Autostar - the standardized software framework for intelligent
mobility, 2022, URL https://www.autosar.org/, (Accessed: 2021-02-15).
Fiware, Fiware, 2022, URL https://www.fiware.org/, (Accessed: 2021-02-
15).

C. Paniagua, J. Delsing, Industrial frameworks for internet of things: A
survey, IEEE Syst. J. 15 (1) (2020) 1149-1159.

ZVEI, The reference architectural model RAMI 4.0 and the industrie 4.0
component, 2015, URL https://www.zvei.org/en/press-media/publications/
the-reference-architectural-model-industrie-40-rami-40, (Accessed: 2023-
01-04).

Plattform Industrie 4.0, Details of the asset administration shell part
1, 2021, URL https://www.plattform-i40.de/IP/Redaktion/EN/Downloads/
Publikation/Details_of_the_Asset_Administration_Shell_Part1_V3.html, (Ac-
cessed: 2023-01-04).

R. Petrasch, R. Hentschke, Process modeling for industry 4.0 applications:
Towards an industry 4.0 process modeling language and method, in: 2016
13th International Joint Conference on Computer Science and Software
Engineering, JCSSE, IEEE, 2016, pp. 1-5.

Z.A. Almusaylim, N. Zaman, A review on smart home present state and
challenges: linked to context-awareness internet of things (IoT), Wirel.
Netw. 25 (2019) 3193-3204.

A.l Maarala, X. Su, ]. Riekki, Semantic reasoning for context-aware internet
of things applications, IEEE Internet Things J. 4 (2) (2016) 461-473.

N.J. van Eck, L. Waltman, Visualizing bibliometric networks, in: Measuring
Scholarly Impact: Methods and Practice, Springer International Publishing,
Cham, 2014, pp. 285-320, http://dx.doi.org/10.1007/978-3-319-10377-8_
13.

55

Future Generation Computer Systems 145 (2023) 38-55

[98] W. Ochoa, F. Larrinaga, A. Pérez, Architecture for managing AAS-based
business processes, Procedia Comput. Sci. 217 (2023) 217-226, http://dx.
doi.org/10.1016/j.procs.2022.12.217, URL https://www.sciencedirect.com/
science/article/pii/S1877050922022955, 4th International Conference on
Industry 4.0 and Smart Manufacturing.

William Ochoa A. is a Ph.D. student in the informa-
tion systems department of MU-EPS S.coop. on the
subject of semantic enhanced business processes in
Industry 4.0. He obtained the B.S. degree in computer
systems engineering (2014) from the State University
of Guayaquil (Ecuador), and obtained the M.Sc. de-
gree in Computer Science (2017) from Eo6tvos Lorand
University (Hungary). Since 2012 he has worked on
the development of Enterprise Resource Planning (ERP)
systems. His main areas of interest are ERP develop-
ment, web engineering, semantic web, and business
process management systems.

-

Dr Felix Larrinaga was born in Markina-Xemein
(Bizkaia) Spain in 1965. He obtained his Ph.D. in Mo-
bile Communications at Staffordshire University (UK)
in 1999. Previously, he finished the B.Sc. (Hons) in
Industrial Electronics at Mondragon University in 1995.
Since 2000, he combines lecturing and research at
Mondragon University with an extensive experience in
industrial work as a project leader. He is currently
a lecturer and a researcher at Mondragon University
(Basque Country, Spain). He has actively participated
in the creation of the new research team on Web
Engineering at the Faculty of Engineering. The research activities of the group are
in the areas of interoperability, web architecture, microservices, and semantic
web technologies. The team works on multidisciplinary projects with other
universities, technological centers and enterprises in areas such energy, health,
or industry. At the moment, Dr Larrinaga is working on several projects related
to manufacturing, smart cities and energy.

Alain Perez Riafio [PhD] is a Lecturer & Researcher
in the IT department of MU-EPS, Computer Science
Engineer (2010) and PhD in Computer Science with
the thesis “Semantic Web and Semantic Technologies to
Enhance Innovation and Technology Watch Process”, also
by MGEP-MU (2016). Since 2009 he has worked on
research projects related to Interoperability, IoT, Smart
Cities and Semantic Web, in which stand out: Cityfied,
Rennovates and SmartEnCity.



http://refhub.elsevier.com/S0167-739X(23)00094-8/sb82
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb82
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb82
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb82
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb82
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb83
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb83
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb83
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb83
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb83
http://dx.doi.org/10.1016/j.procs.2015.05.299
https://github.com/bpmn-io/bpmn-js-example-custom-elements
https://github.com/bpmn-io/bpmn-js-example-custom-elements
https://github.com/bpmn-io/bpmn-js-example-custom-elements
http://dx.doi.org/10.1109/USBEREIT.2019.8736593
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb87
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb87
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb87
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb87
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb87
https://www.arrowhead.eu/arrowheadtools
https://www.arrowhead.eu/arrowheadtools
https://www.arrowhead.eu/arrowheadtools
https://www.autosar.org/
https://www.fiware.org/
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb91
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb91
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb91
https://www.zvei.org/en/press-media/publications/the-reference-architectural-model-industrie-40-rami-40
https://www.zvei.org/en/press-media/publications/the-reference-architectural-model-industrie-40-rami-40
https://www.zvei.org/en/press-media/publications/the-reference-architectural-model-industrie-40-rami-40
https://www.plattform-i40.de/IP/Redaktion/EN/Downloads/Publikation/Details_of_the_Asset_Administration_Shell_Part1_V3.html
https://www.plattform-i40.de/IP/Redaktion/EN/Downloads/Publikation/Details_of_the_Asset_Administration_Shell_Part1_V3.html
https://www.plattform-i40.de/IP/Redaktion/EN/Downloads/Publikation/Details_of_the_Asset_Administration_Shell_Part1_V3.html
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb94
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb94
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb94
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb94
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb94
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb94
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb94
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb95
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb95
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb95
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb95
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb95
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb96
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb96
http://refhub.elsevier.com/S0167-739X(23)00094-8/sb96
http://dx.doi.org/10.1007/978-3-319-10377-8_13
http://dx.doi.org/10.1007/978-3-319-10377-8_13
http://dx.doi.org/10.1007/978-3-319-10377-8_13
http://dx.doi.org/10.1016/j.procs.2022.12.217
http://dx.doi.org/10.1016/j.procs.2022.12.217
http://dx.doi.org/10.1016/j.procs.2022.12.217
https://www.sciencedirect.com/science/article/pii/S1877050922022955
https://www.sciencedirect.com/science/article/pii/S1877050922022955
https://www.sciencedirect.com/science/article/pii/S1877050922022955

	Context-aware workflow management for smart manufacturing: A literature review of semantic web-based approaches
	Introduction
	Background
	Workflow Management
	Business Process Management (BPM)

	Context-awareness
	The Semantic Web


	Literature Review Methodology
	Planning
	Define PICOC elements and synonyms
	Formulate research questions
	Select digital library sources
	Define inclusion and exclusion criteria
	Define quality assessment checklist
	Define Data Extraction form

	Conducting
	Build digital library search strings
	Gather studies
	Study selection and refinement


	In-depth review of literature by categories
	Process Modeling
	Knowledge-Management Systems
	Service Composition
	Optimization of Service Composition
	Reconfigurable Systems
	Autonomous Computing

	Discussion
	Analysis and answers to RQs
	Analysis of keyword correlation

	Architecture for Context-Aware Workflow Management: An Asset Administration Shell-based approach
	Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References


