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Abstract

In today’s industrial environment, digital transformation is crucial for companies aiming to remain competitive and embrace smart
manufacturing practices. Within this context, Maturity Models (MMs) have become valuable instruments for guiding smart evo-
lution and ongoing improvement. Nevertheless, the effectiveness and practical use of an MM largely rely on the presence of web-
based tools that present evaluation outcomes in a clear and user-friendly manner, enabling effective self-assessment or third-party
evaluation. This paper introduces SM-FCM, a novel interactive web-based application designed to facilitate the implementation
of an MM utilizing Fuzzy Cognitive Maps (FCMs), which helps in representing complex causal relationships between concepts.
The presented platform simplifies the process of configuring model inputs, clearly shows the results of the assessment, and enables
users to simulate and compare multiple scenarios with ease.
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1. Introduction

In the contemporary industrial landscape, digitization is essential for the survival and growth of companies, re-
gardless of their size [1, 2]. This transformation encompasses the adoption of new digital technologies, processes,
organizational structures, work methods, and business strategies [3, 4, 5, 6], along with the need to adopt both an
intra- and inter-organizational perspectives [7, 8]. As such, this process is considered a critical decision-making prob-
lem, requiring a multi-way perspective to obtain an effective roadmap [9], as well as tools and guidelines to assess the
digital maturity and identify critical areas for improvement [10, 11]. Among others, the literature repeatedly empha-
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sized the importance of evaluating and measuring a digital transformation path to what is defined smart manufacturing
[12, 13].

Maturity Models (MMs) have emerged as powerful tools to support smart development and continuous improve-
ment across various fields. Typical use of MMs is to support companies willing to start their digitization journey, help-
ing them to understand where to begin, measure their current position, and assess various alternatives [14, 15, 16, 17].

Despite the availability of numerous MMs [11], there are notable limitations in their current applications. A pri-
mary limitation is the inadequate consideration of existing IT systems within organizations. Traditional MMs tend
to focus on the presence and extent of specific digital manufacturing technologies, e.g., additive manufacturing [18]
or artificial intelligence [19], often neglecting the Information Technology (IT) systems that are already integrated
into the company’s infrastructure [20, 21]. Additionally, conventional MMs often assess individual elements without
adequately accounting for the causal relationships between them [22, 23]. This approach fails to recognize that tech-
nologies often serve as platforms that enable and enhance other technologies, creating a dynamic and interdependent
ecosystem. As a result, there is a need for a more comprehensive model that considers these interconnections and
provides a holistic view of digital maturity.

The above-mentioned gaps have been recently tackled in [24], where an MM that incorporates IT systems as
integral components driving digitization in smart manufacturing has been proposed. The MM is based on Fuzzy
Cognitive Maps (FCMs) [25], which are well-suited for representing complex causal relationships among factors.
By leveraging FCMs, it is possible to take into account the intricate interplay between IT systems and enabling
technologies. Also, the employment of FCMs makes the proposed MM suitable for simulation and what-if analysis.

However, the real impact and applicability of an MM strongly depend on the availability of web tools that make
the result of the evaluation and, in the case of [24], of the what-if analysis clear and immediate to the final users for
self-assessment [26]. In this paper, we propose SM-FCM, a graphical web application that supports the application
of the MM proposed in [24]. This application allows for easily setting up the input for an MM built following the
FCM-based approach and for comparing simulation scenarios.

The paper is structured as follows. Section 2 introduces the MM and preliminary notions to understand its internals.
Section 3 describes the SM-FCM tool. Section 4 shows the results of a user study conducted on the tool. Section 5
compares the tool with relevant works in the literature. Finally, Section 6 concludes the paper with future works.

2. The Maturity Model

The SM-FCM tool supports the application of the FCM-based maturity model (MM), introduced in [24], which
enables the assessment of IT systems and smart manufacturing enabling technologies within a company. It estimates
the current maturity level and supports simulations and what-if analyses to guide digital growth. The remainder of this
section first introduces the concept of FCM, and then describes the FCM-based MM proposed in [24]. However, this
model should be considered a tool in continuous evolution, as the impact of information systems and technologies
on smart manufacturing changes over time. Nevertheless, the methodology proposed in [24] allows the model to be
easily updated to accommodate evolving requirements.

2.1. Fuzzy Cognitive Maps

Fuzzy Cognitive Maps (FCMs) are soft computing tools that combine elements of Fuzzy Logic and Neural Net-
works (NNs). An FCM is a type of network that offers a flexible and powerful framework for representing knowledge
and reasoning in complex, real-world scenarios. In practice, it is a directed graph where nodes represent concepts
within a domain of interest, and weighted edges describe the causal relationships among them. The structure of an
FCM can be viewed as a neural network in which concepts function like neurons, and their activation is determined
by the transformed weighted sum of inputs received from connected nodes. Unlike traditional neural networks, which
often function as black boxes with hidden neurons and connections lacking explicit meaning, the neurons and con-
nections in an FCM have clear and interpretable semantics.

Formally, a FCM is defined as FCM = (C, W, A, f), where: (i) C = {Cy,---,C,} is the set of n concepts; (ii)
W : CxC — [-1,1] C R is the adjacency matrix of the FCM which contains the weights w;; (i.e., the causal
relationships) assigned to each pair of concepts (C;, C;) and determining the sign and intensity of the edges connecting
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Table 1. Concepts of the FCM-based MM
Concept Level Type Name
SM 0 Main Smart Manufacturing Maturity Level
Computer-Aided Design (CAD), Computer-Aided Manufacturing (CAM),

1 IT system

CAD/CAM/PLM Product Lifecycle Management (PLM)
CRM 1 IT system Customer Relationship Management (CRM)
ERP/SCM 1 IT system Enterprise Resource Planning (ERP), Supply Chain Management (SCM)
WMS/TMS 1 IT system gall\jlesh)ouse Management System (WMS), Transportation Management System
MES 1 IT system Manufacturing Execution System (MES)
IIoT 2 Technology Industrial Internet of Things (IIoT)
Cloud 2 Technology Cloud Services
Artificial Intelligence (AI), Computer Vision (CV), Process Mining (PM),
Al 2 Technology Robotic Process Automation (RPA)
CS 2 Technology Cyber Security
Robot 2 Technology Robotics
AR/VR 2 Technology Augmented Reality (AR), Virtual Reality (VR)
DT 2 Technology Digital Twin
DM 2 Technology Business Intelligence (BI), Data Management

the cause concept C; with the effect concept Cj; (iii)) A : C — A" represents the activation function (also called
inference rule) computing the activation vector A” = (Ay,--- ,A,) depicting the activation value, or strength, of each
concept C; € C attime step ¢t = {1,--- ,T}; (iv) f : Re — [ is the transfer function which maps the aggregated impact
of the causal input (derived from A) into the predefined operating range (in other words, at any time ¢, each concept
C; has an activation value restricted to the predefined operating range). Usually, concepts’ values are bounded within
[0,1] or [-1,1].

The execution of an FCM begins with a specific initial condition, represented by the initial activation vector A©.
The inference rule is then applied iteratively until a stop condition is met, i.e., either reaching the maximum number of
iterations 7', or achieving an equilibrium state. The literature proposes several inference rules [25, 27, 28, 29]. Addi-
tionally, various transfer functions f can be used to constrain the computed activation values of concepts to a desired
interval (e.g., [0, 1] or [—1, 1]), such as the sigmoid, hyperbolic tangent, step, and threshold linear functions [30]. The
choice of functions depends on the specific problem being modeled.

2.2. FCM-based Maturity Model

The MM is developed by building on FCM theory following the construction methodology presented in [24]'. In
the following, the various components that characterize the FCM behind the MM are described.

Concepts C and structure of the FCM. The concepts identified for the MM are inferred from the existing literature
on Smart Manufacturing. Specifically, they are selected from a set of IT systems and enabling technologies that support
smart manufacturing. Table 1 lists the identified concepts, presented in both abbreviated form (Concept column) and
extended form (Name column). When evaluating a company’s maturity, (activation) values are assigned to a subset of
nodes and propagated through the map according to the defined structure.

This structure is organized into two levels: Level 1 comprises IT systems, and Level 2 comprises the technologies
employed within these systems. In addition, a central concept, named “Smart Manufacturing Maturity Level”, is
defined to represent the primary outcome of the MM. Table 1 provides information on the levels of the concepts. The
structure of the map is illustrated in Figure 1, where Level 1 concepts are shown in light blue and Level 2 concepts in
light green.

! The version of the MM presented here follows the construction methodology outlined in [24], which provides a step-by-step guide for developing
an FCM-based MM, reflects the insights of experts at the time of writing. However, the construction methodology can be easily reapplied, ensuring
that the model remains up-to-date.
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Fig. 1. Structure of the FCM-based MM

Table 2. Activation levels meaning

Level LT Description

Absence VL The technology is currently not used in the system.
Design and planning phase for the implementation of the technology, but it has not yet
been implemented.
Just Started M Initial phase of technology implementation (e.g., pilot project) and first test conduction.
The technology has been implemented and integrated into the system, but is still in
development and used only by a limited number of users.
The technology has been fully implemented and integrated into the system (in at least
one process) and activities of monitoring and continuous improvement are underway.

Planned L

Under Development H

Developed and Ongoing ~ VH

Table 3. Technologies per system consensus

CAD/CAM/PLM CRM ERP/SCM WMS/TMS MES

IoT v v v v v
Cloud v v v v v
Al v v v v v
CS v v v v v
Robot - - v v v
AR/VR v v v v v
DT v - v v v
DM v v v v v

Each Level 1 concept is shared with a sub-FCM composed of its related Level 2 concepts. The underlying rationale
for this organization is to analyze the impact of the various technologies (Level 2 concepts) used within a specific IT
system (Level 1 concepts) in the company being evaluated. Each sub-FCM is executed independently until equilibrium
is reached, and the computed activation levels of shared concepts are then propagated upward to the corresponding
higher-level sub-FCMs.

Adjacency matrix W. To represent the causal relationships and activation levels among the concepts, a S-point lin-
guistic scale is adopted, with specific membership functions defined over the interval [0, 1]. In particular, the selection
of linguistic terms for the activation levels of the enabling technologies is inspired by the five-level assessment scale
proposed in [31]. Table 2 presents the linguistic terms, their corresponding activation levels, and the meanings as-
sociated with each level. The activation level reflects the extent to which experts report the implementation of the
processes within the company.

The adjacency matrix consensus is derived from interviews with a set of 19 experts actively involved in both
the development and application of IT systems. These experts include industry professionals, IT system developers,
and academics. Table 3 shows the final list of the technologies examined within each specific IT systems. For each
identified relationship, the average values of relationship intensity (ranging from low to high or neutral) is calculated
based on the expert assessments.



Margherita Bernabei et al. / Procedia Computer Science 277 (2026) 1279-1288 1283

Flask
Backend

Frontend

FCM FCM GA
inference simulation
AL A

} -2
SM-FCM GUI FCM parser

A

FCM
structure,
AL
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A

Inference rule A and transfer function f. Since the chosen activation values lie within the interval [0, 1], the
sigmoid function f(x) = 1/(1 + e~%) is selected as the most suitable transfer function. The A values? used for the
sigmoid function are A = 0.83 for CAD/CAM/PLM sub-FCM, A = 0.85 for CRM sub-FCM, A = 0.81 for ERP/SCM
sub-FCM, A = 0.91 for WMS/TMS sub-FCM, and A = 0.75 for MES sub-FCM.

Furthermore, the inference rule adopted? is the one proposed in [29], i.e., AE”” =f (ZI;':I, 2V j,-(2A§.t) -+ (ZA?) -
1)), which supports scenarios in which some concepts may lack initial activation values, as in the case for Level 1
concepts.

How to use the MM. The MM can be utilized in two distinct modes. First, it can be employed to determine a
company’s current level of SM maturity. Second, it supports what-if analysis, enabling users to simulate various
scenarios and evaluate how improvements in specific technologies could enhance the overall SM score. This dual
functionality makes the tool versatile, serving both as an assessment framework for the current state and as a strategic
instrument for planning future advancements in smart manufacturing.

To assess the As-Is SM level, the user must provide its current activation levels (see Table 2) for each of the
enabling technologies within its IT systems. Based on these values, the MM is executed to determine the overall SM
activation level. In contrast, the what-if analysis is conducted using a Genetic Algorithm [32], which automatically
generates multiple solutions by iteratively running the MM with evolving activation levels. These final solutions can
then be analyzed to identify the optimal path for future development.

3. SM-FCM tool design and implementation

Figure 2 illustrates the architecture of SM-FCM. The system includes a front-end with a graphical user interface
(GUI) developed using React®, and a back-end implemented in Python. The back-end is a Flask* web application
responsible for processing user inputs and returning the results from the application of the MM. A demo of SM-FCM
is available online’, and the source code can be accessed in GitHub®, from which a local version can be deployed.

The SM-FCM graphical user interface (GUI) (see Figure 3) enables users to load the MM using the controls located
in the orange block ) . As described in Section 2, the MM proposed in this paper reflects the insights of the experts
at the time of writing. However, alternative MMs developed using the construction methodology outlined in [24] can
also be imported. The required format for the FCM-based MM is a .json file. Further details on the file structure are
available in the GitHub repository.

Once the MM is loaded, the user can view a graphical representation of the FCM (see the green dotted box () in
Figure 3). This visualization clearly depicts the different levels of the sub-FCM concepts and the weighted connections

2 The validation of the values selected for A and of the adoption of the selected inference rule is detailed in [24].
3 https://react.dev

4 nttps://flask.palletsprojects.com

3 http://94.177.218.70:3000

® https://github.com/DIAG-Sapienza-BPM-Smart-Spaces/SM-FCM
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Fig. 4. Activation level setting

between them. Along with the functionalities provided in the blue dashed box (@ , this view enables the user to input
the initial activation levels of the Level 2 concepts corresponding to each Level 1 concept. By clicking one of the
buttons associated with a Level 2 concept, the section shown in Figure 4 appears, allowing the user to select the
desired activation level. Upon selection, the size and color of the corresponding node are updated, enhancing the
visual presentation of the MM.

The final functionality provided by the GUI involves interaction with the backend, using the controls located in the
purple dashed block ® in Figure 3. Specifically, the backend offers two core operations: inference and simulation.
Inference refers to the computation of the company’s current SM maturity level, while simulation focuses on generat-
ing alternative configurations through what-if analysis. A key internal component of the backend is the FCM parser,
which processes the contents of the .json file uploaded by the user via the GUI (cf. orange block ) in Figure 3).
This file encodes the structure of the FCM underlying the maturity model, including its concepts and their causal
relationships. The parser interprets both the FCM structure and the user-defined activation levels, converting them
into a format suitable for processing by the inference and simulation engines.

More specifically, inference triggers the execution of the FCM-based MM, where the inference rule is applied
iteratively, starting from the initial activation levels of the concepts, until either an equilibrium state is reached or the
maximum number of iterations is completed.
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Simulation, on the other hand, employs a Genetic Algorithm to generate multiple alternative paths for achieving
a specific maturity level defined by the user through the GUI. In this process, the FCM is executed across successive
generations of evolving populations. The best individual from each generation is selected to construct a solution
roadmap toward the desired maturity level. Consequently, the company is presented with various improvement paths,
each offering a distinct strategy to reach the targeted maturity value.

Figure 5 presents the graphical output generated by the inference and simulation processes. Specifically, the figure
illustrates the results of the inference functionality, where the displayed FCM highlights both the initial and final
activation values of each concept. These values are visually distinguished through color coding (green for initial
values and red for final values) and by varying node sizes. For example, the AR, VR technology in the MES IT
system is represented by both a small red circle and a larger green circle, indicating that the concept started with a
lower activation value and ended with a higher one. This change is due to the application of the inference rule, which
combines the values of the nodes and arcs during execution. For the simulation, the GUI allows the user to explore
the set of generated alternative solutions.

4. SM-FCM Usability

In [24], the MM integrated in SM-FCM (cf. Section 2) has been validated with graph theory analysis and FCM-
based theory. Furthermore, the MM was also applied in a real case study, demonstrating its practical applicability and
relevance for assessing manufacturing contexts.

In this paper, we evaluate the usability of the tool through a System Usability Scale (SUS) test involving 13
users from both the industry and academia. Users were initially instructed on the SM-FCM functionalities through
a short training session, followed by an interactive session with the tool and the administration of the 10-item SUS
questionnaire, which rates responses on a five-point Likert scale from 1-strongly disagree to 5-strongly agree. The
overall SUS score (cf. [33] for instructions on how to compute it), considered a reliable measure of perceived usability
and user experience, was benchmarked against literature standards to determine the tool’s usability. The SUS score
was 86.53, corresponding to an A+ rank according to the selected benchmark [33], indicating excellent usability.

5. Related Works

Scientific literature is witnessing exponential growth in the number of MMs [34, 35]. However, only a limited
number of works make a web assessment tool available to end users. In the following, we present works that do so.
The majority of these come from consulting firms. Other solutions are proposed by academia but they often lack an
accessible assessment tool and instead provide only a Likert-scale questionnaire on request [36, 37, 38, 39, 40].

Table 4 presents a set of smart manufacturing MM assessment tools currently available. These tools can be cate-
gorized into web-assessment tools and self-assessment tools. Specifically, by web-assessment tools we refer to tools
that are available online, while by self-assessment tools we refer to tools that can be used offline.
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Table 4. Smart Manufacturing MM assessment tools

Tool URL Characteristics

IMPULS [41] https://www.industrie40-readiness.de/?7sid=62931&lang=en Web-assessment

ERICSSON’ https://www.ericsson.com/en/industries/manufacturing/ Web-assessment
smart-manufacturing-maturity-assessment#

L2L8 https://www.121.com/resources/digital-maturity-assessment Web-assessment

Warwick [42] https://warwick.ac.uk/fac/sci/wmg/research/scip/reports/final_ Self-assessment

version_of_i4_report_for_use_on_websites.pdf

SMSRL [43] https://www.nist.gov/services-resources/software/ Self-assessment
smart-manufacturing-systems-readiness-level-smsrl-tool

The IMPULS Industry 4.0 — Readiness Online Self-Check [44] is a web-assessment tool developed by VDMA
(Mechanical Engineering Industry Association), with a particular focus on small and medium-sized enterprises. It
assesses the following dimensions: Strategy and Organization, Smart Factory, Smart Operations, Smart Products,
Data-Driven Services, and Employees.

ERICSSON, in collaboration with inCode Consulting, developed the Ericsson Smart Manufacturing Maturity
web-assessment tool consisting of 23 questions. It generates a detailed report outlining a company’s smart manufac-
turing maturity level and comparing it to other companies that have completed the assessment. The report also includes
recommendations to help companies grow their smart manufacturing capabilities, maximize return on investment, and
ultimately deliver business value.

The Digital Maturity Assessment proposed by L2L? evaluates an organization’s digital maturity across seven key
areas of manufacturing operations, including Training & Skills Management, Standardized Work, Asset & Mainte-
nance Management, Production Execution, Quality, Safety, and Continuous Improvement. It provides a personalized
score, comparisons to industry and L2L customer benchmarks, and insights to strengthen an organization’s digital
transformation journey.

The Warwick Industry 4 Readiness Assessment tool [42] is a self-assessment tool, which considers six core di-
mensions with 37 sub-dimensions of Industry 4.0 readiness. The core dimensions include Products and Services,
Manufacturing and Operations, Strategy and Organisation, Supply Chain, Business Model, and Legal Considerations.
The tool is provided as a PDF template that can be completed to derive the maturity score.

NIST proposed the Smart Manufacturing Systems Readiness Level (SMSRL) [43], which measures maturity across
four dimensions: Organizational, IT, Performance Management, and Information Connectivity. It is provided as a
macro-enabled Microsoft Excel file that can be downloaded and self-executed by users.

Unlike the tools discussed above, SM-FCM, which can be classified as both a web-assessment and a self-
assessment tool, specifically focuses on the IT systems and technologies employed within a smart manufacturing
company, an aspect that is not, or only partially, addressed by any other tool. Similar to the other tools, the proposed
tool also supports simulation. However, it offers additional advantages, as it enables users to visualize and analyze
how changes in specific concepts affect overall maturity levels through the causal relationships captured by the FCM.
Furthermore, unlike other tools that are designed for specific maturity models, the proposed tool is designed to be
compatible with any FCM-based MM, offering broader applicability and flexibility to be employed in other domains.

6. Conclusions and Future Works

In this paper, we introduced SM-FCM, a web application that supports users in applying an FCM-based maturity
model, as described in [24], to assess a company’s current maturity from the perspective of smart manufacturing. The
tool considers the support provided by existing IT systems and helps users identify ways to improve their maturity

7 https://www.ericsson.com/en/industries/manufacturing/smart-manufacturing-maturity-assessment#/ (acc. June 2025)
8 https://www.121.com/blog/digitalization-transformation-roadmap-for-manufacturing (acc. June 2025)
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score by implementing or deploying new IT solutions. This helps organizations align their IT investment with their
maturity objectives. Different from existing maturity model tools, SM-FCM stands out for its ability to capture and
represent causal interdependencies between technologies, while also enabling scenario analyses that are adaptable
and generalizable to alternative FCM-based maturity models. Furthermore, the tool is designed to require minimal
technical expertise and is freely accessible online, making it a practical and scalable solution for both academic and
industrial contexts.

As a first consideration for future works, the recommender algorithm may yield a multitude of different solutions
to reach a specific maturity. It could be useful to this aim to introduce additional metrics to help users navigate them.
These metrics may include implementation cost, deployment efforts, risk, or organizational readiness.

From the point of usability, possible improvements may also include the employment of Large Language Models
to simplify the assessment, by, for instance, extracting information from documents, and the decision making process,
through, for instance, generating a natural language explanation of why a roadmap could raise maturity, by supporting
a conversation between the tool and the human user.

Finally, in its current state, the tool mainly supports the application phase, i.e., the use of an already existing
maturity model, which is loaded as an input file. However, the methodology proposed in [24] allows for updating the
maturity model by adding new classes of IT systems and areas, and fine-tuning the relationships between them. As
the definition of a new or updated maturity model requires the involvement of experts, the tool could be integrated
with a crowdsourcing platform, allowing for the involvement of stakeholders, thus simplifying the entire process and
making it more sustainable with respect to point-to-point interactions and interviews.

Acknowledgements

The work of M. Mecella, F. Leotta, and F. Monti was partially funded by GenDAI (ID 101182801) funded by
HORIZON EU MSCA. M. Mecella and F. Leotta were partially funded by MICS (Made in Italy — Circular and
Sustainable) (PE00000004) Extended Partnership (CUP B53C22004130001) funded by the EU — NextGenerationEU
PNRR MUR. The work of F. Leotta was partly supported by SERICS (PE00000014) Extended Partnership under the
EU — NextGenerationEU PNRR MUR.

References

[1] C. Honorato and F. C. de Melo, “Maturity model for innovation project management in industrial enterprises: A case study of the aerospace
sector in brazil,” Journal of Industrial Integration and Management, vol. 8, pp. 201-227, 2023.
[2] S. Petzolt, K. Holzle, O. Kullik, W. Gergeleit, and A. Radunski, “Organisational digital transformation of smes - development and application
of a digital transformation maturity model for business model transformation,” International Journal of Innovation Management, vol. 26, 2022.
[3] M. Bernabei and F. Costantino, “Adaptive automation: status of research and future challenges,” 8 2024.
[4] F.Monti, L. Silo, M. Favorito, G. De Giacomo, F. Leotta, and M. Mecella, “Orchestration of services in smart manufacturing through automated
synthesis,” IEEE Transactions on Services Computing, 2024.
[5] J. Leng, D. Wang, W. Shen, X. Li, Q. Liu, and X. Chen, “Digital twins-based smart manufacturing system design in industry 4.0: A review,”
Journal of Manufacturing Systems, vol. 60, pp. 119-137, 7 2021.
[6] T. Catarci, D. Firmani, F. Leotta, F. Mandreoli, M. Mecella, and F. Sapio, “A conceptual architecture and model for smart manufacturing
relying on service-based digital twins,” in 2019 IEEE international conference on web services (ICWS), pp. 229-236, IEEE, 2019.
[7] T.-C. Lin, K. J. Wang, and M. L. Sheng, “To assess smart manufacturing readiness by maturity model: a case study on taiwan enterprises,”’
International Journal of Computer Integrated Manufacturing, vol. 33, no. 1, p. 102 — 115, 2020.
[8] F.Bianchini, M. Calamo, F. De Luzi, M. Macri, M. Marinacci, J. G. Mathew, F. Monti, J. Rossi, F. Leotta, and M. Mecella, “Samba: A reference
framework for human-in-the-loop in adaptive smart manufacturing,” Procedia Computer Science, vol. 253, pp. 2257-2267, 2025.
[9] 1. Kaya, A. Karagan, E. flbahar, and B. Cebeci, “An integrated pythagorean fuzzy-based methodology for sectoral prioritization of industry 4.0
with lean supply chain perspective,” International Journal of Computer Integrated Manufacturing, vol. 37, no. 12, p. 1582 — 1611, 2024.
[10] M. R. Ejaz, “Implementation of industry 4.0 enabling technologies from smart manufacturing perspective,” Journal of Industrial Integration
and Management, vol. 26, 2018.
[11] B.Katja, S. Hendrik, and S. Susanne, Responsible Design, Implementation and Use of Information and Communication Technology, vol. 12066.
Springer International Publishing, 2020.
[12] S. Parhi, K. Joshi, and M. Akarte, “Smart manufacturing: a framework for managing performance,” International Journal of Computer Inte-
grated Manufacturing, vol. 34, no. 3, p. 227 — 256, 2021.
[13] S. Parhi, K. Joshi, and M. Akarte, “Decision-making in smart manufacturing: A framework for performance measurement,” International
Journal of Computer Integrated Manufacturing, vol. 36, no. 2, p. 190 — 218, 2023.



1288

[14]

[15]
[16]

[17]
[18]

[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]

[31]
[32]

[33]
[34]

Margherita Bernabei et al. / Procedia Computer Science 277 (2026) 1279-1288

F. Mo, F. M. Monetti, A. Torayev, H. U. Rehman, J. A. M. Alberola, N. R. Minango, H. N. Nguyen, A. Maffei, and J. C. Chaplin, “A maturity
model for the autonomy of manufacturing systems,” International Journal of Advanced Manufacturing Technology, vol. 126, pp. 405428, 5
2023.

M. J. Pour, F. Abbasi, and B. Sohrabi, “Toward a maturity model for big data analytics: A roadmap for complex data processing,” International
Journal of Information Technology & Decision Making, vol. 22, pp. 377419, 2023.

M. Spaltini, F. Acerbi, M. Pinzone, S. Gusmeroli, and M. Taisch, “Defining the roadmap towards industry 4.0: the 6ps maturity model for
manufacturing smes,” Procedia CIRP, vol. 105, pp. 631-636, 2022.

F. Leotta, J. Mathew, F. Monti, M. Mecella, et al., “Towards an information systems-driven maturity model for industry 4.0,” 2022.

E. Reboredo and P. Espadinha-Cruz, “Proposal of a maturity model for additive manufacturing: theoretical development and case study in
automotive industry,” International Journal of Computer Integrated Manufacturing, vol. 37, no. 7, p. 866 — 886, 2024.

Y. Liu and P. Song, “Research on the application maturity of enterprises’ artificial intelligence technology based on the fuzzy evaluation method
and analytic network process,” Applied Sciences (Switzerland), vol. 14, no. 17, 2024.

A. Martinelli, A. Mina, and M. Moggi, “The enabling technologies of industry 4.0: Examining the seeds of the fourth industrial revolution,”
Industrial and Corporate Change, vol. 30, pp. 161-188, 2 2021.

B. Bigliardi, E. Bottani, and G. Casella, “Enabling technologies, application areas and impact of industry 4.0: a bibliographic analysis,”
Procedia manufacturing, vol. 42, pp. 322-326, 2020.

A. P. T. Pacchini, W. C. Lucato, F. Facchini, and G. Mummolo, “The degree of readiness for the implementation of industry 4.0,” Computers
in Industry, vol. 113, 12 2019.

D. Dikhanbayeva, S. Shaikholla, Z. Suleiman, and A. Turkyilmaz, “Assessment of industry 4.0 maturity models by design principles,” 12 2020.
A. S. Andreou, M. Bernabei, A. Christoforou, S. Colabianchi, F. Costantino, F. Leotta, J. G. Mathew, M. Mecella, and F. Monti, “Assess-
ing smart manufacturing by combining it systems and enabling technologies in a fuzzy cognitive maturity model,” International Journal of
Computer Integrated Manufacturing, pp. 1-23, 2025.

B. Kosko, “Fuzzy cognitive maps,” International journal of man-machine studies, vol. 24, no. 1, pp. 65-75, 1986.

D. Vance, M. Jin, C. Price, S. U. Nimbalkar, and T. Wenning, “Smart manufacturing maturity models and their applicability: a review,” Journal
of Manufacturing Technology Management, vol. 34, no. 5, pp. 735-770, 2023.

C. D. Stylios and P. P. Groumpos, “Modeling complex systems using fuzzy cognitive maps,” IEEE Transactions on Systems, Man, and
Cybernetics-Part A: Systems and Humans, vol. 34, no. 1, pp. 155-162, 2004.

E. I. Papageorgiou and P. P. Groumpos, “A new hybrid method using evolutionary algorithms to train fuzzy cognitive maps,” Applied Soft
Computing, vol. 5, no. 4, pp. 409-431, 2005.

E. I. Papageorgiou, “A new methodology for decisions in medical informatics using fuzzy cognitive maps based on fuzzy rule-extraction
techniques,” Applied Soft Computing, vol. 11, no. 1, pp. 500-513, 2011.

A. K. Tsadiras, “Comparing the inference capabilities of binary, trivalent and sigmoid fuzzy cognitive maps,” Information Sciences, vol. 178,
no. 20, pp. 3880-3894, 2008.

G. Salviotti, A. Gaur, and F. Pennarola, “Strategic factors enabling digital maturity: An extended survey,” 2019.

T. Bartz-Beielstein, J. Branke, J. Mehnen, and O. Mersmann, “Evolutionary algorithms,” Wiley Interdisciplinary Reviews: Data Mining and
Knowledge Discovery, vol. 4, no. 3, pp. 178-195, 2014.

J. Sauro and J. R. Lewis, Quantifying the user experience: Practical statistics for user research. Morgan Kaufmann, 2016.

F. Hein-Pensel, H. Winkler, A. Briickner, M. Wolke, 1. Jabs, 1. J. Mayan, A. Kirschenbaum, J. Friedrich, and C. Zinke-Wehlmann, “Maturity
assessment for industry 5.0: A review of existing maturity models,” Journal of Manufacturing Systems, vol. 66, pp. 200-210, 2023.

M. Bernabei, F. Costantino, and M. Tronci, “A meta-model-driven approach to support digitization evolution with maturity models,” Journal
of Industrial Integration and Management, 2024.

A. Schumacher, S. Erol, and W. Sihn, “A maturity model for assessing industry 4.0 readiness and maturity of manufacturing enterprises,”
Procedia Cirp, vol. 52, pp. 161-166, 2016.

A. Ustundag, E. Cevikcan, K. Y. Akdil, A. Ustundag, and E. Cevikcan, “Maturity and readiness model for industry 4.0 strategy,” Industry 4.0:
Managing the digital transformation, pp. 61-94, 2018.

L. Canetta, A. Barni, and E. Montini, “Development of a digitalization maturity model for the manufacturing sector,” in 2018 ieee international
conference on engineering, technology and innovation (ICE[ITMC), pp. 1-7, IEEE, 2018.

L. D. Rafael, G. E. Jaione, L. Cristina, and S. L. Ibon, “An industry 4.0 maturity model for machine tool companies,” Technological forecasting
and social change, vol. 159, p. 120203, 2020.

A. A. Wagire, R. Joshi, A. P. S. Rathore, and R. Jain, “Development of maturity model for assessing the implementation of industry 4.0:
learning from theory and practice,” Production Planning & Control, vol. 32, no. 8, pp. 603-622, 2021.

K. Lichtblau, V. Stich, R. Bertenrath, M. Blum, M. Bleider, A. Millack, K. Schmitt, E. Schmitz, and M. Schroter, “Industrie 4.0-readiness
[dt.],” 2015.

0. Agca, J. Gibson, J. Godsell, J. Ignatius, C. W. Davies, and O. Xu, “An industry 4 readiness assessment tool,” 2017.

K. Jung, B. Kulvatunyou, S. Choi, and M. P. Brundage, “An overview of a smart manufacturing system readiness assessment,” in [FIP WG 5.7
International Conference, APMS 2016, Iguassu Falls, Brazil, September 3-7, 2016, pp. 705-712, Springer, 2016.

K. Lichtblau, V. Stich, R. Bertenrath, M. Blum, M. Bleider, A. Millack, K. Schmitt, E. Schmitz, and M. Schréter, “Impuls, industry 4.0
readiness,” Impuls-Stiftung des VDMA, Aachen-Koélb, 2015.



