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ABSTRACT

Objective: To identify important aspects for the analysis of digital twins and discuss digital
twins created for the Brazilian industry based on characteristics of this technology.
Methodology: A literature review of digital twins definitions and analysis of digital twins
created for the Brazilian industry considering five analysis dimensions.
Originality/relevance: Proposition and use of a set of dimensions to analyze digital twins,
which can be used by researchers and practitioners for better understanding and characterizing
digital twins proposals.

Results: Considering the digital twins created for the Brazilian industry, we found these
proposals distinguish in some aspects, mainly the data flow between physical and digital
objects, system level, and cognitive capabilities, but aspects such as interoperability, cognitive
processes, and life cycle are uncovered in these digital twins. These aspects, however, are
responsible for the innovation and disruption digital twins can provide to the Industry.
Contribution: Definition of dimensions to analyze digital twins and evidence of the presence
and absence of some characteristics in digital twins created for the Brazilian industry.

Keywords: Digital Twin; Brazilian Industry; Industry 5.0.

RESUMO

Objetivo: Identificar aspectos importantes para a analise dos gémeos digitais e discutir os
gémeos digitais criados para a industria brasileira com base nas caracteristicas desta tecnologia.
Metodologia: Uma revisdo de literatura das defini¢des de gémeos digitais e analise de gémeos
digitais criados para a industria brasileira considerando estas cinco dimensdes de analise.
Originalidade/relevéancia: Proposicdo e uso de um conjunto de dimensbes para analisar
gémeos digitais, que pode ser usado por pesquisadores e profissionais para melhor
entendimento e caracterizacdo das propostas de gémeos digitais.

Resultados: Considerando os gémeos digitais criados para a industria brasileira, descobriu-se
que essas propostas se distinguem em alguns aspectos, principalmente no fluxo de dados entre
objetos fisicos e digitais, nivel do sistema e capacidades cognitivas; mas aspectos como
interoperabilidade, processos cognitivos e ciclo de vida ndo estdo profundamente contemplados
nesses gémeos digitais. Tais aspectos, no entanto, sdo responsaveis pela inovacao e disrupcao
que 0s gémeos digitais podem proporcionar a industria.

Contribuicdo: Definicdo de dimensbes para analise de gémeos digitais e comprovacao da
presenca e auséncia de caracteristicas em gémeos digitais criados para industria brasileira.

Palavras-chave: Gémeo Digital; Industria Brasileira; Industria 5.0.

RESUMEN

Objetivo: Identificar aspectos importantes para el andlisis de los gemelos digitales y discutir
los gemelos digitales creados para la industria brasilefia a partir de las caracteristicas de esta
tecnologia.

Metodologia: revision de la literatura sobre definiciones de gemelos digitales y analisis de
gemelos digitales creados para la industria brasilefia considerando cinco dimensiones de
analisis.
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Originalidad/relevancia: Proposicion y uso de un conjunto de dimensiones para analizar
gemelos digitales, que pueden ser utilizados por investigadores y profesionales para
comprender y caracterizar mejor las propuestas de gemelos digitales.

Resultados: Considerando los gemelos digitales creados para la industria brasilefia,
encontramos que estas propuestas distinguen en algunos aspectos, principalmente el flujo de
datos entre objetos fisicos y digitales, nivel de sistema y capacidades cognitivas, pero aspectos
como la interoperabilidad, los procesos cognitivos y el ciclo de vida. no se contemplan
profundamente en estos gemelos digitales. Estos aspectos, sin embargo, son responsables de la
innovacion y la disrupcién que los gemelos digitales pueden brindar a la industria.
Contribucién: Definicién de dimensiones para analizar gemelos digitales y evidencia de la
presencia y ausencia de algunas caracteristicas en gemelos digitales creados para la industria
brasilefa.

Palabras clave: Gemelo Digital; Industria Brasilefia; Industria 5.0

1. INTRODUCTION

In the recent approach of smart industry, new social development concepts, such as
sustainability, human-centricity, and carbon emissions, began to gain more attention to attend
to the demands of a modern and innovative society, frequently called Society 5.0. Instead of
purely technocentric or even business-centric approaches that have characterized most past
developments, we need a balanced approach between automation and human/society
involvement contributing to well-being. This is one of the objectives of Industry 5.0, which is
regarded as the next industrial revolution. Its objective is to leverage the creativity of human
experts in collaboration with efficient, intelligent, and accurate machines, in order to obtain
resource-efficient and user-preferred manufacturing solutions compared to Industry 4.0
(Maddikunta et al., 2022). Compared to past industrial revolutions that emphasized more on the
economic aspect of sustainability, the Industry 5.0 vision leans toward human centricity and
societal needs (Leng et al., 2022).

The enabling technologies of Industry 5.0 are a set of complex systems that combine
technological trends such as edge computing, digital twins (DT), internet of things (loT), big
data analytics, collaborative robots (cobots), 6G network and blockchain, which are integrated
with cognitive skills and innovation that can help industries increase production and deliver
customized products more quickly technologies (Maddikunta et al., 2022). In this paper, the

focus is to explore the topic of digital twins in the current scenario of the Brazilian Industry.
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Digital twins are an emerging concept in which a digital replica of any physical object is built
in order to make simulations, monitoring, visualizations, tests, and configurations of the
replicated object. DTs represent very realistic models of industrial products and processes, their
behaviors and interactions with the real world, being used not only for representation purposes
but also for predictions (Durdo et al., 2018).

Digital Twin is recognized as a key enabling technology of Industry 4.0 (Hyre et al.,
2022; Zheng et al., 2022) and Industry 5.0 (Leng et al., 2022; Maddikunta et al., 2022; Miiller,
2020; Xu et al.,, 2021). Accenture’s latest executive report highlighted that 87% of the
executives acknowledge DT technology as an increasingly fundamental tool to enable a
strategic collaboration with business partners (D’Amico et al., 2022). In the Brazilian scenario,
there is a recognition of the current importance of digital twins to digital transformation in
enterprises according to Duréo et al. (2018) but, although industry representatives are familiar
with the Digital Twin concept and claim to use it in processes, most of the cases it is used only
a simulation model. The main obstacles to the implementation of DT are a robust integration of
data to allow a representation with high fidelity and real-time control of the line.

The use of digital twin is in its infancy in the Brazilian industry, but it is possible to
identify some DT proposals in the context of the Brazilian Industry, such as in the area of
electric engineering (Araujo Jr et al., 2021; Fernandes et al., 2022; Jodo et al., 2020), civil
engineering (Lima et al., 2022), and agriculture (Alves et al., 2023). In this work, we discuss
concepts, definitions, and applications of digital twins in the scope of Brazilian companies to
help researchers and practitioners identify opportunities and resolve misconceptions. We
identify and detail some important aspects of analysis of digital twins and discuss reported
digital twins created for Brazilian companies based on these aspects.

The remainder of this paper is organized as follows: Section 2 presents the theoretical
background of the research, highlighting opportunities of DTs in Industry, essential
characteristics of DTs, and references architectures that support the use of DTs; Section 3
presents the method used to identify and define the aspects to analyze digital twins; Section 4
presents the results of the analysis of DT approaches for the Brazilian industry. Finally, Section

5 presents the concluding remarks and limitations of this work.
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2. BACKGROUND

This section presents the theoretical background of this study, highlighting opportunities
and uses of DTs in Industry 4.0 and 5.0 (subsection 2.1); essential characteristics of DTs in the
current industrial scenario (subsection 2.2) and references architectures that support the use of
DTs for Industry (subsection 2.3).

2.1 Digital Twins in Industry

First introduced more than 20 years ago as part of a university course on Product
Lifecycle Management (PLM) (Grieves, 2014), the concept of DT has recently emerged as our
society becomes more interconnected (Batty, 2018). In recent years, the Digital Twin concept
has been incorporated into industrial activities and is among the key factors for the design of
the industry of the future (Wright and Davidson, 2020).

Shafto et al. (2012) was one of the first authors to refer to virtual copies of physical
systems belonging to the North American aerospace context through NASA as a Digital Twin.
According to its first definition, Digital Twin is a multi-physical, multi-scale, and probabilistic
system simulation tool that uses automatically collected real data to mirror physical behavior
through a virtual model, aiming to evaluate and recommend changes to optimize the real
systems. More recently, Tao et al. (2018) defined digital twin as a set formed by three main
components: i) physical systems, which we want to mirror; ii) virtual systems, which represent
the physical in a detailed and sufficient manner; and iii) communication and synchronism
between both systems. Lu et al. (2019) corroborates this definition to affirm digital twin has
proved to be a practical method to integrate the physical and virtual world of manufacturing
operations and to support manufacturing strategies in terms of more efficient and intelligent
decision-making.

Regarding the use and applications of DTs in Industry, there are many examples of
opportunities and advantages. In general, DT provides opportunities for improved product
lifecycle management in manufacturing and also represents a significant change from the actual
methods, processes, and tools used by the enterprises in processes of digital transformation
(Holler et al., 2016; Kritzinger et al., 2018). DTs are capable of capturing data and providing

features such as the recommendation of design specifications, the identification of design
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contradictions, and the verification of conformity between design specifications and project
requirements. DT is compelling as a potential means to reduce the time and cost to develop new
products, support fielded products, and enable rapid innovation to respond to new market
opportunities (Rebentisch et al., 2021). DTs can enable Industry 5.0 to overcome technical
issues by identifying them at a faster speed, identifying items that can be reconfigured or
renewed on the basis of their productivity, making predictions at a higher accuracy rate,
predicting future errors, avoiding huge financial losses (Maddikunta et al., 2022).

Finally, it is important to highlight that some essential characteristics are required for the
DTs to perform complex tasks in the scope of Industry 4.0 and 5.0. In this sense, the next
subsections explain such characteristics, highlighting the semantic and cognition capabilities of
DTs.

2.2 Characteristics of Digital Twins

Cognition capabilities are an important topic related to modern DT proposals and
therefore an aspect of interest to analyze DT implementations. It is well accepted that the main
capabilities related to cognition for DTs are perception, attention, memory, reasoning, problem-
solving, and learning (Al Faruque et al., 2021).

Perception is the process of forming useful representations of data related to the physical
twin and its physical environment for further processing. Examples: real-time monitoring or
data analytics on various data streams spanning from sensory data (Eirinakis et al., 2022).
Attention is the process of focusing selectively on a task or a goal or certain sensory
information either by intent or driven by environmental signals and circumstances (Al Faruque
et al., 2021), for example using anomaly detection tools (statistical process control, complex
event processing, ML-based tools) (Eirinakis et al., 2022). Memory corresponds to a single
process that includes: working, episodic and semantic memory; encoding and storing
information; and information retrieval (McDermott and Roediger, 2018). Key technologies for
the memory of DTs are the use of databases, metadata, ontologies, and knowledge graphs.
Reasoning can be defined as drawing conclusions consistent with a starting point —a perception
of the physical twin and its environment, a set of assertions, a memory, or some mixture of them
(Johnson-Laird, 2010). Examples of reasoning capabilities are root-cause analysis tools,

simulations of the impact of the detected disruptions, evaluations of the impact of machines
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malfunction, and crane bottleneck (Eirinakis et al., 2022). Problem-Solving can be defined as
the process of finding a solution for a given problem or achieving a given goal from a starting
point (Al Faruque et al., 2021). It is achieved using optimization and simulation (Eirinakis et
al., 2022), for instance. Finally, learning is the process of transforming the experience of the
physical twin into reusable knowledge for a new experience (Al Faruque et al., 2021), predicting
unwanted events in the operation before they happen and offering the best possible solutions
(Abburu et al., 2020). Key technologies for learning in DTs are ML techniques, neural networks,
knowledge graphs, DT models, etc, integrated with persistence technologies.

Another important characteristic of DTs is its semantic capacity to help solve problems
related to interoperability. Interoperability problems are an issue while integrating systems and
equipment in the manufacturing industry, often related to different models and systems of the
lifecycle of a product. It is expected that the DT supports the integration of systems and models
across different lifecycle phases and collaborates with the level of interoperability. In general,
DT proposals use some semantic technologies (e.g. semantic modeling, ontologies, knowledge

graphs) to reach the semantic interoperability of data, digital models, and information.

2.3 Reference Architectures

The need for a bidirectional lifecycle-extended integration between the physical world
and its DT mandates a relevant supporting reference architecture (Koulamas and Kalogeras,
2018). Furthermore, reference architectures are necessary to treat aspects of interoperability
among DTs and also trust and security measures. In this subsection, we mentioned common
reference architectures of Industry 4.0 and 5.0, specifically RAMI 4.0 (Aheleroff et al., 2021;
Schweichhart, 2019), 1IRA (Schweichhart, 2019), and AAS (Belyaev, 2021). The idea behind
these architectures is to provide a common view of the Industry and guide efforts on the
implementation of a unified strategy.

RAMI 4.0 is a reference architecture model for Industry 4.0, presented at the Hannover
Messe 2015, with the authorship of the industrial associations BITCOM, VDMA, and ZVEI
(Zezulka et al., 2016). RAMI 4.0 is a service-oriented architecture that combines the
fundamental elements and IT of Industry 4.0 in a structured three-dimension layer model

(Aheleroff et al., 2021; Schweichhart, 2019). Conceptualized on a 3D model and developed in
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a service-oriented architecture (SOA), its focus is on manufacturing, process automation,
digitization, and communication technologies.

IIRA (Industrial Internet Reference Architecture) is an open, standards based architecture
for 1loT systems that was developed by the 1IC (Industrial Internet Consortium), which is an
organization formed by 5 companies: AT-T, Cisco, General Electric, Intel, and IBM with the
objective of facilitating the implementation of 10T (Industrial Internet of Things) in companies
(Buchheit et al., 2017).

The AAS aims to “enable partners in value creation networks to exchange meaningful
information by conforming to a specified set of standardized elements” (Belyaev, 2021). AAS
will be the identification card of an asset in Industry 4.0. Furthermore, it will be responsible to
provide controlled access to said information and provide a representation of the entire lifecycle
of the asset (Moreno et al., 2023).

3 METHODOLOGY

The vision of digital twins has been detailed and improved over the years. In this section,
we discuss our method of analysis of digital twins approaches. This method is based on the
different DT definitions and considers distinct aspects of these models.

First, we searched for definitions of digital twins in literature and compared these
definitions (Section 3.1). Next, we defined a set of criteria to analyze digital twins (Section 3.2).
Finally, DT proposals reported by Brazilian companies were analyzed based on these criteria
(Section 4).

3.1 Analyzing Digital Twins Definitions

One of the first discussions on a distinction among DT types considers data flow
automation (Kritzinger et al., 2018). According to these authors, Digital Model is the case
where the digital object (a representation of an existing or planned physical object) does not use
any form of automated data exchange between it and the physical object. Digital Shadow
includes the existence of automated one-way flow between the state of the physical object and
the digital object. Digital Twin is used only for the case where the “data flow between physical

object and data object are fully integrated into both directions”. Although this typology is still
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well accepted and referred to in the literature, it contains a certain level of ambiguity as
demonstrated by Falekas and Karlis (2021).

Abburu et al. (2020) propose a typology of DTs based on the data flow but also consider
cognitive capacities. These authors show a three-layer approach to the different twins: so-called
Digital Twins and Cognitive Twins. Digital Twin is considered a digital replica of a physical
system that captures the attributes and behaviors of that system. In their point of view, a DT is
typically materialized as a set of multiple isolated models that are either empirical or first-
principles based. Hybrid Twin (HT) is an extension of DT in which the isolated DT models
are intertwined to recognize, forecast and communicate less optimal (but predictable) behavior
of the physical counterpart just before such behavior occurs. An HT integrates data from various
sources (sensors, databases, etc.) with the DT models and has predictive capabilities. Cognitive
Digital Twin (CDT) is an extension of HT incorporating cognitive features that enable sensing
complex and unpredicted behavior. According to the authors, CDT is thus a hybrid, self-
learning, and proactive system that will optimize its own cognitive capabilities over time based
on the data it collects and the experience it gains.

From the first reference to the term Cognitive Digital Twin at an industrial workshop in
2016 (Adl, 2016), other authors (Abburu et al., 2020; Al Faruque et al., 2021; Ali et al., 2021,
Lu etal., 2020) presented complementary and similar definitions for this kind of DT. The recent
definition of (Zheng et al., 2022) encompasses the majority of these definitions from a literature
review. According to these authors, Cognitive Twin is a “digital representation of a physical
system that is augmented with certain cognitive capabilities and support to execute autonomous
activities; comprises a set of semantically interlinked digital models related to different lifecycle
phases of the physical system including its subsystems and components; and evolves
continuously with the physical system across the entire lifecycle”. This definition includes
beyond cognitive capacity, the characteristics related to multiple system levels and multiple
lifecycle phases. While DT corresponds to a single system (or product, subsystem, component,
etc.), and focuses on a single lifecycle phase, a CDT consists of multiple digital models
corresponding to different subsystems and components of a complex system, focusing on

multiple lifecycle phases of the asset(Zheng et al., 2022).
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Cognitive capabilities (e.g., perception, attention, memory, reasoning, etc.) are required
to perform complex tasks and a Cognitive DT is not required to have all these capabilities. On
the other side, it is not clear what is the threshold for a DT not to be considered cognitive, and
the term has been used widely in the recent literature. The implementation and realization of
these cognitive capabilities in DTs are far from a simple task. In this sense, (Al Faruque et al.,
2021) arguments in favor of three critical operations in the design stage which cognition enables
and enhances: (i) search; (ii) share; and (iii) scale. For example, perception and attention allow
the search operation to selectively focus on a set of appropriate models. Problem-solving can
further improve the search operation by enabling it to identify the most suitable digital twin
model. Learning support for the share operation, because it enables transforming the experience
into knowledge reusable by a new DT.

The semantics also is considered a fundamental characteristic of DTs and appears in
some definitions of DT, such as Cognitive DTs and Semantic DTs. Some authors propose the
term Semantic Digital Twin. According to (Ku™mpel et al., 2021), Semantic DT is a
semantically enhanced virtual representation of a retail store environment, connecting an
ontology-based symbolic knowledge base with a scene graph. The scene graph provides a
realistic 3D model of the store, which is enhanced with semantic information about the store,
its shelf layout, and contained products. (Boje et al., 2021) highlighted that a Semantic Digital
Twin should enable proactive modeling, connecting among various planning systems (i.e.
heterogeneous datasets), tracking, and optimization of construction processes and their
associated off- and on-site resources. (Douglas et al., 2021) assert that a fully Semantic Digital
Twin is capable of leveraging acquired knowledge with the use of Al-enabled agents, agent-
driven socio-technical platforms, and a variety of digital technologies and techniques (i.e.
machine learning, deep learning, data mining, and data analysis) employed to create a self-
reliant, self-updatable and self-learning DT.

In some definitions of Cognitive DTs it is possible to identify references to semantic
capabilities as necessary requirements for this DT type. (Boschert et al., 2018) defines a next-
generation digital twin as a description of a component, product, system, or process by a set of
well-aligned, descriptive, and executable models which is the semantically linked collection of
the relevant digital artifacts including design and engineering data, operational data and
Journal of Management & Technology, Vol. 24, n. 1, p. 91-111, 2024 100
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behavioral descriptions. In its turn, (Lu et al., 2020) defines cognitive twin as a DT with
augmented semantic capabilities for identifying the dynamics of virtual model evolution,
promoting the understanding of interrelationships between virtual models, and enhancing the
decision-making based on DT. In the definition of (Zheng et al., 2022), Cognitive DT
“comprises a set of semantically interlinked digital models related to different lifecycle phases
of the physical system including its subsystems and components”. In many cases, a Cognitive
DT can be constructed by integrating multiple related DTs using ontologies, semantic modeling,
knowledge graphs, and lifecycle management technologies.

Considering the literature revised and the different concepts used to define Cognitive and
Semantic Twins, it is important to highlight that in our opinion cognition and semantics are
complementary and essential characteristics to make smart, autonomous, predictive, and self-
learning Digital Twins, and necessary to the current context of the application of DTs in
Industry 5.0.

Finally, other authors present different DT types, such as Enhanced Cognitive Twin
(Eirinakis et al., 2020), Semantic Digital Twin (Beetz, 2021; Di"ez and De Lara, 2021), next-
generation Digital Twin (Falekas and Karlis, 2021), and the six-type typology (Imaginary,
Monitoring, Predictive, Prescriptive, Autonomous, and Recollection) (Ariesen-Verschuur et al.,
2022; Verdouw et al., 2021). These typologies overlap with DT types mentioned previously in
this section.

3.2 How digital twins can be analyzed

According to the DT definitions discussed in the last section, it is possible to compare
digital twins in five aspects: i) data flow, ii) interoperability level, iii) system level, iv) the
cognitive process it performs, and iv) how the DT supports the product lifecycle. In this section,
we present our analysis method (Figure 1).

Digital twins can be compared regarding their data flow (Kritzinger et al., 2018).
Considering the model-asset communication, the data can flow automatically in both directions
(bi-directional communication), from the asset to the model (uni-directional communication),
or with no automatic data flow between the asset and the model - no data flow. Prototypes are
usually the first model used to simulate a machine’s behavior and act as proof of concept of the

digital twin. These prototypes (or data models) are generally considered DTs with no automatic
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communication. Finally, when the data flows are realized among a DT and other DTs, this DT

is considered interconnected.

Digital
Twin

Intero-
perability

System
level

Data flow Cognitive
process

Life cycle

Figure 1: Five dimensions to analyze digital twins

The interoperability dimension describes how the DT can interpret the data. The Levels
of Conceptual Interoperability Model (LCIM) (Turnitsa, 2005) is a useful model to understand
heterogeneous system communication. LCIM has been applied to different domains (Wang et
al., 2009; Wassermann and Fay, 2017) and it is useful to understand the capabilities of the
digital twin regarding data manipulation. The syntactical level refers to structured data, while
the semantic level corresponds to the description (meaning) of the data. Asset Administration
Shell addresses these two interoperability levels. Pragmatic interoperability demands a
common understanding of context. Pragmatics in computation addresses the problem of finding
the appropriate communication partner, establishing and maintaining exchange with him
(Wassermann and Fay, 2017), which is primarily performed by orchestration methods.
Orchestrating digital twins is, however, an open problem. Besides a protocol for negotiating a
task, it is necessary a public catalog of digital twins with a description of the contract and
policies. Next, the dynamic interoperability level relates to the understanding of the effect of
the exchanged data on the sender and receiver. To this, it is necessary to have a shared state
model where the digital twin is capable of understanding its inner state and the state model of

its communication partner.

DTs can be seen as digital models of a simple asset or a complex machine. Cognitive
DTs represent such complex digital models able to communicate with other (generally simpler)
DTs to, for instance, identify anomalies in the product line, search for optimized solutions, and
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negotiate a solution. The system level dimension considers the granularity of the DT regarding
the ecosystem to which it belongs: part, component, subsystem, system, or system-of-systems
(Zheng et al., 2022).

The capacity of digital twins to handle complex tasks is related to their cognitive
capabilities. The implementation and realization of these capabilities is a complex task and
frequently it is difficult to identify them in the proposals of DT. Some technologies used in the
cognitive process of DTs can encompass two or more capabilities at the same time (i.e.,
machine learning techniques and knowledge graphs can be used for the memory of DTs and
also for reasoning). In this sense, a strategy of identification of the cognition for DTs is to
associate operations with the capabilities that make possible the cognitive process.

Digital twins are strongly related to data processing, and the Information Processing
Theory (Kmetz, 2018) was used to define the four stages! of processing information in digital
twin ecosystem: collect, search, share, and scale. Collect is the process of retrieving and
gathering the appropriate data from assets to perform an operation; Search is the process of
identifying the appropriate digital twin models of a manufacturing system by searching over
the Internet across search mechanisms; Share is the process of sharing relevant information
gained during the life cycle of the digital twin of a manufacturing system to a new digital twin
in its early design, development stage, and usage; and Scale is the process of sharing knowledge

across non-overlapping domains of a manufacturing system.

Finally, digital twins can be analyzed according to life cycle management. In the
manufacturing industry, it is common that there exist multiple related digital models to the
different phases (production design, simulation, planning, production, maintenance, recycling,
etc.) of the lifecycle of a product. Unfortunately, these different models and systems manifest
a low degree of interoperability, and this creates problems, for instance when different
enterprises or branches of an enterprise interact. In this sense, it is expected that proposals of
DTs more semantic and cognitive support the integration of models across different lifecycle
phases (Zheng et al., 2022). Therefore, it is not a trivial task and still a challenge for DTs to
evolve digital models to cover the entire life cycle of the asset. In this dimension, we classify

! These stages are strongly motivated by the three processes described in (Al Faruque et al., 2021).
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the proposals of DTs according to the covering of the lifecycle in full, partial, or single part of
the product or asset lifecycle. It is expected DTs implement technologies capable of covering

the different phases of the lifecycle of a product and maintain a good level of interoperability.

4 DISCUSSION

This section presents four reports of digital twins in the Brazilian context (Alves et al.,
2023; Araujo Jretal., 2021; Fernandes et al., 2022; Lima et al., 2022) chosen for their relevance
and diversity. For analysis of these works and better comparability, it was decided to map the
five dimensions of analysis on a 5-point scale according to the mapping shown in Table 1. The

result of the analysis of each work was projected as a spider chart (Figure 2).

Table 1
Mapping of the dimension values to a scale

Dimension Value Mapping

Data flow no data flow 0
unidirectional communication 1.7
bidirectional communication 34
interconnected 5

System level part 1
component 2
subsystem 3
system 4
system of systems 5

Cognitive process collect 1.25
search 2.5
share 3.75
scale 5

Interoperability systematic 1
semantic 2
pragmatic 3
dynamic 4
conceptual 5

Life cycle single 1.7
partial 3.4
full 5

a) Digital Twin 1: the work by Lima et al. (2022) (Figure 2a) presents the concept of a
digital twin to help engineering teams manage bridges and viaducts. For this, the authors present
a case study of the creation of a digital twin for bridges and viaducts in the city of SAo Paulo.
The geometry of these buildings was surveyed using a terrestrial laser scanner using the point

cloud technique and later the 3D parametric modeling of the bridges and viaducts was created.
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Through sensors applied along the structure and manual recording carried out by the point
teams, it is possible to identify and record anomalies in the structure in a mobile application
that allows directly mapping the impacted structural elements. Based on this information, a
treatment and maintenance management system was built for the identified anomaly, which
contains the pre-registration of treatments, budgets and their respective schedules. The purpose
of these digital twins, therefore, is to monitor a physical structure and it has a unidirectional
data flow between the sensors and the digital model. As the digital twin acts in isolation, there
IS no need to achieve higher levels of interoperability and, consequently, high cognitive level
tasks are not performed by this model. Although the model can capture data throughout the life
of the building, there are no automatic and synchronous changes of the model in relation to the
state of the physical entity and, thus, the level of lifecycle treatment is considered low.

Data flow Data flow

System level Life cycle System level

Life cycle

Interoperability Cognitive process Interoperability Cognitive process

(a) Digital Twin 1

Data flow

Life cycle System level

Interoperability Cognitive process

(c) Digital Twin 3

(b) Digital Twin 2

Data flow

Life cycle System level

Interoperability Cognitive process

(d) Digital Twin 4

Figure 2: Proposals of digital twins in Brazilian enterprises.
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b) Digital Twin 2: in the area of agriculture, the work of Alves et al. (2023) (Figure 2b)
stands out, which presents a digital twin to compose an irrigation management system for more
economical and, therefore, smarter use from water. The system is composed of sensors and
actuators, that is, it has a bidirectional data flow between the physical and virtual object and
allows irrigation plan prescriptions to be planned by the digital twin and applied in the irrigated
area. For this, sensors collect atmospheric, soil and plant information, allowing the monitoring
of the farm’s environment. As the authors describe the proposed irrigation system as being
under development, the case study was carried out using a simulation environment in the Plant
Simulation tool. Indeed, the use of simulation tools is usually a first step in the development of
digital twins. For communication with the sensors, the authors use the OPC UA (Open Platform
Communications Unified Architecture) and store the data in an RDF database, which already
allows some level of interoperability between digital twins (although this is not the objective of
the authors). Although the digital twin does indeed allow a change of the physical object, low-
level cognitive tasks of the digital twin are still performed. Interaction with the farm’s lifecycle
is low and the models are not automatically synchronized with a more abrupt physical change
in the farm environment, such as changing planting areas.

Electrical engineering is currently one of the areas that most apply the concept of digital
twins (Wang et al., 2022; Yu et al., 2022), and we highlight this paper the work of Araujo Jr et
al. (2021) and Fernandes et al. (2022).

c) Digital Twin 3: in Araujo Jr et al. (2021) (Figure 2c), a digital twin for a water cooling
system in a power plant is presented. The authors developed digital twins of a water cooling
system of five internal combustion engines in a thermoelectric plant, based on fuzzy inference
systems, to incorporate improvements in the energy efficiency of the cooling system. Their
computational model can process a large amount of data, relating internal and external
parameters of the system for the automatic generation of rules from a set of numerical data. To
validate their methodology, data from a thermoelectric plant located in the city of Jo™ao Pessoa,
Brazil, are used. The data correspond to a day of operation of the plant, where measurements of
the power of the fans, controlled temperature, room temperature, and number of fans were
recorded. Their digital twins have problem-solving and reasoning cognitive capabilities due to

the ability to automate learning from new measurements, incorporating knowledge into the
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system through the automatic generation of new rules. It is noteworthy that, according to the
dimension of the cognitive process, the presence of these capabilities is not enough for the DT
to perform high-level cognitive processes. This digital twin receives from the sensors and sends

messages to the actuators in a bidirectional communication.

d) Digital Twin 4: in (Fernandes et al., 2022; Jodo et al., 2020) (Figure 2d), the authors
discuss the best practices for the development of a digital twin for the electrical power sector
found during the development of a project carried out by Enel Distribuicdo Sdo Paulo. The
authors discuss how their digital twin influences the workforce activities of human interface
operation. Like Lima et al. (2022), 3D models of the power plant were created using external
equipment (in their case, drones). Although some technical aspects are not clear in the text, it is
possible to identify concepts of interconnectivity among digital twins and the use of DT in
different system levels.

Complex tasks demand a certain level of interoperability and cognition. The dimensions
of interoperability, cognitive processes and life cycle received a low value in all these proposals.
Lifecycle management is an important characteristic of cognitive digital twins, as stated by
Zheng et al. (2022), but is not trivial to produce models that cover multiple lifecycle phases and
itis reflected in Figure 2. On the other hand, we argue that there is room for innovative proposals
in the Brazilian industry when using the DT concept to carry out high-level cognitive processes.

5 CONCLUDING REMARKS

In this paper, we discussed definitions of digital twins and some use cases of the Brazilian
industry. As a contribution, we identify and detail an analysis model composed of five aspects:
data flow, interoperability level, system level, cognitive process, and system lifecycle. Digital
twins created for the Brazilian industry were compared using this analysis model.

The use of digital twins in the Brazilian industry is in its infancy and there is not a
representative number of DT proposals for this domain. On the other side, there is a large room
for opportunities and innovative solutions, considering also regional and economic aspects of

the Brazilian industry.
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Our analysis method can help researchers and practitioners to better understand the
characteristics, capabilities, and applications of DTs, encouraging new works and DT proposals.

As limitations of the current stage of the research, we argue it is important to realize
further analyses considering other DTs of the Brazilian Industry and the international
community. However, one of the difficulties of this kind of study is finding well-detailed
relevant DT proposals. It is worth mentioning our analysis was based on the DT description of
each work but it may be error-prone since some authors are not clear about some aspects we
have analyzed.

In future work, we suggest evolving the analysis proposed to an analytical framework. In
this sense, other researchers can extend the analytical framework by including new dimensions,
according to the need of the application domain or new capabilities demanded by Industry 5.0.
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