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Virtual engineering increases the rate of and diversity of models being created; hence requires maintenance in a
product lifecycle management (PLM) system. This also induces the need to understand their creation contexts,
known as historical or provenance information, to reuse the models in other engineering projects. PLM systems
are specifically designed to manage product- and production-related data. However, they are less capable of
handling the knowledge about the contexts of the models without an appropriate extension. Therefore, this
research proposes an extension to PLM systems by designing a new information model to contain virtual models,
their related data and knowledge generated from them through various engineering activities so that they can be
effectively used to manage historical information related to all these virtual factory artifacts. Such an information
model is designed to support a new Virtual Engineering ontology for capturing and representing virtual models
and engineering activities, tightly integrated with an extended provenance model based on the W7 model. In
addition, this paper presents how an application prototype, called Manage-Links, has been implemented with
these extended PLM concepts and then used in several virtual manufacturing activities in an automotive

company.

1. Introduction

Industrial Information Integration Engineering (IIIE) comprises
methods for solving complex problems when developing information
technology infrastructure for industrial sectors, especially in informa-
tion integration, as defined in an extensive review of the field [1]. It is an
emerging discipline, but multiple stakeholders have increased their
demand for research of IIIE topics because of the ever-increasing impact
of Information and Communication Technology (ICT) on the industry
[2]. In [1], manufacturing, among other engineering disciplines, has
been identified as the second biggest research category in the literature
related to IIIE.

IIIE research for manufacturing applications spreads a huge variety
of topics, but many of them regard the information modeling and system
development for Product Lifecycle Management (PLM) processes in
general and digital factory management in specific. Regarding digital
factory management, as a part of the digitalization trend in modern
societies, the utilization of virtual models and simulations is gradually
increasing in various industrial sectors. A model is a representation of a

* Corresponding author.

system or an object of interest, and a virtual model is a model that has
been created by computer systems. Simulation is the process of using a
model to study the characteristics and behavior of a physical or con-
ceptual system. Frequently, simulation models are operated by changing
one or more variables of the model and analyzing changes in the
simulation results [3,4]. The use of different modeling and simulation
tools for analyzing products and their productions can help industries to
develop their products and processes faster (shorter lead-time) and
cheaper (more efficient). By using virtual models and simulators, ex-
periments on different designs or changes can be performed without
using costly real equipment. The advantage of cutting lead-time is
apparent when designing a new product or a process that does not yet
exist. Even for an existing process, it is valuable to be able to carry out
experiments on its virtual, digital counterpart to evaluate possible
changes to improve efficiency, without the need to stop the physical
process and the risk of possible damage [5]. Given the constant demands
to further reduce product development lead times, there is a great po-
tential for applying virtual models and simulation technologies to
effectively support the design and operation of factories. With the
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initiation of the fourth industrial revolution (Industry 4.0) and the
convergence of the real and virtual worlds as one of the needs for smart
manufacturing in Industry 4.0, the role of virtual models has become
more prominent.

Despite the apparent potential of virtual models and simulations in
manufacturing, there are some major challenges to their use. First,
despite the popularity of modeling and simulation software packages
with intuitive graphical user interfaces and easy-to-use features, virtual
modeling and development of simulation models are still considered
time-consuming and costly. Apart from the acquisition of domain
knowledge and the required modeling skills, most of the time in a
simulation project is spent on data gathering [6]. Since the validity of
any model is entirely dependent on the accuracy of the input data, the
amount of time required to ensure the accuracy of input data can be
overwhelming. Because of the cost and effort of developing valid
models, some industrial companies have proposed a concept called
virtual confidence that can be used to classify different levels of trust and
to promote the use and reuse of virtual models [7]. This concept is based
on the idea that the more virtual models are used effectively in an en-
terprise, the higher the level of confidence the enterprise has in these
virtual models. In this manner, higher reuse of them can save engi-
neering time. Nevertheless, in order to reuse a virtual model, it is not
enough to have the model itself stored in a central location accessible to
others in the organization. Other potential users must also have suffi-
cient information about the development context and usage history of
that model, especially if they were not involved in its original
development.

While it seems obvious to associate virtual models with optimization
and decision-making, the second challenge is that simulation models are
actually evaluative by nature. Rather than generating optimal solutions
by themselves, they can only provide performance evaluations of
alternative design/operational settings. It is when the virtual models are
connected to efficient optimization algorithms that optimal solutions
can be sought automatically. Simulation-Based Optimization (SBO) is
the technology that allows an optimization algorithm (heuristic or
metaheuristic-based) to connect to a virtual model to search the vast
number of possible solutions and to identify the ones that optimize a
given objective. In the presence of more than one objective, multi-
objective optimization (MOO) algorithms are used to generate optimal
trade-off solutions for the decision-maker to choose which solution to
implement [8]. Since most real-world problems, such as manufacturing
systems development and improvement, are inherently multi-criteria by
nature and hence inevitably involve multiple optimization objectives,
these MOO algorithms have been increasingly used in practice during
the last two decades [9]. By applying data mining methods on the
optimization outcomes, SBO and MOO are able to support the extraction
of knowledge impossible to be found in a historical database [10]. While
this new way of extracting knowledge from virtual models and simula-
tion offers the value-adding functions to virtual engineering activities,
this large set of virtual artifacts, i.e., simulation outputs, optimization
results in the form of trade-off solutions, and knowledge represented by
rules and patterns, will drastically further increase the challenges in
managing the virtual models effectively, for re-use and training pur-
poses, as discussed above.

There is yet a third challenge, namely, to manage the additional type
of knowledge that can be gained from the process of generating and
utilizing virtual models through different engineering activities that
involve virtual factory models. This knowledge can be managed and
presented through the classification of different types of virtual models,
their related engineering activity types and other types of provenance
information and later, relate them to each other to specify workflows of
engineering activities for generating and utilizing different virtual
model types. Groth and Moreau defined "provenance" information as
"information about entities, activities, and people involved in producing
a piece of data or thing, which can be used to form assessments about its
quality, reliability or trustworthiness." The concept of provenance
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information has been used in various application domains [11,12]. In
this research, some provenance information about the engineering ac-
tivities, entities, and people that led to the generation of a model has to
be stored. Based on the Zachman framework [13] and the W7 model,
presented by Ram and Liu [14], provenance information can be iden-
tified by answering seven questions: Who, Where, Why, What, When,
Which, and hoW [15].

Overall speaking, this paper argues that there is a critical need for an
information system that can address these challenges and be capable of
managing a wide variety of information in order to effectively manage
virtual factory artifacts. In principle, existing PLM systems commonly
used in the industry today are capable of managing and controlling how
product and production data are transferred between the PLM system
and other engineering software programs. It is also possible to integrate
various engineering tools with the system. However, conventional PLM
systems are inadequate for managing the provenance data as, for
instance, defined by the W7 model. Hence, an "extension" is needed - the
extended system needs to be able to manage virtual models and asso-
ciated types of artifacts like simulation outputs, optimization results and
extracted knowledge as listed above, together with their provenance
data.

Information models can represent these objects as concepts and
structure them by specifying their relationships, constraints, and rules.
Using such information models in an extended PLM will render the
structured data, information and knowledge more manageable. As will
be reviewed extensively in Section 2, although some information models
exist in the literature for managing virtual models and their related data,
an information model for storing, linking, and managing virtual factory
artifacts including extracted knowledge to overcome the above-
mentioned challenges is missing. Particularly important is the linking
aspect for the structured data, information and knowledge to be
searchable, retrievable and reusable in an effective manner. When the
variety of virtual models is wide, and the volume of data, information
and knowledge is vast, we believe that such a new information model
has to be developed with a new ontology that adequately captures and
formalizes the linkages of virtual models, engineering activities and
domain knowledge. An ontology captures the concepts, their attributes,
and their relationships to other concepts; it is used for specifying stan-
dard conceptual vocabularies, in which they are provided services for
answering queries and publishing reusable knowledge bases [16]. For
managing the above-said two types of knowledge generated from SBO
and the engineering activities using the virtual models, an
ontology-based knowledge management method has been developed.

As a short summary, this paper aims at the following contributions to
knowledge:

e The need and requirements of a new information model to contain
virtual models and knowledge from the manufacturing industry have
been identified and analyzed.

o We propose a new domain ontology, called Virtual Engineering (VE-)
ontology, for capturing and representing the concepts and their re-
lationships for virtual models and knowledge generated from SBO
and/or engineering activities to facilitate the inferencing and inquiry
operations against any knowledge bases that adopt it.
An extended provenance model, based on the above-said W7 model,
but tightly integrated with the VE-ontology that can be incorporated
into an existing PLM system, is introduced. This is for recording the
historical information about the creation of the artifacts generated in
engineering activities. This is purposed for searching and re-using
virtual models, their data and information as well as knowledge
generated with them.

The above three innovations are integrated into a prototype software
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system called Manage-Link, wherein the ontology and the provenance
model are implemented in a database system and connected to Siemens’
PLM system, Teamcenter” (denoted as Tc hereafter). This software
development aims to realize how an existing PLM system can be
extended to incorporate the innovations created in the current paper. Its
applicability for industrial-scale knowledge management is demon-
strated with a series of application examples in a multi-level industrial
case found at an automotive manufacturer. However, the information
model, the ontology and the provenance model can work with any PLM
system; they have been realized through such a prototype developed to
operate as a stand-alone application linked to Tc.

Fig. 1 gives an overview of how the key concepts proposed in this
paper are interlinked to each other, all the way to the computer-aided
engineering (CAx) models. The extended information model improves
the capabilities of a PLM system to manage virtual models. The ontology
allows to tag virtual engineering models (including particular knowl-
edge artifacts) by the concepts of the ontology to support their re-use.
The concepts of the provenance data model represent the top-level
concepts in the ontology, gluing these two parts together. While mod-
ern PLM systems are continuously improved for better integration with
CAx systems and improved workflow support, they still fall short in the
knowledge dimension, specifically in supporting the reuse of existing
virtual models for new engineering projects. We argue that our combi-
nation of an extended information model with a provenance data model
and a domain ontology for virtual engineering is filling this gap.

The rest of the paper is organized as follows: Section 2 covers an
extensive literature review to identify the research gap to justify the
need for a VE-ontology based knowledge management method. The
requirements and design of the information model to support the reuse
of virtual engineering artifacts are presented in Section 3, followed by
the provenance model and VE-ontology development, including the
introduction Manage-Link in Section 4. The multi-level industrial
application case is covered in Section 5, followed by the conclusions and
future work in Section 6.

2. Literature review

This section provides an extensive literature review to cover two
wide topics to identify the research gaps and justify the need for the
current study, namely, (1) information modeling in manufacturing and
(2) knowledge management and ontologies in PLM.

2.1. Information modeling in manufacturing

A product is a physical thing that is produced and offered to the
market. Each product has a lifecycle. Various researchers have divided
this lifecycle into different phases. Crnkovic, for example, divides a
product lifecycle into six phases: business idea, requirements manage-
ment, development, production, operation, maintenance, and disposal
[17]. There are also many different definitions of product lifecycle
management [18] affected by points of view and utilization. Saaksvuori
and Immonen [19] describe PLM as a holistic business concept. It is
sometimes defined as approaches and activities such as an
information-driven approach, a strategic business approach, or the
business activity of managing [20-24]. From the point of view of in-
formation system research, PLM has been considered an information
management system, which is a blanket term for a group of software
applications [25,26]. Building on these definitions, PLM has been
defined as, "a business approach for the management and use of prod-
uct-, process-, and resource-related data, information, and knowledge as
corporate intellectual capital over the extended enterprise", for the
purpose of this paper.

PLM systems are designed for managing product, process and

2 All trademarks used in this paper are property of their respective owners.
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resource (PPR) data. Hence, Bill of Material (BoM), Bill of Process (BoP)
and Bill of Resources (BoR) are considered as the three main structures
of a PLM system [27,28]. These three structures can be considered as the
core of any PLM system. BoM is about the structure of the product and it
consists of its different parts and assemblies. BoP shows different pro-
cesses and their relationships for manufacturing a product. BoR repre-
sents the structure of a factory. It contains the resources which are
needed for producing a product. Based on the definitions of PLM and the
general capabilities of current PLM systems for transferring data be-
tween different CAx models, they are suitable platforms for the man-
agement of virtual models and their related data, information and
knowledge, if properly extended to incorporate the management of
provenance data and knowledge as proposed in the current paper.

As mentioned in the introduction, many information models exist in
the literature in the domain of manufacturing, which are used as a basis
for PLM systems. Rachuri et al. [29] provided some examples of stan-
dards for these purposes: (1) standards for implementation languages;
(2) information modeling standard; (3) content standards — domains of
discourse; and (4) architectural frameworks standards. They identified
that for product information modeling in the PLM systems, ISO 10303
that is known as STandard for Exchange of Product model data (STEP)
with its extension called PLCS (Product Life Cycle Support) is well used
[29,30]. ISO standard 10303 consists of different application protocols
that each protocol represents information models of one application
area. For example, AP214 (ISO 10303-214) defines the "Core Data for
Automotive Mechanical Design Processes" and AP212 (ISO 10303-212)
is labeled "Electrotechnical design and installation". The ASD Strategic
Standardisation Group (SSG) provides a map showing how different
STEP application protocols cover different phases of product lifecycle
management [31].

Researchers have tried to connect different application protocols to
models of product lifecycle information [32,33]. For example,
Euler-Chelpin presents an information model for managing product,
process, and resource information by combining AP214 (Core data for
automotive mechanical design processes) and AP239 (Application pro-
tocol: Product life cycle support) [34]. PLM systems use different APs of
ISO 10303 to structure information in different applications of their
system according to areas and domains. For example, AP 242 is used to
manage product models and their revisions, and AP 240 is used for
process plans for machined products. Because of the variety of appli-
cation areas and different points of view and levels of detail, they cannot
easily be connected and used to manage information throughout the
whole product lifecycle [34].

The core product model (CPM) and its extension CPM2 are devel-
oped at National Institute of Standards and Technology (NIST) to sup-
port the management of product models in three levels of conceptual,
intermediate, and implementation [33]. As Fenves et al. [33] empha-
sized in their article, CPM2 is a generic, abstract model and it mainly
covers product and product design-related information. ANSI/ISA-95 is
another standard that represents information models in manufacturing
[35]. This standard presents three main types of models for the defini-
tion of functions and integration associated with control and enterprise
systems:

e Hierarchy models that define different levels of functions and
domains.

o A data flow model that defines data flow in an organization.

e An object model that defines the information that may cross the
enterprise and control system.

In this standard, most of the information types described fall into
three areas [35]:

1 Production capability information area, including capability sched-
uling and maintenance information.
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Figure 1. Different engineering and management systems and their interactions

2 Product definition information area, including product production
rules, bill of material and bill of resources.

3 Production information area: including production history, in-
ventory and scheduling information,

Some of these information areas are generally managed by PLM
systems and others can be managed by other information systems such
as enterprise resource planning (ERP) systems. In summary, although
the ANSI/ISA-95 standard covers manufacturing-related information
and data, the focus of this standard is not on the PLM core data. Like the
other standards reviewed, it is too generic to be used to fill the research
gap identified in this paper.

Some existing information models are more specifically related to
PLM core data. Some researchers present structures for products, pro-
cesses, plants, and resources (P3R) [36] or products, processes, and re-
sources (PPR) [34,37-39]. In some information models, humans are not
considered a resource, and the information model is based on PPR+H
[40-42]. Most of these information models were developed for very
specific application areas. None of them consider the management of
virtual models and their related data and information.

There are some information models related to virtual models and
specifically simulations. Core manufacturing simulation data (CMSD) is
the most well-known standard for manufacturing simulation data. It
provides information models that represent essential manufacturing
entities needed for simulation as well as their relationships for the
efficient exchange of manufacturing data in a simulation environment
[43]. Two different languages are used in this standard for modeling

information: (1) Unified Modeling Language (UML) and (2) XML
Schema definition language. CMSD divides manufacturing information
into six main packages: layout; (2) part information; (3) support; (4)
resource information; (5) production operations; and (6) production
planning. This standard is specifically used to structure and manage
discrete event simulation (DES) data, especially when the automation of
input data is desired [44,45]. The CMSD has more attributes of classes
that cover manufacturing-related data compared to other standards such
as ISA-95, but its structure is not suitable for PLM systems, as noted by
Lee et al. [46].

Lee et al. [36] present an object-oriented model of P3R information
that uses the output data from PLM systems and prepares the data to
generate DES models. Their paper shows the role of PLM and P3R in
providing simulation data, but it does not deal with the structuring of
information in the PLM system. Damarapurapu and Gargatte [47] offer
two information models for structuring output data from the generic
data management (GDM) tool. GDM is a system for automating input
data for DES. In their research, two structured systems based on CDMS
and ISA-95 were presented for managing DES input data. They
emphasize the necessity of future research for structuring output data
from the GDM tool in the PLM system. Later this output data can be
transferred from the PLM system to DES applications for simulation and
analysis [47,48].

Since a PLM system is used as a platform for product and production-
related data transformation, it can be readily used as a corporate busi-
ness system to be integrated with simulation tools for transferring data
automatically to simulation tools. For the implementation of the fourth
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method, the necessity of an information model in PLM systems for
structuring simulation models and data becomes evident.

Table 1 relates the reviewed papers on information models for PLM
and simulation data and specifies the information areas covered by in-
formation models. Related areas can be one or several areas denoted
with the notations attached to the bottom of the table. This table shows
that some information models cover several areas, while others cover
only one area and are explicitly focused on that area, such as product. In
this table, checkmarks are used to indicate whether articles present in-
formation models related to any engineering activity as a cause or
outcome of virtual models or present information models related to PLM
systems. Modeling, simulation, optimization, and knowledge extraction
were selected as engineering activities because they are within the scope
of this research and are related to generating and utilizing virtual
models. Information models about PLM were evaluated either as the
core of PLM systems specifically related to product, process, and re-
sources (PPR) or as PLM covers more than PPR such as services, access
management and document management. The level of detail for the
structures is specified next. In some articles, the structures presented are
very abstract. However, in others, the information models are presented
in more detail and formal languages or semi-formal structured lan-
guages are used, such as UML class diagrams. Some articles provide
structures at a lower level of abstraction within data models. In the last
column, papers are marked as either specific or generic to indicate if the
information models are mainly for a specific case study or particular
types of data.

As a general conclusion, there exists no information model for
managing virtual models in the PLM context, covering the produced and
extracted data, information, and knowledge by experimentation on
these models. Even those information models related to modeling or
simulation merely manage input data for merely simulation-related
activities; they do not manage the virtual models themselves and their
related knowledge. Therefore, in this research, an information model
described in Section 3.2 is designed to manage virtual models and their
related data, information, and knowledge, as well as the provenance
data in the extended PLM that is tightly connected to the core of PLM or
PPR structures.

2.2. Knowledge management and ontologies

Knowledge can be used for creating a new and better solution for
decision-making [59]. Data, information, and knowledge are the three
interrelated concepts with different definitions. In some articles and
books, wisdom also has been defined as the top level in the hierarchy
[60,61]. Defining knowledge is much more complicated than data and
information. In many books and articles, knowledge has been divided
into only two different types: tacit and explicit, but Nickols added im-
plicit knowledge [62]. Explicit knowledge is objective knowledge and
can be articulated and codified [59,63]. Tacit knowledge is subjective; it
is in human minds rather than codified [63-65]. The kind of knowledge
that exists but has not been articulated yet is implicit knowledge [62].

Managing manufacturing knowledge is a subject of interest for many
researchers. This knowledge can be about different aspects of
manufacturing, such as products, processes, and resources. For example,
Baxter et al. [66] have defined a knowledge management framework for
design-related knowledge. In this study, we consider two types of
knowledge to be represented and managed. One type is the knowledge
extracted from designing and using virtual models in different engi-
neering activities such as simulation and optimization. Bandaru et al.
[10] identified different types of knowledge representation from
knowledge discovery in multi-objective optimization such as unseriated
and seriated heatmaps, directed graphs, visual clusters from implicit
knowledge and regression model, decision rules, association rules from
explicit knowledge.

The second type is ontology-based knowledge management. The in-
formation systems aspects of knowledge identification, acquisition,
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sharing, and distribution are important. Different publications focus on
different parts of these functions. In the last two decades, retrieving
knowledge for the purpose of sharing and distribution has led to the use
of ontologies in the knowledge modeling community. Compared to
earlier knowledge representation notations like semantic networks and
semantic frames, ontologies provide the well-defined, precise, and
formal semantic specifications required for the shared conceptualization
of a particular subject matter of discourse [67]. By formally defining the
concepts, relationships, and axioms, ontologies promote mutual under-
standing between different stakeholders. By formalizing the domain
knowledge, different types of applications can be supported using the
standardized terms defined in the ontologies [68] as well as enabling
cost-effective sharing of design knowledge between knowledge-based
engineering software systems [69].

The lack of a systematic and constructive methodology for devel-
oping manufacturing ontologies has been seen as an impediment to wide
knowledge reuse in distributed manufacturing environments [70]. They
propose a two-level knowledge modeling approach to systematically
developing manufacturing ontologies using software engineering and
semantic web paradigms. In recent years, there has been an increasing
number of articles related to ontological frameworks or ontology
development methodologies in the manufacturing domain. Yao et al.
[71] developed a multi-perspective, multi-layered knowledge associa-
tion modeling approach that combines the ideas of ontologies and topic
maps to represent and organize manufacturing knowledge, mainly for
managing heterogeneous documents. Another manufacturing reference
ontology was proposed by Usman [72]. It was later extended to support
interoperability across multiple assembly systems [73] and global
product service production [74]. Sanya and Shehab [75] developed an
ontology-based knowledge-based framework for implementing
platform-independent knowledge-enabled product design systems to
strengthen the modularity and reuse of engineering design ontologies in
the aerospace industry. Wu et al. [76] proposed a systematic, multi-stage
approach to developing knowledge integration and sharing for product
development based on ontology.

A state-of-the-art review of ontologies in the context of PLM can be
found in El Kadiri and Kiritsis [77]. Petnga and Austin [78] introduced
an ontological framework for knowledge modeling and decision support
in cyber-physical systems. As an outcome of the EU-FLEXINET project,
Palmer et al. [74] proposed a comprehensive manufacturing reference
ontology that can (1) support the clarification of understanding across
domains, (2) support the ability to flexibly share information across
interacting software systems, and (3) provide the ability to readily
configure company knowledge bases to support interoperable
manufacturing systems. Apart from FLEXINET, three more important
projects are mentioned in the extensive review of ontology-based solu-
tions for interoperability of PLM systems by Fraga, Vegetti and Leone
[79]: Interoperable Manufacturing Knowledge Systems (IMKS) [80],
MSEE [81] and Manufacturing Information ontological model intro-
duced by Hastilow [82]. An ontological model for the
cloud-manufacturing domain to support information exchange between
cloud-manufacturing resources for PLM can be found in Talhi et al.
[83].]. Information specifically related to context-oriented KM for pro-
duction networks (globalized supply chains) can be found in [84].

Negri et al. [85] provide a systematic and extensive review of
available semantic languages and features to justify the selection of the
Web Ontology Language (OWL) as the semantic language for developing
manufacturing domain ontologies. In fact, Lemaignan et al. [86] had
previously proposed a Manufacturing Semantics Ontology (MASON) to
formally capture the semantics of concepts related to manufacturing
industries using OWL. An initial effort to develop the model into an
ontology using Web Ontology Language-Description Logic (OWL-DL)
was proposed by (Matsokis and Kiritsis [87]. However, to the best of our
knowledge, no ontology-based publications except Groth and Moreau
[11], have mentioned the use of engineering activities and virtual
models in production system development. They reported that the PROV



Table 1
Related articles and standards about different information models for PLM, manufacturing, and simulation data.

ID  Title Reference  Area Related to engineering activities Related to Level of detail Specific/
PLM Generic
Modeling  Simulation  Optimization = knowledge PLM PPR Info Info Data
extraction Concept Model Model

1 A core product model for representing design information (Fenves, [49] Pr Vv Vv G
2002)

2 CPM2: A Core Model for Product Data (Fenves et al., 2008) [50] Pr \/ \/ G

3 A product information modeling framework for product lifecycle [33] Pr Vv Vv G
management (Sudarsan et al., 2005)

4 Total object unified model driven architecture of product lifecycle [51] La, Pr, Po, \/ \/ G
management (Sumei, 2011) Re, Pp

5 Energy Simulation Framework Integrated with Green Manufacturing- [41] Pr, Po, Pl, \/ \/ S
Enabled PLM Information Model (Zhao et al., 2015) Or

6 Integration Framework and PPR+H Hub for DiFac (Lee, Kim, et al., [40] Pr, Po, Re, \/ \/ S
2011) Hu

7 XML-based concurrent and integrated ergonomic analysis in PLM (Kim  [52] Pr, Po, Re, \/ \/ S
et al., 2008) Hu

8 Development of a conceptual reference framework to manage [38] Pr, Po, Re, \/ \/ S
manufacturing knowledge related to products, processes and Or, Tr
production systems (Colledani et al., 2008)
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ontology was developed by the World Wide Web Consortium (W3C)
about activities, entities and people involved in producing a piece of
data [11]. Although the activity class in this ontology is somewhat
compatible with engineering activities, PROV-ONTO only covers three
types of provenance data (What, Who and When) out of the previously
mentioned W7 questions. It is not related to production system devel-
opment nor to the manufacturing domain. A more striking observation is
that ontologies appear to have had little impact on Big Data applications,
despite the clear need for a better understanding of the meaning of the
data and the results of data mining [88].

OntoCommons (ontocommons.eu) is an EU project started in 2020 to
support interoperability between engineering tools, in particular for
facilitating data exchange. The project develops top-level, mid-level and
domain ontologies as a collaboration between academia and industry. In
our approach, the VE-ontology has a different purpose: the ontology
concepts act as meta-data tags for the provenance data created during
the virtual engineering activities. Hence, the purpose is to support the
discovery of reusable artifacts rather than facilitating data exchange
between tools. Still, the proposed approach shall be able to benefit from
the ontologies developed in such projects as OntoCommons. The prov-
enance data model presented in section 4 allows linking artifacts with
any number of concepts imported from various ontologies. To summa-
rize, a new ontology is needed to cover different management aspects of
virtual models, virtual engineering, and provenance, as will be elabo-
rated in the subsequent sections.

3. Analysis of virtual models and development of a solution

As a prerequisite to designing a new information model for managing
virtual models, their roles in the manufacturing system lifecycle have to
be studied and analyzed. The analysis presented in Section 3.1 helps to
identify the different management aspects for specifying data and in-
formation that need to be structured in the information model. Through
this analysis, the relationship of virtual models to physical objects that
are modeled as well as their corresponding engineering activities has
been identified. Section 3.2 then presents the designed information
model as a solution for structuring and managing virtual models and
other artifacts such as entities, projects, studies, engineering activities
and provenance data, followed by the overall information flow between
these artifacts presented in Section 3.3.

3.1. The role of virtual models and their management aspects

Virtual models are used for modeling different entities such as
products, resources, or processes, based on their related data. Since PLM
systems manage these entities and their related data, information
structuring in the PLM needs to be considered for managing virtual
models. As mentioned, BoM, BoP and BoR are three hierarchical struc-
tures in PLM systems. The hierarchy in these structures is based on the
levels of aggregation, and virtual models are modeling the correspond-
ing entities in different levels of hierarchy. Fig. 2 (a) shows how
manufacturing systems are structured in this research, based on avail-
able structures in ISO standards [54,89]. Manufacturing systems have
been divided into plant/site, area, line, cell/station, machine/equip-
ment, and tool, as shown in the middle of Fig. 2 (a). At each level, several
virtual models have been produced and used for different engineering
activities.

Each manufacturing system on any of the levels of the manufacturing
system has a lifecycle, which can be divided into elements before the
start of operation and after the start of operation (SOP). Fig. 2 (b) shows
the lifecycle of manufacturing systems and corresponding virtual
models, adapted from an illustration in an annex to ISO 15704 for
parallel processes in the entity’s life history [90]. The time axis of the
graph in Fig. 2 (b) shows the lifecycle of a manufacturing system. In this
figure, blue rectangles with diamond hatching indicate different virtual
models in different levels of study, such as conceptual, detail, design,
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and as-built, before the start of operation of a manufacturing system.
Virtual models in the conceptual and detail studies are used for doing
different experiments and defining detailed specifications of the final
design of that manufacturing system. The virtual model of the design
study is the one that is finally accepted. Since, in most cases, there are
some differences between the designed manufacturing system and the
system actually built, after building the manufacturing system, there
will be an as-built virtual model corresponding to the manufacturing
system.

Manufacturing systems are dynamic and constantly changed during
their lifecycle. Sometimes those changes are minor and are made
without any previous plans. After those changes, a new as-built virtual
model has to be generated to show the current status of the
manufacturing system. In some cases, changes are planned with studies
before implementation. Those changes can arise from conceptual or
detailed studies or can be just a new design for changes in the
manufacturing system. There is always one virtual model generated
from an as-built study that shows the current status of the manufacturing
system and is the digital twin of that manufacturing system. After any
change, the former virtual model is no longer the digital twin; the new
as-built virtual model becomes the digital twin of the changed
manufacturing system. In Fig. 2 (b), the digital twin virtual model is
shown as a solid green rectangle. If there is an ongoing project to change
or improve a manufacturing system, then there is a possibility of using
virtual models for different studies and experiments. These virtual
models, shown as virtual models of future status in Fig. 2 (b), have to be
managed as well.

Planned changes can be parts of different projects and studies. The
desired information model is thus required to manage projects that
include several studies and experiments. Fig. 2 (c) shows part of a
project consisting of different studies to develop a manufacturing system
or make a change that requires conceptual studies (CS) and/or detailed
studies (DS). Some studies and experiments will probably be rejected,
while others are accepted. Data, information, and knowledge will have
been generated in the rejected studies as well as in the accepted ones. By
managing both sets, these can be reused later in other studies.

Engineering activities are defined as activities for realizing a product
by using different CAx technologies. In the context of this article, they
include modeling, simulation, optimization, and knowledge extraction,
which differ from manufacturing-related activities, such as machining a
part, performing some tests on products, or maintaining a
manufacturing resource, etc. For each engineering activity, three groups
of data, information, and knowledge have to be identified and managed.
Fig. 2 (d) shows these three groups as input, output, and provenance.
Inputs and outputs for an engineering activity can be virtual models,
data about the properties of the desired manufacturing system, knowl-
edge, and other data that are not related to properties. An example of an
engineering activity is the simulation of a cutting process. The virtual
models and properties of the tool and part are input data for that
simulation, and the result is a simulation model of the cutting process.
Besides inputs and outputs, provenance data also needs to be managed
to provide more information about the engineering activity. Such data
may include the W7 related data like the method of the simulation and
the software used, etc.

Based on the above analysis, four interrelated aspects of manage-
ment for virtual models have been explored:

1 Hierarchical structures in PLM systems and manufacturing data.

2 The lifecycle of manufacturing systems.

3 Projects, studies and experiments.

4 Engineering activities, provenance data
management.

and knowledge

3.2. Information model Ddesign

The information model can be divided into different packages related
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Figure 3. The UML Packages of the information model.

to the four management aspects explained above, as shown in Fig. 3. The
first package consists of information models for the main structures
supported in many PLM systems, namely, BoM, BoP, and BoR. This
package also covers manufacturing data as properties and changes in the
manufacturing data. The second package consists of virtual models and
data sets that belong to entities in the PLM structure, such as 3D models
of a tool or a simulation model of a production line. Classes in the en-
gineering package work on PLM entities. This package consists of pro-
jects, studies, and engineering activities. Virtual models and datasets can
be either the input to or the results of engineering activities, as indicated
in Fig. 3.

Fig. 4 shows an overall view of the information model with all its
packages. The first package (P1) consists of the three main hierarchical
core structures in PLM systems: BoM, BoP, and BoR. This package also
includes a class for manufacturing data ("Property") and a class for
saving information about changes in the manufacturing data ("Change").
In the second package (P2), a parent class has been defined and named
"Supplementary Entity," with two subclasses of "Virtual Models" and
"Data". Virtual models can have a status of either current or future. The
"Virtual Model" class uses an enumeration literal to represent its status.

Change 1

Entity

P1

b S new revision- - ;

The "Data" class is used to manage any kind of data set used in engi-
neering activities. Note that this is not referring to manufacturing-
related data but a simulation specification or an optimization algorithm.

Three classes ("Project," "Study/Experiments," and "Engineering ac-
tivity") make up the hierarchical structure of the engineering entity
package (P3). Each project can contain several studies and experiments,
and each study can contain several engineering activities. Studies can
have the status of "Accepted" or "Rejected", and maybe on the level of
"Conceptual"’, "Detail", "Design", or "As-built", following the analysis
outcome presented in Section 3.1. Fig. 4 also shows that two enumera-
tion literals were defined to identify these choices in the information
models. The last part of the information model is engineering activities
and their provenance data (P4). For engineering activities, an "Activity"
class was defined. It is associated with seven other classes for managing
provenance data, as shown in the figure. These seven classes are "Actor,"
"Time," "Location," "Tool," "Method," Concept," and "Purpose.” Engi-
neering activities work on entities in the PLM structure and have an
"Input/Output” association with "Supplementary Entity." This allows
supplementary entities such as virtual models to be inputs for an activity
or outputs of an activity.
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Multiple rules have to be considered when this information model
structure is implemented in an application. The full details of these rules
are over the scope of this paper, but here two examples can be given.
First, subclasses of product, manufacturing activity, and resource classes
can be their own superclass, to just one level. Second, virtual models can
attain a current status when they are the output of activities that belong
to an “As-built” study but later attain a future status when they are the
output of activities that belong to an accepted study.

3.3. Information flow diagram

An information flow diagram schematically illustrates parts of the
hierarchical structures of manufacturing systems and engineering en-
tities, with their connections to virtual models and their related data,
information, and knowledge is shown in Fig. 5. In the figure, station 1 is
a manufacturing system in the manufacturing systems hierarchy and the
current revision of the virtual model, which is the digital twin of that
station assigned to the latest revision of that station. There are also some
properties that belong to station 1, and the latest revision of those
properties should show the latest manufacturing data about the station.

The information flow starts when an activity uses property data and
the virtual model as the inputs. Sometimes other types of data that are
not directly related to the station and different knowledge can be used as
inputs for an activity. Engineering activity has results, which can be a
new virtual model, new knowledge, changes in the manufacturing sys-
tem properties, or some extra data. Provenance data is also generated
during engineering activities. If the study is an as-built one, then the
status of the generated virtual model will be the current and it will be
attached to the new revision of the station with new properties. If the
study is not for an as-built case, then it can be attached to the current
revision of the manufacturing system with future status, and the
manufacturing system will be changed physically based on this virtual
model. Based on the information model and information flow, the latest
revision of a manufacturing system entity represents the current status
of that manufacturing system. Properties of the manufacturing system
are updated, and a virtual model that is the output of an as-built study is
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attached to the manufacturing system entity. Provenance data man-
agement and knowledge management as main extensions to PLM sys-
tems are explained in more detail in the next section.

4. Provenance data management and ontology development

Engineering activities such as virtual modeling and simulation with
their corresponding data are crucial to building a digital factory in In-
dustry 4.0. Because of the essential role of manufacturing data in In-
dustry 4.0, PLM became the backbone of virtual development [91-94].
As emphasized in this paper, historical data and knowledge can help
tremendously for reusing virtual models, and this information and
knowledge can be acquired from provenance information and knowl-
edge of engineering activities that led to generating that model. In
addition to the development of an extended PLM information model, a
provenance management system (PMS) prototype, called Manage-Links,
which connects input and output entities to activities, is also developed.
This PMS prototype, together with the original PLM system functions
and the integrated CAx tools, provides a new platform for managing
virtual models with their related engineering activities and provenance
data.

As above-mentioned, knowledge management refers to the broad
field that concerns the ability to identify, store and retrieve the knowl-
edge to aid decision-making. One of the knowledge management
methods that is provided by developed PMS is ontology-based infor-
mation sharing. Another method for explicit knowledge management
within the PMS is managing outputs of knowledge extraction activities.
Engineering activities such as modeling, simulation and optimization
lead to knowledge extraction by designing and using virtual models.
This extracted knowledge belongs to the types of explicit knowledge,
such as decision rules, regression models and association rules, as
explained. These knowledge types are saved as an output of knowledge
extraction activities in the PMS system so that they can be searched and
retrieved later.

The developed PMS can be used for different kinds of engineering
activities, but here, the focus is on activities such as modeling,
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Figure 5. The information flow diagram of virtual models.
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Figure 6. An entity activity sequence with two activities of designing a cutting model and running simulation (adapted from [7]).

simulation, optimization, and knowledge extraction, which are all
related to virtual models. Virtual models are used during engineering
activities and are also produced from engineering activities. Therefore,
engineering activities have a strong relation to virtual models. Each
engineering activity can have data, information and knowledge as in-
puts or outputs. The output of one activity can be used as an input for
another activity and these links make a sequence of entity activity. Here,
entities can be core entities or supplementary entities from the presented
information model and activity means engineering activities.

Fig. 6 shows an example of an entity activity sequence with two
activities of designing a cutting model and running a simulation with
that model. In addition to the inputs and outputs of engineering activ-
ities, there is also provenance data for each activity. Provenance data
provides information about the situation in which that activity
happened and answers the W7 questions.

4.1. The provenance data model

Fig. 7 shows the fourth package of the developed UML class diagram
in more detail, which is designed and implemented based on a concept
by Oscarsson et al. [7]. In this model, the "Activity" class was defined to
add engineering activities and is associated with the "Entity" class. En-
tities are objects that are used in activities as inputs or outputs. Entities
have been retained in the integrated PLM system, and their identifier
originated from there. An entity can be an object from PLM structures
such as a machine or a part, or it can be a virtual model, data, or
extracted knowledge. "Location," "Purpose,” "Method," "Actor," "Tool,"
and "Time" are six different classes in the data model, which have been
defined to cover questions similar to W7. The "Location" class stands for
"Where" questions, and it specifies the location of the associated activity.
It can be a physical location, the department, or the discipline in the
enterprise. The "Purpose” of the activity class provides the reasons for
executing the activity and gives important clues as to which other pur-
poses the generated entities (such as virtual models) can be used for. The
"Method" identifies how the activity is executed. For example, Finite
element simulation is a method used for simulation modeling. In the
data model, the "Actor" class is used to determine the person (or auto-
mated agent) that performed the activity. The "Tool" class specified the
engineering software program used for the activity, and finally, the
"Time" class records the start time and end time of the activity. There is
also a class in the data model for associating concepts to other objects
such as entities and activities. These concepts can be linked to concepts
in manufacturing domain ontologies. The relations between different
objects in the PMS with their links to the subclass hierarchies of concepts
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and standardized names can be used to uniformly express and index
knowledge. This knowledge can be searched and reused later. The
identifiers for the objects stored in the PLM system are translated into
Resource Description Framework (RDF) notation and can then be used
to form knowledge statements in terms of the domain and provenance
ontologies.

Note that Fig. 7 is an integral part of the overall information model
(Fig. 4). The link to the information model is via the class “engineering
entity”, which is the subject of the change management part in Fig. 6 as
well. The link of the provenance data model to the ontology is estab-
lished via the class “Concept™. It allows the classes of the provenance
data model to be associated with ontology concepts. At the data level,
this is instantiated by tagging activities, actors, methods, and entities by
the labels of ontology concepts. Our provenance data model extends the
original W7 provenance data model by this ability and by the central
role of the class “Activity”. Moreover, note that the classes Activity,
Entity, Actor, Method and Tool are also top-level concepts of our
ontology, i.e., they are essentially subclasses of the classes in the prov-
enance data model.

4.2. Manage-link and its integration with a PLM system

The described data model for provenance management can be
considered as an extension proposed to existing PLM systems. In this
work, Teamcenter (Tc) from Siemens has been selected as an exempli-
fied PLM platform for implementing Manage-Links because of its
comprehensiveness and commonality in the industry. It also provides
multiple integrated applications and solutions with its open framework.
The provenance data model has been implemented to the Manage-Links
outside of the Tc database due to two reasons. First, the accessibility to
the Tc database and the limitation for defining dependencies in the Tc
data model. The second reason is to ensure the generalizability of the
Manage-Links. When the Manage-links has a separate database, then it is
independent of PLM system and it can be integrated and used with other
available PLM systems. Tc offers an opportunity to customize and inte-
grate user-defined applications with the database. These customizations
can be done in different ways, such as server customization, portal
customization, web client customization, service-oriented architecture
(SOA) customization, and Business Modeler IDE (integrated develop-
ment environment) customization. As is shown in Fig. 8, the provenance
data model has been implemented on a high-performance database
(Caché from InterSystems) and it is integrated with Tc through its
application programming interface (API). Objects from PLM structures
get their identifier from the Tc database and are used as inputs or
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Figure 7. Provenance data model.

outputs of engineering activities in Manage-Links.

The database is also connected to an open-source ontology editor
(Protégé) for the purpose of defining ontologies. Concepts in Manage-
Links can be linked to concepts in manufacturing domain ontologies.
Fig. 9 shows the Manage-Links user interface after login into the appli-
cation. In the current implementation, whenever a user login to the
Manage-Links through the PMS user interface, Manage-Links connects to
the Tc server and retrieves the data from the Tc database. Manage-Links
consists of different tabs for data entering. The "Activities" tab is a place
for browsing the list of all activities in the PMS. Users can also add a new
activity in this tab. Items (business objects) can be searched and added
from Tc as entities to the list of entities in PMS, through the "Entities" tab
by the users. Users can store all ontological terms that are candidates to
describe the classes (Entity, Purpose, Actor, Method, and Activity) in the

"Concepts" tab. The ontological terms can be referred to where they are
defined, such as a link to a web page or a link to Protégé. "Location",
"Tools", "Actors", "Projects”, and "Methods" are other tabs to enter data
about activity and cover all W7s questions.

The search tab in Manage-Links allows users to search for previously
added data such as activities, entities, tools, and methods, etc. For
example, users can find all related activities to a specific virtual model or
find all methods that are used to extract knowledge from specific opti-
mization results. The Manage-Links has a graphical component that vi-
sualizes the dependencies stored in the Caché database. The graph can
visualize the activities either with a full, ancestors or descendent ac-
tivities and entities (see also Fig. 11 upper-right). This graph helps when
tracing activities and entities to see their full history. The Manage-Links
application is integrated with an ontology editor tool. Since the ultimate
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use of PMS is managing knowledge, the following sub-section will
explain this integration in more detail.

4.3. Ontologies in PMS

As previously mentioned, the "Concept" class was defined in the
provenance data model, and there is a link in the Manage-Links user
interface for adding concepts and referring those concepts to any URL on
the web. Concepts are referred to as classes of ontology in the virtual
engineering domain within the Protégé ontology editor. Fig. 10 shows
the concept tab and the concept editor window. Concepts can have
different types, and they can be selected for different items in Manage-
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Links based on their types.

As shown in Fig. 11 (lower-left), several super-classes have been
defined for engineering activities, entities, methods, purposes, tools and
actors in the VE-ontology. Each of these super-classes consists of sub-
classes that are defined based on what has been entered in Manage-
Links. Input and collaboration with domain experts are required for
creating an ontology, but domain experts are rarely experienced in
ontology development [96,97]. Even though the role of domain experts
in building ontologies is unavoidable, there are doubts about the quality
of their performance. One study showed that eight experts had an
average of 2.65 different opinions about the correct classification of a
domain entity in an upper ontology [98]. The virtual engineering
ontology (VE-ontology) has been developed based on the data added to
the Manage-Links application by experts instead of the experts’ direct
contribution. This means that the concepts and their relationships were
defined based on engineering activities that happened in the past. This
process prevents misinterpretation and differences of opinion about
classes and relationships because the provenance information is pro-
vided. Also, the ontology will be enriched using the data entered into
Manage-Links over time, and this will prevent missing concepts.

Fig. 11 (lower-left) also shows the first level of the object property
hierarchy of the ontology. Properties have been defined according to
associations that exist in the provenance data model. The table in this
figure shows different properties and the kind of classes that can be
selected as domain and range for each property. The "uselnput" prop-
erties correspond to the input association in the provenance data model.
They have domains from subclasses of the "EngineeringActivity" class
and range from sub-classes of the "Entity" class. For clarification, an
example of two engineering activities that have been done by engineers
for a cutting process of automotive crankshaft production in OP30, the
industrial application case which will be presented in the next section, is

Figure 9. The Manage-Links user interface.
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0 Simulation modeling for Op30 2017-11-1511:37:14.0 2017-11-1513:52:28.0

1 Process simulating for Op30 2017-11-1513:52:30.0 2017-11-1514:08:35.0

2 Meta modeling for Op30 2017-11-1514:34:25.0 2017-11-1514:49:11.0

3 Using Meta model for Op30 2017-11-1515:29:58.0 2017-11-1516:05:15.0

4 Onptimization modeling for Op30 2017-11-15 16:35:38.0 2017-11-1516:40:48.0

5 Optimizing for Op30 2017-11-16 08:47:52.0 2017-11-16 10:30:54.0

6 Knowledge deriven activity for Op30 (2017-11-16 10:41:53.0 2017-11-16 10:47:34.0

7 Meta model evaluating for Op30 2017-11-16 11:56:15.0 2017-11-16 11:59:51.0

g Discrete Event Simulation for Cra... [2017-12-0518:14:15.0 2017-12-08 16:55:59.0

9 Discrete Event Simulation for Cra... [2017-12-08 16:37:08.0 2017-12-08 16:55:53.0

10 Discrete Event Simulation {experi... |2018-05-1513:35:33.0 =unfinished=

11 DES of crankshatt Line 1 - Conce... (2018-10-02 10:16:58.0 2018-10-02 10:55:59.0

12 DES of crankshatt Line 2 - cocept... (2018-10-02 11:00:01.0 2018-10-02 11:02:49.0

13 DES of crankshatt Line 3 - Conce... (2018-10-02 11:22:35.0 2018-10-02 11:25:48.0

14 DES of crankshatt Line 4 - Conce... [2018-10-02 11:26:42.0 2018-10-02 11:29:51.0

16 Import Assembly into Teamcenter |2018-10-18 11:30:33.0 =unfinished=

17 Input generation 2020-03-06 18:19:49.0 2020-03-06 18:24:22.0

18 Onptimization 2020-03-06 18:25:30.0 2020-03-06 18:30:28.0

19 Yisulization 2020-03-06 18:30:36.0 2020-03-06 18:34:22.0

Start a new activity
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Figure 11. Interaction of Mange-Links and Virtual engineering ontology.

presented in the figure. These activities are "optimizing for OP30" and
"knowledge-driven activity for OP30." They were entered into Manage-
Links with their provenance data. Fig. 11 (upper-right) shows these two
activities and their inputs and outputs in Manage-Links. Based on these
activities, two classes of "KnowledgeDrivenOptimize" and '"Flexi-
blePatternMining" were defined as sub-classes of "EngineeringActivity."
If their types of provenance data had not been defined before in the
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ontology, new classes would have had to be defined. The provenance
data are connected to activities with corresponding property types, as
shown in Fig. 11 (lower-right).

This example shows how concepts of instances in Manage-Links were
defined in the VE-ontology. Together with specifying their relationships,
knowledge about these engineering activities has been built and pre-
sented. Next time an engineer intends to conduct a similar activity,
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comprehensive knowledge about the needs and processes of that activity
will exist. By using Manage-Links, engineers can enter their engineering
activities and entities into the database and add concepts to the virtual
engineering ontology. In the long run, using Manage-Links and merging
the virtual engineering ontology with the available manufacturing on-
tologies will improve and extend the ontology to uniformly expressed
and indexed knowledge.

5. A Multi-level industrial application

The above-mentioned OP30 represents a complete application
example of Manage-Link. The automotive factory has four production
lines consisting of multiple workstations. In each workstation, one or
several machines and equipment are working, and some of those ma-
chines have tools attached to those machines. For reducing the pro-
duction time, the bottleneck in the crankshaft production area and four
production lines had been identified by DES using the method described
in [99]. The bottleneck was the station called operation 30 (hence the
name OP30), which consists of two gantry robots for transporting
crankshafts and two turning machines. Through the simulation of OP30,
the cutting process in turning machines had been selected to be opti-
mized. Each turning machine consists of different types or a set of tools
in a specific order, based on the process plan. Tool turret (magazine or
automatic tool changer) can hold multiple tools in the tool indexes. For
optimizing the process in OP30, the tool sequencing and metal cutting
steps had been optimized and the optimization results had been used for
knowledge extraction. Fig. 12 shows the four applications in this
multi-level example, which are:

1 Area and line levels: Modeling and DES simulation on the crankshaft
production area and its four production lines.

2 Station level: Modeling and simulation of two gantry robots in sta-
tion 30 in the first production line.

3 Machine level: Optimization of tool-indexing in the turret magazine
of one of the turning machines in OP30.

4 Tool level: Modeling, simulation, optimization and knowledge
extraction of metal cutting at the tool level in a turning machine.

Crankshaft production area

Line 4

Line 3

Line 2

Line 1

Metal cutting steps

.

P i

|‘
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Full details of how extended PLM has been used for the two lowest
levels (machine and tool) are included in the following sub-sections.

5.1. Machine-level application: tool indexing optimization

This application study is at the machine level of the manufacturing
system. There are two turning machines at OP30 and each machine has
two tool turrets. One of the gantry robots transports a crankshaft to the
machine and places it between the chucks. In the operation, the tool cuts

Part rotation during cutting

Figure 13. Tool indexing on turret magazine.

Station 30

Tool turret

b, i

Figure 12. Multi-level application studies of crankshaft manufacturing.
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metal by using different tool inserts in a number of steps. Each turret has
several tool inserts located in different insert holders (Fig. 13). The
turret rotates around the vertical axis after each cutting step and adjusts
another insert in line with the crankshaft for the next step. The time to
rotate from one insert to another is the tool indexing time.

For the tool indexing improvement, both single-objective and multi-
objective optimizations have been used to minimize the total tool
indexing time, taking into account the entire life-span of all the tools in
the turret magazine. Each insert has a life-span and can be used for a
fixed number of cutting steps. For this reason, the same insert types are
located in several index locations on the turret so that that all inserts are
worn out and need to be changed at the same time. In this study, six
types of inserts were distributed in 45 insert holders in the turret.

The product is the crankshaft from the BoM and the manufacturing
system is the turning machine at OP30. The selected operation for this
study is "OP-30-Turning Machining" from the turning process for the
main bearing. MATLAB is the main software program for engineering
activities such as optimization. Even though MATLAB is not known as a
CAx tool, it is commonly used by engineers for running algorithms and
simulations. It offers the same functionality as other CAx, and can be
considered as a CAx. In addition to MATLAB files, 2D drawings of the
turret were used as input data for input generation. The MATLAB dataset
had previously been defined in Tc, and by uploading .mat or .m files to
Tc, they can be opened in MATLAB directly.

[ 011230/A3-KDDS 53
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An optimum solution for locating inserts in different insert holders
was found by running a single-objective optimization. Since changing
the location of inserts is costly and time-consuming, the other objective
was to minimize the number of changes in the location of inserts. The
result of the MOO activity is a Pareto-front formed by non-dominated
solutions with the minimum number of changes and minimum total
indexing-time as objectives. Some patterns were identified in the
repeated sequences of the index number of different inserts in different
non-dominated solutions as a form of knowledge extraction. For
example, in half of the solutions, the first eight index numbers belong to
tool numbers of 6-2-1-2-1-2-1-1.

The optimization results were also saved as MATLAB files that were
stored into Tc as MATLAB datasets. The extracted knowledge is a JSON
file that was uploaded into the PLM system and can be searched and
retrieved there. Fig. 14 (top) shows how the optimization activities are
divided into two optimization runs, a single-objective optimization and
a MOO. Those two substudies are children of the "Tool sequence opti-
mization" study which belongs to the project. These activities are also
attached to the "OP30-turning machining" operation at the machine
level Fig. 14 (bottom).

The provenance data were entered into Manage-Links for each ac-
tivity in the same way as described previously. The last step is con-
necting entities from Tc to engineering activities in Manage-Links as
illustrated by the Entity-Activity graph in Fig. 15. The graph shows that
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the "Input generation" activity has an output for both the single-
objective optimization and MOO activities.

The results of this application study showed that 36 changes of insert
locations reduce the tool indexing time for each part by 70% [100]. By
managing these engineering activities and their related data and
knowledge, a user can trace back to find how these results were achieved
and evaluate the methods used and consider reusing the algorithms in
another case.

5.2. Tool-level application: metal cutting SBO and knowledge discovery

One of the cutting steps in OP30 (machining of the main bearing in a
turning operation) was modeled, simulated, and optimized by optimi-
zation methods. Again, knowledge was extracted from the optimization
results but, in this case, in the form of metamodels. It would then be
possible to replace the simulations by the trained metamodels that

approximate the actual simulations to reduce the running time [100].
The aim of this optimization was to find optimal cutting data and
develop a metamodel approach to speed up the optimization of the
cutting step. This study is one of the complete application studies in this
research in that it covers several types of activities such as simulation
modeling, process simulation, constructing metamodels, using meta-
models, metamodel evaluation, optimization, and knowledge
extraction.

From the above activities, the simulation modeling activity is
explained below as the first activity in this application study. For this
activity, the CAx tool is the Deform 2D/3D software program for finite
element analysis. The same three main structures (BoM, BoP, BoR)
prepared for the previous application studies were used. However, in
this study, the focus has shifted to the tool level and cutting step.

The integration of Deform 2D/3D with Tc allows files generated by
Deform 2D/3D to be saved in Tc and be opened from Tc. A spreadsheet
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Figure 16. View of spreadsheet file in the Teamcenter environment.
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Figure 17. Engineering entity structure (left), cutting step (middle), data attached to the activity (right).

file with all the required data to generate the cutting simulation model
was created and added to Tc.

Fig. 16 shows the uploaded spreadsheet file in Tc. It contains the data
needed for simulation modeling, such as workpiece properties, mesh
data, tool properties and process specifications.

The spreadsheet file with the input data can be exported from Tc and
saved on the user’s computer when designing the cutting process. These
data were used in the Deform 2D/3D application to model the cutting
process. For the designing and running experiments step, the workpiece
and the tool are modeled based on the data in the spreadsheet file. The
model is meshed and the simulation file is generated in a database
format (.DB).

The output of this activity is a Deform 2D/3D database (.DB) file.
This file is created by Deform 2D/3D after the simulation is completed. It
contains the information for all the finite element simulation steps from
the cutting operation of the main bearing in the crankshaft production.
The simulations can be regenerated and the results can be analyzed by
using this database file. Like the previous application study, an engi-
neering activity item was created and attached to the BoP, but at the step
level (Fig. 17 middle). The engineering activity created for simulation
modeling is also attached to the "SBO and knowledge discovery" study in
the project hierarchy, as shown in Fig. 17 (left).

On the right-hand side of Fig. 17, an spreadsheet file that contains
the properties of the workpiece and the cutting tool was attached to the
simulation modeling activity as the input data and the "genel.DB"
output file was attached as the Deform 2D/3D output model. After
structuring the data in the PLM system, the data need to be connected to
the activity with provenance data in the next steps.

In the step of providing the provenance data, an activity of "Simu-
lation modeling for OP30" is created in Manage-Links and all

O04704/A2.0p 30 Main baag wming

N > genclDB
s s e ;FJ =,

provenance data including time, location, method, purpose, actors, and
tools are entered into the PMS. The last step for this activity was
attaching related data from the PLM system to the activity as inputs and
outputs. The spreadsheet file of "part and tool properties," the "OP30
main bearing turning" operation, the "Spindle Late" turning machine
and the "crank-shaft" part are items from Tc. They were attached to the
simulation modeling activity in the PMS as input entities. The "genel.
DB" item from Tc was the only output of this activity. The "Simulation
Modeling" activity was the first of the activities of the SBO and knowl-
edge extraction process to be implemented for the turning operation of
the main bearing in the crankshaft production. Fig. 18 shows the entire
Entity-Activity graph for those activities, which are shown as rectangles.

In this SBO study, the objectives of optimization were maximizing
material removal rate (MMR), minimizing wear depth (®), and mini-
mizing the interface temperature (Tint) by changing different tool var-
iables such as clearance angle, rake angle, cutting angle radius, cutting
speed, and feed rate. The results of the MOO are shown as a Pareto front
in Fig. 19 [101].

Knowledge generated in the form of rules from the MOO are repre-
sented in a JSON file in the following format:

{
"RuleID": 1,
"SelSignificance": 61.76,
"UnselSignificance": 23.03,
"Rule": "Feed > 0.37894"
1A

This rule means 23.03% of all solutions and 61.76% of Pareto solu-
tions have a feed rate of more than 0.37894 (mm/rev). The last activity
shown in Fig. 18 is about knowledge discovery, and the output is the

//
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Figure 18. Entity-Activity graph of simulation-based optimization and knowledge extraction for a cutting step in OP30.
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Figure 19. Pareto-front from simulation-MOO [101]

JSON file of explained rules. Engineering activities and entities of SBO
and knowledge extraction were also added as Protégé classes to express
uniformly and index knowledge. By defining all activities and connect-
ing inputs and outputs to them, in the SBO and knowledge extraction
study, each entity, such as a virtual model, can be analyzed according to
its previous connected activities and provenance data.

6. Conclusions

This research had emerged from a need in the industry for reusing
virtual models and the generated knowledge from them. The extensive
usage of virtual models in different application areas produces a vast
amount of models that demand long development times and compre-
hensive efforts to develop. Most of the virtual models and the gained
knowledge from designing and using them can be employed again.
Nevertheless, because of the lack of proper management, they are not
easy to be found at best or even lost at worst. While virtual models are
supposed to represent real objects, they cannot imitate all behaviors of
their real-life counterparts entirely. Because of that, just having access to
a model is not enough for reusing it for another case - it needs infor-
mation about the origin and causation of that model. There is a
tremendous advantage if the gained knowledge from producing and
using that model is also available.

In principle, PLM systems can provide the proper platform for
managing virtual models because of their integration with various CAx
and capability for structuring and managing data. By studying the
related research works, several standards and information models have
been found for managing product and production-related data in PLM
systems. There are also several information models available relating to
virtual models, such as information models for managing input data of
simulations. But there is a lack of any information model for managing
virtual models themselves and also their related data, information and
knowledge, through the PLM structures. In this paper, we have proposed
four extensions or "packages" to PLM systems to cope with these new
requirements: (1) extending the main hierarchical structure in PLM
systems; (2) adding two subclasses of "Virtual models" and "Data"
defined to cover the management of virtual models with their status; (3)
introducing an information model for managing studies and projects,
and (4) adding the last package of the developed information model is
engineering activities with their provenance information.

A new information model has been designed to be aligned with the

19

Journal of Industrial Information Integration 28 (2022) 100369

existing core structure in PLM systems. The first three packages of the
information model had been deployed on a PLM system and for man-
aging provenance data, a provenance management system had been
developed and integrated with the PLM system. In addition to that, an
ontology editor tool has been used for building a VE-ontology for en-
gineering activities and their inputs and outputs to provide the well-
defined, precise and formal semantic specifications in the area of
manufacturing generally and engineering activities and virtual models
particularly. Application examples in tool indexing and metal cutting
optimization in an automotive manufacturer have demonstrated the
outcomes of this research, including the information model, provenance
data model and the VE-ontology. These are done through the imple-
mented Manage-Links prototype system which uses Siemens’ Tc as an
example of an extended PLM system to demonstrate the applicability of
the concepts introduced in this paper for storing, searching and
retrieving the virtual models and the knowledge extracted from opti-
mization runs. In future work, we will investigate how the Entity-
Activity graph representation can be replaced by by a knowledge
graph, which can provide more advanced features of linking the model
objects and knowledge.
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