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Executive Summary

Bluestar PLM’s customers are high-variance, low-volume engineering manufacturing companies. These
companies choose Bluestar PLM because they want to synchronize their engineering data and designs with
commercial and production operations. Bluestar PLM’s users often struggle with representing the data
relationships between objects and files, even though these are easily explainable and formalizable. However,
their internal technical and business logic is often unique to them and thus cannot be easily automated by
Bluestar PLM, even with its extensive settings, requiring either manual data entry and validation work or a
bespoke customization by Bluestar PLM’s developers.

This study therefore explores the implementation of digital models within Bluestar PLM to enable ETO LLC’s
transition. It investigates key digital modeling technologies, such as Model-Based Systems Engineering
(MBSE), Model-Based Enterprise (MBE), Product-Process-Resource (PPR), and Digital Twins, and identifies
semantic networks as a foundational enabler for representing data relationships in and between digital
models and furthering Bluestar PLM’s competitive edge in its integration with Microsoft Dynamics by
improving data transfer and interpretation.

ETO LLC serves as a use case, revealing that their current operations involve significant manual data
validation and transformation, which could be algorithmically automated but currently require costly
custom software. The study proposes using semantic networks to encapsulate recurring business and techni-
cal logic at the class level within Bluestar PLM, reducing the need for redundant work across similar products.

Due to the novelty of semantic networks for both Bluestar’s developers and customers, an iterative develop-
ment approach is employed to validate six core hypotheses. This results in the creation of a new Bluestar
entity, called a data model, which is used to represent semantic networks. While ETO LLC’s users show the
capacity to adopt this modeling approach, some features are complex and would require training, potentially
conflicting with Bluestar’s self-implementation strategy.

Although the implementation was not finalized at the time of writing due to limited developer availability,
detailed specifications were completed. The anticipated benefits include substantial reductions in data
validation effort and improved consistency in product development. To generalize the approach across
Bluestar’s broader customer base, additional features are identified—especially to support integration with
diverse CAx tools without requiring changes in customer workflows. Finally, the feasibility of using existing
MBSE tools to define these semantic networks is evaluated, and a potential implementation path is proposed.

Thus, to further the development performed in this project, PDM technology should:
1. Continue the development of the already specified development tickets.

2. Perform a feasibility study in creating the data models using external MBSE tools such as Capella.

3. Create new Bluestar PLM object types to represent production processes and resources.

4. Redesign the file-to-object field synchronization system to be more flexible and show file-to-file
dependencies.
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1 Introduction to Bluestar PLM and ETO
LLC

Bluestar Product Lifecycle Management (PLM) by PDM Technology ApS (PDMt) in Denmark is a cloud-
based product lifecycle management system fully embedded in Microsoft Dynamics 365 Finance & Supply
Chain Management (F&SCM). Bluestar is "fully embedded” in Dynamics 365, so engineers and production
teams operate on the same data without custom interfaces. This enables non-technical users to access the
single source of product truth and for fast data sharing between commercial and technical departments. It is
a strategic priority that PDMt’s involvement in customers’ Bluestar PLM implementations is minimized.

Bluestar PLM has a policy of Computer Aided Something (CAx) neutrality. CAx-neutrality means that for
each category, MCAD, ECAD, etc., there are several possible applications from different vendors, and that
compatibility with new applications could be developed. Consequently, any developed solution for Bluestar
PLM must not be reliant on interfacing between one or mere particular CAx-applications.

Bluestar PLM is primarily aimed at discrete manufacturing, especially engineer-to-order (ETO) and high-
variance producers. Typical customers are in industrial equipment/machinery and similar sectors. Many
have complex, customized products with thousands of variants and distributed operations. Due to the low
volumes per product, their operations are very sensitive to changes in the design time for products. For them
to make use of a developed solution, it must not significantly increase the amount of design time per product.

Much has changed in the requirements of these companies since Bluestar PLM’s commercial launch. The
complexity of products has escalated, both in the multitude of data associated with products, and the inter-
relatedness of products has increased [1], likewise the interest of Bluestar PLMs users in representing these
relations have increased along with it. Bluestar currently cannot represent this increasing interrelatedness
and interdependency between various files and products. However, PDM International ApS, who develop
Bluestar PLM, is interested in developing a solution to these challenges. To do this, a particularly troublesome
implementation will be used as a customer case, thus, it will be used throughout this thesis, but the solution
must also be generalizable to other customers of Bluestar PLM and must remain CAx-neutral.

1.1 A Troublesome Implementation - An Introduction to ETO LLC

ETO LLC is an engineer-to-order (ETO) company that sells, designs, and produces customized steel light-
ing poles for use in the urban lighting infrastructure. While the company and its data structures have been
anonymized, it reflects many of the ambitions and challenges held by other customers of Bluestar PLM.

When creating a new pole for an order, a design is created from the requirements provided by the customer.
Once a design has been finished, the raw materials that will be used to produce the pole must be set. The
rules for selecting the raw material and routes are straightforward, but due to the large number of new prod-
ucts being designed, a significant number of mistakes are made, resulting in the incorrect type or amount of
material being ordered. Currently, this is all manually entered and validated, which substantially increases
lead time.

ETO LLC produces the same kinds of poles from several different production facilities, these however have
different equipment and thus have different constraints, such as which geometries they can accommodate.
These constraints are not easily traceable, as the constraints are only available inside design documents.
Applying a new machine’s constraints is thus tedious and time-consuming. ETO LLC has repeatedly empha-
sized that it aims to create digital twins of its products to monitor the condition of poles and perform Finite
Element Analysis (FEA) using the simulation tool Ansys after the point of sale.

Post-approval changes may still occur due to changes in customer requirements and design mistakes. For
each change, the impacts must be estimated and sent to the customer for approval. This requires ETO LLC to

https://bluestarplm.com/
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create an estimate on the impact on the mechanical properties and the production schedule. Next, the tech-
nical changes often have commercial impacts, thus, the people required to estimate or approve the changes
can vary depending on many different factors, today, this is tracked manually in spreadsheets.

To summarize ETO LLC’s ambitions, they have been enumerated below. The ambitions and the lifecycle
stages where they would be achieved is shown in Figure 1.1

1. Automatically creates and updates derived product documentation in Bluestar.
2. Reduce the amount of time needed for manual data entry and validation.
3. Be able to determine a change’s impact on cost, production, and lead time before it is committed to.
4. Be able to determine the persons responsible for enacting and approving a given change.
5. Be able to select the raw materials and routes automatically.
6. Create digital twins of their products.

Figure 1.1: The digital ambitions of ETO LLC spread out across the lifecycle of a pole. All except digital twin creation is performed
before production and handover to the customer.

In order to investigate the feasibility of and methods to fulfill these wishes, a number of technologies related
to the use of digital models will be investigated. Identified technologies were then chosen based on interest
from ETO LLC and Bluestar PLM’s management. The choice to focus on the use of models is due to the
ability of a single authoritative data source to ensure data accuracy, consistency, and effective product life-
cycle management. As well as support digital product development and lifecycle phases by enabling digital
representations of real processes and products [2]. Due to the high-variance, low-volume nature of Bluestar
PLM’s customers, an emphasis will be given to the ability to automate the effort related to the digital models.
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2 Models in Digital Manufacturing and
Engineering

The pressure on companies to shorten development times, deliver complex multi-disciplinary products, re-
duce costs, etc. has resulted in an ongoing digitalization of manufacturing and engineering operations. These
operations have long been bound to the use of documents and design files, though many have called for a
transition to models, including senior leadership at Bluestar. This chapter will first identify a number of ways
models can be used during digital engineering and manufacturing, then an enabling technology in the form
of semantic networks will be discussed. Next, a challenging case from one of Bluestar PLM’s customers will
be presented as a use case for the use of semantic networks, which will set the objective of the rest of this
thesis.

2.1 What is a Model?

The concept of models is often used in many different industries, from manufacturing to fashion and art. This
thesis will use the following definitions as defined by [3]. This defines that a model can be understood as an
approximation, representation, or idealization of selected attributes or characteristics pertaining to the struc-
ture, behavior, operation, or conceptual nature of a real-world system, process, or phenomenon. It functions
as an abstraction that encapsulates essential properties of its real-world counterpart, enabling users to en-
gage with complex entities in a simplified or structured manner. Models are instrumental in communicating
design intent, simulating real-world behaviors, analyzing performance, or defining operational processes. In
the context of manufacturing, a model typically exists as a digital artifact that is created and utilized within
one or more software environments to support engineering, planning, or production-related activities.

Digital models may assume multiple views or representations, each tailored to fulfill the requirements of dis-
tinct functional domains. These views reflect the system from the perspective of specific users or disciplines,
such as design, simulation, production, or quality assurance. Each model exists for a given purpose and is
constrained to a given view. Meaning that models can exist in different levels of abstraction and in different
levels of granularity. Thus, some models may represent entire organizations and supply chains, while others
can represent the buckling of one component under a load. With the concept of a model defined, a number
of digital model related technologies in engineering or manufacturing will be outlined.

2.2 Digital Twins

The use and development of digital twins have received much interest from both academia and industry.
There is often disagreement on the specific definition of digital twin versus digital models. For the scope of
this paper, the term digital twin (DT) will be distinguished from the terms digital model (DM) and digital
shadow (DS). The differentiating factor is the data interchange between the physical and digital, and vice
versa, as seen in Figure 2.1.
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Figure 2.1: The differences between digital model, shadows, and twins lie in the level of automaticity of data transfer as described by [4]

The digital twin and shadow include three sub-systems: the physical product, the virtual product, and the
connection between them. The virtual object can again be split into two interacting parts, being the digital
model and the gathered physical world data. The digital twin has found applications throughout the lifecycle
stages and in three main use cases within manufacturing: production planning and execution, maintenance,
and simulation. [4, 5]

1. Manufacturing planning and execution
1. Manufacturing execution is performed by digital twins by using sensors to apply feedback to

existing digital models for the manufacturing system, such as using a digital twin to perform
mobile robot navigation [6] or real-time production scheduling and monitoring [7].

2. Manufacturing Item Tracking can be performed by digital shadows to track the state of complex
physical objects on the production floor, thus allowing the entire organization to access the updated
model of the physical object as it crosses through the production.[8]

2. Maintenance
1. Predictive maintenance may be performed by using a digital shadow to predict whether the phys-

ical object will require maintenance. This is performed by using the feedback from the physical
object in a predictive model, which is made to perform the prediction.[9–11]

2. After-sales Servicing is sometimes performed on a physical object. Since it is after the point of
handover, the manufacturer does not have access to or knowledge about the physical object daily.
Here a digital model is continually updated, and subsequent servicing will know the last recorded
state of the machine physical object [12–14]

3. Simulation
1. Product, Process, and Plant is simulated through digital models, especially at the beginning of the

product lifecycle, to validate the design, such as through simulations like finite element analysis
(FEA), multiphysics simulations, and discrete event simulations.[5, 15–17]

2. Worker training is performed by using digital models to allow the user to interact with simulations
of the real object, such as through the use of virtual reality or augmented reality, which includes
the digital models of the product, process, and plant.[5, 18, 19]

All of these concepts are based on the use of a digital model, in the case of a digital shadow and digital twin,
this model is then combined with feedback from the real physical systems, such as can be seen in Figure 2.2.
As the digital model predates the physical object, the digital twin itself has to cross a threshold during its
lifecycle, thus, its lifecycle can be segmented into at least two phases: one before and one after instantiation.
Before instantiation, the digital twin does not exist; only the digital model does. Only after instantiation is
the model fed with data from the physical world to become a digital twin; the instantiation thus also makes
the particular instance of the digital twin dynamic.[20, 21]
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Figure 2.2: An overview of the relationship between the digital model, DM, digital object, DO, and physical object, PO, along the lifecycle
of the product. Note that the customer may be both internal and external, and the product may also be manufacturing equipment not
sold by the given company. The digital twin service is the backend service responsible for the reception of data from POs, application of
this data to models, updating DOs and lastly transmitting to the PO. Figure adapted, original from [21]

As the digital model may change over time, a system must be in place to replace or revise the active mod-
els connected to a physical object. Thus, a central repository for the models must be available such that the
newest version of the model is available for the instantiation of new digital objects and to overwrite old, faulty
models that have already been instantiated [22]. As suggested by [23], the digital model is to be managed
by the PLM system, as the definition and revision of a digital model is intrinsically linked to the work of
engineering and falls within the scope of PLM.

The architecture and feature set of Bluestar PLM does not easily support the instantiation and maintenance
of the digital objects, such projects have previously been attempted, though with little succes. Instead, a
separate digital twin application should be responsible for instantiating the digital model into a digital object
and maintaining the connection to the physical object, creating the digital twin.

ETO LLC has voiced its interest in creating digital twins of its products. However, there is no data to be
transmitted from ETO LLC’s models to the poles themselves. Therefore, ETO LLC is looking to create digital
models and digital shadows, but not digital twins. Furthermore, the instantiation and management of the
digital objects and the communication with the physical objects should be relegated to a separate digital
twin application. whereas the management and vaulting of the digital models fall within the scope of PLM.
Therefore, the creation and representation of digital models is to be investigated.

2.3 Model-Based Systems Engineering

As products and systems have become more complex, the importance of early design decisions for total life-
cycle cost has not decreased [24, 25]. This is also seen at ETO LLC, which has invested heavily in flexible,
customized automation. However, the design and requirements management for these production systems
have been onerous and error-prone, as ETO LLC has no way to express the interactions between these au-
tomation systems and the surrounding production and products beyond the text documents.

A potential solution to this is the multi-disciplinary design paradigm called model-based systems engineering,
which aims to perform model-driven development instead of a document- or file-centric development pro-
cess.[26] MBSE is broadly defined by the International Council on Systems Engineering as "the formalized
application of modeling to support system requirements, design, analysis, verification, and validation activ-
ities beginning in the conceptual design phase and continuing throughout development and later life cycle".
[27]. Thus, models are used to drive or support the analysis, specification, design, and verification of the
system being developed [28]. The goal is a single source of truth where system requirements, logical archi-
tectures, and physical product data coexist. This supports model-based analysis of the product lifecycle and
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continuous model-based verification in manufacturing contexts [29, 30].

In practice, MBSE replaces much of the traditional document-based approach with a focus on developing and
maintaining explicit system models throughout development and operation. This paradigm shift addresses
the data inconsistencies arising in document-centric processes by centralizing knowledge into models rather
than disjointed files, reports, and spreadsheets. The emphasis on modeling yields better communication
across disciplines and thorough traceability of requirements and design decisions. Thereby, MBSE provides
a structured means of capturing a system’s architecture, behavior, requirements, and interfaces in an inte-
grated form, which streamlines collaboration and helps detect design faults early in the process.[26] MBSE
often follows the Requirements-Functional-Logical-Physical (RLFP) development framework, often combined
with the V-model for engineering of complex products. The resulting structure can be seen in Figure 2.3.

Figure 2.3: The V-model used to guide the development process of complex products and systems using MBSE. Figure adapted, original
from [31]

The V-model breaks the development of complex systems into design and integration, the two edges of the
V. The design is comprised of initial interdisciplinary systems engineering, which defines the main require-
ments and functional definitions of the system. This is then used to guide the discipline-specific modelling by
defining the logical and physical modelling of the system. Afterwards, the output of the different disciplines
is then integrated and tested to determine whether the original architecture and requirements are upheld.
The V-model shown here places a large weight on digital tools for modelling, simulation, and testing both
for the discipline-specific and interdisciplinary models before the execution of physical tests.

As described by the definition given above, MBSE is formalized, meaning that the modelling is performed
using a formal or semi-formal modelling language such as Unified Modeling Language (UML), Systems
Modeling Language (SysML), or Cappella [32]. These formalized tools allow for standardized system mod-
elling across systems and applications since the meaning and rules of various symbols and relations are
formally given by the laguage used. The net result is enhanced coordination across design teams and dis-
ciplines, requirements, interfaces, and constraints in centralized models that can be shared throughout the
organization. Such model-centric practices support concurrent engineering and reduce costly iterative loops
in design.[26]

Despite their complementary goals, MBSE and PLM have historically evolved separately. The full-scale in-
tegration of MBSE into PLM would allow linking system models to downstream product data, whereby
continuity and traceability across the lifecycle can be created. Integrated MBSE–PLM approaches can yield
enhanced communications, reduced development risks, improved quality, increased productivity, and en-
hanced knowledge transfer when MBSE artifacts, namely requirements, functions, and models, are connected
to PLM-managed data [33]. Coupling MBSE and PLM can mitigate excessive complexity and uncertainty by
ensuring that system-level changes propagate downstream into domain-specific engineering such as shown
in a previous case study, where designers were able to propagate changes and validate consistency across
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disciplines [34].

The representation of MBSE in PLM involves both increased data linkage, meaning connecting existing PLM
items to MBSE elements, and data type enlargement, by extending PLM to include systems models. Repre-
senting MBSE artifacts in a PLM system involves extending the PLM data model to accommodate system-level
entities, including components, functions, requirements, and their interrelationships. In practice, this inte-
gration often involves linking system-level entities in MBSE models with corresponding parts, assemblies, or
documents in PLM.[29]

MBSE is often performed as a combination of language, tool, and method. The artifacts required to be repre-
sented in PLM will depend on the chosen language. As suggested by [35], while it has limitations due to its
semi-formality, the most popular language is SysML. For instance, Siemens Teamcenter enables integration
of product design optimization workflows with system models by treating SysML model artifacts as part of
the PLM-managed data[36].

MBSE has emerged as a critical methodology for managing the complexity of modern engineering systems,
offering a model-centric alternative to traditional document-based processes. To realize these benefits across
the full product lifecycle, MBSE must be integrated into PLM systems. Recent literature and commercial
applications describe an approach for representing system models within PLM, from aligning ontologies to
enabling SysML data exchange to ensure consistent information flow from requirements to the final product.
When MBSE and PLM are harmonized, organizations can achieve a robust link between system architecture
with detailed product data, ultimately improving quality and reducing risk when making complex products
or systems.

However, Bluestar currently has no way to represent system architecture, functions, interfaces between parts,
and requirements. Today, these can only be performed file-centrically using Microsoft Office files to encode
them. The system architecture, and so on, can not be extracted and used within the wider Bluestar PLM
Environment. One of the challenges for many of Bluestar’s customers is the coevolution of product and
production systems, thus, a modeling framework for this particular task will be further explored.

2.4 Product-Process-Resource Models

As the use development of computing power, sensors, and the internet-of-things has progressed, the use of
cyber-physical systems has become more widespread. These cyber-physical systems have both a physical
dimension and a digital dimension, which together allow the system to interact with both the real world
and the digital. These cyber-physical systems have seen great use both in products designed and sold.
Additionally, they have found use within production systems, which themselves have become cyber-physical
systems.[37]
Product lifecycle management has historically focused on the product and the management of product-related
data. However, the product is only one part of a wider production context due to the integration and co-
evolution of products, the processes for their production, and the resources to produce them. As some of
Bluestar PLM’s customers transition towards flexible automation and mass customization, the complexities
of modern engineering and manufacturing increase, and with it, the need to unify and manage product, pro-
cess, and resource information becomes critical.[38] A promising solution lies in Product-Process-Resource
(PPR), modelling. PPR is a conceptual and data architecture framework that links the three core elements
of manufacturing, the products, the processes, and the resources, into a single model. It enables a holistic
representation of a system’s manufacturing logic by linking what is being made, the product, how it is made,
the process, and what is used to make it, the resource. A Simple PPR-structure and its relations can be seen
in Figures 2.4 2.4a and 2.4b.[39]
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(a) (b)

Figure 2.4: An example of a PPR-structure can be seen in Figure 2.4, showing the different associated process and resource views of a
simple product. On the right, the relationships between the different views can be seen. Figure from [39]

Traditional engineering tools often segregate product design, manufacturing process planning, and resource
allocation, such as creating models and drawings for products in CAD, creating processes in ERP systems,
and programming workstations in CAM software. The use of such disparate systems creates media breaks
in which the traceability and transfer of data are hindered by the discontinuity between the digital appli-
cations, often resulting in manual data transfer to and from each CAx [40]. These applications are rarely
integrated due to the use of proprietary file types. Subsequently, the PPR-related knowledge and data are
spread throughout these several applications and files. Similarly, the applications used for simulation and
validation of a given design may not be integrated with the software used for design. This conflicts with
the need to create traceability between them and to perform concurrent engineering [38, 41]. Moreover, ETO,
CTO, and other high-variance low-volume enterprises, which make up Bluestar PLM’s customer base, will
often only use a specific CAD model, process plan, or CNC-machining program a few times or even once,
as the given design is often order-specific and may never be used again. Therefore, Bluestar PLM requires a
more integrated approach to manage complex assembly lines, custom products, and flexible automation.

By encoding dependencies among these three domains, PPR models ensure semantic consistency and trace-
ability across the product lifecycle. Therefore, the use of semantic modeling in PPR systems can increase sys-
tem modularity and data reuse, which is essential in highly customized manufacturing [42]. For enterprises
performing small-batch productions, PPR enables knowledge representation, reconfiguration of process se-
quences, and resource allocations based on standardized modules. Thus, PPR supports both product variant
reuse and manufacturing adaptability, which are crucial in high-variance scenarios characterized by custom
solutions and low volumes.

PLM systems increasingly implement PPR structures into their architectures to support cross-disciplinary
collaboration and product data modeling and traceability. The integration of PPR into PLM systems expands
them from product-centric databases into comprehensive production lifecycle and information systems. Sev-
eral modern PLM platforms embed PPR to accommodate not only CAD data but also process planning,
robot programming/simulation, and resource allocation [43]. As of the writing of this thesis, Bluestar PLM
has a very significant ability to manage product BOMs, relations, data, and files. The foundational artifacts
for process and resource representation have been implemented. However, the data granularity and ability
to represent semantic links are largely absent for processes and resources. Therefore, the implementation
of features to represent the PPR models and linkages into Bluestar PLM would be a significant enabler of
further digitalization of engineering and manufacturing for its users.

2.5 Model-Based Enterprise

A model-based enterprise (MBE) is "an organization that adopts modeling technologies, such as Model-Based
Definition (MBD) solutions, to integrate and manage both technical and business processes related to prod-
uct design, production, support, and retirement” [2]. MBE fundamentally relies on annotated models as the
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product information backbone. Instead of paper drawings, an MBE uses a digital model to define prod-
uct specifications. Thus, MBE is a digital engineering paradigm that utilizes a single, authoritative source
of product and process data throughout the product lifecycle. This fits with ETO LLC’s ambition to use
knowledge from engineering and design phases to generate derived product documentation throughout the
entire lifecycle. This has often been complicated by ETO LLC having multiple versions of the same product
available in different systems. Moreover, MBE fits with the general ambition of Bluestar PLM’s customers to
create data only once and then reuse it.

Figure 2.5: An overview of the various data consumers, Enterprise resource planning, analysis, producibility, and simulation, all refer-
encing the same model, contained in the enterprise PLM instance. From [3].

This model is often the 3D model of a given product, but can also represent a process or resource. Through
MBD, manufacturing organizations aim to achieve seamless connectivity across design, production, quality,
and support processes. The MBD approach means that each product’s requirements and manufacturing in-
formation are embedded directly in the CAD model, which then drives all engineering, manufacturing, and
inspection activities. In practice, MBD involves 3D representations with associated product and manufactur-
ing information (PMI), such as dimensions, tolerances, and annotations. The core principle is that model data
is created once and reused throughout the enterprise. This single-source-of-truth principle means that data
is created once and directly reused by all data consumers.[3]
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Figure 2.6: The definitions and relationships for product and manufacturing information(PMI) model-based definition( MBD) and
model-based enterprise(MBE). From [44].

PLM systems enhanced with MBE capabilities support not only digital mock-ups but also simulation data,
tolerance analysis, and manufacturing instructions, effectively forming the backbone of a digital model. The
application of model-based impact analysis improves change predictability in product development cycles by
embedding semantic knowledge into PLM-managed models.[45, 46]

MBE integration with PLM also requires new data structures. Modern PLM strategies must accommodate
annotated 3D CAD models, importantly some of the data for the model may originate outside the CAD
model it self, an example could be annotating the expected welding speed required, which is derived from a
model of the welding process. Furthermore, the product structure, change processes, and quality data in the
PLM must reference features on the 3D model instead of separate drawings. Therefore, the transition to MBE
is significantly more complicated than showing 3D CAD models on the shop floor.[2, 47, 48]

A model-centric approach makes data management more time-efficient and accurate by preserving a con-
nected product structure. In effect, every downstream artifact, CNC code, inspection plan, and assembly
work order is linked back to features of the master model, ensuring that changes propagate automatically.
This breaks down traditional information silos between design, process planning, and production. For exam-
ple, if a design tolerance is updated in the model, downstream manufacturing process models can automati-
cally update parameters. In sum, embedding models enables a contiguous digital thread [2, 49, 50].

Today, Bluestar has made some developments towards enabling MBE. A CAD-neutral 3D viewer has been
created, which is accessible directly from the shop-floor management system inside F&SCM. Moreover, the
dimensions of a model can be extracted and used within Bluestar PLM. However, the extracted dimensions
cannot be used in a system model or PPR relationship, the extracted model dimensions and features are only
available within the products own data structure and is entirely without context. Thus, there is no way to
access these dimensions from related production processes and resources, or to propagate changes anywhere
outside the product itself. Moreover, there is no way to automatically generate derived documentation or
model views, such as creating the purchasing BOM of required raw materials dynamically, or other product-
related documentation, inside Bluestar PLM. Which is one of ETO LLC’s main ambitions.

Since the data in the domain-specific models can impact the wider interdisciplinary model or another do-
main, the propagation of data throughout the model becomes imperative. Among the primary challenges is
the representation of a wide variety of data types and sources [51]. As greater amounts of interdisciplinary
and domain-specific data are included in PLM systems, changes in a given field must be dispersed through-
out the wider system model or enterprise data architecture. Thus, a system architecture is to be investigated
that allows for the representation of the relationships between heterogeneous data types.
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2.6 Semantic Networks

In digital engineering, the different engineering disciplines often use different tools to create their data arti-
facts, the integration of these is often challenging, as the relations and interactions of these different models
are use-case-specific. Therefore, the interdisciplinary knowledge sharing and creation of a shared data model
for concurrent engineering often require custom middleware or integrations, which can increase costs, pro-
cess rigidity, and errors [52]. The use of digital models as the authoritative source of information throughout
the product lifecycle results in a need to enable humans to interpret model content and relationships. Fur-
thermore, if Bluestar PLM’s customers are to use digital models, the efforts related to digital models must
be automated, and thus the models’ contents and relationships must be algorithmically interpretable. An
example of the required semantic capabilities for interdisciplinary engineering collaboration can be seen in
Figure 2.7.

Figure 2.7: The semantic needs of multidisciplinary machine and production engineering for digitalization and traceability. Adapted
from [52].

Within this context, semantic networks can be used as representations of knowledge where data or artifacts
are connected through defined relationships, becoming an essential enabling technology. Semantic networks
use nodes and edges to represent data and relationships between nodes, thereby enabling knowledge repre-
sentation by describing the ontology of heterogeneous data sources and concepts.[52, 53]

Semantic networks require an ontology, which is a formalized description of how various elements relate to
each other. The formalization is important as this allows the given relationships to be algorithmically pro-
cessed by machines. Thus, the formalization of engineering knowledge into an ontology can allow various
engineering disciplines to interact, but also allow the use of the data artifacts created by those disciplines to
be used in a wider algorithmically executed context [52]. The difference between the ontologies, semantic
networks, and the semantic webs is often confused, the semantic web often refers to the semantic web being
the encoding of semantics into the internet, while this is related to the use of semantic networks, the semantic
web is beyond this thesis. Semantic networks are a form of knowledge representation that uses an ontology.
For this thesis, a semantic network is an instantiation of a given ontology as seen in Figure 2.8b.
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(a) An ontology showing the relationships between the different types of
artifacts. From [54].

(b) A semantic network showing the relationships between instantiations of
the types of artifacts. From [54].

Figure 2.8

A semantic integration model in PLM for service and product lifecycle convergence has been presented in
[55]. Their work demonstrates how ontologies and linked data principles allow for lifecycle traceability and
knowledge reuse. These ideas can be extended with formal semantic annotations that bridge engineering
models and process models in PLM, thus enhancing both syntactic and semantic interoperability [56].In con-
clusion, semantic networks are an enabler of the use and fusion of heterogenous data, providing the structure
and meaning necessary for interoperable, automated, and intelligent PLM systems.

Formalizing semantic annotations in engineering models can enhance consistency and machine readability.
Thus, through formalization, semantic networks reduce ambiguity and can automate downstream manu-
facturing tasks, which is essential in realizing the vision of MBE [47]. The increased data consistency can
reduce the manual data validation workload at ETO LLC. Furthermore, the formalization allows the model
to simulate the impact of a given change. Both of which were an ambition for ETO LLC.

The previously mentioned concepts of digital twins, MBSE, PPR, and MBE all rely on creating or using a
model of a given system. Digital twins require this because they require a digital model to instantiate and
through which real world feedback can be processed. MBSE creates and analyzes multiple interacting layers
of interdisciplinary and domain-specific models. PPR requires that the relationships between the various
products, processes, and resources are known and that they are represented in a model. MBE requires that
the various files or models used to represent the product and the derived manufacturing information are
interoperable with each other. Thus, each of these relies on the modelling of heterogeneous artifacts and data
from various sources, to use the known and defined model to derive some digital output, be it updating the
state of a digital twin, creating or enforcing rules between product, process, and resource, and so on. There-
fore, each of these requires the existence of a semantic model to unify the heterogeneous data and derive the
output. Thus, to allow a customer of Bluestar PLM to transition from being file-based to being model-based,
Bluestar must implement the use of semantic networks, which will be the focus of the remainder of this thesis.

Summary

This chapter has analysed a number of innovations related to the use of digital models. Firstly the cre-
ation and management of digital twins was considered but found to be outside the scope of Bluestar PLM,
though the digital model that underpins the digital twin should be managed by Bluestar PLM. Next, MBSE
is analyzed as a potential solution to represent the complex interactions between ETO LLC’s products and
production resources. This led to the introduction of PPR for modelling the interactions between product,
process, and resources. Which cannot currently be performed in Bluestar PLM due to an inability to repre-
sent the relations. Because Bluestar PLMs users are high-variance producers, they are not willing to create
new models for every new product, the creation must be easy, and the modelling must be easily reuasble.
Because of this, MBE was introduced to enable the use of models as the single source of truth throughout
the entire product lifecycle. This also showed the need to be able to represent the dependence on model
data in Bluestar PLM, which is not currently possible. Finally, semantic networks were explored as a way
to represent the relationships between different artifacts and models and to ensure consistency between them.
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Project Objective The objective of this project is to be able to achieve the stated digital ambitions of ETO
LLC by implementing semantic networks into Bluestar PLM by designing a prototype of the interface and
functionality of semantic networks in Bluestar PLM. Next, it is to determine the viability of using semantic
networks at ETO LLC and other customers. Thus, the solution and further analysis will not include the use
of ETO LLC’s CAx toolchain, as none of the available developers at PDMt is qualified to perform this devel-
opment. Therefore, this thesis will proceed with a Bluestar PLM-only solution. The use of CAx-applications
along with the developed solution is discussed in Chapter 5. Given the focus made in this chapter on creat-
ing semantic networks in Bluestar PLM, the development of the solution will focus on enabling this for ETO
LLC. Thus, this company will be used as a case study, and the solution will be developed first for them. This
process will be shown in Chapter 4. To gauge the generalizability to other Bluestar PLM Customers, two
further customers are discussed in Chapter 5.

How can a CAx-neutral semantic network be implemented into Bluestar PLM to fulfill ETO LLC digital ambitions?
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3 The Challenges at ETO LLC
In this chapter, the features that must be developed within Bluestar PLM to satisfy the ambitions of ETO LLC
will be identified. To do this, the chapter will present the current data structures, show pseudocode for the
manually defined algorithms, and lastly, a theoretical business case will be given to determine the effect of
achieving ETO LLC’s digital ambitions. First, however, a short note on the structure of data in Bluestar PLM.

Bluestar PLM consists of objects. Objects inherit from a generic data table template, which is then instantiated
into a specific object. The object thus inherits the existence of the data fields, but may have its unique value in
the given fields. A single object may contain several files of various kinds. There are several kinds of objects,
the primary among them is the engineering object, which will be used heavily in this and later chapters. An
engineering object is used to represent one part, assembly, or document, thus, an engineering object will be
defined by and contain one source file and its derived files, such as a SolidWorks model, the drawing, and a
STEP model.

Bluestar PLM is embedded into Microsoft Dynamics 365 Finance & Supply Chain Management (F&SCM),
the objects in Bluestar PLM and F&SCM all exist within the same database. Therefore, the objects can be
linked directly between the two applications, which is a key differentiator between Bluestar PLM and the
competing PLM providers. Therefore, the interactions between the objects in Bluestar PLM and F&SCM are
a high priority for ETO LLC, and will be considered even though the Bluestar PLM application does not
directly manage them. Before the use cases can be presented, an introduction to the used methodology of
data structure modeling is provided.

In this and later chapters, the term data structure will refer to a set of several objects that in some manner
depend on one another. Meaning that they share data between them. This data structure can comprise objects
both in Bluestar PLM and in F&SCM.

3.1 Operations Data Structure Modelling

A central challenge in modeling the use cases is the complexity of the relationships. Many modeling lan-
guages utilize HAS-A and IS-A links to describe composition and inheritance data relations, respectively.
However, the relationships between many technical data elements are not so simplistically defined. The rela-
tionship between an assembly and its constituent parts may be described as a HAS-A relationship. However,
some parts are unique to the assembly while others are used in many assemblies. Therefore, the assembly
may have a level of ownership over the first but not the latter, thus, the assembly’s relationships with the two
parts are different. Therefore, this thesis will make use of two different link types, referencing and joining.
Both indicate the sharing of information between two objects, however, a reference relationship is directed.
One is a data supplier, the other a data consumer, a joining relationship is undirected, allowing both objects
to retrieve data from the other.

Using these relationships, three examples of data structures at ETO LLC will be represented. These data mod-
els signify the AS-IS data relationships between objects, fields, or sub-tables within those objects. Through
these, the features required to fulfill the ambitions laid out in Chapter 1 will be identified.

3.2 Interobject Data Structure at ETO LLC

Because ETO LLC designs new products for every customer order, much of the products is linked through
joining relationships. The resulting structure is a hybrid of customized and standard objects. Moreover, as
can be seen in Figure 3.1, the poles, in this case denoted as "Pole Assembly", are also connected to other
objects, the data structure therefore features objects both in Bluestar and in F&SCM.
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Figure 3.1: An overview of the AS-IS linked objects used in ETO LLC’s operations. Showing how one project can be linked to several
pole assemblies. The relationships of pole Assembly one have been left out for graphical succinctness.

There are several forms of product documentation in Bluestar PLM, an example can also be seen, the "small
parts group", which contains all the small parts related to an order, but may contain parts from several pole
assemblies. Because these will be made on the same machine and at the same time, ETO LLC likes to use
all of them in one object to create demand for and allocate resources for. However, this object is not used
directly in a BOM of any of the poles, as it represents several parts required for several different pole designs.
The parts and quantities of the small parts change depending on changes to the design of the poles. To
continually update the documentation, the solution must be able to link several engineering objects together,
create and update the BOM of a project’s small parts group, and there must be a way to determine whether
a given object should be included as a small part.

Many of the relationships between objects in F&SCM are automatic or algorithmic, whereas the relationships
between Bluestar objects are executed manually by the technical drafters at ETO LLC. It is these relationships
that cause the manual data entry and validation that ETO LLC seeks to remove. Therefore, the solution
should focus on automatic executions of the relations between objects in Bluestar, with less emphasis on the
sharing of data to F&SCM. Thus, the data relations that are currently executed will be analysed in greater
depth.

3.3 Intraobject Data Structures at ETO LLC

Firstly, the relations of the main pole assemblies will be analysed, and can be seen in Figure 3.2 shows a
simplified relationship between one pole assembly, one of the order-specific parts, a Bluestar Project, and
the Sales Order. The impact of a change to one of the sales order’s fields can thus be traced through its
relationships with other fields. If two fields are connected with a referencing relation, the value of the field
is propagated without processing. Fields can also be used in Field Definitions, which are algorithms that
produce a field value by processing its inputs.
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Figure 3.2: The data relationships of the different fields, field definitions, showing relations between objects. The sales order is in
F&SCM, all other objects are in Bluestar PLM. The Excel con represents that these data points are first defined in Excel and later entered
into Bluestar PLM.

The manual data entry and validation mentioned above are also clearly visible. Especially the four fields
defined by the sales order. Whenever a project is created, the technical drafters have to copy this information,
especially as there can be many pole assemblies in a project. If this dependence of these fields could be
automated by referencing field values on other objects, it would reduce manual workload and allow ETO
LLC to set the responsibles for a given change.

The poles’ surfaces are treated to increase corrosion resistance, one of the surface treatments is galvanization,
but ETO LLC does not have the equipment for galvanization. The external galvanization is represented by a
service item, which is added by creating an entry into the BOM table, an entry into the BOM will be called
a BOM line. Therefore, when the object’s "Surface Treatment" field is set to "Galvanization", the service item
should be added to the BOM, while if the field is anything else, the service item line and the operation
should not be added. As the service items are not part of a 3D geometric model, they are added to the
MBOM. Bluestar currently supports the creation of MBOMs, creating routes, operations, and assigning a
resource to perform them. Thus, the solution must be able to create these MBOMS automatically. Below are
the steps in creating the galvanization MBOM is given as pseudocode.

Algorithm 1 Create Galvanization MBOM

1: if Top Assembly 1.Surface Coating == Galvanized then
2: Create MBOM of Top Assembly 1, MBOM-TOP
3: Create new Bluestar Object, named "Galvanized Sub Assembly"
4: for each BOM line, l ∈ TopAssembly1BOM do
5: Create new BOM line from "Galvanized Sub Assembly" to l.child
6: end for
7: Create BOM line from MBOM-TOP to "Galvanized Sub Assembly"
8: Create BOM line from MBOM-TOP to "Galvanization Service Item"
9: end if

The function "Calculate Cost of consumed material" is already implemented into Bluestar PLM, and is a
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feature available without customization, however, it is not automatically activated, but must be manually
triggered. While the cost calculation function is already implemented, so is the weight calculation function.
Both of these are often subject to customization, as "calculate finished product weight" is in the case of ETO
LLC, thus it is chosen that the solution should be able to replace these functions instead of using them, to
allow for more customizability at the end user.

To perform the galvanization MBOM creation, the solution must be able to represent logical branching, such
as if-statements, for-loops, create new MBOMs of a preexisting assembly object, create new objects, and lastly
create BOM lines between these objects. Next, the data relationships of an order-specific part will also be
investigated. The resulting overview can be seen in Figure 3.3.

Figure 3.3: The AS-IS relationships between the parts, various fields, field definitions, and the previously analysed assembly.

From the overview, two more field definitions can be seen. To identify the functionality required to perform
the field definitions of "Select Raw Material" and "Calculate weight", they will be given as pseudocode below.

Algorithm 2 Calculate Weight
Input: Material, Volume, Surface Coating
Output: Finished Weight

1: if Order Specific Part 1.Surface Coating == Galvanized then
2: Weight← Material.Density ∗Volume ∗ 1.08
3: return Weight
4: end if
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Algorithm 3 Select Raw Material
Input: Material, Length
Output: MBOM Line

1: if Material == S355J2 then
2: if Length ≤ 2meters then
3: Create MBOM Line, l, from Order-Specific Part 1 to "S355J2MetalPlate"
4: else if Length ≥ 2meters then
5: Create MBOM Line, l, from Order-Specific Part 1 to "S355J2MetalCoil"
6: else
7: Set Length field on object as Invalid
8: break
9: end if

10: else if Material == S355M then
11: if Length ≤ 2meters then
12: Create MBOM Line, l, from Order-Specific Part 1 to "S355MMetalPlate"
13: ...
14: l.quantity← Length

From these, it can be seen that the solution must be able to access the data fields of other objects and use them
in processing, such as arithmetic. Furthermore, it must be able to perform nested statements and loops. Thus
the following features must be performed in order for the data relationships at ETO LLC to be represented.

1. Give Bluestar objects read access to fields to other objects.

2. Allow for arithmetic in field definitions.

3. Allow for Logical Branching in field definition execution.

4. Creation and editing of new and existing BOM lines.

5. Creation and editing of new and existing Routes and associated operations.

6. Determine Impact before the performance of a change in field data.

7. Algorithmically generate an MBOM once the EBOM of the product is known.
Lastly, with the data structures in place, a business case for fulfilling the ambitions will be developed and
quantified. The last ambition of digital twins will not be performed as it is not within the purview of Bluestar
PLM.

3.4 Business Case for ETO LLC

The business case will be built upon the ambitions stated earlier, with one analysis for each ambition. Unless
otherwise stated, time estimates for certain actions are given by company representatives from ETO LLC.
Furthermore, it is assumed that the manual work can be eliminated.

Automatically create and update derived product documentation in Bluestar

The derived product documentation encompasses two different things, the aforementioned small parts group,
and the project cover page. Each of these three will be covered separately.

Small parts group The small parts group is represented in Bluestar as an object with a large number of parts
used throughout an entire project. The time spent on creating the small parts group comes from two sources,
firstly, each pole’s BOM has to be manually checked for small parts, secondly, these must be added to the
BOM of the small parts group.

The number of unique pole designs per project varies, but the average is 34, each of whom have about 5 differ-
ent small parts. Small parts designs are reused across pole assemblies, and thus are only included in the small
parts group’s BOM once, however, the quantity to be created must be summed for all instances throughout
a project. The counting is performed by exporting all the BOMs of the poles into an Excel worksheet and
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then summing. The export takes approximately 10 minutes, regardless of size of the project. According to
ETO LLC’s representatives, it takes about 5 minutes to go through each BOM, and about 1 minute to add the
quantities to the running total per small part. At 60 projects per year, that is 30,600 minutes per year.

TSPGDe f inition = 60
projects

year
∗ 34

assemblies
project

(10
minutes
assembly

+ 5
smallparts
assembly

∗ 1
minute

smallpart
) = 30, 600

minutes
year

(3.1)

The presence of errors in these BOMs is negligible, as the BOM is validated before use, which ETO LLC says
takes about half the time as creating it. Which is 10,200 minutes per year.

Project cover page The project cover page is used in the drawings sent to the customer. The project cover
page includes a list of every unique pole design in a project, along with their quantities. The creation of the
cover page is handled by a custom application developed by ETO LLC, which takes another BOM object from
Bluestar PLM This BOM is create by taking pole assemblies and their quantities in a project from its sales
order. This takes about 12 minutes per assembly, and thus, the time is minutes a year.

TPCPDe f inition = 60
projects

year
∗ 34

assemblies
project

∗ 12
minutes
assembly

= 24, 480
minutes

year
(3.2)

Due to the smaller complexity of this task, validation is not normally performed, errors rarely occur, and are
usually fixed by the customer.

Reduce the amount of time needed for manual data entry and validation

As discussed above, ETO LLC also performs manual data entry and validation for the various parts and
assembly objects themselves. According to the representatives at ETO LLC, it takes about 90 minutes of date
entry per pole assembly, including all its design-specific objects and link to standard parts, and it takes about
45 minutes for validation of the same. This includes the time required to define the raw materials and routes,
and thus covers both ambitions.

TObjectData = 60
projects

year
∗ 34

assemblies
project

∗ (90
minutes
assembly

+ 45
minutes
assembly

) = 19, 200
minutes

year
(3.3)

Be able to determine a change’s impact on cost, production, and lead time before it is
committed to

The impact of achieving this will be evaluated through the greater ease of impact estimation. The process
can be seen in Figure 3.4.
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Figure 3.4: The change impact estimation process is the same whether the change is requested internally or externally.

ETO LLC states that about 3% of their designed assemblies need to be changed after approval. The commu-
nication with the customer takes about 60 minutes per change. On average, the technical drafters effectively
perform 4 full data entry and validation cycles on different objects, taking about 90 and 45 minutes, respec-
tively. The mechanical changes can be derived from the changes in Bluestar PLM, but is performed manually,
this takes about 90 minutes. Lastly, the production scheduling takes about 45 minutes. However, this cannot
all be performed automatically by Bluestar PLM and would require extending the semantic network to act
on data outside of Bluestar PLM, which is outside the scope of this development. Thus, the time that could
be reduced is the work performed by the technical drafters, and thus is 8.262 minutes per year.

TImpactEstimation = 60
projects

year
∗ 34

assemblies
project

∗ 0.03
changes
assembly

∗ (90
minutes
assembly

+ 45
minutes
assembly

) = 44, 982
minutes

year
(3.4)

Be able to determine the persons responsible for enacting and approving a given change

When a change is requested, the technical drafters go to the sales order F&SCM, and copy the different
responsibles from those to the object representing the change. The time to perform this is rather short at
about 3 minutes per change, however, the problems arise when a mistake is made, such as the wrong user
being copied or it being forgotten altogether. When the wrong user is copied, the execution of the task is
delayed until the wrongly assigned person writes to the project manager, thus delaying it by about 1 day, as
this is usually done through email. Next, if the responsibles have not been set at all, the execution will be
delayed on average by a week after initiation. Both of these are rather unlikely to happen at about 10% and
5% of changes, respectively. Over a year of projects, this accumulates to 27.54 hours of unnecessary increased
lead time.

TIncreasedLeadTime = 60
projects

year
∗ 34

assemblies
project

∗ 0.03
changes
assembly

∗ (0.1 ∗ 1
day

change
+ 0.05 ∗ 7

day
change

) = 27.54
days
year
(3.5)

Several of these estimates result in reduced work for the designers and technical drafters, the projected times
savings sum to 129.462 minutes per year of which 92.742 minutes are saved at the technical drafters.

With a theoretical business case evaluated, the solution once finished and a trial at ETO LLC is performed, a
validation of the system can be performed by comparing the effect of the trials agains the expected benefits
laid out in the theoretical business case above. Next, with the features identified the development of a solu-
tion will be performed.
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4 Solution Development
From the use cases, several required features have been identified. However, non-technical requirements such
as user experience and perceived usefulness among customers is still unknown. It is a priority for Bluestar
PLM’s users to be able to implement, modify, and maintain their instance of the system themselves. Thus,
the system must be designed and implemented in a way that is both usable by and useful for representatives
of the companies who have implemented or are implementing Bluestar PLM into their workflows. To ensure
this, a number of hypotheses are created and tested using subsequent iterations of the proposed solution. The
testing will be performed using feedback from representatives of one or more of the companies represented
by the use cases.

4.1 Hypotheses

Given the novelty of the use of semantic networks in Bluestar PLM, a large number of unknowns remain.
However, these unknowns are not merely technical but also commercial. For example, it remains unclear
whether current customers see value in the implementation of a semantic network, or if they would be
willing to pay more for access to it or similar features. These unknowns severely impact the viability of
developing, marketing, and maintaining these features. Therefore, several hypotheses are created to explore
the usability and usefulness of implementing a semantic network into Bluestar PLM.

1. End users at ETO LLC, being their technical drafters and the PLM technical lead, can conceptually
understand the purpose and functions of a semantic network.

2. End users at ETO LLC believe they are sufficiently knowledgeable to use the currently selected features
if implemented.

3. The selected features are sufficient and necessary for the generation of value for the users.

4. The chosen solution architecture is capable of supporting the identified features for ETO LLC.

5. The solution architecture is generalizable to other customers.

6. End users at ETO LLC, being their technical drafters and the PLM technical lead, can create and maintain
a semantic network in Bluestar PLM on their own after training..

Given the high level of uncertainty and the complexity, both technical and commercial, a build-measure-learn
loop wil be used to answer the listed hypotheses, several iterative prototypes will be developed and exposed
to the company representatives. These prototypes will follow a progressive development flow and will thus
become closer to a final commercialized product through each iteration. The technical developments of each
iteration will be shown and briefly discussed and then customer feedback will be presented for the given
iteration. Lastly, the feedback, related to a specific hypothesis or not, will be used to guide the development
of the subsequent iteration.

4.2 Solution Architecture

The chosen architecture must be able to be implemented into the currently existing Bluestar PLM system,
and it must also be generalizable to other customers beyond ETO LLC while solving their problems. This has
given rise to the following architecture.

It is chosen to limit the data propagation to be pulled by the executing object rather than be pushed from
another. This means that an item can retrieve data and process it to make some changes to itself, but it
cannot directly set the field values in any other object. Some data entities are a part of the object even though
their lifecycle may be partially independent of the object’s lifecycle. Examples of these are BOM-lines, which
are entries into a BOM table, routes, operations, and links. These can be created after the main object is
created, and can be deleted without deleting the object, though deleting the object will delete them. These,
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therefore, fall within the object which is assigned to the class, from now on the classified object. The resulting
architecture becomes a "Network of Networks". That means each object carries an internal semantic logic
network describing its internal structure, and each object is also part of a network of other objects. To create
the internal semantic network, several artifact types were added to Bluestar PLM:

* Data Model: This is the data object representing the entire semantic network within a given object.

* Calculation nodes: Calculation nodes use instructions to algorithmically convert data from field nodes,
external object links, and other calculation nodes into a value, which is then recorded in one of the
object’s fields.

* Field Nodes: A field node represents the use of a field that is stored on the object itself.

* External Object Link: The external object link is the external object that the data model will use in
calculation nodes.

* Instructions: A sequence of executable steps, each containing a specific action. Together, a calculation
node’s instructions comprise the algorithm the calculation node will use.

* Actions: The mathematical or logical operator which will be used by an instruction.

This chapter will use a term called "artifacts", in this context, they mean a type of digital record or entry into
a database, thus an artifact may be the data model or one of its nodes or actions. These different artifacts
comprise the data model. A simple example of a data model within an object can be seen in Figure 4.1.

Figure 4.1: The five different kinds of artifacts used to represent the semantic network within an object. The arrows indicate the direction
of data dependency.

Next, because the data dependencies vary between objects but are often similar within a class of objects, the
architecture will extend one of Bluestar PLM’s preexisting features, called classes. Classes are categories to
which other instantiated objects can be assigned. An object, such as a project or an engineering object, can
only be assigned to one class. Each customer defines their own classes and attributes, but these are shared
among all users in a single Bluestar PLM environment. In Figure 4.2, the relationships of the new artifacts
with relevant preexisting artifacts.
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Figure 4.2: An overview of the different concepts mentioned and their relationships formalized using UML. If the artifact type is used
in Figure 4.1, they are shown using the same colour here, if the type is not present in Figure 4.1, the type is coloured white.
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Two methods of encoding the instructions were considered: a restrictive tabular form and a flexible program-
matic form. The tabular form requires formatting each instruction into a row in a table, where the data inputs
are specified along with the action that the two sources will be used in. A programmatic encoding would
utilize a formalized programming language, such as Python, to describe the actions to be performed. An
example of the two encodings representing the conditional calculation of product weight depending on the
"Surface Treatment", "Weight", and "Volume" can be seen in Figure 4.3.

(a) A tabular encoding of the conditional weight calculation, by combining
the use of two defined actions of if-statements and multiplication.

(b) An encoding of for the conditional calculation of weight using a python
syntax.

Figure 4.3

The encoding into tabular form makes it much easier to restrict the ability and flexibility of end users to
impact the data in Bluestar in unintended ways since the user is restricted to performing a predetermined set
of actions. However, it may also make the encoding of instructions less logically flexible, subsequently, the
amount of actions required to support the business logic outside of ETO LLC may be unviable to develop and
support. However, the effort required to support this and the business logic is unknown. Even though it may
be more scalable, the initial development time for a workable prototype based on programmatic encoding
was considered to be significantly larger. Thus, due to the easier coding implementation and the greater
protections against mistakes for end users, the Bluestar management prefers the tabular option if it is found
to be sufficiently generalizable. Therefore, it is chosen to proceed with a tabular encoding and to estimate
the development work required to allow the encoding of the business logic of other Bluestar PLM customers,
which can be seen in Section 5.1

As mentioned in Chapter 3, objects in Bluestar PLM are represented in F&SCM by releasing the object into
F&SCM from where it can be referred to and impact can be propagated to sales, production, and purchasing
orders. Everything that causes a change in F&SCM must be present in F&SCM so a change can never be
propagated directly from an engineering object to a commercial record outside of release, as this would be
impossible to trace and account for by users who do not have Bluestar PLM access. Therefore, this solution
will be scoped to the implementation of features into Bluestar, but it will only be very limited in changing
the F&SCM and the broader Dynamics 365.

4.3 First Development Iteration

This iteration focused on answering of Hypothesis 1. being "End users at ETO LLC, being their technical
drafters and the PLM technical lead, can conceptually understand the purpose and functions of a semantic
network" To test this hypothesis, a minimally viable product was developed by implementing Features 1., 2.,
and 3. from the previously identified features.

1. Give Bluestar objects read access to fields on other Bluestar objects.

2. Allow for arithmetic in field definitions.

3. Allow for Logical Branching in field definitions.

These features are implemented by extending Bluestar PLM’s classes to be able to define a "Data model" for a
given class, in which the user can define relations and dependencies between a class’s attributes, native object
fields, and fields of linked objects. These relations are simple arithmetic and logical branching calculations.
Thus, this prototype is not able to perform anything related to source files, the creation of new objects, or
new relations to existing objects. The data model creation is performed in the graphical user interface seen
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in Figure 4.4.

Figure 4.4: The interface created for the definition of a data model by allowing the user to create and define nodes, external object link,
and their relations.

The data model interface has five main components, as seen in Figure 4.4, which are used to implement the
features mentioned. (1) The three yellow coloured blocks are field nodes and are used to show the successive
node’s data dependency on a given field. Here, the finished weight is dependent on the field nodes "Surface
Coating", "Material", and "CAD Volume". The data dependency is shown explicitly by using (2) the relation-
ships between nodes, each of which can be given a name to describe the meaning of the data dependency
between the field and the calculation. This allows (3) the processing nodes to use their relations to field
nodes and (4) external object link nodes to generate the values that will be outputted into a selected field or
attribute on the classified object. This is generated by the processing nodes using (5) the instructions, where
the external object links, field nodes, and the output from previous instructions can be used as inputs into
various actions. The instructions are used to implement the arithmetic and logical branching required by the
features by implementing six actions to encode the technical and business logic into the data model.

To determine the usability of the first iteration of development, the prototype was shown to four different
company representatives of ETO LLC. Two representatives were chosen because they had the most theoreti-
cal and managerial experience in using Bluestar and implementing Bluestar and other PLM systems at ETO
LLC and other companies, these will be called the tech leads. The remaining two were chosen as they were
the users currently performing the data copying and validation, and were, therefore, the most familiar with
ETO LLC’s product data structure, furthermore, they had the most direct experience in using and managing
data in Bluestar and thus would be the primary maintainers of a data model. these will be referred to as the
detailers.

The Representatives of ETO LLC received coaching and a demonstration on the use and suggested purpose
of the prototype data model. To test the hypothesis, a simplified product data structure was derived from the
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intraobject data structure and then presented to the representative.

Task: The company representatives were then asked to individually create the given data structure seen in
Figure 4.5 within a test environment containing the solution prototype.

Figure 4.5: The simplified product data structure given to the company representative of ETO LLC.

Result: All four company representatives found the interface to be understandable and legible, though
somewhat "clunky" as expressed by the senior tech lead. After approximately 30 minutes of explanation and
coaching, the company representatives were able to complete the task, but all did require further coaching,
including reminding the representative of previously told information and explanation of terminology. In
particular, while the detailers showed more skill in navigating the interfaces, they were much more confused
about the purpose of each data model component and consequently took a longer time to complete the
task. They found the different kinds of nodes hard to distinguish and use. They found that defining the
instructions was particularly challenging due to the lack of a "do nothing" action, the lack of which required
concatenating the selected field’s value with an empty string to achieve the data references. To accommodate
this feedback a "do nothing" action was added and the external object link node was changed to a rounded
shape to denote its difference from the others. While the value of the identified features was not surveyed,
the company representatives did believe that such features would provide meaningful value if the other iden-
tified features were implemented. This issue was further explored in the second development iteration.

4.4 Second Development Iteration

In the second iteration, Hypothesis 2., being "End users at ETO LLC believe they are sufficiently knowledge-
able to use the currently selected features if implemented", a simple use case for the Assembly data structure,
seen in Figure 4.6, was sent to the same company representatives of ETO LLC as used for the evaluation of
the first iteration. The use case was not attempted to be made, this was performed in the third iteration.
Instead, the second iteration focused on ETO LLC’s company representatives’ perceived ability to make use
of it to create the data structure with the identified but not yet implemented features.
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Figure 4.6: The use case was created and exposed to company representatives of ETO LLC to gauge their perception of value for their
current challenges.

Task: The company representatives were asked to score each of the features on a survey about each of the
seven features: Each representative was asked to rate their belief in their own and the wider organization’s
technical ability to make use of the feature, marked below as "Usability". The ratings were made between 1
and 5, with 1 being completely unmaintainable and 5 being very easily usable, with a score below the middle
point of 3 representing a belief that they do not currently have the necessary knowledge and ability to use
the features. The averages of the four company representatives of the answers can be seen in Table 4.1.

Result:

Table 4.1: Rating of usability of suggested features by representatives of ETO LLC on a 5-point scale.

Feature Usability

Give Bluestar objects read access to fields to other objects. 4

Allow for arithmetic in field definitions. 4

Allow for Logical Branching in field definition execution. 4

Creation and editing of new and existing BOM-lines. 4

Creation and editing of new and existing Routes and associated operations. 3.25

Determine Impact before the performance of a change of field data. 2.75

Algorithmically generate an MBOM once the EBOM of the product is known 2

All features except impact estimation and MBOM generation were determined to be usable by the company
representatives. Thus, these features appear to be self-describing enough that the tech leads and detailers
could use them without further significant training. Thus, it was decided to develop the usable features
before the more user-challenging ones. The more user-challenging features must still be developed if the
ambitions of ETO LLC is to be fulfilled, however, the ability to create the required training material should
be explored to increase the perceived usability. Due to time constraints, this will not be performed before the
turn-in of this thesis.

To implement the usable features, several new instruction actions were created, the development specifica-
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tion for the interface, their behaviors, and special cases are described in Appendix B. In total, six new actions
are added: three for creating new BOM-lines, ROutes, or Operations, and three further to edit pre-existing
BOM-lines, routes, and operations.

All three of these are collections of fields and are thus much more complex to interact with than a single
isolated field on an object. Importantly, all three are fully owned by the classified object, as routes by de-
fault in Bluestar are product-specific, and the operations are route-specific. An object can have an arbitrary
number of BOM-lines and routes, and routes can have an arbitrary number of operations, the uniqueness
and preferability will be solved using the tagging described in Section 4.2. Furthermore, due to their greater
complexity, the creation and editing cannot be performed through the tabular encoding previously decided
upon as the number of fields in the table, which would have to be shown and editable at all times, would
make the interface vastly more cumbersome and less intuitive and intelligible for the user. Thus, a choice of
tabular and programmatic encoding is implemented this, and the user interface was further developed as can
be seen in Figure 4.7.

Figure 4.7: The new interface showing the action parameters text field, which will be used to define the action to be undertaken during
execution.

Another development is the creation of an "Action Parameters" field. To reduce the interface complexity of
the tabular instruction encoding, a multiline text field is created. This text field is then synchronized into a
field of the same name in the instruction table. The action parameters are the values for a BOM line, Route,
or operation. The current values will then be overwritten with the ones specified in the action parameters.
Once the creation and editing of the BOM lines, routes, and operations were developed, the prototype was
used to test the next two hypotheses.

4.5 Third Development Iteration

The third iteration will test Hypothesees three and five being "The selected features are sufficient and neces-
sary for the generation of value for the users" and "The chosen solution architecture is capable of supporting
the identified features for ETO LLC" respectively. To test this, the two intraobject use cases, described in Sec-
tion 3.3, will be combined and are illustrated in Figure 4.8. Task: This data structure will then be attempted
to be made by the company representatives used in the first and second iteration.
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Figure 4.8: The data structure for the third iteration was created by combining the two data structures at ETO LLC described previously.

Result: Using the developed features, the company representatives were able to complete the assignment
by creating the data model, though the representatives continually required further coaching, including on
topics previously covered in iteration 1. Furthermore, two more challenges were discovered.
Firstly, ETO LLC has some custom developments for their F&SCM environment, which heavily restricts the
naming and number of fields in their F&SCM products. In particular, they can only have 20 unique data
fields other than those originally provided by an out-of-the-box F&SCM environment. While this particular
issue is specific to ETO LLC, many Bluestar implementation projects result in engineering or data represen-
tation concessions because of the way the products must be represented in F&SCM. Often, an engineering
department may want extra class attributes, which are not relevant commercially. These are often not added
as they will be synchronized into F&SCM to the confusion of production or sales. Thus, another feature is
required to be implemented for the prototype to be used at ETO LLC:

8. Algorithmically determine how an Engineering Object is represented in F&SCM.
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Secondly, during the creation of the data model, many of the representatives’ frustrations were caused by
the co-evolution of two or more data models. As each data model is created to work independently of the
others, it is also defined on its own. Therefore, the representatives were often confused about which part of
the data structure they were working on. At ETO LLC, the set of classes used in the data structure is the same
between instantiations. That is the assemblies, parts, projects, and so on, each of which has different classes,
but the classes of projects used for their products are the same. Thus, the same data models are often used
together and will also be defined together. To accommodate this, the data model interface will be modified
to support the definition of multiple data models simultaneously.

However, due to time constraints, particularly caused by the developer’s unavailability for the remainder of
this thesis before submission, the results of feature development will not be described here. Similarly, the
solution is not sufficiently developed to be able to test hypothesis six, being "End users at ETO LLC, being
their technical drafters and the PLM technical lead, can create and maintain a semantic network in Bluestar
PLM on their own after training." As this requires all the requested features. Furthermore the impact of using
the prototype at ETO LLC will not be evaluated or compared to the theoretical business case from Chapter 3
as the prototype is not suffieciently finished.

Nevertheless, it is concluded that the current architecture is capable of supporting the necessary features for
representing the data structure at ETO LLC, thus confirming Hypothesis four. Moreover, as the main cause
of frustration is to be alleviated by allowing multiple data models to be defined simultaneously, no further
functionality was requested by the company representatives, thus confirming hypothesis four. Hypothesis
five will be explored by analysing two other customers of Bluestar PLM and then identifying the required
features beyond those already developed, which be performed later in Section 5.1.
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5 Discussion
This chapter presents a critical discussion of the further development following the development and imple-
mentation of the Semantic Web within Bluestar PLM. It explores the practical challenges of the implementa-
tion and addresses any challenges encountered during deployment. The discussion also reflects on how the
results align with the initial objectives and highlights opportunities for future improvement.

5.1 Usefullness Beyond ETO LLC

For full commercial development of the semantic networks to be viable, it must also be useful beyond the
specific use case for ETO LLC outlined in Chapter 3. Therefore, two further companies with different process
patterns, data structures, and digital ambitions are outlined, and any new feature requirements will be iden-
tified. Lastly, the current architecture’s ability to support features will be evaluated by the developer who
performed the previous development.

CTO Company - Variant Creating

Some other customers have much more well-defined product structures and therefore they make use of the
product configuration system to generate the required specifications and files from the user input and cus-
tomer requirements. These customers fall into the Configure-to-order or CTO process pattern, where a new
product is often created for or used in a new customer order, but the data on the configuration is derived
through logic set by the configuration model. This is the case for the company representing this use case,
CTO AG.

CTO AG produces clothing rack systems for industrial clients. The AS-iS data structure can be seen in Figure
5.1, some of the parts in the product structure are standard, however, because of the use of configuration
masters, much of the data of the individual object is created using the rules from the configuration masters.

Figure 5.1: The different objects in a rack assembly variant and their associated master models used for configuration. The interactions
with production equipment have been left out for succinctness.
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The design of these racks follows predetermined rules captured in the master models, but individual di-
mensions, connection pieces, and aesthetic elements are liable to change. As CTO AG has a long history of
using this system, it has tens of thousands of preexisting rack assemblies and parts that are reused during
configuration. While engineering files and drawings may be unchanged, the company’s production is con-
tinually developed through greater automation and new process technologies. Thus, the production route
and operations of a given variant may change through time. Due to the number of variants, it is not viable to
manually maintain each variant.

Similarly, it is not viable to manually determine which of the tens of thousands of variants are no longer pro-
ducible. Currently, the designers and engineeers, and CTO AG will inspect each part of the BOM structure
to determine whether or not it is possible to make a given location.

Thus, CTO AG’s ambitions are to...
1. maintain routes and operations on pre-existing variants when production resources change.
2. identify variants no longer producible due to new product constraints

To explore how these ambitions could be realized, the data structures of one of the parts from Figure 5.1
at CTO AG will be investigated. A hypothetical TO-BE Bluestar representation of the data structure of the
vertical rack pillar can be seen in Figure 5.2. Data dependencies unrelated to the identified ambitions have
been left out.

Figure 5.2: The interactions between different objects used to generate the routes and operations for a given variant.

As seen in Figure 5.2, the different machines are categorized into different groups depending on availability
at a given plant. Each machine has a set of constraint for the different dimensions, the routes and operations
for a given variant then depend on the machines’ constraints. If no valid routes can be made, the variant is
not producible with the current resources.

This would require the ability to represent machines, their constraints, and group machines in Bluestar.
Furthermore, it requires a semantic agreement between the machines’ constraints and the dimensions.ith the
data structure and business Processes outlined, a business case for the use and implementation of model-
based features can be made.

Business Case

The central problem for the company is the maintenance of variants as the business develops and routes and
products change. The variants have been made previously and may have been used in customer orders.
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If the required changes to Bluestar are made, the production preparation team would not have to perform
manual producibility validation for each design, and therefore save time. Secondly, the non-producible vari-
ants could be hidden from designers and sales personnel such that new projects do not use them, thus saving
time outside of production preparation, by removing redesigns.

Assuming that CTO AG fulfills 100 orders a year, each containing 25 different variants, that 20% of all variants
are not producible anymore, that each validation takes 30 minutes, and that redesigns take approximately 2
hours. Then the lost time across can be found by Equation 5.1, which comes to 195.000 minutes per year, of
which 75.000 minutes is production preparation and 120.000 minutes in design and sales.

TLost = 100
Orders

Year
∗ 25

Variants
Order

∗ (30
minutes
variant

+ 0.2 ∗ 240
minutes
variant

) = 195.000minutes (5.1)

The implementation of the suggested features would therefore save CTO AG 1,5625 full-time employees ev-
ery year. For brevity, the business case here only estimates the impact of the new features thus, other gains
mirroring those expected at ETO LLC are entirely possible.

Mass Producing Companies - Workflow Defined

The last use case is based on a mass-producing company, MTS ApS, which makes roller blades for the con-
sumer market. There is a significant number of variants, but these are designed and produced ahead of the
point of sale and without any input from the customer. The roller bladess vary primarily in three ways:
the mold used to create the roller blade, called the technical norm, the materials which are layered and
put into the mold, defined by a technical specification, and lastly, the size, which is set for a given variant.
This results in a hierarchical structure in which some data of a given variant is defined for the individual
variant, some is derived from the technical specification, which in turn inherits some from the technical norm.

The specification and development of these variants is very time-consuming, highly cross-functional, and is
performed each year to keep the collection fresh. Therefore, the engineering and aesthetic designers must
continually collaborate on a large number of variant development projects, each at different levels of com-
pletion. To structure this, the company makes extensive use of Bluestar PLM’s task and workflow objects to
describe and schedule the current tasks. Currently, a spreadsheet and to contain the results and conclusions
of the completed tasks for each development project is passed between departments which is then gradually
filled out. This, however, leads to lost work when a spreadsheet file is lost or the wrong version is updated.
Furthermore, an engineer must interpret the resulting structure from the spreadsheet and then implement it
into Bluestar PLM, which is both time-consuming and prone to errors during both development and inter-
pretation.

Thus, MTS ApS’s ambitions are to...
1. Use task completion to execute or inform predefined functions to create new objects or relations.
2. Sequentially apply rules throughout product development.

These ambtiions can also be derived from the data structure seen in Figure 5.3, here the data structure in-
cludes a Bluestar workflow and associated tasks. These are used to define not specific variants but rather the
technical specification, which acts as a meta model for each of the roller blades.
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Figure 5.3: An overview of the AS-IS data structure representing the relations between various objects at MTS ApS.

In effect the project and workflow are just passthroughs for the choices made in each task to be applied to
the technical specification. This yields the intraobject use case data structure can be seen in Figure 5.4.

Figure 5.4: The interactions between the tasks, technical norm, technical specifications and the resulting roller blade assemlby variant.
The data structure is shown as if all currently identified features were implemented.

Even if all the currently identified features were implemented, much of this data structure would still be
manually executed, because Bluestar PLM lacks the ability to easily use the choices made in a task outside of
the workflow itself. Furthermore the ability to trigger some action depending on the state of a given task is
currently possible and has not been covered in the other previously identified features.

Business Case

The company has five different business areas for different kinds of roller blades, which in total become nine
different product lines, which in turn contain 80 different technical specifications, all of whom is redesigned
every year. Each technical specification has an average of five different sizes, although this varies by technical
norm. In total, there are 10 different technical norms across all technical specifications. Thus, on average,
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every year the company runs 80 roller blade development projects and creates 400 new roller blade variants
with individual designs. This effort is performed by a team of 25 people, who also handle engineering change
requests, prototyping, and production process development.

With 400 variants, each containing a right and a left, each containing two levels of sub BOMs, the number of
BOMs becomes 2400. If each BOM takes approximately 15 minutes, and an escaping error is made in 1% of
BOMs, due to wrongful interpretation of the project spreadsheet, and 60 minutes of work is lost to rectify an
escaping mistake in a BOM. The total BOM time is calculated as in Equation 5.2.

TBOMDe f inition = 2400 BOM · (15
min

BOM
+ 0.01

Mistakes
BOM

· 60
min

Mistake
) = 37.440 min (5.2)

However, the BOM of a variant can be calculated based on the technical specification by filtering it based on
the size of the roller blade and right/left chirality of the roller blades. Thus, this time and associated errors
could be effectively removed if the conclusions made in the development spreadsheet were automatically
applied to the technical specification that the project is developing.

Next, the use of a spreadsheet to track the project results and conclusions have led to several problems,
including the loss of work when the spreadsheet is lost and an old version must be found and the same work
must be remade. Assuming each development project requires input from 10 people and consists of 50 tasks,
each requiring 60 minutes of work to finish, then if each person completes 2 of the 50 tasks before passing
the spreadsheet on, then losing the spreadsheet will lose 120 minutes of work and the time spent trying to
find it. Thereby, there will be 25 handovers between project collaborators, and there is a % chance for the
spreadsheet to be lost for each handover. Thus, the time lost for project handover is calculated by Equation
5.3.

TLostWork = 80 projects · 25
handover

project
· 0.05

losses
handover

· (120
min
loss

+ 15
min
loss

) = 13.500 min (5.3)

With these further customers analyzed and their business cases shown, the features required to support them
can be seen in Table 5.1. The compatibility of each feature was then evaluated by the responsible Bluestar
PLM developer.

Table 5.1: The new features which must be developed for the business cases to be realized and for the data models to support the data
structures at CTO AG and MTS ApS.

Feature Use Case Compatible with
current Architecture

Represent and Evaluate Constraints of produc-
tion equipment

CTO AG If semantics match,
yes

Set the status of an object CTO AG Yes

Create and reference dynamic lists of objects CTO AG Yes

Reference tasks choices in a workflow MTS ApS Yes

Trigger actions through workflow and task pro-
gression

MTS ApS Yes

With the new features identified and their ability to be implemented into the current architecture the penul-
timate hypothesis being "The solution architecture is generalizable to other customers" is therefore accepted.
The architecture is generalizable to other customers.
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5.2 Further Development for Current Features

The hypothees have been investigated some architectural characteristics were discovered during development,
which were not solved due to time constraints. These issues relate particularly to the practical functioning of
semantic webs implemented alongside ordinary PLM features, such as Class inheritance hierarchy, multi-class
structures revisioning, engineering change management, and will be discussed here.
Though it is unclear whether this increase in interrelatedness between classes causes greater complexity and
rigidity in defining changing the preceding classes to be worthwhile.

Multi-Class Data Models

As discovered during the third development iteration, the users would like the ability to define data models
together, as some were often, if not exclusively, used together. However, with the current architecture binding
the data model to the class, this makes the management of the data model more troublesome if the model
is also used in other situations and with other sets of classes than the one it is currently being defined for.
Thus, a user could make changes to a class’ data model, which impacts interactions beyond the scope they
are currently considering or even know about. Implementers of Bluestar PLM often use the rule of thumb
that a class is a category of objects that have the same defining properties and rules. Nevertheless, the desired
behavior is unclear if the objects of the given class have different rules and interactions in different situations?

One may argue that the class should be split into several sub-classes, one for each situation the class may be
used in, such that each sub-class can contain their own data model. However, this would result in objects that
are functionally and technically identical, but used in different contexts to have different classes. This may
seem acceptable, except when one considers that many users may not know the wider context of the physical
object they are interacting with. How would the worker determine the class of the physical object? How
would they know which classes contain functionally identical objects? In such an implementation, the classes
become unwieldy for anyone not directly involved with their definition and management, as they may not
know of the various other situations that the same object may be used in.

Another suggestion is to separate the data model from the class itself, and break the rule of similar properties
and rules within a class. Thereby, the classes can have the same product properties, but have different rules
and interactions in different situations. This could allow the EOSs of different objects to define multi-class
data models by giving each class one or more data models used in different situations. These multi-class data
models would represent an ontology, which could then be instantiated in its entirety into a semantic network.

Figure 5.5: An example of the relationships between the classes, objects, data models, and the multi-class data models shown in UML.
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Semantic Networks’ Interaction with Changes

A further consideration is the unresolved problem of data referencing through revisions and approvals. If
an assembly uses the weight field of an object representing a part, the assembly object is then approved and
locked for changes, but if the weight of the part is changed, then either the assembly’s weight will have to
be changed, or it will be outdated. Allowing the weight property on the assembly to change does not solve
this problem. Since other nodes in the assembly objects’ semantic network may cause changes based on the
weight, those subsequent nodes will be out of date. Similarly, today Bluestar PLM allows the creation of
links and routes which include approved objects because neither links or routes can change the underlying
approved object. Semantic Networks change this and thus such actions would suffer the same problems as
referencing fields on other objects. This could lead to incongruities in internal object data or incongruities in
data in different objects.

One potential solution is to specifiy the nodes in the data model into nodes that can be impacted after ap-
proval and those that cannot, such as seen in Figure 5.6. Through this, the effect of changes can be allowed
to be propagated to some but not all of the objects’ fields and attributes. In this way, Bluestar can allow
sensitive nodes to be updated, while others are not. Moreover, by anticipating changes made after approval,
the design data model may sometimes be able to segregate the two, leading to dynamic and static clusters of
fields within the object.

Figure 5.6: An example of the relationships between the classes, objects, data models, and the multi-class data models shown in UML.

Furthermore, if objects are deeply intertwined, the management of them as separate objects may be inprac-
tical. Another solution could be to revise and manage all objects with are linked together with a joining
relationship as a singular object. In Figure 5.7 the set of objects which could be managed together through
joining relationships is given for the interobject data structure at ETO LLC.
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Figure 5.7: The joined data structure is created by removing the reference relations from Figure 3.1. The removed objects have been
made semi-transparent.

Managing these items together would ensure that the data models can run to their fullest extent, and thus
that the data of the different objects is internally consistent, while also allowing the objects to be locked once
approved.

5.3 Interactions with CAx

The implementation discussed throughout this thesis has focused on integrating and interacting with Blues-
tar PLM and F&SCM. However, much of the technical design and analysis work is performed using various
domain-specific applications. Virtually all users make use of MCAD software, such as Inventor, or ECAD
software, such as Altium or EPLAN. Some also use analysis tools such as Ansys or Abaqus, others use more
production-related CAx such as MasterCam or RobotStudio. Thus, there is both a large number of CAx appli-
cations used in different industries and for entirely different purposes, yet the output from these applications
is critical.

Therefore, a way to utilize and record the results of the CAx applications while the information is not stored
in files, and without media breaks between data producers and consumers. Other PLM platforms, like 3DEX-
PERIENCE, have solved this by merging the CAx applications and PLM functionality into one platform. This
is not possible for Bluestar PLM, because it is not acceptable to the current users to change their CAx appli-
cations into new ones that are merged with the Bluestar PLM.

Currently, the Bluestar PLM supports the storing of CAx-files into objects, one object will have one source file
and a separate drawing file, from which further files are derived, such as creating a PDF of the drawing. This
means that media breaks occur when multiple CAx applications are used to define one object, such as when
using additional CAx for analysis, or when different CAx are used for different parts of the lifecycle, such
as for ETO LLC in using different CAD-applications for bidding and order-stage design. Moreover, it creates
media breaks between the product-defining files and the consuming process or resource-defining files. An
example of the media breaks of ETO LLC’s data structure can be seen in Figure 5.8.



Chapter 5. Discussion Page 39 of 47

Figure 5.8: The various files associated with the product, process and resource at ETO LLC, the human busts represent the need for a
person to perform synchronization and validation.

For Bluestar to transition from an object-based to a model-based platform, Bluestar must be able to resolve
those media breaks to allow for the data dependencies between the files to be encoded and executed. Thus,
Bluestar PLM must be able to perform or replace the following data dependencies between files.

1. Dependence between two files contained within the same object.

2. Dependence between two files contained within two different objects.

Currently, files can be "checked in" to Bluestar PLM from certain CAx, primarily from MCAD, ECAD, and
Microsoft Office. These files are then attached to a new or existing object, and properties of the files are used
to update the object’s name, EBOM, and so on. These files can then be "checked out" from Bluestar PLM to
their respective application for editing and be checked back in once this is completed.

One way to achieve the effect of model-based data structures is to let each CAx behave and output files as
it currently does, and to move these resulting files into Bluestar. But to allow the customer to represent
and update the dependent files when checking in. Thereby, a user working on an object can make a change
to the 3D CAD model of a product, this model is used to derive a STEP-file, which is used for FEA. At a
minimum, this would allow Bluestar to signify that a dependent file and associated field values are outdated.
Furthermore, if each step of updating the analysis results using the new 3D model and checking these results
into Bluestar PLM can be performed algorithmically. Then the effect of a model-based data structure can be
created while still using file-based CAx applications.

However, the relationship between different CAxs is not easily generalizable across product structures. Con-
sider robotic welding, where the trajectory and welding parameters would naturally change if the geometry
or material of the components were to change. Thus, there is a data dependency between the CAD model
and the robotic welding program. Similarly, the product may also be defined from multiple files, among
them software, which may even be the same CAx as seen in Figure 5.8. where the PPR-SOS has been broken
into its constituent systems, which in turn have been broken down further. Here, the PPR-structure contains
several files from the same CAx but in different parts of the PPR-structure.

To allow for the results of the CAxs into the data model, the source files can be represented as data sources,
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which could then be used to derive the value of other nodes, similar to the effect of referencing other objects
in the data model. Moreover, as shown in Figure 5.8, some files are dependent on others. Thus, the dependent
files, the target, must also be updated when the preceding file, the source, is updated. This would enable a
data structure like the one seen in Figure 5.9, where the FEA file is dependent on a STEP file derived from a
CAD file generated by Inventor CAD.

Figure 5.9: The data dependencies of each object and associated files representing the PPR structure shown in Figure 5.8.

Creating an add-in-less model-based data structure may not be achievable, as each CAx application will en-
code its files differently. Bluestar will have to decode these files to synchronize data into fields in Bluestar
PLM. Even if the CAx application was able to output a standardized file format like STEP, a semantic mis-
match may still occur, as the relation of a given STEP file to one or more objects cannot be generalized across
all Bluestar PLM customers.

However, realizing MBE requires overcoming interoperability challenges, current PLM/CAD APIs and ex-
change standards must be able to carry PMI and semantic data. The lack of mature standards for fully
defining all product information is a known barrier that existing standards, such as STEP, require human
effort to fully align data[57]. Achieving a model-based data structure therefore requires Bluestar PLM to
develop an add-in for the given CAx, which further requires that the CAx has an API that allows Bluestar
PLM to:

1. Derive an application-neutral file format from the source CAx application.

2. Replace a referenced application-neutral file format in the target CAx application.

3. Heal potential file encoding artifacting to make the application-neutral file format compatible with the
target CAx application.

4. Rerun or recalculate the analysis after the replacement.



Chapter 5. Discussion Page 41 of 47

5. Extract data fields from the CAx application and check them into Bluestar PLM.

In summary, it is not viable for Bluestar PLM’s users to cease their use of existing CAx applications. Objects
in Bluestar may be defined from several related source files, transition to a model-based data structure will
require Bluestar to be able to manage these file relations and dependencies. These relations and dependencies
are highly dependent on the particular data producers and consumers of the given use case, both regarding
the company and the product. Therefore, these dependencies should be represented and executed in the data
model of the given object. This has not been considered during the implementation of the semantic Networks
in Bluestar.

The approach taken throughout this thesis is that PDMt must create an interface for the definition execution
of a given modelling language to define the data model. However, another approach may be to define the
data model in currently available MBSE tools, such as Cappella, and then create a representation or inter-
pretation of the Cappella model in Bluestar, an example of this with a previously used data structure can be
seen in Figure 5.10. For this to replace the currently implemented data model, the modelling language used
would have to be formal, such that the model can be made executable algorithmically.

Figure 5.10: An example for the integration of CAx with the data models and the definition of data models through CAx, here shown
with Capella.

This would allow the users to create their models in a proven tool, and in a language with extensive docu-
mentation and other users, which aids in the implementation by not requiring PDMt to make and maintain
such documentation and training material. It would however, require that an add-in for this is created, as
well as a mapping from the artifacts defined in Cappella to the data model in Bluestar PLM, this ultimately
may prove more burdensome than recreating an existing modelling language in Bluestar PLM.
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6 Conclusion
These challenges are exemplified well in the troublesome implementation of Bluestar PLM at the company
ETO LLC. Who wanted to be able to represent their internal technical and business logic in Bluestar PLM,
but does not currently do so today, as it would require bespoke development or be too time-consuming to be
viable.

A number of technologies related to digital models, including MBSE, MBE, PPR, and Digital Twins, are in-
vestigated as potential solutions. The competitive advantage of Bluestar is the ability to transfer data between
Bluestar PLM and Microsoft Dynamics, which is enabled by semantic networks. Moreover, they are a useful
technology to represent the interactions and interrelations of digital models. This leads to the final problem
formulation: "How can a CAx-neutral semantic network be implemented into Bluestar PLM to fulfill ETO LLC digital
ambitions?".

ETO LLC’s operational data structure is analysed, and it is found that a large number of manual trans-
formations and validations are performed for each product. These validations can be explained as simple
algorithmic rules, but they cannot be automated today without custom software packages from Bluestar PLM.
To fulfill ETO LLC’s ambitions, both new kinds of objects and the automation of Bluestar PLM’s functions are
required. The functions required are found to include simple arithmetic, logical branching, and the creation
and manipulation of new and preexisting objects.

Bluestar PLM’s customers are high-variance low-volume producers, thus, the use of any feature in Bluestar
PLM is conditioned on the feature not increasing the time to design each product. For this reason, it is pro-
hibitively time-consuming to design a new semantic network for each product. However, there is often a very
large carryover of technical and business logic between products designed independently of one another.
Therefore, it is decided that the semantic network owned by Bluestar PLM’s classes and then added to the
objects of the class.

Because neither Bluestar PLM’s developers nor its customers have experience with designing and developing
such features, an iterative development method is used to answer six hypotheses. This results in the creation
of a new kind of Bluestar entity called data models, which are used to represent the semantic network. It is
found that the users at ETO LLC have the conceptual ability to perform the required modelling and see value
in several of the required features. Some features are found to be hard to understand by the company rep-
resentatives, and therefore may require significant documentation and training to make use of them, which
is counter to Bluestar PLM’s strategy, where the customers perform the implementation by themselves with
as little help as possible. A of the delivery of this thesis the implementation is not fully complete due to
constrained amounts of available developer time, however, the specifications for the development has been
created.

The impact of the features on the data structures at ETO LLC is found to be significant and the data structure
is found to be creatable within the features specified, and the amount of time spent on data validation would
be significantly reduced if the features were implemented. Next, the ability to generalize the architecture
across different Bluestar customers with different process patterns and data structures is discussed, and sev-
eral new features are identified. Bluestar PLM’s customers rely on multiple CAx applications for much of
their technical work, it is not acceptable for customers to change their CAx applications. To allow for model-
based data structures, the output of these applications must update the object’s data and any dependent files.
Since the relationship between different file types is different between company and product, the relationship
between object data and CAx files must be explicitly defined. The ability to create the data model through
existing MBSE languages and tools is explored, and an implementation is suggested.
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  Description     

As part of my master’s thesis work on representing engineering knowledge as a semantic web, I would like to use fields and attributes from Bluestar’s engineering obje 

Thus the object’s data is to be constructed as a network, in an operational environment this would be performed by the customer. To allow this, I would like to use the  f 

For this feature to be sufficiently flexible, it requires the Field definitions to be able to perform simple branching via If-statements and perform addition, subtraction, mul 

So i suggest making three main changes. As seen in the picture below 
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1:  The fields available to be defined should include the assigned class' attributes. 

This also means that the output of the field definition must be compatible with the attribute’s data type. Thus the allowed output data type should be visible as well. 

2:  To Perform the processing and create the required output i suggest adding the following operators/functions to the field definition formulas. since all the field values   

1 .  Addition, subtraction, multiplication and division of integers and reals 

2 .  Int2Str, Str2Int, - Functions to convert the arguments passed to it from int to string and vice versa 

3 .  Real2Str, Str2Real - Functions to convert the arguments passed to it from real to string and vice versa 

4 .  Real2Int, Int2Real - Functions to convert the arguments passed to it from int to real and vice versa 

.  5 If-statements - to be compatible with the logical statements such as those used in workflow rules. 

6 .  The ability to traverse and access entries in a list, as described in    PDMRD-349   SCOPE DEFINITION   Create an overview form of Product semantic web - Jira|ht t 

in the form of a list. So with two links of the link tag “Work Instruction” one link to object 200000 and a link to object 200001 if i write work_instruction.ObjectID is  

In general this would make the field definition resemble a function call rather than the string concatenation it is now. 

3:  In accordance with another development ticket the order of evaluation of field definitions becomes important when succeeding field definitions rely on the output of  t 

An example of the suggested syntax of the field definition can be seen below. 

https://bluestarplm.atlassian.net/browse/PDMRD-349
https://bluestarplm.atlassian.net/browse/PDMRD-349
https://bluestarplm.atlassian.net/browse/PDMRD-349


 

  Description     

As a part of representing products as semantic webs and the use of field definitions for this purpose, the user will need a way to view field definitions for 

a given class in a network form, showing the relation between other object and classified object’s fields while being able to add to and edit the existing 

field definitions. 

1 .  

The data model of a class replaces the “field definitions” and should allow the user to specify how an object can be linked to other record types 

and what the relationship between them is. 

2 .  The “Update attributes for class” should also apply the changes of the data model as defined by the user. And the changes to the data model 

should also set the “Modified” flag for the class, even if no changes to the attributes have been made. 

The data model form has four functionalities, which will be described in detail below 

.  1 Defining relationships with other object types 

.  2 Applying a relation to a link 

3 .  Defining relationships between Object fields and attributes 

4 .  Testing the data model 

Defining relationships with other object types 

This feature describes how an object that has been assigned to the selected class should be able to be linked to other kinds of objects and what the link 

represents. A suggestion for the interface, based on the workflow task form, can be seen below; the red rectangles and the legend are annotations and 



should not be included in the interface. 

1.  

Link Tag: a String variable, must be Unique within the current data model, filling this field is mandatory as this field defines the ID for referencing the 

linked object. 

2. Relation Type: Single dropdown. Options are ( 1:1 and N:1). This defines how many instantiations of a given external object link may be 

made to each object of the class. If 1:1, then the classified object may only have ONE link with this link tag. If N:1, the link tag can be applied to any 

number of links during link creation. 

3. Object Type: This defines the data table that can be linked to for this external object relation. The external object relation allows objects of 

this type to be assigned as the given external object relation. 

4. Link Direction: Defines whether the external object link is a parent or child of the linked object. 

5. Link Follow: should set the link follow of the link, and should have the same options as the manually defined link. 

6. Link Type: should set the link type of the link, and should have the same options as the manually defined link. 

7. This menu should be opened when the rounded square of the external object or its link is selected. 

This interface defines an “external object relation,” which is a template for links between the classified object and others; thus, when creating a link, 

the user selects the link tag of the external object relation, which opens the object selection form filtered for objects of the selected object type. Once 

the external object relations have been defined, an object, such as an engineering object, is assigned to the given class. Objects previously assigned 

to the class should be changed by using the “update attributes for class”. Applying a relation to a link 

1.  

The Link Tag is visible in the “Add” category. 

2. So are the other link tags defined in the data model of the class. 

3. The Linked tag can be seen as a column. 

4. The Link Follow is set to “Follow ID” and Link Type is “Soft Link” because these are defined in the external object relation. 



 

1 .  

The search shows any object type and is filtered using point 2 

2 .  The objects are filtered to only show the object type allowed by the external object relation, in this case “SmartObjects” because this is defined by 

the data model as seen above. 

Once “Select” is clicked, the link is created, and the fields are set from the external object relation. 

Defining relationships between Object fields and attributes 

1 .  Link Definition :  The external object relation’s “Relation type”, “Link Tag”, and “Link Direction” are shown above the relation. 

2 .  Referencing Data Across Links :  A Node’s definition can include the fields and attributes from other objects linked to the classified object. This is 

performed through the node definition. 

3 .  Driving and Driven Nodes  Nodes without inputs are driving; those with inputs are driven. The driving nodes are yellow, and the driven should : 

be shown in white. 

4 .  Interaction with Attributes :  Nodes can represent both ordinary data fields from the data model’s object type and the attributes of the class. 

5 .  Node Definition :  When selecting a node, the definition fasttab. This includes the formula section, which defines how to generate the value of the 

associated field and attribute. The syntax and evaluation of this field are described in  https://bluestarplm.atlassian.net/issues/PDMRD-348 ? 

filter=-1&jql=reporter%20%3D%20currentUser%28%29%20ORDER%20BY%20updated%20DES C . 

6 .  Test Data Model :  Described below 

https://bluestarplm.atlassian.net/issues/PDMRD-348?filter=-1&jql=reporter%20%3D%20currentUser%28%29%20ORDER%20BY%20updated%20DESC
https://bluestarplm.atlassian.net/issues/PDMRD-348?filter=-1&jql=reporter%20%3D%20currentUser%28%29%20ORDER%20BY%20updated%20DESC
https://bluestarplm.atlassian.net/issues/PDMRD-348?filter=-1&jql=reporter%20%3D%20currentUser%28%29%20ORDER%20BY%20updated%20DESC
https://bluestarplm.atlassian.net/issues/PDMRD-348?filter=-1&jql=reporter%20%3D%20currentUser%28%29%20ORDER%20BY%20updated%20DESC
https://bluestarplm.atlassian.net/issues/PDMRD-348?filter=-1&jql=reporter%20%3D%20currentUser%28%29%20ORDER%20BY%20updated%20DESC
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7 .  Create Node :  This function should allow the user to draw a node similar to tasks. Once drawn, the new node is selected, and the  Node 

Definition  fasttab is opened. 

8 .  Create External Relation :  This function should allow the user to create a new “External object relation” which can be drawn similar to a task in 

the workflows form, once drawn, the new external object relation (the rounded square) is selected and the external object relation fasttab as seen 

above in  Defining relationships with other object types  point 7. 

9 .  Delete Node :  This should delete the currently selected node and the data references of it, and the node's incoming references. 

10 .  Node name:  This field specifies the name of the node as it is displayed in the data model. 

.  11 Field or Attribute :  This field defines which field or attribute the node should put the output of the formula into. 

12 .  Data Type :  The field defines the return data type of the node's formula. 

13 .  Class and Item Dropdowns are the same as the ones in the current field definition screen. 

Testing the data model 

Given the complexity of the data model, the user would have to be able to test it. 

1 .  Testing External Object Relationship 

2 .  Testing the values of nodes with dropdowns 

3 .  Testing the values of nodes with Writein 

4 .  Evaluated Node values' 

5 .  Final Node 

6 .  These nodes should also have their values, but it has not been showed above due to space and graphical constraints 
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7/31/25, 11:34 PM [#PDMRD-365] Allow Semantic nodes to create and edit BOM Lines and Routes/Operations 

https://bluestarplm.atlassian.net/si/jira.issueviews:issue-html/PDMRD-365/PDMRD-365.html 1/6 

 

 

  Description     

Some customer use cases require for the nodes in the semantic web to be able to create and edit various records in the BOM lines and routes tables. 

Thus the needed functionality is the ability to Create and edit Routes, operations and BOM-lines as specified in  Image 1 . 

As a data model can only pull data from data sources, and evaluate the defined field definitions, the BOM and routes can only be created in the 

assigned object, No new records or changes to current routes are possible outside of the classified object. 

During testing of the data model through the “test data model” function the resulting BOM-lines and routes should not be created permanently. 

Image 1 

The table at the bottom of the interface is the “instructions” which will be run when the given node is evaluated. This table will be referred to as the 

“instructions table”. 



7/31/25, 11:34 PM [#PDMRD-365] Allow Semantic nodes to create and edit BOM Lines and Routes/Operations 

https://bluestarplm.atlassian.net/si/jira.issueviews:issue-html/PDMRD-365/PDMRD-365.html 2/6 

1. New addition of options to the Action Coloumn in the Instructions-table to allow the creation and editing of Routes, Operations and BOM-
lines. 

2. The “create Route”-action should create a new route on the classified object, if the classified object is not an item or a BOM engineering 
object, then the instruction is skipped. The “Tag” coloumn should be used to be able to refer to the route after creation. The parameters field further 
descriubed in “8” should be used to define the values of the route upon creation. Thus the “Create Route”-action also automatically includes an “edit 
Route” action to ingest and execute the “Action Parameters” 

3. The “edit Route” action should change the route which is refered to by the tag, given in the tag field, if no tag is supplied the instruction is 
skipped. 

The edit Route-action can only change the fields of the route which is allowed to be changed manually by a user. 

4. The action “Create BOM-Line” will create a new BOM-line on the classified object, if the classified object is not an item or a BOM engineering 
object, then the instruction is skipped. The addition of a BOM-line should not create a ref-link to the object referenced in the BOM-line. The position 
number of the BOM-line is chosen as the next available number, as with a manually created BOM-line. If no VariantID is supplied the non-variant 
version of the object is used, if the searched for item does not exist the instruction is skipped. If no specific revision is given the newest Approved 
revision of the item should be used, if no approved version exists then the newest. 

5. “Edit BOM-Line” action should change the BOM-line which is refered to by the tag, given in the tag field, if no tag is supplied the instruction is 
skipped, there is no BOM-line with the tag, the instruction is skipped. The edit Route-action can only change the fields of the route which is allowed 
to be changed manually by a user. If the position specified in the “Action Parameters” is not available the instruction is skipped. 

6. “Add Operation” will add an operation to the Route last created, or edited, this operation will contain the tag specified in the “tag” field. This 
action will use the action parameters similarly to the previous create and edit actions. The Operation Number for the new operation will be the same 
as the one applied if manually created, thus 10 higher than the currently highest operation number. 

7. The “Edit Operation” action will use the value in the “Tag” field to search for an operation in the Route last created, or edited, to edit, the edits 
to the operaitons field values will be given by the “Action Parameters”. 

8. The “Create Route”, “Create BOM-line” and “Add Operation” actions will use the value in the “Tag”-field to create a new record with that tag, 
whereas the “Edit”-actions will use the tag to identify previously created routes, BOM-lines and added Operations. For “Add”, “Subtract”, “Multiply”, 
“Divide”, and “Concatenate” the “Tag”-field does nothing, and may be hidden. 

9. The “Action paramaters” is a new coloumn in the instructions table, due to the length of the field it should be synchronized with a multiline 
textbox on the right of the instructions table. Before an action of a given instruction is chosen the “Action parameters”-field and mulitline textbox is 
empty, once the action is set, such as “Create Line” the manually editable fields of a BOM-line is generated as JSON format as seen in the image 
above. The format should be fieldName: Value, similar to the format used by the configurator service queue. The values of a given BOM line should 
not be loaded, but should be empty. The JSON should be convertable to a table as seen in (10) below, similar to the domain-value table of the 
configurator service queue. The user should be able to move back and forth between the two views. Once the user clicks out of the field the value in 
the “Actions Parameters” multiline-textbox or table should be synchronized into the “Parameters”-field in the Instructions table. if the user clicks into 
one of the fields of an instruction the instructions “Action Parameters” should be loaded into the Multiline-textbox. If the mandatory field values for 
the given action is not fulfilled, then the instruction is skipped, 

1. for Routes the required fields are 1. Company 

2. Site, if the selected site does not exist in the company, the instruction is skipped. 

3. Name 

2. For BOM-lines this is 

1. ItemID 

3. For Operations this is 

1. Operation as defined by the Operations list from “Production Control/Setup/Routes/Operations in F&SCM 

2. Route group as defined by “Cost management/Manufacturing accounting policies setup/Route groups” in F&SCM 

10. Referencing the output of a previous instructions is performed by “#<Sequence>”, If the sequence referered to does not exist, then nothing is 
done to the field refered in the “action parameters”. 

Image 2 
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1 .  Alternative Table view of the JSON format for the Action Parameters. Which should parse the JSON and convert it into a table of fields and their 
specified values. 

Below a set of concrete examples will be given. 

Image 3 

1 .  First the action “Create Route” is selected 

2 .  Second the tag “PROD” is applied to the instruction which will be set on the created route on execution. 

3 .  A new Coloumn is to be added to the instruction table if the action is set to be “create Route” or “Create BOM Line”, for routes the user can 

choose between previously existing routes which have been marked as “Yes” in their “Template”-field, the selected route will then be copied to the 

classfied object on execution along with its operations and field values. If the action “Create BOM Line” is selected the user can select between 

engineering object BOM objects which have been set as “yes” in their “Template”-field, on execution of the instruction the selected BOM's lines is 

then copied to the classified object. Since the field values are derived from the object specified in the “Copy from” field, the Action Parameters are 

not specified and are not used if previously specified. 

4 .  Once the route has been created a later instruction can edit it be referring to it via its “Tag” and by specifying the values in the “Parameters” 

If the Line, route or BOM tag is already exists then the instruction should be skipped, if the tag the “edit Route/Line/Operation” does not exist the 

instruction should be skipped 

Image 4 
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1 .  Here the Route whose route ID has been referred to in the first instruction in the image above. 

Image 5 

1 .  +  2. Because of the second “edit Route” operaition the new route has recieved a new name and from qty as specified in the action parameters in 

4 . of  Image 3 

Image 6 
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1 .  Later an “Add Operation” instrcution is added to the node, this will be added to the Route referred to by the tag “PROD” because it is the latest 

added route in this node. The operation will carry the “Cutting” tag. Operation cannot be created from a copy this the values of the operation are 

given by the “Action Parameters” field. 

2 .  Last an “Edit Operation” will be used to edit the operation carrying the “Cutting” tag, and will carry out the field changes given in the “Action 

Parameters” field. 

Image 7 

1 .  On execution of the third instruction of  Image 4 

Image 8 
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1 .  On execution of the Fourth instruction of  Image 4 , the originally specified values of the Operation is overwritten with those specified in (2) of 

Image 6 
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