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Abstract. Digitalization has led to creation and management of knowledge
using information and communication technology tools (ICT) and systems.
Implementing such tools and systems across the lifecycle is a tedious process
and not to forget customizing them to the company’s processes is an additional
challenge. Hence, data in a company is spread across multiple ICT in hetero-
geneous data formats and are sparsely connected together. Connecting the
various data sources to enable a single point of access of information in a
company can improve performance, quality, reduce costs and time to market.
The usage of semantic technologies enables meaningful and structured unifi-
cation of these distributed data sources and therefore, is providing advantages
such as reusability, interoperability, and information flow across the entire value
chain. Extending these capabilities with smart services and intelligent algo-
rithms, is advantageous for the user. The user will then receive context sensitive
information and additional suggestions that increases the speed, quality and
efficiency of work. This paper aims at describing the design, developing and
validation of an assistance system for semantic product data, in cooperation with
Rolls-Royce Deutschland, an aerospace manufacturing industry, using semantic
technologies and machine learning.

Keywords: Semantic technologies + Ontology in manufacturing + Semantic
product data - Information and knowledge management

1 Problem Statement

Along the product life cycle of durable capital goods, such as aircraft turbines, product
data is generated across various phases and they are stored and managed using various
information technology systems. This leads to the generation of a heterogeneous
landscape with respect to data, processes and tools. Hence, in industries it is often a
challenge to understand and obtain a big picture of the entire lifecycle, track changes,
manage, collaborate and interoperate across processes [1-3]. This places a greater
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importance on availability and interconnectivity of product data across work processes
such as production, assembly, maintenance or quality assurance, to improve efficiency
of the processes and save costs and time. In general, the challenges faced in manu-
facturing industries trying to use the advantages of digitalization to improve product
lifecycle processes can be classified as: 1. Diversity and complexity of IT tools and
systems that are used for various activities. Hence, leading to lack of horizontal and
vertical integration in a company; 2. As a consequence of usage of diverse tools,
heterogeneous data is generated, which often leads to redundancy and inconsistency; 3.
An increasing amount of data that is not being analyzed and managed to support
decision making processes [4, 5].

These challenges are also faced in Rolls-Royce Deutschland similar to other
industries. There are various IT systems and tools which generate heterogeneous data
across the value stream. Not all information is fully transparent across the lifecycle of the
product. As a consequence the designer is not always informed about the problems in
manufacturing, assembly or supply chain. To tackle these challenges there are various
approaches, such as, using a common IT-backbone, using internet technologies to make
data easily available [5], using common information models and developing standard
interfaces between various IT tools and systems [6]. However, these approaches are
relatively static [7] and sometimes involve high levels of effort, time and money to
restructure existing processes and infrastructure. Hence, an approach is required which
minimizes these impacts and takes into consideration the intuitive communication of
complex facts in which the interrelationships of information over the product life cycle
and across system boundaries are connected and visualized. In this context, the approach
of semantic product data linking is used [8]. This approach has achieved considerable
progress in recent years through the development of efficient tools and the continuous
further development of Semantic Web technologies [3, 9].

In this paper, we propose an ontology based assistant system to support activities in
Rolls-Royce Deutschland by providing solutions to the above stated challenges. For
this, a user- and task-specific information visualization is developed and implemented.
The main objective of the research is the prototypical implementation of a semantic
product data assistance system that serves the information needs in engineering and
applies intelligent algorithms and machine learning for a reasoning system.

2 State of the Art

Semantic technologies are based on the World Wide Web Consortium (W3C) standards.
They are widely used to interlink data stored on various systems, build vocabularies and
handle data with rules [10]. They have already been utilized in structuring and managing
complex and large amount of heterogeneous data in media and publishing, bio and
medical informatics, life sciences and the World Wide Web design [11, 12]. Ontologies
are a part of semantic technologies which enables the definition of data and their
relationships [13]. In the manufacturing domain, ontologies have been developed for
the purpose of knowledge management [14, 15], knowledge exploration [16] and
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manufacturability, verification and knowledge reuse [17]. In order to develop a complete
application based on ontologies there are many elements to be considered. Referring to
the basic architecture of Semantic Web [18] the elements are: the data to be connected or
integrated into the ontology, the structure, format and size of data, rules which provide
additional logic [19] and querying of the linked data. Additional interactive elements to
be considered are the architecture of the user interface with which the user interacts and
receives context sensitive information and its connection to the semantic layer. To
support the development of such applications there are several commercial and non-
commercial tools, languages and configurations available. Nonetheless, there is a lack of
tools that support a complete end to end development and implementation of ontologies
in an industrial environment [20]. This can be attributed to the fact that, developing
solutions for corporate applications also involves the need to interface with existing
infrastructure and tools such as databases and product design systems [21]. In addition,
they also need to follow the policies and conventions of the company.

3 Research Approach

The research approach is based on the Design Science Research Methodology (DSRM)
for Information Systems Research [22]. The steps conducted in this research are shown
in Fig. 1.

Identify & define research questions based on state of the art and industrial requirements
Define objects of the solution by deriving use cases
Design and development of suitable architecture for the use cases
Experimenting with the developed demonstrator architecture
Evaluation of Demonstrator

Communication of research

(o Lo 1= ]

Fig. 1. Research approach steps

This paper is addressing the complete set of steps from one to six, which is the
initial cycle of defining the problem, analyzing, developing and evaluating the results.
The main research questions in this research are:

1. How to integrate heterogeneous data sources from various ICT?

2. How can relevant context-sensitive knowledge be generated and presented to
improve processes?

3. How to use intelligence in terms of algorithms to provide value added smart ser-
vices along industrial processes?
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4 Capturing Requirements by Deduction of Use Cases

To collect requirements, two workshops with twenty-five experts from different Rolls-
Royce Deutschland departments were conducted. The focus groups were based on
design, production planning and assembly. The workshop resulted in the derivation of
seventy-nine user stories. The user stories consist of elements such as its name and
description, the role of the user it refers to as well as the goal of the user and from
which data sources it originates. In addition, the user stories were also clustered into
groups based on their similarities and connections. An example of the user stories
documented and structured is show in Table 1.

Table 1. A snippet of user stories generated

1D Title Perspective | Goal Origin Use-case Group
WS1/01 | Production | Production | Production data in Geometric | Statistical | WSI.1
data form of variation, data overview at
capability, component
concessions of level
similarity
WS1/02 | Visualization | Production | Visualization of Geometric | Statistical | WS1.2
production data on | data overview at
the part component
level

From the user stories five use cases were derived and selected for further imple-
mentation, based on priority, availability of data and the ease of collaboration with
Rolls-Royce Deutschland team. These five use cases are:

1. T am a designer and want to understand different variations of my component class
in order to make better decisions about new designs (operational data, service data,
manufacturing and assembly aspects, suppliers, configuration, ERP).

2. Tam a designer and want to understand the production variability of the part in order
to assess and optimize the ability of the manufacturing process in terms of
tolerances.

3. I am an engineer and would like to view life cycle data to optimize the part.

4. T as an assembler, I want to give feedback to the engineers to improve the design
(voice of the fitter, production planner).

5. T'am an engineer and want to evaluate the activities around a component to identify
important points.

To further detail these five use cases, ten interviews with representatives from the
concerned departments were conducted. The questions to detail the use case were
divided into four categories, namely “Description of the role”, “Use case — Actual
state”, “Use case - Desired state” and “Business case”. The same is outlined in the
Fig. 2.
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Description of the role

Use case - Actual state

Use case - Desired
state

Business case

1.

Brief description of
role in relation to the
use case

of this role are
involved in the use
case considered here?

. Which tasks are performed

within the use case?

. Which preconditions exist for this

during the use case?

. What are the sources (IT system,

format)?

. What could the

desired scenarios look
like?

. Why is the current

scenario inadequate
(using quantitative

2. Where in the product process (documents, triggers, 2. What information measures)?
life cycle or in which orders) should be reported? . Which risks exists
business transactions . What are the results of the work? And from which today due to the lack
is the use case . In which IT systems/ which source. of / costly provision of
relevant? software are the tasks 3. Which questions information?

3. How many Rolls- performed? regarding the use . What is the direct/
Royce Deutschland . In which IT systems/ which case should be indirect benefit of
employees are software are the results answered in the the Use Case? And
involved in this role? documented or archived? future? what is its impact?

4. How many employees . What information is required

8. (alternative — use SIPOC method)

Fig. 2. Key questions for use case description

The interviews results were transcribed, analyzed and integrated into five com-
prehensive use case descriptions, in the form of a document based on [23], with
elements depicted in Fig. 3. The detailing of the use case helps in understanding the
role of the user and the system, with the related IT systems and also the activities which
take place.

Use case description Current system
Expected usage specification
Prevalence/ Frequency of current usage
Requirements/ Preconditions
Post conditions

Sequence of activities in the use case

e a sources
0
< 1
AA© ([
User = Assistance System

Data/ information

Description of course of events
between the user and the system

Alternative course of
events

Optional requirements = Exceptions/ Out of scope

Fig. 3. Use case description (generic document form)

5 Development of Semantic Assistance System Demonstrator

In this section, the steps followed to design and develop the semantic assistance system
are described. First, the derivation procedure for the system architecture requirements is
discussed, followed by the derivation of the requirements of the use case, and finally
the details about the design and development of the assistance system are detailed. For
the design of the system architecture, it was important to identify the data flow paths in
the company concerning the use cases. The data flow architecture tool developed by
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Fraunhofer IPK [24] was used for this purpose. The tool aims at depicting the details of
the data flow with process and organizations, virtual and digital models, and infor-
mation tools and IT systems involved across the activities. Hence, the entire devel-
opment environment can be idealized and the actual and target states can be compared.
This enables the mapping and comparison of a wide variety of scenarios and their
effects, which can be used to describe the target vision. With the help of the tool and
additional workshops to integrate the new tool into the existing IT landscape at Rolls-
Royce Deutschland, it was possible to extrapolate the essential information for ful-
filling the requirements and the associated IT systems and artifacts for the use cases.

5.1 Implementation of a Use Case in the Assistance System

To be able to test and work with the architecture use case 3 (voice of the fitter,
production planner), was selected. In particular, the voice of the fitter data was used for
the demonstrator. This use case mainly consists of the problems fitters have on the
assembly floor. These include issues like missing components, missing tools and
potential quality problems on components and assembly to name a few. The fitter
reports these issues to a voice of the fitter (VoF) team. The team tries to help the fitter to
find a solution for their issue by searching various IT systems and sending emails to
responsible colleagues, as well as tracking their responses. The issue resolution is a
time consuming process, which requires a lot of expertise and effort. It is sometimes
critical to assist the fitter as soon as possible, because there are situations in which these
issues can lead to a stop in the assembly process, thus resulting in economic losses for
the company. Hence, the assistance system was linked to a semantic network, which
refers to three data sources. The data sources comprise relevant details about the parts
of a particular engine model, VoF cases and concession decisions about reported non-
conformances associated with the engine. The aim of the assistance system is to assist
the VoF team by visualizing information about the VoF cases, concessions and the
geometry of the part with an issue on the assistance system without having to check
other tools and systems. In addition, through the semantic network the user can also
check for previous cases with similar problems with their solutions on the assistance
system. Hence, enabling the usage of previous knowledge and speeding up the solution
finding and decision making processes.

5.2 Architecture Design

Based on the results of data flow analysis the components of the system architecture
were identified. In addition, results from a series of workshops, literature research [25,
26] and iterative and agile development solutions the architecture for the demonstrator
was derived. The architecture for the assistance system utilizes various components to
provide context sensitive information to the user from various data sources, and sup-
ports integration of machine learning algorithms. These components involved are
further organized into layers as shown in Fig. 4.
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Application Web-based User Interface
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Fig. 4. System architecture and key research topics

Data Structured Data

The application layer hosts the web based user interface. The query layer facilitates
the request and response functions. The semantic middleware layer consists the
semantic network in the form of ontologies and the triple store. The data layer and the
data structuring layer take care of accessing and structuring data sources in order to
integrate them within the semantic network. The key research topics along these layers
as show in Fig. 4 are user experience (UX) design and application programming
interface (API) design, query processing and interfacing to the semantic network,
knowledge interpretation and information extraction. The machine learning integration
depends on the application, hence can be integrated on various layers.

The architecture formed the backbone for selection of suitable standards, tools,
frameworks and software. The research aims at using primarily open source tools to
ensure a cost efficient solution whilst keeping a maximum amount of adaptability for the
development of the assistance system demonstrator. Eclipse was chosen as the integrated
development environment (IDE). Apache Tomcat is used as the web server, which is
compatible and interoperable with Eclipse. MariaDB was chosen as the buffer databank
used to store the data required. The programming language used is Java Enterprise
Edition as it provides the necessary support in the form of object-oriented programming
for developing the demonstrator. To enable versioning management of the collaborative
development Gitlab was used. The layers mentioned in the architecture and the asso-
ciated software tools and structure are explained in the following paragraphs:

The application layer hosts the web based user interface. The interface acts as the
front end of the assistance system with which the user interacts and receives context
sensitive information as desired. It is important to note that the design has to be user
and use case centric. Hence, the design of the web-based user interface contains several
elements that should be considered during the development process. The elements
considered are functional user requirements, user experience requirements, design of
the information access and visualization, design of the user interaction and visual
design. These key requirements were used as foundations to design the interface.
Workshops with the end users were conducted to evaluate the alternatives and select
the most suitable layout based on the ranking from the users and the use case needs.
The chosen layout of the web interface is shown in the Fig. 7.
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The query layer is responsible for the request and response activity which con-
nects the web based front end with the semantic network. That is, based on the user’s
requests or interaction with the front end, request algorithms are triggered to receive the
right information from the semantic network. This layer connects to the semantic
network via a SPARQL endpoint [27]. The design of the requests is important to
determine the SPARQL request to the semantic network. For example, when the user
clicks on a button requesting for all the parts with similar problems, the ontology is
queried for all parts with similar problems and the results of the query are pushed to the
front end.

The semantic middleware layer hosts the semantic network. The semantic network
consists of the ontology, the mapping files to map the ontology with the data instances,
the rules and the derived triples. The triples generated from combining the ontology and
the mapped data are stored in a triple store. The process of development of the semantic
network began with the modelling of the ontology, Protégé is the tool used [28]. The
model of the ontology was developed considering relationships in the original databank
sources [29, 30] and the expected system queries [31]. The ontology is shown in Fig. 5,
the main classes are based on the three main data sources, information about the physical
part (Part_Phys), concessions and VoOF case details (VoF_Case). The classes are
assigned with data properties that link instances with further details about the instance,
for example, the particular part has a “Part_name” data property which is assigned to the
domain “Part_Phys” and range “xsd:string”. To connect the individuals in the classes
with relationships object properties are defined. For example, to determine which
“Part_Phys” has a problem, the object property “Part_has_VoF” is defined with domain
as “Part_Phys” and range as “VoF_Case”. The corresponding mappings are shown in
Fig. 6. The three object properties in the ontology are represented by the arrows between
the classes as shown in Fig. 5.

owl:Thing

Part_Phys *® Concessions B VoF_Case Legend for arc type:

Con(essim?(auses VoF has subclass

Fig. 5. Ontology modelled in Protégé

As the data from the three data sources could be easily converted and stored in a
relational database, they were converted and added into the MariaDB databank. The
next step was to map the ontology with data. An open source tool called Ontop was
used for this purpose [32]. It is an ontology-based data access (OBDA) tool which
comes as a plugin with Protégé and hence is compatible with the architecture. It also
has performed well in comparison to other competitors on various benchmark tests
[32]. Ontop is connected to the MariaDB using the Java DataBase Connectivity
(JDBC) driver. Figure 6 shows the screenshot of the mappings created using the
Mapping manager.
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Part_DatatypeProperties

“part_table/{PART_NUM} a ed- ; untitled-ontology-10:Part_num {PART_NUM} ;
untitled-ontology-10:Part_name {PART_| NAME) untitied-ontology-10:Part_Supplier {SUPPLIER}
select PART_NUM,SUPPLIER, PART_NAME from part_table

Part_has_VoF

part_table/{PART_NUM} untitied-ontology-10:Part_has_VoF ‘table3/{VOF_CASE_ID}
select part_table. PART_NUM. table3.VOF_CASE_ID from part_table join table3 on part_table. PART_NUM=table3.VOF_PART_NBR

Fig. 6. Ontop plugin screenshots of mappings in the Mapping manager

Class axioms and relation-constraints, which are controlled by reasoning and serve
knowledge interpretation, are now binding for the individuals. In this way, queries
become simpler and easier to understand, but with the additional advantage that the
data is still enriched with meaning, paving the way for context-based interpretation and
knowledge discovery for e.g. learning algorithms or reasoning. In order to facilitate
query answering, the generated files from Ontop and Protégé, namely, the owl file,
mapping files, and properties files were added onto a tool called Eclipse RDF4 J. It is
an open source framework for creating, parsing, storing, reasoning, interfacing and
querying RDF data [33, 34]. The tool is compatible with Ontop and generates an Ontop
virtual RDF store. This acts as SPARQL endpoint on the Apache Tomcat server for
answering queries.

The data structuring and data layer consists of the work data generated by Rolls-
Royce Deutschland processes. They are stored in different systems, with different
formats and structures. In order to support the development of the semantic network the
data for the use cases were structured and converted. The data associated with the
physical part and concessions were extracted from the Product Data Management
(PDM) system and concessions system respectively, into excel sheets, which were then
loaded into the MariaDB in a relational database format. The VoF cases already exist as
a set of relational database tables, these were also uploaded into the MariaDB database.

Machine learning algorithms can be integrated into the architecture based on
application needs. It is important to determine the function of machine learning, the
data sets to be used, the algorithm and the method of machine learning to be consid-
ered. The three applications considered for the given use cases were:

1. Visualization of context sensitive information based on user behavior, where the
assistance system learns from the user interactions with the system, and reacts by
providing context sensitive information on the next request.

2. Provision of suggestions based on previous problem solving history using machine
learning algorithm assisting in decision making process.

3. Self-learning ontologies to enable addition of new data into ontologies without
manual intervention.

Currently for the above mentioned second application the machine learning model
is being developed by using a topic detection algorithm called Latent Dirichlet allo-
cation. The possible integration of the model into the system is also being investigated.



Semantic Assistance System for Providing Smart Services 99

6 Evaluation and Preliminary Results

The assistance system is developed to assist VoF team members with their daily tasks
of solving problems faced by the fitters during assembly processes. The developed
system presents the team with context sensitive information in the information field
area, from various data sources, which provides relevant details to quickly carry out
investigative work to solve problems. The assistance system demonstrator was eval-
uated with an expert VoF team member. The front end of the evaluated demonstrator is
shown in Fig. 7. The user was instructed about the aim and general functions available
in the assistance system. Then the user was allowed to interact with the tool. The tool
testing stage ended with an interview to receive a qualitative feedback and suggestions
with respect to the features and the functioning of the tool. This lead to the develop-
ment of further requirements for improvement of the tool.

Chocse te 30 modet

crbrac Web Based i ization Tool - D % Fraunhofer [§ Rolls-Royce
[ ]
itering options
2 3D-Modell @en
e e —
e oy cane | Information field
= 3
=a Problem information "l
additional contextual
information (deep-links)
Selection and [P et o

filter field

additional information
(deep-links)

Suggestions
(deep-links)

Fig. 7. Front of assistance system

The user was then asked to fill the questionnaire presented by F.D Davis to measure
perceived usefulness, perceived ease of use, and user acceptance of the tool [35]. The
rating was based on a five-stage scale with a total of ten questions with criteria ranging
from “not at all” to “entirely”, with a rating of 1 to 5 respectively. The answered
questionnaire was evaluated, the perceived usefulness average was 4.75 out of 5,
perceived ease of use was rated as 4.25 and user acceptance as 5. Hence, indicating that
the user acknowledged the advantages of the tool to support daily work. However, the
evaluation indicated that there is scope for improvement of the tool with respect to the
user interface and additional features to integrate the tool into the work environment.

7 Conclusion and Outlook

By following a methodological research approach, the semantic assistance system
demonstrator was analyzed and developed for a particular use case. It is a web based
semantic system, which assists the user in accessing context sensitive data in an
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industrial scenario in which different information tools and heterogeneous data sources
exist. This reduces the time taken to search for information in different tools and also
helps in accessing historical knowledge to support decision making processes. The
demonstrator is a step towards solving the current issues in the field of knowledge
management and traceability of data across the value chain. The 3D models integrated
into the tool were from the design phase stored in the PDM system, concessions and
VoF data from production phase stored in SAP system and VoF tool respectively. The
alpha version was tested for usability, which resulted in positive feedback to the tool
and development of requirements for further improvement suggestions. Hence,
enabling the realization of the use of semantic technologies in an industrial environ-
ment for providing context-sensitive information and services from various tools and
formats.

In the future, the aim is to further develop the demonstrator by implementing the
suggestions provided by the end users. The ontology and the assistance system will be
scaled up to include more use cases and data. This provides a basis to test two main
factors namely, efficiency and scalability with enterprise scale data and load. In
addition, the assistance system will be integrated with machine learning results which
enable the user to receive suggestions based on previous historical decisions made. The
machine learning will also be explored for user behavior analysis and self-learning
ontology to enable context-sensitive information presentation and automatic new data
integration into the assistance system respectively.

The demonstrator shall in future be used as an incubator for a number of different
and arising use cases — as a platform for both design and manufacturing engineers. In
particular in the aerospace industry, such platforms integrating and evaluating infor-
mation from various different data sources are not yet available. By connecting those
different data sources together, and by applying intelligent algorithms and machine
learning, a step change in understanding of integrative tasks between design and
manufacturing is expected.
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