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Abstract
Nowadays, production environment became more and more competitive due to innovative improvements and
applications in industrial systems. Manufacturers aim to implement technological solutions into their production
systems from the design phase until the product’s end of life. This approach provides several benefits to
manufacturers such as; reduced cost, increased productivity, reduced time-to-market etc. Augmented Reality
(AR) is one of the most popular technologies which provides innovative solution to manufacturers. There is a
variety of use of AR applications in manufacturing world such as; assemble, training, maintenance, recycling
etc. On the other hand, the product data and its traceability became more and more important within supply
chain. In order to improve their competitiveness on the market, manufacturers started to search for solutions
which helps to improve production practices in terms of cost and time. PLM solutions have provided a better
understanding to use of product data and improved the production systems. This project aims to develop a
framework which integrates the AR and PLM context with the purpose of optimization of the support given to
the operator and reporting of the manufacturing operations. An AR – PLM Framework has been developed and
a demonstrator has been implemented as a proof of the concept in this project.
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1 Introduction
Nowadays, production environment became more and more competitive due to innovative
improvements and applications in industrial systems. Manufacturers aim to implement technological
solutions into their production systems from the design phase until the product’s end of life. This
approach provides several benefits to manufacturers such as; reduced cost, increased productivity,
reduced time-to-market etc. Augmented Reality (AR) is one of the most popular technologies which
provides innovative solution to manufacturers. There is a variety of use of AR applications in
manufacturing world such as; assemble, training, maintenance, recycling etc. On the other hand, the
product data and its traceability became more and more important within supply chain. In order to
improve their competitiveness on the market, manufacturers started to search for solutions which helps
to improve production practices in terms of cost and time. PLM solutions have provided a better
understanding to use of product data and improved the production systems. This project aims to
develop a framework which integrates the AR and PLM context with the purpose of optimization of
the support given to the operator and reporting of the manufacturing operations.

1.1 Background
The maintenance process of an industrial equipment is a necessary duty that ensures the continuous
functioning of the production in a manufacturing plant. The operators are usually trained in order to
realize the scheduled maintenance process on the equipment by following proper procedures.
However, the time needed to perform the different maintenance operations and their outcome is
variable due to the difficulties faced by the operator in order to complete the task. The effectiveness of
the maintenance process can be affected by the complexity of the machine and the inexperience,
negligence or errors committed by the operators.
AR applications have become a popular tool to provide support to operator during maintenance,
assembly processes and training of junior operators. However, these applications are mostly focused
on providing the raw information to the operator. Most of the previous studies are based on providing
an expert’s knowledge to on-field junior in order to train him or to help to identify and solve the
problem.
PLM systems brought a new insight to industrial production. PLM systems are useful in order to
manage the product information from its beginning stages of lifecycle to the end of its life. PLM
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systems allow stakeholders to access the necessary information of a product at the time needed and in
the amount needed. The need to access to an information depends on the needs and responsibilities of
the stakeholders. The data which is generated during the manufacturing operations can be considered
as one of the information type which can be needed by stakeholders as a decision support tool.

1.2 Goals
The main goal of this thesis is to optimise the support given to the operators during the manufacturing
process and to improve reporting of the manufacturing operation using Augmented Reality (AR)
technologies integrated into a Product Lifecycle Management (PLM) context.
This study aims to investigate using an AR application with the PLM context can provide an efficient
improvement in the support optimisation. On the other hand, the project aims to prove that an AR
application can provide useful data for the standardization of the reporting of the manufacturing
processes.
Manufacturing operations can emerge by different situations during the product lifecycle. There are
some operations which are predefined such as preventive maintenance, recycling etc. On the other
hand, some of the operations might emerge instantly such as; machine failure. Also, the skill level and
the expertise of the operator can be different. In that case, this research project aims to provide the
necessary information to the operator even if the operator does not have enough skill level or previous
experience to complete the task. The expected outcome is that, providing the information to the
operator when needed and in the amount needed could decrease the error rate and the time needed to
complete the task.
Additionally, reporting of the product lifecycle operations might be essential. A well-structured report
can include helpful data when there is a need for analysing or understanding patterns, also storing the
previous experience with the maintained equipment. In that case, managers and operators will need
proper reports about previous operation activities in order to understand if the equipment has different
problem, if the solution applied wasn’t enough or is it just expected fail. The expected outcome is that,
improvement and standardization of the reporting of manufacturing operations promises to increase
the traceability which is an important characteristic of PLM.
Operators have to complete set of operations during the product lifecycle. Sometimes, these operations
have to be done in different places in a manufacturing plant. Moreover, these operations might be a set
of scheduled maintenance, installation, repair etc. In that case, the operator need to arrange the
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execution order of the operations and this arrangement needs to be completed with consideration of
some parameters such as the physical position of the spot where the operation will be performed and
the level of urgency of the operation. By considering these two parameters, it might be possible to
generate an optimized path for the operator inside the facility to follow, and, perform the operations in
an order. The expected outcome is that, finding the shortest path in the manufacturing plant with
respect to the level of urgency of the operation might decrease the total operation time which the
operator will spend in the plant, increase the production time by speeding up the maintenance or repair
operation and increase the overall efficiency of the plant in terms of shorter maintenance time and
longer production time.
In order to complete the presented goals, some sub-goals have been defined as the roadmap of the
project;


A literature review about AR applications and PLM systems with the purpose of support
optimization and report improvement.



Development of an IT artefact which aims to prove the proposed concept.



Testing the usability and validity of the artefact and analyse the result.

1.3 Limitations
The first limitation of is that the network system of the University of Skövde. The University of Skövde
has two major network systems which are the “eduroam” Wi-Fi connection and the “hs.local” local
area network. The connection between these two networks has been disabled due to the vulnerability
concerns. The device which will run the AR application has to have Wi-Fi connection due to the
designed nature of the device. The server where the PLM application running, has been connected to
the local area network. To put in a nut shell, these restrictions blocked the implementation process and
in order to solve this, a middle layer application has been developed. This layer establishes the
communication of the AR application and the PLM system.

2 Method
This chapter describes the methodology of the thesis. Philosophical paradigm, research methodology
and the roadmap of the project has been stated.
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2.1 Philosophical Paradigm
The main paradigm of this project is to identify, study and demonstrate how innovative approaches
can make improvements in industry. This project tends to optimise the support which is given to
operator during the maintenance process and to improve reporting of the maintenance processes. In
this context, the project’s main concern is the usage of PLM context in critical industrial operations.
In order to achieve that, a problem has been formulized and the achievability of the goal can be tested
by hypothetic-deductive approach (Oates, 2006). The project investigates if the proposed AR-PLM
framework is achievable and in order to show that a demonstrator will be developed as a proof of the
concept. The evaluation of the system will be performed with scientific approach and the verification
of the hypothesis will be based on if the prototype works in proper condition.
As it mentioned above, since the process of the thesis will be based on investigation of the physical
world without any human or social prediction involved, the most suitable philosophical paradigm
approach for the thesis will be positivism (Oates, 2006).

2.2 Research Methodology
According to Oates (2006), there are 6 main research strategy in the literature and every individual
research question has an individual research strategy. However, in some cases, a need to implement
more than one research strategy can emerge. This paragraph includes an analysis of the chosen research
methodology.
AR-PLM framework will allow the use of AR technology with the aim of support optimization and
reporting with PLM context. The project include the implementation of a new information technology
(IT) artefact as a proof of the proposed concept. For this reason, the chosen research methodology is
design and creation (Oates, 2006).
The main theory that will be involved to this research project is that, integrated AR-PLM framework
will decrease the error rate of operator, reduce the time required to complete the task and accelerate
the manufacturing process itself. On the other hand, standardization of the reporting of the
manufacturing will be beneficial for both operators and supervisors. A well-structured reporting
promises an improvement at the traceability, which allows supervisors to check if the operation has
been done properly and operators to check the previous data of the industrial equipment itself.
Additionally, standardization of the reporting increases the readability of the report.
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To be able to develop the framework, several data collection techniques have been considered in order
to collect necessary information. Environmental data can be collected by observation. Since the
proposed framework concept will be used in an industrial environment, the plant environment has to
be known by the researcher. For example, if the plant is too noisy, the voice command feature won’t
be an efficient solution. Also, if the operator needs to go under the machine to perform the maintenance
operation, a mobile device application could cause a problem because it requires that the operator has
to hold the device.
Interview is another technique in order to collect valuable data for that research project. By a wellstructured interview, necessary information could be gathered from people who are currently working
on the field and who can use that kind of framework on their tasks. Opinions of qualified people could
give an initiative insight for the proposed framework.
Document has been considered as the major data collection technique in this project. This data
collection will be performed by analyzing and studying various documents such as company records,
previous studies on the field, books etc. By document analysis, this study aims to find out about regular
patterns of maintenance processes and it’s reporting, general thoughts of on-field workers, some
quantitative data which will be used for evaluation etc. Additionally, the information gathered by
document will be useful for the development stage of the demonstrator.
Validity of the solution is essential and it can be tested on the field by experimental research
methodology. Effectiveness of the solution can be revealed by producing the demonstrator which will
be implemented as a proof of the concept. The present idea to validate the system is that to develop
the demonstrator compatible with University of Skövde’s PLM environment and test the system.

2.3 Process Diagram
The roadmap of this project has been presented in this chapter. In the early stages, AR applications on
operator support and maintenance reporting in the context of PLM has been investigated. A literature
review has been performed and a brief summary of the results has been presented. This review also
includes the findings of the previous studies and analysis of these findings. The general framework of
the project will discuss optimization of the support and improvement of the reporting. Regarding
collected information, a demonstrator has been developed. The implementation of the framework has
been based on AR and Siemens Teamcenter PLM system.
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Figure 1: Operation Process Diagram (Quesada Diaz, 2016)
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3 Frame of Reference
This chapter introduces the generic concepts which are the ingredient of the proposed AR – PLM
framework.

3.1 Product Lifecycle Management
In today’s competitive manufacturing environment, the success of a company is measured by the
success of the product which they released to market. Product Lifecycle Management (PLM) is a
concept which contains the information of the product from early stages of its life to end of its life and,
PLM provides that information to stakeholders in right format and at the right time. (Ameri & Dutta,
2005)
PLM is a business approach which is integrating people, processes, business systems and information
to manage the complete lifecycle of a product. (Lee, et al., 2008). Early thinking about PLM emerged
in early 2000. Since then, many definitions of PLM presented in the literature. However, all of these
definitions were weak regarding to different aspects of PLM. Grieves (2006) agglomerated the main
elements of PLM and he concluded the final definition of PLM as following;
“Product Lifecycle Management (PLM) is an integrated, information-driven approach comprised
of people, processes/practices and technology to all aspects of a product’s life, from its design
through manufacture, deployment and maintenance – culminating in the product’s removal from
service and final disposal. By trading product information for wasted time, energy, and material
across the entire organization and into the supply chain, PLM drives the next generation of lean
thinking.” (Grieves, 2006)
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3.1.1

Product Lifecycle Stages

Kiritsis et al. (2003) described a three main stages of a product’s lifecycle as Beginning of Life (BOL),
Middle of Life (MOL) and End of Life (EOL) which are also divided into five detailed phases by
Grieves (2006) are shown in Figure 2. The followings will describe these steps briefly.

Figure 2: Product Lifecycle Stages (Quesada Diaz, 2016)

3.1.1.1 Beginning of Life (BOL)
This is the first stage of the product which has sub phases product design and manufacturing (Quesada
Diaz, 2016). Design phase of the product is the stage where initial ideas and requirements are discussed
by designers, producers and final users. This discussion requires a good communication and ability to
reach correct information when it needed.
The other part of this stage is manufacturing of the product where the needed materials to produce the
product are put into some series of operations in order to obtain the finished, final product. The
information of the product which defined at design stage is useful at that phase in terms of the types
and amounts of raw materials, the types and sequences of the operations, and also, tools and machines
which will be used at production.
3.1.1.2 Middle of Life (MOL)
This part defines the second phase of product’s lifecycle according to Kiritsis et al. (2003) and, it
contains fourth and fifth stages of product’s lifecycle according to Grieves (2006).
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The third part of a product’s lifecycle is commissioning. After the end product produced, components
of the product have to be verified in case of quality and functionality. Also, correction of corrupted or
incompatible files will be performed at this stage.
Inspection and maintenance task are one of the most important and challenging tasks because they are
dependent on components and they might require either partial or complete disassembly (Fiorentino,
et al., 2013). This process will be performed in order to ensure the product is still functional or the
damaged product will get its functionality back. Maintenance stage requires product’s components’
lifetime, regular process of maintenance and the maintenance history of the product which are provided
by PLM context.
3.1.1.3 End of Life (EOL)
This is the final phase a product’s lifecycle and it contains decommissioning part which is the fifth
stage according to Grieves (2006). This stage starts when a product finish its lifetime and retired from
the market. The final adventure of the product will be proceed at that stage which can be recycling or
disposal on the land. The information about the types of components’ of product is essential at this
phrase. The decommissioning decision will be based on this information which prepared at design
phase and it is beneficial for future product design (Grieves, 2006)
3.1.2

Correspondence, Reflectiveness and Cued Availability

According to Grieves (2006), there are six characteristics of a PLM information. These characteristics
are Singularity, Correspondence, Cohesion, Traceability, Reflectiveness and Cued Availability. The
present chapter will be focused on three of them which are highly related to this project.
Correspondence is the characteristic which refers to having very close relationship between the actual
product and its information in the PLM system (Grieves, 2006). The physical data of the product can
be collected by additional devices and the gathered information can be used for further developments,
repair and maintenance. Correspondence provides manufacturers a replacement power for wasted
energy, resource and time with the information. Manufacturers are able to reach the necessary
information when it needed and in the right format.
Reflectiveness characteristic is directly related to providing any kind of change in the physical space
to virtual space (Grieves, 2006). Reflectiveness is very important characteristic because, it is cost and
time consuming to go and check the physical object when a particular information is needed. This
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characteristic has parallel approach with correspondence in terms of having the same information of
physical object and virtual object.
Cued availability is another characteristic which means that PLM should provide the right information
and processes when they be needed (Grieves, 2006). The most essential part of cued availability is that
cued availability has to provide the right information at right time even if the searcher isn’t looking for
it. This means that the researcher might be unaware of the structure of the information however, he/she
might need it.

3.2 Augmented Reality
Augmented Reality (AR) is a technology which provides possibility to overlay a virtual content on to
a real world object in real time (Zhou, et al., 2008). AR has been considered as a variation of Virtual
Reality (VR) and it has to combine real and virtual worlds, be interactive in real time and be registered
in three dimensions in order to be classified as AR (Azuma, 1997)

Figure 3: A real table and phone with virtual chairs and desk lamp (Azuma, 1997)

The first AR was developed at the 1960’s by Sutherland and since then, AR applications have been
useful for medical, manufacturing and repair, robot path planning, entertainment etc. (Azuma, 1997).
As it shown at Figure 3, AR allows to see the real world with overlaid virtual contents (Azuma, 1997).
In order to provide an effective AR experience, several factors must be developed and these factors
can be stated as; graphics rendering hardware and software, tracking techniques, tracker calibration
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and registration tools, display hardware (HMDs or Mobile Devices) and computer processing hardware
(Zhou, et al., 2008)

3.3 Traveling Salesman Problem and Genetic Algorithm
Traveling salesman problem (TSP) is one of the NP-hard problems which has been studied widely.
TSP is a problem which is in many real-world applications. Job-shop scheduling, indoor routing etc.
can be considered as some examples of these real-world applications. (Deng, et al., 2015)
Helsgaun (2000) defines TSP with this statement:
“A salesman is required to visit each of n given cities once and only once, starting from any city
and returning to the original place of departure. What tour should he choose in order to minimize
his total travel distance?” (Helsgaun, 2000)
The type of TSP can be various. Contrary to what is predicted, TSP is not emerged only to provide the
shortest root for a salesman. For example, there is a machine which can only process one job at a time
and has to complete several jobs. There should be a preparation break between jobs in order to make
the machine available for the next job. The problem is, with all the data of the processing time of the
jobs and preparation times, to find the execution order of the jobs in order to have the shortest
processing time. This problem is also a variation of TSP. (Helsgaun, 2000)
There were several methods which are implemented with the purpose of solving TSP. Genetic
Algorithm (GA) is an algorithm which has been implemented with several purposes and solving the
TSP is one of them. GA is an evolutionary algorithm which has been developed and published by
Holland in 1975. The purpose of GA is to find approximate solutions for optimisation by computer
simulation. A GA consist of several stages which have different purposes. The initial population
decides the number of iterations, the selection stage selects the best solutions according to the fitness
function, the crossover constructs the offspring and the mutation operator increases the diversity of
each individual in the population. (Deng, et al., 2015)
In this project, a simple version of a GA has been implemented as a solution to indoor navigation
problem which can be considered as a simple TSP. The overall purpose of the implemented approach
is to provide the shortest route to the operator in the industrial environment based on the machines
error states and physical positions.
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4 Literature Review
The present chapter contains a literature review about augmented reality applications which are
developed in order to provide support to operators for different operations of product lifecycle stages,
and, product lifecycle management and its relationship with management of the knowledge which is
obtained during the product lifecycle stages as a decision support tool.

4.1 Augmented Reality to Operator Support
Augmented Reality (AR) applications used for variety of operations in manufacturing environment.
Boeing’s wire bundle assembly project is the starting point for application of AR in an industrial
context which was in the beginnings of 1990s (Regenbrecht, et al., 2005). Starting from the 1990s, AR
applications have been promising supporting tool for maintenance, repair and assembly operations.
There was a few amount of researchers who involved in experiments, however, today, AR-based
maintenance and repair procedures are available even for the end users of electronic devices (Lamberti,
et al., 2015).
AR applications for maintenance have been academic research topic for almost 50 years with context
of supporting maintenance operations (Palmarini, et al., 2017). Wang et al. (2014) proposed a
framework in order to provide efficient information flow from remote expert to on-field technician
throughout AR application. In accordance with this purpose, a prototype has been developed and an
air filter of an auto engine has been replaced. The primary experiments by an example of gasoline
engine show the framework can support the maintenance process properly. De Crescenzio et al. (2011)
proposed an AR application to support and train maintenance operators. They developed a head
mounted display (HMD) and they investigated regular inspections of a particular aircraft. The study
showed that the AR applications are promising technology to build advanced interfaces (See Figure
4).
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Figure 4: Engine oil changing AR Instructions (De Crescenzio, et al., 2011)

Henderson and Feiner (2009) run an AR experiment where they prepared two setups. The first setup
was an untracked HMD and other setup was fixed flat panel display. Mechanics were able to identify
the tasks quicker with AR. The speciality of the study is that, this study researching a more diverse set
of maintenance task than the previous researches. They found out that, AR application reduces the
overall head movement of operators. Fiorentino et al. (2013) presented a study where interactive
augmented reality instructions assisted maintenance operation. The goal was the evaluating the
effectiveness of the proposed approach and based on the parameters like; ease of use, satisfaction and
intuitiveness, responses were better for AR mode rather than paper instruction mode. Their result also
confirmed that usage of AR improved lead time and error rate. Lamberti et al. (2015) developed a
framework in EASE-R3 project by exploiting reconfigurable AR procedures and tele-assistance to
surpass the limitations of current solutions. By the exploitation of AR-based tools, they estimate a
reduction at least 50 percent national, 40 percent worldwide travels. Additionally, 30 percent reduction
in repair time and cost is expected. Webel, Bockholt and Keil (2011) performed a study which they
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focused on analysing the improvement of AR-based training of maintenance skills by addressing also
the necessary cognitive skills. The aim of the study was to discover patterns and criteria for designing
an AR-based training system. The results showed that, the learner’s performance increases when howit-works knowledge is provided in addition to the how-to-do-it knowledge. They concluded that a
training system should include visual elements which allow for reducing the level of provided
information. Webel et al. (2013) proposed an AR-based maintenance training concept which has
several sub-skill levels in it. Procedural skills are considered as important skills for maintenance and
assembly so, they focused on that area (see Figure 5). Their results showed that the skill level of a
technician who trained with this new approach is better than who trained with classical methods.

Figure 5: Dynamic AR instructions based on operators skill level (Webel, et al., 2013)

Reiners et al. (1998) introduce an Augmented Reality demonstrator for training a door lock assembly
task. The system uses CAD data directly taken from the database and instruction data prepared within
a Virtual Prototyping planning session, to facilitate the integration of the system into existing
infrastructures. Schwald et al. (2003) proposed an AR framework for training and assistance in the
industrial maintenance context. The framework conducts the user step-by-step through the tasks. Yuan,
Ong and Nee (2008) proposed an AR approach for assembly operation. Their result showed that ARbased method provides very effective guidance for the assembly task.
Westerfield et al. (2015) proposed a framework which is slightly different from previous studies. They
proposed a system which integrates AR with Intelligent Tutoring System (ITS) to assist with training
for manual assembly task. Their approach combines AR with dynamic guidance from ITS which
provides more effective learning experience. The results showed that usage of ITS or similar system
improved test scores 25 percent and task performance 30 percent when it compared with regular AR
training system. Zhu, Ong and Nee (2014) also proposed a context-aware AR system to assist operators
in maintenance tasks. The system is able to recognize the operation and provides the relevant

14

information. A case study showed that the provided system is able to adapt itself to dynamic
maintenance solutions to provide context related information. The most similar study to study which
will be done in that thesis is done by Re and Bordegoni (2014). They proposed a framework in order
to support and monitor operators during the maintenance task (see Figure 6). The proposed approach
provides necessary information to the operator and, at the same time, it collects necessary information
to save them to a remote database. By this feature, managers are able to check the maintenance report
consequently. The results of the system evaluation showed that visualization of the instructions make
the operators life easier and company can increase its control on the operator’s work and collect the
information about machine history. These reasons present that the proposed framework is important
to increase the effectiveness on both operator support and reporting side.

Figure 6: Operator Support and Monitoring Framework (Re & Bordegoni, 2014)

4.2 Product Lifecycle Management and Reporting
Ameri and Dutta (2005) define the Product Lifecycle Management (PLM) as a concept which contains
the information of the product from early stages of its life to end of its life and provides that information
to stakeholders in the right format and at the right time. In this definition, PLM can be considered as a
knowledge management solution and according to Ameri and Dutta (2005), the knowledge can be
defined as organized and validated information which can be useful in problem solving.
PLM has been proven as a very efficient knowledge management system in the industry by
practitioners. Using a PLM system has decreased the duration of the assembling process of an aircraft.
28 different company contributed to design and assemble of an aircraft via using IBM-Dassault’s PLM
solutions and this system decreased the manufacturing duration from 16 months to 7 months.
Teamcenter PLM solution has been used to manufacturing the Boeing 7x7 and F-35 JSF. Lockheed
Martin reported that cycle time has decreased 35 percent and manufacturing time reduced by 66
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percent. In order to reduce the manufacturing time of engines and design a service friendly engines, a
CAD tool has been used which is integrated to PLM system. Maintainability of the engines addressed
during the design and, time and cost needed to develop a prototype eliminated. As a result, there was
no need to remove another component from the engines when a maintenance required. (Lee, et al.,
2008)
According to Lee et al. (2008), PLM has emerged from two roots. The enterprise management is one
of them and this can be further divided into several categories. The other root is product information
management through the product lifecycle. Maintenance information can be considered as one of the
product information through its lifecycle. The maintenance information has been a very important
decision support tool for businesses. Business experts have used the maintenance data in order to
develop a strategy to reduce the maintenance downtime and increase productivity. Since the
maintenance data contains numerous useful information such as, technical maintenance logs, asset
location, description of defect location codes, scheduled maintenance date, etc. reporting practices of
this data is essential. (Jones-Farmer, et al., 2014)
Madhikermi et. al. (2015) claims that businesses take strategic decisions based on their enterprise data.
Therefore, data quality assessment has an important role in sectors. Poor data quality impacts the
maintenance process where high data quality fosters business activities. In this context, Madhikermi
et. al. (2015) have developed a methodology for assessing the quality of enterprises daily maintenance
reporting. In their study, they have considered the data quality framework of Krogstie et. al. (1995).
This data quality framework consists of physical quality, syntactic quality, semantic quality, perceived
semantic quality, pragmatic quality, social quality, knowledge quality, and language quality. On the
other hand, their work relies on the simple arithmetic MCDM framework in order to handle the
aggregation of the expert preferences, application features etc. Their findings show that maintenance
reports allow companies to follow up their products lifecycle behaviour and to generate new
knowledge for their products. According to Madhikermi et. al. (2016), quality of enterprise services
have linked to the quality of the maintenance report. Poor quality of the maintenance report can lead
business deciders to a wrong decision. In order to address that problem, they have developed
maintenance reporting quality assessment (MRQA) dashboard that enables any company stakeholder
to easily –and in real-time –assess/rank company branch offices in terms of maintenance reporting
quality.
Vujanovic et. al. (2012) claims that maintenance management has an influence on the vehicle fleet
energy efficiency. Since the fleet maintenance has direct relationship with the vehicle maintenance,
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monitoring the vehicle maintenance becomes unavoidable in terms of more efficient maintenance
management. They have analyzed the influence of the indicators on this maintenance management.
Their results show that perceived evaluation by company managers in view of maintenance
management process influence onto their fleet energy efficiency.
Lee et. al. (2008) aimed to study the opportunities, advantages and cautions of implementing PLM in
the aircraft maintenance, repair and overhaul (MRO) industry. The study consist of three stages. In the
beginning they have discussed what PLM is. Secondly, the general implementation area of PLM.
Finally, they have discussed the advantages of the application of the PLM in the aviation MRO. They
have claimed that, although the previous case studies showed benefits of implementation of the PLM
to aviation MRO, there is still a need for further researches on that area in terms of data and constraint
management.
Gopalakrishnan et. al. (2017) claims that the data collected during the PLM stages could be effective
in terms of decision taking in the design phase of further product development. In order to prove that,
they have developed an application and they have analyzed the causes of HDD failures. They have
included some new parameters into their study with the light of the data which is obtained from market
analyses and consumer reviews during the MOL phase. The results showed that the data collected
during the MOL phase aided to detect the unseen parameters which are also the reason of the HDD
failures.
As Thilmany (2004) and Lee et. al. (2008) stated, Tinker Air Force Base have implemented a PLM
application in order to reach out the necessary maintenance records. Since the operators were working
on the field, they have developed a wireless access system to the PLM system in order to request the
technical information when they need it. This implementation reduced the time that operators spend to
find the correct information through the papers, fill out new maintenance papers and search for
necessary technical instructions.

4.3 Summary
As mentioned in the present literature review, AR applications have been promising supporting tool
for the set of operations in product lifecycle such as maintenance, assembly and repair since 1990s
(Regenbrecht, et al., 2005). Previous studies verified that AR applications are better at ease of use and
improved the lead time and error rate of the operations when it compared with traditional instruction
providing solutions (Fiorentino, et al., 2013), and, when they integrated with intelligent systems,
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dynamic guidance might provide more effective learning experience compared to regular AR training
systems (Westerfield, et al., 2015).
AR applications have been useful in gathering the process information as much as they have been in
supporting the operators on manufacturing operations. AR applications have been used to collect the
necessary information of product lifecycle operations and these information increased the control
ability of the company over the operator work (Re & Bordegoni, 2014). The present literature review
showed that the information gathered during the product lifecycle operations such as maintenance,
might provide useful data for other product lifecycle operations like design of the future product
(Gopalakrishnan & Behdad, 2017) and this kind of information allows companies to follow up their
product through its lifecycle and grant ability to generate new knowledge out of it (Madhikermi, et al.,
2016).
The present review shows that AR applications have been beneficial for manufacturing operations and,
reporting of these operations provides useful data for companies in decision making. These reasons
show that manufacturing industries might have great benefit from an AR – PLM integrated framework
with aim of optimization of the support given to operator during the manufacturing process and
improvement of the reporting.
This study will present an AR – PLM integrated framework which will optimize the support given to
operator during the manufacturing operation by projecting the 3D CAD model of the component which
needs to be fixed or replaced over itself in real world. Since different operators might have different
skill levels and experience, this information will be in collaboration with text instructions which are
filtered based on the level of experience of operator. Moreover, the application will generate a digital,
standardized report of the operation and store it into the PLM system. Since PLM is a knowledge
management system, the stored information has to be in verified and structured form. Traditionally,
the operation information being provided in a very standard form to user without any skill or
experience consideration. However, providing less information to operator might cause increase on
the error rate and lead time of the operation, and, providing more information than needed might hinder
the operators from improving their skill set. On the other hand, operators fill out some papers in order
to report the operation related data and this data is usually in unstructured format. However, these data
contains useful information and they need to be harvested and stored in a structured way. The AR –
PLM integrated framework might reduce the error rate and the lead time of the operation, improve the
quality of the data gathered from the operation and, since the application generates the report
simultaneously, reduce the workload of the operator
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5 PLM Architecture and AR Integration
This chapter has been designed to provide the general information on the basic requirements of a
possible AR – PLM Integration framework. The general information of each component and their
connection with each other has been described in the following subchapters.

5.1 AR – PLM Integration Framework Requirements
There are several components which have to be considered in order to achieve a successfully
implemented AR – PLM framework. In this study, the necessary components are followings; a product
information embedded device (PEID), a reader to extract the information, a platform to develop the
application interface and backend algorithms, a PLM system to store and retrieve the data and an AR
device to display the final information and retrieve the process data.

Figure 7: QR Code Based AR-PLM Framework

Figure 8 displays the general description of the possible AR – PLM framework. The operational
process of the framework as follows; PEID reader device reads the product ID and transports it to the
application server. The application server sends a specific query which searches for the necessary data
in the PLM system. Therefore, the application server sends the retrieved data from the PLM system to
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the application which runs on the AR device. The AR device displays the retrieved information to the
operator through the implemented interface. The application on the AR device records the crucial data
during the process and uploads it to the PLM system in the end of the process through the application
server.

5.2 Product Identifiers and PEID
Nowadays, manufacturers are producing huge number of products which go through set of
manufacturing operations. These operations might be done by several different producers through the
whole supply chain for example; different components might be produced by sub-producers and final
assemble might be done by main manufacturer, or, different materials might come from different
suppliers to the main manufacturer. In order to follow the information of the product through its
lifecycle, these products need a special and unique number or tag which may identify the product and
keep its information through its lifecycle. There are several standards for product identification such
as manufacturer part number (MPN), global trade item number (GTIN), international mobile
equipment identity (IMEI), international standard book number (ISBN) etc. (Quesada Diaz, 2016)
(Goodsall, 2016).

Figure 8: Examples of Product Identifiers (Russell, 2011)
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PEID is a device which contains product information and provides that information whenever it
requested through product lifecycle. There are some PEIDs which are able to identify themselves, have
computational power etc. On the other hand, some of the PEIDs only contains globally unique product
ID (GUPI) and they do not have computational power. Quick response (QR) codes and barcodes are
the PEIDs which have no computational power and only contains GUPI. (Kiritsis, 2007) (Quesada
Diaz, 2016).

5.3 AR System Architecture
There is numerous type of AR displays in the literature. It can be roughly classified into four main
groups as Heads up displays (HUDs), Holographic displays, Smart glasses and Handheld based
devices, see Figure 5.

Figure 9: Augmented Reality Devices (Kore, 2018)

Heads up displays are the display systems which the information is projected on a transparent glass
which is placed in front of the operator. These systems are designed to provide the information to the
operator during critical missions such as flight controller or weapons system dashboards. Since the
critical information is displayed on the glass which is mounted in front of them, the operators can
easily focus on the mission. In holographic displays, the user does not have to wear any additional
equipment. The information is projected as a 3D hologram by using light diffraction in real space.
Smart glasses are glasses which augments the vision. These devices can be divided into two categories
as optical see through and video see through. The optical see-through devices creates the augmentation
in the real world as a graphical overlay. The video see-through devices creates the augmentation on
the video which is obtained by the integrated cameras on the device. As its name references, the
handheld devices are devices which should have been held by one or two hands. The augmentation
principle of these devices is the same as the video see-through devices. (Kore, 2018)
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5.4 PLM System Architecture
Most of the PLM systems acquire regular features which may consist of a database or data vault, sets
of utility and user-pointed functions. The basis of a PLM system is the repository layer which stores
the information of the product and manages the access to the data. Product data which generated by
external applications and the metadata which includes the PLM information are the two types of the
data which contained in data vault. Quesada Diaz (2016) indicated that there are 5 user-directed
functions and 5 utility functions which an efficient PLM system needs to count on in order to store,
manage and retrieve the data, see Table 1. Customizing this section allow PLM system to operate in
any kind of computing environment. (Quesada Diaz, 2016) (Xu & Liu, 2003)
Table 1: User-directed Functions and Utility Functions

User-Directed Functions

Utility Functions

Data Vault and Document Management

Design Communication

Engineering Change Management

Product Data Transfer and Distribution

Product Structure Management

Product Data Translation and Conversion

Parts Management

Product Data Viewing and Visualization

System Management

System Administration

As it can be seen in figure 10, a regular PLM system architecture allows more than one user to access
to the main PLM server which connects and searches for the required information by using the
metadata, which obtained from metadatabase, in the data vault or database. In general, a PLM system
contains multiple databases which can be diffused at different sections within the cooperation.
Individual components of the system usually connects to each other by local area network (LAN) or
Intranet. (Xu & Liu, 2003).
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Figure 10: General PLM System (Quesada Diaz, 2016)

5.5 Client Application Integration
As it stated in chapter 4, AR – PLM integration with the purpose of operator support optimization and
operation reporting during the manufacturing operations can increase the efficiency of the operation
in terms of lead time and error rate. Additionally, this integration can improve the reporting practices
in terms of digitalization and standardization.
Bergsjö et al. (2008) and Vainio (2012) stated that integration of different engineering disciplines such
as software engineering and mechanical engineering disciplines, which are evolved separately, is
difficult to achieve within a PLM system. However, since such an integration increases time to market
and innovation abilities, it is necessary to achieve (Bergsjö, et al., 2008). Moreover, optimization of
the interfaces between different process stages is achievable through the integration improvements.
Information exchange between departments causes loss of knowledge however, this can be reduced by
integrating the processes. Vainio (2012) stated that integrating applications and establishing the data
exchange between them decreased the development time, seamless and automated data exchange
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achieved. These benefits reduced the cost, increased the quality and decreased the time to market.
(Vainio, 2012).
In general, there are three different levels of integration identified which are full, loose and no
integration. Full integration means that the system contains all subsystems with a common repository.
It consist of layers which provides connection for the different applications to product data in database.
Storing the data in one database and providing this data to several users from same information model
is the main advantage of this model. However, it is hard to achieve in real life due to the lack of
standardization of the data which generated from different tools. Unlike the full integration model, the
loose integration model does not have common information model and instead, it uses dedicated
databases for different applications. This approach makes it possible to use different applications
which are developed by different suppliers. In no integration model, there is no interoperability
functions and data distributed among different databases. It requires a manual data exchange and this
situation causes a risk of deformation in the data quality. (Vainio, 2012)
On the other hand, there are also four alternative integration models which are best-in-class integration,
one system as integrator, all-in-one integration and peer-to-peer integration. There are two levels on
best-in-class integration. First one is between engineering tools and applications, and, second one is
between enterprise and subsystems. Two levels integration causes a conflict because the
communication in the first level can be achieved by standard protocol, however, since the second level
is between applications and subsystems, communication between these systems has to be software
specific. In one system as integrator approach, engineering tools connect to the PLM system directly
and PLM system can be customized to share information with supply chain management system.
Communication interface should be well designed in order to prevent the data loss or information
corruption. All-in-one approach integrates the applications to on supreme system similarly to full
integration model approach. Since it requires a single system, this system needs to fulfil huge number
of functionalities. Also, when implementing a new application, if it does not follow the standards
which is required by PLM system, it is very difficult to implement. Lastly, the peer-to-peer approach
suggests that subsystems should communicate with each other and there should be no supreme system
which suggested by previous approaches. Bergsjö et al. (2006) relates this integration model with loose
integration model of Crnkovic et al. (2003) and with this approach, as long as there is a standard on
the communication between the subsystems, it is possible to develop domain specific information
models. (Vainio, 2012).
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5.6 PLM Tiered Architecture
Beginning from the 1980s, system architecture of the PLM has evolved. In archaic times, the
architecture was one tiered client/server (silos) model which does not integrated to a network. This
architecture has provided high performance, a graphic user interface (GUI), a processing logic and
database. In the mid-1990s, one tiered architecture has been extended to two tiered architecture which
uses network to establish the communication between client and server layers. The working principle
of two-tiered architecture is that web browser sends a request to the web server and the web server
processes the request and sends a response. The client tier contains the user interface and server tier
contains the data storage unit. This network supported architecture provides better collaborative
environment in terms of quicker response times. However, two tiered architecture does not provide
complete separation of the layers and, as a result, the entire application has to be updated at the same
time. In further developments, the functionality on the client tier has been separated as user interface
and processing logic, and, this architecture is called three-tiered architecture. This architecture
improved the user experience by reducing process and response times of the system. N-tiered
architecture provides multiple services to multiple clients at the same time. This ability makes the ntiered architecture is a better architecture than others. In this system architecture, different applications
exchanges data between applications, sources and databases, and, they use standard web protocols to
communicate with each other. (Quesada Diaz, 2016). The figure 11 shows the PLM tiered
architectures.
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Figure 11: PLM Tiered Architectures (Quesada Diaz, 2016)
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5.7 Middleware Software
The middleware software is a software which provides the communication functionality between
different applications and systems. In order to implement a new client application to a PLM system,
there is a need for a middleware software in order to provide the communication between client
application and PLM resources tier. There will be various middleware software which depends on the
computing environment, the type of the integration and the tier which the client application will
communicate. Many middleware usually provide an API which allows the client application to connect
to the client or resource tier in a PLM system. (Quesada Diaz, 2016)
Application program interface (API) is set of routines and protocols for implementing new software
applications. A well-structured API allows developers to build the application easily by providing all
the necessary building blocks. Most operating environments, websites etc. provide their own APIs to
allow developers to implement applications which have better compatibility with their original system.
Likewise, websites such as; eBay or Amazon provide APIs which allows developers to build new web
stores over the original infrastructure of the website. (Beal, 2018). APIs can be developed and provided
for different programming languages, and, the developers have to choose the correct language for API
according to the programming language which they will use in application development.

5.8 Service Oriented Architecture (SOA)
SOA is an approach which allows independent applications to integrate to each other successfully.
APIs provide services to different applications through communication protocols over the SOA which
grants to collect, distribute and modify information in several data vaults. Web-driven architectures
can enable SOA through protocols such as; XML, SOAP and WSDL by using java services. Vainio
(2012) claimed that SOA offers the best usability because it creates the services based on the
specification of the task. It also prevents the business holders from relying on only one PLM vendor.
Lee et al. (2007) has evaluated the SOA and they showed four important points in SOA which are the
services, the Enterprise Service Bus (ESB), Business Process Management (BPM) and Enterprise
Portal (EP). These points can be summarized as the services are the reusable business function
providers, ESB is the middleware which establishes the connection between services and applications,
BPM provides smooth integration and EP displays the information which is obtained from service
oriented PLM system. (Bergsjö, et al., 2008) (Vainio, 2012) (Quesada Diaz, 2016)
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6 AR – PLM Application Components
This section describes the framework which has been developed in the light of the aforementioned
ideas. General framework and the demonstrator which has been developed as proof of the concept
consist of 3 main parts. Figure 9 shows the basic architecture of the framework and the flow of the
information through the system. Following chapters describe the sections of the framework.

Figure 12: AR - PLM Framework and Information Flow
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6.1 Augmented Reality Application
The interface module of the framework has two major duty to fulfil. First, the interface has to interact
with the PEID and collect the information which is already stored in it. Secondly, it has to interact with
operators to display the information. Therefore, a need to an AR supporting device has emerged. As
stated in the chapter 6.3, there are 4 different types of AR display, and, a handheld device and a smart
glasses have been used in this project. The handheld device is Samsung Tab 2 GT-P5110 tablet pc and
the optical see-through display is Epson Moverio BT-350 smart glasses, see Figure 10. Both these
devices run Android operating system and support AR applications. This feature allowed researcher
to develop the interface as one single version and compare their usability as operator support device
in industrial operations.

Figure 13: Samsung Tab 2 GT-P5110 and Epson Moverio BT-350 (Arena, 2018) (Wei, 2017)

The major functionality of the interface is that it reads the QR code, labels the obtained data and sends
a request to application server which is explained in chapter 7.2. In return, the application server sends
the response message which contains the corresponding information of the data which has been sent
by AR interface application. If the QR code belongs to a machine, the response message will carry a
set of instructions about how to perform the operation on that machine. This instructions are supported
by a 3D CAD model of the part or parts which needs to be replaced or changed. The interface
application overlays the CAD model on the physical part through the AR device, see Figure 14.
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Figure 14: AR interface application

Implementation of the interface application has been done by author by using Unity 3D game engine
and C# programming language. Unity 3D provides possibility to developers to develop interfaces in
3D environment. This feature allows developers to create interfaces which reflect the real world feeling
effectively. Moreover, there are several compatible frameworks which allow to development of AR
applications in Unity 3D. These frameworks make the developers life easier with their features such
as real-time object tracking, physical model target detection, overlay augmented content etc.
Considering these benefits, Unity 3D and Vuforia AR framework has been chosen as development
platforms of this interface application. Unity 3D only allows implementation of scripts in C#, therefore
the implementation of the interface application has been done by using C# programming language in
Microsoft Visual Studio which is a Microsoft tool for application development in various languages
and frameworks.

6.1.1

Operation Reporting Module

Industrial operations might contain important information which can be useful for different stages of
the products lifecycle. The data generated during a maintenance operation might contain useful
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information which might be used in further product development or at the EOL of the product.
(Gopalakrishnan & Behdad, 2017). On the other hand, in classical reporting practices, operators fill
out some papers as report and sometimes these reports being supported by video of the operation.
However, these practice might cause a knowledge loss due to lack of importance which is given by the
operator. Also, video supported reporting is being done for specific tasks. (Webel, et al., 2013).
Additionally, operators need to create the report of the operation after they have completed the
operation. This practice extends the lead time of the operation and increases the work load of the
operator. The operation reporting module generates a digital and structured report simultaneously.
In order to avoid the struggles which have been described in the previous paragraph, this operation
reporting module has been implemented. The application logs the predetermined information into a
structured PDF form. PDF file format promises more reliable information storing capability compared
to editable file formats such as DOC, DOCX, TXT etc.
The operation reporting module documents the information such as; details of the operator who
performed the operation, start and end date of the operation, the machine or the station which the
operation has been applied to, and, name, id and the status of the operation itself, see Figure 15. This
module is fully integrated with the AR interface application and collects all these data during the
operation. The AR interface application sends the final report to the application server and the
application server sends this report to the Teamcenter.

Figure 15: Operation Report
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6.2 Application Server
The application server is a communication and process layer between Siemens PLM Teamcenter and
AR interface application. This layer receives the raw data from AR interface application, generates
necessary queries and retrieves the information from PLM system. Moreover, based on the information
and the need, runs several processes on that information and sends the final form to the AR application.
The need to implement this application server has emerged from two reasons. Firstly, the algorithms
and processes run in this application server are costly in computational aspect. These algorithms need
higher processing capability than AR glasses and handheld device has. Second reason is
communication struggle which has been described in paragraph 1.3 in detail. In order to avoid these
two problems, this module has been implemented.
Siemens PLM Teamcenter provides different APIs to developers in order to develop client
applications. These APIs support different programming languages such as; C#, Java, C++ etc. There
is a relevant study which also used Teamcenter as PLM system and implemented a client application
in Java, and, developed by Quesada Diaz (2016). In order to use codes from that project, and,
considering the previous knowledge of the author in application development in java, it has been
chosen as the suitable programming language for this implementation.
The application server has 2 modules which are described under the major goal of this project. The
operator support part consist of two modules which are information levelling module and indoor path
optimization module.
6.2.1

Operator Support

In order to optimize the support which is given to operator, two modules have been implemented. The
information levelling module and path optimization module have been described in following chapters.
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6.2.1.1 Information Levelling Module
Webel et. al. (2011) claimed and Fiorentino et. al. (2014) stated that the amount of the information
which will be displayed to the operator is important. There should be minimum amount of information
because exploring the action increases the ability to solve the problem, it helps operator to focus on
the task. Therefore, the information should be more detailed for the beginner and the amount should
increase by skill level.
Information levelling module determines the amount of the information which will be displayed to the
operator. In order to accomplish that, experience level and expertise of the operator have been
considered. The application classifies the information based on these variables and displays the
appropriate version to the operator.
In order to divide the information into different levels, the algorithm has to know which part of the
information is essential and which one is not. At this point, the information steps have been labelled
before and stored in the PLM system, see Figure 15. Numbers in the beginning of each line shows the
importance of the action and GetOperationDataFromTeamcenter.java class divides the information
based on these numbers as 3 different lists.

Figure 16: Operation Instructions
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GetOperationDataFromTeamcenter.java. On the other hand, each operation has its own scope such
as electrical failure or mechanical maintenance. OperationDetails.java considers the scope of the

33

operation and takes the experience level of the operator. There are three levels of experience of
operator and two types of scope of the operation and operator. If the expertise of the operator and scope
of the operation does not match, or, if the operator is junior which is the lowest skill level, the final list
contains most basic information. If the operator expertise match with the operation scope and the
operator is senior, which is the highest skill level, the final list only contains very basic milestones of
the operation. If the skill level of the operator is medium, the final list contains the average amount of
information unless the operator expertise and operation scope does not match. If these two does not
match, the final list contains the most basic information of the operation.
It is logic that some operator might need additional information during the operation such as; the proper
tool for the step, definition of the part etc. In this case, the application checks the current level of the
operation instructions and switch it with the instruction set which has more detailed information of the
operation.
Additionally, the application retrieves the corresponding CAD data of the part and sends it to the AR
interface application. The original CAD data is in Jupiter Tesselation (.jt) format which is one of the
standard dataset types of Teamcenter. However, in order to use that CAD model in Unity, the format
of the file had to be changed into a format which is compatible with Unity. There is a variety of CAD
formats which are compatible with Unity such as .fbx, .dxf, .3ds, .obj etc. Since CAD files have to be
converted when an operation will take place, a need to find a library to convert the files in the real time
has emerged. After several searches and attempts to implement his own library, the researcher found
a very efficient library which is implemented by Johannes Raida. Although this library allows to
convert different CAD formats to various CAD formats, researcher decided to proceed with .obj file
format. The application takes the .jt CAD file and converts it to .obj format which is compatible with
Unity as CAD file format.
6.2.1.2 Indoor Path Optimization Module
Second part of the support optimization is indoor path optimization module. The route, which operator
will take in order to perform various operation in facility, is a factor which consumes the operators
time. Neges et. al. (2017) stated that the operators spend 50% of their time on indoor navigation. In
order to save this wasted time, optimising the indoor path is promising solution in terms of reduced
travelling time between the stations.
TSP is a real world problem which can be described as following; the struggle to perform set of tasks
with one single key in the minimum amount of time (Helsgaun, 2000). Indoor path optimization can
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be formulated as a standard TSP because, the operator wants to stop at every station or machine once
to perform the operation and complete the work with the minimum travelling distance. There is variety
of solutions to solve TSP and GA is one of them, see paragraph 3.4.
Since the optimizing the path is finding the optimal shortest path, it is logical to consider the physical
positions of the machines as important variables. However, there might be different situations in
industries in real world. Manufacturing operations might have different level of urgency based on their
effect on production such as blocking another machine on a production line or safety of the work
environment. At this point, another variable has been added to the equation in order to calculate the
optimal solution.
In this module, a GA, which has been implemented by Lee Jacobson, has been used in order to solve
TSP. The algorithm has been modified and the error state of a machine has been added as second
objective of the algorithm. In order to reflect the level of the urgency, three different levels of
operations created. Machines have been assigned with red, yellow and green error states which
represent urgent, semi-urgent and not urgent operations.
The application separates machines based on their error states like red error stated machines, yellow
error stated machines and green error stated machines. The application sends the yellow error stated
machines list to the AR interface application and asks operator to decide the urgency of the operation.
The operations which are labelled as urgent go to red error stated machines list and the others go to
green error stated machines list. Since there are two groups of machines, the application runs the GA
once on the red error stated machines and once on the green error stated machines. The algorithm
generates two lists and the order of the machines in the lists represents the optimal route for that group
of machines.
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6.3 Teamcenter PLM System
Siemens Teamcenter is a PLM system which comes with two different configurations; 2-tiered
architecture and 4-tiered architecture. In this project, the 4-tiered architecture configuration has been
chosen and this system consist of a client tier, a web tier, a business logic tier and a resource tier. As
Figure 17 shows that, client applications are hosted by client tier which also provides the user interface.
Communications between client and business logic tiers are handled by web tier. Business logic tier,
also known as enterprise tier, is responsible for retrieving and storing the data into resource tier.
Finally, the resource tier consist of database and metadatabase server, and Teamcenter file
management system (FMS). What type of information requested determines the access type to the
resource tier. If metadata has been requested, connection established through the web tier which sends
data to enterprise tier to be sent to the DBMS. However, if a file has been requested, this request will
be sent to the file database directly. (Quesada Diaz, 2016).

Figure 17: Teamcenter 4-tiered architecture (Quesada Diaz, 2016)

Teamcenter services can be used in order to integrate an external application, and, high level service
method can be coded by integration kit (ITK) in a need of more functionality. (Quesada Diaz, 2016).
Moreover, accessing to the database in order to retrieve the machine, operation and user information,
and, place operation report is an issue. Teamcenter environment does not support to direct access to
the database therefore the access has to be established through SOA. As aforementioned reasons
suggest, the Teamcenter services and SOA framework have been selected as integration method. In
order to establish this integration, a Teamcenter 2007 (or later) needed. If the application will be in
Java, JDK 7 and Eclipse IDE must be installed and in order to run C++ or C# applications, Microsoft
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Visual Studio Service Pack 1 has to be installed. The client application has to know how to connect to
the Teamcenter. In order to configure the client application for four-tier environment, it has to know
protocol and hostPath arguments. In HTTP connection protocol, the hostPath, which is the address
of the web-tier, has to have http//:host:port/app-name syntax. The host specifies the network name
of the Teamcenter Web tier host machine, the port specifies the port number on the Web tier machine
configured for communications. This is the port number on the Web application server. For example,
if you are using WebLogic, the default value is 7001; or if you are using Apache Tomcat, the default
value is 8080. Finally, the app-name specifies the application name that the Teamcenter Web tier
processes are deployed under. The default value is “tc” but may have changed during the installation
and configuration of the Teamcenter server software. (Siemens PLM Software, 2012)
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7 Test
In order to find concrete evidence that the developed framework supports the operator during the
manufacturing operation and creates a digital report, a need to perform a test has emerged. As a result
of this set of tests, reduction on operation lead time and error rate expected. This chapter explains the
overall test environment, results obtained during the test and analyses based on these results.

7.1 Test Environment
In order to look for the benefits of the framework on the product lifecycle operations, a primitive
version of an industrial environment has been set up. The test environment consist of a Go-Kart which
has been manufactured by Berg Company, spare parts of the Go-Kart and necessary tools to perform
set of operations on the Go-Kart. The Berg Go-Kart has been implemented and assembled in the
Teamcenter during previous studies. Since all parts of the Go-Kart already in Teamcenter and it is
suitable for simulating some manufacturing operations, the Berg Go-Kart has been selected as the
primary apparatus of the test.

Figure 18: Berg Go-Kart (Quesada Diaz, 2016)

Since the initial idea is to measure the performance of the framework on product lifecycle operations,
three different operations has been prepared which simulates the real world operations such as;
inspection, maintenance and repair. These operations are changing the rear tire of the Go-Kart,
changing the steering wheel of the Go-Kart and assembling the steering rods of the Go-Kart. The
operators being told to find operation spot on their own based on the instructions given to them by the
instruction device. In order to investigate the performance of the demonstrator, it has to be compared
with traditional instruction display methods such as displaying the instruction on a paper. Also,

38

comparing the performance of the framework on the different AR devices might give usability
measurement of the AR applications. Therefore, three different instruction display methods which are
paper instruction display, handheld AR display and optical see-through AR glasses have been chosen
in this test.
After a brief explanation of the project, the participants have been asked to follow the instructions on
the instruction display and complete the operations. Each participant performed each operation with
different instruction display method. For example; second participant completed the tire changing
operation via AR glasses and first participant completed the tire changing operation via paper
instructions, see table 1. Shuffling the operations among the instruction display methods increased the
ability to compare the methods with each other in the performance aspect.

Paper Instruction

Handheld Display Instruction

AR Glass Instruction

Participant 1

Tire Change

Steering Rod Repair

Steering Wheel

Participant 2

Steering Rod Repair

Steering Wheel

Tire Change

Participant 3

Tire Change

Steering Wheel

Steering Rod Repair

Participant 4

Steering Wheel

Steering Rod Repair

Tire Change

Participant 5

Steering Rod Repair

Tire Change

Steering Wheel

Participant 6

Steering Rod Repair

Steering Wheel

Tire Change

Tire Change

Steering Rod Repair

Participant 7
Participant 8

Steering Rod Repair

Steering Wheel

Tire Change

Participant 9

Steering Wheel

Tire Change

Steering Rod Repair

Participant 10

Steering Rod Repair

Steering Wheel

Participant 11

Steering Wheel

Steering Rod Repair

Participant 12

Tire Change

Steering Wheel

Table 2: Operation / Instruction Display Method with Participants
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7.2 Analyses and Results
In order to measure the performance of the framework, the lead time of the operations has been
recorded. Table 2 shows the average lead times of the operations which have been completed
successfully with the corresponding instruction display method. According to these results, using the
AR – PLM framework through AR glasses decreased the lead time of the tire changing operation by
16.5%, steering wheel changing operation by 11.5% and steering rod fixing operation by 16.75%.
Likewise, using the framework through a handheld instruction method decreased the lead time of the
tire changing operation by 21.3%, steering wheel changing operation by 29.7% and steering rod fixing
operation by 32%.

Paper Instructions Handheld AR Instructions AR Glass Instructions
Tire Changing

5,02 min

3,95 min

4,19 min

Steering Wheel Changing 4,7 min

3,305 min

4,16 min

Steering Rod Fixing

2,76 min

3,38 min

4,06 min

Table 3: Average Lead Times of the Successful Operations (minute)

Another performance measurement criteria is the error rate of the operations. The results show that
25% of the participants could not complete the operations successfully with paper instructions.
However, the same participants successfully completed the operations with both handheld and head
mounted AR instruction methods. Only 8.3% of the participants had problem to complete the
operations with HMD instructions. (See Appendix A).
Since such a test provided the possibility to investigate the usability of AR devices, 4 questions have
been asked to the participants. Participants asked to select an answer, which are prepared as Likert
scale, for each question. The questions are;
1. I felt comfortable while using the AR instruction system
2. The AR instruction system was physically exhausting
3. I felt dizzy while using the AR glasses
4. The AR instruction system was mentally exhausting
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These questions have been put on a scale from 1 to 5 where 1 means totally disagree and 5 means
totally agree. Table 3 shows the average answers of the participants. For detailed answers of the
participants, see Appendix A.

Question 1 Question 2 Question 3 Question 4
4

2

2

2

Table 4: Average answers to usability questions

As it mentioned before, this test has been performed in order to prove that the proposed framework
might provide benefits in terms of lead time and error rate of the operations. The results show that the
use of the framework provided a significant reduction on the lead time and the error rate of the
operations. The framework allowed people who has no previous experience on any of these tasks to
complete these operations successfully. On the other hand, there is a significant difference between
the results of handheld AR device, which is a tablet, and HMD, which is an AR glasses. Results show
that people are quicker with the devices which they are already familiar with. However, this conflict
could be solved by training the on-site operators with HMDs. As long as people get familiar with
HMDs, the gap between handheld AR and HMD might shrink.
Although many participants felt strange with the HMDs in the beginning, most of them stated that they
were quite comfortable with the HMD. Likewise, their answers show that such an AR – PLM
framework is convenient in terms of level of exhaustion and comfort of the operator while performing
the operation.
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8 Conclusion
This chapter gives a brief summary of the whole thesis work which is followed by the conclusions.
The future works section contains some improvements which could not been done by author at this
time of the study.

8.1 Summary
The main purpose of this thesis work was developing an AR – PLM framework with the purpose of
optimization of the support which is given to on-field operator during the product lifecycle operations
and improve the reporting practices. Although there are many researches in the literature which studied
and implemented AR – PLM frameworks with purpose of operator support during product lifecycle
operations such as; assembly, maintenance, inspection, recycling etc. it is believed that the AR – PLM
framework which is developed in this thesis has an innovative approach due to its purpose of the
support optimization and improvement of the reporting practices.
In order to implement the AR – PLM framework successfully, a literature review has been done and
data collected with respect to the scientific data collection techniques. The information which is related
to concepts such as; AR, PLM, manufacturing operations and operator support has been collected. This
information has been analysed in order to determine if the AR – PLM framework with the support
optimization and report improvement purpose is possible. The results showed that such a framework
is possible therefore theoretical framework has been defined.
After the theoretical framework defined, a demonstrator has been developed as a proof of the concept.
This demonstrator has been implemented between Siemens Teamcenter PLM system and Epson
Moverio AR Glasses. Additionally, an application server has been implemented in order to decrease
the computational cost of the application on the AR device and establish the successful communication
between Teamcenter and AR application.
In order to measure the performance of the framework, a test environment has been created. A set of
operations has been defined and participants have been asked to perform these operations with help of
the AR device which was using the PLM knowledge which is stored in the PLM system. The primary
results show that the AR – PLM framework helped the participants to successfully complete the
operations. Moreover, using the framework has decreased the lead time of the operations and error rate
of participants.
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8.2 Conclusions
The results show that the AR – PLM framework is possible with the purpose of support optimization
and report improvement. Although there is a test conducted by researcher, this test results do not reflect
the all support optimization features and reporting improvements because the efficiency of the
framework can only be observed by experienced professionals. Since the optimization of the support
consist of indoor route optimization and information levelling, and, the test does not contain
participants who has background within manufacturing operations, the result of this test only shows
that the framework is achievable and such a framework improves the operation practices by overlaying
the 3D CAD data of the object on the physical object. It must be noted that the demonstrator only
developed as proof of the concept and it is a laboratory prototype which is far from being an early
version of a product.
In order to measure the efficiency of using the AR – PLM framework, the lead time of the operations
have been recorded during the test. After that, lead times of the participants with AR display
instructions and paper instructions have been compared. The results showed that using the framework
decreased the lead time of the operations. Likewise, the error rate of the participants has decreased
when they used the framework through an AR display in order to complete the operation.
During the test, it is observed that using the handheld AR device was more efficient for the participants
than using the Moverio BT-350 AR glasses. As it can be seen in Appendix A, participants completed
the operations quicker by using the handheld AR device. Considering the familiarity of the participants
with the BT-350 glasses and handheld AR device, it can be said that participants have been more
successful with the device which they already familiar with. This can be validated by training and
improving their familiarity with AR glasses before conducting the test.
Although the Berg Go-Kart has been used in the test in order to use a real product and reflect a real
manufacturing operation, only the 3D CAD data of the product has been used from PLM system and
the operation information has been generated by author in order to reflect a real operation. However,
since these operations are the physical operations which have been performed on the real product,
these operations can be considered as the real operations.
It is noticed that the AR interface application has performance issues while reading the QR codes.
After the application read the QR code, it sends the request to the application server and retrieves the
corresponding data from it. However, after receiving the data, it took some time to load the operation
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page. Moreover, there should be only one QR code on the scene for application to read the QR code
properly. Otherwise, the application is not able to detect and retrieve the data from the QR code.
Although there are some issues needed to be resolved, it is believed that manufacturing operations
could be easier tasks for the operators and reporting of the operations could be improved by the
proposed concept.

8.3 Future Work
Although it has been shown that successful integration between AR and PLM is possible with purpose
of support optimization and report improvement, there are still some improvements can be done for
future studies.
First of all, AR application interface is one of the most important part of this framework because it is
the layer which allows operator to navigate through the framework and retrieve the information of the
operation. Therefore, a research can be conducted in literature to find a better design for AR application
interface. User friendly interface can improve the efficiency of the framework.
During the test, it is observed that participants had some problems while using AR devices during the
operation because they needed both hands in order to perform the action. Implementation of a voice
command feature might reduce the need of using their hands in order to navigate in the application and
improve the user experience therefore improve the efficiency of the framework.
Support optimization has been done by two modules in the framework and one of them is the
information levelling module. Although this module considers the user experience and expertise in
order to sort the information, it is desired that to implement a machine learning algorithm which may
learns from the data which is generated during the operation and provides better operator support. Such
an algorithm might improve the support optimization.
The reporting module of this framework records the data which might be crucial for tracking the
operation or detecting and predicting a failure etc. Supporting these data by a visual data might increase
the ability to use the data which is generated during the operation. Therefore, implementing a screen
recording feature with reporting purposes might improves the reporting practices.
Last but not least, it is desired to test the framework in an industrial environment by professionals who
has several years of experience in manufacturing operations. Such a test might give better insights
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about the applicability of the framework to an industrial environment and the feedback which will be
given by the professionals might be very useful for future developments.
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Appendix A: Test Results
Table 5: Completion Time of Participants* (in Minutes)

Paper Instruction

Handheld Display

Head Mounted Display

Time (min)

Instruction Time (min)

Time (min)

Participant 1

4,32

2,27

4,3

Participant 2

3

2,32

4,19

Participant 3

5,25

4,3

3,37

Participant 4

5,28

3,25

4,33

Participant 5

4,2

4,3

4

Participant 6

3,52

3,13

4,24

4,2

3,5

Participant 7
Participant 8

3

3,47

4

Participant 9

4,12

3,34

3,56

Participant 10

4,47

7,18

Participant 11

6

3,08

Participant 12

5,48

4,19

*Red filling indicates the incomplete operations or complete operations with error.
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Table 6: Participant's answers to Usability Questions (1 to 5 Likert Scale)

Question 1

Question 2

Question 3

Question 4

Participant 1

4

1

1

1

Participant 2

2

3

3

3

Participant 3

3

1

1

1

Participant 4

4

2

1

2

Participant 5

5

3

1

1

Participant 6

4

3

3

3

Participant 7

5

3

2

1

Participant 8

4

3

3

2

Participant 9

4

1

2

2

Participant 10

5

1

1

1

Participant 11

4

3

1

2

Please answer these questions by selecting only one chose.
1 means strongly disaggre and 5 means strongly agree.
Questions:
1. I felt comfortable while using the AR instruction system
2. The AR instruction system was physically exhausting
3. I felt dizzy while using the AR glasses
4. The AR instruction system was mentally exhausting
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