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Abstract

To support the life cycle of structures, the civil engineering field is
investing in digitization, an important part of industry 4.0. Digitizing is a
complex problem due to large amounts of data and the many differences
within the field. A new concept of a smart system that aims to solve the
challenges in maintenance is a Digital Twin (DT) A DT is a digital entity
that reflects its physical entity’s behavior. It can be a powerful tool, when
designed correctly, to support and optimize its users efficiency. Therefore,
it is important the DT adapts to the needs of involved stakeholders. The
problem is that use cases that help create a DT which can be of most value
of its users are yet to be identified. Therefore, Arcadis commissioned this
research to define the customer experience of DTs. The aim of this thesis
research is to understand what the added value of a modular UI based on
user profiles is, for a single DT back-end used for asset management in
a civil engineering context. Previous interviews with Arcadis employees
resulted in six user profiles, leading to the conclusion that one DT would
not be sufficient to support all identified user profiles. An information
architecture for a DT that includes the user profiles is formed based on
requirements that are developed by applying a Reflexive Thematic Anal-
ysis on the resulting interview and observations, and have been tested in
an usability study. Additionally, an user study for an immersive technol-
ogy prototype is developed based on use cases related to inspections and
remote collaboration. An important conclusion is the quality of mainte-
nance can be improved when a modular Ul in combination with a suitable
interaction technology is used for a DT. The objective of this thesis re-
search is to achieve design and implementation of a novel use case for
DT in such a way that it is accessible, understandable, useful and offers
a good user experience. Leading to the research question “What is the
added value of a DT with a personalized/modular UI to support the user
in comparison to a DT with a single UI?”

Keywords: Digital Twin, Civil Engineering, Remote Collaboration, Interac-
tion, HMI, User Profiles, Maintenance, Mixed Reality
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1 Introduction

To support the life cycle of structures, the civil engineering field is investing in
digitization, an important part of industry 4.0 [33, 27]. Digitization is a rela-
tively new development in the civil engineering field, because it is a complex
problem that deals with large amounts of data and the many differences within
the field [27, 35, 46]. The goal is to create a smart system that will be beneficial
for many stakeholders to make maintenance, repair and rehabilitation of struc-
tures more efficient and sustainable [27]. Therefore, it is important to collect all
relevant data that is needed to solve the challenges in maintenance in a central
place. A new concept of a smart system that is based a on this principle is a
Digital Twin (DT) [24].

Liu et al. [34] performed an in-depth analysis and concluded the following
definition: “Digital Twin is a digital entity that reflects physical entity’s be-
havior rule and keeps updating through the whole lifecycle”. Moreover, the
interaction between the physical structure and digital layer has an influence on
the definition of the model or system that can be considered a DT [13]. A DT
must have an automatic, bidirectional, real time data exchange between the
physical and digital layer [13, 24]. A not real time information flow between
the physical and digital layer is called a Digital Model [13]. A state change in
the physical layer that leads to an instant change in the digital layer is called a
Digital Shadow [13].

A DT could be able to predict, analyse and create recommendation, which
boosts the productivity and skills of its users [16]. Researches like [41, 43, 37]
show potential of using a DT in O&M. This is why the DT is being massively in-
vestigated by large enterprises [16]. However, creating a DT should not become
the goal itself [46, 14]. Its strength comes from optimizing its users efficiency,
skills and knowledge. “True added value of DT use cases are not driven by
technology but rather by subject matter, industry expertise and experience in
understanding and solving the clients’ problems” [14]. The DT should adapt to
the needs of involved stakeholders [46]. Therefore, it is important to properly
integrate Human Machine Interaction (HMI). “At present, the research is just in
the infancy and it needs more works to improve the integration of HMI and DT”
[36]. The fundamentals of creating a good user experience (UX) are efficient in-
teraction design, a user friendly user interface (UT), intuitive collaboration and
a suitable choice of interaction technology [13].

One of the large enterprises that is investing in DT development is Arcadis.
Managing assets as a service to provide to its customers is one of their focus
areas. The assets that Arcadis work with can relate to buildings, environments,
infrastructure or water [44]. The size of an asset can differ from a small static
bicycle tunnel to a large dynamic bridge, like the Dordrecht road bridge [44].
The greater the level of complexity and size of an asset, the greater the amount
of data will become that has to be collected, processed and analysed. This is
why it is important to identify use cases that help create a DT which can be of
most value for its users [14]. Therefore, Arcadis commissioned this research to
define the customer experience of DTs. The objective of my thesis research is



to achieve design and implementation of a novel use case for DT in such a way
that it is accessible, understandable, useful and offers a good UX.

I completed a preparatory literature research [25] with the objectives describ-
ing potential users of the DT from Arcadis, and understanding what important
factors are to include in a DT in a civil engineering context. Based on interviews
with Arcadis employees, I identified six user profiles (asset owner, asset man-
ager, inspector, risk analyst, education, and asset operator), all having different
interests, problems and needs. Therefore, I concluded that one DT would not
be sufficient to support all identified user profiles. Furthermore, I found that
an asset that can be represented as a 3D model, might benefit from using an
immersive technology as interaction technology. It would be recommended to
use virtual reality (VR) at the office, and mixed reality (MR) for on-site use.
Thus, the interaction technology for on-site use should be a see-through Head-
Mounted Display (HMD), like the Microsoft Hololens [8, 9], and for remote use
a video display HMD. These topics are elaborated in more detail elsewhere [25].

The focus of the research reported here is exploring opportunities to establish
the foundation for a good UX for DTs used in operate and maintain (O&M). I
concluded in [25] that the novel objectives are based on breaking down the UT of
the DT in smaller versions, and including asynchronous remote collaboration.
Leading to the following main research question for the continuation of this
thesis research: \What is the added value of a DT with a personalized/modular
Ul to support the user in comparison to a DT with a single UI?" [25].

In order to answer the main research question, there are a couple of sub
research questions that need to be investigated. The following text originates
from [25].

First of all, it needs to be determined what data need to be included
in a module or profile. Leading to the sub research question Which
data to include for each pro le?

Accordingly this data needs to be structured in such a way that it
forms the basis for a user friendly, modular Ul that provides support
for DT users. Resulting in the sub research questions How should
the modular Ul of the DT be designed to support its users?

When users do not have a single Ul it can have a negative influ-
ence on the communication, since they have no reference of what
the other person is seeing. To assure effective and intuitive remote
collaboration when using different Uls, the sub research question
How to prevent hindering remote collaboration when using di erent
UlIs? needs to be answered.

This report aims to answer the research questions by looking into the cur-
rent situation of identified DT users, and exploring potential, practical solutions.
The content of the user profiles will be portrayed by requirements that are based
on a reflexive thematic analysis of interviews and observations. An understand-
ing of a user friendly, flexible UI design is related to the DTs’ usability, that
comes from its information architecture and interaction technology. To validate



the information architecture content, and the added value of the recommend
immersive technologies (focus is only on MR for this thesis research), proto-
types have to be created and evaluated. These studies will also provide insights
about the effect of having different Uls on remote collaboration.

The contribution of this work is exploring the possibilities to design a good
UX for a DT in O&M, capturing what works, and establishing an advice for
Arcadis and future research. An important conclusion is that the quality of
maintenance can be improved when a modular Ul in combination with a suitable
interaction technology is used for a DT. Based on this thesis research, Arcadis
becomes closer to their mission to not only improve the quality of maintenance,
but also the quality of life.

2 Methodology

A suitable methodological framework is needed for this thesis research in order
to follow a process that puts the user first. To answer the research questions,
information has to be collected, analyzed and evaluated. This sections discusses
several frameworks and methods that focus on users, to achieve a design that
can form a good UX for DTs used in O&M.

2.1 User Centered System Design

Perdomo et al. [38] proposed a methodological framework called User Centered
System Design (UCSD) for web application development. The process is cen-
tered on the user and divided into multiple stages; planning, design, prototype,
and evaluation.

The planning stage involves identifying the objective of the site and the
potential audience, needs, and requirements [38]. Therefore, the designer has
to understand the needs and objectives of the user and the provider [38]. Data
about the user can be collected using different types of user studies.

The collected information in the planning stage needs to be summarized, also
referred to as modeling, to define user profiles. Important attributes to include
in a user profile are information need, experience, and knowledge [38]. These
profiles form the basis for the design stage, in which information gets structured
[38]. The structure of a website refers to the connections and relationships
between pages and the topology of pages [38]. Techniques that can be used
to prioritize information in a web page design are based on the elements’ size,
space, color contrast, and typography [38].

In the early stages of the development process, a prototype can be used to
test the basic aspects of the interface [38].

To evaluate the prototype, two different methods are given by Perdomo et al.
[38]; heuristic evaluation and a user testing method. A heuristic evaluation is an
inspection method that evaluates several attributes of an application. Perdomo

A large part of the introduction is paraphrased from Gankema [25]



et al. [38] mentions attributes like structure and navigation, lay-out, search,
accessibility, help, control and feedback. The user testing method refers to a us-
ability study. Usability is defined, as indicated by ISO, as “the level of efficacy,
efficiency and satisfaction which specific users can reach specific objectives, in
specific using contexts” [38]. By observing real users using the prototype, prob-
lems can be recognized which can solved later [38].
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Figure 2: User Centered System Design scheme [38]

2.2 User Centered Design

User Centered Design (UCD) places the user in the center of design decisions
[45]. The goal of this qualitative method is “profiling users and defining their
behaviors of use of and preferences for various aspects of a given application,
and using that information to then make design decisions about the web appli-



cation.” [45]. Tt is important to understand the level of knowledge, context of
use, reason of use, performance patterns, and preferences [45].

First of all, the designer has to understand who the users are and what
their needs are during the design research phase [45]. A high level design re-
search involves multiple steps related to planning, conducting, analyzing, and
reporting [45]. Common analytics techniques that are listed by Williams [45]
are debriefing, listing, and clustering.

The goal of the design phase is to use the findings from the design research
to conceptualize and sketch drafts [45].

A created design need to be tested for its usability during the evaluation
phase [45]. Other evaluation techniques than usability testing are heuristic or
expert reviews, satisfaction questionnaires, or walkthroughs [45]. However, the
usability study is the most common [45].

2.3 Activity Centered Design

Activity Centered Design (ACD) focuses on the activity of the user. The de-
signer wants to understand what tasks or activities must be enabled by the
application [45].

ACD can be seen as an approach that “emphasizes the design of computer-
mediated environments to support and structure the interactions and interde-
pendencies of an activity system” [26]. ACD does not know a definite process,
method and deliverable [45]. According to Williams [45] the reason for this is
related to the complicated nature of ACD, which can be seen as rich, complex
and largely theoretical.

2.4 Goal Directed Design

Goal Directed Design (GDD) focuses on the goal of the user [45]. The designer
wants to understand why the user must perform certain tasks or activities to
obtain an insight into their value, meaning or purpose [45].

According to Williams [45], the process of GDD is similar to the process of
UCD. Research forms an important part in the GDD process. Useful design
research activities are interviews, literature reviews, prototyping, and user ob-
servations or ethnographic field studies [45]. An example of a deliverable of the
GDD process are personas. In section 2.5 more information about personas is
provided.

2.5 Personas

Gudjonsdottir and Lindquist [28] define personas as “fictitious persons that rep-
resent the needs of larger groups of users in terms of their goals and personal
characteristics”. The goal of personas is to understand the needs and desires of
users in order to communicate these with involved stakeholders [28]. Compre-
hensive user research is required to develop personas that accurately represent

10



the end users [28]. To explain how the persona will fulfill his/her goal using the
developed application, scenarios are written [28].

In addition, personas help the designer during the the design process to
develop an application that supports the users, since personas can be used as a
reflection for real users [28]. However, personas can not be seen as a replacement
for user-centered design activities [28].

Gudjonsdottir and Lindquist [28] researched whether the persona method is
primarily a design tool or a means for communication. They concluded that
using personas is mainly interesting as a communication tool, and much less as
a design tool.

2.6 Reflexive Thematic Analysis

The framework called Reflexive Thematic Analysis (RTA) developed by Braun
et al. [20] focuses on extracting information from collected interview data.

Thematic Analysis (TA) is a method for across dataset analysis, that focuses
on identifying new patterns of meaning [20]. There are several approaches to
TA. Coding reliability TA is a partially qualitative approach to TA, in which
qualitative data is collected and analyzed using qualitative techniques for cod-
ing and theme development [20]. A theme in a domain summary, summarizes
what an interviewee said in relation to a topic of interest [20]. However, this
is not compatible with the approach of Braun and Clarke [19] for TA theme
development. Braun and Clarke [19] state that the aim of a theme should be
to “capture the diversity of meaning in relation to a topic or area of focus”.
They are abstract ideas of the researcher based on codes that try to capture the
meaning of the data [23].

Codebook TA is a structured approach to TA in which some or all themes
are determined in advance of the full analysis [20].

Reflexive TA (RTA) is a fully qualitative approach, in which themes can be
seen as meaning-based patterns [20].

The phases in RTA do not strictly form a linear process. The first phase is
about familiarizing yourself with the data. Codes are formed by the researcher
after having explored the data and developed a good understanding of patterned
meaning between datasets [20]. Coding is an iterative process that the researcher
uses to conceptualize the data [20]. The coding phase is about systematically
identifying meaning throughout the dataset by giving chunks of text a code (or
label) [20]. The codes will help to organize the data around meaning-patterns
[20]. Coding based on an inductive orientation refers to the researcher starting
the analytic process from the data, identifying meaning without including the
ideas of the researcher [20]. Coding based on a deductive orientation involves
the researcher exploring the data with various concepts, theories and ideas in
mind [20]. When staying at the surface of the data, capturing explicit meaning,
semantic codes can be used [20]. When a deeper, more conceptual level of
meaning is required, latent codes would be used [20].

The codes form the basis for the construction of themes. To develop codes
into candidate themes, the codes need to be clustered based on meaning. The

11



obtained candidate theme should tell a story about a particular part of the data.
A common pitfall in theme development is that that a theme describes a feature
of the data, instead of meaning-based patterns [20]. “Good themes are those
that tell a coherent, insightful story about the data in relation to the research
question.” [20]. The aim of coding and theme development is to provide a
coherent and compelling interpretation of the data [20].

To revise and define themes, the candidate themes need to be reviewed
to ensure that they relate to a concept of interest. It important to keep in
mind that not every candidate theme will be substantial enough to keep as
theme. Accordingly, the themes should be checked against the whole dataset.
Furthermore, it is important to obtain an understanding of relations between
themes [20]. Thematic mapping can be useful to visualize possible overlap and
relations between potential themes [18]. Writing a report about the RTA can
serve as a final test to see how well the themes work.

2.7 Most suitable method

This thesis research wants to achieve understanding about what the added value
of a DT with a modular UI would be in comparison to a DT with a single
UI. Therefore, I want to know what data needs to be included in the user
profiles; how this data should be structured, and whether a modular UI has
a bad influence on remote collaboration between different user profiles. The
most suitable method for this thesis research is able to find the answers to these
research questions. Therefore, the needs to find the answers have to be clear.
First of all, a better understanding of the user profiles need to be obtained.
These detailed user profiles have to be translated into requirements. The re-
quirements need to be grouped to modules and functionalities and organized
in an information architecture. To validate the requirements and information
architecture, the stakeholders have to be involved again. Some kind of study
has to be created to determine how do these results influence the requirements.
Moreover, to understand more about the influence of a modular UI on remote
collaboration, some kind of immersive prototype should be created. This proto-
type can also be used to validate the added value of implementing an immersive
technology as interaction technology for a DT. Eventually, the prototype has to
be evaluated again during a test with users that represent the user profiles.
Therefore, the method that forms the best fit for this thesis research is the
UCSD framework, since it includes a process that is similar to the described
needs. However, it does not describe how the collected data can be trans-
lated into requirements. The only framework that offers a structured process
to extract themes from qualitative data is RTA. Therefore, it would be best to
combine the UCSD with RTA to analyse the collected qualitative data.

12



3 Defining detailed profiles

To enrich the profiles that have been formed in the research topics [25], more
data has to be collected. By interviewing and observing people who match the
description of the user profiles, a detailed description of the user profile can be
created. Section 3.1 contains more information about the data collection and
summarizes the findings for each profile.

The collected data has to be analyzed to determine which information and
functionalities need to be included in which profile. The most suitable method
for extracting data from interviews and observations according to the literature
research in Chapter 2, is RTA. Section 3.2 explains how the RTA has been done
to analyze the collected data. Resulting connections are described in section
3.2.3.

3.1 Interviews and observations

Information of interest is collected using a guided conversation, also referred to
as an interview. A method that is based on a carefully planned conversation,
similar to a script, is called a structured interview [17]. An ordered list of
questions is prepared before the interview. During the interview the order of
the list represents the order in which the questions will be asked during the
interview. The goal of this method is to be able to compare the given answers
[17].

Another method that is used to develop an understanding of the interviewees’
work environment and situation, is via observation [28]. The interviewer spends
time with the interviewee in the work place, and participates in activities [28].
When an interview is combined with observations, this is called a contextual
interview [28]. The observations can be seen as a way to validate the answers
obtained in the interview [28]. Since it takes place in the interviewees work
environment, an in depth understanding of the requirements, needs and work
situation of the interviewee can be deduced [28]. Therefore, it is an effective
method for requirement extraction [28].

To obtain a more detailed understanding of the needs and activities of iden-
tified potential DT users, structured and contextual interviews have been con-
ducted. Some of the interviewees indicated that they have no typical work
day, because their activities on a day can vary. Observing them for just a day
would not provide a realistic and complete representation of their work. In these
scenarios a structured interview was used to collect as much information as pos-
sible. The inspectors follow a structured protocol, allowing to use the contextual
interview method. In total three structured interviews and two contextual in-
terviews took place, which is in line with Braun et al. [20] recommendation for
small projects.

The questions that have been asked in the actual interview are based on
the research of Gudjonsdottir and Lindquist [28]. They asked questions related
to the interviewee’s role, typical work day, tasks, and problems. To get some
more perspective, they also asked the interviewee to describe a workday that
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was experienced as good, and one that was experienced as bad. The questions
aim to get an understanding of the current work situation of the interviewee.
Additionally, for this research it is also important to get more information about
the needs, desires and wishes of the interviewee in regards to the DT.

Part of the preparation process to be allowed to observe an inspection, is
having basic knowledge of safety, health and the environment. Therefore, I was
asked to get a Safety for Operational Supervisors SCC diploma (SOS-SCC). I
successfully completed the exam and managed to get the certificate so I could
safely join the inspection at the Waterwolftunnel (WWT) and an inspection at
the Biesboschsluis.

Sadly I could not get in contact with an asset owner within the time frame.
However, luckily there was a kind Arcadis employee who offered to ask around
among asset owners about their DT functionality preferences. Resulting in an
overview of functionalities that asset owners with different responsibilities would
like to incorporate in a DT. This list can be found in Appendix B

This section contains the summaries of all interviews and observations. The
full interviews and observations can be found in Appendix A

3.1.1 Inspector from an external company

I joined a monthly inspection of the WW'T. This visual inspection is done by two
inspectors from an external company. Because of safety regulations, inspections
need to be done in pairs. For example, when one inspector enters a confined
space, the other inspector needs to stay outside as hole watch. A mobile phone
is used for note taking during the inspection.

The inspectors receive a list that contains the objects that need to be in-
spected in advance, so they can prepare. Their main task is to inspect and
report. However, if they encounter a small malfunction, like a light bulb that
needs to be changed, they are allowed to change it (with permission of the asset
manager).

Before the inspectors start, they have to announce their presence on-site to
the asset manager. The asset manager asks them about their activities and
checks if they have the right work permits.

External employees that are not familiar with the asset can struggle with
finding the things that they need, for example something simple as a toilet.
Sometimes an asset has different owners, and during inspections it can be diffi-
cult to determine who is the owner of certain objects.

The documentation that belongs to an object is printed and placed on-site
near the object. Documentation can differ form instructions to circuit schemes.
The objects themselves are labeled with a code that refers to the decomposition,
blueprint or circuit, which makes it easier for the inspector to find the needed
information in the documentation. However, these paper documents can be
eaten by mice or get out-dated. After a change in the asset that requires a doc-
umentation change, these documents need to be changed, printed and replaced
on-site.
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When a malfunction is discovered, a photo is taken of the situation. It is
not always clear if a malfunction is new or already reported. Sometimes it looks
like there is a malfunction, but it has been done on purpose. In this case the
object would be labeled with the reason for a certain action.

When all of the objects are inspected, the notes and photos are reported in
an Operation Management System (OMS). This should be done as quickly as
possible after completion of the inspection. Eventually the inspectors need to
report about the state of each object on their list. The asset manager expects a
detailed report, a level of detail that does not always makes sense to inspectors.
Resulting in not everything being reported. What mainly frustrates inspectors
is that you can not report similar type of objects simultaneously; if you have 20
cameras, you need to make 20 individual reports.

The level of detail that is requested from the inspectors in their reports
depends on the asset manager.

In the tunnel there is not always a good reception. However, the inspection
also takes place outside. In this case the weather conditions were quite rough;
rain, hail, wind and pretty low temperatures. In total we took around seven
hours to complete the inspection for that day. The duration of an inspection
depends on its type. It can also take place during the nights.

The integration of sensors would make it easier and faster for some objects
to monitor them. Malfunctions can be detected earlier and inspectors would
spend less time on-site waiting.

3.1.2 Inspector from Arcadis

Because of bad weather, the Biesboschsluis had to be visually inspected by two
inspectors from Arcadis, who allowed my to tag along. Before we are allowed to
visit the sluice, we had to change into the right personal protective equipment.
Including a helmet, safety jacket, safety shoes, and a life jacket. After changing
we have to inform the sluice keeper that we will be on-site. Sadly, the sluice
keeper turned out to be on his break. One of the inspectors had to call their
supervisor to ask permission to enter the site. After obtaining permission, a last
minute risk assessment (LMRA) was performed on an app. This app is specially
developed for their team to take notes during inspections.

The goal of this app is to increase efficiency, since you can fill in digital forms
directly which makes it is days faster. Their group is the first in Arcadis Nether-
lands that implements such a methodology for registering inspection data.

Usually the inspectors take notes in the app or on paper during an inspection.
However, this is not a regular inspection. This inspection is meant as check,
to see if the bad weather caused any issues. Therefore, only pictures are being
taken.

From almost all objects photos are being taken. The reason to do this is
related to a way of being able to look back when at the office, and to be able to
compare previous or future pictures to monitor an objects decay. When objects
are difficult to reach, external parties (like drone pilots, divers or other experts)
are involved to to take pictures based on the instructions of the inspector.
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These inspectors have a civil engineering background, so they only look at
the objects that are related to their expertise. During the inspection, the inspec-
tors seem to get a little annoyed by a malfunction that they have encountered
multiple times before. They explain to me that they only provide an advice to
the asset manager and/or owner, which they can choose to ignore. The reason
for not acting upon the findings of an inspection is unclear.

Other type of inspections are; condition measurements, zero measurements,
focused technical inspections, condition inspections and repetitive visual inspec-
tions. The inspectors told me that they usually do not perform repetitive visual
inspections, the other types are more common. The focused technical inspec-
tion is the most troublesome type of inspection, because of its organizational
complexity.

It takes about eight hours to complete an inspection. Therefore, not only a
mobile phone, but also a power bank and camera are taken during inspections.

3.1.3 Asset manager of a large asset

I interviewed the asset manager of the tunnel technical installation called Wa-
terwolftunnel. The main goal of managing such a large asset is guarding the
preventive maintenance process by improving the quality of maintenance while
decreasing the costs. This can be seen as an iterative process that consists
of legal processes, corrective maintenance, ensuring safety, bookkeeping, and
creating detailed schedules for contractors.

A typical workday does not exist, every day is different. At the office tasks
like checking reports and attending meetings are common. When on-site, the
asset manager is the point of contact for contractors, inspectors and operators.
Sometime an inspection is performed by the asset manager himself.

It is difficult for the asset manager to keep a clear overview of all the dif-
ferent activities and tasks. A specially designed tool is used to keep track of
malfunctions, work permits and the controls of the asset. What is missing is
the ability to quickly see what kind of maintenance is performed on a certain
object.

The asset manager forms the center point of communication between all of
the different parties involved. They are in contact with contractors, inspec-
tors, operators, cybersecurity and safety experts of municipalities, surrounding
projects, and emergency services.

3.1.4 Asset manager of a small asset

I spoke to a project manager for buildings from Arcadis Belgium. He is re-
sponsible for and/or involved in multiple projects related to different types of
assets. A smaller asset does not mean that you have less responsibilities. His
responsibility is to plan everything which can be planned related to an asset. It
is a structured process with targets that needs to be achieved, but it is executed
in an unstructured manner. It is important to keep track of irregularities, un-
derstand them and repair them in a structured manner. It is his responsibility
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to secure a good quality of the asset via inspections and structural reporting.

The main difficulty he encounters is related to the spontaneity of the work,
which makes it hard to prioritize tasks. You need to be strategic.

A distinction between internal and external collaboration can be made. In-
ternal parties are asset owners, health safety and environment, HR and other
employees. External parties are suppliers, contractors and other companies that
are included in the ecosystem of the asset. You have to make sure the commu-
nication goes smoothly, which sometimes means putting your foot down.

A DT is a synonym for always being able to access the data from your asset.
Based on his experience with DTs for operate and maintain, he mentioned that
difficulty from developing such an application can come from miscommunication
due to lack of domain knowledge.

3.1.5 Risk Analyst

A risk analyst explained his job to me by comparing it to the definition of an
asset. An asset is a system that fulfills a certain function. This function is based
on systems, which consist of subsystems that support the main system. The
whole system needs to be safe throughout its life cycle. Based on the relevance
of a (sub)system and its influence on the performance of the function, a risk
analyst analyses potential risks. There is a certain structure for analysing an
asset for risks factors. This is done via a Failure Mode, Effects and Criticality
Analysis (FMECA).

A risk analyst works on different projects and can have different and/or
multiple roles within a project. For example, when data needs to be collected
to do a FMECA, they can perform the inspection themselves. Sadly it is not
unusual to discover that there is not enough data to properly analyse a risk.
When the data can not be collected for some reason, it is a risk in itself.

Due to the variety of tasks that a risk analyst can do, they collaborate
with a broad range of people like inspectors, asset owners and experts. Usually
communication takes place via email, so everything is in one place, resulting in
a to do list.

3.1.6 Asset owner

An asset owner can have different functions; administrator for an asset or a dis-
trict, project leader, project manager, and /or technical coordinator. Depending
on the amount of assets they administer, they have different demands for what
a DT should include.

An asset owner who is in charge of multiple assets wants to obtain a quick
overview of an assets’ current condition. Important functionalities that a DT
should include are related to risks, real time data, malfunctions and circularity.
Real time data refers to energy consumption, running processes and sensor data.

When an asset owner only has to administer one asset, more detailed infor-
mation needs to be included in the DT. The same requirements apply, but on
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a higher level of detail so they are able to analyse the situation. Another func-
tionality that is mentioned is a visualization of the maintenance phases. They
would like obtain a quick overview of which parts of the assets are out of use or
closed. Another interesting request is the inclusion of the danger zones in the
asset, which can form the basis for instructions to visitors.

3.2 Reflexive Thematic Analysis

The RTA framework is used to analyze the collected data in the previous section.
The goal is to extract information that can be used as a base to develop require-
ments that need to be included in a user friendly, profile based DT for O&M.
This section explains the steps that have been taken to derive information.

3.2.1 Coding

The first step of a RTA is going through the collected data in detail. To do this,
all of the interviews and observations are put in an excel file. Each interviewee
got its own sheet. Each sentence of the elaborated interviews and observations
was put in a row, in a column. The next column was used to attach codes to
the sentence in the same row. A code can be seen as a way of summarizing the
intention of that sentence. A semantic way of coding the data is used, meaning
that the code reflects the explicit content of the data [20]. All sentences that
have relevant content are coded.

3.2.2 Grouping themes

After going over every sentence in detail to code them, a large variation of
codes have been generated. Since each interview has been coded individually, it
is difficult to observe relations and connections with other interviews. Therefore,
all coded sentences are combined in one large overview.

In this overview, every column represents an interviewee. The codes that
belong to an interviewee are clustered. Codes that have the same meaning, but
are worded differently, are combined into one row. Codes that have been used
multiple times are counted and the total amount is added to the end of the
code.

In the end, each row contains all codes that have the same meaning. This
makes it easy to see which codes are mentioned by who. Moreover, grouping
codes allow for summarizing different codes into one theme. Braun and Clarke
[19] conceptualises a theme as a pattern of shared meaning or a merger based
on a core concept. The advantages of grouping is that the number of codes gets
reduced, without losing content. It can be seen as a way to identify significant
broader patterns of meaning, that are translated into a theme [20].

Lastly, the themes need to be compared to the original dataset to determine
if the themes form a good summary of the dataset. Furthermore, it should be
checked if the themes result in a logical answer to the research question. In case
of this research, that means that the themes should form clear requirements to
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determine which information and functionalities need to be included in which
profile. This can result in themes being adapted.

3.2.3 Thematic mapping

Based on the results of the RTA, similarities and collaboration between profiles
could be identified. These connections are visualized in figure 3. It can be seen
that some of the profiles have overlap; the inspector and the operator, the asset
manager and the risk analyst, and the asset owner with external stakeholders.
Three Ul types can be derived:

e On-site users (Inspector and operators)
e Full overview (Asset manager and risk analyst)
e Status visualization (Asset owner and external stakeholders)

The Full overview Ul is a combination of all users, because the asset manager
and risk analyst have to communicate with (almost) all other profiles. Their
main goal is to obtain a quick overview of the status of the asset, analyze data,
and add new data to the DT. However, that does not mean that they need the
same information and functionalities included in their UI. The asset manager
for example needs to be able to manage all documentation that is assigned to
the asset, while this is not of interest for a risk analyst.

The UI for On-site users will be used on-site. These profiles both have a goal
that they want to accomplish as fast and easily as possible. Even though they
have a lot in common according to figure 3, this does not mean that they need
an identical UI. The operator profile has still different requirements for a DT
in comparison to the inspector profile, according to the results of the RTA. The
inspector also needs to be able to assign data to the DT for example. It would
be interesting to recycle these modules and functionalities in the Full overview
Ul

The asset owner and the external stakeholder profiles are almost identical.
Both are interested in obtaining a quick overview of the status of the asset
using visualizations. Also important aspects for the other profiles. The status
visualization can be seen as the basic or minimal Ul for a DT.

4 Requirements

In order to measure if a future DT application meets the standard for a struc-
tured and functional profile based Ul, requirements have to be formed. Addi-
tionally, requirements help to get a grip on the design process since they form
a checklist for items that have to be included when creating a profile based Ul
for a DT.

To determine which information and functionalities need to be included in
which profile, the resulting themes of the RTA and the research of Gankema [25]
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Figure 3: Communication between profiles

are used. A detailed overview of the formed requirements are listed in Appendix
C.

Here I will explain the themes of the requirements. The requirements are
categorized as general or profile based. The general requirements apply to all
users and consist of the main topics interaction technology, and content of the
UL The profile based requirements only apply to one or multiple user profiles,
and focus on content for a profile based Ul.

4.1 Requirements based on RTA

The resulting themes of the RTA form the foundation for the requirements.
general requirements include themes like monitoring, personalization, function-
alities, and having a detailed decomposition. The decomposition of the asset
needs to become interactive, by incorporating the linking and brushing tech-
nique. Making it easy for the user to visualize the object of interest or finding
its code in the decomposition. Monitoring should form the foundation for data
analysis by creating an overview of multiple data sources like condition score,
sensor data, and malfunctions. Personalization refers to having a flexible UI,
that consists of modules that can be turned on or off. Preferably, not every
user can turn each module on due to restricted access. A basic DT should in-
clude functionalities for search, notifications, visualization, note creation, and
personal task list creation. The search functionality should make it easier for
the user to quickly find objects and documents. Moreover, incorporating filters
for quickly highlighting objects that have a certain condition score for example
is desired. The DT itself should give notifications related to malfunctions and
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a user tagging system. Users need to be able to add notes to object, and to a
personal task list. Created tasks should be labeled with a priority level. The
visualization functionality relates to monitoring. To make monitoring easy and
clear, a couple of topics are important to visualize; real time data, malfunctions,
condition scores, and risk areas. Moreover, it should be possible to highlight
objects that are important, risky or incomplete.

When developing a UI for a DT, it is important to choose an interaction
technology that fulfills a couple of requirements. First of all, the interaction
technology should be user friendly, portable, and allow for hands free interaction.
When used in an office environment, the device should be able to visualize a
model of the asset. Preferably, the technology allows to virtually walk through
the model, and to visualize hidden parts. On-site users want to use a camera,
track their position, and preferably also have access to the DT when offline.

Profile based requirements often apply to multiple profiles. A Theme that
applies to all profiles excluding the asset owner is inspection. Themes that
also exclude risk analysts are work permits, document management, and work
orders. In addition, there are a couple of themes that apply to just a couple
of profiles. Visualizing changes in the asset for example is only interesting for
inspectors and asset managers of large assets. Only the risk analyst wants to
assign risk/condition scores to objects. However, the same user can also have the
role of inspector. The FMECA that the risk analyst makes, is also interesting
for the asset manager to have access to. Then there are a couple of themes
that are profile specific. The asset manager wants to have access to specific
documentation and software, and have an overview of people who are on-site.
The asset owner is interested in visualizing maintenance phases, circularity, and
certain processes that are related to the asset.

4.2 Additional requirements based on previous research

To check the completeness of the requirements that are formed based on the
RTA, T read again through my research topics [25] to identify additional re-
quirements. The general requirements are supplemented, and extended with
requirements that relate to Ul and interaction design.

General requirements that are straight-forward, but valuable to add are re-
lated to the DT being identical to the physical asset, and intuitive to use. The
data of the Maintenance (Onderhouds) Management System (OMS) that is used
for maintaining an asset needs to be included in the DT. Preferably this data is
interactive by connecting it to the model. The interaction technology of the DT
needs to assure a quick performance, a wide camera viewing angle, and enable
direct communication between users. These requirements support an intuitive
use of the DT in general. For on-site use it is important that safe use can be
guaranteed and the device is able to deal with harsh weather conditions. A DT
that is used in an office environment should be more focused on the interaction
with the model. The user should be able to look at the asset from all sides,
obtain quick insights about the assets’ state, and highlight points of interest
during remote collaboration.
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Other than the content of the profiles, it is also important to form require-
ments for Ul and interaction design, in order to create a user friendly DT. An
easy and user friendly Ul should become modular by integrating modules that
can be turned on or off. Interactive objects need to be clearly indicated. Chang-
ing the color of an selected objects is a clear way to visualize that its active.
The UI for an immersive technology should indicate off-screen (outside of the
users Field of View (FoV)) objects and events. Task relevant material that is
projected in the FoV of the user should be transparent. A task that requires in-
structions, should visualize these instructions as static models. The interaction
with objects in a DT should be based on the linking and brushing technique. By
selecting an object it should reveal detailed information and related documen-
tation. Preferably the DT should provide the possibility for intuitive remote
collaboration. Natural interaction with an immersive technology can best be
achieved using a pointing ray, in combination with dynamic gestures.

There are a couple of profile specific requirements that are deduced from
the interviews in the research topics [25]. Asset managers need document man-
agement to keep control over the documentation that is attached to an asset.
Risk analyst mentioned the visualization of risk zones of the asset. The profiles
that add data to an asset, referring to every profile except the asset owner, need
a way to consistently report detailed data. This is a request of asset owners,
because having structured data sets decreases the chance of having to delete
data and increases the amount of hours needed to analyze data.

5 Information Architecture

“Although for most users the interface is the application, since it is the part
they see and through which they interact, we must understand that the usabil-
ity of the application depends not only on the interface design but also of its
architecture - structure and organization - in other words, of the non-visible
component of the design.” [38].

The structure behind an application is called information architecture (IA).
Perdomo et al. [38] defines an TA as organizing information spaces to support
users in their information needs. An TA is formed based on structuring, clas-
sifying and labeling content. Classifying refers to the defined user profiles and
labeling content to grouping the formed requirements. Accordingly that data
needs to be structured in a way that meets the information need of the users.

The resulting TA for a DT in O&M can be divided into five different profiles.
The profiles can be compared to information levels, of which the basic profile
has the lowest level of information and asset manager the highest. Every profile
builds upon the previous one. The following sections describe a part of the TA.
An overview of the IA as a whole can be found in Appendix D.
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5.1 Basic

The basic IA includes functionalities that are relevant for each user, forming the
basis of the DT structure. The main menu exist of six options; decomposition,
monitor, search, notes, tasks list, and explore.

The decomposition page contains an overview of the decomposition of the
asset. When an object is selected in the hierarchy of the decomposition, the
model will visualize the selected object. Since it can be difficult to find objects
in a large decomposition, there is a filter/search functionality that allows for a
targeted search to speed up the process. The results are listed and/or visualized
in the model. By selecting an object, a sub menu will open that contains detailed
information.

The goal of the monitor page is to create a quick overview of the assets’
status. The monitor page contains three functionalities; condition scores, real
time data, and malfunctions. When the condition score functionality is selected,
each object in the model changes to the color that relates to its condition score.
The user can select an object to obtain more detailed information. There is also
a filter to focus on one or multiple condition scores. The model will visualize the
objects corresponding to the chosen filter options. Again, it is possible to select
an object in the model to obtain more information. The real time data page
contains an option for looking at overall asset data, or only at a selected object.
When for example all sensors that measure vibrations needs to be shown, the
overall functionality has to be selected. The linking and brushing technique is
applied to show which data point in the graph responds to which object in the
asset. If you want to know more about the real time data of a specific object,
you can select that object in the model and the related real time data will show.
For both it should be possible to look at historic data as well. The malfunctions
page contains a list of active malfunctions. Objects related to the malfunction
in the list are highlighted in the model. It is possible to search/filter for specific
malfunctions. When a specific malfunction is selected, a side menu will open
that contains further information about the malfunction and the object.

The search functionality is always present and allows the user to search by
a keyword. The results are shown in a list and highlighted in the model. By
selecting an object or row in the list, the according information will be opened.

The note functionality provides an overview of added notes to the asset in a
list. The notes are labeled. Notes that contain the label ’important’ are high-
lighted in the list. It is possible to search for a note via the filter functionality.
Furthermore, there are functionalities to visualize important notes and their
related object in the model, and to list notifications that are created by the DT
itself or colleagues.

The task list is meant as a personal to do list. Each user will see a different
set of tasks that will be shown here. The user can search for a specific task or
create a new task. New tasks can be assigned to other users.

The explore page allows the user to freely look around the asset. By selecting
objects, related information will appear. The first mode that is shown contains
the regular model of the asset. Other modes allow for the model to change
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into a wire-frame or see-through version, visualize risks zones in the asset, or
highlight recent changes made in the asset.

5.2 Asset owner

The IA for the asset owner profile is based on the basic IA as described in
the previous section, extended with two modules in the monitor page. These
modules are called maintenance and circularity.

The maintenance module visualizes the different phases of a maintenance
planning. It contains a filter to focus on a certain phase of the maintenance
planning.

The circularity module consists of two functionalities; filter on state or ma-
terial. When the material filter is selected, the different materials in the asset
are shown. The user can select the materials of interest. Only the objects that
contain the selected material(s) are highlighted in the model. The state filter
allows to highlight objects that correspond to a selected condition.

5.3 Inspector

Inspecting requires the need to assign data to objects and request documents
that contain detailed information about objects. Therefore, the basic IA is ex-
tended with modules for assigning new notes to objects, requesting and opening
documents, visualizing new work orders, creating notes in general, and a menu
option for performing an inspection.

In the monitor page it is possible to select an object and assign a new note to
it. When the option ’create new note’ is selected, an empty form will open. The
user has to fill in the form. There are options for uploading a photo from the
photo album of the device and for labeling the note (whether it is an important
note that needs to be highlighted for example). When the user saves the note,
it gets added to the list in the note page.

The sub menu that opens after selecting an object also contains a function-
ality to watch the documentation that belongs to the object. A list of relevant
documents will show. A document can be opened by selecting it.

The monitor page of the inspector profile contains a module to visualize new
work orders. Objects that contain an open work order are highlighted in the
model. Moreover, a list of all new work orders are shown. It is possible to filter
the work orders. When an object is selected, the related work orders are listed
in its sub menu. More information can be obtained by selecting a specific work
order. By directly clicking on a work order in the list the detailed information
can directly be obtained.

The inspector profile has permission to create new notes in the note page.
By filling in am empty form and saving it, a note can be created. When the user
wants to connect the note to a specific object, there is the option to manually fill
in the NEN-code of the object, or scan the QR-code of the object. Furthermore,
photos that are taken or form a photo album can be uploaded. If the note is
important, the option to highlight it can be selected.
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The main menu of the inspector profile is the same as the basic TA, ex-
tended with a module for performing inspections. The inspection page contains
three functionalities; filter by owner, work permit, and registration on-site. As
preparation for an inspection of a large asset, it can be useful to see the objects
that are owned by a specific asset owner. This functionality contains a filter
that makes it easy to visualize which parts of the asset are owned/managed by
who. Moreover, often work permits need to be requested before the start of an
inspection. This can easily be done in via the work permit functionality. It also
provides an overview of assigned work permits, so they can be checked before
the start of an inspection. When performing an inspection, it is important that
you register the people that will be on-site. This can be done in the registration
functionality. After registration, five more functionalities will appear; sign off,
LMRA, track my position, test protocol, and report.

At the start of the inspection, you have to do a LMRA. By selecting the
LMRA functionality, the related form can be filled in and saved. When you
want to know where in the asset you are, it is possible to let the device track
your position in the asset via the track my position functionality. The tracked
location is visualized in the asset. Some objects have to be tested in order
to properly inspect them. The test protocol functionality offers the option for
visualizing objects that have a test protocol, and to scan an object for obtaining
the related test protocol. Inspected objects have to be reported. This can be
done easily and quickly on-site via the report functionality. By scanning the
QR-code of the object, an empty report will open that will automatically be
linked to the scanned object(s). Moreover, it is possible to upload photos and
label the report. After saving the report, a notification is created based on the
selected label(s) and the report is added to the new work order module. After
you finished the inspection and you leave the asset, you can select the sign-off
function.

5.4 Risk Analyst

The TA of the risk analyst profile is based on the TA of the inspector profile.
The inspection page of the risk analyst profile is extended with the option to
assign a condition score to an object. In the model the user has to select an
object. The sub menu that contains detailed information related to this object
will open. Accordingly, the user can fill in the field for a new condition score
and/or the field for a risk zone score. When saved, this data gets assigned to
the object.

The main menu is extended with a page for documentation management.
The documents that are listed here are related to FMECA. By selecting a file,
the user can select the option to open, edit, copy or delete it. The user can also
upload new documents.
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5.5 Asset manager

The IA of the asset manager profile is based on the TA of the inspector profile.
The asset manager profile should provide a quick overview of information related
to the status of the asset. When data is incomplete or incorrect, this profile
allows for adding and editing data. Therefore, the asset manager profile is
extended with the functionality to change existing documents.

The asset manager is responsible for the people who enter the asset. To
quickly see who is on-site, the registration functionality in the inspection page
is extended with an overview to watch all registered users on-site.

The documentation page manages the documents that are assigned to the
asset. The documents are organized in categories related to FMECA, main-
tenance planning, inventory management, critical parts, and other documents.
New documents can be uploaded in a selected category. In the 'other’ category,
the documents can be filtered. By selecting a document, the user can select the
option to open, edit, copy or delete it.

6 Prototype to test IA content

To test if the developed TA contains logical ordering and clear labeling of re-
quirements, a prototype to test IA content is created. By translating the IA
in a tangible prototype, the IA becomes easier to understand and therefore is
more suitable for testing. This chapter describes the used software to make the
prototype and resulting designs for the profiles and modules.

6.1 Software

The prototype to test TA content is developed in Adobe XD [5]. This UI/UX
design software allows for creating interactive wireframes that can be shared
privately. The prototype can be viewed in a browser, so it will look and feel like
a dynamic web application. However, each page is a static image. By connecting
all pages manually, the illusion of an interactive dynamic web page is created.

6.2 Profile based Ul

The designs of the prototype to test IA content are based on existing DT ap-
plications. By using its predefined layout and color scheme, an ideation process
could be avoided. Thereby more time could be spent on the realization of the
prototype to test IA content.

6.2.1 Static content

The first page of the prototype to test IA content is the profile selection page (see
figure 4a). The user can select the profile most similar to their job description.
Based on their choice the module selector in figure 4b opens to personalize the
UI, or the related dashboard (figure 5a).
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Figure 4: The starting pages of the prototype to select the right profile and
according modules

The layout has the main menu option at the left side of the page, as can
be seen in figure 5a. The modules that the main menu include are based on
the chosen profile. Next to the main menu is a vertical strip that shows the
content of the select main menu item. The rest of the page is filled with the 3D
model of the asset. When an object or specif item in the page is selected that
is related to detailed information, a sub menu will open on the right side of the
page. Depending on the profile and active main menu item, the content of the
sub menu will include detailed information, related documentation, and/or note
creation. An example of the asset manager profile can be seen in figure 5b. At
the top right of the page is a search box, which is a static item on every page.

The decomposition, task list, and explore page are the same for each pro-
file. The decomposition page shows the top level components of the assets’
decomposition. A component can be expended with objects from the next level
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Figure 5: Overview of all menus in the prototype

by clicking on a component. Going to the decomposition tree like this, should
make it easier for the user to navigate to the object of interest. Because the user
only sees a part of the data, instead of being overwhelmed by the confrontation
of the whole decomposition tree at once. By selecting an object, its related
information will show.

The content of the task list page is linked to the user. An overview of tasks
the user still has to do are listed here. New tasks can be created and assigned
to one or multiple users.

The explore page contains four different ways of visualizing the model. The
default one is the standard model, showing all visible objects. The see-through
mode changes the visualization of the model into a 3D wireframe BIM structural
model (figure 6a). Selecting the risk zones mode changes the color of each object
to a color that corresponds to a risk score, creating a visualization of the risk
zones in the asset (figure 6b). The last mode only applies if the physical asset
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is altered in such a way, that the model needs adaptation as well. Changes that
are made in the model are highlighted in the recent changes mode.

[

(a) Exploring model in see-through mode  (b) Exploring the risk zones in the model

Figure 6: Two examples of data visualization in Explore mode

6.2.2 Operator and external stakeholder

The profiles operator and external stakeholder have a predefined Ul, which is
based on the basic IA. The main menu contains the modules decomposition,
monitor, notes, task list and explore.

The monitor page offers the possibility for visualizing condition scores, real
time data and malfunctions. By selecting the condition scores button, the colors
of the objects change to a color that corresponds to its condition score. One
or multiple condition scores can be selected to filter the visualization in the
model. The malfunctions button opens a list of current malfunctions in the
asset. The objects that are malfunctioning are highlighted in the model as well.
By selecting either a highlighted object in the model or a malfunction in the
list, a detailed description of the malfunction opens at the right side of the page.
Clicking on the real time data button leads to the choices whether you would
like to see data related to the asset in general or to a specific object. All sensors
that collect vibration data in the asset for example fall under the top level. All
the data related to this category are collected in a graph. Historic data can
be obtained by changing the time line of the graph. The linking & brushing
technique applies here, meaning that clicking on a data point in the graph will
highlight the related object in the model (see figure 7). When the graph would
contain too many data points, resulting in an unreadable data visualization,
filtering on components could be added. Selecting an object in the model to
show all of its related real time data falls under the object level.

The note page contains a list of all notes in the asset. Notes that are labeled
as important are highlighted in the list. Only important notes are listed and
highlighted in the model by clicking on the important notes button. Selecting
an item in the list or a highlighted object opens a detailed overview of the
note. Notifications that are generated by the DT application fall under the
notifications button. When the notification is not of interest, it can be deleted.
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Figure 7: Example of graph in monitor page to visualize real time data

6.2.3 Asset owner

The pages based on the basic IA, relating to the profiles for operator and external
stakeholder, are also used for the asset owner profile. The monitor page of the
asset owner profile is extended with a button for visualizing circularity and a
button for visualizing maintenance phases.

The circularity visualization of the asset can be based on state or material.
Furthermore, by filtering on a material or state of that material, objects are
highlighted. The object will get the color that responds to its material or
material state. When it is not selected in the filter, it will turn grey.

The maintenance button provides an overview of the different planned main-
tenance phases. Each maintenance phase is visualized by coloring the related
objects, so each phase gets a different color in the model. It is possible to isolate
the visualization of a maintenance phase by the use of the filter.

6.2.4 Inspector

The pages of the profiles for operator and external stakeholder, are also used
for the inspector profile. New wireframes are made for the monitor, note, and
inspection page.

The main menu of the inspector profile is extended with a page for inspec-
tions. The inspection page includes three main buttons (see figure 8a). The
work permit button allows the user to request a work permit or to see the as-
signed work permits. The owners button visualizes which components in the
asset belong to which owner. A filter allows for highlighting the components
that are owned by a specific owner. When the inspector wants to enter the
asset, (s)he has to register him-/herself. This can easily be accomplished by

30



pressing the registration button. A form appears that can be filled in to register
that you will be on-site. When registered, the five new functionalities in figure
8b appear.

The first button is used when you want to leave the asset and need to
sign off. This automatically removes your registration from the registration
list. The LMRA button opens the LMRA form that can easily be filled in and
saved. When the user wants to see where in the asset (s)he is, the track my
position button can be used. This will start a localization process in which
the device tries to work out where in the asset it is located. Accordingly the
tracked position is linked to the model. The test protocol button can be used
to highlight objects in the model that have a test protocol, or to scan the QR-
code of an object to obtain its test protocol directly. The highlighted objects in
the model can be selected to open the related test protocol. Writing a report
after inspecting an object also requires the need to scan the objects’” QR~code
to open the report form. The form can be filled in quickly, and automatically
gets assigned to the object. It is also possible to assign the report to multiple
objects. Furthermore, the form includes options for labeling, highlighting and
attaching photos.

The monitor page of the operator and external stakeholder profile is ex-
tended with a button for new work orders. The new work orders are listed and
highlighted in the model. A work order can be opened by selecting it in the list.
When an object in the model is selected, the related work orders will show at
the right side of the page. The work order can be opened by selecting it.

The inspector profile has permission to add data to the DT. Therefore, the
note page is extended with an option for note creation. A new note can be
created by filling in an empty form. The note needs to get a title, description
and type. The note can be attached to an object. It is also possible to highlight
the note as important and attach photos to the note.

The sub menu at the right that appears when an object is selected, is ex-
tended with an option to see related documentation. Files can be opened to see
its content.

6.2.5 Risk analyst

The risk analyst profile includes the same pages as the inspector profile. How-
ever, after selecting the risk analyst profile, the user will first get to see the
settings page (figure 4b) in which the UI can be adapted according to their
preferences. The setting page contains six items that correlate to the modules
document management, inspection, note creation, new work orders, mainte-
nance, and circularity. As a default, the modules for document management,
inspection, note creation, and new work orders are turned on. Based on the
selection made by the user, the Ul will adapt itself.

When the documentation management module is turned on, the main menu
gets extended with an item named documentation (see figure 9a). The documen-
tation page contains all the FMECA files that are connected to the asset. The
user can upload new files as well. Each document has a little pop-up menu that
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on-site

appears when it is selected. This menu contains options for viewing, editing,
copying or deleting the document.

By turning on the inspection module, the inspection page gets extended with
a button to assign condition scores. assigning a condition score can be done by
selecting an object in the module or search for it using the filter. Information
of the selected object is shown at the right side of the page, just as fields for
filling in a condition and/or risk score.

6.2.6 Asset manager

The asset manager profile uses the same pages as the inspector profile and is
based on the same principal as the risk analyst profile. The asset manager can
also adapt the Ul by turning modules on or off. These modules are the same
as for the risk analyst. Also the same default modules are turned on. However,
the documentation page is extended with four other categories.

The documentation page is used for documentation management. The doc-
uments are categorized in FMECA, maintenance planning, inventory manage-
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ment, critical parts, and other (see figure 9b). By selecting a category, the
related documents are listed. New documents can be uploaded in a category.
By selecting a document, a pop-up menu appears that provides the option to
view, edit, copy or delete it. Since the other category can contain all kinds of
documents, a filter is added.

ﬁ Spijkenisserbrug [ searen ®

Decomposition Documentation

(a) Risk Analyst profile
‘i Spijkenisserbrug Search \®

Decomposition Documentation

(b) Asset manager profile

Figure 9: Two examples of documentation pages depending on chosen profile

6.3 Modular Ul

Users that select the asset manager or risk analyst profile, are supposed to
compile their own UI by turning modules on/off. However, the chosen software
did not provide dynamic content creation. Therefore, the decision was made to
create static Uls for both profiles that are manually linked by animations.
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7 Validation of prototype to test IA content

To determine whether the developed requirements form a good representation of
the identified user profiles, and whether the TA is user friendly, easy to navigate
and complete, a usability study is created to test the developed prototype.
According to Tu et al. [42] usability testing is fundamental in HMI for UX
design. This chapter explains the goals and objectives of the usability study,
and the used methodology. The results of the usability study are analyzed to
form recommendations for Arcadis for future implementation of the IA.

7.1 Goals and Objectives

The goal of the usability study is to research the possibilities and conditions
for sensible use of a modular UI for a DT in O&M. It is not about validating
whether the created prototype meets the requirements, but about understanding
the potential chances, design space, issues and limits. The lessons learned from
this usability study will help others with drawing up requirements that suits
their needs for a DT.

The objectives that are of interest to measure if the goal is achieved are
based on effectiveness, efficiency and satisfaction of the participant. Effective-
ness refers to the level of success that participants achieve when they perform a
given task. Leading to the question; can users effectively complete their goal?
Moreover, I want to know whether or not the tasks are relevant for them, in
order to get a better understanding of which functionalities are useful to who.
Efficiency is the ability to accomplish a task quickly, with the least amount of
effort. An important factor to establish efficient task completion is a good de-
signed TA. Leading to the question; are the items in the TA easy to find? Can
users efficiently accomplish their goal?

Effectiveness and efficiency are objectives that can be measured based on
task performance. Satisfaction is a subjective objective that is based on a users’
experience, feelings and opinions. Observing task performance is not enough in
order to create an understanding of the satisfaction level of the user. Therefore,
several questions have to be asked that respond to the experience of the partic-
ipant. Does the user feel like the TA contains a complete overview of required
data? Is the naming of navigational items an functionalities clear? Do the
modules make sense? Was it difficult to complete tasks? Do the tasks correlate
to the reality of their jobs? The answers to these question will provide insights
about the satisfaction level of users about the developed prototype to test IA
content. Additionally, the participants should get the opportunity to provide
feedback about adding or leaving out things in the current TA.

7.2 Methodology

After completing the prototyping phase, the next step in the UCSD method-
ology is the evaluation phase. Perdomo et al. [38] proposes to evaluate the
prototype using an inspection method or user testing method. Since this is
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the first developed prototype to test IA content, the user testing method is a
more suitable approach to evaluate the usability of the system. The inspection
method could be interesting to use in a later stage of the development, because
it evaluates the system in a higher level of detail.

A usability study is a study that puts the usability of a product (or service) to
the test, by letting the user complete tasks with the product [17]. The attempt
to complete the tasks are observed, in some way, by the researcher. To create a
usability study, a usability test plan has to be created. According to Williams
[45], this plan should include the following topics:

* Goals and objectives

e Description of participants

e Description of the session (environment, protocol, scenarios)
e Performance measures

This section explains the usability test plan based on Williams [45], that is used
to generate the recommendations.

7.2.1 Participants

The focus of this usability study is to research the possibilities and conditions
for sensible use of a modular Ul for a DT in O&M. Therefore, the participants
do not need to form an exact representation of all defined user profiles. In this
stage of the development process, quantity is more important than a qualitative
representation of the target group. Moreover, due to several reasons (like the
holiday period, COVID-19, and lack of time) it is a more realistic choice to
test with a broader spectrum of participants in order to collect a large amount
of responses that could potentially be statistically significant. However, it is
preferred that participants are familiar with the DT concept and asset man-
agement. Therefore, the decision has been made to only invite employees of
Arcadis to participate in the usability study.

40 to 50 potential participants are contacted by email. The email contains
the information brochure that can be found in Appendix E, and a private link
to a SharePoint page that contains the link to the usability study.

Due to the period in which the usability study takes place (end of June) and
no need of personal contact, it is expected that there will be a low response rate.
The chances are high that the email will get lost in full mailboxes or participants
forgetting about it after reading it. The aim is to get a response rate of about
40% to 50%, resulting in about 20 responses.

Participation is voluntarily. Since a large amount of potential participants
can be reached, no incentives are given to participants after they finished the
usability study.
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7.2.2 Performance measures

Measuring the usability of the prototype is complex, because it is composed of
multiple elements such as task performance, confidence in the correctness of the
task, and interaction flow [29]. Performance measures exist of objective and
subjective data. Johnson et al. [29], Kolkmeier et al. [30] and Kratz and Rabelo
Ferriera [31] use objective variables like task completion time and error rate to
measure task performance.

To collect subjective data in relation to usability, a post-task questionnaire
has to be administered [29]. The created survey for this usability study, that can
be found in Appendix F, is based on multiple studies [39, 29, 31]. Piumsomboon
et al. [39] collected subjective data that is related to usability by asking questions
that are based on ease of use, collaboration, experienced level of stress, and
confusion. Kratz and Rabelo Ferriera [31] also asked questions in relation to
the quality of visualizations and task difficulty. Next to objective and subjective
measures, Johnson et al. [29] describes a third measure; the behavioral measure.
Behavioral measures are based on the behavior of the participant, like where
someone clicked.

Additionally, to measure usability by effectiveness, efficiency and satisfac-
tion, Kolkmeier et al. [30] uses the System Usability Scale (SUS) from Brooke
et al. [21]. SUS consist of 10 questions (which can be found in Appendix F.3)
that are answered using a 5-point Likert-scale. The other closed-ended questions
in Appendix F, related to the user experience and the usability of the system,
are also answered using the 5-point Likert-scale [39, 29, 22].

In order to link the collected performance measures to a certain profile, par-
ticipants should be asked about their demographics [30]. The following depen-
dent variables are used to measure task performance, and the user experience
related metric SUS.

* Objective measures
e Task performance
e Task completion time
e Number of clicks (error rate)
e Subjective measures
e Usability
* 5 point Likert-scale
» Feedback
* Open-ended questions
e Behavioral measures

e Where did user click?
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7.2.3 Session

The ethics committee that is assigned to Interaction Technology at the Uni-
versity of Twente approved the assessment for the usability study. Before the
participant starts the usability study, they are asked to give consent for using
the obtained data in this thesis report. Participants that do not give permission
can close the study before data will be collected.

The usability study is created in Useberry [1], which is a user testing plugin
for designs that are developed in Adobe XD [5]. The basic plan of Useberry had
to be purchased in order to collect more than ten responses.

Potential participants are invited by email. The email contains a general
explanation about the thesis research, the usability study, and a private link
to a SharePoint document. Attached to the email is an information brochure
(Appendix E) that contains detailed information about the thesis research and
the usability study. The SharePoint document can only be entered when the
email address of the participant is given permission to enter by the researcher.
In the document the link to the usability study is provided. Since this is a
public link, the document also contains a clear message that explains that the
Useberry link should not be shared outside the organisation.

Depending on the execution and interest of the participant, completing the
usability study takes around fifteen minutes. The user has the possibility to
skip questions or tasks when desired. The usability study is divided into five
parts; introduction questions, tasks, questions relating to the experience, freely
exploring the prototype, and feedback.

The opening screens of the usability study instruct participants about the
researcher being interested in the performance of the prototype, instead of their
performance. Afterwards the participant is asked to give permission to use the
collected data in this thesis research, and to not share the Useberry link. When
a participant selects no, they are asked to close the page. The participant can
continue when permission is granted. To assure anonymous data collection, par-
ticipants are asked to give themselves a nickname. Accordingly, the participant
has to answer two multiple choice questions related to their demographics and
interests. An overview of all the questions and tasks that the session contains
can be found in Appendix F.

The tasks are based on the research of Kolkmeier et al. [30] who described
three types of tasks; navigational tasks, recognition tasks, and manipulation
tasks. The tasks are grouped based on profiles. Task 1 until 13 in Appendix
F.2 represent the basic profile (the operator and external stakeholder), and is
extended with the module for asset owner. An introduction is provided for
a group of tasks that correspond to a certain profile. A task is presented to
the participant, as can be seen in figure 10. After pressing the button, the
participant can freely navigate through the prototype. When the screen is
reached or action is performed that was needed to successfully complete the
task, the screen in figure 11 appears.

After completing the tasks that correlate to the basic profile, a new intro-
duction screen appears to introduce the inspection profile. Tasks 14 until 19
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YOUR TASK (1 0f 13)

Select the profile for operator or
external stakeholder

Figure 10: Task presentation in usability study

TASK (10113)

Congratulations!

Task 1 completed successfully!

Move on

Next task

Figure 11: Task accomplished presentation in usability study

in Appendix F.2 correspond to modules for the inspection profile. During the
completion of these tasks, the participant will discover a malfunction. Sketching
this situation functions as an illustration for a real case. The lasts tasks (tasks
20 until 27 in Appendix F.2), build on this case to show the added modules and
functionalities that relate to the asset manager and risk analyst profiles.

Accordingly, participant are asked about their experience using the SUS
form (Appendix F.3) and the survey in Appendix F.4.

The next part is integrated to obtain as much useful feedback as possible.
During this part, participants get the opportunity to explore the prototype by
themselves. There is no time limit. When the participant is done exploring, the
‘task’ can skipped and the final questions will appear.
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The last part asks for feedback about the prototype. The open-ended ques-
tions in Appendix F.5 allow the participant to explain their thoughts about their
experience with the prototype. Finally, the participant is thanked for their par-
ticipation and is told to close the tab in the browser to exit the usability study.

7.3 Results

This section contains the most interesting results of the usability study in rela-
tion to the tasks and the survey. A complete overview of the survey results can
be found in Appendix G.

7.3.1 Tasks

Figure 12 shows a bar chart that provides an overview of the amount of partici-
pants that started a task, relative to the amount of participants that completed
the task. It can be seen that fifteen participants finished all tasks.

Success rate
The amount of pariicipanis who started the test task in comparison to the amount of participants that completed the task
B Participants total [l Succes

20

Amount of parficipants

1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

Task number
Figure 12: Success rate of usability study

The scatter plot in figure 13 visualizes the amount of clicks a participant
used before completing or skipping a task. The crosses represent the partici-
pants. Each color stands for a different participant. The pink squares show the
minimum amount of clicks that could be used to complete a task. The green
circle represents the average amount of clicks used for a task. When a partici-
pant skipped a task after more than 20 clicks, the amount of clicks was set to
30.

The variables for average amount of clicks, average completion time, and
success rate are combined in the bubble chart in figure 14. Each bubble in
the chart represents a task. The size of the bubble visualizes the amount of
successful completions; a large bubble means that more participants successfully
completed the task in comparison to a small bubble. The x-coordinate of the of
bubble represents the average completion time of a task, and the y-coordinate
relates to the average amount of clicks used.
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Figure 14: Results of successful task completion, based on dependent, objective
variables related to task performance

7.3.2 Survey

Each user is asked to choose the profile that best fits their job description.
Accordingly, they have to select the modules that are of interest to them in a
DT. The results are visualized in the bar chart in figure 15. In the bar chart can
be seen which modules are chosen by who. The larger the colored bar, the more
often it has been chosen by that particular profile. As a simple example, the
participant that selected the inspector profile chose the module for inspection
and maintenance.
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Figure 15: Modules of interest for each profile

7.3.3 Observations

The screen recordings of participants going trough the tasks are being viewed
by the researcher. A couple of things stood out. First of all, there were a couple
of participants that did not do what was stated in the task. For the first task,
the user had to pick a specific profile. However, a couple of participants picked
a different profile, probably the profile that is of interest to them. Accordingly,
these participants started exploring the prototype by themselves, ignoring the
task for a while. After a couple of minutes the participant usually got back to
the task and tried to complete it. These events make the dependent, objective
variables for task performance not always reliable.

Another issue that appeared is related to fixed screens for task completion.
It was expected from users during task two, to not only select an object in the
decomposition, but also to open the details in the sub menu that opened. When
users did not select information in the sub menu, the task did not get marked
as completed. Some users just starting clicking in the prototype at this point.

Moreover, the prototype seems to have some bugs. For one of the partic-
ipants, a random page appeared after selecting an item. The problem is that
you can not click on anything anymore when this happens, so the participant
gets stuck. The only way to solve it, is to skip the question. Luckily Useberry
[1] has a skip function. Participants also used the skip function when a task
was too difficult to complete. On the other hand, skipping tasks also happened
at random, leading to inconsistency in the data.
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Next to technical issues that could not have been prevented, some design
choices that resulted into technical issues, could have been prevented. In task
seventeen, the user has to register him- or herself in the DT. Accordingly, new
functionalities appear that are needed to complete task eighteen. However, as
soon as one of main buttons is selected in the inspection page, these functional-
ities disappear. Making it very difficult to complete task eighteen. A potential
reason for users selecting other options, is that the visualizations in the model
are not visible enough. Only one participant clicked on a highlighted object.

Some observations revealed issues in the TA. In task 22, in which a condition
score has to be assigned, some participants started looking in the monitor page
for the condition score functionality. A larger issue, that almost every partici-
pant experienced, is finding documentation that is attached to an object. The
majority of participants started looking in the decomposition page or in the
model of the documentation page.

7.4 Analysis

To give meaning to the collected results, and to form a better understanding
of what the results mean, an analysis is performed. The results of the tasks,
closed- and open-ended questions, and SUS are analyzed differently. This section
provides information about how each part is analyzed, and what was found based
on the performed analyses.

7.4.1 Tasks

The bar chart in figure 12 shows nineteen participants started the tasks that are
related to the asset owner, operator and external stakeholder profile. Sixteen of
these participants completed the tasks. The subsequent tasks, that relate to the
inspector profile, are completed by fifteen participants. One participant dropped
out after the second tasks of the inspector profile. The tasks that relate to the
asset manager and risk analyst profile have been completed by these fifteen
participants. It is not clear why participants skipped tasks or dropped out of
the usability study completely. Potential reasons are that they got distracted
by something else, they were not interested, it took too much time, or tasks
were too difficult to complete. When looking at the red bars in figure 12, it
can be seen that the success rate (see formula 1) is 100% for only four tasks.
The low success rate of the tasks could explain why participants potentially got
frustrated and would skip tasks or drop out. However, when calculating the
success rate over all tasks (the average), the success rate turns out to be pretty
high. The average success rate is 79.5%, when ignoring the drop-outs it becomes
80.1%. For a first prototype this a good success rate to have.

number of participants successfully completed task

Success rate = — —
number of participants at beginning of task

(1)

When looking at the individual tasks in figure 12, it can be seen that task
14 up to task 17 are successfully completed. These task belong to the inspector
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profile. Issues start to appear when the participant is registered on-site. Ac-
cording to figures 13 and 14, task 18 took on average about 2 minutes and 14
clicks to complete. Based on observations these bad statistics are partly related
to the way the prototype works. When a user pressed a button other than the
registered functionalities, the buttons for these functionalities would disappear.
Another issue based on observations is the visualization of highlighted objects.
The highlighted objects were not visible enough for the participant to quickly
spot them. Nothing indicates that the IA should be changed. The average
amount of clicks used to complete task 19 seems not to deviate too much from
the minimum amount of clicks needed. In combination with the observations, it
could be that participants not always understood that they had to click on the
QR-code to complete the task. Therefore, it does not indicate a flaw in the TA.

Another task that stands out in figure 12 is task 26, due to its low success
rate of only 20%. The charts in figures 13 and 14 clearly show that this is
related to a bad TA choice. The average amount of clicks used is around 23
clicks higher than it should be. Moreover, the completion time is higher than
for the other tasks. Based on observations, the documentation that belongs to
an object should be added to the decomposition and documentation pages.

An interesting observation in figure 14 is that task 1 and 2 seem to be outliers.
Mainly for task 1 this seems odd, since the average amount of clicks is equal
to the minimum amount of clicks. However, the completion time of task 1 is
extremely long, almost 3 minutes. The observations indicate that this is because
some of the participants decided to look around for themselves and ignore the
task. Mostly, after a while the task would be resumed. The clicks used for
exploring the prototype are ignored in figure 13. Task 2 does have a divergent
average amount of clicks. Nevertheless, the observations clearly point out why.
To complete the task, the participant had to open the details in the sub menu
of the selected object. However, this was not stated in the task description.
Therefore, this was a mistake of the researcher. Thus, both task 1 and 2 do not
indicate flaws in the IA.

Furthermore, there are a couple of tasks that contain some outliers based
on clicks used, as can be seen in figure 13. These tasks are task 4, 6, 7, 10, 13,
22 and 25. In figure 14 it can be seen that these tasks form a cluster, since the
average completion time also lays higher compared to the other tasks. However,
task 13 is not relevant, since this task is based on exploring the additions made
in the asset owner profile. Based on observations, task 25 indicates a design
issue. Not all participants selected the dots directly, but tried to select the item
itself to edit the document. Task 22 does indicate a potential change in the TA.
The observations suggest that the functionality for assigning a risk score could
also be placed in the monitor page, underneath the condition score function-
ality. There were two participants that struggled with successfully completing
task 4. After watching these participants performing the task again, one of the
participants just seems to be clicking around randomly and the other tries to
look up the object in the decomposition page. Therefore, it can be concluded
that it does not indicate a flaw in the TA. Task 6 contains one participant that
struggled with completing the task. After watching this participant complet-
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ing task 6 again, it seems like the participants misunderstood the task. This
participant also complaint about tasks not always being clear, so this would be
a plausible explanation. To successfully complete task 7, participants had to
use the search bar. However, not everyone noticed the bar, indicating a design
flaw or misunderstanding of the task. Task 10 asked about changing the model
to see-through mode. Some participants were trying to accomplish this via the
default menu bar of the 3D model. Again, this does not refer to flaws in the TA.

7.4.2 SUS

Brooke et al. [21] who developed SUS, explains that the individual results of
SUS are not meaningful. Meaning is related to the overall usability of the
system and can be deducted from its SUS score [21]. The SUS scores range
from 0 to 100 [21]. Therefore, each item’s score has to range from 0 to 4.
To do this, formula 2 has to be used [21]. Odd numbered questions (q,) are
positively worded, while even numbered questions (q.) are negatively worded.
A high score for a positively worded questions means the opposite compared
to a negatively worded question and this is why there is a distinction made in
formula 2 between even and odd questions. The SUS score that is calculated
using formula 2, only refers to a participant. To get the SUS score that gives
meaning to the usability of the system, the average SUS scores by participants
has to be taken, like in formula 4.

The SUS score can also be obtained by calculating the average score for each
question. Formula 3 calculates the average question score (aq) by summing all
the answers to a question (ap) and dividing it by the amount of participants
(n). The found average questions scores can be put in formula 2 to find the SUS
score for the system.

SUS score, = 2:5 (Z(qo 1) + 2(5 qe)) (2)
ag=>» (a,)=n (3)

SUS score = ) "(SUS score,,)=n (4)

Bangor et al. [15] developed the ranking in figure 16 to interpreted the SUS
scores. A SUS score around 68 is considered to have an okay usability [15]. SUS
scores that are below 51 indicate the usability of a system definitely needs to
be improved [15].

An overview of the collected SUS results can be seen in figure 17. Each score
is color coded, resulting in a heat map matrix. The green color refers to a good
score, while red refers to a bad score. The intensity of the color relates to how
good or bad the result is. What a good or bad score is depends on the type of
question. For positively worded questions, this would be a high score and the
opposite for a negatively worded question. Neutral is being marked as white.

When looking at figure 17, questions 6, 7, 8 and 9 have bad results. This
means that participants think that the system is inconsistent, cumbersome, has a
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Figure 16: SUS grade ranking of SUS scores [15]

steep learning curve, and makes the user feel insecure during use. On the other
hand, the other questions have good results. Most importantly, participants
rated the question about frequently using the system with a score above 4. So
the concept of the DT seems to be of the participants interests.

The rounded average SUS score for the tested prototype is 56. When looking
at the scale in figure 16, a score of 56 would be considered OK. However, it would
also be scored as an F which is not acceptable. The SUS scores by participants all
have the same categorization. Therefore, it can be concluded that the usability
of the current system needs to be improved.
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Figure 17: Detailed view of SUS calculations by question, by participant, a heat
map matrix, and the SUS score

7.4.3 Closed-ended questions

The only module of preference that has been chosen by every profile, according
to the bar chart in figure 15, is the maintenance module. This is an interesting
outcome, since this topic has not been mentioned during the interviews. Also
the circularity module has been chosen by the asset manager and risk analyst
profile which was unexpected. The rest of the chosen modules by the asset
manager and risk analyst profiles seem to be inline with the IA. The operator,
inspector, and external stakeholder profiles are only chosen once or twice. So it
is difficult to obtain meaning from the outcomes of these profiles.

The answers to the experience survey in Appendix G indicate that partic-
ipants are positive about a flexible UI for the DT that is based on turning
modules on or off. The current system was not confusing to participants, and
the majority felt no negative emotions while using the system. However, the
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participants seem not completely happy with the content of the system. Some
functionalities are missing, and the organization and labeling of content could
be improved. To get a better understanding of how this can be improved, the
answers to the open questions should be studied.

The usability study itself seems to be an okay representation for the reality,
since 87% scored the question The tasks | just completed correlate to the tasks
I face during my job with a 3 or 4 on the Likert scale. However, the confidence
level of participants about how well they completed the tasks is quite low since
54% scored this question with a 3. Since participants could do the usability
study on their own, there is no possibility to ask about the cause of the low
confidence score. The cause could be related to the IA, or to the setup of the
usability study itself.

7.4.4 Open-ended questions

Ten participants answered the open questions, while fifteen people completed
the tasks. It was probably not clear to some of the participants that there still
were some questions after exploring the prototype, or they deliberately made
the decision to skip these questions. None the less, the collected answers provide
qualitative information about the usability of the system.

Half of the participants answered that there is nothing that can be left out.
A participant mentioned that maybe not everything in the system is useful for
him/her, but that it can be useful to someone else. Therefore, the profiles
and modules would be a good addition. Another participant expresses his/her
concern about the feasibility of some functionalities that are related to organi-
zational processes that are hosted at external sources.

There were some comments about including more information. An asset
manager mentioned that information related to the optimization of values and
costs is incomplete. The addition of risk profiles, asset performance and costs
should be integrated in the asset manager profile. Another asset manager could
not find information about performed maintenance. It would be useful to know
when an object was maintained, and when maintenance is scheduled. A risk
analyst proposed to include the product information of parts.

Some participants were not impressed with the quality of the prototype to
test TA content. A participant missed the possibility of navigating in the 3D
model. Someone else complained about the organisation of functionalities on
pages, they should have been in alphabetical or functional order. However,
these comments are not related to the content of the IA. Moreover, multiple
participants mentioned that they liked the DT and its flexibility by the use of
profiles and modules. As improvement, three participants propose an introduc-
tory session or tutorial, to get familiar with the system.

Overall, the TA seems to be complete and useful for users that fit the pro-
files. A couple of functionalities could be added to the asset manager and risk
analyst profile, and therefore the IA and requirements should be updated. Fur-
thermore, a tutorial or introductory session needs to be developed for the final
DT application.
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7.5 Recommendations

The goal of this usability study is to understand possibilities and conditions
for sensible use of a modular Ul for a DT in O&M. The objectives (focused on

e ectiveness, e ciency, and satisfaction) help to determine how capacity can
be increased to solve identi es problems. Based on the average success rate of
80.1%, it can be concluded that the current IA forms a good base for users to
e ectively complete their goal. The most useful functionality for all users, which

is not inline with the current IA, is the maintenance module. The functionalities

in the IA for the asset manager and risk analyst pro les seem to support the
users to work e ectively. The other proles need more extensive testing to
determine which functionalities are useful for them.

The results show that users can e ciently use the current IA. A recom-
mendation would be to place the functionality for assigning a risk score in the
monitor page, underneath the condition score functionality. The users could
not always accomplish the goal of the tasks e ciently, since the average amount
of clicks for most of the tasks is higher than the minimum amount of clicks
necessary. A request was made for a tutorial, this would be a valuable addition
to the DT in order to increase e ciency. However, this is only interesting to
develop when the IA is xed and the design is nalized.

The tasks correlate to the reality of the participants jobs, since 87% scored
that question with a 3 or 4 on the Likert scale. The results of the closed-
ended questions indicate that users are satis ed about the idea of a modular
Ul for a DT in O&M. However, users made some recommendations to extend
the 1A. All user pro les showed interest in a maintenance functionality in the
monitor page of the basic Ul. It is also recommended to add object specic
documentation to the object menu in the decomposition and documentation
page. Just as the functionality to watch the work orders history of the selected
object, which is a completely new function that the participants requested. The
asset manager pro le requests the addition of risk pro les, asset performance,
costs, and performed maintenance. A risk analyst proposed to include the
product information of parts, which could be added in the documentation page
or in the object menu. Moreover, the organization and labeling of content could
be improved.

Since a participant expressed concerns about the feasibility of some function-
alities, a DT developer of Arcadis has been asked to review the 1A. Together
we went over all functionalities of the IA, in order to get an even better under-
standing of potential chances, design space, issues and limits. Indeed, the DT
developer mentioned that a couple of things are di cult to realize. For example
the recent changesmode in the explore page, this has to be made manually by
adding labels to those objects. This is the same issue for the visualization in the
maintenance page, which can easily lead to mistakes and problems, making the
DT less intelligent. A more complex challenge is the realization of an account
based task list. The DT developer did not want to say if this was possible or
not without looking into it. Furthermore, a suggestion was made by the DT
developer to use an external application (like Fulcrum or BIM360 checklist) for
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registering data during an inspection. It would be possible to do it with the DT,
but o ine use would cause some di culties. However, the use of a QR-code
would o er some possibilities, since a form can be assigned to an object and can
be uploaded to the DT when there is an internet connection.

For future work, it is recommended to change the session of the usability
study since it is not an e ective method. The problem is that the email gets
lost in inboxes, or people read the mail and forget about it, or people get dis-
tracted while doing the usability study. As a result, a low number of participants
nished the whole usability study. A solution would be to not have an external
link that requires to request access. Preferably the link to the study is private,
or participants can login on the study itself. Furthermore, it is recommended
to make the usability study less independent. It would be advised to schedule
a video call, so the researcher has more control. This will prevent the partic-
ipant from getting distracted, and it is less likely that participants will forget
a scheduled session. Another advantage of a live session is that the researcher
can ask the participant to explain themselves. This helps to develop a greater
understanding of why participants did what they did. Moreover, in a further
developed stage of the modular Ul for a DT, it will be important to include
participants that cover all user pro les. The target group should eventually get
the chance to re ect on a prototype that forms a realistic representation for a
modular Ul design for a DT in O&M. Lastly, it is recommended to do a card
sorting to check the organization and labeling of the IA in a later stage. This
could be combined with the current usability study.

8 Immersive technology prototype to test inter-
action with Digital Twin

As stated in the introduction, the usability of the DT depends on the IA and
the interaction technology. These factors together in uence the design of a
modular Ul that results in an user friendly DT. The prototype created to test the
content of the 1A has been tested on a 2D web page, while it was recommended
in preparatory research [25] to use an immersive technology. it is important to
also let users experience an immersive prototype by completing tasks that relate
to their job, in order to get a better feeling for the usability of such a DT [17].

To extend the IA to an immersive prototype based on a tting interaction
technology, relevant use cases are needed. Preferably these use cases cover
both synchronous and asynchronous remote collaboration scenarios, since the
research question about the in uence of a modular Ul on remote collaboration
cannot be answered yet. The asset manager of the Waterwolftunnel introduced
two current issues that form interesting and realistic use cases.

The rst use case is related to asynchronous remote collaboration. In the
Waterwolftunnel are many doors with electrical key locks that have to be in-
spected regularly. The inspector is usually not familiar with the Waterwolftun-
nel. Therefore, the asset manager has to prepare an inspection route for the
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inspector to follow. The second use case is related to synchronous remote col-
laboration. The visibility meters and nitrogen dioxide sensors that are placed
in the waterwolftunnel have to be inspected annually by an inspector from the
manufacturer. However, the manufacturer is located in England. Due to the
COVID-19 pandemic there were strict quarantine regulations to prevent travel-
ing, making it too di cult for an inspector to visit the Waterwolftunnel. As a
workaround, the sensors were removed and sent to the manufacturer. The in-
spector returns the sensors after inspection. It would have been more durable,
e cient, and cheap if the inspector from the manufacturer could guide a local
inspector via remote collaboration.

Consequently, the focus of the immersive technology prototype will be on the
inspector pro le. Using a see-through HMD as interaction technology for a DT
on-site. Section 8.1 explains the chosen software and hardware that has been
used for realizing the prototype. Section 8.2 includes the resulting prototype.

8.1 Software and hardware

The immersive technology prototype that is developed to test interaction with

a DT, is created for a Microsoft Hololens 1 (see gure 18)[6]. The Hololens 1
has a FoV of around 30x17 degrees [40]. Based on the literature research in [25],
it would have been better to use the Microsoft Hololens 2 [7] since the limited
FoV of the Hololens 1 has a negative e ect on the interaction. However, it was
not possible to get my hands on a Hololens 2 for the whole development process.
Therefore, the prototype has to be created for a Hololens 1.

Two types of applications were needed to ful Il both use cases. One appli-
cation for the inspection route on-site, and one for synchronous remote collab-
oration. Microsoft 365 Remote Assist [8] is an existing Hololens 1 application
that can be downloaded from the Microsoft store on the device. Allowing the
Hololens 1 device to connect via an internet connection with a remote mobile
device that can run Microsoft Teams [10]. The inspection route application is
created in the Unity game engine [9]. In Unity version 2019.4.10f to be exact,
since the Hololens 1 is not able to run applications that are build with newer ver-
sions. To accelerate MR app development in Unity, the Mixed Reality ToolKit
(MRTK) was implemented in the project [11]. MRTK provides essential build-
ing blocks for MR apps. For the Unity app to get an understanding of the
world, World Locking Tools is used to provide a stable world-locked coordinate
system that binds the physical with the holographic world [12]. The DT data of
an object can be obtained by gazing at a QR-code that comes from a database
in the Vuforia Engine[2]. Vuforia Engine has to be implemented in the project
in order to use a camera of the Hololens 1 as a QR-code scanner. Remainder
functionalities like creating holographic inspection points and navigating along
them in order, had to be realized using scripts written in C++.

The Unity engine runs on a HP Spectre 13-3010eg Ultrabook laptop with
an Intel Core i7-4500U CPU. The active platform needed to build a Unity
application for Hololens 1 should be Universal Windows Platform. The build
Unity app can be uploaded to the Hololens 1 using a stable internet connection

49






