Thesis no: MSCS-2014-03

Comparing 3D interfaces of virtual
factories: an iconic 3D interface
against an abstract 3D visualisation

Álvaro Aranda Muñoz

Faculty of Computing
Blekinge Institute of Technology
SE–371 79 Karlskrona, Sweden

This thesis is submitted to the Faculty of Computing at Blekinge Institute of Technology in
partial fulfillment of the requirements for the degree of Master of Science in Computer Science.
The thesis is equivalent to 20 weeks of full-time studies.

Contact Information:
Álvaro Aranda Muñoz
E-mail: alar12@student.bth.se

University advisor:
Dr. Kari Rönkkö
Department of Creative Technologies

Faculty of Computing
Blekinge Institute of Technology
SE–371 79 Karlskrona, Sweden

Internet : www.bth.se
Phone
: +46 455 38 50 00
Fax
: +46 455 38 50 57

Abstract
Context. 3D visualisations are highly demanded in different industries such as virtual factories. However, the benefits that 3D representations can bring to this industry have not been fully explored, being
most of the representations either photorealistic or presenting abstract
visualisations.
Objectives. This thesis explores and compares two prototypes that
present a visualisation of the process state of a factory. The first prototype presents a generic interface in which primitive 3D shapes convey
the information of the factory status. The second prototype is complemented with specific and iconic 3D models of the factory that help the
users associating the conveyed information to the factory flow. The
motivation behind this dissertation is that the type of generic interface
presented can lead to more reusable interfaces in the future.
Methods. For the creation and development of the prototypes, the
user-centered design process was followed in which the designs are
iterated with users of the factory. Based on the two prototypes, a usability evaluation is conducted to analyse the perceived usability and
the usability performance. This is complemented with post-interviews
with all the participants. The results are presented attending to the
triangulation methodology to support the strength of the qualitative
findings.
Conclusions. The results show that both interfaces are perceived as
highly usable. However, the 3D iconic interface seemed to help the
users more in depicting a better mental model of the factory flow,
helping the users to complete most of the tasks with faster times.
Keywords: 3D interfaces, information visualisation, cognitive psychology, virtual factories.
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Chapter 1

Introduction

1.1

Background

In cooperation with Blekinge Institute of Technology, this thesis takes place at
ABB Corporate Research in Västerås, which is one of the seven ABB research
centers in the world. These centers focus on researching, developing and creating
innovative technology in the fields of power and automation technology.
The prototypes presented in this thesis are part of a bigger project which
aims at creating a visualisation tool to show the state process of a factory. This
visualisation includes different information regarding the production process, such
as the most relevant key performance metrics (KPIs) to monitor the factory and
additional features such as the visualisation of bottlenecks and the flow processes.
This project of visualisation could be exported to other divisions in the company or other factories that need this type of software, which means that there is
a need of designing this visualisation in a reusable and adaptable way. Furthermore, an important requisite is that this interface doesn’t suffer in any important
usability aspect that could lower the quality of the end product.
It is important to address the fact that this project is carried out by a team of
researchers of ABB, in which different professionals such as a software architect,
a usability expert, a leader, a programmer, a user experience professional and two
thesis workers are involved.

1.2

Problem Statement

Automation technology covers a wide variety of complicated processes that need
the attention of technicians to monitor the different production parts to assure
that the quality and the pace of the outcome is as expected. This monitoring
is done in different types of factories, in which the different managers of the
production, planning, supply and quality control take daily morning meetings to
discuss the status of the production and the problems to overcome during the
day.
During these morning meetings, the production expected for the day is discussed based on the information collected from the previous day, the informa1
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tion that is provided from the business orders received, the current supply and
problems such as bottlenecks, safety issues and potential shortcomings in supply.
These information is collected from different software sources, analysed by the
production planning managers and shown as key performance indicators (KPIs)
on the factory in the morning meetings.
Assembling and interpreting all the relevant data to discuss the status of the
factory can be an overwhelming process due to the different software sources, the
amount of KPIs to discuss and the difficulty to relate the information shown to
the corresponding location of the factory buildings and storages.
Therefore, there is a need for a tool that can combine this information into
one main application, presenting a 3D overview of the factory with different layers
of information and filters.This interface should be able to be used and adapted
to other types of factories in which different needs have to be considered without
compromising the usability of the application.
The research focuses on the interface’s design, so it can be easily used in other
types of factories. For that, this dissertation presents two different prototyped
interfaces that present the same information in two different ways: one interface
is generic with the intention of being easy to be adapted to other factory software
in the future. The other interface presented contains specific non-photorealistic
rendered 3D models that corresponds to the objects presented in production lines
of a factory.
This thesis provides a usability evaluation to compare which interface provides
better performance and perceived usability based on the system usability scale
(SUS) questionnaires and task completion measurements. This evaluation will be
complemented with user interviews in order to make sense of the data gathered
from both the SUS questionnaire and the measured times.
The hypothesis for this thesis aims at showing that the impact on usability
might be low enough to consider making abstract interfaces that are easier to
adapt to other software of factories, saving in this process a potential considerable
amount of time in the future implementation and resources of these interfaces.

1.3

Goal and motivation

With the increasing technology demands of the companies to become more productive in order to compete in the markets, there is a need of collaboration among
the academia and the industry to research new tools that can support the different
processes of the factory. This research has been done for the planning, monitoring, controlling and simulation of factory processes, but still there has been no
exploration of tools that can support with an overview of the daily problems that
occur in a factory.
In this line of research, and given the fact that companies need to be more
agile and flexible [114] [6], there is a need of making the software that support

Chapter 1. Introduction

3

these companies more reusable and flexible, being aware of the impact that these
concepts have on the usability provided to the end-users.
The goal and motivation for doing this thesis dissertation is that the type of
generic interface presented as a prototype can lead to more flexible and reusable
interfaces that are also easier to maintain. This is, of course, if there is no loss of
important aspects of the usability.

1.4

Research question

What is the usability impact difference when comparing an abstract generic 3D
interface with a specific non-photorealistic rendered 3D interface?

1.5

Thesis structure

Chapter 1: Introduction
The first chapter describes briefly the background information about the company
and presents the problem to be studied in the dissertation, motivating the research
and stating the research question and the hypothesis for the thesis.

Chapter 2: Context of virtual factories
The second chapter analyses the scientific context in which the dissertation takes
place. This contexts is set from two different perspectives: one perspective focus
on the domain on digital factories and the ongoing research in Europe about
digital factories. The other perspective presents the technology of the virtual
environments and how this has been applied for digital factories in articles of the
domain.

Chapter 3: Theoretical framework
This chapter presents the theoretical concepts that the author considered relevant to the thesis. The theory focus on the human computer interaction and
includes a usability, cognitive and reusability perspective that will be used in the
methodology, analysis and discussion of the thesis.

Chapter 4: Methodology theory
The fourth chapter deals with the methodology used in this project. First, it
presents the user centered design (UCD) framework to show the different phases
that the project took in order to arrive to the evaluation stage. Then, the theory
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for the evaluation is presented, in which the concepts and methods used for the
usability test are described.

Chapter 5: Empirical methods and process
This chapter includes the different phases and iterations with the users that the
prototypes presented in this thesis took. This is the empirical part of the different
phases of the user centered design.

Chapter 6: Usability evaluation
In this chapter the usability evaluation is prepared and conducted and the methods used for the evaluation are presented and discussed based on the second part
of the theory from the methodology theory. This chapter elaborates further and
motivates the methods used for the usability testing.

Chapter 7: Results and analysis
The seventh chapter analyses the results from the different methods used in the
evaluation. These results are evaluated based on the knowledge gathered from
the user interviews.

Chapter 8: Discussion and conclusions
Chapter 8 discusses the results and connects back to the research question and
motivation of the thesis. The results and interpretations from chapter seven are
summarised and the limitations of the study are described to propose further
research in the area.

Chapter 2

Context of virtual factories

2.1

Domain context

The world of manufacturing has been facing a strongly growing market competitiveness during the last decades, in which factories, in order to survive to this
competition, need to be more agile and flexible [114].
The future of factories aim at reducing the complexity of the planning and
operations, support the flexibility to adapt the production lines to the constant
changing demands of the market, reduce delivery times, make more individualised
and scalable products [113] while improving the overall quality of the orders [15].
In order to achieve this, some collaborative European research projects such
as the Virtual Factory Framework (VFF) [33] and the Factory of the Future
(FoF) [71] have been funded by the European Commission under the seventh
framework programme in order to establish the basis for the potential next generation of factories. The Factories of the Future tackle this problem from the
technology perspective: improving the manufacturing technology will lead to an
increase of “efficiency, adaptability and sustainability” of the factory processes [6].
On the other hand, the Virtual Factory Framework provides a complete approach
in which all the life cycles of the manufacturing process are covered in a virtual
environment, exploring and developing the necessary tools to support this approach [6].
The holistic approach proposed from the VFF is covered with the concept
of the Digital Factory, which aims at establishing a network of the planning,
evaluation and improvement of the different processes and resources of the factory
with the product [114].
Therefore, there is a need of cooperation and collaboration from the industry
and the academia, which “has been proved to be a main factor of success” in
the last years [114]. And meanwhile the industry is focused on improving the
efficiency and the profit that the technology can bring to the market, the scientific
world has been concentrating on exploring new methods and tools for planning,
modelling, visualising, simulating and evaluating the information associated with
the different parts of the production processes, looking for alternative ways of
handling data and information management [114].
5
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There is no doubt that there is an increasing demand from both the scientific
community and the industry to research further the different parts that composes the virtual factories, as in the last years some large investments have been
done supporting this research [15]. A good example is the public-private partnership “Factories of the Future” (PPP FoF) done through 2009-2013, which was a
research programme of 1.2 billion Euro whose aim was to support the manufactory industry [71] or the Virtual Factory Framework, with the same purpose and
funded with 12 million Euros [33].
In this futuristic perspective of the next generation of factories, the Virtual
Factory Framework concept [34] presents the holistic approach, which includes as
virtual factory modules the need for tools to monitor, collaborate and visualise
the information.
The project and research done through this thesis project addresses and elaborates further these modules exposed in the VFF project, specially the following
ones: “KPI monitor”, “presence and interaction” and “visualisation (AR/VR)”,
but with a different perspective, in which the aim is to provide a 3D tool that
presents an overview of the factory with an emphasis on making these interfaces
reusable and adaptable to other types of factories, reflecting from the trade-off
that occurs in the abstraction of the graphics in usability terms.

2.2

Technological context

From a technological perspective, the type of application developed in this project
nurtures from different fields such as virtual environments, mixed-reality and
cross-reality applications and 3D interfaces.
A mixed-reality application is a system that gathers data from ubiquitous
sensor networks and transmits that information into a virtual environment where
that data is interpreted and visualised for the end users [73]. This means that
a user can interact with a virtual representation of a real location, pulling in
real time all the relevant information that is needed without the need for being
physically there, reducing the risks, time and effort that this process could imply
in the real world.
This makes the necessity of mixed-reality systems in the industry unquestionable, as it has been shown that it has a positive impact as a solution for
monitoring in real time a laboratory [23], support the decision making of generals
in the army by gathering and visualising data [105], support remote collaboration with the use of virtual whiteboards [112] and for monitoring and controlling
remotely a factory, having virtual customer visits, teach and train employees and
track the current inventory of the factory [8] [9] [7].
The use of this type of technology has been used in other fields, especially in
domotics, in which the need for visualising and exploring other types of interfaces
has raised in the recent years. A good example is the interface for managing
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residential gateways, in which the user can control from the virtual environment
certain aspects of the house [57] or the 3D interface for a ubiquitous virtual
environment [108].
With the concepts of virtual environments and mixed reality environments,
there have been several publications addressing the topic of virtual factories [78]
[89] [62] [107] [53] [10], digital factories [46] [15] [31] [114] [47] [6] and smart
factories [113] , which basically aim at providing the best tools that the technology
can offer at the moment to support the different manufacturing operations in order
to produce more efficiently and also analyse and compare the competition [26].
However, these applications are focused on the planning and management [46] [15]
[107] [53] [31] [47], visualising simulations [78] [62], simulations [15] and process
execution and forecasting of the factory, but so far the author hasn’t found any
articles that directly support the use of a 3D application to overview the current
status of the factory, and how to structure this type of application to be reused
and adapted to other types of factories.
However, in the VFF concept of the European project [33], which consists of
a holistic solution for the manufacturing process in order to increase the performance levels, is mentioned the need of a KPI tool to monitor, highlighting the
importance of giving the state of the art technology to support the manufacturing process. Therefore, there is a need of visualising data to support the factory
personnel in their decisions, and the author believes that by researching into a
solution that can be adapted and reused in different factories contributes to this
line of research.
Another area to consider is 3D visualisation and the reasons of why using 3D
virtual applications instead of the more conventional 2D interfaces. The research
community has addressed already this problem directly [83] [25] [22] [32] and
indirectly [14], even with a thesis [97] that has been published with the main
question of the utility of 3D interfaces when compared to 2D interfaces. The
results show that the use of these visualisations depends on the nature and domain
of the solution needed, having as main factors the context, the tasks to be done,
“the human perceptual abilities” and the spatial memory [97].
From this knowledge, it would be interesting to discuss how the use of 3D can
enhance the visualisation given the context of a particular factory. This topic,
in the context of this project is addresed by Joakim Olander in his master thesis
dissertation at Luleå university of technology, which will be published at the same
time of this dissertation.

Chapter 3

Theoretical framework

3.1

Introduction and Structure

As in many human computer interaction projects, this project includes perspectives from different research fields that attend to the technology to be developed,
to the design and human perception and the end usability of the product. Given
the scope of the thesis, which is to present and evaluate two paper prototypes,
the technological perspective and the domain knowledge have been presented as
the context of the dissertation.
This chapter introduces in-depth sections relating to human computer interaction and usability, the fidelity of prototypes, usability testing and the cognitive
and perceptual sciences that will guide the analysis of the evaluation results.

Figure 3.1: Disciplines considered in the thesis: This figure shows the different
disciplines considered when writing this dissertation.
8
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Human Computer Interaction
Introduction

The first attempts to human machine interaction (HCI) were started in the early
1960s [45], when HCI emerged as a consequence of introducing new types of users
to the computational world. These users were not professionally trained and they
were founding many difficulties and frustrations to use the computers. At this
time personal from other disciplines such as cognitive psychology and philosophy
of mind were expanding and incorporating new disciplines. HCI nurtured from
these disciplines and became one of the first disciplines of cognitive engineering
[20].
A formal definition of HCI can be found in the ACM SIGCHI Curricula for
HCI, in which HCI is defined as “a discipline concerned with the design, evaluation
and implementation of interactive computing systems for human use and with the
study of major phenomena surrounding them” [45].
HCI studies how people use technological products and systems and refers to
the understanding of the interaction that occurs between users and computers.
Compare to other technological fields more focused on the development such as
computer graphics or software engineering, HCI focus on the technology from a
humanistic perspective, aiming at providing more usable products that can satisfy
the users needs and goals.
From these definitions, a very broad set of different disciplines relate to HCI,
which can explore the same points but with a different perspective. The closest
disciplines to HCI are computer science, psychology, sociology, anthropology and
industrial design [45].

3.2.2

Usability

One of the most common definitions for usability comes from the ISO 9241—11,
in which usability is defined as the “effectiveness, efficiency and satisfaction with
which specified users achieve specified goals in particular environments”. In this
context, effectiveness refers to the ease in which users achieve specified goals.
Depending on the authors, usability can be defined by more attributes, but
those attributes always align to the core essence of usability, which is how easy is
for a user to complete a task by using a particular product.
According to Rubin [81] a product must be useful, efficient, effective, satisfying, learnable and accessible in order to be usable. Nielsen [65] distinguishes five
different quality components to define usability: learnability, efficiency, memorability, errors and satisfaction. According to Sharp [92] usability’s goals are
described in terms of effectiveness, efficiency -which includes safety and utility-,
learnability, errors and memorability. And Krug simplifies the concept with a
more practical definition, in which an average person can use something for its
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purpose without getting frustrated [51].
These attributes are illustrated in more detail in the following definitions:
Effectiveness represents the quality of the system for its intended purpose [92].
Efficiency refers to the support that the users receive for performing tasks, how
quickly they can perform them [92] [65] and it also includes the support to
make fewer mistakes when using the product [37].
Learnability refers to how easy is for first users to learn how to use the product
for performing tasks [92] [65].
Memorability once the user has learned the system how easy is to get back to
the system and remember how to use it [92] [65].
Satisfaction refers to how pleasant is the system for the users when they are
using it [65].
From these definitions, usability attributes can be divided in two categories:
one category that is more functional and focuses on terms such as effectiveness,
efficiency, learnability and memorabilty. And another category that is subjective,
in which the satisfaction plays the major role. It is important to highlight this
distinction for the evaluation of the system, as subjective and functional attributes
need different type of methods to be tested.
The attributes in the usability testing will become “usability criteria”, which
aims at establishing specific metrics so products can be assessed. The most used
criteria are time to perform a task (efficiency), time to learn how to perform a
task (learnability) and the number of errors while performing a particular task
(memorability) [92].
Usability plays a very important role in any kind of product or system in our
everyday life, as most people would agree that products should be easy to use
and shouldn’t have any kind of misleading information that can cause confusion.
Bad usability can cause people to leave websites, increase the difficulty to find
products to buy in online shops [65] , lead to a decrease of worker’s productivity
when using bad design intranets [64] and bankrupt businesses [101]. On the other
hand, good usability can increase the revenues of a business and/or decrease costs,
can save lives and have a huge impact on the society [101].
As benefits, users will be satisfied with the product, enjoying its use and
performing tasks in an efficient and effective way [65], [92], [81], [51], [16]. From
a business perspective, several factors might be reduced such as the development
time and cost, the support needed, the user errors, the training time, the user
loyalty and the return of investment (ROI) [16].
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Design and usability principles

Design principles are general laws or guidelines that provide knowledge and guidance to the designers about different aspects of the design of a product [92] [54].
This guidance is rooted on previous experience from designers, from theory-based
research and common intuition, and the goal is to provide interdisciplinary knowledge to overcome design problems, and a base check-list to remind different aspects of the design product [92].
The use and understanding of these principles can lead to a successful design [54], can support the designers in avoiding common mistakes and provide a
language among designers and users to communicate and critique different aspects
of the design [56].
According to Lowdermilk [56] design principles “are the scientific laws of the
usability world, much like the laws of gravity and relativity in the world of
physics”. This quotation highlights how strong these principles are for the design community, as they present a way to use the previous knowledge into new
design problems. Along this line, according to Norman [69], design principles are
necessary in order to progress in the field of human factors, and they should be
generalised enough to be applicable to the technology available at the moment.
Design principles present a “set of reminders to the designers” [92] to see the
different aspects of the design. And these reminders are a good way to present
different approaches to overcome a problem, which will present a set of different
plausible solutions with different strengths and weaknesses.
As mentioned in [69], in design “there are no simple answers, only tradeoffs”.
And the goal for the designer is to make these trade-offs in an explicit way,
knowing which are the weakest points and the strongest points of each solution, so
the designer can take informed decisions and weight the different alternatives [69].
And if the designer uses the right tools to understand the user, he will be able to
take those decisions in favour of what the user needs.

3.3
3.3.1

Cognitive and perceptual sciences
Introduction

With the increasing improvement in technology it is very easy to create and
communicate data. From the mixed-reality environments and ubiquitous sensors
this data can be gathered automatically [73], and with the arrival of the internet
the information stored and shared is growing in a very fast pace [4].
With this huge amounts of data “the challenge is to develop new systems and
user interfaces that facilitate visual communication by making it fast and easy to
generate compelling visual content” [4].
For this task, the goal of computer graphics is to create renderings and graphics that are clear to interpret and understand, so people can easily access and
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handle existing visual content that can lead to new content creations [28].
Along these lines, in any computer visualisation design decisions have to be
made, and this decisions must be made according to evidence collected from the
perception of the users [85]. Because when the interfaces are well designed and
take the human abilities into account to interpret and process visual information,
there is an improvement in the comprehension, memory, inference and decision
making [4].
Therefore, “cognitive and perceptual sciences are essential for understanding
how our visual system and brain process visual information” [4], and these understanding will help to progress towards a “more human computer graphics” [28].
From these cognitive and perceptual sciences, cognitive psychology plays a
major role in the fields of perception, memory, language and processing information. A definition provided by Sternberg [95] states that cognitive is “the study
of how people perceive, learn, remember, and think about information”.
The next subsections will describe the human perception and mental models, emphasising more the visual aspect due to the nature of this thesis project.
From this visual aspect the Gestalt laws and graphical codings will be introduced.
Finally, this will be followed by some specific knowledge of the computer graphics field that is related to the cognitive psychology, in which the principles of
abstraction and the non-photorealistic rendering approach will be presented.

3.3.2

Mental models

A mental model is a representation that the user constructs in his mind in order
to understand or explain a particular system [54], and these models are limited
by the users experience [95], as these “experiences shape our understanding of
how the world works” [56].
Therefore, in order to help the user to understand the system or the product,
it is very important that the designer thinks about how to construct a good model
so the user can easily learn and understand the system.
According to Cooper [24], the models can be categorised as implementation
models, user models and represented models:
Implementation models refer to the representation of how a system works or
is implemented.
Mental models are the representations that the user creates in his mind to
explain the system.
Designer’s represented model refers to how the designer decides to represent
the working system to the users.
In the case of software, the implementation and the mental model might be
quite different, as the implementation can difficult the user to understand the
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“connections between his actions and the program’s reactions” [24]. The goal
is that if the designer’s represented model is very similar to the user’s mental
model, the user will easily understand how to use the system [24]. So the ultimate
goal from the design perspective is that the mental model imagined by the user
corresponds to the product or implementation model. Then the mental model is
“accurate and complete” [54].
The best way to understand the user’s model is by conducting usability testing,
focus groups or direct observation of users in their contextual environment, being
the direct observation the method preferred for gathering accurate data [54].

3.3.3

Perception and visual perception

Based on the study of previous literature done by Sternberg [95], perception can
be understood as the “set of processes by which we recognise, organize, and make
sense of the sensations we receive from environmental stimuli”. In other words,
the perception allow us to “make sense” of the different stimuli that we receive
from the environment.
For this thesis the most relevant aspect of perception is the visual perception,
which is the most recognised and studied human sense (sight, smell, hearing, touch
and taste) [95]. The vision deals with processing the light stimuli that enters the
eye and the pathways that this visual information takes to the brain [95].

3.3.4

Gestalt laws

A way of understanding the visual perception is that this perceived information
is organised and categorised in groups of similar things according to the Gestalt
laws. These Gestalt laws or principles1 are “based on the notion that the whole
differ from the sum of its individual parts” [95].
These laws help us sorting the information in relation to its proximity, similarity, closure, continuity [95], uniform connectedness, common fate and figureground relationship [54]. And according to Norman design principles are necessary to progress in the field of human factors, which fits to the reflections made
by Proctor [77], who highlights the necessity of using design principles to improve
the way the information is presented.
Also, the same idea is presented in Agrawala’s article [4], as the challenge
nowadays is to create visual content based on the human capabilities, and for
that this type of cognitive understanding is necessary.
From the Gestalt laws, the proximity principle —known as the grouping
principle— is the one that is suggested to be used more, as it requires less work
to integrate it into the interface and has the “greatest potential impact for your
applications” [56]. According to this principle, the objects that are closer to each
1

Gestalt laws can also be understood as design principles as in [54] or [56]
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other are perceived as belonging to the same relationship, and the ones that are
further are perceived as less related [56].

3.3.5

Graphical encodings and depictions

A graphical encoding is a graphical element that conveys information by the use
of shape, size, colour or position [70]. This encoding of information is normally
studied by psychophysics, graphical perception and graphical language development [70], as the goal is to find the best way of presenting the information to the
users based on their human capabilities.
These visual encodings, “if chosen well, are more effective than textual ones”
[36], however “the use of icons as a form of information encodign has been explored
to a much lesser extent” and Garg proposes in his article a framework for creating
visual encodings based on previous imaginery.
The scientific study of these encodings help the designers to decide which are
the best methods to present the information to the users, instead of relying this
type of decisions to their personal test [70]. In order to facilitate these design
decisions, there are several rankings of graphical encodings, in which the designer
can expect to see which of the encodings will perform better according to the task
that the user is expected to do.
According to the literature study done in [70], Nowell distinguishes two types
of graphical elements or visual displays attending to the number of graphical
codes involved in the graphic element2 :
Unidimensional display
In unidimensional displays —one encoding for the graphical element—,
colour seem to be the most effective way for conveying information, followed by shape and alphanumeric characters; however, for identification
tasks alphanumeric is more accurate, though in other studies with experienced users this appreciation was less clear. And colour, alphanumeric and
shapes were yielding similar results.
Multidimensional display
In multidimensional displays —a graphical element contains more than one
encoding— the information presented to the user can be redundant or noredundant. And redundant coding performs better in search times when
colour and shape are used simultaneously to convey information, rather
than just using colour or shape for the encodings.
2

The results of both unidimensional and multidimensional displays are according to the
study of different articles in the field presented by Nowell in [70]
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Principles of abstraction and non-photorealistic rendering

From the field of computer graphics, during the last decades there has been a
research focus on the field of non-photorealistic-rendering (NPR), which aims at
using principles of abstraction and stylisation for creating digital art.
This principle of abstraction has been known to artists for many centuries,
allowing them to care less about unnecessary details [3] that are necessary in
realistic renderings. This fits with the idea that “artists carefully manipulate
detail to control interest and understanding” [85] and that the type of rendering
used to present the information will affect the user’s efficiency to “access interested
information from the scene” [72].
The field of computer graphics (CG) aims at providing and creating tools for
different types of imaginary, and this can be photorealistic or non-photorealistic.
But the main factor is to understand that the use of a type of imaginary depends
on which is the information to communicate to the end user [72] [3].
From this, according to [39] a rendering “is an abstraction that favours, preserves, or even emphasises some qualities while sacrificing, suppressing, or omitting other characteristics that are not the focus of attention”, which is very different from trying to simulate a photographic result, being the purpose of photorealistic rendering.

3.3.7

Advantages of non-photorealistic rendering

Based on [3] non-photorealistic imaginary provides advantages in explanation,
illustration and storytelling:
Explanation the artist can solve ambiguity problems and use different techniques such as changing the contrast of colour to convey in a better way the
information considered as necessary.
Illustration artists can create suggestive art that otherwise with photorealisticrendering would not be possible.
Storytelling the stylisation that NPR can present helps on presenting ideas that
are only in the artist’s internal world. A classic example is that children
prefer colourful book illustrations rather than photographic imaginary.
Other benefits from NPR besides the use of abstraction to omit details is the
ability to add semantic information as shown in [3] with the example of architects
using black and white renderings to represent how people can fit into a space. In
case this would be done with photorealistic rendering, people would consider the
sense of colour or the patterns of the carpet, which is not the intention of the
architect.
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In this line of omitting details, from the eye-tracker quantitative evaluation
performed in [85], viewers looked to the same areas of high detail and low detail
photos independently of the level of detail of the photos. Furthermore, the viewers
were more attracted to the details shown in the low detailed pictures, which suits
the idea proposed in the same article that artists “carefully manipulate detail to
control interest and understanding”.
Then, NPR can be used to guide the eyes of the users to certain features of
the design, or can be used to avoid unimportant details or features [3]. This is
also very similar to the degree of fidelity in prototyping, in which depending on
the fidelity the users will attend to different perspectives of the design such as
the functionality, if the design is very sketchy, or in the aesthetics, if the design
is presented as a high-fidelity prototype.
NPR has been used to highlight certain areas of an illustration by adjusting
the colour and contrast in 3D city scenes [72], has been used for distorting and
omitting unnecessary information in route maps with the purpose of improving
the usability [5], and is used in other fields such as volume illustration, in which
NPR is used to ignore unnecessary data and to highlight the important features
in the volumes [96].
Also, NPR has been proposed to be used in fields such as medical illustration,
as NPR highlights the details that the author needs to convey to the readers
[39], which has been tested in future research like in [98], in which silhouettes
were combined with the 3D shapes for improving the spatial relations of medical
visualisations.

3.3.8

Information visualization

A field that benefits from these non-photorealistic renderings is the Information
Visualization. The conventional methods used in this field can be categorised
as Scientific Visualizations (SciVis) —presents the data with the support of 3D
models— and Information (Info Vis) —presents abstract data— [91]. But according to Sedlmair “the boundary between these two areas is not always easy
to identify” and “comprehensive solutions and combined approaches are usually
required”.
As SciVis, different visualization solutions were cited in the technological context (section 2.2), as examples, the author reminds the 3D visualization for monitoring a laboratory [23], the 3D visualization for controling airport operations [14]
or the 3D visualization for monitoring and controling a factory [8] [9] [7].
From the Info Vis approach, in [91] it has been investigated how to make this
abstract data more connected to the reality, in which the benefit is that abstract
information can be combined “with real entties or put in its real spatial context”.
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Reusability, flexibility and maintainability
Introduction

Reusability helps to develop better quality systems at lower budgets [42, 79] and
minor risks [11], increasing the maintainability of the system [19, 43] and leading
to a ”reuse market-place”, in which it is possible to buy classes or components
out of catalogues [29]. The testing is reduced [99], which improves the software
quality and the “time-to-market” [42], which in the context of our project would
be to reduce the time to adapt the system to a new factory.
To make this reuse effective, there is a need of using a wider approach to reuse
all the possible assets that are included in a project during the whole cycle of the
development process [79, 80, 99], as software development includes not only the
software in itself, but also all the requirements such as proposals, specifications,
designs, user manuals and test suites.
From this whole approach, the thesis focus only on the interface, and more
specifically in presenting a generic interface that can be easily adaptable to other
factory processes and flows. This concept has already been introduced in this
thesis from the theoretical part of cognitive and perceptual sciences, and the
theory behind usability has been introduced to discuss the possible impact of
having a more abstract interface. However, in this section the reader will find the
information related to software reusability that motivates the thesis, as if there
is no loss from the usability perspective the use of generic interfaces can lead to
more flexible, reusable and maintainable interfaces.
The reader can expect to find in this section the theory of reusability that has
been used in this project, which consists of defining reusability, describing the
component based development and presenting the software production lines.

3.4.2

Reusability

According to the IEEE Standard Glossary of Software Engineering Terminology
[2], reusability is “the degree to which a software module or other work product can
be used in more than one computer program or software system”. This definition
fits perfectly to the scope of the overall project 3 , which aims at creating software
components that can be used in other applications of factory processes and in
other platforms such as tablets or mobile phones.
Two main concepts from reusability are presented and will be explained further
in the following subsections. The first one is proposed by Krueger [50], who
categorises the common features of reuse techniques into four different dimensions:
abstraction, selection, specialisation and integration. The second one, proposed
by Poulin [76], attends to the different ranges of usefulness in software reuse, as
3

Overall project refers to the complete version of the project, not to the prototype presented
in the thesis.
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past experience has shown that programmers will only reuse software assets if
they find them usable [76]. These ranges are divided in the following categories:
domain-independant, domain-dependant and application-specific.

3.4.3

Four dimensions of software reuse

Abstraction this is the essential requirement for the reuse in software. Creating
generic modules and solutions help in the posterior phases. It is important
to mention that the developer decides the parameters and features that
the future developer might try to differentiate [50]. The term cognitive
distance is used by Krueger [50] for comparing abstractions and is defined
as the effort that is required to use an abstraction in software reuse. The
aim of the developer is to minimise this effort. This is supported by the
fact that programmers will only reuse software if they find it usable [76].
Selection this represents the helpfulness to find and select the different reusable
components. An example is an organised catalogue, in which the modules
are organised by categories and following a name convention.
Specialisation this dimension is related to the variable part of the abstraction of
the object. Once this object is retrieved, it should be possible to specialise
it to fit the needs of a particular situation. This specialisation is normally
done through the use of parameters.
Integration this dimension allows to develop an entire software application by
selecting the different modules needed, specialising those modules to the
demands of the system and connecting them so they can communicate their
inputs/outputs.

3.4.4

Ranges of usefulness for software reuse

According to Poulin [76], the success of reusability depends on domain-specific
libraries of software, instead of big catalogues which present the disadvantages
of trying to meet the needs of everyone. He present the experiences of the team
at IBM with a corporate Reusable Software Library, in which they reflect on
the fact that developers don’t reuse software unless they find it “usable”. They
divided the development of software into there categories, attending to the range
of “usefulness”.
Domain-independent offers the widest “usefulness” and very high reusability,
but due to be so wide, it is also very abstract.
Domain-dependant offers a high reusability potential, but this reusability is
constraint to the selected domain.
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Application-specific the reusability potential in this category is very low, as
this software is tailored to fulfil the specific demands of a particular product.

3.4.5

Software production lines

The component based design (CBD) approach consists on developing entire systems by compiling different software units. These software units are independent and fulfil a specific function in the context of the architecture of the system [27, 49]. This component based approach can be built as a domain-specific
“kit” [42], which consists of several software assets from a specific domain. These
components would be included with other things such as tools, generic applications, environments, documentation, etc. [42], as a kit to create and adapt the
project to different factories.
A Software Product Line (SPL) is a systematic software approach that aims at
reusing a core set of assets among applications that share a common domain [75].
The goal of SPLs is to design a range of potential products that are in the same
domain as a whole product, instead of the more traditional way of developing one
individual system. This means that now the individual systems are variations of
a common product line and it is necessary to define exactly where the products
differ so the commonality can be maximised [55] [74].
As benefits, SPLs reduce the time to market and increase the productivity
by an order of magnitude [59] [21] [55]; increase the software quality as a consequence of reusing core assets that are revised and tested in different multiple
products, leading to identify and correct defects [74]; SPLs can also improve the
communication and cooperation among different development groups, which results in a more flexible organisation that can move developers among teams [75];
improves the customer satisfaction [1], the maintenance effort [74], the safety of
the system [55] and from the customer perspective there is also an improvement,
as customers get higher quality products at more reasonable costs [74].
SPLs also present some potential risks and drawbacks, specially from the
management perspective, which needs to fund the production lines with notorious
up-front investments and keep in mind that a SPL is always with a long-term
focus [74], in which time pressure and lack of resources can lead to invest the
time to improve a particular application without improving the core assets of
the production line. Other potential drawback is the required expertise in the
domain, as only the experts who know the markets and the potential customers
are the ones who can distinguish the commonalities and differences for planning
the different products [74].

3.4.6

Domain and application engineering

According to [109], the development of a software production line can be divided
into two different processes: domain engineering and application engineering.
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This separation of processes has been followed also in the framework for
SPL [1] by the Software Engineering Institute4 , in which they differentiate between Core Asset Development (Domain Engineering) and Product Development
(Application Engineering).
Domain Engineering The goal of this activity is to define the commonality
and variability of the SPL, plan which potential applications will be part
of the production line and design and develop the common reusable assets
that will form the core base asset of the SPL [74]. By reusing these assets
the developers will be able to craft new applications during the application
engineering process.
Scope is the activity that leads to select which are the set of potential
features or assets that are going to be developed as a part of the software
production line and which ones will be left out. This scope is based on all
the possible systems that will integrate the production line, trying to exploit
to the maximum the commonalities among the different products [1,21,59].
Application Engineering The aim of this process is to build the domain applications by reusing the assets developed during the domain engineering
process, focusing on maximising the commonality and variability defined in
the domain engineering phase [74].

3.4.7

Flexibility

From the implementation point of view, one of the main requirements of the
application is that it should be flexible, which means that the system should be
able to adapt to future changes of the requirements [48], specially to other types
of factories in which there might be different machines, processes, outcomes and
business expectations.
Taking into consideration that the CBD approach was selected, there are
some features that can increase the ease in which a component can be modified
to be used in different environments. For example, an easy way of browsing and
searching for components, the use of a GUI IDE or a documentation that supports
the extendability and maintainability of the application.

3.4.8

Maintainability

According to the IEEE Standard Glossary of Software Engineering Terminology [2], maintainability is defined as “the ease with which a software system or
component can be modified to correct faults, improve performance or other attributes, or adapt to a changed environment”.
4

Software Engineering Institute. http://www.sei.cmu.edu/. Accessed: 2014-04-2
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This aspect is important to be considered from the design perspective of the
architecture of the system to be developed, as normally preventing is cheaper
than the effects of non maintainable code in the long term.

Chapter 4

Methodology Theory

4.1

User Centered Design

User Centered Design is a process that aims at creating efficient and engaging
experiences for the users by taking into account the users in every step of the
development process of the product [37]. In other words, UCD is a methodology
that ensures that the product developed meets the user needs [56].
UCD is very related to usability, as following a methodology that focus the
development around the users guarantees to meet what users need and a good
usability [56]. According to [81], there are three basic principles in UCD:
Early focus on users and tasks: in UCD, there is a need of involving the
users to gather in a systematic way the data.
Testing and measure of the product usage: during the development of the
product, different prototypes should be developed and tested with users,
focusing on the ease of learning and ease of use of the product.
Iterative design: the resulting product is the output of an iterative process in
which the activities of design and test are repeated to improve the product.
From this “testing and measure of the product usage”, it is a common practise
among designers to iterate different usability tests during the development of the
project, but it is important to mention that there should be a “stopping rule”,
which in the industry is based on the constraints given by the resources and the
time [84].
In order to follow this UCD approach, different methods are available such as
individual interviews, contextual interviews, field studies, prototyping, usability
testing, system usability scale (SUS), uses cases, etc [104]. The ones used during
the development of this project are discussed in the following subsections. The
author read [104] and explored also the user-centered design process map 1 to
construct a simplified and tailored version 5.1 of the UCD followed in this project.
1

User-Centered Design Process Map. http://www.usability.gov/how-to-and-tools/
resources/ucd-map.html. Accessed: 2014-05-07.
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Ethnographic research: Qualitative approach methods

Ethnographic research consist on observing users in their context performing their
every-day normal tasks using a product or a system, with the aim of collecting
data to understand their behaviours, how they think to perform different tasks
and the goals they have related to the use of a specific product [81].
This type of research tries to answer to the questions of what, how and why of
the human behaviours in different situations [24], and in more detail, qualitative
research according to Cooper [24] helps to understand:
• The behaviours of users.
• The different contexts that relate to the product (technical, industrial. . . ).
• The language and jargon commonly used in the domain.
• How the users use the current products.
The most common methods for this qualitative research are interviews and
observations, which are introduced in the following subsections.

4.1.2

Interviews

Interviews are one of the most effective ways of collecting information regarding
which is the problem that the users are facing and what they need from a product or system [13]. The quality of the data is also affected by the number of
interviewees and the context in which the interview takes place, being individual
interviews in the context where they perform the tasks the best way of getting
relevant data [40].
Attending to how the interview is prepared and conducted, two different styles
of interviews can be distinguished:
Structured interviews in which the designer has a set of pre-prepared questions that will follow strictly. Once the questions are prepared, the interview
is very straight forward to conduct, though this way of performing an interview has as big disadvantage the fact that the designer can’t explore
into aspects that come up during the interview, specially when there is an
unexpected answer from the participant [13].
Semi-structured interviews this is the most standard way of conducting an
interview. The designer prepares a set of questions or a “check-list” in
anticipation, but the designer has the freedom to explore and to ask different
questions during the interview, attending to what he feels that is going to
be relevant for the problem to solve [13].
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An important distinction is the difference between customer and user [40] [24],
being the customer the person who buys the product and the user the person who
will use the product. Goodwin [40] recommends to interview first the customer,
as he can give insights about the company and the goals to be achieved, which
can help to understand the context and the different roles of the potential users.
Other important aspects to understand when interviewing the customer is the
difficulties of their current solution and the language or specific vocabulary used
in the domain [24].
However, the main effort from the qualitative research should target the users
of the potential product [24]. From these users, the designers should collect
information regarding the knowledge required for the domain, the context in
which the product is going to be used, which are the tasks and motivations
that the users will try to perform and which are the problems that they are
encountering with the current solutions or products that they have now [24].
For conducting the interviews, there are some principles that are good to
contemplate, specially for approaching the user with the right attitude so they
feel comfortable during the interview. Some of these principles recommend to
approach the user in a conversational way so they don’t feel that they are interrogated about their knowledge, approach them as if you are a student that is eager
to learn new things so they feel that they are the experts and keeping in mind
that “dumb” questions can lead to useful information [40].
Following those principles, there are also other recommendations to support
the interviewees, such as the one from Nielsen, who recommends to start with a
very simply question to guarantee a good answer and an improvement in the self
assurance of the interviewee [66]. He also recommends to end with a question
that the user will be able to answer, as the participant will have the feeling of
accomplishing something [66].

4.1.3

Field studies

Another method to collect data from the users is field studies or field work. This
method consists on observing the users in their context performing the different activities that come up during a certain amount of time. This way, the
information that is difficult to capture in an interview can be collected through
observation. Examples of difficult information to capture in an interview can
be difficult tasks in which users will forget details about different interactions or
when the users are cooperating with each other to fulfil certain tasks [13].
It is recommended that the field studies are done after some ground knowledge
has been stablished, which normally occurs after some interviews [13].
The main drawbacks of field studies are the time needed to perform them and
that the designer should not be obtrusive while observing, though just with the
presence of the observer the users might affect their behaviour [13] [40]. From this
obtrusive factor, another inconvenience is that the designer should distinguish if
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the user is performing the task as if he was not observed, or if the user is following
a more “official” way of performing the task just because he is observed [13], and
it should be considered that if the user can feel incompetent or unprofessional
when talking about some software problems, he might avoid talking about those
problems [24].

4.1.4

Literature Review

The designers should review different documentation from previous projects in
the company related to the domain, read journal articles, conferences, websites
and blogs, technical books, search and analyse competitor products, etc. [24].
This should be done with the purpose of collecting data so the designers can get
familiar and understand the domain, its language and its singularities [24].

4.1.5

Competitor analysis

During the interviews and the literature review, it is very interesting for the
designers to explore what is the “state of the art” products in the market that are
related to the system to be developed, as this exploration can give insights of the
potential product and domain knowledge that can be use in the interviews [24].
The best way is to do an informal heuristic review of the competitors products,
analysing them in terms of design principles to understand the strong and weak
points [24], maybe even looking at websites and forums to search for possible
problems and complaints from users of those products.

4.1.6

Prototyping and Paper Prototypes in Software

According to [13] , a prototype “is a concrete but partial representation or implementation of a system design” that can be used to present a concept or idea, to
test different criteria or to specify the requirements of a final product.
Prototyping is considered a very useful tool in the user-centered design approach, as it creates something tangible out of the information and requirements
gathered from the users [56]. In this sense, prototyping allows the designers to
communicate their intentions towards the final product to the users, involving the
users in the different iterations towards the end product [56]. Prototyping also
allows to test earlier, which results in the possibilities of being able to change the
design with less costs [86] and to avoid investing a huge amount of hours in an
application that doesn’t work [56].
Prototypes can be categorised by the level of fidelity, which is the extent of
similitude that the prototype presents towards the final product [86]. According
to this level of fidelity, prototypes can be divided into high-fidelity and low fidelity
prototypes:
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Low-fidelity prototypes
These prototypes are done in the early phases of the development. They
are intended to be done in a cheap and quick way [87] and they focus on
presenting the high level solutions of the design [111] [30] to discuss with the
users key elements such as the structure of the application, the navigation,
the possible content, etc [13].
High-fidelity prototypes
High fidelity prototypes are done in a posterior phase of the development,
when the ideas are starting to be clear towards a specific concept. They
intend to have the look and feeling of the expected end product. These prototypes are normally done using some type of software or are implemented
and they became quite handy for testing and evaluating different design
characteristics such as the interactivity, the functionality or the aesthetics
of the product [13].

4.2

Usability Testing

Usability testing is a main skill among designers which need feedback for improving the usability of their products, and is considered as one of the most important
methods to discover usability issues and evaluate products [84], as the goal for
usability is to “assess the usability of a product by simulating the user-product
interaction under controlled conditions” [93].
The methodology used for the assessment of the prototypes is a combination
of time-completion of tasks, perceived usability and interviews, as this type of
combination “can give you a fuller understanding of the user experience” [12]. This
is due to the fact that is “highly effective” to combine observations, the answer of
open-ended questions and the comments of the participants with measurements
[12].
Performance data is “based on measurements of users’ actions” [12], and in
this case this performance is measured by the time on task. Preference data
is collected from the participants questions “post-task” and with questionnaires,
providing ratings on tasks [12]. For this preference data, the system usability
scale (SUS) questionnaire is used to asses the perceived usability.
From the qualitative perspective, an interview is conducted with the participants in which open-ended questions and more specific tasks are presented. The
gathering of information from this qualitative part comes from observing the participants and annotating their comments while using the think aloud protocol, as
it is suggested by Barnum [12]. This is done after the participants have done the
previous part in which different tasks have been completed, following Barnum’s
recommendation [12]. During this part, audio recording was used when allowed
by the participants.
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The methodology used for this usability study follows the steps suggested by
Barnum [12]. Several steps are necessary for this methodology:
1. The data is collected from the users.
2. The information gathered is analysed and sorted attending to a combination
of top-down and bottom-up approaches.
3. The information is “collated” to understand how many users had the same
opinion or experience, analysing the “outliers”, which are the comments from
single participants.
4. The findings are presented in “number counts”, as the study conducted in
this project is considered as a “small study”.
5. The information regarding the post-test questionnaire —in this case the
system usability scale (SUS)— is analysed, presenting after that the “qualitative feedback” gathered from the post-interviews with the users.
6. The findings are analysed from different perspectives following the triangulation research technique.
7. As the last step, the findings are organised and presented with the correspondents recommendations and conclusions.
The following sections aim at providing an introduction of the required fidelity of the prototypes and the type of testing that will be conducted in this
dissertation. This will be further discussed in the usability evaluation chapter
(see chapter 6) and presented in the results and analysis chapter (see chapter 7).

4.2.1

Testing with Prototypes

Depending if users are involved in the testing of the prototype, there are two
kind of methods: expert-based, which are tests performed by experts and normally consists on heuristics evaluations or checklists, and user based, in which the
information is collected from the users with prototypes such as paper prototypes,
3D mock-ups or computer simulations [86].
As advantages, the expert-based method provides quick feedback and “guidance” of the prototype, though in general the best method for testing the prototypes always implies to get the data from the users [86].
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Degree of prototypes fidelity

Once it is decided the method to used, deciding which type of prototype is appropriate to the usability testing depends on the project constraints, which normally
are based on time and economical reasons [87]. High fidelity prototypes are costly
and time-consuming, meanwhile the results obtained in a low fidelity prototype
might be not valid [87].
From the literature review done in [87], only nine studies have compared the
evaluations of different prototypes, and the conclusion is that “reduced fidelity
prototypes provided equivalent results to fully operational products”, though in
three particular studies they found more advantages of using high-fidelity prototypes, in which this study [86] from the same author was included.
For understanding the concept of fidelity, the author recommends the classification made in [106] and used in [87], in which fidelity can be classified according
to four different perspectives:
Breadth of features or how many features are included in the prototype.
Degree of functionality or to which extent the functions are implemented.
Similarity of interaction or the communication between the product and the
user.
Aesthetic refinement or the degree of similarities tin the aesthetics towards
the final product (shape, colours, models, etc.).
From these four dimensions, if it is noticeable that the prototype is not elaborated with the same degree of elaboration in all dimensions, then the prototype
is considered as a low-fidelity prototype [106].

The trade-offs of high-fidelity and low-fidelity prototyping
Contrary to the first ideas on the fidelity of prototypes in which the high-fidelity
prototypes are more beneficial due to its similarity to the end application as
mentioned by Miller in [63], high-fidelity and low-fidelity prototypes present its
own advantages and disadvantages, and deciding which degree of fidelity to use
depends on which characteristics of the design need to be tested and the stage of
the project’s development.
A good hint for establishing this fidelity is by understanding the audience and
their expectations [18], though the most important aspect is that the team should
think about the current phase of the development and what the user will perceive
when seeing the prototype, as the level of fidelity of the prototype will influence
the type of feedback received from the users [56].
In general, the more detailed the prototype is, the more the user will focus
on the details such as the aesthetics, ignoring or not questioning the overall
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functionality or structure of the software. On the contrary, the more sketchy and
less detailed, the more the user will focus on the core elements of the application,
questioning the major aspects of the design such as the navigation.

4.2.3

Low fidelity prototypes

It has been also shown that in posterior phases low-fidelity prototypes can be
as effective as high-fidelity prototypes for detecting usability problems, as even
though low-fidelity prototypes are limited, there is always a way to construct a
prototype that can simulate a particular execution [106].
But the identification of problems during the test will vary depending on the
degree of fidelity presented in the prototype, as for example when evaluating the
performance, in a low fidelity prototype the times gathered will be higher than
in a high-fidelity prototype, as the designer that is conducting the test will take
extra time to simulate the paper prototype based on the user actions [106].
Low fidelity prototypes can be improved in certain areas, such as the look and
feel of the interface, which will “be far superior to a paper simulation” [106]. But
it is important to mention that aesthetics plays an important role in usability
testing, as from the results on the study performed to evaluate the influence that
aesthetics have on perceived usability and user performance [93], the participants
were rating as more usable the more aesthetic model.
Also, in the study conducted in [82] it is highlighted the importance of refining the aesthetics of the prototype to “reach more reliable conclusions in user
evaluations”, and it is suggested that “realistic virtual images can be helpful in
digital prototyping”. An in the case that there is a need for evaluating the aesthetics of the design, the degree of aesthetic refinement should match the one of
the intended final product [82].

4.2.4

High fidelity prototypes

High-fidelity prototypes present the advantage of being very close to the look and
feel of the end application, at the expenses of the costs and development that
they take.
A problem of high fidelity prototypes in the early phases is that the users
expect that is the end result, and they will act accordingly to those expectations
[13]. A good example is the one shown in [111], in which if a button with a shadow
is presented, the users will focus on the aesthetics and look of the button, rather
on focusing on things such as the functionality and the consequence of pressing
the button.
Another potential drawback in the development of high-fidelity prototypes is
the designers feelings towards the product, as if the team spends too much time
to create and develop a prototype, the team will feel attached and value more
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this design, and will not be open to understand the feedback and suggestions for
changing the design [111].
However, high-fidelity prototypes seem to be better when analysing the efficiency of tasks, as shown in [86], though the important thing is that the designer
should understand that “paper prototypes may generally produce stronger effects
when comparing different design options than fully operational prototypes” [86].

4.2.5

How aesthetics influence the usability

The topic of how aesthetics influence the usability of the product has been addressed several times in the research community, in which there is a correlation
between perceived appealing and perceived usability [93]. In relation to the user
performance, there is also an influence from the aesthetics perspective, and there
are two plausible effects or explanations [93]:
“The increased motivation” the visual appealing of the interface can motivate and immerse the user into the tasks, which will imply having a better
performance on the usability.
“The prolongation of joyful experience” the user will enjoy the aesthetics
of the design, and therefore will spend more time looking at the design and
will lack concentration on the tasks to be performed, affecting in a negative
way to the performance measured in the test.

4.2.6

Summative versus Formative testing

According to [101] and [84], there are two main focus on usability testing that
depends on how the data gathered is going to be used:
Formative usability
Refers to an iterative process of testing with the purpose of refining the
design, which normally encompasses the phases of identifying the problems
of the design, suggesting new concepts to overcome the problems and testing
the design again [101]. The goal of this testing is to identify and eliminate
usability problems and issues [84], therefore this type of testing is normally
done in the early phases of the projects.
Summative usability
Summative usability aims at evaluating that the product developed fulfils
the required criteria, though in other cases can also focus on comparing
different products [101]. This focus is more oriented to measure the completion of tasks [84], and is normally done once the product or products are
fully developed.
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System Usability Scale (SUS)

The system usability scale (SUS) was created by John Brooke in 1986 and is
nowadays used to asses and evaluate a huge variety of user interfaces such as
websites, mobile phones, interactive voice response (IVR) systems, TV, hardware
and applications in general [61, 88, 103].
Even though it was created as a “quick and dirty” way for assessing the usability, it has been proven to be a very reliable and successful method for evaluating
the usability of products, becoming a standard2 in the industry with references in
over 600 publications in 2011 [88], over 1200 references according to [17] in 2013
and over 1300 references in 2013 according to [103].
This success is probably due to the benefits of SUS which consist on the
following characteristics:
Reliability this term relates to “the repeatability of responses”, or in how consistent the users provide the same answer to the items of the questionnaire, and
it has been proven more reliable than other commercial questionnaires [88].
It is also reliable when having small samples of participants [103].
Validity or to which degree the questionnaire assesses its intended purpose [88],
which in this case is to differentiate the perceived usability of usable and
unusable systems [103]. SUS has been show effectively in the past, performing equally or better than other commercial questionnaires and correlating
with other types of questionnaires [88].
“Technology Agnostic” SUS can be used “to evaluate almost any type of user
interface”, which can include from websites to interactive voice response
(IVR) systems [61].
Among the problems that SUS presents, the most highlighted one is the difficult system of scoring and the problem to understand that the result are not
percentages, even though they are presented on a scale from 0 to 100 [103], though
this differs from what Tullis recommends in [101], as he suggests that “It’s convenient to think of SUS scores as percentages, since they are on a scale of 0 to 100,
with 100 representing a perfect score”. One consideration regarding the customisation for specific applications is that the addition or subtraction of any items in
the SUS changes the validity of the questionnaire [17].

4.2.8

Triangulation of data

Triangulation is an approach that combines different techniques in order to get
different perspectives from the data [13]. It is often used in qualitative studies
2

in some publications is mentioned as an “industry standard” though the questionnaire has
never passed any standardisation process
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to “demonstrate the dependability of the findings by examining the data from
multiple perspectives” [12].
This triangulation can find main issues with products, providing more “credibility“ to the results or can reduce the “inappropriate certainty” that a single
evaluation provides, as different methods are used to confirm the findings [110],
which helps to “balance out any of the potential weaknesses in each data collection
method” [41].
This can also be observed in the case studies chapter of Tullis [101], in which
once the data is collected the “real value comes from the triangulation“, as it is
possible to combine different sets of data.
This means that the same finding is observed from different perspectives such
as questionnaire answers, observations, comments made by the participants, etc
[12]. And as a consequence this triangulation allows to either create stronger
findings by showing data that support those findings from different sources, or
if there are conflicts between the different data, the data can be analysed to see
where was the reason of the conflict [12].

Chapter 5

Empirical methods and process

5.1

Introduction

The process followed in this project has been the user centered design as explained
in section 4.1. This process can be appreciated in figure 5.1. The author recommends to observe carefully the image as it is the introduction to this chapter.

5.2
5.2.1

Planning and gathering requirements
Agile development: Scrum

Scrum is a framework that supports collaboration among team members to create
and develop products. The products are developed in iterations or sprints, in
which each of the tasks that lead to the completion of the project are divided in
smaller subtasks that constitute the basic units of the project.
In the context of this project, these tasks are defined in terms of the feature
that is needed to get accomplished, the person who will perform the task, the
estimation of the time that this task will take, and the person who is responsible
to review that the task is completed as it was defined. See figure 5.2 for an
example of a task.
Scrum has been used since the very early beginning of the project management, adopting the following structure in terms of the following rules:
• Each sprint consists of two weeks.
• Every morning there is a short meeting of 15 minutes to discuss what was
done by each member of the team the previous day and what is the plan for
this day, attending to the problems or difficulties that team members can
have.
• After each sprint, there is a “sprint review” meeting of two hours, in which
the tasks done during the sprint are commented and discussed.

33
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Figure 5.1: User centered design approach used in this project: Methodology
used during the development of the project. In this methodology the users are
constantly involved in the development of the product. This figure shows the
different phases of the method used in the context of this project.
• After the completion of the sprint and the sprint review, there is a “Scrum
retrospective” of approximately two hours, in which the rules of Scrum
can be changed based on the experience of the sprint. Some rules can be
“continued”, others are “stopped” and others can be suggested to “start”.
This is a time to reflect upon the tools and the communication among the
team members and the Scrum framework in general.
• In the begging of the sprint or after the completion of the sprint, there
is a “Scrum planning” meeting, in which the tasks for the next sprint are
discussed and time estimated based on poker planning cards.
The tools used for this agile collaboration framework are a whiteboard, postits and poker planning cards.
The whiteboard (see figure 5.3) is divided in different sections attending to
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Figure 5.2: Scrum task: Each task has a goal, a person responsible for performing
the task, a reviewer an a time estimation
the possible status of the tasks, which can be in the “backlog”, in “started”, for
“review” and “done”:
The “backlog” contains all the tasks that are needed for the completion of the
project.
The “started” contains the tasks that have been started by a member of the
team and that haven’t been finished.
The “review” contains the tasks that are considered as finished by the member
or members that are responsible for the task, but that haven’t been reviewed
by the person responsible for testing that the task is completed.
The “done” section includes all the tasks that have been finished and reviewed.
The poker planning cards are very useful to make democratic or consensus
based estimations. During the Scrum planning meeting, each member of the
group has a set of cards. Once a task is defined, the group must estimate the
time that the task should take. For that, each person will select one card which
values ranges according to Fibonacci’s sequence (0, 1, 2, 3, 5, 8, 13. . . ). Then this
card will be shown to the other team members at the same time. If the estimation
is the same for all the members, then there is an agreement for the time needed,
in case there is no agreement, further discussion and a new vote will take place.
This Scrum framework is supposed to be flexible and adaptable to each team
and project. In the context of this specific project, after several iteartions on
Scrum retrospectives different rules and modifications were added to the original
framework. Poker planning was one of the features that were removed from the
Scrum, as it was very time consuming. If the reader is interested, the evolution
of the Scrumboard and the tasks can be appreciated in figure 9.1.
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Figure 5.3: Scrum board: Scrum board with dark yellow post-its that show the
main goals for the sprint of each team member

5.2.2

Meeting with stakeholders

This meeting took place at the factory, in which stakeholders from different business units (BUs) and the team discussed topics such as the overall problem at the
factory, the scope of the project, the team and the resources needed, a general
mission statement and which was the commitment from the different parts.
The first meeting was with the customer as suggested in [40] and the results are
similar as the ones shown in section 4.1.2. These results consisted on a collection
of data regarding the different roles in the production process, a list of potential
contacts to make interviews and explore further different topics, an overall sense
of what system should be necessary to build and an introduction to the language
of factory processes.

5.2.3

Interviews with the users

The main effort for the qualitative part was done with the users of the potential application, as suggested by Cooper [24]. A total of seven interviews were
conducted in the early phase of the project with the purpose of getting the knowledge from the domain, the needs from the users and the current problems that
they were facing with the current system that they were having. They were done
attending to principles as the ones suggested by Goodwin [40], in which users are
approached in a conversational way so they don’t feel that they are interrogated
about their knowledge and instead they were approached as a student that is
eager to learn new things.
Interviews were semi-structured, in which the team members prepared a checklist with a set of questions that were considered as relevant. However, while the
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Figure 5.4: Poker planning cards: The sequence of numbers doesn’t allow the user
to select certain values for estimating time. For example, the user can’t select
one day and a half. Instead he can choose either one or two days. Notice that
there are two special cards. One question mark to show uncertainty of how long
the task can take. The other one is a coffee card, used when a break is needed.
interview was taking place there was a freedom of exploring and ask different
questions attending to the different answers of the interviewee, considering that
there are no “dumb” questions as suggested by Goodwin [40].
The interviews took place in the context of the work of the interviewees,
specifically in the corresponding factory offices or meetings room. The interviews
were individual, though the interview team was in most of the cases composed
by a user experience specialist, a software architect and two thesis students. The
interviews took place in English.
Different tools were used for recording the information. One member of the
team was taking notes with pen and paper, but software was used such as Notability1 in an iPad and OneNote2 in PC.
The advantage of Notability is the possibility to annotate text while recording and having a time-stamp of each annotation related to the recording as an
hyperlink to that specific time. This feature became really useful in a posterior
phase in which these interviews were documented, providing quick access to the
relevant moments of the interview. OneNote, on the other hand, presented a good
way of recording and transcribing the recording into text automatically.
Once the interviews were finished, the user experience (UX) professional was
responsible to collect the information and elaborate a formal document attending
to the template of the company. This document then was complemented and
revised in different iterations with the other annotations and data collected from
1

More information about Notability can be found in the official developer’s website: http:
//www.gingerlabs.com/cont/learn.php
2
More information about OneNote can be found in the official Microsoft site: http://www.
onenote.com/
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the other members of the team.
The seven interviews tried to cover a wide range of the potential users of the
system. Therefore, different roles were interviewed with the goal of having a better
perspective of what the solution should cover and which were the boundaries
to that solution. For that, there was an interview with a sales and operator
planning, a production planner manager, a project leader at production, a product
development, layout and flow worker, a quality manager and a logistic manager.
In a posterior phase, further interviews were conducted to another subdivision
of the company, with the purpose of collecting more general data to consider
for the reusability of the application. In this phase, the planning and purchase
manager were interviewed. This information was complemented with field studies
in this subdivision.

5.2.4

Semi-structured interview

The prepared questions, or the checklist, was constructed attending to the need
of the following information:
Background of the interviewee
In general the interviews were starting with this line of questioning, in which
the background knowledge of the interviewee was covered. This type of
questions are easy to answer for the interviewee, so the team decided to start
with this topic following the recommendation from Nielsen, which is to start
an interview with an easy question so the participant will provide a good
answer and therefore the self assurance of the participant is improved [66].
The main questions focused on the background knowledge and the level of
education, the different positions that the person was working in the past
and for how many years the person was working in the company.
Main tasks
This section answers which are the core tasks that the user performs during
the day. This part was more exploratory in general, but questions such as
“what is your daily routine?”, “which are the tasks that you have to prepare
every day?” and “which tools do you normally use to perform these tasks?”
were asked in all interviews.
Based on the answer to those questions and the nature of the software
project, further exploration was always required to understand the software
used during the average-day of the interviewees. In case the software was
unknown for the team, further questions were asked and in case the team felt
that it was important, the team contacted the developers of that software
in particular -in case they were consultants- or further exploration was done
after the interview.
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Explore user’s tasks in depth
From the main tasks collected, further questions were asked in order to
understand the routine of the users, which are their daily tasks and goals
and which software or tools they use for performing the tasks. In this part,
important knowledge was acquired for the domain.
Expectations
In this section, questions related to the expectations of the new system were
raised, specially regarding what should be visualised and what features are
wanted from the particular role of that user. This part was also including
questions regarding the current problems with the different applications
that factory personnel are using, and which changes would they make in
those systems in order to be more functional towards their daily tasks and
goals.
Other
This part was not prepared before the interview, but the author understands
that it is important to reflect that some of the questions asked during the
interviews could belong in this section, as they were asked according to the
situation and the context in which the interview was taking place.

5.2.5

Field studies

As recommended by Benyon [13] the field studies took place once some ground
knowledge was established, and general knowledge such as that the presence of
the observer might affect the behaviour of the users [13] [40] was considered. A
total of five field studies were carried out with the purpose of understanding the
context in which the users normally work and to observe how they were using
their current solution.
The field studies consisted on following a user for a certain amount of time
(approximately during four hours) and attending to the morning meetings walkthrough that factory managers and personnel have at eight in the morning.
The author participated in the field study of the morning meetings, in which
another team member (the UX professional) was attending too. One issue during
this field study is that the language spoken in the factory is Swedish, and the
level of Swedish of the author is quite basic, so the author was just following the
topics discussed without deepening in the actual conversations that was taken
place. However, this could also be understood as an advantage, as this allowed
the author to focus on observing the interactions, the body language and the
tools used in the different locations of the factory.
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Creating the use cases

The combination of interviews and field studies provided a very broad range of
data. This combination of qualitative approaches is very positive as minimises
the “self-reporting error” [40] and might be the most effective way of collecting
qualitative data [24], as in the individual interviews the designer can ask about
specific tasks and how do they perform those tasks and during the field study
the designer can observe and understand why the users behave in a particular
way [40].
This data, was then analysed and treated in an iterative process, to create
and refine the use cases for the system. These use cases were elaborated by
the UX specialist, describing the functional requirements of the system based on
the data previously gathered. Then, the uses cases were prioritised and revised
from the stakeholders, and were used by the designers in the workshops to create
and brainstorm about the different possibilities to fulfil those requirements in the
future solution.

5.3
5.3.1

Research and plan
Literature review

The author explored a wide range of literature from fields such as virtual reality,
human computer interaction, computer graphics, software reusability and cognitive psychology. The result of this exploration was a better understanding of
the problem, which lead to better questions and more refinement in the database
searches.
For the basic understanding, the author read different books from the Blekinge
Institute of Technology (BTH) , from Mälardalens Högskola and from the available books at ABB corporate research. Once this reading was done, the author
was having a better perspective on the domain and was prepared to use the keywords of the field. Then, the author relied most of the searches on the tool of
Summon@BTH, which performs searches in different library databases such as
ACM digital library, IEEE and Elsevier.
As suggested in 4.1.4, to complement this research other material was used
such as e-books, google scholar, presentations and reports from the industry,
websites and videos.

5.3.2

Competitor analysis

The competitor analysis was done during the same phase of the interviews with
the users, with the expectations of exploring current solutions, perceiving which
was the state of the art systems in the field and acquire the basic knowledge of
the domain, as it is suggested in [24].
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However, in comparison with [24], the team didn’t perform any heuristic review. This analysis was done in a more informal way, in which the keywords were
taken from the previous literature study as a starting point.

5.4

Design and adapt

5.4.1

Workshops: brainstorming and concept creation

Once the use cases were created and prioritised, different workshops were conducted with the purpose of brainstorming about the different requirements and
develop as many concepts and ideas as possible.
These workshops took place in a meeting room with five participants of the
team. The room was equipped with a whiteboard, a projector, a laptop and
different stationary material such as paper, post-its, markers and pens.
A total of three workshops took place during the generation of the concepts
phase. The first workshop attempted to create and generate the initial ideas of
the project based on the knowledge gathered from the user studies. The second
and the third workshop focused more on the concept generation and refinement
of ideas from the use cases.
The workshops attended to the following structure:
Introduction a short introduction about the problems and uses cases to focus
during the session, with a brief presentation of different competitor analysis
images and a mood board to show the expectations of the end result of the
application.
Concept Generation After the introduction, different creative techniques to
create and develop ideas were performed. The common method used during
this part of the workshop was brainstorming, though other alternatives such
as the 6-3-53 method were used to generate a considerable amount of ideas
in a short time.
Presentation and selection of concepts Once the concept generation was finished, the concepts were presented and discussed among the team members.
For that, the concepts were posted to the whiteboard and the members were
discussing, adding annotations and sketches and rating them accordingly to
the use cases of the day.
The concepts that fulfilled better the use cases were saved to use as examples for the posterior workshops and sessions. The ones that were very
3

It is a quick method that generates considerable amounts of ideas (108). Its name comes
from 6 participants-3 ideas-5 minutes.
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interesting but were not fulfilling any use case were saved for potential future work. And the rest of the sketches were saved for future revisions and
possible alternatives.
Reflection of the workshop Following the same structure as with the reflection of the Scrum meetings, the workshops were finished with a session
for discussing the best things about the workshops and what needed to be
improved for future workshops, using the method of "I wish/I like" (see
figure 9.3).
As an example, the team reflected that in the first workshop a huge amount
of time was invested in the rating of the concepts. Thus, other alternatives
for ratings were used in the next workshops.
The result of this phase was a huge stack of sketches (see figure 5.5) categorised
according to the ratings and the potential use for the first paper prototypes.

Figure 5.5: Sketches from workshops: Collection of sketches developed during the
workshops sorted in different folders.

5.4.2

First paper prototypes

Based on the sketches created during the workshops and in the use cases previously created by the UX expert, some low-fidelity prototypes were created with
the intention of focusing on the high level aspects of the solution as mentioned
in [30, 111], attending specially to different concepts such as how to visualise
certain type of content and the overall navigation of the application.
As mentioned in the method 4.1.6 and usability testing sections 4.2.3, these
prototypes were intended to be cheap and quick with the idea of creating a prototype with the requirements gathered from the users, so these prototypes could
be tested early in the development and iterated several times with feedback from
the potential end users at the factory. This can be appreciated in figure 5.6.
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Figure 5.6: Creating low fidelity prototypes: Creating low fidelity paper prototypes based on the sketches from the workshops.
To gathered the feedback, there were several meetings with the stakeholders
and managers of the specific factory, in which topics such as which KPIs to show,
which are the most important categories and how to organise these KPIs were
discussed. For an example of this iterative feedback see figure 5.7).

Figure 5.7: Feedback from users: Different annotations and feedback received
from the potential users of the application.
From this feedback, further iterations and fixes were made in the paper prototypes, and due to the fact that they were “cheap and quick”, the amount of time
dedicated in the refinement of the prototypes was low, investing most of the time
in iterating with the users and thinking how to solve the different problems.
The material used during this phase was paper, post-its and pens, as the goal
was to not make anything “fancy”. The problem of making a fancy prototype at
this stage of the development is that the user is going to have the expectations of
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a high fidelity prototype [13] [111] and will not focus on the high-level problems
and solutions needed during this phase.

5.4.3

More refined paper prototypes

As the discussion of the solutions and problems in the prototypes was evolving,
new prototypes with more sophisticated characteristics were required. One simple
feature could be the use of colours, to show colour-coded information, or the use
of more advanced drawings and sketches to convey different ways of the future
visualisation of the factory (see figure 5.8).

Figure 5.8: First explorations on visualizations: First explorations on how to
represent the information to be shown in the application.
The best example in this phase could be the use of interactivity, which in the
paper prototypes was represented by changing different transparent plastic sheets
which were having different sketched interfaces attached. With this transparent
sheets, the team could have always the same background of the factory (which
at this stage was more refined and sophisticated) and focused on developing the
different functionalities of each interaction. This process can be appreciated in
figure 5.9.
Regarding the materials used during this phase, more materials were used
compared to the previous one, as now more advanced ideas were presented. The
materials used were paper, post-its, pens, markers, a printer and a scanner, tape,
clips, correction-fluid, transparent plastic sheets and reusable adhesive (see figure 9.2).
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Figure 5.9: Interactive paper prototypes: Process for making ”interactive paper
prototypes”. In the images can be appreciated that different transparent layers
were used with the purpose of having a common background and navigation. The
values shown in this interface have been randomly generated.
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Final prototypes

Once there was certain stability in the refined paper prototypes, a new level of
definition and refinement was required. This time the focus was centered around
the potential aesthetics of the end product. As the final product was going to be
developed in Unity 3D, different software was required to make these prototypes.
For making the 2D interface, a combination of two software were used:
Adobe Illustrator CC was used to design the elements of the interface such as
the categories or the panels that show the KPI information.
The reason behind using Illustrator was that in the future the interface will
work for tablets and PCs with different screen resolutions, so there was a
need of making scalable graphics. This “scalable” component in graphic
design is known as vector graphics, which is they way Illustrator handles
the graphics.
Adobe Photoshop CC was used to arrange the different elements created in
both Illustrator and 3DS Max, creating different layers to show different
interactions and possibilities.
For making the 3D components of the interface:
3DS MAX the 3D models were created using this software. For the construction
of the prototypes these models were rendered and exported as images, which
then were used in Photoshop4 .

5.5.1

Software workflow

The different elements of the interface were created in Illustrator (2D) and 3DS
Max (3D), then the results were exported into Photoshop, which was used to
rearrange the different elements to simulate a very similar result to the end interface of the system. These Photoshop images were then exported to Power
Point in order to make different interactions and show different scenarios to the
stakeholders and potential users.

5.5.2

Creating the vector graphics

Following the structure of the paper prototypes and sketches, different iterations
of designs were carried out with the purpose of exploring and refining the aesthetics. As it can be perceived (figure 5.10), the evolution of the 2D panels is very
notorious since the beginning —which was very similar to the paper prototype—
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Figure 5.10: Evolution of 2D graphics: This is a summary of the evolution of the
2D panels. In the beginning it was very similar to the latest sketches on paper.
However, through different iterations the 2D panels improved in the aesthetics
and in conveying the information in a better way. The values shown in this
interface have been randomly generated.
until the final product. A more detailed evolution can be found in the appendix,
in figure(figure 9.4).
The first graphics are very close to the paper sketches. However, after some
iterations one can perceive that the final result is more pleasant to the eyes. And
still the same information is conveyed.
This exploration can be considered as more artistic, though the main requirements from the usability perspective were always prioritised when compared to
aesthetics. The selection of colours and different graphical elements was based on
the project mood board and previous projects that had been done in the company.
The scope of this thesis doesn’t include to mention how to create this types of
graphics. However, the author would like to highlight that for reaching this kind
of fidelity in the prototypes it was necessary to use several design principles and
knowledge from graphic design.
The iterations done to arrive to the final graphical elements were approximately eighty. There were iterations with the only purpose of making some
parts of the elements more clickable(figure 5.11), to experiment with other colour
palettes or to try new graphic styles such as flat design (figure 5.12).
Colour selection
As mentioned in [60], design with colour is very difficult due to its multidisciplinary implications in different fields such as psychology, physiology, physics, art
and graphic design and to the fact that the “human colour vision is not well understood”. But for the purpose of this project general knowledge from the fields
of design (design principles) and graphic design were used.
4

As a side note regarding the implementation, the same 3D models are also exported as .fbx
for the programming of the front-end.

Chapter 5. Empirical methods and process

48

Figure 5.11: More clickable graphics: In this iteration of the 2D graphics, the
intention was to make more clickable the resulting numbers of the KPIs. The
values shown in this interface have been randomly generated.

Figure 5.12: Flat design style: Different iterations of the visuals were done. As
an example, this one represents the visual style of flat design. The values shown
in this interface have been randomly generated.
Colour when used in a user interface can be used to highlight an item, to
show logical relationships among interface elements and to “signal” the user [60].
The case of signalling the user in the context of this project is very important, as
there should be an easy way of conveying the status information of the different
production lines to the user.
In the same article [60] it is also provided an example of signalling information,
in which green is used for acceptable, yellow for caution and red for error or stop.
Several iterations of colours were tried in this project, in which these colours
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—green, yellow and red— were used to convey the information of “everything is
normal”, “warning status” and “critical state”, respectively.
However, yellow was imposing the problem of not having enough contrast
with other colours such as white and soft grey, which was causing difficulties to
understand the information that the colour was carrying and was conflicting with
design principles such as legibility and readability. Therefore, orange was used
instead of yellow.

Figure 5.13: Adobe Kuler colour tool: Kuler is a tool from Adobe that allows to
create different colour schemes by applying different colour rules. It also allows
to explore combinations made by other users.
Once these colours were selected, still there was the need of selecting the
appropriate amount of hue, saturation and lightness, and for that exploration
the website Adobe Kuler and Adobe Photoshop were used. The first one allows
to apply different colour rules (monochromatic, compound, complementary, etc.)
for creating a colour palette that works. On the other hand, Photoshop offers
different tools such as the “hue/saturation” for tweaking the different attributes
of the colour.

5.5.3

Creating the 3D models

The different 3D models were created using 3DS Max 2014 for Windows 8. And
all the models that have been created for this project could be categorised as
non-photorealistic with different degrees of abstraction.
For discussing the designs and the software-created prototypes, the author
differentiates two sets of 3D models:
4

Adobe Kuler (see figure 5.13) is a tool that helps in the process of combining colours
https://kuler.adobe.com/create/color-wheel/

Chapter 5. Empirical methods and process

50

Non-photorealistic 3D models
The principle of abstraction is used by artists with the purpose of modifying or
omitting unnecessary details. This allows the creator of the 3D models to use the
shape, colours, textures and lights to convey the information that is necessary
without caring about details that otherwise would be necessary in a realistic
rendering.
As a good example, there are two types of machinery produced in the factory
which are normally differentiated by the size: small machines and big machines.
If the 3D models should focus on being photorealistic, then the scale and size of
these machines should be proportionally equal to the reality. This, when is scaled
for a 3D application can result in that both machines seem very similar, though
one might be slightly smaller.
However, if the approach used is the non-photorealistic one, then the creator
of the 3D model can change the scale and the shape and exaggerate as much as
he considers necessary, with the purpose of conveying the information that the
user needs to perceive: one machine is bigger than the other one.
Other example can be in the uses of colour. In the case of this project, the
purpose is to use a reduced number of colours and that the colours used are not
very distracting. This way, the red and orange are the colours that draw most
of the attention, and these colours are used primarily to show the warning and
alert status. The 3D environment is grey, which is a very common colour to not
distract the users.
Generic and abstract 3D models
These models could be considered as non-photorealistic but towards the limits
of abstraction. For the creation of these models basic shapes such as cubes,
cylinders and prisms have been used. The intention behind this approach is that
if this representation of a production line is perceived as usable by the users, the
constructions of 3D interfaces with this pieces would take much shorter times,
not to mention the flexibility that this type of interface could carry, as if there is
any change in the factory or this interface should be adapted to other factories,
there would be no need of creating extra 3D models.

5.5.4

Resulting prototypes

In this chapter the final prototypes can be observed. The generic interface is presented in figure 5.14 and in the specific interface can be appreciated in figure 5.15.
These two images can also be found in the appendix A with full resolution (figure 9.5 and figure 9.6).
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Figure 5.14: Generic interface: Generic and abstract interface. This interface was
printed and presented to the users as a paper prototype (size of DIN-A 3). Part
of the margins have been cut to maximize the area shown of the interface. All
the values shown in this interface have been randomly generated.

5.5.5

Reusability perspective

From the theory argumentation of reusability (see section 3.4.2), this section includes some reflections on the trade-off between the two interfaces presented.
Thus, this chapter aims at making explicit all the possible trade-offs and implications of these interfaces based on the knowledge gathered from the reusability
literature review.
Generic interface
The generic interface has no constraints when there is a need of adapting the
flow to the new demands of the factory. This also applies when adapting the
interface to a new factory in which different products are developed and different
production lines are needed. This fits according to the reusability definition of
reusability mentioned in (see section 3.4.2).
The author believes that this generic interface would present a higher degree
of reusability than the more specific interface in terms of the constraints to be
adapted to new flows and the effort required to make the necessary changes. This
can be discussed attending to the four dimensions of software by Krueger [50]
and the ranges of usefulness by Poulin [76].

Chapter 5. Empirical methods and process

52

Figure 5.15: Specific interface: Specific 3D interface that presents 3D models
according to the different production lines of the production flow. This interface
was printed and presented to the users as a paper prototype (size of DIN-A 3).
Part of the margins have been cut to maximize the area shown of the interface.
All the values shown in this interface have been randomly generated.
Four dimensions of software
From the four dimensions of software mentioned by Krueger [50], this generic
interface could be argued to be more reusable in the dimension of “abstraction”,
as this interface would consist on 3D abstract models that could be used for
representing different production lines in the future.
From the specialisation dimension, the parameters of these 3D models could
be considered in terms of the triangular buffers presented, as each production flow
normally presents an input and an output buffer. These buffers could have different parameters such as the maximum value (represented in the 3D model as the
maximum height of the triangular shape), the minimum value (represented with
height) and different configurable thresholds that would be represented visually
in different colour codes.
Ranges of usefulness
In this generic interface, according to the ranges of usefulness described by Poulin
[76], the interface could be considered as “domain-independant”, as it could be
used to visualise the process flow of different domains. This would mean that
the interface is “highly reusable”, but also due to this high reusability in different
domains it also implies that the interface is “very abstract”.
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Adaptability and maintainability
Regarding the maintainability and adaptation of the flow to different situations,
if the user is provided with the right tools, the user can perform the changes in
the interface to adapt it to the new flow. For that, he can create, delete or modify
the existing production lines and update the connections between them to reflect
the new flow.
This would be done without the need for creating new 3D models, which would
imply a shorter economical investment both in the short and long term:
Short term
There are less graphics to be made. Furthermore, the 3D models normally
require more time to be developed, requiring also the combination of different software and licences such as 3DS MAX for the models and Photoshop
for the textures .
Also, in the experience of the author, 3D requires the specific knowledge and
skills of a person in the 3D modelling field, as typical front-end developers
might be able to create 2D graphics but it is not very common to know 3D
modelling.
Long term
In the long term when there are variations in the production line this interface shouldn’t need to be updated. If the flow now includes one more
production process, this can be solved by adding a new box to represent
the production line and the basic 3D shapes for the corresponding buffers.
This could be done easily by the user if the software presents the right tools
such as an easy edit panel for controlling the interface.
It would also be necessary to update the text of the 2D panels, and it could
be also necessary to update the number of KPIs to be shown. But from the
graphic perspective this would not involve hiring extra personnel to develop
this part.
For bigger changes, then an expert of the system would be needed to make a
completely new flow, specially because of the different connections to show
the data from the databases. But no time would be spent on creating the
different elements of the interface.
Also, given the fact that it wouldn’t be required the addition of 3D models,
the maintainability needed would be reduced. And the number of specialists
in particular fields would be also reduced because there would be no need
for a 3D modeller.
4

Free software such as Blender (http://www.blender.org/) for 3D modelling or GIMP
(http://www.gimp.org/) for the images and textures could be used instead
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However, the problem that this interface might present when compared to
the specific one is in the usability performance and the satisfaction of the
users. This will be presented in the results and discussed in the analysis
section.
Specific interface
The specific interface would need more 3D models every time that there is a
change in the production. Something that the user could not do unless is qualified
in modelling and knows how to import the models to the software. Thus, it
would require more time, effort and the future designs would be constrained by
the creation of new 3D models.
Four dimensions of software
According to the four dimensions of software [50], this more specific interface
could be argued to be less reusable than the generic one in the dimension of
“abstraction”, as this interface could not be used to represent production lines
that were not considered in the beginning.
For example, if the interface has to represent a production flow of mobile
phones or the assembling process of cars, this interface would need the necessary
models to convey the appropriate information.
According to the “specialisation” dimension, the models would represent an
extra parameter of configurability, and the “integration” and “selection” dimension
would by affected by the use of 3D models, as more variety of models would be
required to be selected and integrated into the project.
Ranges of usefulness
Based on the ranges of usefulness presented by Poulin [76], this more specific
interface could be considered as “domain-dependant”, as this interface is reusable
in the context of machinery flows.
This implies that this interface could not be used for a microelectronics production line, but that this interface could be adapted to other machinery factories
as long as the 3D models created can represent the flow of the factory.
However, this interface could be also considered as “application-specific”, due
to the fact that this interface is tailored to the specific needs of the factory explored for this project and other 3D models could be required for other machinery
factories.
Software production lines
An interesting possibility could be to contemplate the possibility of treating this
interface as part of a software production line as it is mentioned in the theory of
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this dissertation (see section 3.4.5).
In that case, the potential models would be created according to the possible
systems that would be integrating the production line, maximising the commonalities among the different interfaces [1, 21, 59].
However, the difficulties of this SPL approach would be to create the 3D
library, as it might be difficult to understand the needs of the future models
required for the new process flows. This planning phase would required experts
who know well the specific market and the potential customers to understand the
commonalities and differences, as mentioned in [74].
Also it would require an upfront investment of time and resources, and more
maintenance and updates for the models that were not considered in the first
place. This would mean to hire from time to time an expert in modelling to
create the new 3D models.
However, even though this upfront investments would be required, the return
of investment (ROI) would be covered after the development of two or three
products based on this SPL [55] [74] [109].
It should be also considered the time and effort needed to create such a 3D
library. In case these models are done attending to the non-photorealistic characteristics, the modeller will require extra time to simplify and exaggerate the parts
of the models that he considers necessary to convey the information in a better
way.
And if this is done when following a user centred design approach, this creation
of models should be an iterative process in which the potential users are involved
to assure that the usability of the end application is as expected. This would
imply that extra work would be needed to test that the 3D models convey the
information that they need to convey and that they are not distracting the users
or cluttering the interface. This in some specific production lines could be difficult
to achieve.
Domain and application engineering
According to the two development process [109], in the phase of domain engineering the different commonalities and variability of these interfaces would be
defined and created, attending to the potential use of this interfaces in different
products.
In the application engineering phase, the expert or even the user could reuse
the 3D models to create and adapt new interfaces according to the specific needs
of a factory.
Flexibility
Also, it is important to consider that some factories will need more flexibility in
their lines. One example from a different production field could be the production
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flows of mobile telephones or assembling lines of electronics.
In these fields in which the technology is constantly changing at a very quick
pace it might be easier to have an abstract and generic interface so it can be
easily adaptable to reflect the changes of the production flow.
As a side note, in some cases the changes made in a production might not affect
the production flow and therefore no changes will be required for the interface.
An example of these type of changes can be that the painting process is now
done with a different technology. Then the process flow is not affected and the
interface doesn’t need to be updated.

Cultural implications for reusability and flexibility
From the design perspective, if the interface should be adapted to other factories
several considerations should be taken into account. For example, as it was
mentioned in the beginning of this dissertation, one possibility is that the interface
presented in this project could be exported to other factories in the world.
An important factor to consider in this case is the cultural differences that
exists from the Asian and European users. One classic example is the difference
in colour symbolism. White is used in funerals in the East, meanwhile in the
West this colour is used for weddings [52].
Another consideration when thinking about Asian design is that the design
should be easily adaptable to be read from right to left, instead of the conventional
way in Europe of reading from left to right.
In the same line of though, the font used in the design should include the
different characters of the languages to be used. If not, the special characters will
not be rendered correctly or not rendered at all.

Chapter 6

Usability Evaluation

In the methodology theory chapter (see section 4.2) the steps that are suggested
by Barnum [12] were introduced for gathering and analysis the findings in usability
testing. The first three steps focus on gathering the data from the users, sorting
the data and collating the gatherings.
According to these steps, in this chapter the methods used for the usability
evaluation are introduced and discussed in terms of validity according to previous research in the area, including the validity of testing with paper prototypes.
This is followed by a thorough description of the evaluation process for gathering
the data, in which the different stages of the usability evaluation are presented,
including the amount of participants required for this type of testing. The remaining steps regarding the presentation of findings will be presented and discussed
in the results and analylsis chapter (see chapter 7).

6.1

System usability scale (SUS)

The author read and considered several questionnaires for conducting the usability
test. Given the fact of the limitations of the budget and time of the project,
the author discarded any type of commercial questionnaire such as the Software
Usability Measurement Inventory (SUMI) and concentrated on exploring the poststudy usability questionnaire (PSSUQ) and the System Usability Scale (SUS).
PSSUQ is susceptible to the “acquiesce bias”, which can be solved by combining
negative and positive answers [35] as in the SUS questionnaire. Therefore, the
author explored the SUS questionnaire in depth, and found more sources that
provide evidence that this type of evaluation is valid for this dissertation as a
complementary part of the interview with the users.
SUS is a usability questionnaire that is composed of ten items that can be rated
with five different options that vary from strongly agree to strongly disagree. The
items are already prepared and are always the same independently of the project
to be tested.
The questionnaire presents five positive items and five negative items, which
are presented in alternated in order to avoid response biases [17]. The template
used for the questionnaire is in the Appendix B and was retrieved from [88].
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Originally, it was intended for assessing the perceived usability of products,
though according to some research it also “provides a global measure of system
satisfaction and sub-scales of usability and learnability” [88].
Normally questionnaires provide open-ended questions so the user can add
comments related to the scales [101]. However, SUS doesn’t include these questions and the author decided to include a debriefing session in which the users
could have enough time to reflect upon their decisions and add all the information
that they considered important. This open questions don’t add any metrics, but
can provide ways to improve the product [101].

6.2

Triangulating the gathered data

As it was previously explained in section 4.2.8, triangulating data combines different sources in order to get different perspectives of the data, providing with
more reliable results and helping in the process of analysing conflicts in the data.
In the context of this project, this triangulation allows to combine the data
from the observations made during the interviews and the comments or thoughts
of the participants while using the think aloud protocol, with the performance
and satisfaction shown from the time-completion tasks and questionnaire. This
can be appreciated in image 6.1.

Figure 6.1: The triangulation technique combines different data sources to provide
a better analysis of the findings. This image shows the data sources considered
for the analysis of this dissertation

6.3

Motivation for the selected methods

The methods selected for testing the paper prototypes have been retrieved from
the field of usability testing. However, the motivation for using these usability
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methods from related fields to the topic are also provided in this section.
Usability
From the usability evaluation point of view, “a number of usability studies
that involved comparing different designs for accomplishing similar tasks
have used the SUS questionnaire as one of the techniques for making the
comparison (typically in addition to performance data)” [101].
In the context of this project, SUS has been used to asses the perceived
usability to compare two different interfaces. In addition, some measured
time-tasks have been added for measuring the performance, finishing with
a follow-up interview to get more information from the users. So this evaluation fits according to the usability studies mentioned by Tullis. Also, the
triangulation technique has been added for combining the different data
sources to provide a better analysis of the findings, as it is suggested by
Barnum [12].
Non-photorealistic rendering
In the non photorealistic rendering (NPR) field, the evaluations that they
have been doing in the past have been based on showing the visual results
of the algorithms, as the improvements always were “visually notorious”.
However, now that the field is growing and the results are subtler, there is a
need of more refined evaluations. And “consequently, many authors of NPR
(and computer graphics papers in general) have turned to user studies to
provide means of evaluation, even for aesthetics algorithms” [44].
As mentioned in Hertzmann [44], these NPR algorithms can follow two
goals: task-oriented rendering and artistic renderings. The task oriented
goal is to “communicate specific information such as shape and part relationships”, meanwhile the artistic rendering aims at creating beautiful and
aesthetics styles.
In the case of the task-oriented approaches the evaluation can be done “using
methodology from the Human-Computer Interaction (HCI) and perceptual
psychology literatures” [44]. And for the artistic renderings they are starting
to perform user studies.
This means that the evaluation performed in this thesis fits with the arguments of Hertzmann and the HCI, as the evaluation performed is a combination of time-measured questions, a SUS questionnaire and a follow-up
interview with the users, which are very standard in the usability community.
Information Visualization
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From the information visualisation perspective, in which it can be studied
how to convey information in a better way, “the range of further empirical
studies in this area is virtually limitless. Such research will continue to
produce results that inform the design of information visualisation systems
by empirically derived guidelines, rather than personal opinion” [70].
In this sense, this evaluation can be considered then a contribution to this
field, as even though it is a specific project in the context of digital factories,
the results and findings obtained from the usability evaluation could be
applicable to other projects in which 3D is used to convey information.

6.4

Testing with paper prototypes

The theory of paper prototypes in usability testing was previously explained in
the method section 4.2.1. This part of the discussion will use this theory to
motivate the reasoning of using paper prototypes for testing.
The final paper prototypes are user based, as the information is intended
to be gathered from the users. This in general is the best method because the
information is gathered from the users, instead of the expert-based method in
which an expert provides quick feedback [86].
According to the classification made by Virzi [106] in which prototypes can
be categorised according to four different perspectives, the prototypes presented
in this dissertation should be considered as low fidelity prototypes. The reason
is that the prototypes are more elaborated in the aesthetic refinement than in
the other three perspectives (breadth of features, degree of functionality and
similarity of interaction).
However, the final paper prototypes are quite advanced in the aesthetic refinement. And for that, different software such as Photoshop, Illustrator and 3DS
Max have been used to create these prototypes. The use of these software, the
amount of work hours invested in the prototypes and the final refinement in the
aesthetics makes the prototypes presented in this thesis high-fidelity prototypes
according to [13].
But in this thesis the author will use the definition for Virzi to say that
the prototypes presented are low-fidelity, as they are constructed to an intended
purpose and only one of the four dimensions is highly developed. However, the
prototypes present high-fidelity graphics, as this aspect of the prototypes is the
one that will be tested. The difference between the refinement of the prototypes
can be appreciated in figure 6.2

6.4.1

Validity of paper prototypes

The fact that the evaluations are performed on these low-fidelity prototypes
doesn’t imply that the results are not valid, as from the literature study done
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in [87] it can be concluded that “reduced fidelity prototypes provided equivalent
results to fully operational products”. However, it is important to mention that
in some studies they found more advantages when using high-fidelity prototypes.
Also, the final prototypes presented are very improved in the area of aesthetics. And if prototypes are improved in the look and feel of the interface, these
prototypes will “be far superior to a paper simulation” [106], which is also highlighted in [82], as refining the aesthetics of the prototype can “reach more reliable
conclusions in user evaluations”, suggesting that “realistic virtual images can be
helpful in digital prototyping”.

Figure 6.2: Comparing the fidelity of prototypes: this figure shows the difference
in the level of refinement between early prototypes and the end result.
As a consequence of this type of testing, when evaluating the performance
in a low fidelity prototype the times gathered are higher than in a high-fidelity
prototype. This is due to the extra time that it takes to simulate the paper
prototype based on the user actions [106]. However, in this case the interaction is
not tested, so there is no need of simulating the paper prototype. But the times
will be higher and less accurate than in a high-fidelity prototype in which the
time is measured exactly when the user clicks in a certain button.
However, one of the the most important things is that the designer should
be aware of the implications of testing with low-fidelity, as “paper prototypes
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may generally produce stronger effects when comparing different design options
than fully operational prototypes” [86]. But the measures taken can be better
interpreted with the following interview that the evaluator will have with the
user.

6.4.2

Expectations from the prototype’s fidelity

A problem from high-fidelity prototypes that might apply to this project is that
the users act according to the expectations raised by the fidelity of the prototypes
[13] [111], being the expectations directly related to the finished feeling that the
prototypes convey. In this case, the prototypes are far from being sketchy and
rough paper prototypes, and the expectations from the users might be high.
However this is not a problem because there has been a phase of formative
usability (section 4.2.6) in which the rough prototypes and sketches have been
tested in an iterative process to refine the designs presented. Therefore, the
expectations that users will have when seeing the high fidelity graphics will match
the degree of refinement that the design solution presents. Thus, the prototypes
can be evaluated to see if the specific 3D interface presents better, equal or worse
results than the more generic 3D interface.

6.5

Pilot Test

A pilot test was conducted with a member of the team, with the purpose of identifying potential problems or misunderstandings when performing the usability
test. Thus, everything needed for the usability evaluation was tested, as it is
mentioned in [102] that conducting this pilot can help to test the equipment to
be used, provides experience to the facilitator and a good understanding of how
good are the questions, which can lead to make “last minute” changes.
The results from this pilot tests revealed that there were some things that
needed refinement. As examples, these findings were annotated while performing
the pilot test:
• More information was needed about the experience and background of the
participant, so more questions were added regarding this topic.
• The questionnaire was asking directly for the age of the participants. For
some participants this information might be sensitive, so instead the questionnaire now was using age ranges.
• More information was needed regarding the context of production processes,
like explaining what is a production line and the colour convention used to
show the status of the different attributes to be tested. This information was
added as a complementary manuscript to remind the facilitator to mention
that.
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• A note was added to mention that it is important to mark at least one
option in the SUS part of the questionnaire.
• The time was measured by the user in the pilot test using their phone
stopwatch. However, this could lead to potential distractions and inconsistencies. In oder to have more control in the usability test the facilitator will
measure the time.
• Some questions were refined and one was deleted because it was too ambiguous given the interface presented.
It is also important to mention that the author participated in five usability
tests of other thesis students, as according to Nielsen [68] there are four benefits of
being a participant of usability studies: a better understanding of the customers
when using new software or interfaces, better empathy with the participants,
better experience as you have seen how other test facilitators conduct the test
and you have saved a real participant for the usability study that will be conducted
later 1 .

6.6

Selecting the participants

As the evaluation aims at testing and comparing the visualisation of the interfaces
rather than the production processes, the users selected for this test were thesis
workers from a range of 25-30 years and with a master’s degree as education
background. It is important to consider that the participants were from different
nationalities and academic backgrounds.
In order to participate in the test they were asked if they were aware of having
any conditions with their vision as in the graphical study done by Nowell [70].
An example of these type of conditions could be to be colour blinded. All of them
reported to not be aware of having any vision problems.
An important question could be why not to test with the production managers
of a factory. The answer is that the interfaces present a visualisation question
rather than a production question. This means that the users should not have
a specific background in production processes, as participants with a production
background might be biased by the fact that they have seen other software related
to production processes. And therefore, they will have different expectations
about how to see the production process and they might focus on that rather
than in the difference between a 3D generic interface and a more specific 3D
interface. However, as future work it could be interesting to test this application
with real users of production processes.
1

The fourth advantage mentioned in Nielsen was also applied to this usability test, as the
pilot test was run on a team member of the project and provided a lot of input to refine and
improve the usability test.
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Amount of participants

In the literature there is a debate between how many participants are needed in
a usability evaluation, and “nearly every usability professional seems to have an
opinion”. However, there are two main approaches regarding if five participants
are enough or not [101].
Nielsen is one of the authors that believe that five participants are enough,
as “after the fifth user, you are wasting your time by observing the same findings
repeatedly but not learning much new” [67]. This has been has also pointed
out in [101] that with five participants “about 83% of the problems have been
identified”. However, according to the same source [101] in the last two decades
this idea of using five users has been questioned, as some studies were not getting
near the 83% of problems identified.
For the selection of participants of this test, the recommendations from [101]
have been taken into account, as the participants chosen fulfil the requirement of
“five participants per significantly different class of user”. Because the important
thing is that at some point in the evaluations there aren’t new significant discoveries. This “five participants per significantly different class of user” implies two
conditions:
“Scope of the evaluation is fairly limited” which means that what is evaluated is just a few amount of functions. This is true in this project, as only
a part of the visualisation is tested.
“User audience is well defined and represented” which implies that the users
are appropriate for the test and the audience is homogeneous. In the case
of this project, the participants are defined by the selection criteria exposed
in the previous subsection.

6.8

Comparing the two prototypes

As the purpose of this thesis is to compare two interfaces that are very similar,
the users that test with one prototype will have a high likelihood of having a
“learning effect from one design to another” and having the same user testing both
prototypes will not give valuable information [101]. The author opted to choose
the recommendation from Tullis and Albert [101] in which each participant uses
only one prototype, as this will provide “a clean set of data”. The disadvantage
is that more users are needed.
Thus, five users performed the test with one prototype and the other five users
used the other prototype. However, once the test was finished, the prototype
that was not used during the testing was shown to the users in order to get the
corresponding feedback and perceptions, as it is mentioned in [101]. Then, each
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participant was testing one protoype and at the end there was an interview in
which they could give feedback about the other prototype, comparing both.

6.9

Considerations when constructing the test

The tasks created for the scenario presented to the users were based on the intention of gathering knowledge on how the specificity of the 3D models affect
the usability and learnability of the prototypes, the performance and the overall
satisfaction. For that, different sections were included:
Background knowledge
The first part of the evaluation consists on questions related to the background of the user. In this part the evaluator will try to eliminate any
tension of the participant, trying to make him feel welcomed and in a good
atmosphere, following the principles mentioned in 4.1.2.
Time-measured tasks
This part presents five tasks with the intention of testing to which extent the
different interfaces are helping the users to identify the problems described
in the tasks. All the tasks are related to the use of the different 3D models.
As an example, in the first task “What is the work in progress (WIP) value
for the packing line?”, the “packing line” is mentioned so the user can look
for the 3D specific model of a box. Questions such as “what is the worst
value of today’s production?” were avoided because both prototypes would
be equally helpful as the information to retrieve in this case would be in the
2D panels and the different abstractions of 3D models would not be tested.
From the pilot test, the maximum amount for the completion of each task
was defined as two minutes.
SUS questionnaire
After the completion of the previous tasks, the users will have a clear understanding of the system to test, so the facilitator will provide them with
the SUS questionnaire. This is to see what is the perceived usability and
sub-scales of the perceived learnability of the prototype presented.
General Impression and follow-up questions
In this phase of the evaluation different open questions were presented to
facilitate the dialogue with the users. From this point, the audio is plan to
be recorded and the facilitator will try to encourage the users to think aloud
to capture all the possible thoughts that they are having for answering the
questions.
In the last part of this section specific questions are presented to see which
is the mental model of the users and to try to understand if the mental
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model that they have is a logical flow or a more physical-spatial flow. The
reason behind these questions is that the use of the more refined 3D models
could change the perception or help to understand better the factory flow.
Comparing prototypes
In this last stage of the evaluation, the facilitator presented the alternative
prototype and let the user talk about which were the advantages and disadvantages of each prototype. This part was expecting to give input regarding
the possible preferences of the users.
Also, it was important to know if the user was still satisfied with the prototype used during the test when seeing the alternative prototype.
Other thoughts
At this point of the evaluation, the facilitator can ask further questions
based on the annotations and perceptions gathered during the test and
being more open to explore what he finds convenient. Once this part is
finished, the facilitator can answer and talk about the prototypes without
worrying about influencing the user with his opinions.

6.10

Conducting the evaluation

The evaluation can be divided in different phases:

Preparation
In this phase, the author contacted the potential participants and scheduled a
time slot attending to the availability of these participants. The fact that all the
participants work in the same company made this preparation easier, as there
was no need to make any reservations regarding the transportation.
The time scheduled for the evaluations was always after a break, which meant
that only a maximum of three interviews could be conducted per day. The purpose
was that all participants were well rested before the test. The implication was
that the user evaluations lasted for eight work days.
A room was always booked for the purpose of the interview. In this room all
the materials needed for the usability test were prepared before-hand, attending
to the checklist prepared in the pilot conducted previously (see checklist in 10).
The process followed and the materials used can be appreciated in figure 6.3.

Execution
The facilitator welcomed the user and started the conversation by presenting
himself and talking about the general overview of the test. In this introduction
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Figure 6.3: User evaluation setting: This figure presents the settings and materials used while conducting the user interviews at different stages. First, the
prototypes are face down. Then, meanwhile the user is performing the timemeasured tasks, the main prototype is flipped up and down for recording the
times. This is followed up with an interview and finally with a discussion in
which both prototypes are compared.
part, the user was informed that during some part of the test the tasks would
be time-measured, and was also introduced to the think-aloud protocol. A short
introduction to the factory processes and the context of the application was given,
always following the same manuscript (section 10) prepared before-hand for all
the users.
The fact that audio recording was not mandatory and that the evaluation was
not about examining the user but the design was highlighted. Also the author
reminded that no questions would be answered during the time-measured tasks.
Different background information was gathered (section 10). Once this information was written, the following procedure was followed for the five timemeasured tasks:
First the user read the question, being sure that he was understanding what
was asked. Then the facilitator was flipping the prototype and starting the stopwatch. Once the user found the answer and was starting to write the answer
—the pen touches the paper— the facilitator stopped the watch and annotated
the resulting time. Then the facilitator was flipping down the paper prototype
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and the user was reading the following question.
The reason of this procedure is that the interest of the measure is not the
time that the user takes to understand the question nor the time he takes to
write down the answer. The fact of flipping all the time the paper prototype is
to control when the user starts searching for the answer.
After the completion of the measured-time tasks, the user was reminded that
in the following SUS questionnaire the time would not be measured. In some
cases the users were asking if they answered correctly, but they were told that if
they were interested to know the answers the information would be revealed once
the whole evaluation was finished.
For the remaining part of the test, the evaluation was audio-recorded if allowed
by the user. In the beginning of this part the user was reminded to think aloud
and express everything that was passing through his mind. If the user was asking
questions, the user was informed that the answer would be provided afterwards,
once the follow-up questions were completed. This was with the intention of not
influencing the answers of the users.
When presenting the “other prototype” section, the facilitator was introducing
the other paper prototype, so the user could compare both.
Once the facilitator was considering that the test was finished, the facilitator
was presenting the different ideas and reasoning behind the different suggestions
made by the user during the interview. This part was always based on the annotations that the facilitator was taking during the evaluation. The purpose was to
understand the reasoning of the user better, providing the different answers that
the user requested.
The duration of “the other prototype” sections was from ten to approximately
twenty minutes, depending on the user feedback. To end the evaluation, the user
was thanked for his time and effort.
As a note, during the test the facilitator answered some questions to the users
when the answer was not going to affect the purpose of the test. These questions
were always not related to the intention of the evaluation, as for example not
understanding a particular word in English such as “cumbersome” from the SUS
questionnaire. The questions were not asked while performing the time-measured
tasks.

6.11

Collating the information

From the data gathering phase, the information was collected using different tools
and sources. On the one hand, the participants wrote the corresponding answers
to the tasks and the questionnaire. On the other hand, in the post-interview the
users were encouraged to use the think-aloud protocol and were audio recorded.
During the whole process the evaluator took notes on the different observations
that were considered important, measuring the time of the time-completion tasks.
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Given this amount of information, the author started by creating a spreadsheet
in which all the key quotations and comments from the users were annotated,
following a clear process to identify which user was the one making the different
comments. For that, depending on the prototype used and in the order in which
participants did the test, the users were coded by combining a letter “G” (generic
interface) or “S“ (specific interface) and a number, e.g., US1, which means first
user of the specific interface.
Then, the information was sorted into different categories. Some of these categories such as “comparing interfaces”, “positive feedback” and “improvements”
were fixed before the testing phase. Others such as “mental models” were renamed to more specific categories, such as “direction of the flow”. Lastly, different categories were created for the unexpected findings of the test, as for example
“input/output buffers” and “examples of colour coded quotations”.
These categories were exported into tables and will be presented with the
findings in the results and analysis chapter.

Chapter 7

Results and analysis

According to the steps proposed by Barnum [12] for gathering and analysing the
results of a usability test (see section 4.2), this thesis has collected, sorted and
collated the data in the evaluation chapter (see chapter 6).
In this chapter all the remaining steps are presented, discussing the different
results and findings in a chronological way. This will include the task performance,
the results from the SUS questionnaire, and the post-interviews with the users.

7.1

Findings from the task performance

From the results shown in table 7.1 and table 7.2, one can observe that the participants that were using the interface with the specific 3D models were performing
equally or better overall.
Tasks (seconds)
Task 1
Task 2
Task 3
Task 4
Task 5

User 1
12,80
5,43
8,67
14,32
9,31

User 2
14,18
14,79
16,53
23,31
15,19

User 3
13,26
25,72
12,48
8,16
4,22

User 4
8,46
6,81
8,45
14,64
8,72

User 5
6,71
8,14
10,04
13,80
8,70

Average
11,08
12,18
11,23
14,85
9,23

Table 7.1: This table presents the task performance of the participants that used
the more generic interface

The author believes that the main reason behind these results is that the 3D
models were conveying information to the users, and this information was helping
the users to retrieve the information in a faster way. These results are supported
by the post-interviews, in which all of the participants were convinced that the
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Tasks (seconds)
Task 1
Task 2
Task 3
Task 4
Task 5

User 1
11,70
8,89
8,16
8,93
6,05

User 2
11,89
18,46
17,05
8,30
4,67

User 3
5,65
5,18
6,42
16,12
8,13

User 4
8,86
11,07
10,64
4,09
6,85

User 5
6,85
18,74
15,71
18,64
8,31

Average
8,99
12,47
11,6
11,22
6,80

Table 7.2: This table presents the task performance of the participants that used
the more specific interface
specific interface was more helpful and usable than the abstract interface (see
section 7.3 for more information about the interviews).
However, in tasks 2 and 3 the performance of the generic prototype was slightly
better than the specific. Each of the tasks will be analysed in detail in the
following subsections.

Task 1: What is the work in progress (WIP) value for the
packing line?
As seen in chart 7.1, it seems that in task 1 participants perform better using the
specific interface. The author believes that the reason behind this is that the 3D
model representing packing was helping to identify quicker the packing line, and
therefore the time for completing the task was faster.
From the post-interviews with the users, the participants that were using the
specific interface seemed to have a better mental model of the flow (see section 7.4,
in which the mental models are analysed). This means that the participants
quickly grasped that the flow was directed towards the right, and they could
assume that packing was at the end of the line.

Task 2: How many order items are there in the output buffer
of the line "big machines”?
The results of this task show that participants with the generic interface were
performing slightly better than the ones using the specific interface, even though
there is one participant from this generic interface that took five times more time
than the quickest participant.
However, from the interview, this task was presenting some problems to the
users. The participant who took the most time mentioned that she knew the
answer from before, but she was not sure because she was not finding the units
specified in the question.
The question presented is phrased as follows “How many order items are there
in the output buffer of the line ’big machines’ ?”. However, when looking at the

Chapter 7. Results and analysis

72

Figure 7.1: This chart compares the performance of the users. The intention of
this chart is to provide with a good overview to the readers. It is important to
notice that the amount of participants were ten and therefore there is no large
amount of data supporting the chart.
interface, the buffers don’t present the information regarding the units “order
items”, so the user was not sure and was taking more time to think about it.
The difference between input buffers and output buffers was not clear enough
for five participants, and two of them stated that they had to make an assumption
to answer. Also, participant 10 pointed out during the interview that she was
not aware of the meaning of a buffer “Honestly, I don’t know even know what
it means. Input buffer. . . I don’t know”. This was explained in the beginning.
However, the participant didn’t find any problem to complete the task, though it
took approximately six-seconds more to complete the task than the average.
The reflections from this task is that if the answer was complicated to answer,
was equally complicated for both parts, and it would be expected that the participants having the specific interface would have found easier the “big machines”
line and answer quicker.
One plausible reason of why the abstract interface performs better in this case
is that the users are having a complete abstract interface, which means that they
can complete with their imagination the information that they need. As they are
used to complete this information with their minds, it takes less time for them to
understand which is the output line and therefore they find the answer quickly.
On the other hand, the participants having the specific interface could face this
problem in a different way. They have 3D specific models that tells them more
information, and therefore when they are faced towards interpreting something
0

The participants were not allowed to ask any type of questions in the time completion tasks.
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abstract such as the representation of the buffers, they are not sure and they take
more time to think about it.
Also, it is important to consider that the data gathered with ten users might
not be enough for having a representative amount of data, as some participants
can skew the results if they were distracted or doubting about a specific part of
the interface.

Task 3: Which lines have at least one buffer in a warning
state?
In this task it seems that the performance is slightly better for the generic interface.
In the interviews, all the users pointed out the importance of the colour coding
for searching information. Some participants pointed out that in certain tasks
they were just scanning the interface for finding a particular colour (see table 7.5
of colour coding quotations). This would explain why in this task both interfaces
performed almost equally. As the question was asking for buffers with a warning
state, the participants were scanning for the orange colour in the interface, and
then they had to read the production line names to have the specific answer.
This would also mean that in this case the specific 3D models didn’t have any
positive effect. Furthermore, one participant pointed out: “Warnings are orange
and these machines are orange, so maybe if I’m just going to have a quick look
if there is any problem and then this orange stuff makes me stop for a while and
then. . . ahh ok, these are the machines, but it still takes time to realise that.”
The quotation refers to the fact that the production lines of “small” and “big”
machines present orange 3D models, which is the same colour to code the relevance
of the information related to warnings. And in this particular case this could
mean that the abstract interface was presenting less conflicts to find the right
information. More quotations regarding colour coded improvements can be found
in table 7.7.
However, this could be solved by changing the colour of the 3D models. Also,
the author reminds that participant ten recognised in the interview that she didn’t
know the meaning of buffer and in this task related to buffers she was slower than
the average.

Task 4: Which of the painting lines is performing the worst
in terms of the week production?
From the results shown regarding task 4, it seems that the specific interface
performs better than the generic interface.
It is important to notice that the second participant took approximately 19
seconds more time to complete the task than the fastest participant. This partici-
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pant was using the generic interface and when asked about this particular task he
reflected having problems to understand the question. The question is phrased as
follows: “Which of the painting lines is performing the worst in terms of the week
production?”. The participant mentioned that he was not sure of the meaning of
“performing the worst”, as he was not sure if he should choose the week value that
was in orange or the lowest possible value of the week values from the painting
lines.
The answer to both questions would be the same (paint 2), however the participant got distracted and had to look more times until he was sure he was
answering correctly. If the time of this participant would be removed for calculating the average of the generic interface, the value of the average would be 12,73
seconds, which would be still higher than the average of the specific.
In this case the author believes that the 3D painting models were helping
to answer the question quicker. Also the use of the Gestalt laws (explained
in theoretical section 3.3.4) for grouping the elements related to painting could
have helped for both interfaces, but having the 3D models together could have
highlighted the Gestalt effect in the specific interface.

Task 5: Is there any problem (critical or warning state) with
the Work In Progress (WIP) of the "small machines"?
The specific interface seems to perform better in task 5. This could mean that
the 3D specific model of the small machines was helping the participants to locate
the requested production line.
As an observation, in task 5 four participants almost marked “yes” as an answer
and then they changed their minds and say “no”. When asked about that, the
participants said that they were looking for orange or red, and that when they
saw the production line of “small machines” they immediately saw that there were
some warnings in the production line. However, when they were looking towards
the paper to start writing the answer they realise that it was a specific question
regarding the work in progress and that the work in progress in that line was in
green. One of the participants perceived this task as “tricky”. All participants
completed this task correctly.

7.2

Post-test questionnaire: results and analysis
of SUS questionnaire

According to Tullis, a pretty good SUS score can be considered when the score
surpasses the 80 percent1 [101]. In this case the specific prototype got an average
of 85,5 and the generic interface got an 88. Thus, both prototypes present a
1

The author uses the word “percent“ as it is the one used by Tullis.
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“pretty good” perceived usability, which reinforces the fact that the project has
followed the user centered design approach. In this approach different users have
been involved in testing the different designs for iterating and improving the
prototypes. This fits according to the literature [56], as this UCD methodology
is presented as an assurance to meet the user needs and a good usability.
The average result from the SUS questionnaire shows that the perceived usability is 2.5 points higher for the generic interface in comparison with the average
score of the specific interface. However, the author finds interesting the fact that
in the interviews all the participants pointed out that they preferred the specific
version and that they saw the specific interface as an improvement of the generic
one (see the comparison of prototypes in section 7.5).
SUS
Score

US1
70

US2
90

US3
80

US4
100

US5
87,5

Average
85,5

Table 7.3: This table presents the SUS questionnaire scores for the more specific
interface

SUS
Score

UG1
100

UG2
85

UG3
82,5

UG4
87,5

UG5
85

Average
88

Table 7.4: This table presents the SUS questionnaire scores for the generic interface

The author would also like to highlight that the perceived usability and the performance don’t have to correlate, as the perceived usability attends to the satisfaction and the measured times attend to the performance. This can been seen
in [102] in which it is recommended to measure the performance and the subjective
metrics (as in this case): “Measure both performance and subjective (preference)
metrics. People’s performance and preference do not always match. Often users
will perform poorly but their subjective ratings are very high. Conversely, they
may perform well but subjective ratings are very low.“
One plausible interpretation is that the users of the generic interface spent
in average more time with the prototype than the users of the specific interface.
Then, the participants of the generic interface became more familiar with their
interface as they used it more time, which resulted in giving a better score to the
generic prototype.
However, it is important to highlight that from the interviews the author can
conclude that the specific interface is perceived as more satisfying and usable
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than the other one (see section 7.5). As an example of the feelings of the interviewees, one participant that answered “other” to the question of which is the
last production line (incorrect answer) had very interesting comments when seeing the alternative prototype. Once the alternative prototype was shown to this
participant, her reaction referring to a previous question was “now I understand,
can I change my previous answer?”. The participant received a negative answer
about changing the answer. Then she asked, “why did you show me first the bad
design?”. Then the author explained the process of comparing the prototypes
and that getting this type of feedback is necessary for comparing and gathering
findings.
The fact that the participant considered one design as “bad” when compared to
the other one is a very strong argument. The SUS score received from this user to
the “bad” design was 82,5, and when the SUS score is over 80 percent then it can be
considered as pretty good [101]. This can also show that the perceived usability
before seeing the other prototype could be completely different. However, the
participant was still having a good feeling about the more abstract interface:
“Well, I think the previous one is still a good design for people working in the
relevant area with relevant background”.
For more information about the different ratings of the users, the author has
included in appendix C the SUS table for the specific interface (see table 11.2)
and the SUS table from the generic interface (see table 11.1), using the format
that is used by Barnum [12].

7.3

Key findings from the interviews

From the post-interviews, the author collected data stored in different sources.
These sources were analysed and structured in a spreadsheet, in which the different quotations and answers from the users are organised attending to the prototype that they used. This information now is presented as a summary of positive
feedback and improvements, the analysis of mental models and the comparison
of both prototypes.

Positive feedback and improvements
In all the interviews the colour coded information was cited as a feature that the
participants liked and that was very helpful. This fits according to the graphical
encodings literature review done by Nowell [70], in which colour is the most
effective graphical element for conveying information in unidimensional displays,
and in multidimensional displays performs better when combined with shape to
convey information in search time tasks. As examples of this preference towards
colour coding, the author refers to the user’s expressions in table 7.5.
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UG1
UG2
UG4
UG5
US1
US2
US4
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Comments on colour coded information
"The colour coding for the alarms" "I can see which production
line is having problems"
"Good colour coding and intuitive layout" "Colour coding allows
to quickly find problem areas"
"Having different colours"
"Intuitive overview with good colour coding to focus attention"
"Colouring of the buffers"
"I liked the coloured notifications of production lines whether it’s
going good or not"
"Colour was the best, I can immediately see where are the errors"

Table 7.5: Comments regarding the colour coded information. Notice that "UG"
means users from the generic interface and "US" means users from the specific
interface.

Other things that the users liked were the progress bars of the 2D panels, as
they were very “informative” and the information could be “scanned”, and "the
connections between data and localization" refering to the 2D panels attached to
the 3D objects to complement the information given.
From the improvements perspective, several suggestions were annotated and
recorded. The main suggestions attending to how often they were mentioned
are the distinction of input and output buffers, the direction of the flow, the
inconsistency of the colours used and the use of isolated buffers.

Difference between input and output buffers
Five users felt that it was not clear the distinction between the input buffer and
the output buffer, and they suggested to include different icons to represent each
buffer.
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UG2
UG3
UG4
UG5
US2
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Comment on input and output buffers
"The difference between input and output is not clear" "Include
description on buffer symbols"
"I don’t see the difference between the buffers" "They should have
different icons"
"It is not clear the input-output of the lines"
"The information about buffers is not labelled"
"The input and output of the production lines follow the some symbolic notation, which was a bit confusing" "Symbols are confusing
when thinking about input buffers and output buffers"

Table 7.6: Comments from the users regarding the input and output buffers.
Notice that "UG" means users from the generic interface and "US" means users
from the specific interface.

It is important to highlight the fact that four users of the generic interface had
problems with this distinction, compared to only one user from the specific interface. The author interprets this as a sign that the mental model of the users
of the generic interface was not as complete as the one from the users of the
specific interface, as the 3D models specific models were helping in understand
the direction of the flow, and therefore the distinction between input and output
buffer was easier in the more specific 3D interface.
Other user suggested to include more information regarding the labels of the
buffers, as right now it is not possible to see which units or what things are stored
in each buffer. The different quotations regarding this improvement can be found
in table 7.6.

Inconsistent colours
Three users found that the colour coding used could be improved. This can be
observed in the quotations of table 7.7.
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US5
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Comments for improving the colour coding
"Colour coding is inconsistent, you use grey and green to show that
there are no problems" "Try only colour icons on the warning/error
buffers"
"You use the same colours for the models that for the colour coding,
specially for the machines"
“Warnings are orange and these machines are orange, so maybe if
I’m just going to have a quick look if there is any problem and then
this orange stuff makes me stop for a while and then. . . ahh ok,
these are the machines, but it still takes time to realise that.”

Table 7.7: Suggestions for improvements regarding the colour coded information.
Notice that "UG" means users from the generic interface and "US" means users
from the specific interface.

One of the participants perceived that the colouring of the buffers was inconsistent, as the buffers in the 2D panels are coloured with green to show that they are
performing well meanwhile the 3D buffers are coloured with grey when everything
is ok. At the end of the interview, this participant was asked about having the
interface with a lot of green buffers. Then, he understood the reason of not using
so much green, as this could distract the user and clutter with more information
the interface. However, he still found that the information displayed to represent
“ok” should be either coloured in green or in grey, but that using both colours
could be confusing.

Direction of the flow
Three users were having problems with the order of the production flow. One of
them was referring to the connections between the lines when he asked: “Are these
connections between the modules directed somehow?”. He suggested to include
arrows in the connection to see clearly that the flow goes towards one direction.
This is analysed in-depth in section 7.4, in which a table is presented with the
different quotations regarding the direction of the flow (see table 7.9).

Isolated buffers
When examining with more time the interface, three users pointed out that they
were not sure about how to interpret the isolated boxes with one buffer. “I have
really no idea of what these four separated systems are. I realise that they are
some form of buffers. . . but I can not tell really what they are”.
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However, this information was not relevant to the test conducted. But on the
other hand, the interpretation from these three users was correct in the sense that
they are buffers.
To end this section, a final table is presented with other outlier suggestions,
in which only one participant was pointing towards an improvement. This can
be seen in table 7.8.
User No.
UG1
UG5
US2
US3
US3
US4

Comment
"You can make a database of icons so they can be reused in the
future"
"You have four separated islands of buffers that I don’t know what
they mean"
"The threshold values of inputs and outputs for each line are unclear" "I should be able to know the various thresholds of it" (referring to the buffers)
"I need icons also in the widgets" (Referring to the need of visuals
in the 2D panels)
"I would like to have more information shown in the interface"
"You could put more things in the 2D so you can see better the
alarms" (The user draw a notification panel in the corner of the
interface to show the alarms of each production line)

Table 7.8: Some general suggestions from the users. Notice that "UG" means
users from the generic interface and "US" means users from the specific interface.

7.4

Mental models of the participants

The follow-up questions for the interview focused on the mental model of the
users, as the 3D specific models could play an important role in understanding
the production flow. These questions are now presented and analysed. In this
part also the different observations from the evaluator are pointed out.

Which is the last production line of the factory process?
The users having the more specific interface were looking and pointing directly
towards the last line of the factory process. Sometimes they were pointing at the
truck and then they were realising that the packing line was the last production
line. But the reaction to the question was always looking towards the right part
of the flow, and in general they were mentioning the truck or the packing line
almost instantly.
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One particular user made a clear gesture of moving the hand from the left to
the right, and when asked about this gesture she answered: “that is how I though
from the beginning, because this feels that this is the end because of the car and
the packing”.
Only one user pointed out that for him it was clear the end of the production
flow, but not the start, and he was suggesting to number the production lines.
However, the users that were having the abstract interface were doubting
more, and they were looking and reading aloud other production lines. All of
them except one answered correctly, but the author observed that they were
spending more time than the ones with the specific interface, even though no
time was specifically measured in this part of the evaluation.
Also three of the users with the abstract interface were having certain doubts
when answering this question. This can be because in this interface there is no
sense of direction. And even though in Occident we are used to read from left to
right, the participants didn’t seem to be certain that maybe the end line was in
the right part of the process flow when looking for the answer. The observations
made by the users are summarised in table 7.9.
User No.
UG3
UG4
UG5
US3

Comment
This user answer wrongly to the question of the last production
line.
"I think I need arrows or something that shows me the direction of
the process"
"I assume that is packing, but I don’t know the directions" "Are
these connections between the modules directed somehow?"
"I know how the production ends, but I don’t know hot it
starts""Maybe you can include numbers for each line"

Table 7.9: Comments from the users regarding the direction and order of the
flow. Notice that "UG" means users from the generic interface and "US" means
users from the specific interface.

One user pointed out that the production line “other” could have been the last
one. But his final decision was packing, as it was the one that was on the right
and next to the painting lines. On the other hand, another participant chose
“other” as her final answer. When she saw the more specific prototype at the end
of the evaluation she understood that “other” was not the last production line
and wanted to change the answer.
On the other hand, one user solved this problem of the direction by observing
more carefully the abstract interface. When asked about the last line, this was his
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thought aloud process: “I assume the packing, again I don’t know the direction of
the connections. . . I think is the triangular shape of the input and output buffer
visualisations that just gets the feeling that is flowing in that direction”.
The input and output buffers triangles are pointing towards the right, and
this user understood this as a sign that the flow goes to the right and therefore
the answer selected was “packing”.
As a general interpretation, the author believes that the users with the specific
interface were having a better understanding of the process flow of the production,
being their mental model very close to the design model of the factory.
On the other hand, the users of the generic interface were having a less clear
mental model, in which they had to think more to get to the conclusion of which
was the end of the production process.
However, it is important to consider that the models that participants construct in their minds are limited by their experience as it was mentioned in the
mental models theoretical section (see theoretical section of mental models in
section 3.3.2).

Logical versus physical way of interpreting the information
All the users except one pointed out that the representation was logical. Only
one user from the abstract interface chose physical as the answer. When asked
about why the participant selected this option, the participant explained that
some connections between the lines were longer than others and that the “other”
line was separated from the flow.
However, when the author explained more carefully the difference between
logical and physical way, the participant change his mind and said that he saw it
more logically than physically, though still he was perceiving that the flow was
representing to some degree the spatial representation of the factory. Specially
because the “other” production line was not connected to the flow and he was
imagining that this part of the process was done in another building.
Another user from the abstract interface pointed out that the “information
is presented more logically than physically”, but when asked about this answer
he said that he was feeling that the process flow was logical. However, he was
not entirely sure because the different lines could be also having the same spatial
relationship in the factory.
Other users suggested from both prototypes that the answer was not a clear
100% logical, but that for sure was more logical than physical.
The way the author interprets this information is that, as pointed out in the
previous question, the mental model of the users with the specific interface was
more accurate than the mental model that the users from the abstract prototype.
However, the author feels that the participants from the generic prototype
were more open to interpret the flow, as they were spending more time thinking
about the different connections and the placing of each production line.
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The participants with the specific interface spent less time and said directly
“logical” without exploring or observing anything related to the connections or
the placing of the production lines.
This “openness” in the participants of the generic interface for interpretation
could have played an important role in other tasks. For example, the author
refers to task 2 of the time-completion tasks, in which some participants were
struggling to understand which was the output buffer. If the participants from
the generic interface were more open to interpret the flow, then they could have
an easier way of solving this kind of problem and therefore they were quicker than
the ones having a specific interface.

7.5

Comparing prototypes

At the end of the post-interviews, the evaluator presented to the users the alternative prototype. All the participants were clear when facing the option of choosing
the interface that they perceived as the best one. The answer for all of them
was the specific interface, as all of them saw that this interface was an improvement from the more abstract interface. This can be appreciated in table 7.10, in
which different quotations of all the participants express the preference towards
the specific interface
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UG5

US1
US2
US3
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Comment
"The generic one has a disadvantage as it is difficult to spot the
production line. The generic one has only names while the other
one has icons to easily spot the line"
"The 3D models presents visual aids that help me, the other ones
you need to read" (referring to the specific interface)
"Why did you show me first the bad design?" "The one with icons
is easier for people who has no technical background to understand"
(Referring as a bad design to the generic interface)
"You have more visual information here than in the other one"
(referring that the specific interface gives more information) "The
graphics are nicer in the 3D models version" (Referring to the specific interface)
"I like this one. It is much better actually, the models are very
good for me" "These explain a lot about what production lines are
doing" “Now that I think back, I was looking for the painting and I
had to read the different 2D representations. However, in this one
I could scan for the painting lines. . . so it is an improvement”
(referring to the specific interface)
"The icons give me navigational help"
"By seeing the abstract icons, I have no idea what that production
line does. However, the 3D icons in the new model depict clearly
what each line does"
"I prefer this interface, I was using the models to find the lines"
"The 3D with icons helps, you can see everything in a better way"
"I think in this one it feels that you can find things faster. But I
suppose that if you are working every day with the other interface
you can get used to it"

Table 7.10: Comments for comparing both interfaces. Notice that "UG" means
users from the generic interface and "US" means users from the specific interface.

However, as it was pointed out in the SUS part, most of the users perceived
as very usable both interfaces, favouring slightly more the generic interface over
the specific one. But when having both interfaces on the table, the reaction was
always positive towards the specific interface, no matter which interface was used
for the completion of the tasks.
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Triangulating the findings

To analyse the different findings, the author uses the triangulation analysis which
is suggested by Barnum to compare different sources of data [12]. This method
“enrich the analysis of findings”, as different data sources are combined. In this
case, the sources are the performance of the users, the questionnaire answers,
the participant transcriptions of the comments and the observations made by the
evaluator during the testing session.

Mental model of the production flow
Regarding the mental model, from the task performance perspectives, the participants that used the specific interface presented in average better times. From the
observations made during the interviews, the participants who had the specific
interface knew better how the production flow was working (see previous section 7.4 of mental models) and some of these users made clear gestures of reading
the flow from left to right, something that the participants that used the abstract
interface were lacking. This is supported by the different quotations shown in
table 7.9, in which three users from the abstract interface needed reinforcements
to know the direction of the flow, and the quotations from table 7.6, in which four
participants from the generic interface mentioned the need of a clear distinction
between input and output buffers.
In this case, for the mental model of the users, data from three different sources
support that the mental model of the users from the specific interface was better
depicted, given more strength to the finding.

Comparison of the interfaces
From the task performance, the participants from the specific interface provided
better results in general. From the SUS questionnaire, both interfaces presented
“pretty good” results as both had better scores than 80 [101], however the generic
interface had 2.5 points more than the specific interface, but both interfaces would
fall in the same category of highly usable interfaces. Regarding the interviews with
the users, when facing both interfaces all of the participants preferred the specific
interface, which can be appreciated from the quotations shown in table 7.10. Also,
from the triangulation analysis made for the mental models, the specific interface
seemed to depict a better mental model according to three different sources.
The author interprets these results as evidence to support that the specific
interface presents better results overall.
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Colour coded information
The task performance of task 3 is very similar for both interfaces, and in this
question the colour coded information seemed to play an important role (see task
3 in section 7.1), as users were scanning for the colours of the warning state.
From the interviews with the users, several users considered colour coded as one
of the best features of the prototypes (see table 7.5). It is also important to
notice that some users suggested some improvements regarding the colour coded
(see table 7.7).
In this case, two different sources support this finding.

7.7

Recommendations

Based on the findings presented in the previous sections different recommendations should be considered in order to improve both interfaces. A summary of
the findings (both positive and negative) is grouped into different categories in
table 7.11, this presentation of information attends to Barnum’s recommendation
to present findings [12].
Category
Colour coded information
Direction of the flow
Comparing interfaces
Colour coded improvements
Difference between input
and output buffer
User failing at completing a task

Users Affected
10 out of 10 participants mentioned colour coding as a
positive feature that was helping them to complete the
tasks
3 out of 10 participants suggested the need of a feature
to easily understand the direction of the flow
10 out of 10 participants preferred the specific interface
over the abstract one
3 out of 10 participants found that the colour coded used
could be improved
5 out of 10 participants found problems in how the input
and output buffer are represented
1 out of 10 users failed in the question of which is the
last production line

Table 7.11: Key findings for the usability testing of both interfaces sorted into
categories

Three participants out of 10 had issues to understand the direction of the flow.
For that, the author would recommend to include a “start” and “end” symbol in
both interfaces, including arrows in the different connections between production
lines to show the direction of the flow.
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Three participants suggested better ways of using the colour coding. The
author would recommend to change the colour of the machines so the orange
colour doesn’t interfere with the orange of the warnings. The use of both “green”
and “grey” to indicate that “everything is ok” was conflictive for a user. It would
be interesting to test further with more users to see if this suggestions is repeated
in the future.
Five participants found problematic the use of the same icon for both input
and output buffers. The author recommends to include a different icon for each
type of buffer. However, the recommendations regarding the direction of the flow
could help to this issue, as if the direction is clear then the input and output
could be assumed.
One user from the generic interface failed with the answer of which is the last
production line. This could be solved with the recommendations of the direction
of the flow.
Ten out of ten participants preferred the specific interface over the generic
interface. The author would recommend the use of 3D specific models to help in
the visualisation of abstract interfaces.

Chapter 8

Discussion and conclusions

This thesis started stating the problem of finding a solution to develop an interface
that could be reused and adapted to similar systems required in the company such
as different factories located in Sweden and in China. This was in the case that
important aspects from the usability perspective were not lost in this process.
This problem was reduced to a simpler and more specific problem that is
how the abstraction of the graphics presented in the interface could constrained
the usability. And finally, more specifically, this thesis addresses as a research
question the comparison of two interfaces, being one more abstract and generic
than the other one:
What is the usability impact difference when comparing an abstract generic
3D interface with a specific non-photorealistic-rendered 3D interface?
For that, an empirical study was conducted in order to explore this question
with two sets of five users. This empirical study was composed with five timecompletion tasks, a SUS questionnaire to measure the perceived usability and a
posterior qualitative interview with the users to explore further and make sense
of the results of both the SUS and the time-completion tasks.
This section will summarise the explanations of the results and findings, reference to previous similar research in the related fields and deduct how the results
of this dissertation can be applied in other research projects, making a final statement or hypothesis.

8.1

Results and findings

The most evident finding from this dissertation is that specific 3D models help to
depict a better mental model to the users than just abstract 3D representations,
as the specific models provide information related to the real world factory that
otherwise are lost with abstract visualisations. This is supported from the triangulation methodology used in which different sources of information point to the
same result. In this case, these sources were the task performance of the users,
the answers to the follow-up questions and the observations that the evaluator
made during the usability session.
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These results provide evidence of the trade-off between abstract and more
specific interfaces, which can help designers in making informed based decisions
in this trade-off. This knowledge can help in communicating data in a better
way, especially with the latest improvements in technology that allows to generate
data automatically (as mentioned in the theoretical section of perceptual sciences,
section 3.3). This finding aims at facilitating the way information is presented
to the users, which is something that needs more attention according to Tory’s
article [100].
More specifically, this finding can be applied to the abstract visualisations that
the information visualisation field provides, in which the combination of abstract
elements with more specific and world related models can help the users of the
applications. This is also appreciated in Sedlmair’s study [91], in which it is
concluded that 3D model representations are highly demanded by users and it is
suggested how the combination of 2D and 3D representations should be combined
in order to enjoy the benefits of 3D models with information visualization tools.
However, it is important to understand that the results show that the specific
interface seems to help the participants better, but these participants didn’t have
any background in the field of production processes. Given this fact, and that
the perceived usability and the tasks were completed in less than the maximum
time stipulated, the generic interface could be a solution that can lead to more
reusable interfaces in the future, specially in the case in which time sensitivity
is not crucial and that the personnel is knowledgable in factory processes and in
interpreting production flows.
As an example of this potential use from the reusability perspective, this
abstract visualisation can help in the domain engineering phase of software production lines, in which the commonality of the different graphics that will form
the interface will be decided, as it was explained in the theory section of production lines (see section 3.4.5). Another potential use is for domain-independant
software, in which the abstractions can convey the information independently of
what they are intended to represent. In this case, the author reminds of the study
limitations presented, as some recommendations are made to improve specifically
the abstract visualisations of 3D generic processes flows.
From the results of the SUS questionnaire, the author understands that both
interfaces present very high perceived usability scores, which increments the evidence that the user centered design provides high usable products as shown in
section 4.1. This also satisfies the need of using this approach in visualization
design, as in Tory’s article [100] it is suggested the use of UCD “could support
better visualization design”. This is also supported in Sedlmair’s article [90], in
which several studies are cited that have successfully followed a user centered
design approach in the context of information visualization systems.
Another finding that could be considered is the preference of the users towards 3D specific visualisations, as ten out of ten participants understood the
specific version as an improvement of the abstract interface. Some examples of
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these quotations are “the icons give me navigational help”, “the generic one has a
disadvantage as it is difficult to spot the production line”, “the 3D models presents
visual aids that help me, the other ones you need to read”.
This preference observed during this small study could be generalized and
applied to other less related research projects such as the one conducted by
Makonin [58], in which an abstract interface visualisation (abstract art) displays
data to inform of the consumption of the users. The author understand that
in that particular study Makonin is avoiding ”an intrusive hi-tech gadget” that
could be a big screen with a 3D interface. However, the author considers that the
inclusion of 3D specific models could help to relate the consumption to the real
world resources.
Colour coded information seemed to play an important role in the prototypes
tested, specially in task 3 in which participants were looking for a warning state
coded as orange. This fits with the research done in graphical codings in which
colour is normally considered as the most effective way for conveying information
(see 3.3.5). In this case the results from both interfaces are very similar, which
points that the specific 3D models don’t play an important role when colour coded
information is needed for a particular task. In this case, future research is needed
to understand better what is the role of colour coding when mixed with richer
and complex 3D environments.
Lastly, the author considers that the fidelity of the prototypes presented in this
thesis suited the intentions of the empirical study. This provides more evidence
towards using paper prototypes or digitally created paper interfaces for evaluating
the aesthetics. This is mentioned in [82] for evaluating the aesthetics of the design,
in which the refinement of the aesthetics should match the intended final product.
The author believes that this type of testing could lead to test earlier and cheaper.
Also, the testing performed during this dissertation provides evidence that
the users were focusing on the aesthetics level and could concentrate on performing the tasks assigned, rather than in more high-level problems of the design.
This provides evidence to the latest articles in the field of comparing different
prototype mediums, as for example in the article from Rueda [82] in which it is
emphasised that the refinement of aesthetics “reach more reliable conclusions in
user evaluations” and it is suggested that “realistic virtual images can be helpful
in digital prototyping”.
This dissertation shows in the “limitations of this study” section the problems
encountered that can influence the results, suggesting a few recommendations to
similar future research.

8.2

Research recommendations

Given the complexity of this type of 3D interfaces, the author highly recommends
to make this type of qualitative analysis before starting to invest in a quantitative
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evaluation. If the research group doesn’t perform this qualitative part, the data
collected can be influenced by factors not considered in the first place (see study
limitations in section 8.3).
As a recommendation to tackle this 3D complexity, the author highlights
the importance of creating and using a checklist of design principles made from
different books of design principles, usability principles and heuristics such as
the book of Lidwell [54] and complement this checklist with findings from the
graphical codings literature with articles such as the one of Nowell [70], in which
different rankings are shown for which codes present the information in a more
effective way. The fulfilment of these principles can avoid unnecessary mistakes
in the creation of 3D interfaces, avoiding inconclusive results.

8.3

Study’s limitations

While performing the different evaluations it was observed that the mental model
of the production flow was not very accurate for the users of the generic interface.
In the interviews some users pointed out the need of arrows to indicate direction,
and it was observed that some users read the name of production lines that were
on the left part when asked for the last production line (beginning of the flow).
The author questions what could have happened if the generic interface would
present a generic symbol to indicate the start and the end of the production flow
or if the connections between production lines were presenting arrows to indicate
direction. These two improvements could have helped improving the user’s mental
models and the author believes that these two facts have influenced the results,
being the hypothesis that the performance gap between the interfaces would have
decreased.
Attending to the same post-interviews, another observation made by a participant of the specific interface was that the colours shown for the machines was
the same as the colour coded information for the warnings. The author considers
this as a limitation, as this issue could have had an impact on the performance,
particularly in task 3, as some users in the interviews recognised that they were
scanning for the colour coded information.
The author doesn’t consider as a limitation that the tests were performed
using paper prototypes, even though the measured times are less accurate than
in other prototyping mediums. This type of questions are addressed already by
the community, being a state of the art article the one from Rueda [82].
A plausible limitation to consider in the specific interface is if the 3D models
presented in the prototype could be improved to convey the information in a
better way, or which level of detail would be the most effective to present the
information. This could be addressed as a future research. More specifically the
author addresses Santella and DeCarlo [85] future investigation, in which it is
mentioned in their research agenda: “An increasingly quantified understanding
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of the importance of abstraction in NPR, where abstraction is understood no
as mere removal of information but as targeted control of detail in pursuit of
a point”. The author believes that this could also be addressed but from a 3D
perspective, instead of the 2D research perform by Santella and DeCarlo.

8.4

Future research

As a conclusion from the limitations, the author considers that it is important to
take into account all of the limitations listed and suggests to repeat as a next step
a more quantifiable evaluation with more users, including symbols to identify the
beginning and end of the production flows, arrows to indicate direction and being
more selective with the use of colours in order to not interfere with the colour
coded information.
From the usability perspective, the author believes that this line of research
in which the interfaces are abstracted can lead to new types of interfaces that
are more reusable. However, as the study done in this dissertation suggests, it
is necessary to perform more studies —both quantitative and qualitative— to
help future designers in the trade-off that generic and specific interfaces present
in terms of usability.
From the reusability perspective, it would be interesting to see which would be
the difference of using a generic interface when compared with a specific interface.
Some reasoning has been included in this thesis, but a more in depth study could
quantify this reusability in terms of parameters such as flexibility and adaptability.

8.5

Research reflections

This part of the dissertation intends to be a critical reflection of the research
process, in which the author expresses his opinions regarding the positive and
the possible improvements during the performed study. If the author would start
again, he would invest less time to study both the context and the reusability
knowledge, emphasising more in the fields of cognitive psychology and information visualisation. However, the knowledge gathered was very welcomed during
different phases of the process of writing and constructing the prototypes for this
dissertation.
One of the major difficulties while writing the thesis was what is mentioned
in Sorensen [94], in which research should point to other similar work done in the
research community. The author felt that this was difficult in the beginning, as
there was no obvious body of research that was tackling directly the problem of
how the abstraction of graphics would affect the usability. When it is difficult
to relate to work previously done in the research, then Sorensen recommends “to
be more flexible about whom you associate yourself with”. And in this case this
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would be the principles of abstraction of non-photorealistic rendering and the
graphical codings (information visualisation) in which user studies are needed in
the field [44] [70].
As a reflection from this difficulty, it was hard to plan accordingly to a topdown approach in which every phase of the research is strictly planned with
details, and it was a relief to find articles such as the one written by Hertzmann
[44], in which he discusses “the thorny problem of how to evaluate NPR research
and theories” and suggests that “experimental studies are extremely appealing as
a way to add scientific rigour to research papers”. As NPR is a new research field
it seems that they are struggling with scientific valid methods to evaluate the
results, which they are finding from the HCI field.
As an example of a change according to the project plan, the evaluation
planned in the beginning of the thesis was according to the method suggested by
Gironimo et al. [38] with some modifications, in which the phases of “identifying
quality elements”, “classification of the quality elements”, “generation of product
concepts” and the “quality evaluation of the two paper prototypes” 1 was suggested
to evaluate the prototypes. The modifications made from the original method
proposed from Gironimo was to change the Erto-Venacore method by the System
Usability Scale (SUS), as the concern of the project was relying more on the
impact that the generic interfaces could have on the usability.
However, the method used in this thesis differs from the one proposed by
Gironimo, but still maintains a similar structure and a more solid and standard
foundation. The method used has been the user centered design approach, which
basically contains the some phases that Gironimo’s method to guarantee that the
user needs are satisfied [56]. As the final evaluation, the SUS method is complemented with post-interviews with the users, as was mentioned in the project
plan.

8.6

Conclusion

The motivation for this thesis was that the use of a generic interface could lead
to more flexible and reusable interfaces that are easier to maintain. This was in
case the interface was not losing important qualities of usability.
The author thinks that the impact that the generic interface has over the
more specific interface has been addressed by performing an empirical study and
analysing the results. Given that both interfaces presented high scores for the
perceived usability and that users completed all the tasks within the time frame,
the use of the generic interface proposed in this thesis could lead to more reusable
interfaces in the future.
1

These quotations are from the project plan and not from Gironimo’s article, as in the
project plan the different phases were adapted to the purpose of the project.
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However, from the triangulation methodology in which different sources of
information are combined, it seems that the specific interface was more helpful
and depicted a better mental model for the users. This finding suggests that
the inclusion of specific 3D models into abstract interfaces can help the users
in understanding the production flow better, as these 3D models help them to
connect the abstract visualization with the specific machinery and processes of
the factory. This can be applied specially in the field of information visualization,
in which abstract visualizations are commonly displayed.
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Figure 9.1: Evolution of the scrumboard: In this figure one can observe the
evolution of the scrumboard and the tasks. In the beggining all tasks were the
same, but soon special tasks such as the goal of a sprint were introduced (dark
yellow and pink)

Figure 9.2: Materials for low fidelity prototyping: Materials that were used during
the development of hand-crafted paper prototypes.
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Figure 9.3: Low fidelity prototypes: In the upper left corner it can be observed
a selection of sketches from the workshops. Next to the right, the "I wish I
like" method used in the retrospective analysis of the workshops. In the bottom
different low fidelity prototypes are presented showing basic ideas of the interfaces.
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Figure 9.4: Summary of the 2D graphics evolution: This is a summary of the
evolution of the 2D panels. In the beggining it was very similar to the latest
sketches on paper. However, through different iterations the 2D panels improved
in the aesthetics and in conveying the information in a better way. The values
shown in this interface have been randomly generated.
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Figure 9.5: Generic interface: Generic and abstract interface. This interface was
printed and presented to the users as a paper prototype (size of DIN-A 3). Part
of the margins have been cut to maximize the area shown of the interface. All
the values shown in this interface have been randomly generated.
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Figure 9.6: Specific interface: Specific 3D interface that presents 3D models
according to the different production lines of the production flow. This interface
was printed and presented to the users as a paper prototype (size of DIN-A 3).
Part of the margins have been cut to maximize the area shown of the interface.
All the values shown in this interface have been randomly generated.
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User	
  test	
  manuscript	
  
Hello, my name is Alvaro and I’m a thesis worker at ABB corporate research. Thank you for
agreeing on participating in this usability evaluation. The expected time for this evaluation is
around 45 minutes.
During the evaluation, you will carry out tasks related to production status using a paper
prototype. The findings and results from this evaluation will help us to understand better the
usability of our application. It is important to remind you that what we are testing is the
prototype, and not you. So if you feel that something is wrong, it is a design problem, not yours.
Some of the tasks will be measured with a stopwatch, and for that I would ask you to complete
the tasks as accurately and quickly as possible. At the end, we will have a follow-up discussion
about your perceptions on the prototype.
In order to not forget or miss anything of the follow-up questions, I will encourage you to think
aloud in this part of the evaluation. If you don’t mind I would also like to audio record this part of
the interview, with the purpose of listening to it again to complement the taken notes.
All the results from this evaluation (written and oral) will remain confidential. The answers will be
used in a thesis as anonymous. This feedback will give great insights on how to improve the
prototypes.
Thank you for your time.

Context	
  of	
  the	
  Factory	
  Visualisation	
  
Imagine that you are a production manager in a factory and you need to control the different key
performance indicators (KPI) of the factory lines. For that you have a prototype of how the
application will look in the future.
The visualisation of the factory presented in the prototype provides all the necessary data of
factory’s production. This factory is divided in production lines, which are represented as grey
boxes that contains the information of the incoming buffer and the output buffer.
Colour coding is used, having three different codes of colour: “green/grey” means “everything is
ok”, orange means “warning” (attention is needed) and red means “critical” (immediate action is
required). This colour coding information will be in a legend so you don’t have to remember.
The specific information about each production line will be shown in 2D panels.
Show the "other" production line as an example.

Time-‐measured	
  tasks	
  

Do a demonstration of the procedure to be followed:
The user reads the first item of the tasks. When the user is ready, the prototype is flipped and
the stopwatch is started. When the user finds the answer and starts writing the answer the
stopwatch is stopped (when the pen touches the paper). The prototype is flipped down so the
user can read the next item of the tasks.
This procedure is followed for the five tasks.

General	
  Impression	
  
For this part of the questionnaire I encourage you to talk aloud. This means that for me it is
important that you talk about your reflections and thoughts that come into your mind whenever
they are coming into your mind. This will give me great insights about how you think in relation
to the prototype.
In order to not loose any important feedback that you give, I would like to record with audio this
part of the evaluation.

Checklist	
  
□ The prototype to be tested should be face-down on the table.
□ The prototype to be shown at the end should be face-down on a chair or on the floor.
□ At least two working pens are necessary.
□ The mobile-phone to be used as a stop-watch and as an audio-recorder should be on “flight
mode”.
□ The evaluation sheets should be in the corresponding part of the user’s table.
□ Some paper sheets to take notes.
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questionnaire

User	
  test

	
  

Welcome, and thank you for taking your time to complete this questionnaire.
In this test, you will carry out some tasks on a production status visualisation prototype. You will also be
asked to answer questions about the overall experience of using the prototype. The results are very
important to us for understanding the user experience of our application – remember, it’s the application
we are testing, not you!
If you have any questions, feel free to ask now (before the evaluation is started), otherwise you will need
to wait until the Task test section is done.

Personal	
  information	
  
Your information will not be given or shared to outside entities. The data gathered will be used only for the
purpose of assessing the usability of the stage of the prototypes shown.
Name:
Gender:
Age:

□ 20-25 years

□ 25-30 years

□ 30-45 years

□ 45+ years

Education:
Occupation:

Do you have any previous experience of process visualisation or production planning?

□ yes □ no
Comment:

Do you have any previous experience of usability testing?

□ yes □ no
Comment:

questionnaire

Tasks	
  test	
  	
  
In this part of the test, you will carry out certain tasks (below) with the prototype. We would ask that you
complete the following tasks as accurately and quickly as possible.

Task	
  1	
  
What is the work in progress (WIP) value for the packing line?
Answer:

Task	
  2	
  
How many order items are there in the output buffer of the line "big machines”?
Answer:

Task	
  3	
  
Which lines have at least one buffer in a warning state?
Answer:

Task	
  4	
  
Which of the painting lines is performing the worst in terms of the week production?
Answer:

Task	
  5	
  
Is there any problem (critical or warning state) with the Work In Progress (WIP) of the "small machines"?
Answer:

□ yes □ no

questionnaire

SUS	
  
In this questionnaire, give your answers based on your overall experience of the application.
Please, be sure to mark at least one option in each question in this test.
Strongly
disagree

Strongly
agree

1. I think that I would like to
use this system frequently

1

2

3

4

5

2. I found the system unnecessarily
complex
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4
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4
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1

2

3

4

5

1
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3

4
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1

2
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1

2

3

4

5

1

2

3

4

5

3. I thought the system was easy
to use
4. I think that I would need the
support of a technical person to
be able to use this system
5. I found the various functions in
this system were well integrated
6. I thought there was too much
inconsistency in this system
7. I would imagine that most people
would learn to use this system
very quickly
8. I found the system very
cumbersome to use
9. I felt very confident using the
system
10. I needed to learn a lot of
things before I could get going
with this system

questionnaire

General	
  impression	
  
1. I feel that the visuals helped me understand the status of the production process

Strongly
disagree

Strongly
agree

Why?

2. What did you like best?

3. What did you like least?

4. If you had to decide what would be the first thing you would improve?

5. Do you feel that there is anything missing?

Follow-‐up	
  Questions	
  
Which is the last production line of the factory process?
Answer:
How do you interpret the way this information is presented: do you perceive that it is presented as
a logical way (the models follow the order of the process) or like a physical way (the models
follow the spatial relationship of the physical factory)?
Answer:

questionnaire

The	
  other	
  prototype	
  
In this last part of the questionnaire, you will see the other alternative design that has been developed for
the application. Based on this new interface:
Do you perceive that there is any improvement or disadvantage compared to the previous
prototype? Why?
Answer:

Other thoughts?
Answer:

Thanks for participating in the questionnaire.
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1. I think that I would like to use this system
frequently
2. I found the system unnecessarily complex
3. I thought the system was easy to use
4. I think that I would need the support of a
technical person to be able to use this system
5. I found the various functions in this system were well integrated
6. I thought there was too much inconsistency in this system
7. I would imagine that most people would
learn to use this system very quickly
8. I found the system very cumbersome to
use
9. I felt very confident using the system
10. I needed to learn a lot of things before I
could get going with this system

1

2

1

2345

3

12345
35
1345

1235
1245

4
245

5
13

45

123

24

1

2

1345

235
3

14

2

4

Table 11.1: Results from the SUS questionnaire of the generic interface, in which
the reader can observe which user selected the different values. The avarage score
for this interface was 88. This table is presented following Barnum’s recommendation to present SUS results [12]
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1. I think that I would like to use this system
frequently
2. I found the system unnecessarily complex
3. I thought the system was easy to use
4. I think that I would need the support of a
technical person to be able to use this system
5. I found the various functions in this system were well integrated
6. I thought there was too much inconsistency in this system
7. I would imagine that most people would
learn to use this system very quickly
8. I found the system very cumbersome to
use
9. I felt very confident using the system
10. I needed to learn a lot of things before I
could get going with this system

1

2

1234

5
1

245

3

13

4
1

5
2345

235

4

135

24

12345
12345
245
345

1
2

3
5
1

123

4

Table 11.2: Results from the SUS questionnaire of the generic interface, in which
the reader can observe which user selected the different values. The avarege
score for this interface was 85,5. This table is presented following Barnum’s
recommendation to present SUS results [12]

