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Abstract 
Today’s production environment is becoming increasingly complex. This calls for 
informed decision-making capabilities based on a solid understanding of the 
production process state. Virtual factories may provide the answer, where different 
production perspectives are presented by real world data in the same virtual cross-
reality. The 3D aspect of the virtual cross-reality may allow the user to quickly 
associate abstract information and processes with corresponding physical entities in 
the production layout. 

The aim of the project is to create a production status visualization application that 
features an overview of available production data, which empowers the user to 
quickly find relevant information to make informed decisions. The goal is to solve this 
by visualizing the factory state in near real-time, creating a production management 
system which presents data from many sources. 

This thesis covers the development of visual components for the application 
development. The report categorizes into the Human-Computer Interaction (HCI) 
domain with an underlying focus on perception and 3D visualization. The main 
research question of the thesis was: How does the addition of 3D elements affect the 
user experience of a production status application? 

The main goals of the thesis was visualize relevant information about the overall 
production status, thus supporting users in the decision making process. This was be 
achieved by carrying out the following process: 

 Performing a literature study that includes researching and establishing the 
scientific frontier on the subject of 2D/3D visualization as well as learning 
from any previous research conducted in the field. 

 Conducting a user study to understand the needs of the users and what type of 
information that needs to be readily available for showing the process state of 
a factory. 

 Carry out a benchmarking analysis to identify current solutions on the market 
and identifying relevant solutions. 

 Creating concepts that addressed user requirements, in order to solve issues 
regarding the current production management system. Detail designs 
translated early ideas and concepts into viable solutions ready for testing.  

 Proving whether 3D visualization is relevant in this context, by evaluating 
prototypes with user tests. 

The results of this thesis was an application concept design, derived through creative 
methods and several design iterations. The design was tested against a 2D 
counterpart design with promising results.  

 

KEYWORDS: production visualization, virtual factories, VCR, 2D vs 3D, 3D or not 
3D, KPI 



 

 

 

Sammanfattning 
Dagens produktionsmiljö blir allt mer komplex. Detta kräver välgrundade 
beslutsfunktioner baserade på en solid förståelse av produktionsprocessens status. 
Virtuella fabriker kan vara en lösning, där olika produktionsperspektiv presenteras av 
reell data i samma virtual cross-reality (VCR). 3D-aspekten av VCR kan tillåta 
användaren att snabbt associera abstrakt information och processer med 
motsvarande fysiska objekt i produktionslayouten. 

Syftet med projektet är att skapa ett produktionsstatusvisualiseringsprogram som 
presenterar en översikt över tillgänglig produktionsdata, vilket ger användaren 
möjlighet att snabbt hitta relevant information för att fatta informerade beslut. Målet är 
att lösa detta genom att visualisera en fabrik i nära realtid, och på så sätt skapa ett 
produktionshanteringssystem som presenterar data från många källor. 

Detta examensarbete omfattar utveckling av visuella komponenter för 
applikationsutvecklingen. Rapporten kategoriserar in i HCI domänen med ett 
underliggande fokus på kognitiv psykologi och 3D-visualisering. Den huvudsakliga 
frågeställningen i avhandlingen är: Hur påverkar tillägget av 3D-element 
användarens upplevelse av en produktionsstatus applikation? 

Huvudmålen för examensarbete var att visualisera relevant information om den totala 
produktionsstatusen och därmed stödja användarna i deras beslutsprocess. Detta 
uppnåddes genom att utföra följande process: 

 Utföra en litteraturstudie som omfattar efterforskning och inrättande av 
vetenskapliga fronten på temat 2D/3D visualisering samt att lära sig från 
tidigare forskning som bedrivits inom området. 

 Genomföra en användarstudieför att förstå användarnas behov och vilken typ 
av information som behöver vara lätt tillgänglig för visning av 
produktionstillståndet av en fabrik. 

 Genomföra en benchmarking -analys för att identifiera nuvarande lösningar på 
marknaden och identifiera relevanta lösningar 

 Skapa koncept som riktar mot användarkrav, i syfte att lösa problem om det 
nuvarande produktionssystemet. Detaljerade design-iterationer översatte 
tidiga idéer och koncept till funktionsdugliga lösningar färdiga för testning. 

 Bevisa om 3D-visualisering är relevant i detta sammanhang, genom att 
utvärdera prototyper med användartester. 

Resultatet från detta examensarbete var en konceptdesign för applikationen, som 
kan härledas genom kreativa metoder och flera designiterationer. Designen testades 
mot en 2D motsvarighet med lovande resultat. 

 

NYCKELORD: produktionsvisualisering, virtuella fabriker, VCR, 2D vs 3D, 3D eller 
inte 3D, KPI 
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1. Introduction 
This report covers the development of the visual components for a production status 
application. The report categorizes into the HCI domain with an underlying focus on 
perception theory and 3D visualization.   

This Master of Science thesis (30 hp) represents the final examination of the Master 
Programme in Industrial Design Engineering at Luleå University of Technology. The 
thesis work has been conducted at ABB Corporate Research in Västerås during the 
spring of 2014.   

The following sections in this chapter explains the project’s background, aim, 
research questions, delimitations and the general outline of the report in further 
detail. 

1.1 Background 
This section describes the background and motivation for the project of which the 
thesis is a part of, covering the importance of visualization in a production status 
context as well as the possibilities of virtual cross-reality environments and virtual 
factories. 

1.1.1 Why use visualization in a production context? 

Today’s production environment is becoming increasingly complex, as competitive 
forces on the market drive a constant demand for greater efficiency and utilization of 
resources. Working with smaller margins requires informed decisions based on a 
solid understanding of the production process state.  

In an ambitious effort to create a task-feature based taxonomy of available 
visualization techniques, Chen et al [1] performed an empirical study on 35 articles 
using statistical methods (a meta-analysis) in 2000. Their findings suggested that 
users perform better in completing tasks when using an interface that features visual 
components in addition to abstract information such as text and numbers.  

 “Until recently the term visualization meant constructing a visual image in the 
mind (Shorter Oxford English Dictionary). But now it has come to mean something 
like a graphical representation of data or concepts. Thus, from being an internal 
construct of the mind, visualization has become an external artifact supporting 
decision-making.” - Colin Ware [2] 

“in the information age, the production of information is easy – it’s the ability to 
gain access to relevant information that is the key to success.” - Crossley et al [3] 

As stated in the two quotes above, visualization today is something expected to be 
externalized and supportive. Moreover, how information is presented is important.  
This is particularly true for production visualization, where large and complex 
processes need to be comprehensively presented in order to enlighten decision-



 

12 

 

 

making. Ever since the implementation of Visual Display Units (VDU) (such as 
computer- or TV screens) in process control environments, HCI experts have been 
posed with a major problem: VDU:s allow deeper access to more detailed 
information of a production process. On the other hand, operators can quickly lose 
their overview perspective in the process of drilling down to more detailed 
information. This is something that has occupied HCI designers for many years [4]. 
The problem remains the same today, but the available technology for solving the 
problem has advanced immensely.  

1.1.2 Virtual cross-reality environments for the industry 

In 2009, Paradiso et al [5] observed that ubiquitously networked sensor/actuator 
technology was being leveraged by increasingly low cost of microelectronics, 
sensors, and wireless technologies. At the same time, the evolution of shared virtual 
3D environments had witnessed exponential growth since the advent of massive 
multiplayer online games, such as World of Warcraft and Second Life. Combining 
these two components creates a cross-reality; sensor networks can tunnel real world 
information into virtual worlds, allowing users to access real world information in a 
virtual environment [5]. An example of this is the Virtual Command center developed 
by Vinarub [6], featuring a holistic view where the sources could be verified, and if 
needed the external provider of information could be accessed. This requires 
translation modules that allow data providers to communicate with the system 
overview.  

In 2001, Jain et al [7] expressed the need for a holistic model in regards to rapid 
realization of product/process and enterprise integration. A virtual factory modeling 
approach was suggested. The benefit of such a model is the possibility of integrating 
several sub-systems into a bigger whole, creating a model that supports advanced 
decision making capability [7]. What’s interesting is that Jain et al discuss previous 
virtual factory models and concepts dating back as far as 1996, yet virtual factories 
remain state-of-the-art for process visualization today. It’ important to remember that 
many of these examples are only developed on a theoretical basis in the academic 
world, yet there are examples where actual business sites have been used for live 
testing [7], [8]. The implications for VCR technology in this project is that it can have 
a direct impact on industrial applications, where operators and planners need to 
make informed decisions; using cross-reality worlds would present all the necessary 
data in one place. Important decisions such as capacity planning, material 
management and order promising can be supported by a VCR application, by 
allowing the respective business processes to be studied within the virtual factory 
model [7]. The 3D aspect of a VCR allows users to quickly associate abstract 
information and processes with corresponding physical entities in the production 
layout. 

1.1.3 3D KPI – and ABB invention 

The department of software architecture and user experience (SARU) at ABB 
Corporate Research Västerås has previous experience of developing production 
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visualization applications [9], [10]. The following quote is an extract from ABB:s 
corporate technical journal [10] and in so many words it describes their vision of how 
they believe the production process of the future should be visualized:  

”A picture, it is said, is worth more than a thousand words. Visual 
representation renders data instantly accessible and helps pinpoint trends and 
correlations. When the managers or operators of a plant meet to discuss the 
challenges and tasks ahead, the graphic portrayal of trends, requirements and 
bottlenecks is essential to the identification of priorities and actions. How will 
the presentation tool of tomorrow support this? ABB believes this tool will 
automatically collect data from different sources in the field, represent key 
performance indicators (KPI) in an intuitive manner in conjunction with live 
process data and support zooming in and “drilling down” to details. The tool will 
also allow annotations to be added and freehand notes and sketches to be 
made, supporting the thought process of the team. Rather than a clunky 
keyboard and mouse, the tool will have a smart-phone style multi touch screen 
with intuitive 3-D navigation. For SCA’s pulp and paper plant in Obbola, 
Sweden, this tool is already reality today. The proof of concept was jointly 
developed by ABB and the Interactive Institute, Umeå (Sweden), and is hailed 
a success by SCA.” - ABB Review [10]  

Below is an example of this application, adapted into a new context (see Figure 1). 

Figure 1 – 3D KPI adapted to represent the production status of an oil rig 

Drawing inspiration from the proof of concept [10], ABB Corporate Research aims to 
create a new prototype for testing and implementation in a different production 
domain. It’s this new incarnation of the production status application that the thesis 
will be a part of.   
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1.2 Project aim 
To clarify the distinction between the development project and the thesis, “project” 
always refers to the application development project at ABB, which the current thesis 
project was a part of, while “thesis” refers to the work process and results covered in 
this report. 

The aim of the ABB project is to create an application that features an overview of 
available data that empowers the user to quickly find relevant information to make 
informed decisions. Furthermore, the application will alert the user where actions are 
needed. The aim is to solve this by visualizing the factory state in near real-time, 
creating a production management system which presents data from many sources. 

Suggested features are presenting bottlenecks, order flow, efficiency and quality of 
the process in order to improve the production. In addition, the visualization would 
include the different parts of the production, their state, possible maintenance stops, 
etc. The application will also be used for added customer value by being able to 
localize customer orders in the production facility. In other words, the visualization is 
a “living” description of the production process, presenting the key data/KPIs that is 
needed for the daily monitoring. 

The long-term goal is for the application to be run on mobile devices. In the first 
implementation of the application, it will be run on big screens.  

1.3 Thesis goals & research questions 
This thesis focuses on designing 3D visualization as a tool for understanding the 
production process. 3D visualization has the potential to be a powerful tool in this 
context, as it allows quick understanding of dense information. The results of this 
thesis will be incorporated into the application development project detailed in the 
previous section. This will be achieved by carrying out the following process: 

 Conduct a user study to understand the needs of the users and what type of 
information that needs to be readily available for showing the process state of 
a factory. 

 Performing a literature study that includes researching and establishing the 
scientific frontier on the subject of 3D visualization for a production context as 
well as learning from any previous research conducted in the field.  

 Carry out a benchmarking analysis to identify current solutions that needs to be 
taken into account. 

 Creating concepts, based on the requirements from the user study, in order to 
solve issues regarding the current production management system.  

 Proving whether 3D visualization is helpful in this context, by evaluating a 
prototype with user tests. 

Research questions are formulated to drive the development process, allow 
reflection and establishing whether goals are met. The main research question of this 
thesis is: How does the addition of 3D elements affect the user experience of a 
production status application? 
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1. How does 3D affect the general impression of the application? Is the 
application an improvement from the current system? 

2. How useful are 3D elements as compliments or even replacements to 2D 
information in this context? 

3. What are the potential risks and benefits of using 3D elements?  

1.4 Stakeholders 
This section describes the different stakeholders for the project and thesis.  

1.4.1 Luleå University of Technology 

Academic stakeholders are people that are involved in the thesis work, such as 
supervisors and examiners, whose interests are to ensure good quality in the master 
theses from Industrial design engineering.  

The research conducted in this thesis project is within the field of Industrial design 
engineering, with a main focus on the field of Human Computer Interaction (HCI) and 
specifically 3D visualization as a communication tool for the production status of a 
factory. 

1.4.2 ABB Corporate Research 

The thesis work is performed at ABB Corporate Research, Västerås, one of the 
seven ABB research centers world-wide, with 200 employees, supporting the 
operating companies by furnishing them with fundamental research, new 
technologies and innovative solutions for future product development. The areas 
covered within ABB Corporate Research, Västerås, include both power and 
automation technology. ABB Corporate Research has extensive collaborations with 
leading universities and research institutes within the EU and world-wide.  

Writing a thesis within the walls of ABB Corporate research means access to staff 
with a wealth of knowledge within their respective domains, but it also means 
synchronizing the thesis work with of ongoing development projects. See section “
 3.1 Project management” for more details on how the project was coordinated 
with the thesis.  

The software architecture and user experience department at ABB Corporate 
Research Västerås are responsible for developing the application in this project.  

1.4.3 End users 

Other stakeholders for this project are the end users of the application being 
developed in the ABB project, consisting mainly of managerial- and support staff at 
the customer factory. Identified users for the application are: Production manager, 
Quality manager, Line managers, Line quality managers, Line Safety managers, Line 
personnel, Production planning manager, Sales and Operations planning manager 
and personnel working with material and order releases. 
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Gathering production data from many sources in a common platform and presenting 
it in a comprehensible overview will create a collaboration tool that enables the end 
users to make informed decisions. This will speed up the decision process as well as 
create a common ground for increased collaboration across different production 
perspectives.  

In extension, a successful implementation of the application may result in re-
implementing the application for other production facilities and different domains.  

1.5 Current situation 
This section describes the current situation for the project customer factory. The 
project customer organization manages an order-driven production facility. Orders 
are received from the factory’s business-to-business customers and are planned and 
released for production by a team of sales and operation planners. Once an order is 
released into the production flow, it is tracked by scanning bar codes in each 
subsequent step in the production flow, although there is no visualization for order 
tracking currently.  

A single order consists of several components that are being manufactured in 
parallel. This requires a one-to-one coordination of the production so that 
components arrive at the same place at the same time where appropriate. 
Information regarding the process state of the factory is fed via separate systems 
that are spread out across the factory layout. Tracking orders, coordinating 
manpower and managing the needed materials for assembly of components is done 
in separate systems, often with restricted access, meaning that various managers 
and planners need to call each other frequently to access the information needed for 
carrying out daily tasks.  

There is no central system that can access all available data. This means that factory 
personnel need to gather information in-person or by phone calls, which also means 
that data is not updated live and may vary depending on the source of information. 
For instance, key performance indicator (KPI) data is updated daily. KPI:s are used 
to make informed decisions to ensure that the production runs smoothly. Altogether, 
finding the relevant information to make the right decisions is time consuming and 
overwhelming due to the many different data sources.  

There are two daily routines for exchanging information currently: a factory 
walkthrough, where each line in the production is assessed by line- and production 
managers, and a subsequent summary meeting were factory support staff such as 
sales- and material planners join (see Figure 2).  
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Figure 2 - Information flow schematic 

1.6 Delimitations 
The ambition is to develop an application that can be reused in other business units 
in ABB with the same need. To achieve this, reusability is an important factor that will 
affect the design process of the application. Reusability is not the focus of this report, 
as it’s covered in a separate thesis report by Muñoz [11]. 

The application will focus on production aspects. Other possible future 
implementations are managerial or bookkeeping features as well as connecting to 
suppliers and other production facilities. Knowledge management is also a central 
topic for the application. 

Virtual realities are often discussed as suitable platforms for forecasting and 
simulation capabilities. In this project, the aim is to create a mirror-world: a virtual 
environment using real data. As such, the model is not so much a forecasting tool as 
a way of assessing the current factory process state. To be clear, the application 
features one-way communication with no input capabilities. 

In order to truly free the user from moving around the facility in the search for 
information, a mobile platform alternative is desired in addition to larger displays for 
communication and collaboration purposes. However, design considerations are 
made for big screen/computer screens only.  

The factory personnel’s input will help the project by providing needs and 
requirements for concepts. The availability of factory personnel for later user tests 
will define our ability to iterate the prototype with or without ongoing user input. The 
required development time doesn’t add up to testing a fully functional prototype 
within the thesis timeframe. Instead, the visual components of the application is 
tested in the form of a paper prototype.   
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1.7 Report outline 
Chapter two is the result of a literature study that aims to answer research questions 
as well as provide inspiration and guidance for later practical stages of the project. It 
consists of two parts: firstly, the “why, how and when” to use 3D is discussed. 
Secondly, a case study of five select research papers are featured. These papers are 
relevant to this project for various reasons, mainly because they attempt to use 3D to 
enhance the way information is communicated to the user.  

Chapter three describes the theoretical framework used for establishing and 
motivating the methodology of the thesis. It features usability and perception 
theories.  

Chapter four describes which methods were used, why they were used, and how 
they were implemented. It starts with describing the general process and the 
management of the project, and proceeds to describe each project phase in 
chronological order.   

Chapter five shows results from the pre-study, concept development and evaluation 
phases of the thesis work process.  

Chapter six discusses the user evaluation results in comparison to the theory. The 
relevance of the thesis is discussed as well as new insights gained in the process of 
making the thesis. Finally, some due reflection of the work process and methodology 
is presented, along with recommendations for future work.   

Chapter seven concludes the thesis, attempting to answer research questions by 
analyzing the various findings of the thesis work.  
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2. Theoretical framework 
This chapter is the result of a literature study that aims towards answering some of 
the research questions as well as providing inspiration and guidance for later 
practical stages of the project.  

 2.1 Industrial design engineering 
This section encompasses relevant theories to be used for the development process, 
covering essential Human Computer Interaction (HCI) as well as underlying usability 
and perception theories. 

2.1.1 Human-computer-interaction 

This section of the theoretical framework aims to describe how humans function in 
relation to products, technical systems and work tasks. A system that is well 
designed in accordance with human behavior has many benefits, such as reduced 
risk of operator errors due to poorly designed interfaces.  

The human mind has two separate ways of processing information of its 
surroundings [12]: 

 Data driven (bottom-up) processing is based on physical stimuli in the 
perceiver’s surroundings, as well as the status of the perceiver’s senses. This 
type of process is subconscious and automated. No additional information is 
added beyond perceiving the physical stimuli.  

 Concept-driven (top-down) processing has an equally large impact on 
perception, and is based on previous experiences and knowledge of the 
perceiver, as well of what his/her expectations are. This process is conscious 
and active. Using this kind of processing, the perceiver can interpret his/her 
surroundings in a meaningful way by adding information that isn’t actually 
there. 

It’s important to design the delivery of information so that it supports both data driven 
and concept-driven processing, as these two processes complement each other, 
especially under stressful conditions [12]. For instance, a flashing information window 
will capture the attention of the user through data driven processes, while the 
information conveyed by the window will be interpreted by concept-driven processes.  

2.1.2 Usability 

This section describes some key aspects of Usability. The aim is to provide a good 
theoretical basis for evaluating the application prototype. The motivation for applying 
usability in a design process is not only about user satisfaction and utility – spending 
10% of a design budget on usability testing will nearly double the quality metrics for 
an intranet system, thus reducing time wasted on completing tasks and cutting down 
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on time required for learning the interface [13]. 

A functioning HCI system needs good usability. Usability consists of two parts: a 
system needs the right features to be functional, but also user friendliness, which 
means that the interface is easy to use and safe to use. The ISO (ISO 9241-11 [14])  
definition of usability is “the extent to which a product can be used by specified users 
to achieve specified goals with effectiveness, efficiency and satisfaction in a specified 
context of use”.  

Nielsen [13] describes usability as a quality attribute for how easy an interface is to 
use, but also as a set of methods for improving ease-of-use during the design 
process. Nielsen states that usability is defined by 5 quality components: 

Learnability: How easy is it for users to accomplish basic tasks the first time they 
encounter the design? 

Efficiency: Once users have learned the design, how quickly can they perform 
tasks? 

Memorability: When users return to the design after a period of not using it, how 
easily can they reestablish proficiency? 

Errors: How many errors do users make, how severe are these errors, and how 
easily can they recover from the errors? 

Satisfaction: How pleasant is it to use the design?” 

These five factors can be very useful to consider when evaluating the prototype of 
our interface.  

When involving users, it’s very important to understand when to do what. A typical 
usability process may look like this [13]: 

1. Before starting the new design, test the old design to identify the good parts 
that you should keep or emphasize, and the bad parts that give users trouble. 

2. Unless you're working on an intranet, test your competitors' designs to get 
quick data on a range of alternative interfaces that have similar features to 
your own. (If you work on an intranet, read the intranet design annual to learn 
from other designs.) 

3. Conduct a field study to see how users behave in their natural habitat. 
4. Make paper prototypes of one or more new design ideas and test them. The 

less time you invest in these design ideas the better, because you'll need to 
change them all based on the test results. 

5. Refine the design ideas that test best through multiple iterations, gradually 
moving from low-fidelity prototyping to high-fidelity representations that run on 
the computer. Test each iteration. 

6. Inspect the design relative to established usability guidelines whether from your 
own earlier studies or published research. 

7. Once you decide on and implement the final design, test it again. Subtle 
usability problems always creep in during implementation.  

Quantitative methods are widely used in the HCI field. The reason for this is partly 
the non-isolatable human interaction, which is inherently affected by prior knowledge, 
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habits, preferences, social interactions etc [15]. A qualitative experiment wouldn’t 
account for all of these factors. When qualitative data is used to gauge user 
performance (such as task completion time and user error rate), user interviews and 
questionnaires are frequently used.   

2.1.3 Perception theory 

This section describes core principles to consider for the interaction of the application 
design.   

Small multiples 
Tufte [16] defines the core of quantitative reasoning as being able to compare small 
multiples. Any multiple of the same object or entity will allow comparison between the 
different instances of the object or entity. The variances can be shown through 
differences such as alterations of objects in terms of shape, size, color, opacity etc. 

Gestalt laws 
The gestalt laws as defined by perception thinkers of the 1930:s (similarity, 
prägnanz, proximity, continuity and closure) [17], [18] are used to enhance concepts.  

Tufte [16] also points out a classical paradox in interaction design: 1+1=3, meaning 
for instance that two black lines create the illusion of a third white line (Figure 3 - 
1+1=3 example.) The effects of this are typically having non-information (increasing 
cognitive load).  

 

Figure 3 - 1+1=3 example 

Choice of colors 
Colors can be used to improve the information resolution of a computer screen. Tufte 
[16] points out that screen glare can be reduced by softening background colors. He 
proceeds to describe how combinations of colors that occur in nature a suitable 
palettes to use for interaction design to help suppress “color junk” [16].  

Keeping superfluous information sparse by mainly using a gray scale helps clarify the 
color coding when used [12], [16]. Tufte clarifies this further by describing that strong, 
pure or bright colors should be used to highlight information spots on dull 
backgrounds. For strong colors, primary colors provide maximum differentiation [16]. 
Yellow can be optimized for a white background by mixing in a tint of red, creating a 
bright orange [16]. 

Color blindness affects about 7-8 % of the male population and 0,5-1 % of the female 
population [12], [19]. Color brewer [19] is a web-application tool for creating suitable 
color schemes for cartography. The limited use of colors, consideration for color 
blindness, and its use of natural colors makes for a good reference when configuring 
the color palette of the application interface.  

Color coding 
The human eye is remarkably good at distinguishing colors. The average person can 
differentiate around 20 000 colors, while a trained expert can distinguish 100 000 
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colors (if tested with pairwise comparison) [16].  

Color coding is very commonly used when transferring information to the user via 
digital screens. Color coding should mainly be used as redundant information to 
support important functions [12] and to distinguish meaning [16]. Tufte [16] 
recommends keeping the maximum limit of color-codes to 20-30, as having more 
colors will be actively counter-productive. That said, the optimum number of colors 
used for color coding should be as few as possible, while retaining a meaningful 
scale in relation to the context in which color coding is used.  

Color-coding can be used to label a category of objects or data, but it can also be 
used for more subtle scaling of quantities when the same color is presented on a 
scale with different values and saturation (see Figure 4 - color scaled by .) 

     

     

Figure 4 - color scaled by value and saturation 

 2.2 3D visualization context 
In this section, an analysis is made on 2D- and 3D-visualization by discussing the 
appropriate dimensions for conveying information to the user. It also discusses 
potential combinations of 2D and 3D representations in the same environment. The 
final part of the literature review features a case study of five related papers. In 
relation to the project, these examples serve as a pointer for previous work and 
inspiration.  

Tufte [16] described the essential tasks of information design as escaping “flatland” 
and clarifying the density of data displays. By “flatland”, Tufte refers to how 
information tends to be convened through two-dimensional mediums such as paper 
or video screens, even though we live and perceive in a three-dimension world. In 
order to enforce the ties between our natural perceptions and abstract data, Tufte 
collected a number of strategies for sharpening the information resolution and 
resolving power of paper and video screen representations [16]. But what if 2D 
mediums isn’t the answer? 

A lot of 3D-visualization research covers the areas of air traffic control [20],[21],[22], 
military planning [23],[24] and medical imaging [25],[15]. Yet the findings are often 
inconsistent. Tavanti [15] accounted this to overly simplified research questions, and 
concludes that the utility of 3D against 2D interfaces cannot be decided on the 
common sense assumption that 3D is more similar to the real world, and therefore 
more easy to interact with. 

2.2.1 Spatial interpretation in 2½D 

When displaying 3D models in a 2D medium (such as computer screens), pictorial 
cues are used to render depth and three-dimensionality. These cues are also 
monocular, meaning that they can be read with a single eye (not using actual depth 
perception.) Tavanti [15] defines to following pictorial cues: 
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 Interposition (or occlusion) that is, the overlap of objects within a space; the 
relative size of objects in relation to the others (larger objects are perceived 
as closer than smaller ones). 

 Linear perspective, according to which parallel lines appear as converging in 
the distance; shading, which is the body of shadows and lights within a 
scene. 

 Height cues, that is objects set closer to the line of the horizon seem farther 
away from the observer. 

 Atmospheric perspective, for which blur and undefined objects within a scene 
are set far away from the observer. 

 Texture gradients according to which the texture of surfaces become thinner 
and denser as the distance from the observer increases. It is rather easy to 
deliver the depth effect with the support of such cues on standard computer 
screens, using more or less sophisticated graphics 3D modelers. 

These cues explain how 3D is presented in a 2D display, also referred to as 2½D by 
Tavanti [15], as opposed to actual 3D such as stereoscopic views, physical models 
or holograms. 2½D representation presents to the user with some ambiguity [24]. For 
this reason, exact determination of location for objects in 3D is difficult [26]. 
Smallman et al [21] found that realistic icons in a 3D environment were difficult to 
interpret without artificial enhancements, such as drop lines discerning for altitude. 
They also found that realistic icons can be hard to recognize from unfamiliar angles. 
In their conclusion, Smallman et al argue that well-designed 2D may perform with the 
same benefits that are usually contributed to 3D. On the other hand, spatial 
relationships using 2D representation can be difficult to comprehend - 2D 
representation may only show spatial conflicts in an abstract way, such as color 
coding, or by interlacing abstract figures [20].  

2.2.2 Using spatial information in 3D to manage 

information and reduce cognitive load 

A comprehensive overview of the state of a factory process requires a large number 
of data values to be displayed. 2D display methods are quickly overcrowded, and 
using several displays that display sub processes is a common solution. This in turn 
poses new problems like searching for the right display to gain relevant information 
[4]. This is related to the fact that there is no higher level representation overview that 
shows the users relation to the information space [27].  

Vinarub [6] advocates an immersive 3D interface for handling large quantities of 
information from many different sources – a virtual reality, where a “room” displays 
different types of information on the room “walls”. He compares this model with an 
ordinary computer desktop, where too many application windows quickly render a 
high cognitive workload, i.e. makes it difficult to process and select relevant 
information. Similarly, Crossley et al [27] propose that 3D interactive multimedia 
information sources offer the possibility of an intuitive and natural way to explore 
complex ideas and concepts, and promote a quicker path to understanding, thus 
dealing with information overload issues related to conventional 2D representation. 
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Other 3D desktop solutions like Data Mountain utilize human depth perception to 
arrange more information in a single space with minimal cognitive load [28], [29]. 

Mental registration 
A possible explanation as to why 3D may reduce cognitive load for certain tasks is a 
cognitive process called mental registration, which can be defined as a mental 
transformation in which two or more views of the same data are aligned spatially [25]. 
One of the key differences between 2D and 3D representation methods is the need 
for creating a mental model – in 2D, mental registration is required, while 3D 
provides a direct model, foregoing the need to create a mental model. John et al [24] 
contribute the intuitive understanding of 3D models to the fact that (a) all three 
dimensions are integrated into a single rendering (b) 3D renderings are receptive to 
supplementary depth cues (such as shadows and object scaling) and (c) allow 
features of an object to be depicted that would otherwise be invisible in a 2D view. 

Mnemotechnic devices 
An interesting theory with 3D representations of data is that spatial interface models 
(3D) may serve as mnemotechnic systems, or artificial memory aids [27], [28]. A 
mnemonic system is a way of memorizing information items by associating it to 
locations in a recalled (or imagined) environment, for example recalling “I remember 
the author of that book I put on the table in the living room”. Studies show that 
mnemotechnic systems are better represented in 3D [15]. This indicates that 3D has 
good potential for structuring an information overview, allowing the user to quickly 
“drill down” to detailed information, provided that the information is presented in a 
familiar environment.  

2.2.3 Combining 2D and 3D in the same environment 

3D displayed information is often appealing to the user [21], but for many tasks it 
may be less useful than a 2D representation counterpart [22]. The benefits of using 
2D are apparent when handling and editing data; there is no need for abstract 
information to be presented in a “physical” way, since it doesn’t represent a physical 
entity in a direct sense. Beuthel et al [20] point out that there are definite advantages 
of using abstract representations, such as the Gantt chart’s ability to illustrate the 
chronological order of resource allocation. According to Crossley et al  [3], 3D may 
be “overkill” for representing text and two-dimensional graphs. It’s also been found 
that multiple 2D representations perform better when deciding relative positions of 
objects [24], although it’s unlikely that this level of precision is necessary for this 
project.  

These findings, along with the possibilities described in the previous section, imply 
that a combination of 2D and 3D visuals can be used to achieve a good trade-off. 
This conclusion is further motivated by two cases: Beuthel et al [20] found that the 
optimal interface would be a balance between realism and abstraction, meaning that 
there is a need to combine realistic 3D models with abstract information presented in 
2D. They discussed the need for being able to switch between different 
representations (2D and 3D), and the need for these two different perspectives to be 
seamlessly linked using data communication. Similarly, Back et al [8], used 
interlinked real-time 3D representation and 2D layers of information to visualize a 
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factory processes.  

3D modeling offers many possibilities besides creating a realistic representation of 
reality. Since the representation isn’t actually real, many features can be 
implemented that would be difficult to show in ordinary footage. Rendering 2D 
information in a 3D environment poses a design and user experience challenge 
however: namely the positioning of text based information in relation to the view of 
the user. Crossley et al [3] suggests using “billboards” to solve this problem – 2D 
information screens that position themselves orthogonally to the user. These findings 
are consistent with Beuthel et al [20], whom also experimented with floating numbers 
and shading 2D information as textures onto 3D objects. Information shaded onto 
objects should only be used for recognition purposes, since it’s a less reliable way to 
convey information to the user and demands less attention.  

 2.3 Case study review in process 
visualization 
This section details a review of five process visualization projects. It provides 
valuable knowledge from previous experiences of similar projects. A summary of the 
research papers studied are shown in Table 1 below. 

Table 1 – summary of papers used for case study 

Criteria 

3D 
visualization 

for the 
monitoring 
and control 
of airport 

operations 

The virtual 
chocolate 
factory: 

Building a 
real world 

mixed-reality 
system for 
industrial 

collaboration 
and control 

An Approach 
for a Domain-

spanning 
Collaboration 
Platform for 

Decision 
Support Using 

Immersive 
Visualization 

Techniques in 
Product 

Manufacturing 

Advantages 
of 3D 

Displays for 
S&C of large 

Technical 
Systems 

Data 
Mountain: 

Using Spatial 
Memory for 
Document 

Management 

Domain 
Air traffic 
control 

Industrial 
production 

management 

Industrial 
production 

management 

Industrial 
production 

management 

Information 
management 

Industrial 
collaboration 

x x x x  

User tested x x  x x 

Implemented  x    

3D x x x x x 

Combined 
2D/3D 

x x x  x 
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The literature search was previously expanded into other domains to get fresh angles 
on how to utilize 3D. For this section, the majority of the papers presented are within 
the industrial production management domain due to their relevance for this project. 
Most of the papers are founded on an industrial collaboration partnership, featuring 
user tests and the intent of implementing the results. 3D is key for all prototypes in 
the selected papers, but only one model forgoes 2D representation.   

2.3.1 3D visualization for the monitoring and control of 

airport operations 

 “In order to support the planning, monitoring and control of space–time critical 
processes, such as factory logistics or airport resource allocation, the IT system 
needs a user interface, which provides a good overview about the planned 
process, and its actual state. Traditional systems use 2D graphics like Gantt 
charts and event networks, which show the duty and action sequences very well 
but not the spatial relationship on the airport. The idea to overcome this problem is 
to combine 2D with 3D visualization.” – Beuthel et al [20] 

The focus for this project is made clear in the quote above: supporting airport 
operations by adding 3D graphics. Interestingly, there is no doubt whether 2D 
representation has its place in this context - rather, Beuthel et al recognizes the utility 
of conventional 2D representations and experiments with adding 3D graphics to 
enhance the system and to facilitate understanding of the process.  

Visualisation and interaction 
Beuthel et al [20] used three different levels of detail (LOD) when creating the airport 
scene. The reason for this was to create a model with a good trade-off between 
model detail and visualization performance. Models were made to be available in 
several different formats, including .3ds, which is a standard format for Autodesk 
3DS Max. (This is also the chosen modeling program for this project.) In addition, 
material tables, textures and paths were stored in separate files. This approach to 3D 
visualization enables re-editing of the entire visualization model, and is a useful 
approach towards creating a reusable concept.  

Beuthel et al [20] suggested the following cues for pointing out abstract information 
within the 3D model: 

 Using color coding. For instance, “red” can signify an item that requires 
immediate attention, “yellow” can signify an upcoming need for maintenance 
etc. 

 Using different rendering modes. For instance, a shaded render may signify the 
actual location of an object, while a wireframe render of the same object may 
signify where the object is needed. 

 Using signs and markers as annotations that are attached to the 3D models to 
display additional information. 

 Attaching 2D frames to 3D objects (i.e. “floating bubbles” or billboards) 

 Using a heads up display (HUD) as an overlay. 

Navigation within a 3D model is usually done using a mouse and keyboard. Beuthel 
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et al [20] considered using a mouse and keyboard too difficult, and therefore not 
efficient, when applied to their airport model. Instead, they used the following 
techniques: 

 Hierarchical viewing structures – structuring views in a descending order, 
starting with an overview perspective and working down to individual object 
detail. 

 Pre-defined viewports – “favorite” views that are used frequently and can be 
accessed without navigating through the 3D space of the model. 

 Searching by typing object id/name, thus changing the view so that it displays 
the object 

 Finally, a map showing the actual position of the viewer in the scene proved to 
be helpful 

Contributions 
Beuthel et al discussed the possibilities of 3D representation in terms of providing 
operators with spatial feedback and validating operational procedures [20]. When 
Beuthel et al [20] tested their prototype on users, the general experience was that 
both the visualization and interaction methods could be understood very quickly, and 
the opinion was that this kind of visualization could support airport operations very 
well. Numerous research projects have been conducted in the area, with similar 
findings [22],[21].  

The 3D visualization also helped new users to cope with the otherwise high level of 
abstraction. These findings are consistent with the idea that 3D representation can 
be used to train personnel using simulations.   

2.3.2 The virtual chocolate factory: Building a real world 

mixed-reality system for industrial collaboration and 

control 

Introduction 
“Virtual, mobile, and mixed reality systems have diverse uses for data 
visualization and remote collaboration in industrial settings, especially factories. 
We report our experiences in designing complex mixed-reality collaboration, 
control, and display systems for a real-world factory, for delivering real-time 
factory information to multiple types of users.” – Back et al [8] 

Back et al [8] conducted this project in cooperation with TCHO, a chocolate maker in 
San Francisco. They refer to their model as a “mirror-world” representation, meaning 
that it collects data from the actual factory processes and replicates its processes in 
the virtual environment. This means that the representation is actually a virtual cross-
reality (VCR) environment. Back et al suggests a number of uses for VCR 
environments when implemented in a factory process, such as remote factory 
observation, virtual inspections, customer visits, education/training of employees, 
process monitoring and inventory tracking. 
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An additional focus was also to enable collaboration without needing physical 
presence of the collaborating individuals (remote collaboration). An example they use 
is a factory production in China with managers in the US or Japan. To make this 
possible, the interface needed to be of a multi-user type where users can 
communicate with each other and observe the same virtual reality.  

Back et al [8] found that in choosing which features to develop, a user centered 
approach was needed. Defining user types allowed them to figure out which features 
to develop by considering user needs. Data layering was used to cater to the needs 
for specific user types. Managers and operators may need multi-camera feeds and 
sensor data, while animations of machine interiors and live feed streams from 
cameras may be used for training purposes. In order to cater to different user needs, 
two separate applications were developed: one immersive VR model that features 
walkthroughs and remote collaboration, and one mobile application that features 
remote monitoring and control of processes.  

Visualisation and interaction 
Back et al [8] used high-definition cameras throughout the factory layout to 
complement both their VR model and mobile app by streaming video footage. Their 
suggested purpose for this was, among other uses, to train new personnel and to 
verify processes. 

The main visualization of the VR model is an immersive 3D environment, featuring 
near-realistic detail on a 1:1 translation of real-world physical objects. Information is 
presented in the form of 2D windows, rendered in the 3D environment. The user 
navigates the VR environment as a walking avatar and is able to interact with other 
user’s avatars, similar to MMO games (in fact, to enable collaboration in a virtual 
environment, MMO game technology was used). The first deployment was on a large 
56’’ LCD screen at the factory floor, where the user could participate in interactive 
tours as well as break off on their own using an avatar and interact with other users.  

Because the project caters to different user groups, there are also more abstract 
visualizations that detail historical values and other process data. The second 
deployment was an application for iPhone that could be used to control and monitor 
factory processes. Therefore, interaction was designed for a mobile touch interface. 
The mobile app allowed lab technicians or managers to remotely monitor and control 
temperature and time values.  

Contributions 
The two applications developed by Back et al [8] features different perspectives of 
VCR implementation in an industrial environment. At the time of publishing, new 
iterations were under development.  

In conclusion, they found that the most challenging aspect of their project was to find 
a suitable virtual world platform for secure and programmable, yet inexpensive 
scripting. Furthermore, they concluded that developing 3D assets is very time 
consuming – this is an important factor to consider in this thesis as well, given the 
limited time frame.  
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2.3.3 An Approach for a Domain-spanning Collaboration 

Platform for Decision Support Using Immersive 

Visualization Techniques in Product Manufacturing 

Introduction 
“…an approach for cross domain collaboration in product development and 
manufacturing by linking domain specific information models and provides a 
common visualization by means of Virtual Reality technology. This approach 
should be considered as work-in-process in an early stage. It should contribute to 
a decision support platform in which manufacturing alternatives are evaluated 
regarding criteria of several domains. Therefore information models from process 
design and product engineering are accessed and linked via items they describe. 
Linked information models are displayed with stereoscopic visualization 
technology in order to provide an understandable and yet complete illustration. 
Users should be able to evaluate manufacturing alternatives and instantly see the 
impact of modifications in their native and other connected information models. 
Thereby domain-spanning impacts of manufacturing alternatives can be 
recognized beforehand and cross-domain communication can be accelerated and 
improved through mutual understanding of domain experts.” - Eichhorn et al [30] 

Eichhorn et al [30] envisioned a multi-domain VR based on product and production 
data to create a “single point of truth”, named Lifecycle Engineering Solutions Center 
(LESC). The goal for this was to increase collaboration between different domains 
(perspectives) of the production process by visualizing priorities of several domains 
and indicating junctions of several domains. The potential gain for this was 
accelerated decisions based on higher quality information, thus reducing costs. A 
proof of concept application was under development in 2011.  

Visualisation and interaction 
Petri nets were used for describing and modeling the production process. The reason 
for this was its math-based nature that allows verification and specification of 
processes, as well as process analysis and simulation. Furthermore, Petri Nets were 
considered to be well founded in research.  

Similar to our project, Eichhorn et al [30] deals with information sources from several 
domains. This confronted them with the challenge of “on the one hand having a 
linked information network, on the other hand having the native domains of the 
information elements still trackable”. Their proposed solution to this was a spatial 
arrangement of domain spanning information in an immersive, stereoscopic 
environment. Specifically, LESC was used on a three surface (front, side and 
ground) passive projection in combination with optical tracking mechanisms. This 
would allow users to use gestures for navigating the interface. 

Contributions 
Using stereoscopic technology is out of scope for our project, yet we are interested in 
spatial arrangements using 3D environments.   



 

31 

 

 

The immersion aspect of the concept is intended to reduce cognitive load by putting 
less prioritized information on “side views”, i.e. other walls. This is similar to the 
model by Vinarub [23], the difference being that in this case, the user is actually 
standing in a physical room.  

2.3.4 Advantages of 3D Displays for S&C of large 

Technical Systems 

Introduction 
“Since the beginning of the use of VDU-terminals as the primary means for 
presenting information about the process to the operator crew in computer-based 
control rooms one main problem puzzles HCl designers: on one hand the new 
technology provides access to much deeper details and thus allows a much more 
precise evaluation of the process state, on the other hand the operators may lose 
the general overview over the entire system much more rapidly than before. Since 
many years MMI-Designers have tried to solve this problem.” - Elzer et al [4] 

Elzer et al attempt to solve a control room environment paradox that remains valid to 
date: finding a good balance between overview and detail. The approach used was 
to convert 2D information into 3D pillars, thus providing the user with a quick 
overview.  

Visualisation and interaction 
The implementation was done by importing a pre-existing 2D P&I diagram into a 3D 
environment and then modeling data values as 3D “cubes” that emerge from the flat 
P&I surface (see Figure 5).  

The operator can choose and navigate his/her view in this 3D space. 
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Figure 5 - a recapture of the model described by Elzer et al [4] 

Contributions 
According to Elzer et al [4], good interface design for Supervision and Control (S&C) 
of technical processes should be able to: 

 present an overview over the entire technical process 

 provide information about subprocesses or components on request  

 permit early detection of anomalous process situations 

 facilitate navigation in information space 

 allow the operator to interact with the technical process 

These items can be difficult to consider together, because of the conflict between 
having a good overview and/or access to detailed information. 

Elzer et al [4] constructed relatively simple 3D representation which yielded very 
encouraging results in extensive user tests (over 800 experiments were conducted). 
Initial positive user reactions were verified in user tests against the pre-existing 
system as well as a 2D interpretation of the concept (a control for evaluation the 
impact of using 3D.) Two entities were measured: the time it took for users to identify 
anomalous process states and the percentage of identification errors. The result: the 
3D concept allowed up to 50% faster detection with around 70% fewer errors.  

The 2D version of the concept performed poorer than the pre-existing system. This 
was particularly true for estimating the speed for falling or rising measurements.  

Unsurprisingly, user reactions after the test were positive overall. They believed the 
concept to be feasible, although they wished displaying data values as numbers in 
addition to the “cubes”. Users also expressed that it would be possible to include 
more data in the 3D concept without experiencing “overcrowding”.  
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2.3.5 Data Mountain: Using Spatial Memory for 

Document Management 

Introduction 
“Effective management of documents on computers has been a central user 
interface problem for many years. One common approach involves using 2D 
spatial layouts of icons representing the documents, particularly for in- formation 
workspace tasks. 3D spatial layouts have engaged 3D spatial cognition 
capabilities. Some have attempted to use spatial memory in 3D virtual 
environments. However, there has been no proof to date that spatial memory 
works the same way in 3D virtual environments as it does in the real world. We 
describe a new technique for document management called the Data Mountain, 
which allows users to place documents at arbitrary positions on an inclined plane 
in a 3D desktop virtual environment using a simple 2D inter- action technique.” - 
Czerwinski et al [28] 

The data mountain was developed in the the late 90:s, right at the advent of  feasible 
and affordable 3D graphics. Similar to Crossley et al [27], Czerwinski et al believed 
strongly in using 3D graphics to enhance and improve the user experience for 
mundane information retrieval tasks. 

Visualisation and interaction 
The Data Mountain is designed to work in a desktop 3D graphics virtual environment 
(also known as desktop VR) [28]. The data mountain is based in a 3D environment 
on a plain tilted at 65 degrees (See Figure 6). The user was asked to organize 100 
documents on this plane, the documents being displayed as 2D cards with text and 
thumbnails. Czerwinski et al points out the importance of the user organizing the 
information her/himself [29]. The user can later access information by viewing the 
user-made clusters, and discern documents by looking at thumbnails and finally 
hover over with the mouse to display text information about the document.  

 

Figure 6 - Data Mountain recaptured as described by Czerwinski er al [28] 
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Contributions 
Czerwinski et al [29] later conducted an empirical user study on data mountains, 
specifically they researched the impact of thumbnail images, mouse-over and spatial 
location on data retrieval within data mountains after a long period of time has 
passed since the information was mapped by the user. They concluded that 
thumbnails are not vital to remembering the location of a document, although 
thumbnails will aid the user initially for memorizing document location and reduce 
number of errors when searching the data mountain.  

Tavanti [15] conducted two follow up studies on data mountains, using a more 
complex study that isolated different factors, thus producing more consistent results. 
The studies showed that 3D version of Data Mountains can deliver superior memory 
performance, particularly when it comes to task completion time.  

2.3.6 Conclusions 

Some patterns emerge from the five papers presented in this case study. 3D 
visualization has continued to be a fascinating step towards more natural, immersive 
visualization since the advent of affordable and feasibly realistic 3D graphics since 
the late 90:s.  

The immersive aspect continues to develop as interaction and visualization 
technologies become more advanced, a trend that is clearly implied by the increasing 
complexity of the models discussed in the case study. This has led to 3D becoming 
something more than just a spatial perception enabling tool, and in more recent 
projects 3D graphics are used to fully replicating physical environments to educate 
users and, possibly, to inspire awe.  

Developing 3D is time consuming and therefore costly. A clear motive for using 3D is 
needed (such as working with space-time critical processes [20]), and collaborating 
with the industry to receive funding and visualization objectives is a common 
solution. Only one paper reveals details about implementation, the others are 
uncertain.  

Only one paper chose to rely entirely on 3D visuals, while the other papers worked 

with 3D visualization as complementing information to abstract 2D information. This 

conforms well to the findings in chapter  
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3. Methods 
This chapter describes the work process for the thesis. It also discusses which 
methods were used, why they were used, and how they were implemented.  

 

Figure 7 - Gantt chart detailing the work process 
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The main goal of this project is to identify and visualize relevant information about the 
overall production process and develop an application that will support users in their 
decision making process. This section describes the general process (as shown in 
Figure 7) for the project in chronological order, although many processes were 
conducted in parallel: 

 Performing a literature study that includes researching and establishing the 
scientific frontier on the subject of 2D/3D visualization as well as learning 
from any previous research conducted in the field. 

 Pre studies - conduct a user study to understand the needs of the users and 
what type of information that needs to be readily available for showing the 
process state of a factory. 

 Carry out a benchmarking analysis to identify current solutions on the market 
that needs to be taken into account. 

 Specify requirements and for use as concept input and evaluation criteria.  

 Creating concepts that address user requirements, in order to solve issues 
regarding the current production management system.  

 Detail designs will translate early ideas and concepts into viable solutions 
ready for testing.  

 Proving whether 3D visualization is relevant in this context, by evaluating a 
prototype with the same group of users. 

 3.1 Project management 
This section describes the approach used for managing the project, including a 
discussion concerning the need for combining different frameworks.  

3.1.1 Working with Agile methods within a Waterfall 

approach framework 

The Waterfall approach to software development contrast to the agile approach, and 
features a development process where distinct design phases occur in sequence. 
The benefits with this model is that it enforces discipline, by staking out milestones 
for each development phase [31]. This means that the project planning is being 
followed according to schedule (which is satisfying from a customer point of view.)  

Another benefit of the waterfall model is the distinction between development 
phases. This causes the design to be thoroughly reviewed before a prototype is 
implemented, thereby reducing errors in later stages, where counter actions require 
greater time and effort [31].  

Agile methods are a set of software development methods or tools based on iterative 
and incremental development. The so called Agile Manifesto [32] describes a brief 
guiding philosophy: 

 Individuals and interactions over processes and tools 

 Working software over comprehensive documentation 

 Customer collaboration over contract negotiation 
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 Responding to change over following a plan 

Agile methods take into consideration the fact that users of an interface are seldom 
its experts; users may not be aware of their actual requirements until being 
presented with a working prototype. Likewise, designers may be unaware of how 
seemingly straightforward requirements may cause insurmountable development 
tasks down the road.  

There are strong benefits with either approach – Waterfall or Agile. The waterfall 
approach is commonly followed in ABB Corporate Research development projects. 
Therefore, the development project in which this thesis is being conducted follows 
certain criteria associated with the waterfall approach, mainly by working towards 
Gates and Milestones. In the day-to-day activities and for weekly planning within the 
development team the agile approach is used however, since it allows greater 
flexibility. The project owner can adjust development according to new criteria from 
stakeholders (many stakeholders and types of users are involved), and the team 
becomes more responsive to change.  

Appropriately for the thesis, validation of early prototypes is motivated by the agile 
approach; testing starts in early iterations. This fact allows for tests to occur within 
the time frame of the thesis work, thus providing a more solid conclusion to the thesis 
research. 

3.1.2 Scrum 

Scrum is an agile method that is used for managing cross-functional product or 
software development teams. The term “scrum” is an analogy derived from rugby, 
where players coordinate to advance the ball up the field.  

Scrum holds many benefits compared to traditional planning methods. One of them 
is that it keeps the product owner close, thus increasing communication between 
product owner and the development team. This is said to increase the market value 
of the result [33].  

Scrum features three distinct roles [34],[33]: 

 Product Owners determine what needs to be developed, and continually 
update or change these goals. The result of this is called a product backlog.  

 Development Teams build what is needed in a sprint, and then demonstrate 
what they have built. Based on this demonstration, the Product Owner 
determines what to build next. 

 Scrum Masters ensure this process happens as smoothly as possible, and 
continually help improve the process, the team and the product being 
created. 

Scrum is a broadly accepted approach for software development, and is considered 
a very valuable method for handling the changeable nature of project priorities and 
breaking down application feature development into manageable sprints. 

A core concept of Scrum is the Sprint. A sprint represents a timeframe that enables a 
development team to focus on accomplishing concrete goals. Recommended length 
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for sprints is 2-4 weeks [33], [34]. Each new sprint is started by gathering the current 
high priority goals from the product backlog. This is done in a discussion between the 
product owner and the Scrum team (development team plus scrum master.) The 
product goals are broken down into actionable tasks for the development team.  

The development team has daily meetings, where the focus is to provide the team 
with the best possible conditions for achieving the sprint goals. 

After each sprint, a sprint review is held within the scrum team. The review consists 
of two parts: demonstrating the deliverables from the sprint and a sprint 
retrospective, where new experiences and lessons learned are covered. The 
purpose of this is to synchronize and motivate the development team [33].   

Implementation of Scrum 
The optimal size of the development team in Scrum is 5-9 people [33], which means 

that our development team is in just within the lower border of recommended team 

size. The development team is otherwise satisfactory in terms of being cross-

functional and self-organized.  

Our daily meetings were decided to be a maximum of 15 minutes, to encourage a 
brief exchange of information and thereby provide the team with a good current 
overview of the progression of the project.  

Sprint planning meetings were set to a maximum of 4 hours. During these meetings 
the different actions are discussed and time estimated. The unit for time estimation 
was number of days. This was done with the aid of a free mobile application called 
Centare planning poker, later replaced by actual poker planning cards (see Figure 8.) 
It features a voting system where each member votes the time needed to complete a 
certain action item. The votes with the highest and lowest value get to motivate why 
they chose their value. Votes are iterated until consensus is achieved. 
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Figure 8 - Planning Poker card “hand” 

When each activity has been assigned with a time estimate and at least one team 
member for carrying out the task and one team member for reviewing the task once 
it’s finished, the Scrum master calculates how much time has been estimated in total 
and compares this to the time available within the sprint timeframe. If the total time 
estimate is higher, low priority action items are put into the next sprint until the 
current sprint has a feasible time schedule. Items are prioritized by open discussions 
per action item. Action items are arranged by priority on the board with the highest 
priority items on top of the action item list.    

Sprints were set to two weeks. It was decided that we were going to use a 
whiteboard with post-its as a Scrum board for the first two sprints (see Figure 9). 
After these sprints we intended to try out using a software based Scrum planning 
program with more advanced features and remote access. The purpose of this was 
two-fold: firstly, two approaches are tried and compared to figure out the best way to 
organize our planning, secondly it puts the development team in the position of 
switching from a hardware based planning tool to a software based planning tool. 
This is something we expect our intended users to do, and so it will give us the 
experience of what our users has to go through when converting to a software based 
planning tool.  



 

40 

 

 

In the end, the whiteboard was kept since we felt it worked out really well for our 

Figure 9 – an example of a SCRUM board, by 
Logan Ingalls [CC-BY-2.0 

(http://creativecommons.org/licenses/by/2.0)], via 
Wikimedia Commons 
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purposes. (This should also be considered as an important result for user empathy; 
whiteboards are convenient and reliable, and we want to avoid a conflict between 
using whiteboards or our application at the customer factory.)  

In assessing the general usefulness of the Scrum method, we found that it provides 
really good visibility of current tasks, thus keeping the team up to date with current 
progress. It was also discovered that it’s crucial that all team members participate in 
the planning, review and retrospective meetings to avoid miscommunication; there 
was one instance where project lead and project members had distinctly different 
understandings of the sprint goal and its deliverables. Besides making sure that all 
project members are up to speed with current planning, it was decided that tasks 
should always have clear deliverables and responsible team members.  

Using scrum when working with product development and user experience (UX) 
poses some challenges. The need for working from a holistic perspective makes it 
hard to break down tasks or sprints into clear goals. In addition, the Scrum 
framework is irrelevant to use for literature studies due to the individual perspective 
and the changeable nature of exploring different domains, which makes it difficult to 
time estimate tasks. Basically, the literature review was conducted as a separate 
task within a given timeframe instead.   

 3.2 Pre-studies 
This section details the results of the activities carried out in the pre-study phase. A 
visit at the customer factory gave a preliminary view of the situation. It also prepared 
the development team for subsequent user interviews. User observations were 
conducted on site to complement user interviews. User requirements were defined 
based on these activities. A benchmarking analysis was conducted in parallel with 
the other pre-study activities, giving insight to existing solutions on the market. 

3.2.1 Customer factory visit 

A preliminary field study was conducted in connection to the startup meeting at the 
customer factory. Some of the main stakeholders provided a guided tour through the 
general factory layout and described the current visualization and collaboration 
systems. Routines for gathering data (taking photos, recording audio or video) were 
established.  

As a compliment to the user study, and as recommended by Nielsen [13], testing the 
current factory state process monitoring system (digital or analog/lo-fi) will give us an 
idea of what parts we want to keep and what parts to improve. We were provided 
with templates that are currently used for KPI:s as well as access to the current flow 
visualization software. 

As in [8], blueprints are desirable tools (besides hand measurements and photos) for 
replicating the factory environment. To get a better understanding of the work tasks 
and systems used, samples were collected of protocols, excel spreadsheets, graphs 
and planning papers.  

Eventually we were given access to a digital layout of the factory. Provided that the 
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format is compatible with the tools used for development, these types of digital 
models can be a huge help for replicating the factory environment. In some cases, 
they may even be used as the direct digital foundation for building the factory layout.   

3.2.2 User Interviews  

User interviews were conducted with a semi-structured approach, using an adapted 
version of cognitive task analysis [35]. The interviews were typically conducted with 
one interviewee and a minimum of 2 project members. The purpose of this was to 
divide roles so that one project member could handle the interview questions, and 
one project member could document the interview. Another benefit of this setup is 
that the gathered data is processed through different project member perspectives. 
This allows the entire design team to get a feel for the situation of the customers 
work environment and routines first hand.  

Interview documentation was aided by audio recordings, samples of work-task 
related documents and interviewee drawings (for instance of process flow.) 

The interviewees were also provided with samples of the 3D KPI application 
(screenshots or live interaction with application on tablet) to get a feeling of the 
possibilities of the projects.  

To cater to the reusability aspect of the project, it’s desirable to interview similar user 
roles at different production facilities, perhaps even completely different industries. A 
field study at another production facility with a different business area was 
performed. This allowed requirements to be defined as specific or generic, which 
helps creating an application that can be reused at other production facilities. 

The first round of interviews gave new insight into other areas of the production 
process, how it was monitored and what systems that where used. To follow up 
some of the more crucial “gaps” of knowledge, a second round of interviews was 
conducted. These interviews particularly focused on understanding specific systems 
used.  

3.2.3 User observations 

User observations were carried out at the various lines by all project team members. 
The purpose was to see what comparable tools were available, how they were used 
for communicating and to identify frustrations for the user. 

This method proved to be good for achieving a deeper understanding of the 
terminology and routines used. It also points out issues with the current system that 
are hard to recognize by the users due to their habit of the work environment.  

3.2.5 Requirements 

The data from the user studies was addressed by use cases. This is a fast method 
for handling user data and making sure that relevant issues are taken into 
consideration. In this context, use cases define the required steps in the interaction 
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between user and system to complete certain actions. The application features will 
be made up of these actions. 

Vinarub argues that user profiling enhances the usefulness of a virtual reality such as 
VirtRoom, by tailoring information towards user profile needs [6]. This was also a 
central part of the design developed by Back et al [8],[36]. User profiles where 
considered, but since our first priority in the application development was to create a 
holistic view that is useful for the user group in general, use cases that describe 
general desired functions were more applicable.  

3.2.4 Benchmarking analysis 

The best way to evaluate competing systems is to try them first hand, according to 
Nielsen [13]. However there was also a time-constraint involved, making the 
benchmarking analysis more general to cover a sufficient quantity of different 
solutions.  

The benchmarking process is done to establish state-of-practice solutions for 
visualizing production processes. This allowed the development team to gather an 
understanding of what level of detail that can be expected from industry-related 3D 
visualizations. It also highlights the conventional purposes of this type of product as 
well as the overall logic of the user interfaces.  

In extension, the benchmarking analysis was used by other members of the 
development team to identify existing intellectual property to take into account.  
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Figure 10 - Benchmarking template sample 

Figure 10 above shows the template used for gathering and presenting information 
about existing solutions on the market. The simplicity of PowerPoint slides allowed 
other development team members to rapidly go through the benchmarking analysis.  

The full list of software and projects of the benchmarking analysis were:  

 IC. IDO  

 EXTENDSIM  

 SIMIO  

 TECNOMATIX  

 FACTORY LAYOUT PLANNER  

 DELMIA  

 VIRTUAL FACTORY FRAMEWORK (VFF)  

 WONDERWARE INTOUCH  

 TCHO VIRTUAL CHOCOLATE FACTORY  

 VIRTUAL FACTORY (VIDEO)  

 LUXXION  

 VIRTUAL PLANT ® AGROINDUSTRIA  

 NEORIS 3D DIGITAL FACTORY  

 AUTODESK FACTORY DESIGN  

 OPENWONDERLAND 
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 3.3 Concept development 

3.3.1 Mission statement 

A mission statement was formulated to briefly capture the goals of the project. The 
mission statement is used both internally for inspiration and externally to explain the 
purpose of the project and to rally support.   

Drawing inspiration from the mission statement framework described in Playbook for 
strategic foresight and innovation by Carleton et al [37], a mission statement was 
formulated in open discussion with the aid of a whiteboard. 

3.3.2 Workshops 

Workshops are described in this section in terms of preparation, carry-out and 

evaluation as well as how concept generation methods were used. Workshops were 

carried out as a learning process, where participant evaluation was used to improve 

subsequent workshops.  

Workshop 0 
Workshop 0 occurred early on in the project, before the initial user studies where 
finished (hence the use of the digit “0”). The purpose of this workshop was to 
generate some initial ideas based on what the project team had observed and to 
synchronize the team on the scope of the application capabilities, therefore the 
participants were all project team members.  

The 6-3-5 method was applied to workshop 0, as it had been tried successfully 
before by members of the team. This method is a version of Brainsketching [38], 
were ideas are generated individually and passed on in a circular fashion in quick 
intervals. The method was modified so that a group of 4 people circulated 4 papers in 
several 5 minute sessions. The results were saved for future discussion.  

A problem with this adaption was that concepts were hard to separate – since the 
concepts were generally drawn rather than written, a lot of information was 
competing on a few papers. Another reflection is that concepts tended to be favored 
and implemented over and over in each subsequent “switch”, resulting in similarly 
combined concepts. This inhibited the quantity of ideas, and complicates evaluation 
since there are too many details on the same paper.  

Workshop 1 
This workshop was conducted with the goal to generate a large quantity of new and 
ideas -feasibility of ideas is not a priority at this stage. The focus for this workshop 
was to find solutions for the morning meeting tour of the factory. Visualizing the 
requested information was the purpose of these concepts. Participants for this 
workshop consisted of team developers.   

The workshop was planned and carried out according to a 3,5 hour schedule, 
including introduction, ideation and evaluation phases. The introduction phase 
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explains the problem to the group as well as the overall goals of the workshop. 
Emphasis was put on making sure the group understood the problem before 
concluding the initiation phase. In addition, sample pictures from the benchmarking 
analysis were displayed as inspiration for concepts.  

The ideation phase started with explaining the rules of the game, as described in 
[39]. These rules were displayed throughout the ideation phase. Next, a 40 minute 
round of Brain sketching pool was performed (Figure 11), a method version of 
Brainwriting [38], where concepts are put in a central “pool” instead of being passed 
on in a circular fashion. Participants add ideas and can build on ideas of others 
freely.   

This method was adapted to correct the problems encountered in our adaption of the 
6-3-5 method used in Workshop 0 – as a rule, concepts were required to be drawn 
on separate papers. 

 

Figure 11 - Brainwriting session with the development team 

After the Brainwriting pool session, concepts were pinned on a whiteboard to create 
discussion and encourage building on ideas of others. This was done in connection 
to a “fika” break with a short mandatory walk outdoors to get fresh air. 

The next creative session used the classic Brainstorming method [40], which lasted 
for 40 minutes. Brainstorming uses a more open forum to discuss ideas and build on 
ideas of others. Drawing was used as documentation, and concepts were added and 
clustered into categories on the whiteboard. 

The evaluation phase ensued with an attempt to use the NAF method [41], also 
using the planning poker cards to vote simultaneously (see section 3.1.2 Scrum for 
details on voting). It was quickly discovered that this approach was too time 
consuming, and an impromptu variant was used instead: voting was done on a scale 
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of 1,2,3, where 1 is the best score. The votes were summarized and divided by 
number of voters for each concept, ensuring that all concept evaluations are 
comparable. This approach allowed the team to go through all concepts within the 
workshop timeframe (some 40 concepts were evaluated). As such, the evaluation 
method that was used allowed for a first screening of concepts. The need for a more 
established method for screening early ideas was requested by participants for 
subsequent workshops. 

Finally, the workshop itself was evaluated, taking into account the timeframe, 
methods and problem formulations (the theme for the workshop). The method used 
for evaluation was I wish/I like, as described in [39]. This allowed all group members 
to give their view and to provide constructive feedback. This feedback was used 
directly to adapt workshop 2, which occurred one day after.    

 

Figure 12 - I wish/I like evaluation captured with post-its 

Results from workshop evaluation (Figure 12): 

 Preparation of workshop with decided scope, methods and time plan was 
appreciated 

 Brainstorming around a defined use case 

 Understanding the workshop theme/problem formulations is very important 

 Brain writing pool was good for initial ideas, but should be shorter to start a 
discussion earlier 

 Having a break with fika was much appreciated 

 Brainstorming method was appreciated, building on ideas was good 

 More discussion about concepts was desired 

 More time is needed to refine concepts 
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 A more efficient evaluation method is needed 

Workshop 2 
The goal of workshop 2 (W2) was the same as in workshop 1 (W1), and was carried 
out the day after W1. W2 was planned with the same approach as workshop W1, 
although rapidly modified based on user feedback from W1. A similar introduction 
phase was used, with a new theme: getting a holistic view of the entire factory 
production flow. Participants consisted of team development members.  

A brain writing pool session once again started off the ideation phase, this time 
adjusted to 20 minutes to allow more time for building on each other’s ideas in the 
subsequent brainstorming session. Concepts were once again pinned to the 
whiteboard. A standing table was put in front of the whiteboard to be used by the 
group in the brainstorming session (see Figure 13). This enabled the group to quickly 
asses existing ideas and iterate on those, while standing up also helped avoiding 
drowsiness.  

 

Figure 13 - Brainstorm around standing table with access to whiteboard 

Due to a shorter time frame of 3 hours with no elasticity (W2 occurred before lunch), 
it was decided to skip the fika break and continue the ongoing brainstorm session, 
since the group was more comfortable with the method and judged that a high 
ideation pace could be kept. 

Concept evaluation was carried out according to the method adapted in W1, and 
allowed for a quick screening of ideas. Concepts that where developed later on were 
more focused into categories, allowing for more in-depth evaluation. Therefore, 
concept ideas from W1 and W2 were categorized into folders (Figure 14), based on 
use case and what underlying problems the ideas aimed to be a solution for.  
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Figure 14 - Concepts sorted into category folders 

 

In evaluating the second workshop, it was concluded that brainpool writing is suitable 

to get initial ideas based on free interpretation of the entire problem formulation, 

while brainstorming is better used to discuss more focused problems.  
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Figure 15 - I wish/I like evaluation with post-its 

 

Results from workshop evaluation (see Figure 15): 

 Workshop was slightly compromised by the complexity of the workshop theme 
– not all members were up to date on the information 

 The quick adaption based on previous feedback was appreciated 

 Having a shorter brain pool session was appreciated 

 Increased focus on discussion and building on ideas was appreciated 

 Rearranging the workspace to stand around a table and discuss with an 
adjacent whiteboard was an improvement   

 Working on specific problems together after general brainstorming was 
appreciated and gave focused results 

 Not having a break was harmful to concentration 

 Evaluation was quicker, but not improved – still need a better method 
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Workshop 3 
Workshop 3 was scheduled and carried out after it became clear that order search 
functionalities needed further idea development. Localizing specific orders in the 
production is a high priority due to the order driven production approach that is used 
at the customer factory. Order searching will mainly be used by sales people to 
inspire confidence with customers.  

The framework used in workshop 1 and 2 was used, although this time the workshop 
was planned and facilitated by other team members. Members from the ABB 
corporate research software architecture and user experience department (SARU) 
were invited as participants. This allowed existing concepts to be revised with fresh 
eyes by people who make a living out of user experience design.  

 

 

Figure 16 - Briefing for workshop 3 

The workshop started with a PowerPoint briefing, briefly going through the goals of 
the project and the current features of the application (Figure 16). Order search 
functionality was defined as the theme for this workshop, and a classic brainstorming 
session with smaller groups ensued (Figure 17).  
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Figure 17 - Participants are split into smaller groups with members of the development 
team as moderators 

Team members were assigned as group moderators, taking notes on feedback from 
SARU participants and answering questions about pre-existing concepts and the 
project in general. 
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3.3.3 Design iterations 

This section details concept development, where initial ideas from section 3.3.2 

Workshops” are put together into a bigger whole as paper.  

Paper prototypes 
Paper prototypes were used to combine concepts from workshops into feasible 
concepts that addresses the prioritized use cases. Paper prototypes can be used to 
better understand an ambiguous innovation concept, and to visually communicate 
this to others. It also allows for quick feedback and learning [37]. This is particularly 
true when the mockups are presented to the intended users.  

Paper mockups are essentially the same method as paper prototypes, although the 
mockup version sometimes results in three dimensional models while paper 
prototypes are typically associated with software development. Paper prototypes are 
typically made up of office stationery and waste material such as post-its or paper 
cups. This makes for an extremely resource conservative method (see Figure 18). 

  

 

Figure 18 - Paper prototyping 
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Figure 19 - concepts are on display in the work environment 

Paper prototypes were the main tool for developing initial concepts and start an 
internal dialog for the design of the application (see Figure 19). 

Although Unity has been suggested as a sufficiently quick tool for creating graphical 
interface development to forego paper prototypes [42], using a low-fidelity method 
such as this eliminates any software related barriers during concept development. 
This is especially important when considering the mixed competencies of the 
development team. 

Participatory sketching 
User Participatory Sketching is proposed by Wang et al [43] to bring sketching into 
the user requirement gathering process and allow the users to come to multimodal 
expressions making use of sketches, spoken and written language. They found that 
participatory sketching can complement conventional user requirement gathering 
techniques in the aspects of: 

1. Tangibilizing abstract information between designer and user 
2. Contextualizing location-dependent  interactive system design concepts 
3. Unveiling underlying thoughts of the user 

One of the key aspects with participatory sketching is its multimodality – involving 
different sensory channels to enhance or reinforce the delivery of a message 
between individuals, such as the interviewer and the interviewee. Only written 
material tends to generalize and abstract conclusions, which leads to a loss of 
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richness of the data [44]. 

Sketches can also support the communication between designers and non-designers 
(see Figure 20 - participatory sketching redrawn as described by Wang et al [43]). 
For example, in one study comparing user interface sketches, scenarios, and 
computer prototypes adopted in six stakeholder meetings, it was found that sketches 
gave the broadest discussion and facilitated the same extent of discussion as 
prototypes on the overarching concept of the design [45]. 

 

 

Figure 20 - participatory sketching redrawn as described by Wang et al [43] 

Wang further suggest that participatory sketching can be used with other requirement 
gathering methods such as interviews and focus groups, but stresses the need for 
preparation of concept material on the designer’s part.  

The prepared concept material should be relevant to the current design stage and 
problems at hand, but not too closely defined. The purpose of these sketches is 
rather to be open-ended with the intent of asking questions [43].  

This is how Wang et al [43] used participatory sketching: example sketches are 
drawn short scenarios or simple illustrations of the concept location. Original 
sketches are photocopied. They are then distributed to the users in the same way as 
questionnaires. This enables the user to sketch freely and iterate without worrying 
about ruining the sketching material. The users are also encouraged to draw 
concepts on their own on blank paper. Throughout the sketching session the 
user/users are free to discuss the design concepts with the designers and add 
annotations to the sketches. This open-ended approach allows the user to immerse 
into the task in a multimodal way.   

3.3.4 3D modeling 

The computer games industry is constantly evolving to create next generation 
computer graphics. The impact this has had on 3D visualization can’t be stressed 
enough. But the gaming industry has done more than just pushing the frontline of 
computer graphics. The advent of massive multiplayer online games (MMOG) has 
created completely new opportunities for collaboration. The tools used to develop 
computer games can be repurposed to allow rapid and flexible visualization of 
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production processes, a goal we aim to prove in this project.  

Off the shelf game engines, such as Unity, provide pre-fabricated solutions for 
scripting and editing the visualization of a factory. This in turn empowers the 
programmer to create a flexible model of the production process.  

The tool available for modeling and animation is 3DS Max license. There is no 
current on-site supervision/support in the event that the animation and modeling 
process encounters a problem that prevents further progress. The knowledge base 
available for modeling and animation consists of extensive tutorials and self-study 
material available for free online. 

Digital factory layout 
Understanding the layout of the factory is crucial for enabling accurate 3D models. A 
digital factory layout was provided by the layout planning department of the customer 
factory. This proved to be an invaluable tool for getting an intuitive understanding of 
the physical layout of the factory – the alternative being static 3D renders, layout 
blueprints, sketches or pictures, all of which have a less interactive perspective.  

Digital 3D Mockups 
 “Quick and dirty” 3D models were created to get a feel for how concepts behave in 
three dimensions in terms of spatial arrangement and seeing how different features 
captures attention.   

Since these 3D mockup models were developed to rapidly evaluate concepts (as 
opposed to being used in the commercial end-product), a student license of Alias 
Automtive was used. The main benefit of using Alias in this case stems from 
experience – knowing the program features by heart allowed fast modeling, while 
using 3DS Max prior to tutorials would have posed a considerable learning curve and 
non-rapid development of 3D models.  

 3.4 Evaluation 
User testing is the most common form of studying usability. Beuthel et al [20] used 
this approach with good results when evaluating their prototype by presenting it to 
users of flight information systems, as did Elzer et al [4] as when trying out a S&C 3D 
prototype. 
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For this thesis, user testing presents an opportunity to answer the following research 
questions (see : 

Table 2 - Relation between research questions and test setup): 

Table 2 - Relation between research questions and test setup 

Research question Data Metrics Method 

1. How does 3D affect the 
general impression of the 

application? 
Qualitative Satisfaction 

SUS, Open 
questions 

2. How useful are 3D elements 
as compliments to 2D 

information in this context? 

Qualitative & 
quantitative 

Performance 
& Satisfaction 

SUS, Tasks, 
Open 

questions 

3. What are the potential risks 
and benefits of using 3D 

elements? 

Qualitative & 
quantitative 

Performance 
& Satisfaction 

SUS, Tasks, 
Open 

questions 

A summative [46] study would have been desirable to get definitive results for the 
research questions. But the number of users available does not support test samples 
big enough, especially since the research questions call for a comparative test 
design, involving two separate test groups. Nielsen [13] recommends a formative [47] 
approach to usability testing, running several smaller tests with a group size of about 
5 persons, updating the design based on the user feedback between tests. This 
makes the process iterative, and ensures a close understanding of the user’s needs 
and experience of the design prototype.  

“Don't defer user testing until you have a fully implemented design. If you do, it will 
be impossible to fix the vast majority of the critical usability problems that the test 
uncovers. Many of these problems are likely to be structural, and fixing them 
would require major rearchitecting. The only way to a high-quality user experience 
is to start user testing early in the design process and to keep testing every step of 
the way.”  

 – Jacob Nielsen, 2012 

Rubin [48] confirms that using small test sample sizes is intended as a strategy to 
conserve potential testers for later design iterations. True to the Agile approach, 
including involving users in early tests will give valuable feedback to our concept 
prototypes. The motivation for user tests is thereby two-fold: Getting answer to thesis 
questions and testing the application prototype. 
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When designing the test, these two goals were always in focus. The metrics needed 
to answer the research questions dictates what methods to use for tests as well as 
what should be represented in the test prototypes (: 

Table 2). To structure this, a simple overview with post-its was used (see Figure 21 - 
Test design overview.)  

 

Figure 21 - Test design overview 

Exploratory & Comparison testing 
Rubin [49] describes how the current product development cycle classifies the 
appropriate nature of a usability test - exploratory testing being the optimal choice in 
this thesis. This type of test is typically conducted when the usage model and user 
profiles have been defined and the first designs are ready for user feedback. The 
main objective of these tests is to explore/evaluate the effectiveness of different 
designs, looking at the users’ mental model of a product [49]. Rubin proceeds by 
pointing out that it’s vital to verify assumptions of user behavior to avoid critical 
design flaws.  

Exploratory tests are often conducted as comparison test, where different prototypes 
are tested across the same criteria [49]. This prevents development teams from 
committing too early to a single design. In this project, this approach presents an 
opportunity to develop an experimental 3D interface while maintaining a more 
conventional 2D counterpart – and comparing their performance for the same tasks, 
which reflects the central topic for the thesis. The latter part would optimally require a 
classical experimental setup to be tested, but the number of test users turned out to 
be a limitation for the statistical results needed; quantitative data was collected, 
although in its current state the confidence intervals are too great to make any 
significant statistical inference. 
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3.4.1 Metrics 

According to Tullis et al [47], two aspects are crucial to measure for understanding 
the user experience: performance and satisfaction. These two factors combined give 
a good feeling of the overall usability of a product. The reason for this is that tester 
may perform poorly while giving good satisfaction results or vice versa. This reflects 
well with the opinions of Sauro [50], who recommends task time completion and the 
SUS method for comparison data. When comparing products it’s essential to use the 
same metrics. In the industry, it’s not unusual to compare against benchmark data 
that is derived from a large sample of a product category. In this case however, the 
comparison goes towards answering specific research questions. Therefore the 
comparison is done by comparing two prototypes across the same test with the same 
type of users.  

Performance 
Performance metrics are typically quantitative data. Common performance 
measurements are time to completion and user error rate, as can be seen in [4], [22]. 
Due to the static nature of paper prototypes, measuring number of errors is difficult. 
Task completion rate and time to complete tasks is possible to measure reasonably 
well though, therefore these two factors were chosen as performance metrics for 
evaluating the two test prototypes.  

 Task completion rate is especially important in our case, since the product 
that’s being tested is an internal company application, where the user will 
have “no choice” but to depend on the application for information. Task 
completion is also a good metric for comparing the two prototypes to receive 
results towards answering the thesis questions.  

 Task completion time is important for routine tasks, which can be expected to 
be very common in our application. Task completion time is commonly used 
as an indicator for efficiency, where shorter times generally represent higher 
efficiency. Task completion time is therefore also interesting from a thesis 
perspective, as it’s an appropriate metric for comparing two different 
prototypes. 

Satisfaction 
Satisfaction is typically qualitative data, although it can be quantified by using Likert 
scales [47]. In user testing, satisfaction corresponds to recording what the user feels 
or thinks about his/her interaction with the test prototype.  

3.4.2 Test methods and measurements 

The data gathered was connected to research questions, see : 

Table 2 - Relation between research questions and test setup, which defines test 
goals along with testing the general usability of the prototypes.  

Task test 
Time to complete task was measured “by hand”, using a stopwatch to manually 
measure the time it took to complete individual tasks. Tullis et al [47] points out that 
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the single most important factor to consider when measuring time is to clearly define 
when to start/stop measuring and to be consistent according to that definition. In our 
case, all tasks were measured in the following way: the user was given as much time 
as was needed to study the task at hand, with the prototype page flipped downwards. 
Time measurement starts when the user flips the page (as soon as the page lies still 
on the table), and stops when the user flips the page downwards again (as soon as 
the page is moved).  

Task completion rate was measured by comparing answers, resulting categorical 
data of right/wrong answers.  

SUS 
The System Usability Scale (SUS) test was used as the main self-reported test 
method [47], [51]. SUS was originally developed for testing websites , but is widely 
used for any kind of system or product, and is referred to in over 600 publications 
[52]. SUS has also been verified to work well with small sample sizes [53]. The 
template for the test is shown in Appendix 2 – User test questionnaire  

Open-ended questions 
User satisfaction is most commonly measured by Likert scaled questions or open-
ended questions [47].  

 

 

 

Figure 22 above shows an example of the Likert scales used in this test. It’s a 5-point 
scale with descriptive terms at the endpoints. Labeling points affects results – to 
avoid creating bias, this Likert scale is adapted in the style used in the SUS test [51], 
which is one of the most commonly used usability tests. Whether to use even- or 
odd-numbered Likert scales is subject to debate, since odd-numbered scales allow 
“neutral” answers while even-numbered scales forces the tester to take a stand. 

3.4.3 Test prototypes 

Rubin [49] describes that for an explorative usability test on software concepts, static 
prototypes such as paper prototypes may be used, even though user interaction is 
usually the main focus of this type of evaluation. The upside of using paper 
prototypes is that testing can occur early in the development phase, without the 
entire interaction and details in place. The idea that Rubin describes is to test as 
early as possible to maximize impact from user tests on designs.  

 

Strongly                            Strongly 

disagree        agree 

Figure 22 - Likert scale used in test questionnaire 
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A good test prototype should go towards answering test objectives. In the case of 
this thesis, interpretation of visuals and differences in performance for two different 
designs are the focus of the test. To ensure this, other functions or details can be left 
out, because they do not contribute to the test results [49].  

The amount of information presented in the prototypes has been modified so that the 
desired features are evaluated – the different features displayed in the HUD has 
been removed as well as the icons that were used as redundant information for 
recognition of different lines in the production flow (see Figure 23 - 3D test prototype 
Figure 24 - 2D test prototype The effects from this on the test can be expected to be 
a clearer focus on the visual components, the drawback being that the test does not 
evaluate the full interaction of application concepts. Medium fidelity prototypes were 
considered to allow this, but the research aim of the thesis doesn’t fully motivate 
testing the full interaction of the concept. Rather, the user’s experience will be tested 
in two separate paper prototypes – one featuring 3D visuals as supporting 
information (see Figure 23), the other a strict 2D representation of the same features 
(see Figure 24).  

Using paper prototypes restricts interaction. This affects the test design, especially 
when looking at tasks that users will perform. It’s desirable to have representative 
tasks that translate to the use cases for the customer factory. At the same time, tasks 
need to give clear answer to the research questions in this thesis. All these factors 
were considered when designing the test (see Appendix 2 – User test questionnaire 

It’s tempting to think of the 2D tests as a control group. For this to be true, a single, 
tightly controlled variable is tested (in this case, a model with or without 3D 
elements). To make sense of the 2D version (Figure 24 - 2D test prototype, the flow 
incorporates the information bubbles as replacements to the 3D objects (Figure 23). 
This also changes the arrangement of the bubbles, and it can be argued that if a 
single variable differentiates the prototypes, it comes with fairly complex changes.  
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Figure 23 - 3D test prototype 

 

Figure 24 - 2D test prototype 
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3.4.4 Pilot tests 

Two pilot tests were conducted prior to user tests. The purpose of this was to 
optimize the test itself, making sure that the questions are easily understood without 
revealing too much information to the user when he/she carries out test tasks.  

In the first pilot test, a team developer of the project carried out the test. This 
screened away any obvious questionnaire flaws and gave good input on how to 
describe the paper prototype.    

The second pilot test was carried out by an experienced HMI and usability testing 
specialist. In addition to pointing out some questionnaire conventions, feedback from 
the second pilot test resulted in a stronger emphasis on the tester’s background in 
order to select a homogenous and thereby representative group.  

3.4.5 Test group and sample size 

Some of the most common criticisms of usability studies are that test users are not 
representative of a larger sample (too many differences between individuals, i.e. not 
homogenous) or don’t match the target audience [47]. The initial goal was to test the 
application prototype with its intended users, ensuring a direct mapping between 
testers and end users. This proved to be difficult, as an insufficiently high number of 
customer factory personnel were available for user tests.  

A convenient sample was used instead, meaning that the test user samples were 
drawn from the number of individuals that are available and willing to test. 
Convenient sampling is common practice in usability testing [47], although it’s 
important to be aware of how this affects the results and how they translate to a 
general population of real users. Following the advice from the pilot tests, users were 
selected from ABB thesis workers (thus testing a homogenous and generalizable 
group). Two factors were used to identify how the tester’s prior knowledge might 
affect results: their knowledge of the production management domain in general, and 
their experience of usability testing (see Appendix 2 – User test questionnaire.) The 
purpose for this is to control that the tester is representative of the intended group 
[49].  

The drawback of this was added screening requirements to an already relatively 
small pool of potential testers, resulting in small test groups, a fact that was further 
complicated by parallel tests in another thesis involving the same prototype. We 
wished to avoid influencing tests by involving users that had already tested a similar 
prototype, as this would cause a slight learning factor to weigh in on the results. The 
number of suitable participants were divided into test group A (3D prototype) and B 
(2D prototype). 

There is much debate on what is the appropriate sample size for usability test. Rubin 
describes a sample range from hundreds of users down to a single participant, and 
points out that the goals for a usability study determines the appropriate sample size 
[49]. According to Tullis et al [47], there are basically two camps in the sample size 
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debate: those that believe that 5 participants is enough, and those that believe that 5 
participants isn’t enough. Those in favor of 5 participants argue that 80 % of the total 
usability issues will be observed with 5 testers, Nielsen being one of them [54]. For 
quantitative studies with statistical results, Nielsen recommends a minimum of 20 
testers [55]. Tullis et al [47] recommends in favor of using 5 as a sample size, but 
only with the pretense that the user group is homogenous. They also further explain 
that as a usability test facilitator, attention drops significantly after 4 or 5 consecutive 
tests, and that the test needs to have a limited number of tasks, usually around 5-10 
tasks [47].    

3.4.6 Test environment 

Closed meeting rooms were booked and used, ensuring that tests could be 
conducted without interruptions. The room lightning was checked as well as the 
available work space for documents and prototypes. User and facilitator sits side by 
side to allow observation and to emphasize that the prototype is what is being 
discussed and tested. Mapping the thought process of the user requires much 
interaction between tester and facilitator, and in some aspects explorative usability 
tests are almost collaborative [49], the exception in this test being the task test 
phase.  

3.4.7 User tests 

The testers were divided into group A and B, each testing a different prototype to 
allow comparison between the two prototypes. 

The user test started with an introduction phase, expressing gratitude of the user’s 
choice to participate, explaining the importance of user feedback to our project and 
finally clarifying that the application/prototype is what is truly being tested (this was 
done as an effort to relieve the user and to encourage the user to criticize the 
prototype.) This information was conveyed to tester in the same way by following a 
manuscript, and also displaying it in the questionnaire as an extra measure.   

The introduction was followed by registering personal information (see Appendix 2 – 
User test questionnaire). Before filling in personal information, users were informed 
that personal information would be kept with strict confidentiality and not be spread to 
third parties. The user information was used to secure the relevancy of user test 
feedback (establishing a homogenous and representative group), and to keep record 
of contact information in case the user feedback needed to be complemented at a 
later stage.  

3.4.8 Interpretation of data 

Task test 
Task completion time measurement data could have been related to a predefined 
threshold value [47] – this would have created categorical results for the test tasks 
(pass/fail). The difficulty lies in defining an appropriate threshold. Instead, time 
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measurements were used to compare the two test prototypes, an approach adapted 
from Sauro [56].  

Task completion rate is compiled as pass/fail data in a bar chart with 2D/3D 
categories. Confidence intervals were calculated binomially using a web tool [57]. 

SUS 
The SUS test results in a single total score on a range of 0-100. To assess whether a 
score is good or bad, evaluation criteria is needed. One way to do this is to compare 
to scores from a large range of tests: Tullis et al [47] compiled data from 129 SUS 
tests on different products and from different world locations. Their conclusion was 
that a SUS score under 60 is relatively poor and a SUS score over 80 is can be 
considered pretty good. Similarly, Sauro found that the average SUS score is 68, 
based on 500 studies [58]. Comparing SUS scores to this dataset it interesting, 
because it compares to other products, which allows percentile ranking – a SUS 
score of 74 would rank at a percentile rank of 70%, and a score below 51 ranks in 
the bottom 15% of SUS tested products [58]. Sauro defines a SUS score above 80,3 
as “A”, signifying that it’s at the top 10% rank.   

Tullis et al [47] and Sauro [58] both recommend displaying SUS results with 
confidence intervals. While SUS has been proven to be reliable, test sample size still 
dictates how well the results can be projected onto a larger population.  

When interpreting SUS results, it’s important that the test was originally designed as 
a post-test questionnaire, and that there is no analytical part involved [58], [59]. In 
other words, SUS can identify problems, but won’t give reasons as to why a problem 
occurs.  

Open-ended questions 
The open ended questions make up the qualitative part of the test. This part of the 
feedback goes mainly towards improving concepts, and much of the data applies to 
both prototypes.  

Due to the qualitative nature of the open-ended questions, any one point of data is 
interesting to consider, but when several users remark on the same thing, it’s a clear 
indicator for what to improve next.     
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3.4.9 Reliability and validity 

Task test 
Measures were taken to avoid a learning bias to affect results by separating the test 
into two groups with different test prototypes. A flaw with the questionnaire itself 
(Appendix 2 – User test questionnaire is that there is no counterbalancing of tasks 
[47] – all users carried out the same task in the same order, and it’s possible that 
tasks that were carried out later in the test were elevated somewhat by what the user 
had learned from previous tasks.  

SUS 
SUS is one of the most widespread usability tests. It has been described as a “quick 
and dirty” method by its creator, yet there are many advantages to the method: In a 
study of five different types of self-reported metrics involving 123 participants, SUS 
yielded the most consistent results [60]. They believed this is due to the 50/50 
weighing of negative/positive statements and that users are asked to evaluate the 
overall experience of a product/system rather than breaking down the assessment 
into more detailed components – all 10 SUS questions asses the product/system as 
a whole. 

Due to its extensive use over many years and across a wide range of products, SUS 
is considered valid, and has been proven to outperform “home-made” questionnaires 
[58]. This has also led to the conclusion that SUS is agnostic [59]; meaning that it 
can be applied to any product or system and provide relevant results.  

Open-ended questions 
The qualitative data is important for this test. It’s used as a control to verify that test 
users have a match between performance and satisfaction – not saying that the 
application has no issues while performing poorly on the task test for instance. This 
highlights the awareness of the data quality and may also shed some light on 
whether good aesthetics make up for poor usability.  

The qualitative data is also an insurance of relevant feedback, if the quantitative part 
of the test should come back inconclusive. This is a distinct possibility since the 
recommended sample size for statistical inference [47], [49] is higher than the 
sample size acquired in this test.  
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4. Results 
This chapter covers the various results from the overall work process of the thesis. 
Results from literature review are displayed in section “2.3.6 Conclusions”. 

Due to the confidential nature of the pre study phase, factory specific information has 
been excluded from the results in this report.  

 4.1 Pre-studies 
The pre-study phase of the project settled the context by establishing user 
requirements (use cases), gathering sample data with templates and establishing 
which methods and systems are currently used at the customer factory. It also 
helped the development team understand the current production process, the factory 
layout and how production information is currently communicated.  

In addition, a benchmarking analysis helped shedding some light on existing 3D 
projects in an industrial and/or production context. This proved to be a valuable 
source of inspiration, but also an indication of what level of graphical aesthetics to 
expect. Some lessons learned from the benchmarking analysis were:  

 A major field of direct interpretations of reality in 3D is connected to 
simulations, where 3D graphics are mainly used to create a strong mental 
model for the user. Using 3D models to deliver a mental model to the user 
makes it easier to interpret and relate abstract information to physical entities.  

 Abstract information is generally conveyed in 2D, either as windows in a 3D 
environment or as heads-up displays.  

 Most 3D models are navigated from a top-down perspective to allow rapid 
navigation between detail- and overview perspectives. Immersive navigation 
(flying or walking in the 3D environment via an avatar) is rarely used in an 
production context, with the exception of the Virtual Chocolate Factory [8]. 

 Drag-and-drop features in combination with a 3D model library opens up the 
possibility for the application to represent entirely new factory processes 
elsewhere – this reflects well with the long term goal for our reusability design 
considerations if highly detailed (non-generic) models are used.  

 4.2 Concept development 
The concept development phase resulted in a mission statement for the project, a 
vast volume of concept ideas from workshops, several iterations of paper prototypes 
and 3D models that incrementally tied together concept ideas with user requirements 
into feasible designs.  

4.2.1 Mission statement 

To start off the concept development, a mission statement for the ABB project was 



 

68 

 

 

created:  

“The project mission is to bring productivity and customer confidence to new levels 
by providing real-time insight into the production process. We will use state of the art 
3D technology to visualize the current production performance as well as what 
happened in the past and what will happen in the future. Customers will be able to 
see parts turn into products on the factory floor as their orders progress through the 
lines. The professional teams on the factory floor will be empowered with the right 
information to take timely action and deliver the right quality on schedule. We will 
deliver a fun and engaging experience with the latest cool technologies for a more 
productive ABB.”  

4.2.2 Workshops 

A total of four workshops were conducted. The results from the workshops are 
described in this section.  

Figure 25 below shows the favored concept from workshop 0. With inspiration from 
Elzer et al [4], production data has been represented as 3D bars. The shape of the 
buffer 3D bars is derived from how buffers are commonly symbolized in 2D 
production flowcharts.    

The 3D bars are arranged into groups of three: in buffer, current production and 
outgoing buffer. These clusters make up a line in the production flow. Production 
lines are connected in a flowchart across a plane.  

In addition to the height of the 3D bars, color coding and threshold values (as floating 
numbers) is used to indicate the status of production values.  

Seamless switching between 2D/3D perspectives was discussed.  
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Figure 25 - An early concept of the visualization for the factory production flow.  

Below are some samples of concept results from workshop 1: 

 

Figure 26 - a global order tracking concept 

Figure 26 above shows a visionary concept that expands order tracking capabilities 
to a global perspective. It was quickly realized that currently existing data is 
insufficient to realize this concept.   
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Figure 27 - a highly alternative use of 3D navigation 

Figure 27 above shows an interesting concept for navigation and switching between 
different information perspectives. The idea was that the user would develop a 
Rubik’s cube kind of behavior, rapidly navigating the application as a cube.   

Concept idea samples from workshop 2 are shown below: 

 

Figure 28 - a sober layout of KPI:s and the process flow 

Figure 28 above shows a realistic/conservative approach (based on previous 
applications) to displaying the overall process flow and main KPI:s of the customer 
factory. It features a 2D HUD that allows displaying general production information. 
2D windows display production line specific information in the 3D environment.  
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This concept builds on the idea of Figure 25: the production flow is an integral part of 
the 3D visualization, although the production lines are imagined to be playfully 
representative of their physical counterpart to help relate information to the actual 
production process. A balance between familiar and generic is sought.  

This overview perspective is mainly intended to be used for the morning summary 
meeting.  In addition to this perspective, a production line-level perspective is needed 
for the morning factory walkthrough as well as supporting the general management 
of individual production lines. 

 

Figure 29 - a concept for collaboration 

Figure 29 above shows how the application may be used to coordinate the workforce 
by looking at daily production results and adjusting accordingly. This applies 
particularly for production lines that need to synchronize their production.  

4.2.3 Paper prototyping 

It’s interesting to see the impact of knowledge gained in the literature study. Beuthel 
et al [4] discuss the need for both an overview and a detailed view to create a good 
balance of information in S&C systems; in our concepts this approach has been 
interpreted by dividing the application into an overview- and line perspective. This 
also corresponds well to the intended users, as the application will be used both for 
summary morning meetings as well as line walkthrough meetings, where lines are 
inspected individually. Drawing on previous application experience, it also seems like 
a reasonable transition from the three different perspective levels used in Windfarms 
by Zou [9]. 
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List view 
The list view concept (Figure 30 below) has information for each production line 
presented in a horisontal list at the bottom of the screen, similar to the setup used in 
Windfarms [9]. At the top of the screen, general Key Performance Indicators (KPI:s) 
are shown for the production. The main issue with the concept is that it has no 
representation of the production process flow, making it hard to read buffer values as 
well as understanding the overall production process.   

 

 

Figure 30 - List view concept 
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Physical view 
This concept connects the production flow process to the physical layout of the 
factory. Line and buffer information is presented as floating 2D windows arranged 
according to the process flow of the factory. The information presented in the 
process flow windows can be filtered by selection tabs on the left.  

 

Figure 31 - early physical view concept with information selection tab 

Figure 32 below shows how the selection tabs illustrated in Figure 31 above were 
later integrated into the main KPI bar at the bottom of the screen. Information is 
filtered for the process flow 2D windows by pulling up the desired selection tab. Note 
how the designs for selection tabs are explored trough different shapes.   

 

 

Figure 32 - selection tabs integrated with overall production KPI 
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Figure 33 - Final paper prototype of "physical view" concept 

Figure 33 above shows the final paper prototype version of the physical view 
concept. The 2D windows have partially adapted the design of the selection tabs – 
both tabs and windows have color coded values. Buffer values are shown as vertical 
bars on the sides of the 2D windows – these are constantly on display, regardless of 
which selection filter is used.  

A graph window has been integrated in the top of the concept, showing historical 
values for any selected KPI.  

The design of the physical view concept becomes very vertical, causing the size of 
3D visuals to diminish. The constraints are imposed by the format of the paper used, 
and further investigation of the concept in 3D was needed.  



 

75 

 

 

Flow view 
The flow view concept emphasizes on the production flow of the customer factory. 
Production lines are located and recognized by their arrangement in the process 
flow.  

Figure 34 below shows an early version of the flow view concept. Selection tabs had 
not been implemented at this point. Annotation functions were discussed, shown in 
red.  

 

 

Figure 34 - an early version of the line view concept 
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Figure 35 - Final paper prototype of "flow view" concept 

Figure 35 above shows the final paper prototype for the flow view concept. A process 
flow template with semi-realistic representations was borrowed to give depth and 
perspective to the prototype. Selection tabs have been implemented. Buffers are 
represented in individual 2D windows.  

  



 

77 

 

 

Line view 
The line view concept is independent of the production overview concepts. The 
purpose of this concept is to address line level related information requirements. The 
idea rose to use 3D bars (see Figure 36) as in the early concept shown in Figure 25 
for the line view as well.  

 

Figure 36 - different versions of 3D bars for line view 

 

 

Figure 37 - Generic line view concept 

Figure 37 above shows the final paper prototype for the line view concept. The 
information tabs are the same as for the physical- and flow view concepts, but the 
tabs are static (they do not filter information at this level). Therefore, the design of the 
tabs is slightly different to indicate that they cannot be selected.    
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4.2.4 Participatory sketching 

Participatory sketching was used to get concept feedback from factory personnel 
prior to user test evaluations. Figure 38 shows feedback on the line view generic 
concept (Figure 37). The factory user pointed out that the agenda used for line 
meetings should be reflected in the concept information tabs. KPI:s were also 
restructured and reinterpreted.  

 

Figure 38 - A sample of participatory sketching with our concepts 

When presenting the production overview concepts (flow- and physical view) to end 
users of the application in participatory sketching sessions, they expressed that the 
production information was important – realistic representations of replications of the 
factory layout less so. Therefore, the flow view concept eventually became our main 
concept. 
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4.2.5 3D modeling 

Early 3D mockups take part where the paper prototypes and participatory sketches 
end, and drive concept incrementally towards feasible designs.  

3D Mockups 
3D mockups where adapted as a method for testing out viewing angles and 
proportions of concepts. Hand drawing proved to be time inefficient and difficult for 
rapidly testing these aspects of the concepts (Figure 39.) 

 

Figure 39 - hand-drawn sketch of concept perspective and view angle 
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Figure 40 - first iteration digital 3D mockup of "physical view" concept 

Figure 40 shows the most highly refined version of the “physical view” concept. It 
was considered inefficient by factory personnel due to their inherent knowledge of 
the physical layout (the 3D part had potential to “look nice”, but was not useful), and 
the space occupied by the physical factory layout 3D model could be better used to 
communicate information instead.  

Lastly, the connections between flow line representation and physical line 
representation gives the model a slightly disrupting feeling, especially considering 
that the 3D model is intended to rotate on a Z-axis.  
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Figure 41 - flow view concept with a digital mockup featuring an early 3D model 

Figure 41 shows an early 3D mockup of the flow view concept. 3D bars are placed 
on a 2D plane as in Figure 25, and display floating numbers in the 3D view in 
addition to the 2D bubbles. Color coding is used to indicate the status of 3D buffers 
as redundant information to the floating numbers. The overall purpose of the 3D 
visuals developed to support production information over representing physical 
entities of the production.  



 

82 

 

 

 

Figure 42 – alternate design of "flow view" concept 

Figure 42 shows an alternate design of the flow view concept. The 3D bars are 
elevated onto boxes, reinforcing the line aspect of the production flow but potentially 
reducing the readability of the 3D bars. 

Floating numbers are replaced by individual buffer 2D windows. This made for a 
more cluttered experience.  

2D icons were placed onto 3D objects to improve recognition of lines and 
independent buffers.  
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4.2.6 Detail design 

 

 

Figure 43 - detail design 

Figure 43 - detail design above shows a more refined version of the flow view 
concept. New features shown in this figure are order search functions (shown as a 
paper mockup menu on the left), a bottleneck signifier that can be placed by 
dragging and dropping (circular button on the lower right) as well as a refined 
graphical design, courtesy of team developer A. Munoz.  

The overall color scheme of the application has been toned down allow more 
focused highlights when color coding is applied.  
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 4.3 Evaluation 
Having develop a detailed design, the main concept was tested against a 2D 
counterpart. This section shows the results from  3.4 Evaluation. 

4.5.1 First impression 

Before the prototype was explained to the test user, he or she was asked to explain 
his/her first impression, starting with identifying the use of the prototype (what it 
represents) and how the different visual components function.  

Testers that were more familiar with production tended to be more confident about 
what the prototypes represents, such as explaining that it’s a production flow and 
also understanding the terminology and abbreviations used. (One tester even 
remarked that the WIP values seemed to be unusually high. This in-depth analysis 
was not anticipated; the data of the prototype doesn’t represent real data from the 
customer factory.) 

After establishing that it’s some kind of process flow, most users proceeded to 
analyze the production lines and how they were connected. Many testers remarked 
that while it’s easy to see where the flow starts, it’s hard to identify where it ends. All 
users assumed correctly that the flow went from left to right, although many users felt 
that this could be indicated more clearly. Some users also remarked that there 
seemed to be a circular loop in the flow.   

Having processed the 3D and 2D objects of the prototypes, a majority of testers 
attempted to interpret the color coding of the prototypes. (Some users concluded 
their analysis before going in to that much detail.) The “traffic light” palette of colors is 
a deeply established analogy, and all users assumed that red or orange means “bad” 
while green means “ok”. Testers were less confident about what was actually 
good/bad. Suggestions mentioned were: discarded items, illustrating bottlenecks (in 
red) and buffer values. The 2D box icon was correctly identified by many users, but 
some users assumed it had something to do with packing or recycling rather than 
production orders.   
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4.5.2 Performance  

 

Figure 44 - average completion rate for tasks in test prototypes 

Completion rate for the tasks in the user test (see Appendix 2 – User test 
questionnaire) are shown in Figure 46 - SUS test results above. The results show a 
positive difference between the two models, mainly favoring the 3D prototype except 
in task 2 (equal results) and task 5. It should be stressed however that these claims 
have little statistical validity due to the low number of users involved in the test – the 
confidence intervals are very large. 

Comparing the two prototypes average task completion rate (average for all tasks) 
with a one-sided t-test yields that the 3D prototype has a higher completion rate with 
a p-value of 0,098 (alpha= 0.05, H0=0). However, this is not quite statistically 
significant, and further tests with more users are needed to confirm this.    
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Figure 45 - average completion time for tasks in test prototypes 

Figure 45 above shows the results for task completion times, excluding failed tasks. 
Failed results are conventionally excluded from task completion time tests because 
they tend to skew results [61]. The results indicate that the 2D prototype has shorter 
task completion times for tasks in general, task 4 being affected by one outlying 
performance.  

Once again, a more exhaustive study with bigger samples is required to make a 
statistically significant conclusion – the error rate is simply too large at this sample 
size. Attempting a 2-sided t-test for the average tasks completion time (average of all 
five tasks) yields the result that the 2D prototype has a different completion time than 
the 3D prototype with a p-value of 0,368 (alpha= 0.05, H0=0) - not nearly significant, 
and chances are that for a larger sample the results would have been very different.   
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4.5.3 SUS test 

 

Figure 46 - SUS test results 

Judging by the SUS scores (Figure 46), the 3D model performs better. Since the test 
is designed to compare two different models, the difference in scores is what’s 
interesting. The difference is small however, especially considering the small sample 
sizes used – it’s fully possible that the models perform even more equally than the 
SUS scores would suggest.  

Statistically comparing the SUS results with a one-sided t-test yields that the 3D 
prototype has a higher SUS score with a p-value of 0,210. This makes for an 
unreliable comparison from a statistical standpoint (alpha= 0.05, H0=0).  

However, the confidence interval for the 3D prototype is very promising, as the lower 
SUS score for the confidence interval is at 83,3 - well over the “grade A” criteria 
defined by Sauro [59], which indicates that the 3D prototype lies within the top 10 % 
SUS scores. This grade can also be used as an indicator for products/systems that 
are likely to be promoted by the user [53]. 
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4.5.4 General impression 

The results from evaluation of the general impression (see Appendix 2 – User test 
questionnaire) for both test models are presented here.  

 

Figure 47 - Average score for impression of understanding based on visuals 

When users were asked to respond to the statement “I feel that the visuals helped 
me understand the status of the production process” on a scale of 1-5, where 5 
represents the best possible result, the average score was 4,4 – for both models! 
(see Figure 47.) This question is intended as a rough indicator for the general 
impression of the visuals in the test prototypes. Judging solely by the numbers, all 
that can be said is that there seems to be no difference between the two models and 
that the general impression is positive. In addition, the 2D prototype had a greater 
variation in its grades, resulting in a larger confidence interval; the 3D prototype has 
more reliable data.  

Fortunately this part of the test relies mainly on qualitative data, which reveals user 
reactions to specific design elements in much greater detail.  
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Table 3 - User percieved Pros/Cons for the 2D- and 3D test prototypes 

 

As can be seen in Table 3 - User percieved Pros/Cons for the 2D- and 3D test 
prototypes above, the 3D model gave more feedback overall. This implies that the 
3D model engages the user to a more extensive degree. Possible reasons as to why 
it would engage the user more is that it features more content than the 2D model. A 
more optimistic analysis would be that the 3D model promotes user engagement 
because it is more exciting and fun to use.   

In the last stage of the test, the test user was presented with the alternative prototype 
for comparison. While this gave good comparative feedback with motivations every 
test user favored the prototype he or she had tested. This bonding by experience 
mean that the results can’t reliably be used to see which prototype was favored, 
although Figure 47 - Average score for impression of understanding based on visuals 
reveal that it’s a close tie (grading shown in Figure 47 appeared in the test before 
comparing prototypes.)  
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4.5.5 Concept independent feedback 

In addition to providing qualitative data for the comparison of the 2D- and 3D 

prototype, the open-ended part of the test provided the project with constructive 

feedback on the application design. The feedback presented below is collected 

independently of prototype dimension, but applies to the 3D prototype in each case. 

Figure 48 below shows sketches done by test users in user tests.  

 

Figure 48 - Test user drawings of horizontal and vertical bars  
(mounted into one picture) 

Surroundings 

 Purpose of production line "revision" not clear 

 Clarify end of the flow - use arrows to indicate direction of flow 

 Line connections should always go from out-buffer to in-buffer. 

 A title for the general view is needed 

 Connection between 3D cylinder shapes and daily production goal is not 
obvious 

 Scaling production lines according to importance was suggested 

 3D graphics should suggest something about the identity of different production 
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lines/processes 

Buffers 

 Vertical bars don't look dynamic (2D) 

 Show thresholds for buffers (see Figure 48 - Test user drawings) 

 Clarify in/out buffers - use text labels  

 Relation between 3D buffers and 2D buffers not obvious – use triangular shape 
of buffer icon standard 

 Buffer 2D icon unclear - use triangular shape of buffer icon standard 

 Labels for independent buffers 

Information 

 Display percentages in addition to progress bars in information bubbles  

 present todays goal as a number (not just current progress) 

 Needs access to deeper, more detailed information 

 Information about causes for "warning/critical" state in production flow 

Colors 

 Clarify meaning of color coding beyond “good/bad” – create legend? 

 The choice of colors – too strong colors for too much information 

 No consideration for colorblindness 
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 4.4 Final result 

 

Figure 49 - current version of 3D visuals 

Figure 49 - current version of 3D visualsabove shows the current version of the 
application 3D visuals. The structure of the flow has been validated with end users.  

 All buffers have been separated from lines and correspond to a physically 
present buffer in the customer factory; in previous versions, there were 
duplicates were some buffers were in-buffer for one line and out-buffer for 
another line.  

 Connections between lines and buffers (blue) have new zig-zag patterns to 
indicate additional distance (for processes that transfer to external buildings.) 

 Grey connection lines are used arbitrarily to indicate that revision and inventory 
have their respective connections to other parts of the production flow, 
independent of the flow of orders. 

 End of the production flow has been clarified with a special “invoice box”. The 
checker pattern indicates “finish” by using an analogy to race flags. The 
number of invoiced orders is used to indicate weekly production process. 

 Icons have been implemented (projected onto objects) to improve the 
recognition factor of production lines, potentially reducing cognitive load.    
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5. Discussion 
This chapter discusses results in comparison to the theory. The relevance of the 
thesis is discussed as well as new insights gained in the process of making the 
thesis. Finally, some due reflection of the work process and methodology is 
presented, along with recommendations for future work.   

 5.1 The result in comparison to the theory 
As established in the theoretical framework, this thesis adheres to the HCI domain, 
and the methods used for evaluation are usability studies. (See Theoretical 
framework.) 

The combination of data-driven and concept-driven representation may explain the 

core differences between our prototypes; the 3D prototype has a greater emphasis 

on data-driven representation while retaining the same level of data-driven 

representation as the 2D prototype. The data-driven aspects of the 3D prototype can 

be contributed to the perceived “natural” spatial arrangement of 3D objects [24], 

which in turn are explained by the visual cues presented by Tavanti [15]. The hope 

was that this would improve understanding of complex production processes, which 

is in fact implied by results from user tests (see 4.5.2 Performance). Task completion 

rate showed the most significant results of the two quantitative test factors, favoring 

the 3D prototype. The scenario tested in the user tests of this thesis are considerably 

less complex than typical S&C systems, which were the target use of the prototype 

developed by Elzer et al [4], but the use of 3D bars proved to be useful in our context 

as well – users perceived that the 3D bars were helpful in qualitative results (  
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4.5.4 General impression), and this is further verified by the fact the 3D model had 

fewer task completion fails (4.5.2 Performance).  

On the other hand, task completion time was favoring the 2D prototype. This may be 
explained by the fact that the 2D prototype had less objects/features to process, thus 
resulting in a lower cognitive load. Czerwinski et al [28], Crossley et al [27] and 
Vinarub [6] argued that 3D models could potentially reduce cognitive load. This is by 
no means disproven by the results of the user tests in this thesis. Firstly, I would like 
to point out that the quantitative results are preliminary at best, due to the high 
degree of uncertainty caused by small test samples.) Secondly, and more 
importantly, the 3D model used represented the same information as the 2D 
prototype, but with the addition of 3D object as redundant information (following the 
same approach as Beuthel et al [20] and Back et al [8]); task completion time results 
points towards that the 3D model had a higher cognitive load (taking longer time to 
process tasks), but the task completion rate results indicate that the 3D model is 
superior to the 2D model in terms of correctly understanding the factory process.  

Developing a strict 3D model in this context is irrelevant, given the emphasis on 
interpreting abstract data [20], [27]. Furthermore, it’s likely that task completion rate 
performance would drop, as there is no 2D information redundancy.  

On the note of testing 3D objects as icons according to the theories of Smallman et 
al [21] and the potential of using 3D object for recognition, parallel tests were 
conducted by Munoz [11] with prototypes based on the same concepts used in this 
thesis. (Hence the need to share/divide available test users between the two different 
tests.) 

 5.2 Relevance of thesis work 
For ABB Corporate Research and the SARU department, this project means a new 
incarnation of their production status visualization applications. New to this project is 
the domain: representing an order-driven production environment poses new 
challenges and shifting priorities. Object based geometries and recognition of the 
physical environment is less pronounced than in previous versions for other domains. 
Rather, the focus of this application is to visualize KPI information and the production 
flow itself.   

For the scientific and academic community, the value of this thesis is its connection 
to a live implementation project for the industry. A rigorous pre-study phase has been 
conducted at the customer factory. The application has been reassured to reflect the 
needs of the users in user tests with factory personnel conducted by other members 
of the development team. Many challenges are left to overcome, but we have 
achieved a thorough understanding of what the desired end result is and what’s 
needed to get there. 

 5.3 Reflection 
Reflecting upon the relevance of the thesis work, I realize that I’m torn between 
different perspectives. This has affected my work throughout the thesis work 
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process. On the one side, collaborating directly with the industry makes for an 
exciting and meaningful project to be a part of. Knowing that the results will be 
implemented is a huge motivation to work towards the best possible results. On the 
other side, working with the same project as part of a thesis call for rigorous research 
methods to meet academic and scientific requirements. This is off course not 
anything unusual for a master thesis, but while I’d like to say “no regrets” I wish I 
would have made more time to work on the end result.  

5.3.1 Project management 

Coordinating with the team members using the Scrum framework was a refreshing 
experience. While the method is intended for software development (as in this 
project), I’d like to try it with traditional product development. A previous project that 
comes to mind is the Project course B, where a team of 10 students worked with 
developing an air powered engine. I believe that using the Scrum framework for that 
project would have improved the internal communication of the team considerably. 
Lessons learned from using Scrum in this thesis is that it helps coordinate team 
members by providing visibility of project tasks, and that responsibilities are clearly 
defined through roles and reviewing of tasks. Another thing that leads me to believe 
in Scrum for product development is its flexibility, which is becoming more relevant 
as modern products are becoming more complex and harder to fully define prior to 
starting a project.   

5.3.2 Pre-studies 

The pre-study phase in this project is more thorough than any other project I’ve been 
a part of. Great care was taken to involve the many different perspectives of the 
intended users at the customer factory, and the full list of requirements is massive. 
I’m really impressed by the effort taken by ABB Corporate Research to create a truly 
user-centered design. 

Accompanying the development team to the customer factory has been an amazing 
learning experience. It also helped my understanding of the factory process and the 
way information is communicated. However, in relation to the thesis, I believe that 
the pre-study could have been improved by shifting the pre-study to starting earlier 
before the thesis starting point. The benefit of this would be more time to work on the 
concept and evaluation phase, possibly testing several design iterations with real 
users and improving the end result.  

The Benchmarking analysis proved to be a powerful source of inspiration as well as 
a referencing point for designs. The challenging aspect of this activity is to identify IP 
for benchmarked products, since the designs in this project go towards a commercial 
product. Luckily this part of the benchmarking analysis was handled by more 
experienced team members. 
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5.3.3 Concept development 

The mission statement formulated at the beginning of the concept development 
proved to be helpful for defining the goals of the project, both internally and 
externally.  

I’m grateful for the confidence showed in me by the development team by letting me 
plan and facilitate creative workshops. Personally, I learned a great deal about the 
“do’s and dont’s” when facilitating workshops. I believe the workshops were greatly 
appreciated by the team as well, judged on the feedback that was given in 
connection to the workshops. Including feedback on the process really helped 
improve subsequent workshops.  

As for the concept ideas generated in the workshops, many of them became core 
ideas in later designs. Other ideas remain as visionary ideas for future work, and off 
course many more still proved to be infeasible. The vast volume of ideas gave us the 
luxury of choosing and combining a variety of concepts. In fact, the real difficulty 
became to somehow screen which concept ideas to use. A more systematic 
approach would have been in order here. However, the use cases helped categorize 
ideas, and the number of concept ideas per use case was easily manageable. The 
use cases also helped providing a structure for classifying ideas so that they could 
be combined into a greater whole.  

Paper prototyping proved to be the perfect tool for combining ideas. I don’t know why 
it’s so satisfying to work with “real” materials, but I guess that the low fidelity of paper 
prototypes helps the abstraction process – early prototypes in 3D have proven to be 
slightly disappointing in terms of the “wow factor”, but this is something that’s easy to 
ignore when working with paper due to the limitation of the materials. This is also 
why paper prototypes are appropriate for participatory sketching.  

Eventually the concept designs were ready for 3D development. This part was crucial 
for getting a feel for how concepts truly behaved in 3D, also considering later user 
tests. I realize that one of the key factors affecting the results was to learn a wholly 
new software (3DS Max) during the course of the project. The reasons for choosing 
to work with this software remain valid (see 3.3.4 3D modeling), although I 
underestimated the effort it would take to refine my modeling skills beyond the basic 
features. As such, the materials and lightning aspects of the 3D models remain an 
area for improvement. 

5.3.4 Evaluation 

Comparing the target audience (customer factory personnel) with test users (ABB 
thesis students) brings the questions about the whether the student sample is a good 
representation of the real users. Measures were taken to establish the test users’ 
production knowledge in the form a brief semi-structured interview prior to starting 
the tests. Ultimately, there were just enough users to test to reach a sample size of 5 
for both test groups – this meant dividing participants into even smaller groups based 
on production experience impractical. The upside of testing thesis students is that 
many factors are similar, such as demographics and usability experience.   
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When subjecting user to the prototypes used for evaluation, reactions were generally 
very positive. Both qualitative and quantitative data suggests that the overall 
experience is satisfying in terms of “niceness.” Testing with prototypes that are 
relatively high defined isn’t without its drawbacks though: the underlying features and 
their flaws may be masked by aesthetic design elements that have nothing to do with 
the functionality of the application interface. This conclusion is supported in usability 
literature from two perspectives: testing with paper prototypes advocates keeping the 
aesthetic design level low to focus attention on core functions, and the fact that an 
overall user experience that meet or exceed expectations can cause the user to 
forgive usability issues that he/she consider to be minor flaws.  

In the case of self-reported data, social desirability bias [47] played its part – the 
impression from interviews is that being both the creator of the test prototype and 
interviewer affects the way test users give feedback, because they don’t want to risk 
criticizing prototypes and disappoint the creator of said prototype. This was further 
enforced by the familiar relation between tester and testers, as the test group was 
ABB thesis students.  

The Likert-scaled question at the end of the questionnaire (general impression) could 
have been improved by assessing the intended attribute with several similarly 
themed questions [47].  

For the qualitative data, it’s clear that the sample sizes are too small for reliable 
statistical inference. I have chosen to include the results from t-tests to motivate 
further testing with larger samples.  

In retrospect, I realize that comparing the initial impressions gathered for the two test 
prototypes would have been more valuable if test users were asked to reflect on their 
initial impression after finishing the test. 

 5.4 Future work and recommendations 
Focusing at the results produced in this thesis, the relation to research is likely to be 
of little interest to the end users – what matters are results, meaning the fidelity level 
of the 3D designs. Careful consideration has been taken to incorporate the findings 
from the literature review and theoretical framework into the 3D model, ironically 
leaving the aesthetics somewhat lacking at this point. The next step for the 
application development is therefore to redirect focus towards aesthetic detail, 
ensuring that the end result reaches the desired “wow-effect”. The external 
motivation for improving aesthetics is that the application is also intended to be used 
by sales personnel to showcase the smooth information flow and ease of localizing 
specific customer orders.  

The research conducted in this thesis did reveal many interesting results. Many more 
studies are required to iterate designs in terms of usability improvement and to 
discover how remaining literature findings can be implemented. Mnemotechnic 
devices, as described in [26], [27] remain an interesting theory. To truly test this, 
repeat tests are required to see effects on the long-term memories of the test users. 
This would also cater to evaluating the memorability of the application design [13]. A 
relevant experimental approach to this was used by Czerwinski et al [28] to evaluate 
Data Mountain. 
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The confidence intervals produced in user tests reveal that repeat tests with greater 
sample size are needed to statistically confirm results. The sample sizes used were 
simply too small to draw any statistically significant conclusions.  

Medium fidelity prototypes have previously been discussed (see 3.4.3 Test 
prototypes) for evaluating the interaction of the application design. (A medium fidelity 
prototype typically corresponds to “digitized” paper mockups, where testers are able 
to navigate between windows and interacting with the interface in a simple format 
such as a powerpoint slide with hyperlinked details.)  It would make for a logical next 
step to see whether the mapping of information into different categories responds to 
the expectations of the end users (provided that testing is done with factory 
personnel.) Medium-fidelity prototypes could also be used to test the transitions 
between different perspectives.  
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6. Conclusions 
This chapter attempts to answer research questions by presenting the various 
findings of the thesis work.  

 6.1 Project aim and goal completion 
The activities conducted in this thesis have contributed to the project aim, particularly 
so for the visualization aspect. It should also be pointed out that while this thesis is 
concluded, the project will be ongoing until the end of 2014.    

The project aim was (is) to create an application that features an overview of 
production data, thus empowering the user to make informed decisions. This would 
(will) be achieved by visualizing data. Initial features were suggested, although the 
actual features are be based on the use cases, a product of the pre-study phase.  

The stated goals for the thesis have all been carried out according to plan:  

 The pre-study phase featured user interviews, a walkthrough of the customer 
factory, data samples and templates, a digital layout of the factory, a 
benchmarking analysis and last but not least the use cases that make up the 
requirements for the developing application.  

 The literature study has been enlightening, providing the theoretical framework 
for both designing and evaluating the application concepts. Furthermore, I’ve 
learned much about the possibilities and limitations of 3D visualizations for a 
production status context by looking at studies from different domains, also 
compiling a case study of the most relevant projects.  

 The concept phase started off by reformulating the goals for the project based 
on our new understanding from the pre-studies. Creative workshops yielded a 
vast number of both visionary and more down to earth ideas that 
corresponded to the use cases. Paper prototypes and participatory sketching 
led the way for initial 3D models.  

 Evaluation of a prototype with users has been achieved, with the addition of 
testing an alternative prototype for comparison and control.  
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6.2 How does the addition of 3D elements 
affect the user experience of a production 
status application? 
The main research question of this thesis will be answered here. Each sub-research 
question will be answered individually, and a conclusion is given for the main 
research.  

6.2.1 How does 3D affect the general impression of the 

application? 

The first impression test revealed that test users were intrigued by the dynamic 3D 
bars illustrating values, and many users felt that the production lines were had a 
closer relation to a physical production in the 3D prototype. The relatively high level 
of abstraction of the 3D bars (in combination with color coding) led users to interpret 
them as representative of data. Users expressed a desire for having 3D objects as 
more direct association cues. 

In giving qualitative feedback, users were generally appreciative of the 3D graphics. 
Users perceived that it helped overviewing the factory process state, resulting in 
quick understanding. Most users appreciated the redundancy of information imposed 
by the 3D bars, but some users saw it as unnecessary. (Especially users that tested 
the 2D prototype gave this remark when being shown the 3D prototype at the end of 
the test. This is likely the result of a “bonding by experience” bias, where the test 
user prefers the prototype he/she fully understands.)  

When users were asked to subjectively rate how the visuals for the respective 
prototype helped their understanding of the process, the results were identical (not 
considering confidence intervals.) SUS scores reveal a more thorough analysis: test 
users favored the 3D prototype, giving an average score in the A-grade range (the 
top 10% for SUS scored systems/products). This score typically represents a 
“promoter” level, where users are likely to recommend a system/product. 

6.2.2 Is the application an improvement from the 

current system? 

Testing the original system at the customer factory would be the optimal comparison 
to our application design. This posed many practical difficulties, even when 
considering making a paper prototype of the existing system and testing it with a 
convenient sample. Instead, a 2D comparative design was tested as a control to the 
3D prototype. By using a comparison with a similar aesthetic level and interaction 
design choices, the test results reflect a more fair comparison. 

Needless to say, the user test conducted in this thesis is not a comparison to the 
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existing system. Therefore, answering the question of whether the application design 
is an improvement compared to the old system is difficult. A definite answer will be 
provided once the application is implemented at the customer factory, so that the real 
user group can give feedback from a live perspective.  

6.2.3 How useful are 3D elements as compliments or 

even replacements to 2D information in this context? 

Most test users were positive to having 3D objects as redundant information in the 
3D prototype. This redundancy also had a positive effect on successfully completing 
tasks – task tests for the 3D prototype resulted in a single error out of five tested 
users, while the 2D prototype had one error per user on average. The drawback with 
the setup used in the 3D prototype is that it took longer time to complete a task on 
average.  

The conclusion based on the performance tests is thusly: using 3D as redundant 
information will increase understanding of the production process in the sense that 
users make fewer errors when searching for information. The drawback is that the 
redundant nature of the 3D impose additional cognitive load on the user, and search 
tasks take longer to complete.   

6.2.4 What are the potential risks and benefits of using 

3D elements?  

In performance tests, the results conform to examples from the theory [21]: the 3D 
prototype performs slower in average task completion time tests. However, a 
noticeably difference was shown in task success rates – the 3D prototype had a near 
flawless record, while the 2D prototype struggled more. This also suggests that the 
3D prototype engages the user more thoroughly.  

An unanticipated result of the general impression tests was that users tended to give 
much more feedback for the 3D prototype. This can partially be explained by the fact 
that the 3D prototype features more content. However, this doesn’t entirely explain 
the difference between the prototypes. One theory is that the 3D prototype provokes 
user engagement, a desired attribute for the project application.  

6.2.5 Main research conclusion 

Test users that were more familiar with production tended to be more confident about 
what the prototypes represents, such as explaining that it’s a production flow and 
also understanding the terminology and abbreviations used. This implies that some 
fundamental understanding of production aspects and the factory process is needed 
to fully utilize the application. Considering the inherent knowledge of the real user 
group, this should not be an issue.  

The use of 3D objects as representations of abstract data was intended to increase 
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the users understanding of the production process. Generalizing performance results 
from the user tests performed in this thesis, the conclusion is that the addition of 3D 
causes longer processing time for the user, but also increases understanding of the 
production process. While task completion time was generally shorter for the 2D 
prototype, it should be pointed out that no task exceeded 30 seconds of completion 
time in tests. Relating this to the fact that the application use is to make informed 
decisions, it should be argued that task success rate is vital, while task completion 
results for both prototypes are within acceptable margins.   

Not forgetting the aesthetic aspects of the application, the 3D prototype provoked a 
higher level of engagement in test users. Combining this fact with the high SUS 
scores leads implies that the 3D application is easy, fun and engaging to use (with 
the 2D prototype not far behind.) While identifying any faults is the essential task of 
the interaction design development, the high scores of subjective data and qualitative 
feedback also bode well for any flaws in the final design, as users tend to forgive 
minor flaws when the overall satisfaction is high. User satisfaction is also of particular 
importance to the end users, because the application is intended to be used by sales 
personnel to demonstrate a smooth production process where customer orders can 
easily be located.  
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Gantt schedule 

 

Phase             Week 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

Project startup                                           

Software tutorials                               

     

  

Litterature studies                               

     

  

User study     H    

                

  

Concepts   

 

        H 

             

  

Implementation   

     

                 H 

     

  

Evaluation   

            

        

   

  

Report                                           

Presentation                                           

                      Sprints                      

 

H = Thesis report is handed in to LTU supervisor for feedback. 

 

 



 

 

 

Appendix 2 – User test questionnaire 
 

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 visualization 
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! 

Personal information 

Your information will not be given or shared to outside entities. The data gathered will 
be presented anonymously and 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:       

Email:       

 

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

□ yes □ no 

Comment:       
        
         

Do you have any previous experience of usability testing?   

□ yes □ no 

Comment:       
        
          



 

 

 

If you have any questions, feel free to ask now, otherwise you will need to wait until 
after the task test.  

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 

How many buffers are in a “critical” state? 

 

Answer:    

Task 2 

What is the work in progress (WIP) value for line 7? 

 

Answer:    

Task 3 

How many order items are there in the input buffer of line 10? 

 

Answer:    

Task 4 

How many lines are in a “warning” state in their daily production goal (today)? 

 

Answer:    

Task 5 

Are there any issues with line 8?  

Answer: □ yes □ no 

 

 

 

  



 

 

 

SUS 
In this questionnaire, give your answers based on your overall experience of the 
application.  

Please, be sure to mark one option in each question in this test. 

          Strongly                     Strongly 

       Disagree                        Agree 
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 3 4 5

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5

1 2 3 4 5  



 

 

 

General impression 
 

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

process 

 

Comment:      
        
         

 

2. What did you like best? 

        
        
         

 

3. What did you like least? 

        
        
         

 

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

        
        
         

 

5. Do you feel that there is anything missing?  

        
        
         

 

Strongly                            Strongly 

disagree        agree 


