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Abstract	

Today, cyber-physical systems (CPS) exist everywhere in different sizes, with different 
functionalities and capabilities. CPS often support critical missions that have significant 
economic and societal importance. They require software systems, communications 
technologies, sensors/actuators, embedded technologies, and physical systems to work 
together seamlessly, and they are seen as a driving force behind digital transformation. This 
dissertation describes the research work carried out to investigate applicability of data and 
visual analytics for CPS to overcome three main challenges: interoperability, complexity, 
and sustainability. 

To this end, several case studies are used to effectively implement and test different data 
and visual analytics solutions to aid stakeholders when they make decisions on 
interoperability, complexity, and sustainability for CPS. These studies raised questions about 
issues found to be of importance for the success of data and visual analytics approaches, 
including accessibility, availability, quality, volume, and variety of data—issues. Moreover, 
additional studies are used to show the benefits of blending different approaches, such as 
systems thinking and design thinking, and the current data analytics readiness of the Swedish 
industry is assessed through a questionnaire completed by more than a hundred respondents.  

The data and visual analytics are positioned between digitalization and machine 
intelligence as a research focus. Data and visual analytics is the next step after digitalizing 
the information by adding analytical capabilities to the data. It is also an important phase 
before developing machine intelligence applications. Earlier studies clearly show that only a 
fraction of companies have machine intelligence applications across the enterprise. One 
important reason behind this is the lack of strong digital capabilities that big data and 
advanced data analytics technologies could bring. The findings of the work carried out as 
part of this thesis show the importance of this middle phase—data and visual analytics—for 
the success of not only the CPS but also these two concepts—digitalization and machine 
intelligence. 

This thesis concludes by highlighting that current data and visual analytics approaches in 
CPS are closely dependent on the availability, accessibility, quality, volume, and variety of 
the data. Notably, the huge amount of industrial data that exists in CPS manufacturers data 
repositories does not always mean that this data is useful, especially for analytical purposes. 
To this end, firstly, the CPS industry should concentrate its efforts to collect useful data that 
will benefit the industry by providing analytical insight into the environments where CPS is 
produced and operated. Secondly, the industry should make necessary organizational 
changes such as considering to employ data scientists, analysts, and business intelligence 
developers and make data accessible to these people for further usage. Thirdly, the data 
management procedures and data analytics roadmaps of companies should be created and 
shared with other employees, and necessary mechanisms need to be considered to improve 
and guarantee the quality of the data. Lastly, the variety of data needs to be addressed by the 
industry.  
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Data and visual analytics provides an opportunity to extract patterns; to evaluate the 
interoperability, complexity, and sustainability; to create an overview of the current 
challenge by providing different viewpoints adapted to different stakeholders, focusing on 
key concerns for the respective stakeholder; to optimize performance, automation, and 
cooperation of distributed CPS, development environment, and teams; and overall, to 
improve any of the challenges that are mentioned above by, basically, providing a better 
understanding. 

To this end, I suggest that the industry discuss the next step after digitalization and address 
the challenges related to the availability, accessibility, quality, volume, and variety of data 
by considering user-centric approaches and organizational needs of the future development 
and manufacturing environments. The CPS industry should plan and act on these challenges 
as part of its data analytics strategies to expedite the machine intelligence applications of the 
future. 

Keywords: Cyber-physical systems, data analytics, visual analytics, data analytics 
readiness 
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Sammanfattning	

Idag finns cyber-fysiska system (CPS) överallt i olika storlekar, med olika funktioner och 
kapaciteter. CPS stöder ofta uppdrag av betydande ekonomisk och samhällelig vikt. De 
kräver mjukvarusystem, kommunikationsteknik, sensorer, inbyggd teknik och fysiska system 
för att fungera sömlöst och de ses som en drivkraft bakom digital transformation. Denna 
avhandling sammanfattar det arbete som gjorts för att förstå hur data och visuell analys kan 
tillämpas så att CPS kan övervinna de tre huvudutmaningarna: interoperabilitet, komplexitet 
och hållbarhet. 

För detta ändamål används flera fallstudier som ett effektivt sätt att implementera och testa 
olika data- och visuella analyslösningar för att hjälpa intressenter när de fattar beslut om 
interoperabilitet, komplexitet och hållbarhet gällande CPS. Dessa studier har väckt frågor 
som visat sig vara viktiga för framgången för  data- och visuella analysmetoder vad gäller 
tillgång, åtkomst, kvalitet, volym och mängd avseende data. Vidare används ytterligare 
studier för att visa fördelarna med att blanda olika tillvägagångssätt som systemtänkande och 
designtänkande, och den svenska industrins nuvarande dataanalysberedskap utvärderas 
genom ett frågeformulär som har besvarats av mer än hundra respondenter. 

Data- och visuella analyser är som forskningsfokus placerade mellan digitalisering och 
maskinintelligens. Data och visuell analys ses som nästa steg efter digitalisering av 
informationen genom att lägga till analytiska möjligheter till tillgänglig data. Det är också en 
viktig fas innan utveckling av maskinintelligens kan ske. Tidigare studier visar tydligt att 
endast en bråkdel av undersökta företag använder maskinintelligens i större skala. En viktig 
orsak bakom detta är bristen på kraftfulla digitala kapaciteter som avancerad teknik som stor 
data och dataanalysteknik skulle kunna ge. Resultaten av det arbete som skett inom ramen 
för denna avhandling visar vikten av denna mellanfas - data- och visuell analys - för inte bara 
framgången för CPS utan också framgången för dessa två begrepp-digitalisering och 
maskinintelligens. 

Avhandlingen avslutades genom att betona att nuvarande data- och visuella 
analysmetoder i CPS är beroende av tillgång, åtkomst, kvalitet, volym och mängd av data. 
Det är viktigt att påminna om att den enorma mängd industriell data som finns i CPS-
tillverkarnas datalager inte alltid betyder att dessa data är användbara, särskilt för analytiska 
ändamål. För detta ändamål bör CPS-industrin i första hand rikta in sig på att samla in 
användbar data som kommer att gynna dem genom att ge analytisk inblick i de miljöer där 
CPS produceras och drivs. För det andra bör industrin göra nödvändiga organisatoriska 
förändringar som att anställa datatekniker, analytiker och affärsintelligensutvecklare samt 
göra relevant data tillgänglig för vidare användning av dessa personer. För det tredje bör 
industrin skapa databehandlingsförfaranden och dataanalysfärdplaner som kan delas med 
andra anställda och nödvändiga mekanismer måste utformas för att förbättra och garantera 
datans kvalitet. Slutligen måste industrin uppmärksamma mångfalden av data. 
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Data och visuell analys ger möjligheter att upptäcka mönster; att utvärdera 
interoperabilitet, hållbarhet och komplexitet; att skapa en överblick över den aktuella 
utmaningen genom att ge olika intressenter olika anpassade synpunkter och fokusera på 
viktiga frågeställningar för respektive intressent; att optimera prestanda, automatisering och 
samarbete av distribuerade CPS, utvecklingsmiljöer och arbetsgrupper; och sammantaget, att 
förbättra de utmaningar som nämns ovan genom att i grund och botten ge en bättre förståelse. 

För detta ändamål föreslår jag att industrin diskuterar nästa steg efter digitaliseringen och 
tar itu med utmaningarna som finns avseende tillgång, åtkomst, kvalitet, volym och mängd 
av data genom att undersöka användarcentrerade tillvägagångssätt och organisatoriska behov 
i framtida utvecklings- och tillverkningsmiljöer. CPS-industrin bör planera och agera på 
dessa utmaningar som en del av deras dataanalysstrategier för att påskynda framtida 
användningsområden för maskinintelligens. 
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Terminology	
The meaning of many terms found in this thesis differs depending on the context in which 

they are used. To provide a common starting point for readers and avoid misunderstandings, 
some of the most important and commonly used terms are defined here. 

• Accessibility: “The access, authenticity and retrieval of data to obtain either the 
entire or some portions of the data for a particular use case” (Zaveri, Rula, Maurino, 
Pietrobon, & Lehmann, 2012 p. 8). 

• Availability: “The extent to which data (or some portion of it) is present, 
obtainable and ready for use” (Hogan et al., 2010 p. 7). 

• Complexity: “The degree to which a component or system has a design and/or 
internal structure that is difficult to understand, maintain and verify” (International 
Software Testing Qualification Board, 2010 p. 10). 

• Cyber-physical systems: Systems that include integrations of computation, 
networking, and physical processes with feedback loops where physical processes 
affect computations and vice versa (Lee & Seshia, 2016). 

• Data: Reinterpretable representation of information in a formalized manner 
suitable for communication, interpretation, or processing (International Standards 
Organisation [ISO], 2008). 

• Data analytics: “The process of examining large amounts of data (big data) in an 
effort to uncover hidden patterns or unknown correlations” (Shang et al., 2013 p. 
403). 

• Data quality: The fitness of the data “for (its) intended uses in operations, 
decision making and planning” (Redman, 2008 p. 7). 

• Data variety: Data variety is a measure of the richness of the data representation 
in different formats (Kaisler, Armour, Espinosa, & Money, 2013). 

• Data visualization: The interactive presentation of data in a pictorial or graphical 
format to enable decision-makers to see analytics presented visually, so they can 
grasp difficult concepts or identify new patterns (Statistical Analysis System 
Institute, 2018). 

• Data volume: The amount of data (Kaisler et al., 2013). 
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• Information: Knowledge about things, facts, and concepts that is exchangeable 
among users in a universe of discourse (ISO, 2010). 

• Interoperability: The ability for a system or a product/service to work with other 
systems or products/services without the special effort of the user (Institute of 
Electrical and Electronics Engineers, 1990). 

• Software tool: A software tool used to perform one or several engineering tasks in 
the product life cycle. 

• Survey: The selection of a relatively large sample of people from a predetermined 
population, followed by the collection of a relatively small amount of data from 
those individuals (Kelley, Clark, Brown, & Sitzia, 2003). 

• Sustainability: The process of maintaining change in a balanced fashion, in which 
the exploitation of resources, direction of investments, orientation of technological 
development and institutional change are all in harmony and enhance both current 
and future potential to meet human needs and aspirations (World Commission on 
Environment and Development, 1987). 

• Visual analytics: The science of analytical reasoning supported by interactive 
visual interfaces, such as data visualizations (Cook & Thomas, 2005). 
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Introduction	
This dissertation studies the data and visual analytics application in cyber-physical 

systems (CPS) with a focus on describing the current situation from different perspectives 
and summarizes future strategies for action. This chapter introduces the background, 
describes the problem that has been studied, explains the limitations and focus of this thesis, 
and outlines the content of this dissertation. 

1.1	Background	

It has been more than a decade since the concept of cyber-physical systems was introduced 
as the “integrations of computation and physical processes,” see e.g. (Lee, 2006) in addition 
to highlighting their potential to dwarf the 20th-century information technologies revolution. 
Today, CPS exist everywhere in different sizes, with different functionalities and capabilities. 
CPS often support critical missions that have significant economic and societal importance 
(Stankovic, Sturges, & Eisenberg, 2017). They not only include software systems, 
communications technology, sensors/actuators, and embedded technologies but also are 
accepted as a driving force behind the digital transformation (Klotzer, Weibenborn, & Pflaum, 
2017).  

However, the multi-dimensional integration need of CPS is not supported by current 
engineering practices (Törngren & Sellgren, 2018). The National Academies of Sciences 
Engineering and Medicine (2016) stated the following: 

Today’s practice of CPS system design and implementation is often ad-hoc, not taking 
advantage of even the limited theory that exists today, and unable to support the level of 
complexity, scalability, security, safety, interoperability, and flexible design and operation 
that will be required to meet future needs (p. 2). 

While the increased usage of these systems and their contribution to digitalization are 
apparent, questions remain about how one should design, implement and use CPS by 
considering the challenges related to these systems.  

During the last few years, I have worked on understanding, framing, and proposing 
solutions for these challenges. Every time I dealt with a new case study—whether from the 
robotics, mechatronics, information technology, telecommunication, or manufacturing 
domain—I have found myself thinking of an approach with the potential to be used in 
different problem domains but one that is also applicable to different challenges. More than 
once, I have been convinced that data and visual analytics is an important piece in the puzzle  
towards solving these challenges. 
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I claimed that data analytics in different articles as a next step after digitalization and a 
pre-step to machine intelligence. Undoubtedly, different definitions of all three concepts can 
lead to different relationships. In this dissertation, the term digitalization refers to enabling, 
improving, and transforming operations, functions, models, processes, or activities by 
leveraging digital technologies (McKinsey Digital, 2015), and the term machine intelligence 
refers to automated algorithms for data processing (Imran, Meier, Castillo, Lesa, & Herranz, 
2016). Data and visual analytics can be seen as the next step after digitalizing the information 
by adding analytical capabilities to this data. It is also an important phase before developing 
machine intelligence applications in the sense that machine learning is a practice of using 
algorithms to learn from data and improve learning over time in an autonomous fashion 
through generalizing from examples (Domingos, 2012). 

Digitalization is not a new concept. The first definition of digitalization dates back to 1971 
(Wachal, 1971). The benefits of digitalization of the industry are not only well-studied but 
also well-understood. For example, the European Commission (2016) set measures to 
support and link national initiatives for the digitalization of industry and related services 
across all sectors, and to boost investment through strategic partnerships and networks. The 
goal of being fully digitalized is already in the agenda of many enterprises, societies and 
nations. At the same time, the importance of machine intelligence and several related 
concepts—such as machine learning, deep learning, artificial intelligence, and so on—are at 
the center of several industries. The machine intelligence field has the potential to transform 
a range of industries, from self-driving cars to intelligent business applications (Beyer, 2016), 
and its benefits are clearly already on the industry radar. 

The adoption of data and visual analytics, in my opinion, represents an important phase 
that every enterprise should apply before taking the step from digitalization to machine 
intelligence. Because today, most of the enterprises are aiming to be part of the machine 
learning era but do not often have prior knowledge or skills to differentiate between good 
and bad data. Data and visual analytics brings opportunities to the enterprises to realize their 
data analytics capabilities, to develop necessary data related policies for further usage and to 
structure their organizations accordingly for the future automation of the decision-making 
processes such as machine learning.  

My first naïve attempts to use data and visual analytics for CPS, however, were interrupted 
by several issues, all concerned with the properties of the data. Therefore, before taking 
advantage of the opportunities that data and visual analytics promises, I had to study the data 
analytics readiness of Swedish industry, identify challenges about the data and the data 
management practices, understand the data quality needs, and propose solutions to assess the 
data and understand and suggest approaches to deal with the volume and variety of the 
industrial production and operation data. 

Therefore, this dissertation presents the efforts to use the data and visual analytics 
approach in cyber-physical systems, identifies the challenges related to the existing data, 
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processes and organizational structures, and suggests future strategies to improve the success 
of the data and visual analytics approach. 

1.2	Problem	Formulation	

The work presented in this thesis mainly focuses on three challenges related to the CPS. 
These challenges are interoperability, complexity, and sustainability. Though they might 
seem independent, several case studies that I have conducted shows that they are linked. 
Surely, these main challenges are not the only challenges associated with the CPS 
development and operations. However, the simple explanation for this selection is perhaps 
choosing the interoperability as a starting point for the project work related reasons and 
identifying sustainability and complexity as highly related challenges to interoperability of 
CPS, which I found interesting to study further. As a result, I have mainly focused on these 
three challenges in the scope of this thesis. 

1.2.1	Three	Challenges	of	CPS	

Interoperability: The interoperability challenge that is studied in this dissertation 
includes tool interoperability and operational interoperability.  

Tool interoperability concerns the engineering and development environments of the CPS 
during the development of these systems. The development process of CPS includes different 
engineering disciplines working together. Each discipline is specialized based on different 
parts, functions, and applications of the end product. Moreover, for each discipline, engineers, 
developers, and designers are allocated according to different experience levels. These people 
work in different departments of the company with different work priorities.  

Development of CPS requires software tool support for the tasks associated with many 
engineering disciplines or departments throughout different product life-cycle phases. An 
effect of this is that the tools supporting each separate technical engineering process need to 
be adequately integrated with tools of other technical engineering processes.  

These interwoven interactions become problematic to manage since many of the tools and 
systems employed throughout the different processes typically come from separate sources 
and are, hence, likely incompatible. These tools and systems produce artifacts and product 
data, which include both internal and external dependencies. CPS have highly heterogeneous 
data formats and structures, and “efficient development of these products necessitates support 
for dealing with the intricate relations between viewpoints, at the levels of people, models, 
and tools” (Törngren, Qamar, Biehl, Loiret, & El-Khoury, 2014, p. 746).  

Similar interoperability phenomena are also valid for the operations of CPS, where 
different components—designed, developed, and manufactured by different vendors 
assigned to complete different tasks—must also be interoperable within and outside of the 
systems in which they belong.  
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The tool interoperability challenge I will touch upon in this dissertation is mainly about 
decision making processes of different stakeholders on the interoperability of software tools. 
However, I also said few things about the operations of CPS in different papers where I 
discuss collaborative robots and their interactions.  

This dissertation aims to understand how one can use data and visual analytics to better 
assess interobability, to identify the data needed to assess interoperability, and to show the 
applicability of data and visual analytics approaches to understand interoperability better 
through different case studies. 

Complexity: Complexity has been considered by a number of authors, from various 
perspectives. Sheard and Mostashari (2011) synthesized many of these ideas and categorized 
the complexity into three categories—structural, dynamic, and socio-political. 

• Structural complexity mainly considers how system elements can be combined. In 
other words, it is related to the potential for the system to adapt to external needs.  

• Dynamic complexity considers the complexity of the system when it is in use and 
performing a particular task. It occurs over a range of timescales. How systems 
interact in the short term is directly related to system behavior and the longer-term 
effects of using systems in an environment are related to system evolution.  

• Socio-political complexity considers the effect of individuals or groups of people 
on complexity.  

Frequently discussed facets of complexity include heterogeneity (Derler, Lee, & 
Vincentelli, 2012; Horváth, Rusák, & Li, 2017), size-related facets (Shannon, 1948), 
uncertainty and change (ESD Symposium Committee, 2003; Sheard, 2015), dynamics or 
structure-related complexity (Horváth et al., 2017; Sheard, 2015), incidental versus essential 
complexity (Brooks, 1987), and unintended and accidental behavior (Qian & Gero, 1996).  

Törngren and Sellgren (2018) specifically focused on CPS and commented that future 
CPS are likely to be characterized by unprecedented complexity. The authors studied the 
operational context, and the collaborative information processing systems that have been 
used for developing the CPS, related stakeholders, and other considerations, such as 
standards and legislation in this study. Moreover, they also identified limitations related to 
these processing systems (i.e., human developers supported by computer-aided engineering 
systems and available information and knowledge). These limitations are human memory 
capacity, bounded rationality, biases, communication barriers, information-capturing 
abilities of humans, information management, and interoperability barriers. 

This dissertation aims to understand how one can address the complexity related 
challenges in CPS by blending systems thinking, design thinking, and visual analytics 
approaches.  



22       
	

Sustainability: One view on sustainability is grounded in the concept of sustainable 
development summarized in the 1987 report of the Brundtland Commission as “meeting the 
needs of the present without compromising the ability of future generations to meet their own 
needs” (Brundtland, 1987). Later, many more definitions proposed referring to a more 
humane, more ethical, and more transparent way of doing business that matches the 
development, awareness, and ambition levels of organizations for sustainability (van 
Marrewijk, 2003). 

Undoubtedly, CPS manufacturers need more sustainable strategies. Thus, the importance 
of sustainability has been supported by a number of organizations, including scholars, 
practitioners, public bodies, governmental and non-governmental agencies, and consulting 
firms. However, generally, the literature on sustainability research is for CPS is limited.  

One concept highly related to CPS is called Industry 4.0 (Kagermann, Lukas, & Wahlster, 
2011). Today, the sustainability research for Industry 4.0 mainly focuses on the 
environmental dimension of sustainability. This dimension primarily concerns the allocation 
of resources, such as products, materials, energy, and water. However, it also presents a great 
opportunity for all three sustainability dimensions—economic, environmental and social 
(Stock & Seliger, 2016). Stock and Seliger (2016) discussed these opportunities in detail 
when highlighting macro and micro perspectives of Industry 4.0.  

In the macro perspective, two main opportunities are mentioned: business models and 
value creation networks. Besides contributing to the solutions of environmental or social 
problems (Schaltegger & Wagner, 2011), sustainable business models are seen as a 
promising direction to create positive impacts or reduce negative impacts on the environment 
and society (Bocken, Short, Rana, & Evans, 2014). Furthermore, the equipment, human, 
organization, process, and product dimensions are considered opportunities in the micro 
perspective. The manufacturing equipment contributes to the economic and environmental 
dimensions of sustainability through a long use phase where humans are seen as organizers 
of value creation in Industry 4.0. Opportunities related to the organization focus on the 
efficient distribution of products, materials, energy, and water. The sustainable design of 
processes addresses the holistic resource efficiency approach of Industry 4.0 by designing 
appropriate manufacturing process chains (Swat, Brünnet, & Bähre, 2014), and sustainable 
product design is mentioned in relation to the closed-loop product life cycles. 

This dissertation aims to exemplify usage of data and visual analytics to improve 
sustainability on manufacturing of CPS and the service design of these systems.  

1.3	Thesis	Objective	

The origin of the present work lies in the consideration that data and visual analytics would 
enable decision-makers to understand and make better decisions related to the three studied 
challenges in CPS. Therefore, the main hypothesis can be summarized as follows:  
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Data and visual analytics is a promising approach for understanding, monitoring and 
analyzing the current situation related to the different challenges in CPS, hence provides a 
good basis for making decisions on. Therefore, to help to improve CPS one would need to 
(1) identify the need for data and visual analytics, (2) assess the current adaptation and 
readiness of the industry, (3) develop and implement solutions that use the data and visual 
analytics as part of case studies, and (4) gather findings from these studies would help to 
improve the CPS. The findings of these studies would enable us to define future strategies. 

Based on the problem statement and the scope of this research, two research questions 
were defined:  

Research Question 1 (RQ1): What are the important data attributes that one needs to 
consider when planning to use data and visual analytics for analyzing the addressed CPS 
challenges? 

Research Question 2 (RQ2): How can data and visual analytics can be used to deal with 
interoperability, complexity, and sustainability related challenges in CPS? 

To this end, the objective of this dissertation is to raise and answer questions about the 
properties of the data that exist while CPS are manufactured and operated—in addition to 
underlining the opportunities that data and visual analytics brings for improving 
interoperability, complexity, and sustainability. 

1.4	Thesis	Scope	and	Delimitations	

This dissertation presents several case studies where different CPS, data sets, visualization 
techniques and methodologies are used to test the applicability of the data and visual analytics 
approach.  

The work presented in this dissertation is built upon several research projects and case 
studies, which are described in detail in the appended publications. The two main projects 
and partners I actively worked with are listed in Table 1.  

Table 1.1. Research projects that contributed to this thesis 

Year(s) Project Name Partners 

2014–17 EMC2: Embedded Multi-Core Systems for 
Mixed-Criticality Applications in Dynamic 
and Changeable Real-time Environments 

ABB Corporate 
Research Centre 

2017–18 SCOTT: Secure Connected Trustable Things Ericsson Research 

  Scania CV AB 
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The work described in appended articles focused on literature review on interoperability 
assessment, case studies on identifying stakeholders and key performance indicators (KPIs) 
for monitoring of a fully automated warehouse, minimalistic data model for data and visual 
analytics, interoperable toolchains with a sustainability perspective in automobile 
manufacturing, data quality assessment of integrated development environments, blending 
design thinking and systems thinking for autonomous car fleets, and supporting mobility 
service design with real-time visual analytics for intelligent transport systems.  

Moreover, a questionnaire is conducted to understand the current data analytics maturity 
of Swedish industry to complement the finding from these case studies. This data analytics 
maturity investigation is limited to Swedish industry. With the three challenges, and data and 
visual analytics as a common thread, a number of case studies and investigations have 
addressed from several industrial domains and various questions/issues related to these three 
challenges. Furthermore, the thesis mentions digitalization and machine intelligence as two 
concepts related with the data and visual analytics but does not include discussion on these 
concepts other than drawing a relationship between these three concepts.  

1.5	Thesis	Outline	

This dissertation is designed as a compilation thesis, and most of the details of the work 
are presented in the appended publications. The first three chapters provide an introduction, 
describe the relationship of the papers with the research problem and comprehensively 
summarize the thesis findings. 

This thesis is organized as follows: 

Chapter 1 provided an introduction to the topic under discussion. The background, 
problem formulation, thesis objective, and scope of the thesis are presented in this section. 
The problem definition is described briefly, and research questions are presented. In addition, 
this chapter provides a detailed explanation of the three challenges—sustainability, 
complexity, and interoperability. 

Chapter 2 describes the research design adopted in this thesis by presenting a systematic 
literature review methodology, case study methodology, expert opinion technique, design 
thinking and systems thinking, life cycle sustainability assessment, and survey methodology. 

Chapter 3 presents the relationship and main focus areas of the appended publications, 
briefly summarizes the content of the publications part of the thesis, and underlines the 
contributions of the studies. 

Finally, Chapter 4 concludes the thesis by discussing the current situation and future 
strategies related to data and visual analytics for CPS by recapitulating the findings of the 
research.  
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Research	Design	
Since this dissertation is a compilation of different studies, several methodical approaches 

are used, depending on the needs of the particular study. Figure 2.1 illustrates the research 
methodologies used during the studies in the appended publications. In total, a combination 
of seven different research methods were used: systematic literature review methodology, 
case study methodology, expert opinion technique, design thinking, systems thinking, life 
cycle sustainability assessment, and survey methodology. In this section, I will summarize 
each of these methods and explain how they are used in my studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1	Systematic	Literature	Review	

Systematic literature reviews rely upon the use of an objective, transparent, and rigorous 
approach for the entire research process in order to minimize bias and ensure future 
replicability (Mallett, Hagen-Zanker, Slater, & Duvendack, 2012). These reviews are 
“extremely resource intensive,” as Mallett et al. (2012) described. However, they require the 
researcher to define and follow a clear protocol throughout the reviewing process that ensures 
clarity and transparency for the research (Gough & Elbourne, 2002).  

During the work of this dissertation, the literature on interoperability and, especially, 
identifying the need to assess interoperability are studied. This study, which is presented in 
Publication A, used systematic literature review methodology (Kitchenham & Charters, 

Figure 2.1 Research methods, methodologies, and the related publications 

1 Systematic Literature Review
Publication A

2Case Study Methodology
Publication B, C, D, E 

3 Expert Opinion Technique
Publication C

4Systems Thinking and Design Thinking
Publication F

5 Life Cycle Sustainability Assessment
Publication G, H

6Survey Methodology
Publication I
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2007) to merge discourses such as interoperability, integration, and cyber-physical systems. 
The literature survey included academic papers, theses, and reports to understand the main 
focus of the current research on interoperability assessment and to identify how these existing 
approaches can be further used or adapted to improve the interoperability of CPS. 

The literature survey is conducted according to a protocol, and the procedures are adopted 
from Kitchenham and Charters’s (2007) guidelines for this purpose. This protocol addresses 
the following headlines: research questions, search processes, inclusion criteria, exclusion 
criteria, data collection, and data analysis methods. The strategy of selecting literature, details 
about the protocol, and inclusion/exclusion criteria are presented in Publication A.  

2.2	Case	Study	Methodology	

The case study methodology is used as the main methodology in several studies that are 
presented in appended publications, mainly Publication B, C, D and E. The main purpose of 
using this methodology was to link the research with real industrial cases and to validate the 
applicability of proposed methods and technologies. Case study methodology is an ideal 
methodology when the analytical research paradigm is insufficient for investigating complex 
real-world issues, such as those involving humans and their interactions with technology. 
Therefore, because the research concentrated on the challenges of interoperability, 
complexity, and sustainability of CPS; to deal with complexity, and multi-dimensional 
problems for a holistic, in-depth investigation (Feagin, Orum, & Sjoberg, 1991; Shneiderman 
& Plaisant, 2006), the case study methodology was ideal.  

One important criticism that the case study methodology receives is the risk of selecting 
poor cases and, as a consequence, having a weak generalization of the findings. However, it 
is also crucial to underline that understanding a practical, context-dependent problem and 
building knowledge in this, given that narrow context, may still be as valuable as the general, 
theoretical, context-independent knowledge (Gürdür, 2017). Above all, a case study can still 
contribute to scientific development even with results that cannot be generalized (Flyvbjerg, 
2006). Moreover, in certain circumstances, it is difficult or even impossible to use methods 
other than case studies (Sykes, 1990).  

2.3	Expert	Opinion	Technique	

The expert opinion technique (Clayton, 1997) was used during the problem identification 
phase of the case study presented in Publication C. This technique aims to gather the opinions 
of experts in clarifying the issues relevant to a particular topic. For this purpose, during the 
study several meetings have been conducted with different stakeholders to identify 
stakeholders and KPIs that are important to monitor. Semi-structured interviews (Drever, 
1995) were used as a qualitative inquiry method during these meetings. This technique is 
powerful when subjective responses from stakeholders regarding a particular phenomenon 
(Drever, 1995) are needed. 
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The expert opinion technique is used in collaboration with interviews to collect a list of 
problems, reservations, suggestions, and recommendations, in addition to identifying 
stakeholders and KPIs about the presented case and the proposed solution.  

2.4	Systems	Thinking	and	Design	Thinking	

Systems thinking and design thinking are studied separately in the course of different 
studies, and later, these two methods are blended together (Publication F) with visual 
analytics to support stakeholders when dealing with the complexity challenges related to CPS. 
The details of the two approaches, including the details of a 12-step blended methodology, 
are presented in appended Publication F.  

Systems thinking is an approach that asks how various elements within a system influence 
one another, rather than reacting to individual problems that arise. This approach makes 
inquiries about relationships to other activities within the system, looks for patterns over time, 
and seeks root causes (Arnold & Wade, 2015; Didem Gürdür & Törngren, 2018). One very 
well-known systems thinking model that is used to understand global issues related to 
systems is the iceberg model, which typically includes four basic levels (Northwest Earth 
Institute, 2016) as events, patterns, underlying structures and mental models. 

At the same time, design thinking, in summary, can be defined as follows: 
A human-centered approach to innovation that draws from the designer's toolkit to 
integrate the needs of people, the possibilities of technology, and the requirements for 
business success (Brown, 2009). 

Different than systems thinking, design thinking emphasizes observation, collaboration, 
fast learning, the visualization of ideas, rapid concept prototyping, and concurrent business 
analysis, which ultimately influences innovation and business strategy (Lockwood, 2010). 

The design thinking process first defines the problem and then implements the solutions 
according to the user’s needs. The design thinking process (Plattner, 2013) has five main 
steps as empathize, define, ideate, prototype and test. 

Figure 2.2 summarizes how these two approaches can be blended in 12 steps (Pourdehnad, 
Wexler, & Wilson, 2011) to better deal with the complexity-related problems during CPS 
design and implementation. These steps are divided four main goals as defining the challenge, 
grounding understanding, identifying places to intervene, and moving from insights to 
actions. While blending the two approaches, these 12 steps under four goals are exemplified 
with a case study—see Publication F. Moreover the applicability of the visual analytics is 
discussed in different steps. 
 

 

 



30       
	

 

 

 

 

 

 

 

 

 

 

 

 

 

2.5	Life	Cycle	Sustainability	Assessment	

When sustainability is studied (Publications G and H), the life cycle sustainability 
assessment methodology was used to assess the level of sustainability of CPS. A full life 
cycle includes raw material extraction, manufacturing, use, and end of life phases (ISO, 2006). 
However, the fair assessment should also assess impacts on actors along the value chain, such 
as workers, local communities, consumers, and society. The life cycle sustainability 
assessment method assesses the sustainability with respect to the triple bottom line of 
environment, economy, and social impacts (Finkbeiner, Schau, Lehmann, & Traverso, 2010). 

The life cycle sustainability assessment is a combination of life cycle assessment, life 
cycle costing, and social life cycle assessment methods—collectively, the framework aims 
to measure the sustainability of both manufacturing and operations by considering the three 
pillars of sustainability.  

2.6	Survey	Methodology	

In the study to assess the readiness of the Swedish industry (Publication I), a survey 
methodology was adopted. Here, the term survey refers to the selection of a relatively large 
sample of people from a pre-determined population, followed by the collection of a relatively 
small amount of data from those individuals (Kelley et al., 2003). Questionnaires are 
recognized as an important way to collect data in a standardized form in survey research. In 
general, surveys, and particularly questionnaires, are useful tools to provide a "snapshot of 
how things are at a specific time" (Denscombe, 2014). They can be used to describe a 
phenomenon, measure associations, evaluate, or predict situations. In the mentioned study, 

SYSTEMS
THINKING

DESIGN
THINKING

Define the Challenge:
1. Tell the story.
2. Sketch trends.
3. Name variables.
4. Set system boundaries.

Ground Understanding:
5. Share personal experiences.
6. Explore analogous situations.
7. Identify themes.

Identify Places to Intervene:
8. Make the system visible.
9. Determine leverage points.

Move Insights to Action:
10. Brainstorm many solutions.
11. Prototype promising solutions.
12. Experiment to test solutions.

Figure 2.2 12 steps of the proposed blended approach 
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an online, web-based questionnaire was used as a descriptive research method to describe 
characteristics of a population for the purpose of measuring the readiness level for data 
analytics. 

Web-based questionnaires have been criticized due to issues such as coverage and 
sampling errors, biases, and measurement errors (Couper, 2000). One should address relevant 
biases in questionnaires, and investigators must understand and be able to prevent, or at least 
minimize, bias in the design of their questionnaires. Choi and Pak (2005), based on a review 
of the literature, identified 48 types of bias in questionnaires. During the study that led to 
Publication I, different biases and the phases in which they can occur were identified (Table 
2.1) (Gürdür, El-khoury, & Törngren, 2018). 

Table 2.1. Phases and relevant biases in the design and application of a questionnaire (Choi 
& Pak, 2005) 

Phase Biases 

Question 
design 

Problems with the wording: ambiguous question, complex question, 
double-barreled question (two questions in one), technical jargon, 
uncommon and vague word usage. 

 Missing or inadequate data for the intended purpose: belief vs. 
behavior (hypothetical question, personalized question), starting time, 
data degradation, insensitive measure. 

 Faulty scale: forced choice (insufficient category), missing interval, 
overlapping interval, scale format. 

 Inconsistency: case definition, change of scale, change of wording. 

Questionnaire 
design 

Formatting problem: horizontal response format, juxtaposed scale 
(questionnaire format), left alignment and right alignment. 

 Questionnaire too long: no-saying (nay-saying) and yes-saying (yea-
saying), open question (open-ended question), response fatigue. 

 Flawed questionnaire structure: skipping a question. 

Questionnaire 
administration 

Interviewer not objective: interviewer, non-blinding. 

 Respondent’s subconscious reaction: end aversion (central tendency). 

 Respondent’s conscious reaction: faking bad (hello-goodbye effect), 
faking good (social desirability, obsequiousness). 
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The survey was specifically designed to be short, easy to understand, and succinct. The 
questionnaire was implemented and controlled by different researchers, who all previously 
worked on survey research. A survey distribution company was used to eliminate any issues 
related to consistency, structure, and formatting. Before analyzing the results, the yes-saying 
or no-saying issues were checked by detecting any respondents who had answered all 
questions as yes or no. Some questions sought to collect data about the respondents’ beliefs, 
and these questions were designed specifically for that purpose. The remaining questions 
were about the facts related to the respondents and their workplaces. The questionnaire did 
not aim to collect any data related to the behavior of the respondents; therefore, the findings 
do not include any behavior-related comments (Gürdür, El-khoury, & Törngren, 2018).  
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Reading	Guide	and	Contributions	
This chapter includes a brief reading guide for the appended articles and summarizes the 

focus and contribution of each. The chapter is partitioned into two main parts. The first part 
details the relationship between the appended publications and the thesis. The second part 
presents executive summaries by underlining the contribution of each publication to the 
dissertation work.  

3.1	Reading	Guide	

The appended publications are grouped under several focuses: interoperability, 
complexity, sustainability, data attributes and data analytics readiness (Figure 3.1).  

 

 

 

 

 

 

 

 

 

Even though each publication is independent, some are part of the same research project, 
present approaches for similar problems, or share the same case study. Therefore, each paper 
can be read independently, but for a comprehensive understanding of this dissertation, the 
following is recommended:  

• Read Publication A and Publication B in the order they are appended. Thus, the 
reader will first understand the literature on integration, interoperability, and 
cyber-physical systems and then learn why data visualizations are a promising 
solution for visualizing interoperability. 

Figure 3.1 Publications and the focus on their main research topics 

INTEROPERABILITY
Interoperability Models
Making Interoperability Visible
Dashboard to Monitor Complex 
Logistics Systems

A B COMPLEXITY
Blended Methodology

E

F

DATA ATTRIBUTES
Data Quality Assessment

Minimalistic Data Model for Monitoring

C D

SUSTAINABILITY
Sustainability and Interoperability
Dashboard for Sustainable Mobility

G HDATA ANALYTICS 
READINESS

Data Analytics Readiness of 
Swedish Industry

I
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• Read Publication C and Publication D in the order they are appended. Thus, the 
reader will first understand the complex logistics case study, the related important 
stakeholders and key performance indicators, and the proposed data visualization 
dashboard for this scenario. Then, the specific solution to represent the knowledge 
is described in Publication D for supporting the dashboard design presented in 
Publication C. 

• Publication A, Publication B and Publication C discuss interoperability related 
research on CPS.  

• Publication D and Publication E discuss data attributes which are important for 
data and visual analytics. 

• Publication F exemplifies how one can blend systems thinking and design thinking 
approaches together to deal with complexity in CPS. 

• Publication G and Publication H focus on the importance of the sustainability in 
CPS and illustrates how sustainability can be integrated with interoperable 
development toolchains, and how visual analytics can be used for supporting 
mobility service design for CPS. 

• Publication I presents a survey on data analytics readiness of the Swedish industry. 

3.2	Executive	Summary	of	Contributions		

This section provides executive summaries of the appended articles. The contribution of 
each publication is presented inside the boxes at the end of each subsection. 

3.2.1	Publication	A	

This article (Gürdür & Asplund, 2018) discusses the tool interoperability need in CPS by 
underlining the multidisciplinary complexity of CPS development environments. Powerful 
software tools are utilized by each individual discipline, but it remains challenging to connect 
these into a toolchain for increased efficiency. To support this endeavor, the literature on 
interoperability assessment was surveyed to identify concepts valuable to merge discourses, 
such as interoperability and tool integration for CPS.  
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3.2.2	Publication	B	

This paper (Gürdür, El-Khoury, Seceleanu, & Lednicki, 2017) discusses a case study 
where the usage of several tools is monitored and data about patterns of the tool usage was 
collected for the purpose of visualizing the interoperability of the toolchain in question. The 
aim of the visualization was to help toolchain developers assess the current interoperability 
status and make decisions on integration scenarios accordingly.  

 

 

 

 

 

 

 

3.2.3	Publication	C	

This article (Gürdür, Raizer, & El-Khoury, 2018) explores the requirements of complex 
logistics operations and conceptualizes important key performance indicators, relevant 
stakeholders. The work uses different data visualization types to support the stakeholders in 
order to make understanding the interactions between entities easier and faster. Related to a 
complex logistic operation, three different levels were identified—supply chain, automated 
warehouse, and intelligent agent. Furthermore, for each level, important stakeholders and 
performance indicators were determined.  

Contribution  

After identifying interoperability assessment models as significant in the 
interoperability discourse, the most important models were described and analyzed. 
Three problems that limit their uptake were identified: the use of complex metrics, a 
focus on selective aspects of interoperability, and the limited support for decision-
making. Leveraging the use of visual analytics to overcome these problems, the article 
suggests that the implementation options, the types of interoperability and the domains 
described in the models could be directly transferable to the tool integration research 
field. 

 

Contribution  

Data about the toolchain, which contains different structures relating to the software 
tools usage and the interactions between them, were collected. Later, these structures 
were used to implement interactive visualizations for making interoperability visible in 
CPS development toolchains. Three different visualization techniques were used, and 
interviews were conducted to test the applicability of each visualization technique. The 
study showed that it was possible to visualize the interoperability and underlined the  
importance of using different visualization techniques to aid stakeholders to understand 
interoperability situation in their development toolchains.  
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3.2.4	Publication	D	

In this article (Gürdür, Vulgarakis, El-khoury, et al., 2018), a minimalistic data model for 
the propose of monitoring automated warehouse is discussed. Automated warehouses, as a 
form of CPS, require several components to work collaboratively to address the common 
business objectives of complex logistics systems. During the collaborative operations, a 
number of KPIs can be monitored to understand the proficiency of the warehouse and control 
the operations and decisions. It is possible to drive and monitor these KPIs by looking at both 
the state of the warehouse components and the operations carried out by them.  

 

 

 

 

 

 

 

 

Contribution  

A case study was designed to exemplify the role of cyber-physical systems in 
complex logistics operations. Different data visualizations were developed as part of 
a dashboard to illustrate KPIs of different levels for the purpose of supporting 
stakeholders. This exploratory study also identified important data necessary for 
each performance indicator, suggested ways to collect these data, and exemplified 
how the data visualization approach can be used through a dashboard design. The 
article underlined the importance of identifying important KPIs and the need of data 
to assess these KPIs during the early stages of the project. The findings showed that 
using expert opinions to draft a preliminary dashboard does not only provide a fast 
and comprehensive way to structure the concept but also stimulates discussion on 
the dashboard design to understand the needs of the stakeholders when monitoring 
through the dashboard. 

Contribution 

The necessity to represent the knowledge in an explicit and formally specified data 
model was underlined, and a minimalistic data model for a subset of warehouse 
resources using linked data in order to monitor KPIs—namely sustainability, safety, 
and performance—was implemented. The applicability of the approach and the data 
model is illustrated through a case study. This case study shows that it is possible to 
develop a minimalistic data model, which enables compatibility with the declarative 
and procedural knowledge of automated warehouse agents. The model also fulfills the 
data need for monitoring the KPIs related to the automated warehouse. This research 
shows that the data need for monitoring purposes does not always require a large 
amount of data, and having a forward-thinking approach at the beginning of the CPS 
development process could save time and effort for later stages of the projects. 
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3.2.5	Publication	E	

This article (Gürdür, El-khoury, & Nyberg, 2018) studies the complex development 
environments of CPS where highly heterogeneous and constantly changing data is produced 
through several development tools. As a result, these development environments must 
overcome a significant problem related to data integration. A case study from the automotive 
industry is presented and a data quality assessment methodology as a post-integration phase 
for linked enterprise data is developed and introduced to assess data quality.  

 

 

 

 

 

 

 

3.2.6	Publication	F	

This publication (Gürdür & Törngren, 2018) discusses today’s practices of CPS design and 
implementation and highlights the issues related to these practices that are unable to support 
the level of complexity required for the systems to function safely and with high performance. 
Two popular approaches, namely systems thinking and design thinking, were studied. In 
addition, a case study was used to test the applicability of using these approaches together to 
better deal with the complexity-related problems during CPS design and implementation. 

 

 

 

 
 

 

Contribution	

The study proposes visual analytics as an integrative tool between these two 
methodologies, by (1) analyzing and understanding the CPS development process 
through systems thinking and (2) innovating and transforming the process through 
design thinking. To this end, an example use case on development of an autonomous car 
fleet was described, and the application of the blended methodology was explained step 
by step in relation to the use case. Visual analytics and data visualization are discussed 
in several steps, and the possible benefits are highlighted.  

 
 
 
 

Contribution 

This paper presents a methodology that aims to develop a data quality assessment 
tool—a dashboard—in addition to policies and protocols to manage data quality. 
Moreover, the proposed methodology includes systematic guidelines for planning the 
data quality assessment activity, extracting requirements for the data quality 
management, setting priorities to expedite the adaptation, identifying dimensions and 
metrics to ease the understanding, and visualizing these dimensions and metrics to 
assess the overall data quality. 
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3.2.7	Publication	G	

This article (Gürdür & Tasala Gradin, 2017) describes the interoperability need of CPS 
development environments and proposes an approach to include sustainability aspects while 
improving the interoperability of toolchains in CPS manufacturing. The purpose of the study 
is to motivate interoperability researchers and practitioners to consider sustainability together 
with interoperability. 

 

 

 

 
 

 

3.2.8	Publication	H	

This publication (Gürdür & Sopjani, 2018) discusses the importance of data-oriented 
approaches during service design of intelligent transport systems. The process of service 
design for these systems requires the designers to engage with user behavior and understand 
the usage patterns related to the intelligent transport systems. Today, there are no well-
developed methods to support this engagement. The study suggests using visual analytics as 
a tool to aid service designers to enable real-time data analytics for sustainable, shared 
mobility services. 

 

 

 

 

 

 

 

 

Contribution  

Automobile manufacturing processes were studied based on an example use case, and 
relevant sustainability metrics for each stage of the manufacturing process were 
identified based on the life cycle sustainability assessment methodology. Furthermore, 
in this article, the sustainability metrics, and the guidelines about how some of these 
metrics can be integrated with interoperable toolchains are described. 

Contribution	

The article summarizes the current literature on system innovation and design for 
sustainability, and describes shared mobility service systems. Furthermore, the paper 
presents a shared and connected mobility service case study to illustrate the benefits 
of having visual analytics dashboard for sustainable and intelligent transport systems. 
Real-time, visual analysis has potential to inform service designers to detect misusage 
of the system on time and gives chance to adjust the system before it is too late. This, 
supports service designer to make short-term system decisions, and to achieve long-
term sustainability goals. Moreover, the data-oriented visual analytics approach 
strengthens the behavior analysis that is needed in mobility service design, eliminates 
biases such as self-reporting and overall enables a more comprehensive of actual user 
behavior. 
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3.2.9	Publication	I	

Digitalization is considered one of the most powerful drivers of innovation with the 
potential to trigger the next wave of innovation. Today, the importance of digitalization is 
well-understood in Swedish government agencies and industry. Although there are several 
initiatives working to actively drive change, one question is key: What is the next step? This 
article (Gürdür, El-khoury, & Törngren, 2018) presents survey results on data analytics 
adoption and usage within Swedish industry, to highlight post-digitalization industry needs.  

 

 

 

 

 

 
 
  

Contribution	
The aim of the study was to illustrate the readiness of the industry based on survey 
responses and identify readiness levels accordingly. The contribution of this study is 
understanding the current data analytics adaptation and usage in Swedish industry. 
Therefore, it is crucial to use insights from this study and respondents’ suggestions to 
enable the growth of Swedish industry in the data analytics domain. The questionnaire 
provided useful insights about the data analytics readiness of the industry. This article 
discusses the survey findings in comparison with four readiness factors of data 
analytics: strategic, technological, cultural, and organizational readiness. The industry 
should use the advantages of the current cultural and resources readiness capabilities 
and concentrate efforts on exploring the business impacts of data analytics, ensuring 
the support from executive managers, and implementing data analytics protocols to 
improve organizational and information systems readiness. 
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Discussion	and	Concluding	Remarks	
4.1	Discussion	

The objective of this dissertation was to raise and answer questions about the important 
attributes related with the data in current CPS when planning to use data and visual analytics. 
For this purpose, different use cases were studied and presented in the appended publications. 
The findings of these studies are seen as a summary of the current situation for data and visual 
analytics for CPS. Moreover, the dissertation includes articles where several data and visual 
analytics solutions are presented as an example of how data and visual analytics can be used 
to deal with interoperability, complexity, and sustainability. 

First, I should admit that the first intuition I had years ago about data and visual analytics 
as a solution to the challenges of interoperability, complexity, and sustainability of the CPS 
has been shown to be both right and wrong. It is not a surprise that there is no easy answer 
to these challenges, and even though an answer exists in some way, it still does not mean that 
a solution can be immediately implemented. Let me explain why the idea of using data and 
visual analytics approach for the three challenges in CPS is both right and wrong. 

Data and visual analytics is an effective, powerful, and proven approach to help to address 
the three main challenges by improving the understanding of stakeholders about the systems 
in question. Data related to CPS development and operations, however, is not in a mature 
state to be used further in data and visual analytics approach. To actually make use of this 
data within the CPS industry, however, represents a further challenge.  

In the next six subsections, I will describe the current data attributes, such as availability, 
accessibility, quality, volume, and variety, which requires consideration, when data and 
visual analytics are planned to be used. These data properties come into prominence 
throughout different studies appended to this thesis. In addition to the data attributes, I will 
add one more point on user-centric approaches and organizational needs to make data and 
visual analytics applicable to today’s CPS. 

4.1.1	Availability	

Availability of the data is one of the five issues related with the data in CPS. The term 
availability here means “the extent to which data (or some portion of it) is present, obtainable 
and ready for use” (Hogan et al., 2010 p. 7). CPS manufacturing and operation data can be 
seen as available for further usage as default. However, the data useful for analytical purposes 
is rarely available (Bughin & van Zeebroeck, 2018). Furthermore, extracting useful 
information from unstructured silos of data is very difficult. In other words, data is somehow 
available, but it is not collected for analytical purpose. Therefore, the data that is available 
can easily turn out to be useless and, as a result, unavailable for data and visual analytics 
purposes. 
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The studied industrial cases, interviews, meetings, and interactions with Swedish industry 
showed that, even though a huge amount of data exists, this data can be unhelpful for 
analytical purposes. The survey findings, which are presented in Publication I, supported this 
view, both qualitatively and quantitatively. For instance, most of the respondents agreed that 
tracking the business impact of data and analytics activities and constructing strategies have 
been the most significant challenges they have faced. The reason for this is the lack of data 
analytics strategies in the industry. When a company lacks methodological, strategic data 
analytics practices, it can easily end up collecting unnecessary—or even worse, not collecting 
necessary—data. 

One can, in this context, talk about two approaches for data analytics. The first approach 
builds on exploration activities. This is when a data scientist has a large amount of data in 
hand and tries to make sense of the data. This is surely a useful practice when one wants to 
discover the unknown facts about the data. The second approach is a more strategic approach 
where one wants to assess, measure, and analyze specific concepts related to a phenomenon. 
This activity is only possible if a well-defined data model exists. 

In the studies appended to this thesis, I used both of these approaches. I can say that, for 
an effective, useful, and performative data analytics, one should have well-defined data needs, 
data models and complementing mechanisms—which I will discuss in the next subsections—
ready and in place as a first step. Later, one can also try to run different analytical queries on 
the same data and try to discover new findings. However, without the first step, at least in the 
cases I studied, inferring any results is inefficient. 

4.1.2	Accessibility	

Another challenge is the accessibility of the existing data. The term accessibility means 
“the access, authenticity and retrieval of data to obtain either the entire or some portions of 
the data for a particular use case” (Zaveri, Rula, Maurino, Pietrobon, & Lehmann, 2012 p. 
8). In most of the industrial cases, I had difficulty to access data, which could have been a 
special circumstance to me. I was asking industrial companies to share their data. Since I was 
not part of these companies, not bounded by their internal procedures, and not aware of the 
structures and technical infrastructures, it was perhaps understandable to have difficulties 
accessing the data. However, the questionnaire findings in Publication I showed that this was 
a more common problem. More than half of the respondents from several industries, such as 
state, manufacturing and telecommunication, mentioned that they have difficulties to access 
data. At the same time, most of the respondents agreed that their companies needs necessary 
policies for data collection and usage.  

During different studies, I have experienced different types of issues when trying to access 
the data for testing the hypothesis at hand. One of these problems was, surely, about the 
privacy. As I explained above, privacy-related policies not only hinder the external 
researchers but also people who are part of the enterprises. Thus, I can say that the industry 
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should focus on a more inclusive approach to accessing the data to improve the data analytics 
capabilities.  

Another issue with the accessibility of the data is related to the organizational structures 
of the companies—see Section 4.1.6. Generally, the industries developing and working with 
CPS are dominated by big companies. In such a setting, finding the right person with 
permission to access the data in need can be challenging. Moreover, most of the time, data 
scientists not only need the data from one department or repository but from many. This 
brings into focus the discussion on the data analytics strategies of companies. Both my 
observations and the questionnaire show that many companies still lack dedicated teams 
responsible for data, data-related policies, data analytics capabilities, and so on. Instead, there 
are information technology departments who are responsible for several technologies, 
including data-related ones. According to the responses collected, there are some people from 
the manufacturing, technology, and telecommunications domains who use advanced 
analytics tools for analyzing data, but they are in the minority. However, the survey results 
suggest that data analytics are used heavily by companies in the technology domain with 
fewer than 50 employees. This finding suggests that small technology companies, such as 
innovative start-ups, are seeing the value of data analytics more than bigger companies. 

It is not easy to restructure these big companies, and my research does not focus on how 
this needs to be done. However, notably, the current situation in the CPS industry shows that 
the data is not accessible for the data and visual analytics approaches, and one reason behind 
this is the organizational aspects of the companies. This issue needs to be addressed if the 
industry is to succeed with developing and using future data-oriented applications such as 
machine intelligence. 

4.1.3	Quality	

Quality of the data is another important issue that needs to be addressed. The data quality 
is used here in the meaning of the fitness of the data “for (its) intended uses in operations, 
decision making and planning” (Redman, 2008 p. 7). As previously mentioned, the data in 
the repositories of many CPS producers are not collected for the purpose of analytics. 
Integrating multiple data sources requires accessing accurate and consistent data, 
consolidating different data representations, and eliminating duplicate information. 
Therefore, the quality of data should be considered attentively. The study in Publication E 
summarizes several important data quality dimensions. Some of these dimensions—for 
instance completeness, timeliness, and accuracy—are vital when one wants to gather 
analytical insights.  

Not surprisingly, given that there are no or few specialized experts in dedicated data-
focused departments in the studied industries, data quality management activities are not 
taking place, or if they are, they have very low activity and importance. The survey findings 
from Publication I show that most of the respondents think that their companies need a 
roadmap for data analytics. This roadmap surely needs to include data quality-related 
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strategies to guide the industry toward high quality, structured, accessible data that can be 
used further to analyze different aspects of design, production, manufacturing, or operations 
of CPS. 

4.1.4	Volume	

The volume of the data is one of the most misunderstood data properties, specifically in 
the context of big data. It is true that today a huge amount of industrial data for CPS exists. 
However, more data does not always mean better analytics results. Analyzing a large amount 
of data can sometimes even become unnecessarily complicated and resource intensive. This 
certainly does not mean that data should not be collected about different aspects of the 
production, manufacturing, or operations of the CPS. In contrary, the suggestion here is to 
start to think about key performance indicators as early as possible and, in addition to the 
usual data collection methods, to develop mechanisms dedicated for the analytical purposes.  

Another solution is to have a minimalistic data model that is requirement-driven. 
Therefore, it includes “just enough” data for monitoring several KPIs. It does not represent 
all the details about CPS and its components. Thus, it is a light implementation that results 
in a performative visual analytics dashboard implementation. Such an approach requires 
different stakeholders to work on the problem in the earlier stages of the projects. If this 
becomes a habit of an organization, these minimalistic data models can easily become the 
infrastructures for overall data analytics platforms. Publication D discusses and shows the 
applicability of such minimalistic data models for monitoring purposes. 

4.1.5	Variety	

Finally, the variety of data should be discussed for data and visual analytics of CPS. Data 
variety is a measure of the richness of the data representation in different formats (Kaisler, 
Armour, Espinosa, & Money, 2013). Both the development and operation data of CPS are 
highly heterogeneous. As discussed in several publications (Publication A, Publication B, 
and Publication E), the software tools in use during the design and development processes of 
CPS aim to solve one specific problem about the product and do not necessarily allow for 
integration with other tools. Data is stored, generated, and managed by multiple software 
tools reflecting the various CPS stakeholders, data formats, technologies and processes. For 
example, requirements tools and project management tools, computer-aided design tools, 
software development platforms are developed to implement, design, and program different 
functionalities, capabilities, or parts of the end product. Moreover, these tools are developed 
by different vendors, at different times, from different countries, and by people who 
specialize in different disciplines. Such an intertwined heterogeneity, surely, results with 
heterogeneous data silos.  

To be able to add analytical capabilities, the heterogenous data silos need to be merged 
and structured in a way that could support different statistical analyses. Integration of these 
repositories has long been studied—see Chapter 1, and Publication A for details on the 
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literature. I will not do a deep discussion on how this challenge can be addressed by different 
technologies. Instead, I would here like to build on the discussions from the earlier 
subsections. It is obvious to me that the industry today is facing problems that require 
fundamental changes to be implemented. One cannot propose data integration solutions 
without addressing the challenges related to the accessibility, availability, quality, and 
volume of the data. To be able to take a step further and build well-integrated data repositories, 
all of the earlier issues need to be considered, and necessary data management procedures 
and policies should be in place. 

The manufacturing industry is one of the oldest and strongest industries in many 
developed countries. The enterprises that produce CPS generally have a long history, and 
their processes, organizational structures, and infrastructures are dependent on legacy 
systems. There should be different approaches and both long-term and short-term plans to 
tackle the variety of the data. Some solutions for quick fixes on data integration problems 
can only help these companies for the short-term. In complementary efforts, the industry 
should have long-term plans for the necessary data strategies of CPS, not only specific to one 
enterprise but also for a bigger picture where several enterprises could share relevant 
information. 

Data and visual analytics can still be helpful for choosing where to start data integration, 
as discussed in Publication B. Usage patterns of different tools can be useful to make 
interoperability visible, and stimulating stakeholder discussions according to these 
visualizations. Moreover, a minimalistic data model, which has been defined in Publication 
D, can help to implement mechanisms to collect “just enough” data from different 
repositories for monitoring purposes.  

4.1.6	User-centric	Approaches	and	Organizational	Needs	

One way toward the future CPS is through incrementally innovating the current systems, 
products, services, processes, organizations, or methods. Small upgrades that make 
improvements in efficiency, productivity, and the slow innovation rate could be a solution to 
different parts of the complexity-related challenges of today. However, to make a disruptive 
innovation, to completely change the existing systems, services, or methods, researchers 
must include new methodologies and think differently (Gürdür & Törngren, 2018).  

The user-centric approach described in Publication F is one example of these new 
methodologies. Blending different approaches, such as systems thinking and design thinking, 
is one way to invite different stakeholders to think about and solve challenges together with 
users. Today, in every CPS manufacturing company, there are divisions and departments that 
are interested in user behavior and needs. However, with the current structures it is difficult 
to have direct contact with users when developing complex CPS. This user-centric 
methodologies, such as systems thinking and design thinking, require the stakeholders to 
reach out to users, include them as part of the blended approach, and listen, empathize, ideate, 
prototype, and test the solutions together. Irrespective of the type or speed of approaches to 
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innovating CPS to overcome complexity, this kind of human-centric blended approach is a 
promising tool. Therefore, I strongly recommend practitioners, engineers, designers, 
managers, and all the other stakeholders involved with developing these systems to include 
users earlier in the process. 

Another important factor that is overlooked by today’s CPS industry is the organizational 
needs for future CPS and a cyber-physical system of systems (CPSoS). Generally, the 
discussion on data analytics remains limited to the technology. It is, certainly, critical to have 
the right tool set, but too often executives underestimate the significance of the skilled people 
and organizational components required to build successful analytics capabilities. Robust, 
efficient data analytics capabilities encompass more than a set of technologies. Moreover, 
having a few data analysts who are only supposed to submit reports is not the solution. Data 
analytics capabilities should be considered as part of decision-making mechanisms of 
organizations and should be incorporated into all key decisions across the core processes and 
organizational components. I believe that the success of future CPS and CPSoS lies behind 
this understanding. It is necessary to build a clear strategy for data and visual analytics, in 
addition to supportive leadership and a commitment across the organization. 

Although the research is carefully prepared, it surely includes unavoidable limitations and 
shortcomings. After establishing the findings from the literature review, case studies and the 
questionnaire, these findings were subsequently reevaluated and generalized to describe data-
related issues when aiming to use data and visual analytics approach in CPS to deal with the 
three challenges. This generalization attempt do not assert that this is the only way to do 
research on this topic. However, the commonalities between the cases from different domains, 
enterprises and challenges were still valuable to be presented here to draw attention to future 
needs for data and visual analytics approach. Moreover, the findings on the maturity of data 
analytics in Swedish industry is limited by the questionnaire and biases related to the 
methodology is discussed in detail in the next chapter. 

4.2	Conclusion	

This dissertation presented work that aimed to raise and answer questions about the 
important data attributes that are necessary to consider when planning to use data and visual 
analytics when CPS is manufactured and operated, in addition to underlining the 
opportunities data and visual analytics bring for improving the interoperability, complexity, 
and sustainability. To this end, throughout the thesis, several answers are provided for the 
research questions presented in Section 1.3. In this section, the summary of these answers is 
presented. 

RQ1: What are the important data attributes that one needs to consider when planning to 
use data and visual analytics for analyzing the addressed CPS challenges? 

As discussed in an earlier section, availability, accessibility, quality, volume, and variety 
of the data are the challenges and obstacles related to the existing CPS data. These were 
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challenges addressed one by one, and suggestions to overcome each one of them were both 
described in the appended publications and summarized in Section 4.1. 

The studies that led to this dissertation showed that current data and visual analytics 
approaches in CPS are closely dependent on the availability, accessibility, quality, volume, 
and variety of the data. Importantly, the huge amount of industrial data that exists in CPS 
manufacturers data repositories does not always mean that this data is useful, especially for 
analytical purposes. To this end, firstly, the CPS industry should concentrate its efforts to 
collect useful data that will benefit the industry by providing analytical insight into the 
environments where CPS is produced and operated. Secondly, the industry should make 
necessary organizational changes to recruit data scientists, analysts, and business intelligence 
developers, and make data accessible to these people for further usage. Thirdly, companies 
should create data management procedures and data analytics roadmaps and share them with 
other employees, and necessary mechanisms need to be considered to improve and guarantee 
the quality of the data. Lastly, the variety of data needs to be addressed by the industry. On 
one hand, manufacturing data should be structured and thoughtfully modeled for analytical 
purpose, while long-term data integration efforts should be discussed and planned. On the 
other hand, operational data related to CPS must be standardized as soon as products are in 
the market for better-integrated systems. 

RQ2: How data and visual analytics can be used to deal with interoperability, complexity, 
and sustainability related challenges in CPS? 

The data and visual analytics are used in different scenarios to test the applicability of 
these methods to assess interoperability, to assess sustainability, and to aid stakeholders with 
understanding complexity. Data and visual analytics approaches have the potential to inform 
stakeholders about the interoperability, complexity, and sustainability of the CPS in question 
and aid them with making decisions accordingly.  

In the appended studies, different visualization techniques were used for several scenarios 
with different data types and structures. In Publication B, I discussed how data visualizations 
could be a way to make interoperability for development toolchains visible and 
understandable.  In publication C, I explained data needs—in line with the stakeholder’s 
requirements— and exemplified different visualization techniques and overall dashboard 
design for a fully-automated warehouse case study. Later, in Publication D, I presented a 
minimalistic data model to support a dashboard with just enough amount of data for 
monitoring KPIs that stakeholders are interested in. In Publication F, visual analytics is 
presented as a tool to blend systems thinking with a design thinking. In Publication G, I 
described how one can design data model for interoperable toolchains by also integrating 
sustainability perspective. Furthermore, in Publication H, visual analytics and several 
information visualizations are discussed as a support mechanism for mobility service 
designers for more sustainable services. 
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 The data-oriented information visualization and visual analytics approach proved itself a 
useful method to improve the understanding of the current interoperability, complexity, and 
sustainability situation related to CPS manufacturing and operations. Visualization has a 
significant value in aiding stakeholders to promptly gain insights from the high volumes of 
data. When combined with analytics, data visualization promises opportunities in exploring 
data quickly and serves as an interaction medium to augment requirements analysts’ 
knowledge discovery with advanced computational capabilities (Gürdür, 2017).  

Data and visual analytics offers an opportunity to extract patterns; to evaluate the 
interoperability, complexity, and sustainability; to create an overview of the current 
challenge by providing viewpoints for the involved stakeholders, focusing on what most 
interests each stakeholder; to optimize performance, automation, and cooperation of 
distributed systems, development environment, and teams; and overall, to improve any of the 
challenges mentioned above by simply providing a better understanding.  

Overall, this dissertation work shows that data and visual analytics will be an important 
approach for the future of CPS manufacturing and operations because it holds several 
advantages and opportunities that can help to overcome sustainability-, interoperability-, and 
complexity-related challenges in CPS. Digitalization is seen as the first step toward more 
integrated information systems, and the importance of digitalization is well-understood in the 
industry. However, future directions after digitalization are not well-defined. The studies 
showed that data and visual analytics is a promising way to turn information into outcomes, 
enhance decision-making, make data-driven discoveries, minimize risk, and unearth valuable 
insights that would otherwise remain hidden. Data and visual analytics can be the next step 
after digitalization for Swedish industry. However, the importance and necessary changes to 
make data analytics applicable should be considered from today. 

I will show courage to say that, on one hand, the industry is running to catch the fast-
moving technological advancements train. Yet, on the other hand, there is a slow intake with 
even slower organizational structures, cultural barriers and lacking strategies and roadmaps. 
This, unfortunately, results with less imaginative, poorly structured, repudiated processes and 
complex, unsustainable products. While I was aiming to test data and visual analytics 
solutions for several scenarios, I had first-hand experience with this industry dilemma. More 
comprehensive studies are done by, for instance, Bughin, McCarthy, and Chui (2017), with 
3,000 executives aiming to adopt another trending concept—artificial intelligence. The study 
clearly shows that not every business is using artificial intelligence throughout their processes. 
In fact, only a fraction of companies—about 10%—have tried to diffuse artificial intelligence 
across the enterprise. A complementary study (Bughin & van Zeebroeck, 2018) underlines 
the importance of strong digital capabilities and found that advanced technologies, such as 
big data and advanced analytics, affected the likelihood that a company would adopt artificial 
intelligence. The future success of the industry is very related with how quick they will be 
able to adapt and use new technological advancements. This dissertation focused on the data 
and visual analytics, later it can be machine intelligence or any other future technology.  
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Before concluding the dissertation, I would like to highlight some lines from the 
questionnaire on data analytics readiness of the Swedish industry. One respondent wrote the 
following at the end of the questionnaire: "My organization, sadly, is a little bit old school." 
Another said that the "most important issue about data analytics in my company is related to 
the human resources." Some mentioned a strong belief that data analytics, machine learning, 
and artificial intelligence are the technologies that will shape the future of the industry—and 
they feel their organizations are neglecting these technologies. Other respondents genuinely 
expressed concern about innovation speed and falling behind. These comments show that the 
organizations have employees in various positions who are convinced about the importance 
of data analytics, and they are ready to engage to change the current situation for good. 

To this end, I suggest that the industry discusses the next step after digitalization and 
addresses the challenges related to the availability, accessibility, quality, volume, and variety 
of data by considering user-centric approaches and the organizational needs of the future 
development and manufacturing environments. The CPS industry should plan and act on 
these challenges as part of its data analytics strategies to expedite the machine intelligence 
applications of the future. 
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