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Abstract 

The human’s visual system is one of the most powerful tools for discovering information and 

patterns in a given dataset. Increased possibilities for data collection and storage, together 

with today’s visualization software possibilities, help to facilitate visual analytics. Based on 

previous research within human perception, visualization techniques and a current situation 

analysis at BMW AG, a case study to develop and implement a visualization concept for 

production data and simulation results has been performed. 

The research question is formulated as how production and simulation data shall be 

presented in order to add value to the input data and material flow simulation results in the 

automotive industry. Production and simulation data are stored in databases that can be 

connected to SimAssist, a software tool developed for the assistance of simulation projects. In 

the 2view module of SimAssist, the plug-in SimVis offers visualization of selected data based 

on the front-end programming language JavaScript and the D3 library. D3 binds data to 

visual objects and manipulates their attributes. The case study has aimed to further develop 

the SimVis plug-in with regard to visual analytics. 

The visualization concept closes the observed gap between today’s visual analytic possibilities 

and the currently used software (often Excel and PowerPoint) at the material flow simulation 

group at BMW. Defining development and evaluation criteria, two concepts are generated 

and implemented using an agile method, continuously involving the future users. Two 

visualizations have been developed. The cluster visualization is a powerful tool that enables 

hierarchical clustering and visualization of data defined by the user via the user interface. The 

user interacts with the dataset, exploring relations by defining color ranges, hiding and 

showing selected nodes and calculating node values with different calculation methods (sum, 

median or average). Additionally, it includes a bar chart to facilitate a second overview of the 

dataset. The second concept is the multiline visualization, showing one scale with x-values 

and several lines with corresponding y-values. When the user moves the cursor over the 

visualization, the current x-data point, its corresponding y-values and the difference between 

the y-values are shown, in order to allow the user to interact with the dataset. 

The results show that the visualization concept is highly flexible, allowing different types and 

amount of data to be visualized and analyzed. By including the dataset in the SimAssist 

framework, a suitable visualization can easily be chosen and data can easily be displayed and 

visually analyzed in a visual analytics context. Interaction with the data via the mouse cursor 

helps into finding patterns and relations in and between the data and different datasets. The 

visualization concept saves several intermediate steps in comparison to today’s visualizations. 
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Sammanfattning 

Människans visuella system är ett av de mest kraftfulla verktygen för att upptäcka 

information och mönster i en given datasats. De ökade möjligheterna för datainsamling och 

datalagring i kombination med dagens programvaror och programmering av 

datavisualiseringar hjälper till att främja det så kallade visual analytics: visuell dataanalys. 

Baserat på tidigare forskning inom mänsklig perception, visualiseringstekniker och en analys 

av dagens situation på BMW har detta arbete utfört en fallstudie. Studien har utvecklat och 

implementerat visualiseringskoncept för produktionsdata och simuleringsdata. 

Forskningsfrågan formulerades följande: hur ska produktions- och simuleringsdata 

presenteras för att skapa värde åt indata och materialflödessimuleringsresultat i bilindustrin? 

Produktionsdata och simuleringsdata lagras i databaser som kan kopplas till SimAssist, en 

mjukvara utvecklad för att assistera materialflödessimuleringsprojekt. I 2view modulen av 

SimAssist erbjuder insticksmodulen SimVis visualisering av data. Visualiseringen bygger på 

programmeringsspråket JavaScript och dess D3 bibliotek. D3 binder data till visuella objekt 

och manipulerar dess attribut. Denna fallstudie har vidareutvecklat SimVis plug-in med 

avseende på visuell dataanalys (visual analytics). 

Visualiseringskonceptet sluter det observerade gapet mellan dagens visualiseringsmöjligheter 

och den mjukvaran (ofta Excel och PowerPoint) som används på gruppen för 

materialflödessimulering på BMW idag. Baserat på definierade utvecklings- och 

evalueringskriterier utvecklas och implementeras två koncept. Det första konceptet är en 

clustervisualisering: ett kraftfullt verktyg för att hierarkiskt gruppera och visualisera data 

som användaren definierar. Användaren kan interagera med de visualiserade data genom att 

definiera färgskalor, visa och dölja utvalda noder och beräkna nodvärden genom summering, 

medianen eller medelvärdet av datavärdena. Dessutom inkluderas ett stapeldiagram för att 

ge ytterligare en visuell vy av datasatsen. Det andra konceptet är ett flerlinjediagram som 

visar en skala med x värden och flertalet linjer motsvarande y värdena.  När användaren 

stryker med pekaren över diagrammet visas data för x punkten, de motsvarande y värdena 

och skillnaderna mellan det högsta och lägsta y värdet. Detta för att tillåta användaren att 

interagera med datasatsen. Utvecklingen har skett agil med kontinuerligt involverande av de 

framtida användarna. 

Resultaten visar att visualiseringskonceptet är högst flexibelt och tillåter olika typer och olika 

mängd av data att visualiseras och analyseras. Genom att inkludera data i SimAssists 

ramverk kan en lämplig visualisering väljas och data kan på ett smidigt sätt visualiseras och 

analyseras. Konceptet tillåter användaren att utforska data i en visual analytics kontext. 

Interaktion med data genom pekaren hjälper användaren att finna mönster och relationer 

mellan data och olika datamängder. Visualiseringskonceptet sparar flertalet mellansteg i 

jämförelse med dagens process. 
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Zusammenfassung 

Durch Visualisierung von Datensätzen können Menschen Informationen und Muster 

entdecken, die ihnen ansonsten verschlossen blieben. Die neuesten Methoden zur 

Datenerhebung und Datenspeicherung begünstigen die visuelle Datenanalyse (Visual 

Analytics) in Kombination mit den verfügbaren Visualisierungsprogramen. Auf Basis der 

Forschung zu Visual Analytics in Bezug auf menschliche Wahrnehmung und 

Visualisierungstechniken ist eine Fallstudie bei BMW durchgeführt worden, um ein 

Visualisierungskonzept für Produktionsdaten und Simulationsergebnisse zu entwickeln. 

Anhand der Situationsanalyse bei BMW wurde die folgende Forschungsfrage formuliert: wie 

sollen Produktions- und Simulationsdaten dargestellt werden, um einen Mehrwert zu 

Analyse von Simulationsdaten zu erbringen. Um auf die Daten zuzugreifen wird SimAssist 

verwendet, welches direkt mit den Datenbanken der Simulation verbunden ist. SimAssist ist 

darüber hinaus eine modulare Software zu Verwaltung von Simulationsdaten und 

Simulationsergebnissen sowie zur Visualisierung von ausgewählten Datensätzen über das 

Plug-In SimVis. Diese Visualisierung wird in JavaScript anhand der D3-Bibliothek 

programmiert. In dieser Studie wurde das Visualisierungskonzept anhand von Visual 

Analytics weiterentwickelt. 

Das Konzept schließt die Lücke zwischen den heutigen Möglichkeiten und den derzeitig 

angewendeten Methoden zur Visualisierung bei BMW wie Excel und PowerPoint. Durch die 

Definition von Entwicklungs- und Evaluierungskriterien wurden zwei 

Visualisierungskonzepte entwickelt. Durch die kontinuierliche Beteiligung der zukünftigen 

Nutzer und der Anwendung von agilen Methoden wurden zwei Konzepte entwickelt. Das 

erste Konzept der Cluster-Visualisierung erlaubt die hierarchische Anordnung und 

Visualisierung von durch den Benutzer ausgewählten Daten.  Der Benutzer hat zahlreiche 

Möglichkeiten die Visualisierung des Datensatzes zu manipulieren: Definition von 

Farbbereichen anhand von Intervallen, Ein- und Ausblenden von Datenkonten, 

Balkendiagramm zur Einordnung des Datensatzes, Berechnung von Summen, Median und 

Mittelwert, usw.  Als zweites Konzept wurde ein Multilinien-Diagramm programmiert, bei 

dem der Nutzer durch Bewegen des Cursors alle Y-Werte zum ausgewählten X-Wert 

angezeigt bekommt. Dadurch ermöglicht die Visualisierung dem Benutzer die Interaktion mit 

dem Datensatz. 

Die Diskussion mit den Nutzern sowie die Auswertung anhand der aus der 

Literaturrecherche hergeleiteten Kriterien zeigt, dass das Visualisierungskonzept sehr flexibel 

ist und Visualisierung, Analysen und Auswertungen von unterschiedlichen Produktions- und 

Simulationsdaten erlaubt. Durch die direkte Verbindung zu den Datenbanken in SimAssist 

können die Daten leicht ausgewählt werden und visuell analysiert werden. Das Konzept 

ermöglicht es dem Benutzer den Datensatz visuell zu entdecken. Die Interaktion mit den 

Daten über die Mauszeiger hilft Muster und Beziehungen in und inzwischen den Daten und 

verschiedener Datensätze zu finden. Weiterhin spart das Visualisierungskonzept mehrere 

Zwischenschritte und dadurch Zeit in der Erstellung von Graphen im Vergleich zu dem 

heutigen Verfahren. 
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List of Abbreviations and Definitions 
 

API  Application Programming Interface 

CSS  Cascading Style Sheets is a style sheet language for adding style (e.g. fonts, 

colors and spacing) to web documents using markup language [1]. 

CSV  Comma-Separated Values  

Data  The unstructured product of research, gathering and discovery [2]. 

  

D3.js  The Data Driven Document library 

DOM  The Document Object Model is a platform- and language-neutral interface 

where the programs and scripts dynamically can access and update content, 

structure and style of documents [1]. 

GUI  The Graphical User Interface is the program interface that contains the cursor 

and cursor device, window, desktop, etc. It takes advantage of the computer’s 

graphics [3]. 

HTML  HTML5 in correct terms is a W3C specification that defines the Hypertext 

Markup Language that is used to addressing web applications [3]. 

Information Structured data that is put into a context and explore valuable patterns in the 

data [2]. 

JS  JavaScript: an open source scripting language that interacts with HTML 

source code and is used to manipulate the DOM [3]. 

JSON  The JavaScript Object Notation is a common standard format to transfer 

objects with attributes are easy to read and write for both humans and 

machines. JSOM files are language independent [3]. 

jQuery  jQuery is a JavaScript library that makes the API simpler to use and interact 

with in any browser [4]. 

SVG  Scalable Vector Graphics 

SQL  Structured Query Language 

UI  The User Interface is the human-machine interaction that facilitates the 

communication between the user’s demands and the computer program [3]. 

The UI is a wider definition than GUI, which only contains the graphical 

interface. 

VDA  Verband der Automobilindustrie (German Association of the Automotive 

Industry). 

VDI  Verein Deutscher Ingenieure (The Association of German Engineers). 

Visual  Visual analytics is the science of analytical reasoning facilitated by interactive 

Analytics visual interface [5]. 

XML  The Extensible Markup Language is a W3C specification for web documents, 

allowing the user to define customized web parts and interpret and validate 

data [3]. 
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1. Introduction 

To generate the right visualizations with the essential data given today’s information overload 

is a challenge that highly affects the automotive industry. During recent years, the complexity 

and number of product variants have increased. At the same time, the technologies for 

collecting production data are improving, resulting in a vastly increased production data 

volume. Due to the complexity of today’s production systems in the automotive industry, no 

major decisions are taken without securing them by using material flow simulation, 

henceforth called simulation. Studies show that data analysis and dashboard design has been 

one of the driving forces for adding value to companies in recent years [6]. Therefore, the 

presentation of the data and simulation results can be vital support for a crucial decision in a 

production environment. 

In the production context, the importance of visualization is recognized. The topic is 

identified as one of the 14 lean management principles by Toyota [7]. The use of Andon 

boards is the most common example of visual control used in the production. It serves as a 

support for the human brain’s activity to set the data and information into a context [8] and 

thereby intuitively perceive the production status at a given moment. In the production 

development however, it is difficult to identify a typical example for visual control. 

For a long time, the problem has been the lack of tools enabling complex visualizations. In 

many cases, the effort to create appropriate visualizations has been larger than its added 

value. Although, using a standard configuration may lead to a misfit of the data in the 

selected visualization. Books from the early 21st century points out that given the right tools 

and standard practices, visual support for analytic thinking will blossom [9]. 

Today, a widespread development in digital visualization takes place. The increased 

utilization of new technologies enables a continuous development of visualization software 

and its development is considered a game-changer in the field of visual analytics [10]. Its 

mainstream usage has rapidly increased over the last decade [11] and it is debatable if it has 

been fully taken advantage of in the production development environment of today. At the 

same time, the technologies enabling data collection and data storage are increasing, leading 

to a continuous growth of available information. The question is not only how to visually 

present the data, but also what data to extract and how, in order to secure the quality of the 

results. The combination of these two factors constitutes the core challenge of turning the 

information overload into a significant opportunity. 

As the data becomes of greater use for the production planning and simulation, the 

difficulties of processing it, finding the patterns and making the best decisions are increasing. 

The data management and data evaluations are often still performed in traditional Office 

tools such as Excel and Power Point. The question is if these methods correspond to the 

possibilities that modern visualization software offer. Of course, the economical part of the 

investigation is a further important aspect. The added value of a customized visualization tool 

for the presentation of the production data and simulation results, hence its development 

time and costs, has to be taken into consideration as well. 

The described dilemma: managing to present essential production data and simulation 
results in a value-adding visual analytic context lays the foundation for this work. The topic is 
classified as an interdisciplinary subject and the study includes aspects such as cognitive 
perception, software development and usage, human-data interaction, branch-specific design 
and data usage guidelines. All aspects need to be taken into account when the possibilities for 
visual analytics in the field of production development shall be investigated.  
 
The work described in this report is the result of a case study performed at the BMW AG, 
from hereon named BMW, within a production planning and simulation department. With 



 

12 

today’s almost unlimited access to production data, simulations are performed with increased 
complexity and accuracy. BMW have raised questions if visualization can add value and 
facilitate knowledge recognition in this field as well and if so, how it can be enabled. 
 

1.1 Background and Company Presentation 

The BMW Group is currently the world’s biggest premium car company and was founded in 

1916. The group includes the brands BMW, Rolls-Royce and MINI with sales of over 2.24 

Million cars in 2015. The company’s vision is to drive the future of seamless mobility in the 

premium segment. 

Throughout the last couple of years, BMW has experienced rapid growth in both quantity and 

product variants, resulting in an increased production complexity with increased production 

volumes in current plants and the establishment of new ones. The introduction of new 

products forces changes in current factories that become more complex because of product 

mixes, factory layouts and logistics. While the required effort to establish new plants 

increases, more product variants are planned for one factory at the same time as the 

production flow needs to be optimized. This is done to maximize the value added for each 

product variant. As the complexity of BMW’s production increases, in product mix and 

production conditions, so do the data volumes and the complexity of analyzing it. 

The simulation group at the BMW is responsible for material flow simulation investigations 
in the technical production planning. The group works with the four technology areas body 
shop, paint shop, assembly and overall plant simulation. Body shop, paint shop and assembly 
simulation all refer to simulation within one technology while the plant simulation focuses on 
the high rack storages in between. Questions regarding planning of new production systems 
and modifications to current ones are investigated, with the goal of achieving the highest 
value adding flow together with the best usage of inventories, capacity utilization, costs, 
quality and throughput time. 

The group’s clients are internal departments, that are not always familiar with simulation 
topics and therefore do not always know what input data that is required and especially what 
the results imply and how to interpret them correctly. This is part of the reason why the 
visualization of data has been questioned and how visualization can facilitate the 
communication of results. Visualization of the input data has also been conducted to aid the 
pre-analysis of the data and facilitate visual analytics investigations. 

The new software tool SimAssist exists since 2015 and it handles information regarding 

simulation projects, such as database connections and evaluation of data and simulation 

results. It is discussed if appropriate data visualizations that facilitate visual analytics, 

knowledge and wisdom can be developed within this software tool. 

 

1.2 Research Question and Scientific Methodology 

This thesis investigates how production data and simulation results can be presented given 

today’s software possibilities at the market and software usage at the company, focusing on 

the SimAssist software. The study aimed to answer if and how the presentation can add value 

to the material flow simulation. The research question is stated as follows: 

“How shall production data and simulation results be presented in order to add value to the 

material flow simulation in the automotive industry?” 

The purpose is to investigate how visual analytics can be facilitated in a production planning 

and simulation context by developing a concept and implementing it at BMW. In order to 

answer the research question, a pre-study was performed that constitutes the foundation for 

the case study. The pre-study was a literature study investigating the interdisciplinary fields 
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that affect how data can be presented in order to facilitate data analytics by visualization. 

There are no present research studies found in this particular field that are up to date 

regarding the latest software possibilities. Therefore, the literature research scope includes 

topics such as human perception, the different kinds of analytics and visualization 

techniques, as well as today’s software possibilities. The theoretical background was applied 

in a case study, describing the current situation at BMW and from that state new ways to 

visualize production and simulation data are developed. The concepts were developed, 

implemented and evaluated based on the findings in the literature study. At last, the case 

study was put into a business case context, where the cost-to-benefit of the concept was 

analyzed. 

 

1.3 Scope and Limitations 

The scope includes a literature study, creating the foundation for how the research question 

can be answered. Since the concept aims at using the latest software possibilities, no 

corresponding study has been found within the specified area. A benchmark with other 

industries or other companies is not included. The implementation is limited to the current 

software tools used at BMW and focuses on further developing these. This means that the 

concept implementation is performed in the software simulation evaluation tool SimAssist 

and its plug-in SimVis. Possible visual limitations of the software have been the limitations 

for the implementation. The available time frame has been the limitation for the number of 

concepts developed and deployed. The evaluation of the concepts has been limited to the 

findings in the literature research and performed together with the future users of the 

concept.  
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2. Definition and Classification of Visual Analytics and 
Interactive Data Visualization 

 
As the introduction implies, today’s possibilities of data recording and storage are increasing 

rapidly. Usually, the problem is no longer to get hold of the raw data, but rather to determine 

what data is important and how to process it in the right way. The large amount of raw data 

has created the information overload problem [12], referring to the risk of losing the relevant 

data in a dataset that is either: (1) irrelevant to the current task, (2) processed in an 

inappropriate way or (3) presented in an inappropriate way. 

Together with today’s increased computer usage and data volumes, particularly the handling 

of unstructured data, the issue of data visualization increases in importance. According to 

Kielman et al. [13], the visual analytics field of study originates from several research and 

development projects in the US. The publication “Illuminating the path”, published in 2005 

by the National Visualization and Analytics Center, declared the need for increased usage of 

advanced analytics in order to increase national security. They defined visual analytics as the 

science of analytical reasoning facilitated by interactive visual interfaces. It is a 

multidisciplinary field that includes analytical reasoning techniques, visual representation 

and interaction techniques, data representations and transformations as well as techniques 

to support production, presentation and dissemination of the analysis results [5]. The use of 

interactive data visualizations has lately grown very popular, especially for social media and 

its commercial value [9]. A classic example is Gapminder, a webpage that uses facts to 

visualize and describe the world [14]. Gapminder is one of the early players using interactive 

data visualization to process data into useful information by visualization. 

Hence the development of visualization usage the last decade, it can be falsely understood 

that data visualization only target the area of computer science. As Spence [8] points out, 

software is the tool for enabling visualization and to help reach the overall goals of visual 

analytics. Visual analytics is an integrated, cross-functional discipline where the visualization 

semi-automates the analytical process via software. As in Figure 1, visualization of data and 

information can be described as the best of both sides and it shall help the human brain with 

information processing to convert data into knowledge and wisdom [2]. 

An idiom says that a picture is worth a thousand words. Already more than a hundred years 

ago, in 1913, charts were used in trials to visualize legal evidence [15] and the knowledge that 

human beings are better at visualizing complexity than cognizing it is well known. The eyes 

are part of a visual system that seeks patterns and understanding of the perceived objects. 

Visually encoded information is registered by the eyes which stand in direct connection to the 

brain’s cognitive center and helps the brain to form a mental model of the information [16]. 

 

Figure 1: How information visualization connects the best of both worlds, facilitating discovery of new 
knowledge and wisdom [12]. 
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2.1 Classification of Visualization and Analytics 

Visual analytics is a young field of study and different terminologies are used. The term 

visualization refers to the visualization of information and development of techniques that 

portray valuable data conditions. The differences in denotation between visual analytics, data 

visualization, information visualization and interactive data visualization are not explicit and 

the fields of research therefore intersect and overlap. Data or information visualization is 

used depending on the kind of data that is shown, whereas information visualization focuses 

on the abstract data that is not bound to a geographical place or time location [12]. 

Visual analytics in turn, refers to the transparent way of processing data and information in 
order to facilitate the analytical discourse. The goal of visual analytics is to facilitate high-
quality human judgment in a short amount of time [5]. Visual analytics includes information 
visualization and further aspects of human and data analysis, which contribute to an 
integrated decision-making approach [12]. Subsequently, visual analytics places higher 
priority on data analytics than information visualization, rather than focusing on the 
visualization itself. Interactive data visualization is defined as the technology that enables 
exploration of the dataset in an interactive way, such as controlling and communication of 
the information contained in the dataset. The interaction design facilitates the process of 
transforming data into information, information into knowledge and knowledge into wisdom 
[2], as described in detail in section 2.2. 
 
In the age of increasing data volumes, the need for data processing and data analysis grows. 

There are different types of analytics that can be classified into four categories. The types of 

analytics vary along the analytics continuum (as seen in Figure 2): 

 Descriptive analytics: reflects the data as what has happened. This is the lowest level 

of analytics that is found, where the data is often presented with hindsight and 

through a monitoring perspective. 

 Diagnostic analytics: presents the data with hindsight as what has happened and why. 

The past performance is analyzed and the result is presented, often as an analytics 

dashboard. 

 Predictive analytics: presents an insight of likely future scenarios of what could 

happen, given the current data. Can also be referred to as predictive forecasting and 

contains valuable information regarding future actions. 

 Prescriptive analytics: reveals what actions that should be taken in order to prevent 

bad scenarios from happening and benefit from the good ones. The analysis usually 

results in a set of rules and recommendations for the next decision. Prescriptive 

analytics is the highest level of analytics that adds the highest value, but is also the 

most difficult one to perform. 
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Figure 2: The different kinds of analytics in a value versus difficulty perspective [17]. 

Depending on the task, different levels of analytics will be required. Prescriptive analytics is 
the analytical form that adds the most value, but also the one that comes with the most 
difficulties to perform. All data and knowledge required may not be available in order to 
perform prescriptive analytics or a specific level may not be needed. Which type of analytics 
should be selected depends on each use case. 
 

2.2 The Human Continuum of Understanding 
As research has shown, visual perception of humans holds by far the highest data perception 

capacity at any given time [9]. The human visual system seeks patterns and information 

processing takes place subconsciously by pre-attentive processing [16]. Processing 

information takes place along the human continuum of understanding, explaining the 

transformation of data into meaningful information, knowledge and wisdom.  

Data is the first step in the continuum of the understanding process, as seen in Figure 3. Data 

is a raw product that is defined as the unstructured product of research, gathering and 

discovery. Data holds only a low value as long as it is not structured and put into a context. 

When the data is put into a context, it is turned into information that explores valuable 

patterns in the dataset. Processing the data into information requires organizing and 

presenting it meaningfully and communicating it with the right context. The step from data 

to information can be performed in several different, yet successful ways. The information in 

turn is the stimulus for attaining knowledge. Knowledge is the understanding of different 

experiences gained by its communication. It can be shared among people in different 

contexts, which is not the case for wisdom. Wisdom is the most personal and vague level of 

understanding, working on an abstract and philosophical level. It refers to personal processes 

of interpretation and evaluation of experiences gained from a different knowledge set. 

Wisdom cannot be transferred; instead it has to be gained by each individual human [2]. 
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Figure 3: The human process, from processing data to achieving wisdom [2]. 

 

2.3 The Gestalt Principles 
The research regarding visualization and pattern perception began in the early 20th century. 
The research by a German psychologist group generated the Gestalt Laws, or Gestalt 
principles, describing the fundamentals of perceptual phenomena [18]. The principles 
describe the mechanisms behind the human perception and serves as a foundation for visual 
design. Just like human perception the principles are based on the awareness of single 
objects that together form different unities of different cognitive impressions. Unities of 
objects will be understood differently depending on the shape and position of the objects it 
consists of. Humans tend to order the perception according to the experience regarding the 
different Gestalt laws: 
 

 Proximity: relates to the position of the objects. Objects that are close together will be 

grouped together subconsciously, see Figure 4 left. Groups of objects with similar 

element density are perceptually grouped together as well. Even a small change in 

object distance will change the perception.  

 Similarity: similarity of the object’s color, size and shape facilitate the visual grouping 

of objects. Objects sharing the same characteristics are perceived to belong together, 

as can be seen in Figure 4 middle. 

 Continuity: patterns and relations are more easily discovered when the entities are 

connected by continuous, smooth contours. Therefore, the human perception tends to 

group objects with the smoothest connection. As in Figure 4 in the middle right the 

curves are perceived as two crossing lines instead of four lines meeting in the middle. 

 Symmetry: symmetrically arranged pairs of lines facilitate a visual unity, rather than 

individual lines. For small sets of data, this is the most powerful principle. 

 Closure: closed structures tend to be seen as one entity. When the object is not closed, 

the perception tends to close the contours that have gaps in them, as in Figure 4 to the 

right. 

 Common fate: the perceived grouping of moving objects. When objects move, humans 

percept the movement along a defined path. 

 Figure and ground: the figure-ground is part of the fundamental perceptual process of 

identifying objects. Different colors and shapes are interpreted to a figure in the 

foreground and the rest in the background. 
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Figure 4: Visualizing the law of proximity (left), similarity (middle left), continuity (middle right) and 
closure (right). 

The Gestalt principles form a foundation for basic design principles for information displays. 

Depending on what is to be visualized, different types of visualizations shall be taken into 

consideration. For a good visualization, the information display, the data and their match 

need to be taken into consideration. A good visualization takes the user’s needs into account 

and fits it accordingly. For visualizations, especially regarding large amounts of data, it is 

hard to find the right balance that limits the amount of information the user receives while 

keeping the user informed about the data in its complete picture. The problem is often to find 

suitable visualizations for large datasets [19]. 

 

2.4 Visualization Technique Tasks 

Interactive and dynamic visualizations empower people to explore the data after a first 

overview of the dataset is accomplished. Many interactive visualization guidelines exist on 

how to design an interactive visualization. According to Shneiderman, the basic principles for 

visual information can be summarized as the so called type by task taxonomy (TTT) which 

consists of a total of seven tasks. The TTT has been acknowledged and mentioned in several 

research papers ( [19] [20] [12]) but mostly under the shortening of the visual information 

seeking mantra: “overview first, zoom and filter, then details-on-demand”. The design 

pattern in the information seeking mantra has been proven successful. The mantra has been 

further developed by Keim in order to fit in the context of visual analytics: “analyze first, 

show the important, zoom and analyze further, details on demand” [12]. The most important 

difference is the data analysis before the visualization. The mantra by Keim integrates this 

part as well and is therefore adapted to today’s visual data analytics possibilities. 

Following is a summary of the key tasks of today’s visualization techniques. They consist of: 

 Analyze first: a task focusing on the pre-analysis of the data that is to be visualized. 

What kind of data is available? Which patterns and conclusions are strived for? The 

analyses include actions like sorting out noise data and data clearly irrelevant for the 

given task in order to be able to concentrate the visual analysis to the items of 

interest. For example, with SQL- statements sorting out the important data attributes 

from the database. 

 Overview/show the important: the first overview presents the adjusted data which is 

relevant for the conditions. The overview gives a first presentation of the entire data 

collection and shows what is important. 

 Zoom, filter and analyze further: further analysis of the data zooms in on the 

interesting parts of the data that have been detected in the overview. Further filtering 

sorts out uninteresting data and simplifies the continued analysis of the interesting 

data. The zooming part is also an important criterion for visualizations presented on 

computer screens, where the window size restricts the area of data presentation. 

 Details-on-demand: by selecting an item, its details are shown. For example, by 

clicking on a data point, its attributes and values are shown. 
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 Relate history and extract: are the three further tasks defined by Shneiderman but 

excluded by Keim. Relate will be able to show relations between the items and history 

and extraction refers to the tracking on past actions and the possibility to extract the 

findings and present it in a file or presentation.  

Navigation and zooming are important tasks for the visual analytics in order to explore and 

analyze the data further. It is important to mention that this does not replace filtering [19], 

meaning that the input data does need to be analyzed before it is visualized. 

 

2.5 Visualization Presentation 

Correctly presented data in a visual form is very powerful for the human perception. Visual 

presentation is the most powerful tool for the human brain to find patterns and recognize 

structures, groups and trends. At the same time, unfavorably presented data can hide the 

patterns, making them invisible for the human to recognize. The challenge is to transform the 

data and present it so that the structure may be revealed. 

Data visualization applications are complex and no reference architecture for how to 

represent data exists [9], although many attempts have been made to find suitable 

visualization for each data presentation [11] and many suggestions have been made to form 

general guidelines applicable for all cases. Since the development of visual analytics has a 

business value in itself, many online sources present business articles suggesting guidelines 

on how to present business data in the best way [6]. The suggestions often lack real scientific 

research foundation and a common recommendation is to develop something, which is then 

tested with the future users [19]. 

 
However, four types of visualization representation can be identified (see Figure 5): 
 

 Comparison: evaluation of different items in categories, data comparison over time, 
etc. 

 Distribution: distribution of data with single or multiple variables. 

 Composition: arrangement of statistical data or dynamically changing data over one 
of several periods, hierarchically ordered or not. 

 Relationship: relationship between two or more variables. 
 



 

21 

 
Figure 5: Deciding process of a suitable visualization depending on data analytics goal, the chart 

chooser diagram by digital inspiration [21]. 

Shneiderman [22] identifies seven data types on a high abstraction level and describes 

different suitable visualizations for each: 

 1-dimensional: represents text, program source code or similar. 

o Visualization: bar charts, showing the attribute and value of each entity. 

 2-dimensional: geographic data, planar or map data and attempts to navigate paths 

(such as maps) in two dimensions.  

o Visualization: geographical maps for geo data, scatter plot for other path 

related attributes 

 3-dimensional: data related to the real world with objects and volume data, for 

example the human body, buildings and products that consists of complex relations 

between each other. 

o Visualization: many solutions are proposed for this kind of data: overviews by 

landmarks, transparency, slicing and multiple views. 

 Temporal data: 1-dimensional data that are separated from each other by time. The 

time itself forms a second dimension of the single point data and makes the temporal 

data distinct. 

o Visualization: Time lines are well suitable for visualizing the different data 

points, possibly animated too. 

 Multi-dimensional data: such as data found in relational and statistical databases that 

can be chosen and manipulated by queries. Task is to find patterns, cluster and 

correlations among pairs of variables, gaps and outliners. 

o Visualization: 3-dimensional scatter diagrams. 

 Tree data: also called hierarchical data, represent data that have a 

parent/child/sibling relation and tries to understand the different structural 

connections (there can be multiple). This data classification type is one of the most 
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important and commonly used, e.g. the web browser (using a window and connecting 

children inside). 

o Visualization: node and link diagrams (cluster visualizations) for large 

amounts of data and tree maps for representing children rectangles inside of 

parent rectangles. 

 Network data: represents data that forms a group of nodes connected by arbitrary 

links, for example when a tree structure cannot capture the complex relations.  

o Visualization: network data is often represented as networks, where the 

network origins from one node that generates the rest of the links. It is often 

hard not to represent the extra links without ending up with a spaghetti 

visualization. 

In the end, one visualization type seldom deals with only one data type. In order to be 

successful, visualizations need to use a combination of several data types [22]. 

 

2.6 Visualization Evaluation Criteria 

Most visualization guidelines focus on the tools and techniques for how to develop the 

visualization, leaving the evaluation criteria open to the user. The criteria that are defined 

mostly describe a high level model framework and targets one specific type of visual 

terminology (information visualization, interaction visualization or visual analytics for 

example). The suggestions made are aggregated in multiple levels of detail, where some 

define groups of high level criteria while others state different criteria for different use cases 

in detail. There is no universal set of criteria that supports all visualization types equally well 

[23], but by studying specific case studies, the specific evaluation criteria used can be 

compared. 

Figure 6 shows a framework of evaluation approaches defined by the National Visualization 

and Information Center [5]. The evaluation model shows a high-level model framework 

describing the different levels of evaluation: components, system and work environment. The 

work environment level describes the evaluation on an organizational level, including the 

adaptation of new technology and the satisfaction of using it. The system level evaluates 

usability and utility of the system and the complex processes, including the user satisfaction 

of the visual analytics. On the component level, each component of the system is evaluated 

with regard to its design, using parameters such as effectiveness, efficiency and user 

satisfaction. 

 

Figure 6: Different levels of evaluation [5]. 
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Redpath et al. [24] defined a set of criteria used for comparing different visualization 

techniques. The criteria were divided into two major categories: interface considerations and 

dataset characteristics to again stress the match of the data and the visualization type. The 

criteria relevant for this work concern the interface considerations and are described as 

following: 

 Perceptually satisfying presentation: the presentation shall be natural and contain 

clear features. 

 Intuitiveness of the technique: the presentation shall be intuitive to use. 

 Ability to manipulate the display dynamically: the visualization shall be able to 

manipulate the data by actions such as zooming and highlighting with colors etc. This 

criterion is highly connected to which software tool the visualization is implemented 

on. 

 Easy to use: the visualization shall be easy to use and manipulate, also within a given 

time frame. 

Few [23] stresses the point that one visualization will not be enough to explore the data in an 

analytical way, meaning that several visualizations next to each other are required in order to 

fully explore the dataset and discover the trends. 

Furthermore, Munzner [25] has suggested a nested four level model for visualization design 
and validation, focusing on the four layers: characterize the task and data in the vocabulary of 
the problem domain, abstraction into operations and data types, design of visual encoding 
and interaction techniques and creation of algorithms to execute techniques efficiently. 
Again, the model represents the complete visualization design process and leaves the specific 
validation criteria up to the use case and client to be decided upon. 
 
The closest evaluation model framework found in the literature and relevant for this work is 

the evaluation of an interactive information visualization tool supporting explanatory 

reasoning processes. Rester et al. [26] stress that evaluation of complex knowledge domains 

require alternative methods for evaluation that have to pay particular attention to usability 

questions in an iterative design process. Rester et al. also mention that visualizations 

developed for specific users, data and tasks cannot be compared with other visualization 

implementations. The evaluation model framework evaluates the usability inspection and an 

evaluation of visualization techniques several different methods: heuristic evaluation, insight 

reports, log files with focus groups and interviews and thinking out loud techniques. The 

criteria used are based on task classifications and taxonomies, similar to the visualization 

technique task defined in 2.4. The study again describes an evaluation framework and 

mentions some evaluation categories (usability evaluation and evaluation of visualization 

techniques) but again, leaves the exact criteria up to the user and the specific study. 

 

2.7 The D3 Data Visualization Software 

As the digital era is rising, so are the software support possibilities for enabling visual 

interactive data analytics. Since the first release of JavaScript in 1995, it has become the 

biggest front-end programming language [1]. The first introduced toolkit for data 

visualization on the web was prefuse in 2005 [27], written in the programming-language 

Java and lead to a groundbreaking development of libraries for data visualization on the web. 

The usage of data visualization has increased along with the programming possibilities and 

improved computer processor power. During the years, JavaScript has had several libraries 

supporting visualization in different ranges. Today, several JavaScript libraries enable data 

visualization. Flare, sigma, Raphael and leaflet are some of them [28]. Many of the libraries 
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are open source and are constantly developed by different communities. The popularity of 

each library has varied over the years. 

Since 2011, D3 has grown popular and it is at the moment one of the most popular JavaScript 

libraries to use for data visualization [28]. There is a lot of material available on the internet, 

both from developer communities and the developer Mike Bostock himself, that explains and 

exemplifies the usage of D3. It is stated that these, together with its excellent control over the 

visualizations, are the reasons why the library has grown so popular [28]. 

By the time of writing, the latest stable version is 3.5.17 and the prerelease of D3 4.0 is 

already available. The API reference for D3 contains different functional modules that are by 

default designed to function together and create the visualizations. The visualizations support 

the explanatory visualization work, i.e. viewing the data and highlighting what is to be 

discovered. Furthermore, the library helps visualizing the data in the front end, meaning that 

the original data is not manipulated. Only the data that is sent to the client will be visualized 

and the original data is kept in the back end. 

D3’s excellent control over the visualization is derived from the data binding to the document 

object model (DOM), which is the standard way of building HTML web pages. With different 

D3 commands, the library creates new elements in the DOM and appends the dataset to each 

element (see Figure 7). Further commands such as adding styling and attributes, enable a 

good-looking appearance. 

 

Figure 7: The typical DOM data binding using d3.js coding. 

The D3 library includes several kinds of functions and layouts for manipulating the data. 

Layouts include bundle, force and tree layouts and a lot of functions for creating axes, paths 

and working with arrays, scaling and different kinds of transformation methods. Selected 

functions relevant for this work are selected and shortly presented: 

 Core manipulation functionality: setting attributes and styles, select and selectAll for 

selecting one or multiple elements from the document, append for appending new 

elements in the document, sort, filter and order data depending on its values, pointer 

events for tracking the pointer. Several math and transition functionalities, array 

manipulation, handling formatting and loading of external sources and built-in color 

manipulation. 

 Scales: supports and handles the controls of different scales - ordinal, quantitative 

and time scales. 

 SVG control: includes functionality for axes, shapes and controls of the SVG elements.  

 Layouts: encapsulates strategies for visually displaying data elements relative to each 

other. The layouts require a certain set of input data and calculate the rest of the 

visualization display itself. 

Further functionality such as time control, geo data and geometry control and behaviors exist 

as well, but are excluded due to lack of relevance to the use case. 
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3. Current Situation in the Automotive Industry: A Case Study at 
BMW AG 

 
The goal of material flow simulation is to secure process realization with regard to the 

stochastic variables that cannot be analytically or mathematically calculated. The simulation 

studies serve to validate the planning of new complex production and logistic systems as well 

as changes in current production systems. The simulation helps to answer questions 

regarding optimization with prescriptive analytics. What actions shall be taken in order to 

secure the production goals? Each simulation model and its results present a model-specific 

view of the given data and serves to reproduce the behaviors of the real production system 

[29]. Therefore, each simulation project with its models is factory and project specific. The 

process for simulation projects (as described under 3.1) describes the standard performance 

of a simulation project, but it is difficult to define what information is necessary for each 

specific step, since each project’s required input and desired results vary greatly. 

The scope and time frame of simulation projects vary depending on project and technology 

area: from single days to several months of work. For each project, the targets and scope of 

the simulation are defined and the expected results are stated. Late changes may occur and 

the results may therefore need to be reviewed or new scenarios need to be investigated. By 

the start of each simulation project, a project tender is conducted. The tender specifies the 

objectives and what is to be investigated. The results of the simulation are analyzed later on 

and discussed in close cooperation with the clients. The clients come from the entire BMW 

organization. Since many clients are not familiar with simulation studies, it is important to 

present the results in a clear and easily understandable manner that are put into context, yet 

correspondent to the reality. It is vital to capture the complexity of the production systems 

with all their parameters, which affects the application limits of the simulation model and its 

results. According to anecdotal evidence in the group, this task is often underestimated. It is 

an art in itself to present the results for the client including its application limits - these are 

often overlooked. The production systems are very large and complex and several single 

robot availabilities and changeover times can have a major impact on the system and the 

results. 

 

3.1 The Material Flow Simulation Process and Data Handling 
The workflow for simulation projects at BMW follow the VDA guidelines for simulation 

execution instructions [30], which in turn are based on the VDI guidelines 3633. System 

analysis, modelling, implementation, simulation and reporting the results are all part of the 

process, as seen in Figure 8. The guidelines specify the blocks of a simulation study that shall 

be included, but exclude the specific input and output parameters. The parameters to be used 

are decided by the needs within each project. It is difficult to define general variables that are 

to be included [31]. At BMW, the simulation itself is performed in Plant Simulation: a 

discrete event flow simulation software tool from Siemens. The data management for the 

simulation project is handled in the software SimAssist which is presented in detail in section 

3.2. 
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Figure 8: The VDA material flow simulation process. 

The research question of this work puts the procurement of the input data and the 

communication of the results in focus of the simulation process. According to the simulation 

process, it is mandatory to validate and verify the input data. Which input and output data 

shall be used and validated is not defined since it greatly depends on the simulation project. 

Therefore it is difficult to give a general statement of which data is required. Thus, the 

association of German engineers, VDI, has characterized a data integration model for the 

types of information that is required, see Figure 9. It suggests that the factory model consists 

of three main information categories: product and production information, sequence control 

information and plant information. Together they form the information structure of the 

factory model. 

 

Figure 9: The VDI overview of the types of data integrated in the simulation model [29]. 

Applying Shneiderman’s seven data types (specified under 2.5) to the data integration model, 

it can be concluded that nearly each data type is given. For simulation projects, some of the 

data is found in production databases and some information is provided by production 

planners. Almost all data stored in the production databases consist of a large number of 

multi-dimensional data, which can be manipulated using SQL statements and query tools. 

The results of the manipulated data can be configured as several of the other data types. In all 

three categories of the factory model the data type tree is commonly found. Hierarchical data 

that explains parent, child and sibling relations can be found in the structural model of the 

factory: different work stations with a number of robots, workers and other resources. 
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Product mixtures and its assembly orders reflect hierarchical data derived from the product 

and production information. 

Network data is to be found as input data for the simulation as well. For instance sequence 

control information regarding equipment disturbances in combination with certain products 

or product sequence mixtures is a good example where several linkages to various other 

instances exist. For this example, tree data would not be enough to capture the whole 

network complexity. Another very common data type is the temporal data type organized 

under the production control. The analysis of different value attributes (buffer filling levels, 

throughput time, etc.) over time forms a single point data analysis that is separated from 

each other through time. 3-dimensional data does exist in the form of factory layouts and 

technical parameters, but is not used for the simulation. The same is valid for single data 

input that can be derived as 1-dimensional data, such as plant name, shift models and 

number of workers. This data exists and is important, but is a rather seldom used data type. 

Still, the data integration model only groups the information needed on a high level of detail 

– too high in comparison to what is needed for the simulation projects.  

Most, but not all, of the input and output data can be derived from the tender. In the end, the 

level of detail of the investigation and simulation modelling is up to the single user to decide. 

Table 1 is an attempt to categorize some of the common specific input and output data for the 

simulation, generalized for all data technologies and technology specific. The information 

needed and where it comes from may vary depending on if the current investigation regards 

current production systems or the planning of future ones. Information regarding current 

production systems, for example shift plans, product mixtures and equipment data, can be 

collected directly from the production database of each factory. Projects regarding planning 

of future production systems rather require input data from the planning organization. Even 

though the differentiation of project types in Table 1, the task of the different types of 

simulation projects varies widely and so does the data. 

Table 1: General specification of requested data for simulation projects. 

Type of simulation 
project (technology) 

Typical input data 
examples 

Typical output data 
examples 

General data for all 
simulation projects 

Layout 
Take rates 

Target output 

OEE 
Output 

Bottleneck analysis 
Body in white Equipment availability 

Steering concept 
Inspection concept 

Buffer sizes 
Steering concept 

Utilization 
Paint shop Painted body variants 

Steering concept 
Conveyor technology 

Size of color batches 
Throughput time 
Occupancy rate 

Assembly Line balance 
Process times 

Production sequence 

Number of carriers 
Line balance 
Utilization 

Overall plant simulation Storage capacity 
Shift plan 
Swirling 

Storage capacity 
Throughput time 
Sequence quality 

 

As seen in the table above, the layout, take rates and target output of the product mixture are 

required for all types of simulation. Typical output indices are the overall equipment 

efficiency (OEE), the resulting output and an analysis of the critical part of the production 

system, the bottleneck. Projects for the body in white always regard simulation of future 

production systems. Typical input and output data are equipment availability, type of 
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steering concept and inspection concept mostly obtained from the planners. Typical 

questions to be answered are output data regarding required buffer sizes, utilization and the 

steering concept. The paint shop is affected by the number of painted body variants, the 

steering concept, and the available conveyor technology. The simulation of the paint shop 

typically answers questions like the size of color batches, the throughput time of the car 

bodies and the utilization rate. The assembly simulation typically works with integration in 

current production systems. Input data such as line balance, process time and the production 

sequence are important to answer questions regarding the number of needed carriers, the 

line balancing and the utilization rate. Finally, overall plant simulation investigates the 

facilities in between and requires the storage capacity, the shift plan and the swirling (of 

production orders) between the technologies to answer questions regarding storage capacity, 

the throughput time and sequence quality. 

In practice, the usage of the simulation process model, the decisions along the way and its 

results are by experience strongly dependent on the knowledge and experience of the user 

[32]. This implies that even the data for two similar projects can look very different. 

 

3.2 The SimAssist Simulation Evaluation Tool 

Since July 2015, a new software tool is in use at BMW for the simulation. The software tool 

SimAssist is a data analysis software with focus on simulation requirements developed for 

professional simulation users. It started off with two research projects (AssistSim and 

EDASim) focusing on the standardization of data management and finding tools to 

standardize the evaluation and verification of simulation data. The results of the projects 

resulted in the development of the currently licensed software product [32] that Figure 10 

shows the GUI of. The idea behind the development of the product was to standardize the 

model building process that takes place around the simulation model.  
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Figure 10: The GUI of SimAssist with the available modules to the left. 

As seen in Figure 11, SimAssist manages, analyses and visualizes data for the simulation 

projects along the whole process. The aspect that makes SimAssist very powerful is its 

process standardization and ability to connect to any database and expose the data, without 

any unnecessary intermediate steps. The first three steps in the simulation process can be 

handled via the database Sim-DB database (explained in detail in section 3.3) and the 

simulation itself in a simulation software tool such as Plant Simulation, with the data 

management still in contact with SimAssist. 
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Figure 11: The data management within the simulation process model. 

The core focus of the software is on the data management and output control, while the 

functionality has a modular design in the form of several building blocks and plug-ins to be 

flexibly added and removed. The plug-ins offers an individually configured data analysis of 

the input data and simulation results. Statements for machine availability and investigations 

of fill levels of buffers and high-rack storages are examples of what can be evaluated with 

different plug-ins. In this way, an individual software adaption and plug-in development for 

each branch specific need is enabled. The software includes several viewing, analysis, control 

and documenting tools, allowing both SQL statements and other checking queries. The 

software can be connected to the Plant Simulation software where values can be updated in 

SimAssist to be directly transferred to Plant Simulation tool [32]. Finally, the analyzed results 

can be exported to PowerPoint or other Office tools from the SimAssist framework and be 

updated in case of parameter changes. 

 

3.3 Data Management 
The standard process for data management regarding simulation projects is handled in 

SimAssist. The process model shown in Figure 12 is developed to fit the specific requirements 

of BMW. 
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Figure 12: Data management along the simulation process model. 

The data procurement takes place via the Sim-DB database. The database is specific to 

handle simulation data and ensures the access and standardization of the right data in the 

right format as input data for the simulation projects. It is established via an interface 

contract with each production site to access specific production data in a defined viewing 

permission mode, ensuring that no incorrect changes can be made to the production 

databases while working with the data. Its working principle is shown in Figure 13. 

Standardized data from each production unit is connected to the Sim-DB and saved for a 

longer period of time than it would have been in the production databases. All the necessary 

data for simulation projects can be found in the Sim-DB but SimAssist offers a connection to 

several databases simultaneously. 

 

Figure 13: The basic structure of the Sim-DB and its connections to other software tools. 

The data in the SIM-DB serves as a starting point for the input data for the simulation 

projects. With the connection of Sim-DB to SimAssist, the input data can be pre-processed, 

analyzed and evaluated before the data is loaded and used in the simulation model. For 
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example, obvious errors can be filtered and the distribution of the data can be proven before 

the data is loaded into the simulation model. The output data from the simulation can again 

be loaded in SimAssist and processed into the final results. 

SimAssist essentially facilitates the simulation study. The simulation software tool Plant 

Simulation and SimAssist can be linked, allowing data to be directly accessed and used in the 

simulation model. Further, the connection allows changes in both systems that are 

automatically transmitted to the other system. The results of the simulation experiments can 

be directly loaded into SimAssist. Plant Simulation itself only allows a limited number of 

standard evaluation tools, making SimAssist more suited to this task. 

 

3.4 Analysis of the Current Visualization Possibilities 

The simulation results shall facilitate diagnostic analytics and its conclusions shall foster the 
prescriptive analytics for the technical production planning. Via the simulation, answers 
including optimization and foresight into the question posed shall be given. The visualization 
used should ideally facilitate this. 

Historically, the most common visual analytics tools used in simulation projects are based on 

basic traditional tools such as Excel bar charts, line diagrams and pivot tables. Even though 

these tools are powerful and well-known, their use of visual analytics and data interaction are 

limited and each analysis needs to be individually configured. A change of dataset will require 

a new definition of the input data field, which requires quite some effort in comparison to the 

amount of added value of visual analytics that is produced. The standard Excel tools lack the 

interactive possibilities to automatically zoom, filter and analyze further. 

 

Figure 14: A line diagram in Excel showing fill levels at different spatial points in time. 

The VDI and VDA guidelines regarding simulation projects focus on describing the 

simulation project process, defining what necessary steps needed to be taken and the 

validation and verification of them. The guidelines describe parts of the core process (e.g. the 

modelling) in detail, for example the programming manner and the mathematical analytics 

methods that shall be used. That the data input and the results shall be validated and 

evaluated is specified, but how it shall be presented is not specified [31]. It implies that any 

form of visualization or visual analytics is not specified and it is again left up to the user to 

choose a suitable evaluation method. 

Since the introduction of SimAssist, several visualization possibilities are offered by the 

different plug-ins, enabling direct access to the data and visualizing it in the UI of SimAssist. 

For example a pie chart and different charts similar to Excels pivot charts can be generated 

with the 2view and 4base basic modules, as seen in Figure 16. These graphics give a good 

visual overview of the data but lack the possibilities of zooming and access the details-on-

demand. 
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Figure 15: Visualization of the Pie Chart in the 2view module of SimAssist. 

With regard to the visualization possibilities origin from the Big Data environment and front-

end development, the development of the plug-in SimVis was generated. The plug-in is based 

on the D3 library and visualizes information in the SimAssist UI with the interpretation of 

HTML code. Thereby optional visualizations through the SimAssist interface is enabled. 

The SimVis currently contains a tree and chord diagram with a simple tooltip function, 

highlighting the chosen value. The chord diagram explores tree data by visualizing the 

relationships between given elements and their given values. The tree diagram also explores 

tree data by blocks, where each block corresponds to the size of the value. The power of the 

SimVis plug-in is its visualization functionality enabled by the web browser Firefox and D3 

access. Since D3 is one of the most modern visual analytics methods today, a possible 

development of this plug-in can be seen as a highly modern visual analytics tool for the 

simulation data. 

  

Figure 16: The existing chord and tree diagram in SimVis. 

Looking beyond visualization of data for the simulation, different techniques are used for 
visually presenting production data at the BMW production network. In most cases studied, 
the visual presentation often serves to paint the picture of a plant structure and monitoring 
its status of a high level of abstraction, as seen in Figure 17. Key performance indicators such 
as production sequence quality and number of produced cars are monitored and their values 
are visually displayed by the colors green, yellow and red. The visualization displays the real 
time processes and serves as a production cockpit for the production planners and 
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controllers. The monitoring allows the descriptive analytics but does not facilitate any of the 
higher levels of analytics. 

 

Figure 17: A prototype picture showing monitoring data observed in the production control. 
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4. System Specification and Implementation 
 
Chapter 4 outlines the system specification and technical implementation of the concepts 

that were developed within the case study. The gap analysis in section 4.3 laid the formation 

for the development. The methodology used was developed for this specific case study and 

gathered inspiration from the agile software development. The technical specification was 

based on the findings in the theoretical background and the current situation at BMW. The 

implementation took place in close cooperation with the future users. 

 

4.1 Methodology 

Firstly, high-level development and evaluation criteria were defined. The purpose of the 

criteria was to secure the outcome in terms of the problem decomposition and quality of the 

solution approach. The criteria were later on used to compare the goal achievement with the 

findings in the literature research. 

An iterative (agile) working method was defined for the concept development and 

implementation, see Figure 18. Via the scope defined in section 1.3 to only use the currently 

used software, the implementation was given to follow in SimAssist with the usage of the D3 

library. SimAssist's modular design made the implementation easy to limit to the SimVis 

plug-in under the 2view module. A file package was programmed in HTML, including scripts 

programmed in JavaScript with the usage of the D3 library and styled with a CSS file. The 

programming was regularly debugged in the test environment using Firefox and Firebug. The 

file package was tested for errors to secure the correct logical implementation in the DOM. 

When the prototype was tested and worked as planned, the first evaluation of the concept 

took place. The concept could either be dismissed or passed on for further implementation in 

SimAssist and SimVis. For the implementation in SimVis an XML file is needed for the 

passing of the data input from the UI in SimVis to the scripts in the HTML file. The 

implementation and testing process took place in SimAssist and SimVis as well, until the 

concept worked as planned. After the correct implementation in SimVis, the user tests took 

place. Selected beta-test users tested the visualization on their own and gave feedback. 
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Figure 18: Description of the iterative work-flow model. 

Each concept was developed and iterated in close feedback loops with the future users at 

BMW. The technical specifications were implemented and modified along the iteration loops 

via regular user feedback meetings. The user feedback meetings did not follow a fixed 

questionnaire or rating criteria, but rather consisted of dialogues based on the group 

discussions method [33] of what could be modified and improved. If the concept 

development was not satisfying already in the test environment (Firefox), the concept was 

dismissed at this stage. 

 

4.2 Development and Evaluation Criteria 

Chapter 0 laid the foundation for the general development and evaluation criteria for the case 

study. As previously stated, the problem statement requires solution techniques from other 

research fields such as software development, human-machine interaction and human 

perception design. Therefore, the general development criteria are based on four categories: 

analytics, perception, software and usability criteria, as seen in Table 1. The categorization of 

the criteria was defined with support from the evaluation criteria found in the literature 

study, but each single criterion was individually formulated to fit the needs of this 

development. 

The analytics criteria and the perception criteria are sometimes hard to differentiate from 

each other since they are mutually connected and strongly affect each other. They do stress 

two different points of view though: on one hand the facilitation of the analytics and on the 

other hand the perception of the visualization. The analytics criteria focus on the analytic 

outcome of the visualization tool, meaning what kind of analytic results and cognitive 

knowledge that can be achieved by using the visualization. The perception criteria on the 

other hand, focus on the design of the visualization tool, securing the concept to be in line 
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with what is advantageous for the human perception. There are cases where the visualization 

looks nice but data analytics is not supported. Therefore, a decision was made to define two 

separated categories for analytics criteria and perception criteria. 

The software criteria focus on the usage of the software and the usability criteria evaluate the 

user-computer interaction. Since the problem includes subjective aspects such as human 

perception, the problem can only be partly solved with scientific research and partly via 

direct user feedback. The usability criteria include criteria that need to be evaluated in close 

cooperation with the users. Some of the criteria are therefore hard to define as measurable 

goals. The software criteria that focus on the implementation part, e.g. securing the 

implementation of the concept design in line with today’s existing systems, is easier to 

measure. 

Table 2: Listing of the general high level development criteria used for the concept development and 
implementation. 

Analytics Criteria Perception Criteria Software Criteria Usability 
Criteria 

#1: The concept design 
shall fill a gap in today’s 
visualization 
possibilities 

#1: The layout shall be 
based on the Gestalt 
Principles 

#1: The program shall 
be compatible with the 
existing software 
SimAssist and SimVis 

#1: The 
visualization is 
easy to use 

#2: The concept design 
shall foster prescriptive 
analytics 

#2: The visualization 
shall be presented in a 
clear, intuitive, easy to 
use and easily 
configurable UI 

#2: The standard D3 
built-in functions shall 
be used as much as 
possible 

#2: The response 
time is within 
accepted time 
frames 

#3: The visualization 
shall fulfill the 
visualization technique 
task. 

#3: The visualization 
shall fit on one screen, 
avoiding unnecessarily 
scrolling by the user. 

  

#4: The visualization 
type shall match the 
input data 

   

 

As stated in the analytics criteria, the concept development shall fill an existing gap in the 

visualization possibilities and foster the prescriptive analytics. This means that the analysis of 

the current state visualization possibilities, performed under 3.4, has to be taken into account 

together with the prescriptive analytics as defined in section 2.1. The visualization technique 

tasks by Keim and Shneiderman (defined under 2.4) have been included as well, in order to 

fulfill the analytic criteria. In order to fulfill this criterion though, the Gestalt Principles, in 

reality included as a perception criterion, have to be applied too. 

The fourth analytics criterion, stating that the visualization type has to match the input data, 

is, as stated in the literature research, a very important criterion. In the end, this criterion 

concerns the subsequent usage of the visualization tool and is hard to regulate during the 

development. Depending on what data type is to be visualized, the user is responsible for 

selecting a matching visualization wherefore the final fulfillment of this criterion is left up to 

the user. 

The perception criteria secure the human friendly design of the concept, including the 

intuitiveness and easiness of managing the tool. The layout shall be based on the Gestalt 

principles and be intuitive to operate. The first criterion defined can in some cases collide 

with the first software criterion, since the functionality used is defined to be as standardized 

as possible, implying that as many functions as possible shall correspond to the built-in D3 

functions. Therefore, this criterion is formulated such that the concept shall be based on the 
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Gestalt principles, but in the end, this criterion is subordinated to the second software 

criterion. 

Furthermore, the perception criterion that the visualization shall fit on one screen and 

dynamically change depending on window size is added in order to capture the big picture. 

The perception criteria are the criteria especially hard to define because they include the 

human perception. 

The most important software criterion is the first criterion: the program needs to be 

compatible with the currently implemented software. In practice, this criterion includes 

several subcriteria. Firstly, it directly implies that the implementation shall be accomplished 

in SimAssist and the plug-in SimVis that is already under development using with the D3 

JavaScript library. Furthermore, the script including the program facilitating the 

visualization needs to be compatible with the SimAssist interface that is already implemented 

(described in detail under 4.5.1). With the definition of the interface, several programming 

and program structure restrictions will follow. 

As implied in the first software criterion, the concept implementation will follow in 

JavaScript, primarily by using the D3 library. Therefore, the second software criterion is 

defined such that as many built-in functions from the D3 library shall be used as possible. 

This criterion is important for a generic implementation and standardization. This 

implementation working method facilitates the later manipulation and re-configuration of 

the program code, allowing modular addition and removal of program functionality. 

The usability criteria embrace the user-computer interface regarding its operational aspects. 

It can initially be seen as the most important criteria that strongly affect the user’s decision to 

accept the software tool or not. If the tool is not easy to use and understand, it doesn’t matter 

how good the other criteria categories are fulfilled. The user will never even start to use the 

visualization. The tool needs to be intuitive and easy to use, including everything from data 

management to the visualization. Time boundaries are an important aspect for this criteria 

category as well. 

The general development and evaluation criteria are completed together with the concept 

specific technical specifications that state specific development criteria for each concept. The 

concept specific evaluation criteria secure the individual adaption of the overall visualization 

concept decomposed on each specific visualization concept. 

 

4.3 Gap Analysis Findings 

As stated in section 3.4, the current most common ways to visualize the input production 

data and analyze the results are to use the traditional Office-tools such as Excel and 

PowerPoint as well as the functions in SimAssist under the 2view module. Comparing today’s 

state of the art in interactive visualization science, it is quickly evident that Excel and built-in 

pivot tables are no longer the state of the art. The Office tools are powerful and indeed easy to 

use, facilitating comparison and distribution charts and above all, composition visualizations. 

However, the weakness of the Office tools is the lack of automatically being able to connect 

and configure the input data. To establish visualizations in Excel, the input data first need to 

be collected and defined from a data source. If the visualization shall be changed, the input 

domain needs to be configured. The office tools do not have the same integration level with 

the simulation software as the SimAssist tool has.  

SimAssist on the other hand, can show pie charts, Gantt diagrams, bar charts and a 

corresponding pivot chart, giving a good overview of time distribution and composition of the 

data. The collection of data and its modification is well integrated in SimAssist. Taking the 



 

39 

pie chart as an example, the desired data can be added and removed with the drag and drop 

principle. Same applies to the SimView application, SimAssist’s equivalent to Excel’s pivot 

chart. 

What is lacking today is a visualization that can facilitate a quick overview of the data 

showing the current state of a factory, technology or technology level. Such visualization 

should include a multi-layer clustering concept, showing the hierarchical structure of 

information and its root origin. Today there are available tools that can visualize hierarchical 

data – for example the pie chart found in both Excel and in SimAssist. The visualizations 

however, lack the power of clustering the data. The visualizations also lack many of the 

visualization technique tasks of accessing details-on-demand and zoom, filter and analyze 

further. 

A commonly used visualization method for simulation on factory level is multiple line 

diagrams, showing the value variation of one specific attribute (fill level, throughput time or 

number) per line and how these attributes vary in relation to each other. Line diagrams today 

are available in both Excel and SimAssist. In its current form they do not include the 

interactive visualization technique tasks such as interactive accessing of specific values in the 

graphic (details-on-demand) and in that way only offer a limited further analysis. Integrating 

the D3’s and JavaScript’s interactive possibilities via the pointer can offer a simple yet very 

powerful further exploration of the data values that are hidden behind the diagram. Several 

data points at one given point in time can be investigated and show the differences between 

high and low. To enable this presentation today, data is extracted to Excel and an extra 

column is defined for the difference between the high and low values. When this is integrated 

in the visualization concept in SimAssist, several manual and time-consuming steps are 

saved. 

 

4.4 Concept Design 

Given the gap analysis and analyzing the current situation, it was concluded that there is a 

need to develop a visual analytics concept for simulation information that helps to 

understand the current status of a given dataset in a quick and foreseeable way. This is a 

function that currently exists in SimAssist but it is not fully taken advantage of. The concept 

shall be able to determine the current state of a factory, technology or technology level of a 

factory at one glance and enable its analysis with interactive features. Analyzing the D3 

library and its built-in functions, its clustering layout corresponds very well to the defined 

needs. Similar hierarchical visualizations such as the tree diagram and a type of circle 

packaging diagram were reviewed but the round cluster visualization was identified to be the 

optically most appealing one and most suitable for the production data. 

It was identified that cluster visualizations are very well suited to the purpose of visualizing 

the availability of the different production resource levels in the factory. The power of the 

cluster visualization is that it can group/cluster, the data/information on different levels, 

therefore putting the data into a relationship context. Its design aims at extracting structure 

from data without prior knowledge and at helping identify structures in the data. The cluster 

structure explores the data in its parent-child relation and helps the user to visually grasp the 

data and get to know it at an early stage. Additional data information such as frequency and 

data values shall be assignable to the nodes and thereby increase the data understanding in 

its context. Since the simulation data varies greatly depending on technology and current 

investigation, the challenge is to develop a concept that can handle a large part of the use 

cases. Use cases that could be defined in advance were visualization of disturbance and 

downtime data clustered into facility and machine cell belonging. The cluster visualization 

can also be used to check the availability and failure data and prove the input and output 
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data. Furthermore, basket analyses, i.e. which product mixture and combination of 

configurations are often ordered, are also common. Questions like “what car type is ordered 

with which engine and in which color?” can be analyzed with the cluster visualization as well. 

Because both the simulation on technology level and simulation on plant level needs to 

validate the data, there is a use case found for all types of simulation. 

The initial thought with the cluster visualization was to show the availability in percentages of 

the production time for each production resource organized in hierarchical levels as the 

cluster visualization facilitates. This is not easily implemented today, since the shift data and 

the disturbance data are located in two different databases. The percentages need to be 

manually generated and, at the same time, it is difficult to know which disturbances are 

production-critical or not. During the consideration of the implementation though, it is 

concluded that the cluster visualization will not automatically manage to calculate the 

availability either, since that would include the need of a lot of data regarding each plant 

structure. For example, the cluster visualization would need information regarding the 

operation of each production entity: if the equipment works in series or in parallel and if the 

disturbance data occurred during planned downtime of the equipment (e.g. a non-critical 

production disturbance) or during scheduled work (e.g. a production-critical disturbance). 

The calculations for the different levels in the cluster visualization could not have been 

performed in a simple and generic manner and the visualization would have been limited to 

show availability. Therefore, in order to follow the original concept of developing a generic 

and highly flexible tool, the availability requirement was changed to rather show production 

downtime or number of disturbances. When the sum of production downtime is placed in a 

total production time context, it reflects the availability. 

The concept will facilitate the visual analytics and strives to fulfill the most of the interactive 

visualization tasks. Visually clustering data is concluded to be manageable with almost any 

data. As with any visualization, it only makes sense when matching data is used. The 

responsibility of the pre- analytic part to sort out data and judging the first round of data 

relevance is assigned to the user. In each user specific case, the user is responsible for the 

data quality and the meaningful representation of the data, i.e. choosing the suitable 

visualization for each use case. Furthermore, by including colors and different shapes of 

bubbles depending on the data values, the level of visual analytics increases and the Gestalt 

principles of connectedness, continuity and object color, size and shape are used. Using the 

D3 library, it is also possible to hide and show selected node data, enabling a high level of 

interaction as well. 

Further, simulation projects are often dependent on temporal data showing trends of 

different product variants and comparisons of different attribute values. For example, the 

number of stored bodies in white in a high rack storage per derivative over a given time of 

period in order to analyze its trend and development is a common example. Today, the pivot 

charts in Excel are commonly used. These however, lack the possibility of interaction and 

facilitation of details-on-demand in an easy way. A concept was developed for this use case as 

well. By implementing a multiple line visualization in SimAssist using D3, several temporal 

data points and their relation can be viewed just like in Excels Pivot functions. The 

interactions on mouse pointer events allow the user to collect details-on-demand by stroking 

the mouse pointer over the data points. The x data with all the respective y data points are 

explored and the difference between the highest and the lowest point is displayed. Again, this 

concept allows the direct analysis of the data without prior knowledge and helps the user to 

identify structures early on in the data. As the visualization is integrated in SimAssist in 

relation with the data, it makes the tool very easy and quick to use. However, the 

responsibility to load relevant data and use the right visualization method is still left up to the 

user. 
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Both defined concepts shall aim to further develop SimAssist and its plug-in SimVis. The 

target users are professional simulation users, but the visualizations can be interpreted by 

non-professional users, for example production and process planners. The concepts shall 

fulfill the general development and evaluation criteria, as well as their individual technical 

specifications defined in the system specification (section 4.2). At the same time the concept 

shall fulfill the visual analytic criteria. The danger of over-engineering was considered and 

reflected upon during the development. 

 

4.5 System Technical Specification 

In order to define the technical specification of each concept, the SimAssist and SimVis 

interface had to be fully understood before the requirements could be specified. The 

following section first outlines the interface to proceed to the technical specification of each 

concept. 

 

4.5.1 SimVis and the SimAssist Interface 

SimAssist enables the linkage between the Sim-DB or any other database to SimAssist and 

thereby the access to the data to be analyzed. The visualization implementation is conducted 

in the plug-in SimVis. The plug-in is supported by a user interface defined by an XML file and 

integrated with HTML5 for displaying the visualization. The visualization is programmed in 

JavaScript with the usage of its D3 library (presented in section 2.7), packed into an HTML 

file and applied styling through a CSS file. It is the XML, HTML and CSS package that forms 

the individual visualization concept layouts. The complete visualization concept includes the 

SimVis interface too, defining the interaction between the user experience and functionalities 

in the program code. The connections are seen in Figure 19. 

 

Figure 19: The SimAssist GUI and the connections enabling the visualization. 

The interface remains the same for every visualization package. The interface is programmed 

that it places requirements especially on the HTML file, in order to work. The script 

performing the visualization has to contain the three following functions: 

 removeSvg: a function that clears all the existing SVG’s in the DOM. 
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 calculateBasics: accept the dataset defined by the user in the UI and process it 

accordingly. 

 createDiagram: responsible for the creation of the SVG’s and other elements in the 

DOM, leading to the visualization in the SimAssist UI. 

The programmed interface is a part of the software product and remains the same. How it 

works is explained below. For each call of a SimVis visualization, the following event 

sequence is performed:  

1) The user chooses the SimVis plug-in to trigger the correct UI. 

2) The user chooses the visualization type from a drop-down menu. 

3) The interface calls the JS function (in the HTML file) removeSvg(); to clear all SVG’s. 

4) The sessionStorage is cleared. 

5) The files for the chosen visualization are loaded and the UI is configured by the XML 

and HTML files. 

6) The user defines the input data in the input fields in the UI and clicks on the button 

“Draw”. 

7) The input data is validated by the XML file. If the input data is invalid, a message with 

the error will occur and the event sequence is stopped. 

8) If the input data is valid, the dataset is called from the data source and transferred 

into a JSON-Text file. 

9) The removeSvg(); function is called. 

10) The function calculateBasics(); in the HTML file is called and receives the dataset 

(the raw input data defined by the user) as input data. 

11) CalculateBasics(dataset); structures the dataset according to what is programmed. In 

order to get access to the dataset from the other functions, the result has to be saved 

in a global variable or in sessionStorage (why is explained below). 

12) The calculateBasics function calls the createDiagram(); function. This call has to be 

defined by the programmer in the code of calculateBasics - strictly without input 

variables (why is explained below). 

13) The createDiagram(); draws the SVG and the visualization is explored. 

The event sequence is repeated until the user selects another visualization type. When a new 

visualization type is chosen, the process starts all over again. If the user only clicks on Draw 

again, the process will be repeated from this point. 

It is important to understand the interface and build the visualization program accordingly, 

in order to manage a successful implementation. The interface highlights three important key 

logic points that greatly affect the implementation: 

1) The key functions have to be named calculateBasics, createDiagram and removeSvg. 

Since the interface is programmed to call functions with the aforementioned names, 

the functions performing the corresponding functionality of processing the input 

data, creating the visualization and later on remove it, need to be strictly named 

accordingly. If the functions are named anything else, the program will generate a 

faulty functionality. 

2) The function createDiagram is responsible for the drawing of the visualization and 

has to be called without input parameters. Since the createDiagram function is called 

by the interface (for example, when the window screen size is changed), the function 

cannot require input parameters. The input parameters that are needed (for example, 

the dataset processed by the calculateBasic function) have to be saved in global 

variables or, even better, in the session storage, to be accessed from there. 
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3) All SVG elements need to be defined in the createDiagram function block. Since all 

the SVG’s are cleared by the call of the removeSvg function, all SVG’s needed for the 

visualization need to be defined in this function block. 

In order to maximize the use of the d3.js framework, it was decided to use the pre-defined 

layouts and built-in functions to the maximum extent. This not only standardizes the 

programming, but also makes it easier for other programmers later on to understand and 

make changes in the code. 

 

4.5.2 Technical Specification of the Cluster Visualization 

The concept design and system specification form the premises for the technical specification 

of the cluster visualization. The goal was to visualize complex data and its relations in a 

transparent way to facilitate a first overview of the data. The diagram specific requirements 

for the cluster visualization were defined as: 

 No maximum number of cluster levels. 

 Dynamically determine the number of cluster levels. 

 Ability to handle all data types from the databases. 

 Ability to add data values to the end nodes. If no data values are defined, the program 

counts the frequency of that node. 

 The cluster shall be able to sum, calculate the mean or average value of each node. 

Which calculation is to be performed is defined by the user. 

 The user shall be able to define color intervals for the nodes depending on their 

values. 

 The visualization shall view the node names. By request from the user, the node value 

shall be presented. 

 The nodes shall be able to hide and show by request from the user. 

The cluster visualization shall facilitate a discovery-driven approach to the data. Applying the 

Gestalt principle similarity on the cluster visualization and considering the facilitation of a 

quick overview of the data, it was decided that the visualization shall offer the option to color 

code the nodes depending on their values (frequency or sum/mean/average of the data 

values). In some cases color-coding may be beneficial, meaning that the option to only keep 

the visualization in one color shall exist. It was specified that the front end should contain as 

few user options as possible, making the visualization appealing and easy to use for any user. 

It includes a balance between visualization options that increases the visualization’s 

flexibility on one hand, but keeps the simplicity on the other. 

As the cluster visualization is very powerful and the usage of the visualization will vary, an 

important criterion was that it could handle all types of data types from the database (string, 

integers, date and so on). The flexibility results in that the visualization can be used for very 

different analyses, adding requirements for the details-on-demand and the construction 

thereof. The flexibility requirements all had to be in line with the requirement to keep a 

simple and clean UI. 

 

4.5.3 Technical Specification of the Multiline Diagram 

The purpose of the multiline diagram is to visualize the time dependent relations of events of 

product variant values and their differences. The technical specification of the multiline 

diagram was defined as follows: 
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 The data input is defined by one x-axis value and several corresponding y-axis values. 

 Ability to handle different kinds of data types for the x-axis. 

 Offering details-on-demand such as displaying the x-value and y-values as well as 

differences. 

The diagram’s main value is to increase the human-data interaction and allow a quick 

exploration of the dataset. Zooming function was considered but in the end left out due to the 

time frame of the work. 

 

4.6 Implementation 

The concept implementations took place one by one, starting with the cluster visualization 

followed by the multiline visualization. The methodology of the implementation required 

some changes of the requirements along the implementation, both in a positive and negative 

way. The implementations are described in detail below. 

 

4.6.1 Implementation of the Cluster Visualization 

The implementation started with the cluster diagram and was improved in an iterative 

manner. The cluster diagram was developed in the test environment Firefox, whereas Firebug 

was used to debug the program code. In order to facilitate programming and execution on 

any front-end client server, the jQuery library was included. 

The first iteration loop consisted of implementing the cluster visualization with almost all 

functions defined in the technical specification of the cluster visualization, excluding the 

interactive ones. Insofar, the first iteration loop took the longest time. For the definition of 

the visualization layout, the build in D3 tree layout with a diagonal pathfinder was used. The 

cluster layout was an alternative, but the tree layout was easier to program and to understand 

and performed as well. The most difficult part in the first implementation was to manage a 

working programming code that could receive objects with unknown attribute names and an 

unknown amount of attributes. For the technical implementation, this means that the 

number of nesting levels in the program code had to adapt depending on the number of 

object attributes. Since JavaScript works with callback functions, it was not enough to 

dynamically determine the number of nesting levels in the code while executing the function. 

Adding to the complexity was that the name of the current object attributes varies between 

each program execution (depending on the input data from the database) and therefore 

needs to be retrieved during each program execution. Programming communities and 

detailed documentation of the D3 library helped to solve this implementation problem. 

As the first implementation of the program was working as desired in the test environment 

Firefox and the program logic was controlled, the concept was visually proven to be as 

expected for the first time. The implementation proceeded and the establishment of the XML 

file and a correct JSON file was generated. By running the XML, HTML and CSS file in the 

SimVis plug-in, visualizations were generated. The first iterative loop was completed and a 

cluster visualization with production data could be visualized, see Figure 20. The clustering 

itself is performed depending on the data field name and its row relations in the database. A 

build-in D3 layout was used for this. 
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Figure 20: The first implementation of the cluster visualization, including clustering in several layers, 
user definitions of the color scale and output fields for the testing. 

The second iteration loop focused on implementing the interactive functions that facilitate 

visual analytics; hence the toggle function that hides nodes and updates the visualization 

accordingly and a tooltip function: by swiping the pointer over the node, the node’s value is 

shown. For the tooltip function, a D3 tooltip script is included and the decision to not 

program it was taken. Because a working functionality is already available, it was 

implemented to save time. This implementation caused no problems. For the toggle function, 

the data handling in the program code had to be developed, since the toggle function works 

by addressing certain nested objects by its name to be hidden and shown. This means that 

the data and its names are manipulated, but the visualization still needs to be able to be 

shown in its original state when the update and expand buttons are pressed. This necessitates 

the original data to be saved in one object array while the manipulation of the data is 

performed in another object array. When the visualization needs to be shown in its original 

state the manipulated object array is replaced by the original object data array, see Figure 21. 
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Figure 21: Visualization of the information manipulation in the toggle function. 

The program structure is highly affected by the SimAssist interface. If the restriction that the 

function createDiagram did not exist, the program code could have been written easier and 

more understandably. Instead of passing the updated input parameters to the function, it is 

saved in session storages and global variables. 

The first user feedback meeting took place during the second iteration loop, when the toggle 

concept only existed in the test environment. The feedback was very positive but at the same 

time requested some additional functionality: 

 Enabling different calculations methods for calculating the node values. 

 Implement a variable node size for the nodes, depending on their value. 

 A statistical overview of the number of nodes and the amount of each color. 

The feedback meeting initiated the third iteration, where the different calculation methods 

and the variable node size were implemented. The development of a statistical overview was 

implemented in its own iteration loop. 

Until the second iteration loop, the calculation method for the values of the nodes was to sum 

the child nodes into the value of the mother node. For the visualization of the downtime of 

production cells, this was originally seen as the best way to calculate the node values. After 

the feedback meeting, it was concluded that there are cases where the mean vale of the 

downtimes and the median are interesting, where the decision was taken to include these two 

calculation methods as options in the UI and as variants in the program code. The default 

value the sum of the values, but this can easily be changed by the user. Multiplication was 

considered as well, but it was concluded to not have a direct use case. Multiplication would be 

used to calculate availability of production cells, but it is seldom that the equipment is serially 

ordered so that it can be calculated via only multiplication. In the reality it is often a mixture 

which would be too complex to integrate in these calculations in comparison to its added 

value. 

In order to highlight the different values behind the nodes and to strengthen the perception 

of similarity, the variable node size was implemented. The first implemented concept 

included only one node size, which gave the same visual impact of all nodes. The visualization 
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presents a homogenous picture of the data, grouped in clusters to show its structure. The 

node value, and therefore is impact, could only be revealed via a color scale of three colors 

that can be defined by the user. With the pointover function the exact value of each node can 

be revealed. At this stage, the visualization did not use the node value information other than 

with colors. By including a variable node size, the visualization uses the power of similarity 

via both the color and the size. 

There are different ways to determine the node size via different mathematical calculations. 

Two variants were evaluated and one had to be chosen. Variant A was based on a division of 

node size depending on its value in comparison to the other values. It means that if five node 

sizes are used, the top 20% of the highest values will be assign the biggest node value, the 

second biggest 20% range will be assigned the second biggest node size and so forth. Variant 

B based the node size on the number of nodes in each quintile. Again, if five node sizes are 

used, the top 20% of node values are assigned the biggest node size, the second 20% quantile 

with the second highest value range are assigned the second biggest node size and so forth. 

The two different calculation methods do imply different representation of the node sizes and 

the visualization outcome as a whole. Variant A will generate different number of nodes per 

section while variant B will always generate the same amount of nodes per category. This 

means that there are cases where variant A will present a visualization with only a few nodes 

represented as big or small and the rest are the other way around – very big or very small. 

This case occurs when the input data for the visualization is not uniform or normally 

distributed or if the dataset contains high deviations in one direction. Variant B on the other 

hand will always show a visualization with normally distributed node sizes. This variant 

works very well for normally distributed data, but hides deviations in the dataset that should 

have generated a different node size for detecting the deviation. As in the example of Figure 

22 the deviating value one is not detected as it is classified in the same node size as the value 

18. Furthermore, variant B has the problem that when the simple calculation method cuts the 

number depending on position in the value range, it may come to the case that the same 

value is plotted in two different node sizes, which potentially lead to that the visualization 

display data incorrectly and falsify the visual perception. When variant A is used together 

with a normal distributed dataset, the principle will be same as in variant B. All different 

node size categories will be used and present the data accordingly. In variant B however, a 

simple algorithm cannot be used to get around the problem of a cut between two nodes with 

the same values to end up in two different node size categories. Both of the variants were 

tested in the test environment but the decision was taken to proceed with the variant A. 
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Figure 22: An applied example of the two calculation methods. 

When large datasets are loaded and analyzed, a statistical overview of the number of nodes 

and the amount of each color exhibited facilitates the analytical process. Therefore, the idea 

was raised to implement a bar visualizing the percentage of each color (green, yellow and red) 

in relation to the total 100% of the bar. The concept was discussed and developed, resulting 

in a bar chart with three bars: one for each color. On the bottom of the x-axis, the number of 

leaf nodes is shown and on the y-axis, the percentage of the color in comparison to the sum of 

the leaf nodes (100%) is shown as in Figure 23. The bar chart serves as a dashboard for the 

cluster visualization that updates with the updates that are made in the cluster visualization: 

change of colors and change of number of leaf nodes that affects the visualization. 

 

Figure 23: The bar chart serving as a visual dashboard for the cluster visualization. 
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4.6.2 Implementation of the Multiline Diagram 

The implementation of the multiline diagram followed the same implementation structure as 

the cluster visualization. The implementation was performed in three implementation loops. 

At first a line diagram was implemented with two axes and one line. The second loop 

rearranged the input data and facilitated several lines – up to four. The limitation was 

derived from the UI and an estimation of common numbers of lines commonly analyzed at 

the same time. The third loop included the interactive techniques to show details-on-

demand. 

The interaction includes circle points for the data points and the difference between the 

highest and lowest data at the selected point. A vertical line is also shown and follows the 

mouse pointer when it hovers over the visualization. A major discussion point during the 

implementation was how to design the scaling of the y axis. The two options were either to let 

the scale start at zero and go to y max, or start at y min and go to y max. The decision strongly 

affected the perception impression as can be seen in Figure 24. In the end, it was decided to 

use the scaling between the lowest and highest y value. In this case, the highest and lowest 

point of the overall data is clearly detected, at the same time as it helps in case of when 

negative values occur. If zero would have been used as the fixed lowest value, the 

visualization would turn out to be very small for high values as well as the scale would have 

been very big and the ranges very small, leading to a centering of the value in the top of the 

visualization. 

   

Figure 24: Comparison of the multiline using a y scale starting from zero (left) with one starting from the 
lowest y value (right). 

The major problem encountered during the multiline implementation was to manage the 

criteria to be able to handle all types of data. Since the program calculations behind the 

diagram have to work differently depending on the data, it was difficult to achieve this in a 

neat way in the program code, while keeping the UI clean. The program needs to differentiate 

between dates, text strings and integers (numbers) coming from the database regarding the 

data for the x-axis. At first, it was planned that the program alone would sense the data type. 

Implementing this solution could have caused problems in some cases where strings consist 

of only numbers. The program would then faultily interpret the data and treat it differently. 

The three cases essentially differ from each other at several stages in the program code that 

manages the x-axis. Data of the type date is not sorted and is formatted differently. String 

data is not sorted at all and integers are sorted in ascending number and formatted as well. 

In order to avoid a faulty interpretation of the input data by the program, the decision was 

taken to include a drop-down menu for the user to define the type of x input data. This 

ensures that the x data is always processed correctly in the program code. Of course, the 

solution included a compromise to include a button in the UI. 
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5. Results 

The implementation of the visualization concepts in the SimAssist plug in was successful. 

Both the cluster visualization and the multiline chart can be loaded and used with any data 

defined in the UI. Challenges that were encountered during the implementation, such as 

accessing object attributes and its values without being able to hard code the names and 

dynamically deciding the number of nesting levels for the cluster visualization, were solved. 

The overall user feedback has been positive. A lot of emphasis was put on the concept’s ease 

of use. As soon as the database connections are defined, the SimVis plug-in can be used to 

visualize and analyze the selected data. The concept easily facilitates visual analytics via the 

database connections in SimAssist that directly gives access to the data that can be visualized 

in SimVis and enables the analytical part of the visual analytics. The combination of having 

the data source and the visual analysis tool in a single software package saves a significant 

amount of time. 

 

5.1 Evaluation of the Concept based on the Development Criteria 

The evaluation of the results took place both along the implementation loops and after the 

successful completion of a concept implementation. The final evaluation for each concept is 

evaluated with regard to both the individual concept specific criteria and the evaluation 

criteria formulated in section 4.5. The criteria are evaluated one by one, which then forms the 

conclusions of the results. 

 

5.1.1 Concept Specific Criteria of the Cluster Diagram 

No maximum number of cluster levels: The cluster visualization handles an unlimited 

number of clustering levels via the construction of the nesting function. The UI and the 

window screen size are the factors that currently limit the visualization. Seven input fields are 

currently defined. At one point, the normal computer window size will limit the number of 

clustering levels where it no longer will be visually appealing and the levels and the node text 

will not be distinctively recognizable. 

Dynamically determine the number of cluster levels: the function createDiagram determines 

the number of fields with input data that dynamically determines the number of nesting 

levels. Depending on the number of keys generated, the program generates the right number 

of nesting levels. 

Ability to handle all data types from the databases: In the nesting level fields, the 

visualization handles all input data (regardless of type) as string data. Therefore the cluster 

visualization can handle all data types. The field for value input is different and handles only 

numeric input data. If the field for value input data contains non-numeric data, a warning is 

generated. The programming code handling this is seen in Figure 25. 

 

Figure 25: The programming code of the XML input fields that define the requirements on the input data 
types. 
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Ability to add data values to the end nodes. If no data values are defined, the program counts 

the frequency of that node: The visualization interprets the data in the data value field as data 

for the node values. If no data is defined in this field, the default value is to count the number 

of each node frequency. This specification is realized via the field definitions in the XML file, 

as seen in Figure 25. 

The cluster visualization shall be able to sum, calculate the mean or average value of each 

node. Which calculation is to be performed is defined by the user: This criterion is realized 

via the drop-down calculation method list in the UI as seen in Figure 26. The default value is 

sum. An update is triggered by pressing the button Update & Expand. An update of 

calculation method can be performed at any moment. Via pressing the update button, all 

hidden nodes are expanded as well. 

 

Figure 26: Screenshot of the UI where the value limits and calculation method are defined. 

The user shall be able to define color intervals for the nodes depending on their values: Via 

the two input fields in the UI (as seen in Figure 26); the user defines the limits for the green 

and red values. Depending on the values, the program code automatically assigns a color 

(green/red) which indicates the value range of the node. The values above and below the 

value limits are colored red and green respectively, while the values in between are colored 

orange/yellow. If no values are defined, the visualization will assign the color blue by default. 

The visualization shall view the node names. By request from the user, the node value shall 

be presented: This criterion is solved via the tooltip function. When the mouse pointer swipes 

over one of the nodes, its name and value are displayed as shown in Figure 27. The 

information is hidden when the mouse pointer is removed. 

 

Figure 27: The tooltip function showing the name and value of the node. 

The nodes shall be hidden and shown by request from the user: It is the toggle function that 

enables this criterion via the mouse pointer action to click on a node. When a node is hidden, 

a black ring around the node is displayed, as in Figure 28. The nodes can individually be 

hidden and shown and the button “Update & Expand” expands all nodes at once. This was 

the most complicated criterion to implement until the complete SimAssist interface was 

understood. The data management behind the toggle function complicates the program code 

significantly. 
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Figure 28: A cluster visualization showing a non-toggled and toggled node of Mcell_3 and Mcell_4. 

 

5.1.2 Concept Specific Criteria of the Multiline Diagram 

The data input is defined by one x-axis value and several y-axis values: The principle of the 

multiline diagram is the same as a classic line diagram where input data is defined by one x 

axis but can contain several y values. The criterion for the input data is that the dataset 

shares the x data points. If the dataset does not share the x-axis data points, the data will still 

be visualized, but it will not correlate and therefore won’t make sense. 

Ability to handle different kinds of data types for the x axis: This criterion is implemented via 

the drop-down list for defining the x data to make sure that the data will be correctly 

interpreted as seen in Figure 29. 

 

Figure 29: The UI showing the drop-down list for choosing the right type of x input data. 

Offering details-on-demand such as displaying the x-value and y-values as well as 

differences: The details-on-demand are offered by the pointermove function that displays the 

current data points and their values. The difference between the highest and lowest data 

point is shown as in Figure 30. Each line is distinguished via its own color: green, blue, 

orange and red. 
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Figure 30: The multiline visualization with the pointer hoover function, showing the values and the 
difference between the highest and lowest value. 

 

5.1.3 Common Concept Development Criteria 

The following development criteria are the high level development and evaluation criteria 

defined in section 4.2 and evaluated commonly for both the cluster visualization concept and 

the multiline diagram. 

Analytic criteria 

#1: The concept design shall fill a gap in today’s visualization possibilities 

Nowhere in the current visualization possibilities can a clustering visualization be found. 

Therefore, the visualization fills a gap in the current visualization market. The primary 

motivation for the cluster visualization was the visualization of availability and downtime 

located at the different production cells for simulation in the different technologies. Along the 

development process though, several application possibilities were discovered. The power of 

clustering is conducted to be useful in many cases where hierarchical structures are either 

counted and summed, or calculated with different data values. For example in the case of 

analyzing product mixtures, the number of cars of a certain variant produced during a given 

time frame can be visualized. The analysis can be combined with a visualization of its 

disturbance data in order to conclude how much delay each product variant causes and 

compare it with its frequency. Furthermore, the visualization is determined to be excellent 

for visualizing organizational data, e.g. current projects and their statuses in the simulation. 

The multiline diagram is not as revolutionary as the cluster visualization, yet it fills a gap and 

facilitates the current process of visualizing several spatial data arrays where the differences 

between high and low values are of interest. Visualization of line diagrams is a common 

visualization request and tools like Excel and Power Point already offer this. These tools 

however, lack the interaction possibility, meaning that the possibility to interactively explore 

single data points is not possible. From an analytics point of view, the concept fills a value-

adding function of today’s visualization possibilities. 

#2: The concept design shall foster prescriptive analytics 

This criterion can be discussed. The simulation serves to answer scenario questions on a 

predictive analytics level, such as what will happen if..? The presentation of the simulation 

results itself shall reveal a diagnostic analysis of the simulation, showing the data results as 

what happened and why during the simulation. Furthermore, the simulation in a production 
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planning context shall foster the highest levels of analytics, i.e. prescriptive analytics. The 

planning of the production systems shall reveal what actions need to be taken and which 

scenarios need to happen in order to achieve the set goals. Therefore, the visualization of the 

simulation results will lead to only part of the prescriptive analytics in production planning, 

but just looking at the visualization part itself can contribute to the diagnostic and predictive 

analytics. This analysis looks at both the cluster visualization concept and the multiline 

diagram. 

The cluster visualization is an outstanding visualization to use for the first encounter of the 

data. Defining the color range for red, yellow and green nodes helps the human brain to 

visually analyze and interpret the data. The clustering helps to hierarchically structure the 

data and the power of the visualization is easily proven. Figure 31 displays the same dataset 

first in a list and then in a cluster visualization. The perception speaks for itself and the 

analytical perception can be clearly detected with relationships and abnormal values easily 

detected. While the table displays the data in its original form, the cluster visualization 

visualizes the complex structures behind it in an easy and manageable form, helping the 

brain to interpret the data. In this visualization, the red nodes signalize disturbances bigger 

than 150. The bar chart on the side shows that the visualization contains mainly green nodes, 

i.e. leaf nodes with a value lower than 75. 

  

Figure 31: Comparison of the same data in a table (left) and in the cluster visualization (right). 

#3: The visualization shall fulfill the visualization technique task 

The cluster visualization follows both the Shneiderman’s type by task taxonomy and Keim’s 

visualization mantra “overview first, zoom and filter, then details on demand” (section 2.4), 

but is not able to fulfill all of the criteria. It is possible to show an overview of the data, filter it 

via the toggle function and show details-on-demand. The pre-analysis part to sort out faulty 

disturbance and irrelevant data is not possible to do in the visualization plug-in SimVis itself, 

but is enabled thanks to the data management that is included in the concept of the SimAssist 

framework. The first analysis can be performed via sorting out the correct data by SQL 

statements in the database. The user is responsible for the initial analysis and decides which 
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overview to show first and what information that is important. The same principle goes for 

the filtering function. Data can be visually hidden by the toggle function, but it is not 

removed from the original input data. If the data needs to be sorted out further, another pre-

analysis has to be performed. Zooming is not enabled in the visualization, although the 

visualization automatically adapt when nodes are toggled to be hidden. When nodes are 

hidden, the rest are scaled and distributed evenly given the defined space of the visualization. 

The black ring around the toggled nodes clearly shows where a filter is activated facilitating a 

further analysis. The last step, details on demand, is performed via the pointover function 

where the node name and its value are shown. The change of calculation method falls under 

both of the two last steps: analysis and details on demand. In this way, the cluster 

visualization manages to help the user to distill and visually reveal the most valuable and 

relevant information and its structural pattern. 

The three further tasks defined by Shneiderman are not fully possible. The visualization 

shows the relations between the nodes via the links. Action history cannot be viewed. At the 

same time the question is if this criterion is relevant for the tasks assigned to this 

visualization. The visualization rather focuses on the first encounter with the data and is not 

supposed to perform all analyses of the data. Extracting the findings is again possible via the 

SimAssist framework. The built-in PowerPoint tool can import the visualization to a 

presentation and update it when the visualization is updated. 

The same goes for the multiline diagram. The diagram is loaded to show the data points 

accordingly. Specific pre-analysis actions cannot be made other than when the first data is 

loaded, a redefined definition of the data input can be made when it is conducted that the 

data loaded contains disturbance data or other data points of no interest. The multiline 

diagram shows an overview and links the various data temporal data; the data lines, with 

each other and visually show an overview of the data. The visualization gives a representative 

overview of the whole dataset, not only one data column/one data line at a time. 

Furthermore, the zooming function is not possible in the current implementation. The 

interactive feature of the line diagram consists of one vertical line following the mouse 

pointer and circle points placed on the current data point of each line. The interaction 

contributes to contain details on demand and a further analysis of the data. It is not possible 

to click on the particular data points though and it is not possible to see which two data 

points currently contain the highest and lowest data value. The three further tasks defined by 

Shneiderman are impossible to achieve for the cluster visualization. 

#4: The visualization type shall match the input data 

According to Shneiderman, there are seven data types that need to be visualized with the 

appropriate visualization. This criterion will always be up to the user to fulfill. The user has 

the responsibility to thoughtfully use the visualization possibilities and match the data and 

the visualization in a way that makes sense. The cluster visualization can visualize any data, 

but only data that makes sense to cluster will use the full potential of the visualization. All 

data can be visualized in a good or unproductive way, meaning that the value-adding visual 

analytics can be lost if the data is not presented well. 

The same principle is valid for the multiline as well. The user is always responsible for the 

data that is to be visualized. Unlike the cluster visualization, the line diagram is not able to 

visualize any data. Data that is not of the temporal data type shall not be processed by the 

program. 

Perception Criteria 

#1: The layout shall be based on the Gestalt Principles 

The criterion is strongly affected by the fact that the D3 framework is used as much as 

possible. Therefore, the layout can only be modified to the extent that the D3 framework will 

allow it. The cluster layout with its nodes and linking in between facilitates the proximity law 



 

57 

where all nodes of one level are organized on the same hierarchical level seen from the root. 

The linking of the nodes is performed continuously, helping the cognition to detect the nodes 

that are linked together. 

The most significant Gestalt law for the cluster visualization is the law of similarity. The 

implementation of color-coding the nodes and the variable node size depending on its node 

value increases the usage of the gestalt principles and makes the visualization reveal more 

about the data behind it. The color-coding of the nodes explores the status of the data point, 

if it is good or bad. Depending on the location of the colors in the cluster, visual analytics can 

draw conclusions on where in the dataset’s range the values lie. The node size on the other 

hand, tells about the node value in comparison to the other nodes, if the values are in the 

higher or lower range of the dataset. The algorithm underpinning the calculations further 

increases the visual analytics by directly showing deviating values. If deviations exist in the 

dataset, these will clearly be discovered by its abnormally big or small size and can be 

eliminated by filtering the input data. When the filtering is performed and normally 

distributed data is available, the visualization will display an equal distribution of the 

different node sizes. Filtering can be performed via an SQL statement or when toggle is 

performed and nodes are hidden/shown. When toggle is performed the visualized dataset 

will vary along with the distribution of the visible node sizes as well. 

The other Gestalt laws (common fate and figure, closure and ground) are not directly 

applicable for the cluster visualization. The Gestalt principle similarity that highly affects the 

cluster visualization is not as present for the multiline diagram. Naturally attributes as color, 

size and shape affect the multiline diagram as well, but the grouping of visualization objects 

is not as present as for the cluster visualization. Instead the Gestalt law proximity is more 

present. Depending on the positions of the data points, the difference between the data 

points is perceived different. 

#2: The visualization shall be presented in a clear, intuitive, easy to use and easily 

configurable UI  

During the development, the balance between several user options and a clean user interface 

was constantly evaluated. More options would mean a more flexible visualization that can be 

adapted and adjusted to the current needs. Too many options would result in an unclear user 

interface that could scare the user during the introduction and hinder the acceptance thereof. 

The user may stick to the former well known visualizations due to a lower learning curve. 

The feedback from user tests and their evaluations shows that the UI strikes a good balance 

between function and performance. The intuitiveness is a matter of opinion. The beta tests 

concluded that the location of the fields where the necessary data needs to be included is not 

intuitive. In order to define the values of the leaf nodes, this dataset needs to be included in 

the bottom input field value as shown in Figure 32. Only the bottom input field interprets the 

dataset correctly as the values to the leaf nodes. When the values are included in any other 

field, as in Figure 32 to the right, the values are shown as one additional nesting level. The 

restriction is only valid for the dataset containing the node values and not for the nesting 

levels. Even if the second nesting level is included as level three and the nesting level two is 

empty, as seen to the left in Figure 32, the visualization will work as planned. When the input 

field value is empty, the program code will count the frequency of the nodes as value, which 

will affect the node size as can be seen as well. Even though the input fields are named levels 

and values, this is evidently an important definition in the GUI that the user can easily miss. 
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Figure 32: Example of correct inclusion of the values in the input fields (to the right) and a faulty one (to 
the left) that will generate two different outcomes. 

This is the case for the definition of the node colors as well. The interpretation of the input 

fields for the definition of the color scales are flexibly designed so that the user doesn’t have 

to consider in which direction the program needs to calculate in order to get the colors right. 

The user defines the limit for green and red values respectively and the program takes care of 

the rest. The first time that the visualization is used, the user tends to question in which field 

which color limit has to be defined. After using it once though, the principle is understood. In 

general the configuration possibilities of the cluster visualization have received positive 

feedback. 

The UI of the multiline is simpler. There are no visualization options that the user defines. 

The only definition that has to be performed is the definition of the data type of the x values 

for the x-axis. As discussed in section 4.6.2 this is done to ensure the correct interpretation of 

the x data. This can easily be overseen the first time. If a faulty definition is used together 

with the data, it ends up that nothing is visualized and the user is confused as to why nothing 

is happening. The default value is set to string to minimize this risk, since the string option 

processes the data the least and is the option that can visualize most of the data. For example, 

numbers (integers) can be displayed via the string alternative, but the values won’t be sorted. 

The same applies for dates that can be displayed, although they won’t be correctly formatted. 

#3: The visualization shall fit on one screen, avoiding unnecessarily scrolling by the user 

Thanks to the programmed interface, the function createDiagram is called as soon as the 

window size changes and the program request the new window size and redraws the 

visualization. The function facilitates a clear overview of the data and the visualizations 

always fit the SimAssist window screen. 
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Software Criteria 

#1: The program shall be compatible with the existing software: SimAssist and SimVis 
The successful implementation of the visualization proves the successful achievement of this 

criterion. The HTML and XML files are included in the SimVis plug-in. The HTML file is 

called and triggers the loading of the UI defined by the XML file and the HTML file. When 

input data is defined in the input field and the button Draw is clicked on, it activates a correct 

program execution.   

#2: The standard D3 built in functions shall be used as much as possible 
For both the cluster and the multiline diagram the built in logic of the D3 framework is 

widely used. It is primary the scales and SVG control functions that are used. A built in layout 

was used for the cluster visualization. For the multiline diagram axis definitions are used 

including the definition of its scales and the path finder for the data diagram generation. The 

usage of the D3 library includes some advanced JavaScript commands, especially for array 

manipulation. The jQuery library is included to ensure a possible execution in any web 

browser and any version. All code in the multiline diagram is based on the D3 library. In the 

case of the cluster visualization, which includes more functionality, the complexity of the 

code is higher and a lot of D3 specific anonymous functions are used, as well as traditionally 

named functions. The named functions, e.g. the functions for the calculation method, are 

structured as traditional JavaScript functions and use very little of the D3 functionality. 

Usability Criteria 

#1: The visualization is easy to use 

As stated in the criteria definition, this criterion is important as it affects the users’ decision 

to embrace the visualization or not. The power of the visualization tool has to be defined and 

the correct configuration thereof has to be understandable. The enabler of this criterion 

includes the whole concept of the visualization in SimAssist: from the database definition to 

the loading of the data into the visualization. Therefore, this criterion is hard to evaluate and 

it does not only affect the visualization itself. It can be compared with the usage of 

visualization tools in Excel. Excel is easy to use but not all users may be capable of defining 

visualizations and functions. In this case it can be the other way around. During the beta test 

evaluation, the users found the visualization very easy to manage, but it includes getting to 

know the new software SimAssist as well. Some users are still getting to know the new 

software as it was introduced only one year ago. 

#2: The response time is within accepted time frames 
The response time is an important criterion for the brain to connect the action with its 

results. A too slow response will make the user start to wonder if something is happening. 

Depending on what data is loaded, the data source and the data volume, the response time 

vary accordingly. Data collected from the production databases such as Sim-DB is essentially 

slower than data collected from a local database, like Excel sheet or Access database. The 

loading time strongly depends on the number of data rows to be visualized as well. Data with 

500 lines from a production database has been visualized within 25-30 seconds in the cluster 

visualization. Discussions with the users indicated that this is a reasonable time for 

displaying the data. Queries used directly in databases need similar amount of time, meaning 

that the users are used to the time delay. Data collected from local databases are visualized 

more quickly, mostly within 5-10 seconds. This proves the fact that it is not the visualization 

program itself that is slow, rather the selection of the right input data. 
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5.2 Discussion and Conclusions of the Concept Evaluation 

As stated in the first analytic criterion, both of the concepts fill a gap in the current 

visualization possibilities. In the end, the cluster visualization will not be used to show 

equipment availability in percentage as first thought, but it is concluded to have plenty of 

other user cases that were never thought of in the initial phase. Applying the typical input- 

and output data for simulation projects defined under 3.1, directly applicable use cases can be 

found in each technology, especially for visualization of the input data. For all types of 

simulation projects, bottleneck analysis can be performed and disturbance data and the 

number of downtime can be analyzed. Input data can directly be loaded and visualized from 

any database source. The visualization offers the first contact with the data without prior 

knowledge. The structure of the disturbance data can easily be extracted and enables a 

quicker identification of the root cause for disturbances. Shift plans and production 

sequences, originating from the product mixtures, is another user case. Given a defined time 

frame, the number of car body variants with defined configurations can be visualized, where 

conclusions can be drawn regarding number of variants per derivate. Disturbances caused by 

particular car body variants can be visualized as well, where disturbances originating from 

certain product variants can be derived. For example, a statement like “white car bodies with 

6 cylinder engine and right hand steering cause significant higher disturbances than other 

variants” can be derived. 

An example can be seen in Figure 33, where an analysis of product mixtures is performed in 

PowerPoint and in the cluster visualization. The visualization in PowerPoint shows the 

dataset both before and after text labels and color codes are added. The cluster visualization 

visualizes the dataset without any preprocessing. A major advantage of the cluster 

visualization is the concept of having it in SimAssist, where the data can be accessed directly 

from the database. By using the new concept, the steps of importing the data in Excel, 

defining the data area for the visualization and then drawing it are eliminated. 

 

 

Figure 33: Picture showing the same product mixture data in PowerPoint (raw and with added labels) 
and in the cluster visualization. 

The same is valid for the multiline diagram. Several steps have been eliminated. The visual 

analytics increases considerably thanks to the interaction possibilities. No preparation of the 
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data by including one extra column for showing the difference has to be included. Spatial 

data over time is well suited to use with this visualization. 

During the development, user feedback was collected and embedded into the development. 

The variable nodes size was one of them. The picture series in Figure 34 shows the 

visualization before and after the implementation of the variable node size and the result with 

the same test data in two different calculation modus: sum and mean. Depending on how the 

color ranges are defined, the bigger nodes will turn green or red. Observe the change of node 

color for the inner nodes when the calculation method is changed, since the values of each 

node are changed. The variants clearly point out the major analytical impact that the visual 

and graphical presentation of the data has. The visual impression changes when the nodes 

size reveal information regarding the individual node in comparison to the other nodes. This 

important user feedback was generated by using the iterated work flow model.   

   

Figure 34: Three pictures showing test data in three different modes: without variable node size (left), 
implemented concept with the calculation method sum (middle) and mean (right). 

The development of the bar chart proves a similar improvement thanks to using the 

methodology of iterations. The bar chart quickly gives a visual overview of the percentage of 

each node color. The bars only include the leaf nodes though. The reason for this is that the 

values would otherwise be counted double when the leaf nodes are summed up to the next 

parent level. The node values would be included several times in the calculations, leading to a 

deceptive impression of the visualization. 

Regarding the development of the multiline diagram, several development decisions had to 

be taken. The line following the mouse pointer to vertically show the y values is one example. 

The current implementation only shows the real data points and not the interpolated value in 

between. The displayed values jump from one data point to another when the mouse pointer 

is hovered. During the implementation, this was considered the best way to not falsely 

represent the data. If the mouse pointer shows data in between the points, the interpolation 

method would have had to be considered before each time new data and a new visualization 

is drawn. Currently, the visualization always uses the linear interpolation method to draw the 

lines of the diagram. Depending on the data that is to be visualized, different interpolation 

methods may want to be used in order to determine the data between x points. For example, 

linear regression or spline interpolation may make more sense than linear interpolation in 

some use cases. Another iteration loop to test the different use cases would be necessary to 

make an informed decision on this. 

Of course, further improvements can still be made in both concepts. During the user test and 

feedback, the user was also requested to express further nice-to-have functions. The wishes 

derived from single users and for their particular use case, e.g. to add the data lists to both 

the cluster visualization and the multiline diagram. Suggestions for the cluster visualization 

included adding lists to the hidden nodes or when clicking on the nodes and exploring a 

whole data row, from root to child in the upper right corner of the visualization. In the 
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multiline diagram, a list would be generated when clicking on single data points of interest 

and to then save these in a data list that later on could be exported and explored. It is a 

suggestion that makes sense and would be possible to implement, but due to several reasons 

it would (1) deviate from the development criteria to use the D3 library since it would require 

HTML programming as well, (2) not be standardized and therefore would lack appeal to use 

it for all visualizations and (3) include several options and fill up the UI even more at the 

same time when the goal is to keep the UI clean and simple. The added visual analytic value 

is too low in comparison to the development effort. For the cluster visualization, another 

suggestion was to color the nodes not according to fixed values, but rather to define the 

percentage of how many nodes that shall be colored in the particular color. Regarding the 

multiline diagram, even more improvements can be detected, especially regarding the 

implementation of several interaction principles. Currently, the interactive parts focus on 

showing details on demand. Further interactive parts such as zoom and filter could be 

included to increase the level of data interaction even more. The colors of the different lines 

and the circles (that are currently in black) can be considered, if the circles shall have the 

same colors as the lines and which colors the lines shall have. Since the visualization will be 

used to visualize various data types, it is important to balance the development effort and the 

added value of the addition. The overall implementation of the concept using the theoretical 

background can be seen as well achieved though. 

 

5.3 Cost to Benefit Evaluation 

From a company and business perspective, the cost-to-benefit question plays an important 

role in all developments. The clustering and multiline visualizations are just the beginning of 

a visualization concept that can be further developed in SimAssist and its plug-in SimVis. In 

order to further invest time and money to develop it, it has to be proven that it will bring 

sufficient return on investment. 

Implementation of the developed visualization concept requires knowledge about the DOM, 

data binding and manipulation thereof via JavaScript and the D3 framework. It also requires 

knowledge about the use cases and the technical planning of production processes. The 

understanding of what make sense to visualize and knowledge of the current situation in the 

planning is important in order to develop the needed visualization. 

Development of further visualizations is strongly dependent on the added value of the 

visualization type. Where visualization gaps are detected and a suitable visualization is found, 

it is definitely worth the development. Taking the cluster visualization as an example, the 

development was worth it since the hierarchical clustering is proven to be very powerful for 

visualizing the hierarchical structures of the production data. The multiline diagram though 

is rather the continued development of a current visualization possibility where the 

interaction possibilities can increase the level of understanding for the underlying data 

pattern. The concept simplifies the visualizations and increases the level of interaction. A 

success factor is a well-conceived concept, which definitely warrants further development. 

With knowledge of the SimAssist interface and the necessary implementation steps having 

been mapped out, a frame for the development steps is established which will facilitate 

further implementations. The development and evaluation criteria will further facilitate the 

quality evaluation of the developed visualization. 

There are no boundaries to use the test environment Firefox as the real visualization 

environment instead of SimAssist. This could be useful for showing visualizations to 

customers that do not have SimAssist installed. By removing the XML file and perform 

smaller changes in the HTML file, the input data can be directly inserted into the web 

browser and be visualized. The benefits are that anyone can use the visualization tool at any 
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time: the only requirement is a computer with a working web browser. Since the jQuery 

library is included, any of the web browsers can be used. The drawback is of course that one 

of the biggest advantages of the visualization concept is lost: the power of being able to 

visualize any data collected directly from the production databases or simulation results in 

Plant Simulation. Since using the visualization tool in the web browser would require some 

smaller changes the question to be answered is: either install SimAssist to receive the 

advantages of the powerful data management, or use an quick and easy solution in the web 

browser, where some of the data input flexibility is lost, but the flexibility of displaying it 

anywhere at any time (also outside of an production and simulation data field) increases. The 

reasoning proves is that the concept is highly adaptive to change of requirements. 

By looking at the SimVis concept in the big picture, additional benefits for BMW are proven. 

By standardizing the visualizations of evaluations for the material flow simulation, the 

uniform output of the analysis can be secured. The SimVis concept helps to manage visual 

analytics in an easy and standardized way. This reason alone motivates the further 

development of the visualization concepts. 
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6. Conclusions and Future Research 

This report has discussed the development and implementation of a visualization concept 

using SimAssist and d3.js at BMW AG. The concept builds on the SimAssist software that 

includes the production and simulation data management and the plug-in SimVis for the 

visualization tool. Two visualizations have been developed in this work: one cluster 

visualization and one multiline visualization, both with user interaction capabilities. The 

concept is highly flexible, allowing different types and amounts of data to be visualized and 

visually analyzed. The research question was how production and simulation data shall be 

presented in order to add value to the material flow simulation in the automotive industry. 

The question has been answered comprehensively. By including the data that is to be 

analyzed in the SimAssist framework, a suitable visualization can easily be chosen to visualize 

the data. Several intermediate steps are saved when the data is directly loaded from the 

database into the visualization and later on extracted to a PowerPoint presentation to present 

the results. The simulation results shall be presented in order to foster diagnostic analytics 

and its conclusions shall help the planning of the production systems that its results 

contribute to prescriptive analytics. By integrating the humans’ visual system to detect and 

analyze patterns, turning data into knowledge and wisdom, is when value is added to the 

work process around material flow simulation. Visual analytics that contributes to answer the 

questions what to do next in order to secure defined goals is achieved. By thoughtfully 

developing customized solutions for the production and simulation data, the risk of getting 

stuck with using standardized visualizations that are miss-fitted to the current data is 

reduced. Although, the risk of using incompatible visualizations that hide valuable patterns in 

the dataset cannot be eliminated. As long as a human is responsible for loading the input data 

and choosing the visualization, the responsibility rests on the human and not on the analytics 

tool. 

Even if the awareness of the power of visualization exists, solutions used are often ad-hoc and 

often do not reflect the full complexity of the problem. It is seldom that a single visualization 

can manage to explore all patterns that can be found in a dataset. Instead, many different 

visualizations are needed to explore the full complexity. SimAssists plug-in SimVis is a 

boundless approach to facilitate the latest state-of-the art software visualization possibilities 

and easily switch between different visualization types while still using the same dataset. The 

approach tackles the two problems: how to visualize the data and what. The information 

overload problem is tackled by the software that stands in direct connection to the databases. 

SQL statements can query the data of interest and be loaded into the visualization. Via the 

interactive techniques, the production and simulation data are placed in a visual analytics 

context and facilitates a high-quality human judgment with a limited investment of the 

analysts’ time.  

The rapid speed of development in the digital visualization field will affect this developed 

concept as well. The result in this work has been bounded by the given time frame and 

affected how many concepts that have been developed and implemented. After the software 

interfaces and a standard methodology for the implementation were developed, the 

implementation phase was strongly reduced and enable new concepts to be proven for 

dismissal or proceeding of implementation even faster. The defined development process 

together with the evaluation criteria will facilitate the further development. The current 

concepts fulfill many of the criteria for visual analytics, but it also contains some weak points 

that can be further developed. For example the lack of a zooming function and relate, history 

and extract functionalities. Further development can facilitate the concept development and 

implementation including these functions. Weather the visualization concept has solved the 

information overload problem in the automotive industry can be further discussed and 

included in future work. 
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Appendix 1 – Program Code of the Cluster Visualization 1 

<!DOCTYPE html> 2 

<html lang='en'> 3 

 4 

 <head> 5 

  <meta charset='utf-8'/> 6 

  <title>SimVis</title> 7 

  <meta name='author' content='LindaGEnde'/> 8 

   9 

  <link rel='stylesheet' type='text/css' href='Cluster.css'/><!-- Ref stylesheet --> 10 

  <!-- Includes scripts --> 11 

  <script type='text/javascript' src='../d3.js'></script>  12 

  <script type='text/javascript' src='../jquery.js'></script> 13 

  <script type='text/javascript' src="../d3.tip.v0.6.3.js"></script> 14 

 15 

 </head> 16 

  17 

<body> 18 

<!--text input fields--> 19 

<input id="input1" Name="RedValue" type="text" placeholder= "enter RedValue"/>  20 

<input id="input2" Name="GreenValue" type="text" placeholder= "enter GreenValue"/> 21 

 22 

 23 

<p style = "font-size:12px;">Calculation method:<p/> 24 

<select id="calculationMethod"> <!-- Drop-down list for calc. method --> 25 

  <option value="Sum">Sum</option> 26 

  <option value="Mean">Mean</option> 27 

  <option value="Median">Median</option> 28 

</select> 29 

 30 

<!-- Button for updating the visualization --> 31 

<button type="button" onclick= "expandAll();removeSvg();createDiagram()">Update & 32 

Expand</button> 33 

<script type='text/javascript'> 34 

 35 

// ########## 36 

// Function: removes the existing SVG in order to draw the new one 37 

// ########## 38 

function removeSvg() 39 

{ 40 

 $('svg').remove(); 41 

};   42 

 43 

//define variables 44 

var i = 0; 45 

if (source == undefined){var source;} 46 

if (dataSource==undefined){var dataSource;} 47 

var maxNodeValue; //for variable node size 48 
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 49 

//for expaning all nodes 50 

function expandAll(){ 51 

if(source == ""){alert("There is no data to draw");} 52 

if (source == undefined){alert("There is no data to draw");} 53 

dataSource = JSON.parse(sessionStorage.getItem("data")); 54 

dataSource.x0 = 0; 55 

dataSource.y0 = 0; 56 

source = dataSource; 57 

}; 58 

 59 

 60 

// ########## 61 

// Function: calculates the basic data when the button Draw is klicked 62 

// ########## 63 

function calculateBasics(data){ 64 

  65 

 var keyNames = []; //Create array 66 

 var index = 0; 67 

 for(var key in data[0]) // Generate the key names in the keyNames array 68 

 { 69 

    keyNames[index] = key; 70 

    index++; 71 

 } 72 

 // Dynamcally nesting 73 

 var Ebene = []; 74 

 for (k = 0; k< keyNames.length-1; k++){ 75 

  Ebene[k] ='keyNames[k]'; 76 

  Ebene[k] = 'd.' + eval(Ebene[k]); 77 

 } 78 

   79 

 function Nesting(PropName){ 80 

  return function(d){ 81 

   return eval(PropName); 82 

  } 83 

 } 84 

   85 

 var dataNested = d3.nest(); // Turns the flat data structure in a nested data structure 86 

 for(var k=0;k<Ebene.length-1;k++) { 87 

  dataNested = dataNested.key(Nesting(Ebene[k])); 88 

 } 89 

   90 

 var dataNestedString = { 91 

  "key":"root",  92 

  "values": dataNested.entries(data) //compute the nest 93 

 }; 94 

   95 

 96 

 var dataNestedStringComplete = JSON.stringify(dataNestedString); 97 
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 dataNestedStringComplete = dataNestedStringComplete.replace(/values/g, "children"); // 98 

Replaces all "values" with "children" 99 

 sessionStorage.setItem("data", dataNestedStringComplete); // Saves the data in webstorage 100 

 sessionStorage.setItem("keyNames", JSON.stringify(keyNames)); // Saves the keyNames in 101 

webstorage 102 

 103 

 //saves initial data points 104 

 dataSource = JSON.parse(sessionStorage.getItem("data")); 105 

 dataSource.x0 = 0; 106 

 dataSource.y0 = 0;   107 

 108 

 //toggle function 109 

 function toggleAll(d) { 110 

  if (d.children) { 111 

  d.children.forEach(toggleAll); 112 

  toggle(d); 113 

  } 114 

 } 115 

 source = dataSource; 116 

 createDiagram(); 117 

 } 118 

 119 

// ########## 120 

// Function: draws the new SVG 121 

// ########## 122 

function createDiagram() { 123 

 124 

 //catch if no input data 125 

 if (source == undefined){alert("There is no data to draw");} 126 

 if(source == ""){alert("There is no data to draw");} 127 

  128 

 //size 129 

 var width = ($(window).width()) * 0.95; 130 

    var height = ($(window).height()) * 0.95; 131 

 var diameter = Math.min(width, height); 132 

  133 

 //create body element in the DOM 134 

 var svg = d3.select("body").append("svg:svg") 135 

  .attr("width", width) 136 

  .attr("height", height) 137 

  .append("svg:g") 138 

  .attr("transform", "translate(" + diameter / 1.5 + "," + diameter * 0.45 + ")");139 

 //adjust the position on the screen 140 

 141 

 //cluster diagram 142 

 var tree = d3.layout.tree() 143 

  .size([360, diameter / 2 - 120]) 144 

  .separation(function(a, b) { return (a.parent == b.parent ? 1 : 2) / a.depth; }); 145 

 146 
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 var diagonal = d3.svg.diagonal.radial() 147 

  .projection(function(d) { return [d.y, d.x / 180 * Math.PI]; });   148 

  149 

 //variables 150 

 var keyNames = JSON.parse(sessionStorage.getItem("keyNames")); // Gets keyNames from 151 

webstorage 152 

 var RedValue = eval(document.getElementById("input1").value); 153 

 var GreenValue = eval(document.getElementById("input2").value); 154 

 var GreenUp; 155 

 var NoGreen = 0; 156 

 var NoYellow = 0; 157 

 var NoRed = 0; 158 

  159 

 var ValueArray = []; 160 

  161 

 var LimitValue1; //for variable node size 162 

 var LimitValue2; //for variable node size 163 

 maxNodeValue = 0; 164 

 minNodeValue = 10000000; 165 

  166 

 //decides direction of color counting 167 

 if (RedValue <= GreenValue){  //high values are green 168 

 GreenUp = 1; 169 

 LimitValue1 = RedValue;  //for variable node size 170 

 LimitValue2 = GreenValue; 171 

 } 172 

 if (RedValue > GreenValue) {  //high values are red 173 

 GreenUp = 0; 174 

 LimitValue1 = GreenValue; //for variable node size 175 

 LimitValue2 = RedValue; 176 

 } 177 

  178 

 //get the user input of calculation method 179 

 var getCalcMethod = document.getElementById("calculationMethod"); 180 

    var calcMethod = (getCalcMethod.options[getCalcMethod.selectedIndex].value); 181 

  182 

 // Compute the new tree layout 183 

 var nodes = tree.nodes(dataSource).reverse(); 184 

   185 

 var Level = []; 186 

 for (k = 0; k< keyNames.length-1; k++){ 187 

  Level[k] ='keyNames[k]'; 188 

  Level[k] = 'd.' + eval(Level[k]);     189 

 } 190 

 191 

 //specify the value data for d 192 

 var WERT = keyNames[keyNames.length-1]; 193 

 WERT = 'd.' + eval(WERT); 194 

  195 
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 //calculation methods 196 

 function calcSumValue(d){ 197 

 if (d.children != null){ 198 

   d.WERT = d3.sum(d.children, function(d) { 199 

  if (d.WERT !=null) { 200 

  return d.WERT;} 201 

  else {calcSumValue(d);}}); 202 

 }else {return;}} 203 

  204 

 function calcMeanValue(d){ 205 

 if (d.children != null){ 206 

   d.WERT = d3.mean(d.children, function(d) { 207 

  if (d.WERT !=null) { 208 

  return d.WERT;} 209 

  else {calcMeanValue(d);}}); 210 

 }else {return;}} 211 

  212 

 function calcMedianValue(d){ 213 

 if (d.children != null){ 214 

   d.WERT = d3.median(d.children, function(d) { 215 

  if (d.WERT !=null) { 216 

  return d.WERT;} 217 

  else {calcMedianValue(d);}}); 218 

  }else {return;}} 219 

     220 

 function setValue(d){ 221 

  if (calcMethod == "Sum"){calcSumValue(d); if (d.WERT > maxNodeValue && d.key != 222 

"root"){maxNodeValue = d.WERT;} if (d.WERT < minNodeValue){minNodeValue = d.WERT} 223 

ValueArray.push(d.WERT);} 224 

  if (calcMethod == "Mean"){calcMeanValue(d);if (d.WERT > 225 

maxNodeValue){maxNodeValue = d.WERT;}if (d.WERT < minNodeValue){minNodeValue = 226 

d.WERT}ValueArray.push(d.WERT);} 227 

  if (calcMethod == "Median"){calcMedianValue(d);if (d.WERT > 228 

maxNodeValue){maxNodeValue = d.WERT;}if (d.WERT < minNodeValue){minNodeValue = 229 

d.WERT}ValueArray.push(d.WERT);} 230 

 } 231 

  232 

 //tooltip function (calls tooltip script) 233 

 tip = d3.tip().attr('class', 'd3-tip').html(function(d) {return "<strong>Name:</strong> <span>" 234 

+ (d.key ? d.key: eval(Level[keyNames.length-2])) + "</span><br><strong>Value:</strong> <span>" + 235 

d3.round(d.WERT,3) + "</span>";}) 236 

 .offset([-40, 20]); 237 

 svg.call(tip); 238 

 d3.select(self.frameElement).style("height", diameter - 150 + "px"); 239 

  240 

 //set color of the nodes 241 

 function setColor(d){ 242 

 var returnColor; 243 

 if (eval(WERT) <= RedValue && GreenUp == 1) { 244 
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 if (d.children == null){NoRed = NoRed +1;} 245 

 returnColor = "red";} 246 

 else if (eval(WERT) <= GreenValue && GreenUp == 0) { 247 

 if (d.children == null){NoGreen = NoGreen + 1;} 248 

 returnColor = "green";} 249 

 250 

 else if (eval(WERT) > GreenValue && GreenUp == 1){ 251 

 if (d.children == null){NoGreen = NoGreen + 1;} 252 

 returnColor = "green";} 253 

 else if (eval(WERT) > RedValue && GreenUp == 0){ 254 

 if (d.children == null){NoRed = NoRed + 1;} 255 

 returnColor = "red";} 256 

 else if (RedValue == undefined && GreenValue == undefined){  //CHANGED 257 

 NoYellow = NoYellow + 1; 258 

 returnColor = "blue";} 259 

 else { 260 

 if (d.children == null){NoYellow = NoYellow + 1;} 261 

 returnColor = "orange";} 262 

 return returnColor; 263 

 } 264 

  265 

 //set size of circles 266 

 function setCircleSize(d){ 267 

 var Interval = maxNodeValue - minNodeValue; 268 

  269 

 if (d.WERT <= 0.1*Interval){return 3;} 270 

 else if (d.WERT <= (0.2*Interval) + minNodeValue){return 4;} 271 

 //else if (d.WERT <= 0.3*Interval+ minNodeValue){return 5;} 272 

 else if (d.WERT <= 0.4*Interval+ minNodeValue){return 6;} 273 

 //else if (d.WERT <= 0.5*Interval+ minNodeValue){return 7;} 274 

 else if (d.WERT <= 0.6*Interval+ minNodeValue){return 8;} 275 

 //else if (d.WERT <= 0.7*Interval+ minNodeValue){return 9;} 276 

 else if (d.WERT <= 0.8*Interval+ minNodeValue){return 10;} 277 

 //else if (d.WERT <= 0.9*Interval+ minNodeValue){return 12;} 278 

 else if (d.WERT <= Interval+ minNodeValue){return 12;} 279 

 else {return 14;}  //default value 280 

 } 281 

  282 

 // Update the nodes… 283 

  var node = svg.selectAll("g.node") 284 

      .data(nodes, function(d) {return d.id || (d.id = ++i); }) //returns the id of each node (when 285 

not true a new id is set) 286 

   .attr("value", function(d) {setValue(d);}) 287 

  .on('mouseover', tip.show) 288 

  .on('mouseout', tip.hide); 289 

   290 

 // Enter any new nodes at the parent's previous position. 291 

  var nodeEnter = node.enter().append("svg:g") 292 

      .attr("class", "node") 293 
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      .attr("transform", function(d) { return "rotate(" + (source.x - 90) + ")translate(" + source.y + ")"; }) 294 

   .attr("value", function(d) {setValue(d);}) 295 

   .on('mouseover', tip.show) 296 

   .on('mouseout', tip.hide) 297 

      .on("click", function(d) {tip.hide(); toggle(d); source = d; removeSvg(); createDiagram(); }); 298 

  299 

 300 

  nodeEnter.append("svg:circle") 301 

  .style("fill", function(d){ return setColor(d);}) 302 

  .attr("r", function (d) { return setCircleSize (d);}) 303 

  .style("stroke", function (d) { return d._children ? "black" : "#636363"; } ) 304 

  .style("stroke-width", function(d){return d._children ? "2px" : "1px";}); 305 

 306 

  nodeEnter.append("svg:text") 307 

      .attr("dy", ".31em") 308 

      .attr("text-anchor", function(d) { return d.x < 180 ? "start" : "end"; }) 309 

      .attr("transform", function(d) { return d.x < 180 ? "translate(8)" : "rotate(180)translate(-8)"; }) 310 

   .text(function(d) { 311 

   var NodeName = d.key ? d.key : eval(Level[keyNames.length-2]); 312 

   if (NodeName.length > 25){ 313 

   var TrunkNodeName = NodeName.substring(0,20); 314 

   NodeName = TrunkNodeName + "..."; 315 

   } 316 

   return NodeName}); 317 

    318 

  // Transition nodes to their new position. 319 

  var nodeUpdate = node.transition() 320 

      .attr("transform", function(d) { return "rotate(" + (d.x - 90) + ")translate(" + d.y + ")"; }); 321 

    322 

  // Transition exiting nodes to the parent's new position. 323 

  var nodeExit = node.exit().transition() 324 

      .attr("transform", function(d) { return "rotate(" + (source.x - 90) + ")translate(" + source.y + ")"; }) 325 

      .remove(); 326 

    327 

  // Update the links… 328 

  var link = svg.selectAll("path.link") 329 

      .data(tree.links(nodes), function(d) {return d.target.id; });    330 

    331 

 // Enter any new links at the parent's previous position. 332 

  link.enter().insert("svg:path", "g") 333 

      .attr("class", "link") 334 

   .attr("d", function(d) { 335 

        var o = {x: source.x0, y: source.y0}; 336 

        return diagonal({source: o, target: o}); 337 

      }) 338 

      .attr("d", diagonal); 339 

 340 

  // Transition links to their new position. 341 

  link.transition() 342 
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      .attr("d", diagonal); 343 

 344 

  // Transition exiting nodes to the parent's new position. 345 

  link.exit().transition() 346 

  .attr("d", function(d) { 347 

   var o = {x: source.x, y: source.y}; 348 

   return diagonal({source: o, target: o}); 349 

  }) 350 

      .remove(); 351 

   352 

 //generates the new positions 353 

 nodes.forEach(function(d) { 354 

  d.x0 = d.x; 355 

  d.y0 = d.y; 356 

 }); 357 

  358 

 //Toggle function 359 

 function toggle(d) { 360 

  if (d.children) { 361 

    d._children = d.children; 362 

    d.children = null; 363 

  } else { 364 

    d.children = d._children; 365 

    d._children = null; 366 

  } 367 

} 368 

// ########## 369 

// Function: create bar chart 370 

// ########## 371 

 function createBar(NoRed, NoYellow, NoGreen, height){ 372 

  373 

 //variables 374 

 var NoNodes = [NoRed, NoYellow, NoGreen]; 375 

 var TotalBarValue = NoRed + NoYellow + NoGreen; 376 

 var BarInput = [(NoRed / TotalBarValue) , (NoYellow/ TotalBarValue), (NoGreen/ 377 

TotalBarValue)]; 378 

  379 

 var Yscale_max = Math.max.apply(Math, BarInput); 380 

  381 

 var totalHeight = (height / 2); 382 

 var padding = 20; 383 

 var barWidth = 20; 384 

  385 

 //tooltip function (calls tooltip script) 386 

 bartip = d3.tip().attr('class', 'd3-tip').html(function(d){return d3.round((d*100),3) + " %";})387 

  //formatts & return % number 388 

 .offset([-40, 20]); 389 

 svg.call(bartip); 390 

 d3.select(self.frameElement).style("height", diameter - 150 + "px"); 391 
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  392 

 //create x scale 393 

 var xScale = d3.scale.ordinal() 394 

  .domain(NoNodes) 395 

  .rangeRoundBands([(0),(60)], 0.05); 396 

   397 

 //create y scale 398 

 var yScale = d3.scale.linear() 399 

  .domain([0, Yscale_max]) //Input domain 400 

  .range([totalHeight, padding]); //Output range 401 

 402 

 //create x axis 403 

 var xAxis = d3.svg.axis() 404 

  .scale(xScale) 405 

  .orient("bottom"); //changed 406 

   407 

 var formatter = d3.format(".0%"); 408 

  409 

 //create y axis 410 

 var yAxis = d3.svg.axis() 411 

  .scale(yScale) 412 

  .orient("right") 413 

  .tickFormat(formatter); //Formats the Y scale to 100% 414 

   415 

 //create svg element 416 

 var bar = d3.select("body").append("svg") 417 

  .attr("id", "bar") 418 

  .attr("height", (totalHeight + padding))  //padding to fit the ticks on y-scale 419 

  .attr('width', totalHeight/2); 420 

 421 

 //create the bars 422 

 bar.selectAll("rect")  423 

  .data(BarInput)  424 

  .enter()  425 

  .append("rect") 426 

  .attr({ 427 

   'x': function (d, i) { 428 

            return i * barWidth;}, 429 

   'y': yScale, 430 

   'height': function (d, i) { 431 

    return totalHeight - yScale(d);}, 432 

   'width': barWidth - 1, 433 

  }) 434 

  .attr("transform", "translate(" + (0)+ "," + -10 + ")") //x and y position 435 

  .style('fill', function (d, i){ 436 

  if (i == "0"){ 437 

  return "red"; 438 

  } 439 

  else if (i == "1"){ 440 
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   if (RedValue == undefined && GreenValue == undefined){ 441 

   return "blue"; 442 

   } 443 

   else 444 

   {return "orange";} 445 

  } 446 

  else if (i == "2"){ 447 

  return "green"; 448 

  } 449 

  else {return "blue";} 450 

  }) 451 

  .on('mouseover', bartip.show) 452 

  .on('mouseout', bartip.hide); 453 

   454 

 //group x axis 455 

 bar.append("g") 456 

      .attr("class", "x axis") 457 

      .attr("transform", "translate(0," + (totalHeight - 10) + ")" )//padding 458 

   //.text(NoNodes) 459 

      .call(xAxis) 460 

 bar.append("text")  461 

  .attr("class", "x label") 462 

  .text("No of leaf nodes") 463 

 .style("text-anchor", "start") 464 

 .attr("transform", "translate(0," + (totalHeight + 20) + ")" ); 465 

  466 

 //group y axis 467 

 bar.append("g") 468 

      .attr("class", "y axis") 469 

   .attr("transform", "translate(" + (60)+ "," + -10 + ")") //to fit ticks 470 

      .call(yAxis) 471 

 bar.append("text") 472 

  .attr("class", "y label") 473 

  .attr("text-anchor", "end") 474 

  .attr("y", 4) 475 

  .attr("dy", "2.5em") 476 

  .attr("dx", "0.5em") 477 

  .attr("transform", "translate(" + 80+ "," + 30 + ") rotate(-90)") //Positioning the text 478 

  .text("% of leaf nodes"); 479 

  480 

 } 481 

  482 

 createBar(NoRed, NoYellow, NoGreen, height); 483 

} 484 

</script> 485 

<script type='text/javascript'> 486 

   // ########## 487 

   // JQuery script for particular control methods after loading html document 488 

   // ########## 489 
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   $(document).ready(function() 490 

   { 491 

    sessionStorage.clear(); // Deletes the content of the session storage 492 

database 493 

   }); 494 

</script> 495 

</body> 496 

</html> 497 



  498 
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Appendix 2 – Program Code of the Multiline Diagram 499 

<!DOCTYPE html> 500 

<html lang='en'> 501 

<head>  502 

 <meta charset='utf-8'/> 503 

 <title>SimVis</title> 504 

 <meta name='author' content='Linda G.-Ende'/> 505 

 <link rel='stylesheet' type='text/css' href='MultipleLine.css'/><!-- Include stylesheet --> 506 

 <!-- Includes scripts --> 507 

 <script type='text/javascript' src='../d3.js'></script> 508 

 <script type='text/javascript' src='../jquery.js'></script> 509 

</head>  510 

<body>  511 

<p style = "font-size:10px;">Define x data:<p/> 512 

<select id="XDataType"><!--define x data input--> 513 

  <option value="String">String</option> 514 

  <option value="Date">Date</option> 515 

  <option value="Numbers">Numbers</option> 516 

</select> 517 

<script> 518 

 519 

// ########## 520 

// Removes the existing SVG:s 521 

// ########## 522 

function removeSvg(){ 523 

$('svg').remove(); 524 

};  525 

  526 

// ########## 527 

// Calculates the basic data  when new SVG shall be drawed 528 

// ########## 529 

function calculateBasics(dataset){ 530 

 obj = dataset;  531 

 keys = d3.keys(obj[0]);  532 

  533 

    sessionStorage.setItem("obj", JSON.stringify(obj));   // Saves the dataset in webstorage 534 

    sessionStorage.setItem("keys", JSON.stringify(keys)); // keyNames in webstorage  535 

  536 

 createDiagram();  537 

}; 538 

  539 

// ########## 540 

// Draws new SVG 541 

// ########## 542 

function createDiagram(){ 543 

 544 

    dataset = JSON.parse(sessionStorage.getItem("obj")); // Gets dataset from webstorage 545 

keys  = JSON.parse(sessionStorage.getItem("keys")); 546 

 547 
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if(dataset == "") // Catch faulty input data 548 

 return; 549 

 550 

//delete the not used keys (so that no lines are shown) 551 

for(var i = keys.length - 1; i >= 0; i--) {if(keys[i] === "Expr1001") {keys.splice(i, 1);} } 552 

for(var i = keys.length - 1; i >= 0; i--) {if(keys[i] === "Expr1002") {keys.splice(i, 1);} } 553 

for(var i = keys.length - 1; i >= 0; i--) {if(keys[i] === "Expr1003") {keys.splice(i, 1);} } 554 

for(var i = keys.length - 1; i >= 0; i--) {if(keys[i] === "Expr1004") {keys.splice(i, 1);} } 555 

   556 

var xData1 = []; // DataArray for the xAxis 557 

NoOfLines = keys.length -1; 558 

 559 

var y = window;  // refers to the window 560 

for (var j = 1; j <= NoOfLines; j++) { // creates a new array for the yData - arrays 561 

    y["yData"+j] = []; 562 

} 563 

 var getXDataType = document.getElementById("XDataType"); 564 

 var DataType = (getXDataType.options[getXDataType.selectedIndex].value); 565 

  566 

 var margin = {top: 20, right: 20, bottom: 70, left: 75},  //padding 567 

    width  = Math.round(($(window).width()) * 0.97)  - margin.left - margin.right, 568 

    height = Math.round(($(window).height()) * 0.97) - margin.top - margin.bottom; 569 

  570 

switch(DataType){ //Define output range of x Axis depending on data 571 

 case "Date": 572 

  var xScale = d3.time.scale().range([0, width]); //datetime 573 

  break; 574 

 case "String":  575 

  var xScale = d3.scale.ordinal().rangeRoundBands([0,width], 0.05); // string 576 

  break; 577 

 case "Numbers": 578 

  var xScale = d3.scale.linear().range([0, width]); // number 579 

  break; 580 

} 581 

 582 

// define y scale 583 

var yScale = d3.scale.linear() 584 

    .range([height, 0]); 585 

 586 

// define x axis 587 

var xAxis = d3.svg.axis() 588 

    .scale(xScale) 589 

    .orient("bottom"); 590 

 591 

// define y axis 592 

var yAxis = d3.svg.axis() 593 

    .scale(yScale) 594 

    .orient("left"); 595 

 596 
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var line = window;  // refers to the window 597 

for (var k = 1; k <= NoOfLines; k++) { // new array for the yData - arrays 598 

    line["line"+k] = d3.svg.line() 599 

  .interpolate("linear"); 600 

}   601 

 602 

switch(DataType){ //evaluate data type of keys[0] 603 

case "Date": 604 

 for ( var i = 0; i < dataset.length; i ++){ 605 

  var d = dataset[i];  606 

   607 

 var fctDateTime = d3.time.format("%Y-%m-%dT%H:%M:%S").parse; //time formatting 608 

 xData1.push(fctDateTime(eval('d.'+keys[0]))); 609 

 610 

 for (var j = 1; j <= NoOfLines; j++) {  //dynamically creates the no of yData arrays 611 

  eval('yData' + j).push(eval('d.'+keys[j])); 612 

  } 613 

 } 614 

 xScale.domain(d3.extent(xData1));  //define x scale domain 615 

 break; 616 

   617 

 case "String":  618 

  for (var i = 0; i < dataset.length; i ++){ 619 

  var d = dataset[i];  620 

   621 

 xData1.push(eval('d.'+keys[0]));  622 

  for (var j = 1; j <= NoOfLines; j++) { 623 

  eval('yData' + j).push(eval('d.'+keys[j])); 624 

  } 625 

 }  626 

 xScale.domain(xData1); //x scale domain 627 

  break; 628 

   629 

 case "Numbers": 630 

 dataset.sort(function (a,b){return (eval('a.' + keys[0])-eval('b.' + keys[0]))}); 631 

 //sorts x data (0++) 632 

  for ( var i = 0; i < dataset.length; i ++){ 633 

  var d = dataset[i];  634 

 635 

  xData1.push(eval('d.'+keys[0]));   636 

  for (var j = 1; j <= NoOfLines; j++) { 637 

  eval('yData' + j).push(eval('d.'+keys[j])); 638 

  } 639 

 } 640 

 xScale.domain([Math.min.apply(Math, xData1),Math.max.apply(Math, xData1)]);// define 641 

input domain 642 

  break; 643 

} 644 

 645 
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//define scales 646 

Y_min_yData = []; 647 

Y_max_yData = []; 648 

for (var j = 1; j <= NoOfLines; j++) { 649 

Y_min_yData.push(Math.min.apply(Math, eval('yData' + j))); 650 

Y_max_yData.push(Math.max.apply(Math, eval('yData' + j))); 651 

} 652 

 653 

var Y_min = Math.min.apply(Math, Y_min_yData); 654 

var Y_max = Math.max.apply(Math, Y_max_yData); 655 

 656 

yScale.domain([Y_min,Y_max]); 657 

  658 

 //create svg 659 

var svg = d3.select("body").append("svg") 660 

    .attr("width", ($(window).width()) * 0.92) 661 

    .attr("height",($(window).height()) * 0.97) 662 

 .append("g") 663 

    .attr("transform", "translate(" + margin.left + "," + margin.top + ")"); 664 

  665 

//group x axis & create SVG 666 

svg.append("g") 667 

      .attr("class", "x axis") 668 

      .attr("transform", "translate(0," + height + ")") 669 

      .call(xAxis) 670 

   .selectAll("text") 671 

   .style("text-anchor", "end") 672 

      .attr("transform", function(d) {return "rotate(-55)"}) //rotates ticks on x axis 673 

 svg.append("text") 674 

    .attr("class", "x label") 675 

    .attr("text-anchor", "end") 676 

    .attr("x", width - 50) 677 

    .attr("y", height - 6) 678 

    .text(keys[0]); 679 

   680 

//group & create SVG y axis 681 

svg.append("g") 682 

      .attr("class", "y axis") 683 

      .call(yAxis) 684 

 svg.append("text") 685 

    .attr("class", "y label") 686 

    .attr("text-anchor", "end") 687 

    .attr("y", 6) 688 

    .attr("dy", ".75em") 689 

    .text(function(d){ 690 

  var Y_index = Y_max_yData.indexOf(Y_max); 691 

  {return keys[Y_index + 1];}}) 692 

 .attr("transform", "rotate(-90)"); 693 

  694 
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//Mousemove function 695 

 var focus = svg.append("g") 696 

      .attr("class", "focus") 697 

      .style("display", "none"); 698 

   699 

 //dynamically create the no of lines 700 

 for (var t = 1; t <= NoOfLines; t++) { 701 

 eval('line' + t).x(function(d,i) {return xScale(xData1[i]); }) 702 

 eval('line' + t).y(function(d,i) {return yScale(eval('yData' + (t))[i]);}); // yData[t-1] because it is 703 

the position in the array 704 

  705 

 svg.append("path") 706 

      .datum(dataset) 707 

      .attr("class", "line"+t) 708 

      .attr("d", eval('line' + t)); 709 

    710 

 focus.append("circle") 711 

 .attr("id", "circle"+t) 712 

    .attr("r", 4.5); 713 

   } 714 

     715 

  focus.append("text") 716 

      .attr("x", 30) 717 

      .attr("dy", ".35em"); 718 

 719 

  svg.append("rect")  //Rect for the mousemove 720 

      .attr("class", "overlay") 721 

      .attr("width", width) 722 

      .attr("height", height) 723 

      .on("mouseover", function() { focus.style("display", null); }) 724 

      .on("mouseout", function() { focus.style("display", "none"); }) 725 

      .on("mousemove", mousemove); 726 

    727 

 // Hover line.  728 

 var hoverLine = d3.select("body").append("svg") 729 

        .attr("class", "hover-line")  //CSS Styling before: class remove 730 

        .style("position", "absolute") 731 

        .style("z-index", "19") 732 

        .style("width", "1px") 733 

        .style("height", height + "px") 734 

        .style("top", "64px") 735 

        .style("left", "100px") 736 

        .style("background", "black"); 737 

 738 

 //hover line for interaction 739 

  d3.select("body") 740 

      .on("mousemove", function(){   741 

         mousex = d3.mouse(this); 742 

         mousex = mousex[0] + 5; 743 



 

86 

         hoverLine.style("left", mousex + "px" )}) 744 

      .on("mouseover", function(){   745 

         mousex = d3.mouse(this); 746 

         mousex = mousex[0] + 5; 747 

         hoverLine.style("left", mousex + "px")});  748 

    749 

 function mousemove() { 750 

  751 

 var Y_Values = []; 752 

  753 

 //interactive functions 754 

 switch(DataType){ 755 

 case "Date": 756 

  var x1 = xScale.invert(d3.mouse(this)[0]);//get the x value of the mouse pointer 757 

   758 

  var bisectXData = d3.bisector(function(d) { return d; }).left; //bisect x array 759 

  var i = bisectXData(xData1, x1,1), //finds i 760 

  d0 = xData1[i-1], 761 

  d1 = xData1[i], 762 

  d = x1 - d0 > d1 - x1 ? d1 : d0; 763 

   764 

  var x0 = d; 765 

  for (var t = 1; t <= NoOfLines; t++) { 766 

   if (d == d0){ 767 

   yValue = d3.round(eval('yData'+ t +'['+ (i-1) +']')); 768 

   } 769 

   else{ 770 

   yValue = d3.round(eval('yData'+ t +'['+ i +']')); 771 

   } 772 

   Y_Values.push(yValue); 773 

   focus.select("#circle"+t).attr("transform", "translate(" + xScale(d) + "," + 774 

yScale(yValue) + ")"); 775 

   } 776 

  break; 777 

   778 

 case "String": //invert the ordinal scale 779 

  var leftEdges = xScale.range(); 780 

        var range = xScale.rangeBand(); 781 

        var j; 782 

        for(j=0; (d3.mouse(this)[0]) > (leftEdges[j] + range); j++) {} 783 

            //increment until j case fails 784 

        var x0 = xScale.domain()[j]; 785 

  for (var t = 1; t <= NoOfLines; t++) { 786 

   Y_Values.push(eval('yData' + (t))[j]); 787 

   focus.select("#circle"+t).attr("transform", "translate(" + xScale(x0) + "," + 788 

yScale(eval(eval('yData' + (t))[j])) + ")"); 789 

   } 790 

  break; 791 

   792 
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 case "Numbers"://bisect x data to find pos i in xData1 //return y1 data with same i pos 793 

  var x1 = d3.round(xScale.invert(d3.mouse(this)[0])); 794 

 795 

  var bisectXData = d3.bisector(function(d) { return d; }).left; //bisect x array 796 

  var i = bisectXData(xData1, x1,1), //finds i 797 

  d0 = xData1[i-1], 798 

  d1 = xData1[i], 799 

  d = x1 - d0 > d1 - x1 ? d1 : d0; 800 

   801 

  var x0 = d; //for showing the x data 802 

  for (var t = 1; t <= NoOfLines; t++) { 803 

   if (d == d0){ 804 

   yValue = d3.round(eval('yData'+ t +'['+ (i-1) +']')); 805 

   } 806 

   else{ 807 

   yValue = d3.round(eval('yData'+ t +'['+ i +']')); 808 

   } 809 

   Y_Values.push(yValue); 810 

   focus.select("#circle"+t).attr("transform", "translate(" + xScale(d) + "," + 811 

yScale(yValue) + ")"); 812 

   } 813 

} 814 

 var Difference = "; Difference: " + d3.round((Math.max.apply(Math, Y_Values) - 815 

Math.min.apply(Math, Y_Values)), 3); 816 

  817 

 //hardcoded how many values to display 818 

 if (NoOfLines == 1){focus.select("text").text('x: ' + x0 + "\n" + 'y1(blue): ' + Y_Values[0]);} 819 

 if (NoOfLines == 2){focus.select("text").text('x: ' + x0 + "\n" + 'y1(blue): ' + Y_Values[0]+ '; 820 

y2(green): ' + Y_Values[1] + Difference);} 821 

 if (NoOfLines == 3){focus.select("text").text('x: ' + x0 + "\n" + 'y1(blue): ' + Y_Values[0]+ '; 822 

y2(green): ' + Y_Values[1]+ '; y3(orange): ' + Y_Values[2] + Difference);} 823 

 if (NoOfLines == 4){focus.select("text").text('x: ' + x0 + "\n" + 'y1(blue): ' + Y_Values[0]+ '; 824 

y2(green): ' + Y_Values[1]+ '; y3(orange): ' + Y_Values[2]+ '; y4(red): ' + Y_Values[3] + Difference);} 825 

  826 

 } 827 

}  828 

</script> 829 

<script type='text/javascript'> 830 

// ########## 831 

// JQuery script for particular control methods: executed  after loading the html 832 

// ########## 833 

 $(document).ready(function() 834 

 { 835 

  sessionStorage.clear(); // Deletes session storage content 836 

 }); 837 

</script> 838 

</body> 839 

</html> 840 


